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Editorial on the Research Topic
Microbial roles in caves

Subsurface ecosystems (caves) are a window into hidden niches of the Earth where
microorganisms adapt to live in hostile environmental conditions that could be analogs to
Mars, particularly volcanic caves and extremely acidic environments. Caves have attracted
the attention of NASA and ESA, as the search for life on other Solar System bodies is a
major stimulus for planetary exploration. Thus, cave research is useful in astrobiology for
searching/identifying extraterrestrial life.

Some caves show high carbon dioxide and radon concentrations throughout the year.
In these cases, caves have been considered extreme environments characterized by harsh
environmental conditions and low nutrient inputs where microorganisms are forced to
adapt their metabolism to survive in extreme conditions, in which the low input of carbon,
nitrogen, and phosphorus, as well as the chemical composition of the rock, has a direct
impact on the community diversity.

The colonization of cave rocks and speleothems provides complex communities
active in the main biogeochemical cycles of the biosphere. Current research shows that
microorganisms are involved in the formation of stalactites, moonmilks, and other mineral
formations. However, the interactions of microbes with the air-water-rock interfaces in
subterranean ecosystems and the biological mechanisms by which microorganisms adjust
to new environments or changes in their current environment are poorly understood.

This Research Topic includes 16 articles that provide some clues to understand
the Microbial roles in caves, and describes a broad range of microbial activities in
subsurface environments.

The global biogeochemical cycles, and particularly the carbon, nitrogen, sulfur, and
phosphorus cycles, are essential for life in caves. Zhu et al. discussed in their review
the dissolution and deposition of carbonate minerals, the roles of cave microbes in the
C, N, S, and Fe cycles, and the production of bioactive compounds and antimicrobials
by cave microorganisms. Of particular importance is the involvement of methane-
oxidizing bacteria in the consumption of cave methane. Bogdan et al. studied the diversity
and distribution of microbial communities in a Romanian cave with low anthropic
impact. Interestingly, the cave was largely dominated by the phyla Pseudomonadota and
Actinomycetota, the same phyla frequently found in disturbed caves. A study of the
potential functional role of these communities revealed the presence of genes involved in
the C and N cycles.
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Mondini et al. investigated the total and active prokaryotic
and eukaryotic communities of millennium-old ice accumulated
in Scarisoara Cave, Romania. The initial microbial community
on cave ice was dominated by potentially active Bacteria, with
a minor presence of Archaea and a low relative abundance
of Eukaryota. Heat shock cycles had a strong impact on the
composition of the ice microbiome, leading to important decreases
of the relative abundance of Archaea and Eukaryota, while the
bacterial community appeared to be more stable, prevailing in
the ice community exposed to temperature fluctuations. The ice
community was dominated by copiotrophic taxa that were able
to quickly use the carbon sources released after ice thawing, with
the Pseudomonadota and Bacteroidota taxa prevailing after thermal
stress. This article offers a glimpse of the environmental impacts of
climate change that lead to glacier retreat.

The microbiomes of three types of caves: limestone, sulfidic,
and volcanic so far frequently studied were compared by Turrini
et al.. These caves have different genesis, rock, and chemical
composition which can determine diverse colonization patterns.
A literature search identified the most prevalent bacterial taxa
and the authors discussed the microbial diversity and their
functional roles in the three cave types. Limestone and volcanic
caves presented Pseudomonadota and Actinomycetota as primary
colonizers, while sulfidic caves revealed the predominance of
sulfur-oxidizing Campylobacterota. Good practices in future cave
microbiome studies were discussed.

Prescott et al. studied the ecological drivers that structure the
diversity and assemblies of the bacterial community in volcanic
ecosystems in Hawai’'i and compared the oldest lava tubes (500-
800 years) to the more variable and extreme conditions of the
younger geothermally active caves and fumaroles (<400 years old).
Data showed that lava caves and geothermal sites harbor unique
microbial communities, with very little overlap between caves or
sites. Additionally, older lava tubes hosted greater phylogenetic
diversity than geothermally active or younger sites. Most ASVs
were not able to be assigned to a named genus or species; therefore,
volcanic caves and fumaroles represent underexplored ecosystems.
In this context Gonzalez-Pimentel et al. investigated the microbial
communities of volcanic caves in La Palma Island (Canary
Islands, Spain) and described a new species of Streptomyces, S.
benahoarensis, isolated from two different samples, a speleothem
and a microbial mat on the walls of Fuente de la Canaria lava
tube. The genes predicted involved in antimicrobial mechanisms
for resistance and biosynthesis of these two strains emphasized
this Streptomyces as a biological reservoir for bioactive compounds,
both described and not discovered yet.

Castariar Cave (Caceres, Spain) is an extreme environment with
very high concentrations of radon (*?2Rn) in air with an annual
average >30 kBq/m>. In 2008, a vomit caused a fungal outbreak
that was initiated by Mucor circinelloides and Neocosmospora solani
and contaminated sediments. The cave sediments were cleaned and
visits resumed in 2014. Martin-Pozas et al. analyzed the fungal
community in the cave after 12 years of the fungal outbreak and the
prevalence and spatio-temporal evolution of the fungi caused by
the vomit over the years under the conditions of relative isolation
and high radiation that characterize this cave. The occurrence of
N. solani in all samplings from 2008 to 2020 is notable, as it has
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been widely reported in relation to outbreaks in other caves. Fungi
previously reported in highly radioactive environments were also
found in Castafar Cave, but the effect of high 2?2Rn on these fungi
was not conclusive because the diversity was similar to that found
in other caves with relatively low concentrations of 222Rn.

Fungal outbreaks also occur in other subsurface environments,
as exemplified in the Roman Catacombs. De Leo et al. investigated
the sudden fungal outbreak that occurred after 1 year of restoration
treatment in the Catacombs of SS. Marcellino and Pietro in
Rome (Italy). The restored marble pieces were colonized by a
complex fungal biofilm consisting mainly of Coniophora sp. and
other genera, such as Hypomyces, Purpureocillium, Acremonium,
Penicillium, and Alternaria, many of which are well known for
the biodeterioration of stone surfaces. The article features the
first finding of a strain of the genus Coniophora (order Boletales),
reported as one of the causes of wood wet-rot decay, in association
with the evident phenomena of stone biodeterioration.

Ghezzi et al. reported that Imawari Yeuta Cave (Venezuela)
is composed of 98% silica in the form of a-quartz and minor
amounts of amorphous silica. Microbial communities that inhabit
caves in quartz-rich rocks are poorly known. A set of 19 biofilm
samples in water ponds, quartzite host rocks, sediments and
speleothems on pavement, walls, and ceiling at different sites
within the cave was classified into three groups according to
the water content: <89%, 4%—20% and <1%, and the dominant
groups in each case were Pseudomonadota (Gammaproteobacteria),
Acidobacteriota, and Actinobacteriota, respectively. Oligotrophy
probably in association with the geochemistry of silica/quartz
low pH buffering activity and alternative energy sources led to
colonization of specific silica-associated microorganisms.

Wang et al. hypothesize that microbial communities living
in cave rocks vary with zones, and mineral substrates contribute
significantly to the variation. To test the hypothesis, the authors
collected weathered rock samples from the entrance to the end
in the Heshang Cave, China. The rocks were mainly composed
of dolomite, calcite, Mg-calcite, quartz, and phosphate minerals
(hydroxyapatite and fluorapatite). The bacterial communities were
significantly affected by hydroxyapatite, and fluorapatite positively
impacted the fungal communities, while the co-occurrence network
showed that the bacterial and fungal communities formed a close
organization through cooperation among different species. The
effect of phosphate-rich deposits on the bacterial community in
Muierilor Cave, Romania, was also studied by Haiddu et al.. They
found genera involved in the P, N, Fe, and Mn cycles, as such
elements are usually found in guano, located in the upper level of
the cave. Several genera were related to bats and guano, while others
were related to humans derived from the impact of visits.

Microbially induced calcite precipitation (MICP) is defined
as the formation of carbonate minerals from a solution due
to the presence of cells, microbial products, or metabolic
activity. Precipitation can be due mainly to modulation of the
environmental pH, nucleation sites on cell surfaces, or by the action
of enzymatically driven processes involving carbonic anhydrase,
urease, etc. Koning et al. studied the MICP potential of cave
bacteria isolated from the Iron Curtain Cave in Canada. Ninety-
nine bacterial strains were isolated from popcorn and soda straw
speleothems. These isolates were screened for urease enzymatic
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activity, with 11 candidates found to be positive for urease,
including Sphingobacterium sp. and Pseudarthrobacter sp. which
were found to produce the highest crystal production with varying
morphologies. Pseudarthrobacter sp. encoded a single and complete
urease pathway, whereas Sphingobacterium sp. showed two urease
pathways encoded in the genome, with an unknown gene in the
middle of the sequence.

Anglés et al. reported the formation of biospeleothems during
the early Holocene in caves from the Uyuni Salar, Bolivia. The caves
show bizarre speleothems framed by large fungal buildings (>1 m)
covering the older mineralized structures of algae. The abundance
and size of the preserved fungal structures suggest that they
were sustained by a constant supply of organic matter and stable
hydrological activity. The analysis of the lipids recorded in the
samples also provided some insight into the paleoenvironmental
conditions accompanying the formation of biospeleothems. It is
worth noting the appearance of biomarkers from cyanobacteria and
eukaryotes. The authors stated that the search for biomarkers in
caves can answer questions about the limits of life and allow the
recognition of the geochemical signatures of life.

In recent years, much attention has been paid to fungal
infections that affect amphibians. Zalar et al. studied the cultivable
skin mycobiota of healthy and diseased Proteus anguinus, the blind
cave salamander, endemic to the Dinaric Karst, Slovenia, one of the
priority species of the EU in need of strict protection. Symptomatic
animals were colonized by a variety of fungal species, most of
them represented by a single isolate, including genera known
for their involvement in chromomycosis, phaeohyphomycosis,
zygomycosis, and saprolegniosis in amphibians: Acremonium,
Exophiala,
Phialophora, Penicillium, and Saprolegnia. The

Aspergillus,  Cladosporium, Fusarium,  Mucor,
Ochroconis,
article represents the first comprehensive report on the cultured
skin mycobiome of this unique amphibian in nature and in
captivity, with an emphasis on potentially pathogenic fungi
and oomycetes.

Diverse gut bacteria are potentially involved in many
physiological processes of insects, which contribute to the
adaptation of host insects to the environment. Dong et al. studied
the gut microbiota of the orthopteran Diestrammena japanica, a
keystone species in the karst cave in China, and reported that
individuals of different light strengths along the cave exhibit
different morphological features. The gut bacteria of D. japonica
exhibit low diversity but strong cooperation interactions in the dark
region. These results indicated that intestinal bacteria may help D.
japanica adapt to the poor nutrient cave environment.

Electrical lighting enhances the growth of photosynthetic

communities known as lampenflora in cave entrances and
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speleothems. Djebaili et al. screened the cyanobacteria isolated
from green biofilms in Stiffe caves, Italy, for the production of poly-
B-hydroxybutyrate (PHB). The high production of PHB could be
related to the lack of light for an extended period of closure in caves
linked to COVID-19, as the accumulation of PHB allows coping
with unfavorable environmental conditions.

This selection of articles should be viewed as a snapshot of
the multiple biogeochemical processes and provide evidence that
microbes play significant roles in caves.
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Ice caves constitute the newly investigated frozen and secluded model habitats for
evaluating the resilience of ice-entrapped microbiomes in response to climate changes.
This survey identified the total and active prokaryotic and eukaryotic communities from
millennium-old ice accumulated in Scarisoara cave (Romania) using lllumina shotgun
sequencing of the ribosomal RNA (rRNA) and messenger RNA (MRNA)-based functional
analysis of the metatranscriptome. Also, the response of active microbiome to heat
shock treatment mimicking the environmental shift during ice melting was evaluated at
both the taxonomic and metabolic levels. The putatively active microbial community
was dominated by bacterial taxa belonging to Proteobacteria and Bacteroidetes,
which are highly resilient to thermal variations, while the scarcely present archaea
belonging to Methanomicrobia was majorly affected by heat shock. Among eukaryotes,
the fungal rBNA community was shared between the resilient Chytridiomycota
and Blastocladiomycota, and the more sensitive Ascomycota and Basidiomycota
taxa. A complex microeukaryotic community highly represented by Tardigrada and
Rotifera (Metazoa), Ciliophora and Cercozoa (Protozoa), and Chlorophyta (Plantae)
was evidenced for the first time in this habitat. This community showed a quick
reaction to heat shock, followed by a partial recovery after prolonged incubation at
4°C due to possible predation processes on the prokaryotic cluster. Analysis of mMRNA
differential gene expression revealed the presence of an active microbiome in the
perennial ice from the Scarisoara cave and associated molecular mechanisms for coping
with temperature variations by the upregulation of genes involved in enzyme recovery,
energy storage, carbon and nitrogen regulation, and cell motility. This first report on
the active microbiome embedded in perennial ice from caves and its response to
temperature stress provided a glimpse into the impact of glaciers melting and the
resilience mechanisms in this habitat, contributing to the knowledge on the functional
role of active microbes in frozen environments and their response to climatic changes.

Keywords: ice caves, metatranscriptome, heat-shock response, active microbiome, microbial resilience,
bioinformatics, meta-omics
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INTRODUCTION

Ice can be considered as a storage matrix for microorganisms,
representing a source of genomic diversity and a reservoir of new
microbial species (Priscu et al., 1998; Miteva et al., 2009; Anesio
and Laybourn-Parry, 2012; Anesio et al., 2017; Zhong et al., 2021).
Recently, investigations of the microbial communities from a
series of frozen environments have been performed, including
permafrost (Schostag et al., 2019), Antarctic ice sheets (Abyzov
et al,, 2005; Weisleitner et al., 2019), Arctic ice (Ma et al,,
2000), sea ice (Deming, 2002; Nichols, 2005), mountain glaciers
(Garcia-Lopez et al.,, 2021), and subglacial lakes (Rogers et al,,
2013). Meanwhile, very limited data regarding the microbiome
embedded in perennial ice deposits accumulated in caves are
available to help understand the resilience and ecological role of
microbial communities from these secluded underground frozen
habitats (Purcarea, 2018).

The Scarisoara ice cave (Romania) harbors the oldest and
largest perennial ice block accumulated in a cave worldwide
(Holmlund etal., 2005), representing a model habitat for studying
paleoclimate processes (Persoiu et al., 2011, 2017; Persoiu and
Pazdur, 2011; Persoiu and Onac, 2012; Rimbu et al., 2012) and the
role and response to environmental stress factors of microbiomes
preserved in underground ice from caves (Purcarea, 2018). The
presence of ice-contained microorganisms in Scarisoara cave
was first mentioned in the ice stalagmites formed in the Little
Reserve area (Hillebrand-Voiculescu et al., 2013), followed by
studies of the cultured/uncultured microbial communities from
the perennial ice block (Hillebrand-Voiculescu et al, 2015)
and the chronological distribution of cultured bacteria in ice
layers up to 900 years old (Itcus et al., 2016). A series of
psychrotrophic and psychrophilic bacterial strains were isolated
from the 13,000-year-old ice core of this cave, confirming the
microbial viability in this old icy habitat (Paun et al., 2021).
Although the culturing method provided a step forward in
microbial screening, scientists became aware of the limitations
of culture-dependent techniques due to microbial uncultivability
in describing the diversity of microbiomes (Hug et al., 2016). To
overcome this problem, studies were conducted using denaturing
gradient gel electrophoresis (DGGE) to unravel fungal diversity
(Brad et al., 2018), while a more advanced sequence identification
was achieved with the application of molecular techniques,
including 454 pyrosequencing of the prokaryotic community
(Itcus et al, 2018) and Illumina sequencing of the fungal
communities along the 1,500-year-old ice based on ITS2 Illumina
sequencing (Mondini et al., 2018).

These reports based on DNA sequencing provided
information on the total communities, while no data on
the metabolically active microbiome from this habitat have
been provided so far. Recently, the total and potentially active
bacterial communities from a 13,000-year-old ice core from
Scarisoara have been determined using 16S ribosomal RNA
(rRNA) Illumina sequencing (Paun et al, 2019), suggesting
the existence of an active microbial community in this habitat.
In this context, the current study focused on investigating the
active microbiome from the Scarisoara cave ice using RNA
IMlumina shotgun sequencing and metatranscriptomic analysis

of the total and active prokaryotic and eukaryotic microbial
communities. Ice sample 900-O, previously collected from a
sediment-rich ice layer accumulated 900 years ago in Scarisoara
cave (Persoiu and Pazdur, 2011; Itcus et al., 2016), was selected
considering the high diversity of prokaryotic and uncultured
fungal communities found in this cave ice deposit (Itcus et al.,
2018; Mondini et al., 2018).

Although reports on metatranscriptomes from frozen habitats
revealed the presence of active microorganisms in ice (Rogers
etal., 2013), the occurrence of an active microbiome in perennial
ice from caves and its taxonomic and functional profiles are
still unknown. Also, studies of the heat shock response of
microbiomes from cold environments have been limited to soil
(Schostag et al., 2019), while the mechanisms of coping with
temperature shifts in the case of microbial communities from ice
habitats are still not investigated.

In this context, the current survey represents the first
investigation unraveling active prokaryotic and eukaryotic
microbial communities in millennium-old underground
perennial ice accumulated from caves based on total RNA [rRNA
and messenger RAN (mRNA)] Illumina sequencing. Moreover,
our data report the changes occurring at the taxonomic and
metabolic levels in the total and active microbial communities
in response to a 3-day cycle treatment followed by incubation at
4°C up to 14 days, which were done in order to understand the
impact of glacier melting on the ice-embedded microbiome.

MATERIALS AND METHODS

Site Description and Ice Sample

Collection

The Scarisoara ice cave located in the Apuseni Mountains
(NW Romania) (Figure 1A) harbors one of the largest and
oldest underground perennial ice blocks, !*C-dated to more
than 10,500 years before present (BP) (Holmlund et al., 2005;
Hubbard, 2017). The particular climate of the cave due to
local temperate conditions and the large size of the entrance
(Figure 1B) ensure underground constant negative temperatures,
thus favoring the formation of a stable ice deposit (Racovita and
Onac, 2000; Rimbu et al.,, 2012). The accumulated ice resulted
from the annual freezing of precipitation and infiltration water
constitute the alternating ice layers of organic-rich and clear ice
deposits, with recent strata forming the floor of the Great Hall
area and with an exposed side wall of up to 1,000 years BP ice in
the Little Reserve sector (Figure 1C).

Previously (Hillebrand-Voiculescu et al., 2015; Itcus et al,
2016), ice samples of different ages were collected from the
surface and side wall areas of the cave ice block to investigate the
microbial diversity from this habitat. Among these, ice samples
collected from the 900-year-old layer of high organic sediment
content (Itcus et al., 2016) were used in this study (sample 900-
O). The samples were obtained from the ice block side in the Little
Reserve area (Figure 1C) by horizontal drilling using a modified
PICO electric drill (Koci and Kuivinen, 1984) manufactured by
Heavy Duties S.R.L (Cluj Napoca, Romania). Ice collection was
carried out under aseptic conditions using 5-s flame sterilization
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FIGURE 1 | Scarisoara ice cave. (A) Map of the cave location. (B) The Great Hall area (photo by C. Purcarea). (C) The Little Reserve area (photo by C. Purcarea).

900-0

of the auger and ice block surface before each step. The ice
was harvested under aseptic conditions in 1-L sterile flasks,
transported under stable frozen state monitored by an H-B Durac
Bluetooth thermometer data logger (Sigma-Aldrich, Steinheim,
Germany), and stored at —20°C until use (Itcus et al., 2016).

Heat Shock Experimental Design

The combined cave ice core samples were transferred in a
20-L autoclaved glass bottle under aseptic conditions using a
microbiological biosafety cabinet to avoid contamination. After
slow thawing at 4°C, the melted ice was equally distributed
(1.7 L per sample) in 12 sterile 5-L bottles and submitted to
thermal treatment (Figure 2). The process comprised three daily
heat shock steps at 25°C for 8 h, followed by 16 h at 4°C and
subsequent incubation at 4°C up to 14 days. Melted ice samples
were analyzed prior to incubation (T0) and at 3 days (T3),
7 days (T7), and 14 days (T14) post-thermal stress (Figure 2).
Three replicates were used for each analyzed step. In addition, a
triplicate control was used by incubation of melted ice at 4°C for
14 days in the absence of thermal shock. After each step, the cells
were collected by filtration and used for total RNA extraction.

RNA Extraction, cDNA Library

Preparation, and lllumina Shotgun
Sequencing

The protocol for the preparation of RNA extraction and
complementary DNA (cDNA) Illumina shotgun libraries
(Mondini et al., 2019) was adapted from Schostag et al. (2019)
and Bang-Andreasen et al. (2020). Triplicate ice samples were

submitted to heat shock treatment and analyzed. After each heat
shock step, the microbial cells from individual treated ice samples
were immediately collected under aseptic conditions using a
vacuum-driven stainless steel filtering system (Merck Millipore,
Darmstadt, Germany) and sterile 0.22-pm microfiltration (MF)
membranes (Merck Millipore, Darmstadt, Germany). Filters
containing microbial biomass were placed in 15-mL sterile
tubes with 2 ml G2 DNA/RNA Enhancer (Ampliqon, Odense,
Denmark) and snap frozen for 15 s in liquid nitrogen. Total
RNA extraction was carried out for each triplicate of the TO,
T3, T7, and T14 samples using the RNeasy® PowerSoil® Total
RNA Kit (Qiagen, Valencia, CA, United States) according to the
manufacturer’s protocol. DNA contaminants were removed from
the resulted RNA (50 pl) with the DNeasy Max® Kit (Qiagen,
Valencia, CA, United States), and the purity and yield were
determined by fluorometry using a Qubit 2.0 (Thermo Fisher
Scientific, Roskilde, Denmark) in the presence of a Qubit DNA
HS Assay Kit (Thermo Fisher Scientific, Roskilde, Denmark)
and Qubit RNA HS Assay Kit, respectively. The RNA integrity
number (RIN) was determined using a Bioanalyzer 2100 (Agilent
Technologies, Glostrup, Denmark).

To perform the Illumina shotgun sequencing, a specific cONA
library was prepared for each of the 12 samples using 100 ng
RNA and the NEBNext® Ultra II Directional RNA Library Prep
Kit for Illumina® (New England Biolabs, Frankfurt am Main,
Germany). The subsequent indexing process was carried out
using the NEBNext Multiplex Oligos for Illumina and Index
Primers Set 1 and the final cDNA library then purified using
Sample Purification Beads (both from New England Biolabs,
Frankfurt am Main, Germany). All the reactions were performed
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FIGURE 2 | Heat shock experimental design. Melted ice samples stored at 4°C were submitted to 3 daily heat shock cycles (4-25°C) by incubation at 25°C for 8 h,
followed by 4°C for 16 h and further incubation at 4°C for up to 14 days. The samples were collected before heat shock treatment (TO) and after 72 h (3 days, T3),
168 h (7 days, T7), and 336 h (14 days, T14), in triplicate, and analyzed as described in Section “Materials and Methods.”

according to the manufacturers protocol in a dedicated PCR
clean room. The ¢cDNA library was quantified using a Qubit
2.0 spectrophotometer (Thermo Fisher Scientific, Roskilde,
Denmark) and Qubit DNA HS Assay Kit (Qubit, New York,
NY, United States). Library quantification was carried out using
the KAPA Biosystems Library Quantification Kit for Illumina®
Platforms (Merck, Seborg, Denmark) performing a series of
10-fold dilutions according to the manufacturer’s instructions.
The final library quality control (QC) and the fragment size
distribution were assessed using an Agilent Bioanalyzer 2100 and
DNA Chips (Agilent Technologies, Glostrup, Denmark).

The resulting equimolar metatranscriptomic libraries
obtained from each TO, T3, T7, and T14 triplicate were
pooled and sequenced (150 bp paired-end) using a NextSeq
500/550 high-throughput kit v2.5 and the Illumina NextSeq
platform (both from Illumina, San Diego, CA, United States)
at the Department of Environmental Sciences, Aarhus
University, Denmark.

Bioinformatics and Statistical Analyses

The generated Illumina sequences (see Data Availability
Statement for access code) were processed to assess the
bioinformatics quality control and downstream analysis.
Adapters and reads with an average quality score less than q20
and shorter than 60 bp were filtered using fastp (Chen et al.,
2018). Reads were then sorted into small subunit (SSU) rRNA,
large subunit (LSU) rRNA, and non-rRNA sequences using
SortMeRNA v.2.1 (Kopylova et al., 2012).

SSU rRNA sequences were assembled into longer SSU
rRNA contigs using MetaRib (Xue et al., 2020). Contigs were
taxonomically classified using CREST (Lanzén et al., 2012), and
the rRNA reads were mapped to the resulting MetaRib contigs
using BWA (Li and Durbin, 2009), as performed in Bang-
Andreasen et al. (2020), resulting in a table of taxonomically
annotated read abundance across samples. In the case of
the T3-3 sample (Table 1), the number of QC-rRNA reads
was low (<10%), thus inconclusive for taxonomic assignment.
Consequently, the metatranscriptome of this heat shock step was
further represented only by duplicate samples.

CoMW (Anwar et al., 2019a,b) was used on a combined pool
of non-ribosomal sequences from all samples. It uses trinity
v.2.0.6 (Grabherr et al., 2011) for de novo assembly. CoMW filters
non-coding RNA from the assembled contigs by aligning contigs
to the Rfam database v.12.0 (Griffiths-Jones et al., 2003) with a
significant e-value threshold of <10~%. COMW also normalizes
the contigs by removing those with relative expression lower
than 1 out of the number of sequences in the dataset with the
least number of sequences. The remaining contigs were then
aligned against the M5nr protein database (Williams et al., 2013)
and annotated using eggNOG annotation. Contigs were also
aligned against specialist databases such as the Carbohydrate-
Active Enzymes (CAZy) database (Cantarel et al., 2009) and
the nitrogen cycling genes database (NCycDB) (Tu et al., 2019)
to assess specific functions. Using CoMW, all alignments were
filtered by keeping hits with a minimum e-value of 107> as the
threshold. The scores indicated the abundance of number of
reads from each sample assigned to groups of different functional
genes from each database.

To identify the genes from eggNOG, CAZy, and NCycDB,
gene families or functional subsystems that were significantly
differentially expressed at different heat shock times, the DESeq2
(Love et al., 2014) module of the SarTools pipeline (Varet
et al., 2016) was deployed using parametric mean-variance and
independent filtering of false discoveries with the Benjamini-
Hochberg procedure (p > 0.05) to adjust for type 1 error.

RESULTS AND DISCUSSION

Community Composition and Thermal
Response of the Potentially Active
(rBNA) Ice Microbiome From Scarisoara
Cave

MMlumina shotgun sequencing of the total rRNA extracted from
the untreated and thermal-treated cave ice microbiome generated
a total of 414,992,189 paired-end reads assigned to potentially
active bacterial, archaeal, and eukaryotic taxa.
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TABLE 1 | Paired-end read number and percentage of taxonomically assigned rRNA sequences from the Scarisoara ice microbiome submitted to heat shock.

Sample Kingdom Phyla Class Order Family Genus Species
Prokaryotes (paired-end reads)

TO-1 26,708,245 26,703,774 26,580,617 26,160,037 25,175,013 15,372,387 232,719
TO-2 27,836,047 27,831,490 27,705,786 27,265,799 26,228,364 16,033,779 236,871
TO-3 23,651,606 283,647,680 23,542,953 23,190,627 22,316,316 13,650,325 205,351
T3-1 28,282,664 28,282,278 28,213,325 28,011,200 27,349,501 15,875,298 250,887
T3-2 30,048,507 30,047,903 29,974,055 29,773,531 29,049,227 16,525,904 259,987
T71 28,597,318 28,596,970 28,524,035 28,237,593 27,581,953 15,576,993 275,193
T7-2 29,166,257 29,165,875 29,096,425 28,797,811 28,144,191 15,880,847 276,760
T7-3 28,056,523 28,056,226 27,986,377 27,828,392 27,184,407 14,488,376 234,245
T14-1 29,164,367 29,163,781 29,050,244 28,743,795 28,039,857 14,320,030 225,376
T14-2 23,308,066 23,307,516 23,252,628 23,055,747 22,457,392 11,849,106 176,860
T14-3 26,724,309 26,724,094 26,663,320 26,535,498 25,894,839 12,242,956 202289
Total 301,543,909 301,527,587 300,589,765 297,600,030 289,421,060 161,816,001 2,676,538
% 100 99.99 99.68 98.69 95.97 53.66 0.85
Eukaryotes (paired-end reads)

TO-1 763,980 760,414 737,076 479,751 274,840 251,622 24,239
TO-2 871,593 866,740 831,435 502,818 272,033 245,268 26,419
TO-3 526,254 523,460 506,911 307,312 170,213 154,424 17,606
T3-1 86,733 86,430 81,668 75,446 39,425 32,040 6,868
T3-2 100,642 100,308 95,297 83,791 42,895 37,103 6,748
T7-1 275,448 275,341 251,498 247,971 92,595 56,769 6,426
T7-2 159,704 159,636 151,830 149,714 48,531 30,998 9,126
T7-3 555,313 555,133 545,029 534,363 102,128 91,387 23,573
T14-1 1,883,481 1,883,239 1,792,711 1,764,124 412,826 348,384 109,120
T14-2 985,865 985,791 911,617 895,093 235,039 205,225 47,561
T14-3 1,740,762 1,740,618 1,711,716 1,677,803 333,685 309,978 58,931
Total 7,949,775 7,937,110 7,616,788 6,718,186 2,024,210 1763,198 33,6617
% 100 99.84 95.81 84.5 25.46 22.17 4.23

Taxonomic assignment of the putatively active microbiome
from the cave ice deposit (Table 1) led to the identification of a
complex prokaryotic community composed of 42 bacterial phyla
assigned to 103 classes and 182 orders, and 4 classes belonging to
1 archaeal phylum, in addition to a diverse eukaryotic community
composed of 46 phyla, 76 classes, and 80 orders. The rRNA
reads after each thermal treatment step could be assigned to a
large extent to order (98.69%) and family (95.97%) ranks for
prokaryotes and to class (95.81%) for eukaryotes, while only
0.85 and 4.23% of the corresponding communities could be
identified at the species level (Table 1). Therefore, the profile
variations of the heat-exposed ice microbiome were evaluated at
the subsequent high taxon levels.

The initial cave ice microbial community (T0) was dominated
by potentially active Bacteria (95.66 £+ 0.76%), with a minor
presence of Archaea (0.18 & 0.02%) and low relative abundance
of Eukarya (4.16 & 0.43%) representatives (Table 2).

Application of the heat shock cycles (T3) had a strong
impact on the composition of the ice microbiome, leading
to 9- and 8-fold decreases of the relative abundance of
Archaea (0.02%) and eukaryotes (0.53 £ 0.02%), respectively,
while the bacterial community appeared more stable prevailing
(99.45 £ 0.02%) in the ice community exposed to temperature
fluctuations (Table 2). Among the microbial eukaryotes, the

strongest decline (12.5-fold) was observed in the case of the
Metazoa taxon (from 0.25 to 0.02%). Thermal shock also
induced an 8-fold decrease in relative content of both fungal

TABLE 2 | Microbiome composition of the 900-O ice sample from the Scarisoara
ice cave submitted to heat shock resulted from rRNA lllumina
shotgun sequencing.

Relative abundance (%)

T0 T3 T7 T14
Bacteria 956.66+£0.76  99.45+0.02  98.68+0.71 94.49 £ 1.17
Archaea 0.18 +£0.02 0.02 4+ 0.00 0.01 4+ 0.00 0.02 £ 0.01
Eukaryotes 4.16 £0.43 0.53 £0.02 1.40+0.72 549 £1.17
Algae 0.97 £0.20 0.07 £0.00 0.92 £ 0.69 458 £1.17
Metazoa 0.26 +0.10 0.056 +0.02 0.01 +£0.01 0.01 £+ 0.01
Fungi 0.24 £ 0.11 0.041 £ 0.00 0.02 £ 0.01 0.03 £ 0.01
Plantae 1.27 £0.23 0.19 4+ 0.00 0.18 + 0.01 0.22 +0.03
Protista 0.78 £ 0.12 0.154+0.01 0.17 +£0.01 0.63 +0.22
Protozoa 0.02 £0.00 0.01 £0.00 0.002 £ 0.00  0.005 + 0.00

Relative abundance was calculated based on the number of paired-end reads of
the rRBNA lllumina shotgun sequences of the untreated 900-O ice sample (T0),
after 3-day heat shock treatment (T3), and after 7 days (T7) and 14 days (T14)
incubation, as described in Section “Materials and Methods.” The average and
standard deviation values were calculated for triplicate samples.
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(from 0.23 to 0.03%) and protozoan (from 0.8 to 0.01%)
communities (Table 2).

Further incubation at 4°C for 2 weeks led to a partial recovery
of the eukaryotic community, with relative content increases of
up to 1.40 £ 0.72% (T7) and 5.49 + 1.17% (T14) (Table 2).
This trend appeared to be related to a slight decrease of bacterial
presence after 7 days (98.68%) and 14 days (94.49%) incubation at
4°C post-treatment. Meanwhile, the composition of the archaeal
taxon was very little affected, up to a relative abundance varying
from 0.01% (T7) to 0.05 £ 0.01% (T14).

Overall, the response of the ice microbiome to heat shock
treatment indicated a high resilience and a faster recovery of
the bacterial taxon compared to the archaeal and eukaryotic
taxa (Table 2).

Heat Shock Response of the Ice

Prokaryotic Community

Microbial composition at the phylum level of the untreated (T0)
cave ice potentially active (rRNA) bacteria indicated the presence
of 53% Proteobacteria, 17.4% Chlorobi, 10.8% Actinobacteria,

8% Bacteroidetes, and 5% Firmicutes (Figure 3A). The
higher relative abundance of Actinobacteria and the equal
representation of Proteobacteria and Firmicutes in the 900-
O ice sample compared to the ice core millennium-old strata
(Paun et al., 2019) could be due to the different locations of
the samples in the ice block. Major changes in the prokaryotic
community composition were observed after the heat shock step
(T3), resulting in a relative content decrease of Firmicutes by
10-fold (from 5 to 0.5%), Actinobacteria by 5-fold (from 10.6
to 2.6%), and Chlorobi by 5-fold (from 10.6 to 2.6%), while
the representation of Proteobacteria and Bacteroidetes increased
up to 71 and 27%, respectively (Figure 3A). A reduced effect
was further observed after incubation at 4°C (T7 and T14),
with a slight increase for Proteobacteria of up to 80%, whereas
Bacteroidetes content showed a moderate decline to 15% after
prolonged incubation (Figure 3A).

At the class level, Proteobacteria was mostly represented by
Betaproteobacteria (68%), also containing Alphaproteobacteria
(18%), Gammaproteobacteria (10%), and Deltaproteobacteria
(3%) prior to heat shock exposure (T0) (Figure 3B). Within the
Proteobacteria group, heat shock (T3) shaped the community by
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FIGURE 3 | Heat shock effect on the potentially active bacterial taxa (fRNA) from the 900-O cave ice sample. (A-D) Relative abundance of bacterial phyla (A),
Proteobacteria classes (B), Bacteroidetes classes (C), and the most abundant 10 genera (D) of the ice microbiome before heat shock (70) and after 3 days (73),
7 days (T7), and 14 days (T74) of thermal treatments indicating variations in the bacterial community structure at specified taxonomic levels.
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reducing the content of Alphaproteobacteria (6%) and increasing
that of Gammaproteobacteria (25%), while maintaining
an invariable (65%) Betaproteobacteria relative abundance.
Prolonged incubation led to an increase of Betaproteobacteria
(75%) alongside a reduction of Gammaproteobacteria
(16%) and a slight increase in Alphaproteobacteria (7%)
representation (Figure 3B).

The primarily represented classes of phylum Bacteroidetes
(Figure 3C) from the untreated ice microbiome (T0) were
Flavobacteriia (47%) and Sphingobacteriia (20%), with important
representation of Bacteroidia (10%), Chitinophagia (8%),
Saprospiria (7%), and Cytophagia (6%). The response to thermal
treatment revealed a drastic drop of the relative abundance
of most Bacteroidetes classes, while Flavobacteriia became the
dominant group, constituting up to 90% of this phylum after
heat shock (T3), and minor recovery of Cytophagia after 14 days
(T14), indicating the high resilience of Flavobacteriia phylotypes
to thermal stress (Figure 3C).

The Flavobacteriia, Betaproteobacteria, and
Gammaproteobacteria classes responded positively to thermal
treatment, outlining their advanced resilience coupled with
their copiotrophic metabolism (Ho et al, 2017) and their
quick response to a sudden nutrient increase (Fox et al., 2017).
The associated increase of the relative abundance of these
bacterial classes after thermal treatment might be a result of a
multifactorial combination considering the high organic-rich
composition of the 900-O sample (Itcus et al., 2016) and the
metabolism of each specific taxon (Ramirez et al., 2012; Bastida
et al., 2015). The reduced presence of Firmicutes phylotypes
could be explained by their capacity to cope with environmental
stressors by producing resistance cells, as proven by the presence
of Paenibacillus sp., known for their ability to form endospores
(Onyenwoke et al., 2004). The decrease of the relative content
of Actinobacteria might have been due to their high sensitivity
to temperature changes, as observed in the case of the soil
microbiome (Schostag et al., 2019).

Among the 10 most abundant bacterial genera assigned
in the TO sample (Figure 3D), Chlorobium (35%) and
Chlorobiaceae genus 2 (28%) were the dominant ones,
suggesting an important autotrophic activity. The initial
microbiome structure also revealed an important (5-8%)
presence of the genera Polymorphobacter, Clostridium sensu
stricto, Pseudomonas, Carnobacterium, Unknown Chlorobiaceae
genus 1, Cryobacterium, Polaromonas, and Flavobacterium. Heat
shock treatment induced a redistribution of the major bacterial
genera in the T3, T7, and T14 samples, leading to relative content
increases from 6 to 15% (T7) and 20% (T14) of Polaromonas
spp., a psychrophilic genus ubiquitous in glacial systems (Darcy
et al., 2011), from 4% to 40-45% of Pseudomonas species widely
present in Scarisoara ice block (Paun et al., 2019), and from 8 to
45% of Flavobacterium species commonly found in freshwater
(Bernadet et al., 1996; Figure 3D).

The putatively active archaeal phylotypes identified in the
cave ice samples were assigned to class Methanomicrobia
(Euryarchaeota) and showed a strong drop in relative abundance
after thermal treatment, from 0.16 == 0.01% (T0) to 0.02 = 0.00%
(T3) and 0.01 & 0.00% in both T7 and T14 samples. Other

archaeal reads were identified only at p-values below the
threshold (p < 0.005).

Ice Fungal Community Response to Heat

Shock

This rRNA-based survey constituting the first report on the
potentially active fungal community structure in ice caves showed
the presence of a complex community representing 0.23% of the
Scarisoara ice microbiome (Table 2) assigned to 6 phyla and 14
classes (Figure 4).

At the phylum level (Figure 4A), the initial (T0) fungal
community was shared among Chytridiomycota (40%),
Ascomycota (30%), and Basidiomycota (20%), a highly spread
taxon in frozen environments (Butinar et al., 2007), with a small
(4%) relative content of Blastocladiomycota. The applied thermal
treatment induced slight increases in the relative abundance
of Chytridiomycota of up to 55% after 7 days of incubation
(T7) and of Blastocladiomycota of up to 15% immediately
after the 3-day treatment (T3), which was reduced to 10% after
14 days incubation at 4°C (T14). The relative abundance of
both Basidiomycota and Ascomycota was reduced by heat shock
(T3) to 8 and 20%, respectively, with preservation during the
incubation at low temperature (T14) (Figure 4A).

At the class level (Figure 4B), the initial putatively
active fungal community from cave ice (T0) was dominated
by Chytridiomycetes (40%) and Agaricomycetes (20%).
Eurotiomycetes was also highly represented in one of the TO
triplicates (50%), but only 5% in the other duplicates. The
applied heat shock treatment (T3) shaped the fungal distribution
by reducing the relative content of Agaricomycetes (4%) by
5-fold and increasing that of Chytridiomycetes phylotypes up
to 50% (T3) and 58% (T14). Blastocladiomycetes, constituting
7% of the potentially active fungal community, also showed an
increase in relative abundance of up to 20% (T3) immediately
after heat shock, followed by a decline to 12% (T14). A similar
trend was observed in the case of Microbotryomycetes,
showing a slight increase in relative abundance (from 3
to 8%) in T3 that was stabilized after a longer incubation
(T14) (Figure 4B).

The high relative abundance of Chytridiomycetes could be
associated with the wide spread of this phylum in freshwater,
marine habitats, and in soil (Money, 2016), according to their
parasitic activity on planktonic algae (order Chytridiales) and
their capacity to degrade chitin and keratin (McConnaughey,
2014). Moreover, this taxon is known as highly resistant to
heat shock. The relative abundance of Blastocladiomycetes, a
recently assigned phylum derived from Chytridiomycota (James
et al., 2006), also increased (from 5 to 20%) after heat shock
(T3) and remained at 11% after 7 days (T7) of incubation at
4°C. The resilience of these fungi, also present in freshwater,
soil, and mud, could be related to their ability to decompose
plant and animal debris and to parasitize arthropods (Money,
2016). Interestingly, the total fungal community from the 900-
O ice sample based on DNA ITS2 Illumina sequencing (Mondini
et al,, 2018) indicated a dominant Ascomycota representation of
uncultured taxa, unlike our data where Chytridiomycota was the
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FIGURE 4 | Analysis of the response of the potentially active eukaryotic community from the Scarisoara cave ice to thermal treatment before (T0) and after exposure
to thermal stress (T3, T7, and T14), as described in Section “Materials and Methods.” (A,B) Relative fungal abundance at the phylum (A) and class (B) levels. (C,D)
Relative abundance of eukaryotic phyla (C) and Protozoa classes (D).

main class found in the potentially active fungal community of
this ice deposit.

At the genus level (Supplementary Figure 1), the
potentially active fungal reads from the TO sample could be
assigned to the Rhizophydium (Chytridiomycota), Geoglossum
(Ascomycota), and Ochroconis (Ascomycota) taxa, with relatively
similar representation. Rhizophydium species belonging to
Rhysophydiales are parasites of invertebrates, chytrids, and algae,
assuming a possible role in the control of aquatic populations,
and are also common in soil, primarily as saprobes, with a
possible role in nutrient recycling (Powell, 1993; Nieves-Rivera,
2003; Ibelings et al., 2004; van der Wal et al., 2013; Burow et al,,
2019). Ochroconis is a fungal genus reported in caves (Novakova,
2009; Martin-Sanchez et al., 2012b; Martinez-Avila et al., 2021),
guano, and bats (Cunha et al., 2020). A few novel species were
described in cave habitats, such as Ochroconis anellii, Ochroconis
lascauxensis, and Ochroconis anomala (de Hoog and von Arx,
1973; Martin-Sanchez et al., 2012a). Geoglossum species are
saprophytic fungi found in pastures and grassy forests (Kucera
and Lizon, 2012). Interestingly, no major effect was observed on

the relative abundance of the identified fungal genera after heat
shock (Supplementary Figure 1).

Microeukaryotic Community Response
to Heat Shock

The microeukaryotic group identified in the cave ice samples,
representing the eukaryotic community mRNA without the
fungal and plant assemblies, comprise 0.26% of the potentially
active microbiome (T0) (Table 2). After the heat shock step
(T3), the relative abundance of this microbial fraction was
drastically reduced to 0.06%, followed by an increase of up to 5%
after 14 days (T14).

Analysis of the taxonomic distribution of the microeukaryotes
in the untreated TO microbiome (Figure 4C) revealed the
dominance of the phyla Tardigrada (4%) and Rotifera (10%),
belonging to Metazoa, and the presence of more complex
Protozoa group mainly assigned to the phyla Ciliophora
(21%), Cercozoa (6%), and Bicosoecida (3%), in addition to
Chlorophyta (Plantae) representatives (40%) (Figure 4D). In
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response to thermal treatment, the microeukaryotic group
displayed an altered composition after each step, affecting various
taxon compositions within the T0-T3, T3-T7, and T7-T14
intervals (Figure 4C).

Heat shock treatment (T3) reduced the relative content of
Chlorophyta (5%) and increased those of the taxa belonging
to Metazoa (15%), Ciliophora (30%), Cercozoa (10%), and
Bicosoecida (12%). After a week of incubation at 4°C (T7),
the microeukaryotic community was dominated by Bicosoecida
(80%), with a severe representation loss in the Metazoa group
(1%). The prolonged incubation (T14) of ice samples induced
further changes in the distribution of microeukaryotes, leading
to a clear dominance of Chrysophyceae (62%) and a reduction of
the relative content of Bicosoecida to 20% (Figure 4C).

Potentially active Protozoa community from the 900-
O untreated (T0) cave ice samples occupied 0.8% of the
rRNA identified microbiome (Table 2). Assessment of
Protozoa at the class level outlined a high diversity with
virtually equal distributions of the classes Spirotrichea
(19%), Oligohymenophorea (16%), and Litostomatea (10%)
(Figure 4D). For this community, heat shock (T3) had no
major effect, except for a slight drop of the relative abundance
of Spirotrichea (12%) and Oligohymenophorea (11%) and a
corresponding increase for class Bicosoecida (from 4 to 12%).
Prolonged incubation outlined a diverse distribution coupled
with varied class abundance between samples T7 and T14.
After a week of incubation (T7), Bicosoecida was the dominant
protozoan (80%), but after 14 days of incubation, its relative
abundance dropped to 20% on behalf of Chrysophyceae (62%)
representatives (Figure 4D).

The Metazoa group from the Scarisoara 900-O ice sample
(T0) constituted 0.26% of the potentially active (rRNA) cave ice
microbiome (Table 2), mainly composed of taxa belonging to the
classes Bdelloidea (81.6 = 3.5%) and Eutardigrada (14.3 £ 9.08%)
(Supplementary Figure 2). While heat shock (T3) induced a 5-
fold drop in the overall Metazoa content (Figure 4A), no major
changes in the relative abundance of these classes were observed,
where Bdelloidea represented up to 95% of the community after
7 and 14 days of incubation at 4°C (Supplementary Figure 2).

Prolonged incubation at a low temperature over 14 days
delineated an increase of the relative abundance of the
microeukaryotic community, highlighting the prospect of
predation on the prokaryotic cluster (Figures 4C,D). Among
the assigned reads, genera belonging to the Stramenopiles
group, such as Oikomonas, Spumella, and Bicosoeca, displayed
an increase in T7, with the highest representation after
14 days. The very high abundance of these genera could
be explained considering a combination of the characteristics
of Stramenopiles and the decline of the relative contents of
prokaryotes in this sample. Stramenopiles are characterized
by a smaller cell size compared to other protozoa (Ekelund
and Renn, 1994), corresponding to a faster duplication as
colonizers, as proven in soil communities (Altenburger et al.,
2010). The reduced occurrence of prokaryotes could be related
to the ecological role of Protozoa and Metazoa as predators
in bacterial communities (Ronn et al, 2012) enhanced in
liquid environments. The latter assumption was corroborated

by the observation of the correlated relative abundance of
prokaryotes and protozoa (Table 2), suggesting an increase
in the relative content of microeukaryotes based on the
reduction of the bacterial community. In this view, the active
participation of the Protozoa group in regulating bacterial
abundance (Porter et al., 1985; Berninger et al.,, 1991) could
play a role in the control of the fast growth of copiotrophic
bacteria in organic-rich environments. Contrarily, representation
of the Metazoa group could be restrained by the presence
of Chytridiomycota, known for their parasitic endeavor on
arthropods (Money, 2016).

Heat Shock Impact on Gene
Transcription (nRNA) of the Active Ice

Microbiome

The mRNA analysis of the 900-O cave ice Illumina shotgun
sequence highlighted the presence of an active microbial
community in the Scarisoara ice cave, a groundbreaking result
for this habitat. The gene transcriptional pattern of the T3,
T7, and T14 thermal-treated ice communities compared to that
of the untreated microbiome (T0) was modeled by both the
increased temperature and prolonged incubation at 4°C, with
the subsequent activation of different processes corroborated
by the upregulation of specific gene clusters (Figure 5 and
Supplementary Table 1).

Functional annotation using the eggNOG database revealed
639 differential functions. The impact of thermal shock and
prolonged incubation on the metabolism of the active microbial
community harbored in the Scarisoara millennium-old ice was
deciphered by evaluating the gene expression profile of this
microbiome belonging to different groups and after each thermal
step (Figure 6 and Supplementary Table 1).

While the T0 sample showed a reduced general transcription,
the T3 microbiome revealed the highest increase in mRNA
overall transcripts (Table 3, Supplementary Figures 3, 4,
and Supplementary Table 1). Thermal shock induced the
transcription of genes involved in energy production and
conversion (level 2, category C); amino acid transport and
metabolism (level 2, category E); lipid transport and metabolism
(level 2, category I); translation, ribosomal structure, and
biogenesis (level 2, category ]); transcription (level 2, category
K); replication, recombination, and repair (level 2, category
L); cell wall/membrane/envelope biogenesis (level 2, category
M); signal transduction mechanisms (level 2, category T); and
intracellular trafficking, secretion, and vesicular transport (level
2, category U). Moreover, the T7 sample displayed a comparable
gene expression profile to that produced after 3 heat shock cycles
(T3), but at a reduced level, whereas incubation for 14 days (T14)
revealed a discrete reduction in the relative abundance of the C,
J, K, L, and U genes.

Analysis of the differential gene expression between the
thermal treatment steps of various functional genes from the
eggNOG database (Figure 6 and Table 3) showed an overall
transcript increase substantiated by the upregulation of the
genes involved in translation, ribosomal structure, transcription,
replication, and repair (level 2, categories J, K, and L)
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FIGURE 5 | (A) Impact of heat shock on gene expression (MRNA) variations of the Scarisoara cave active ice microbiome. (B-V) Relative abundance values of the
genes assigned by eggNOG gene annotations (level 2) involved in chromatin structure and dynamics (B); energy production and conversion (C); cell cycle control,
cell division, and chromosome partitioning (D); amino acid transport and metabolism (E); nucleotide transport and metabolism (F); carbohydrate transport and
metabolism (G); coenzyme transport and metabolism (H); lipid transport and metabolism (1); translation, ribosomal structure, and biogenesis (J); transcription (K);
replication, recombination, and repair (L); cell wall/membrane/envelope biogenesis (M); cell motility (N); posttranslational modification, protein turnover, and
chaperones (O); inorganic ion transport and metabolism (P); secondary metabolites biosynthesis, transport, and catabolism (Q); general function prediction only (R);
function unknown (S); signal transduction mechanisms (T); intracellular trafficking, secretion, and vesicular transport (U); and defense mechanisms (V) calculated for
the TO, T3, T7, and T14 untreated and treated samples, as described in Section “Materials and Methods.”
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processes, with the higher presence of transcripts for DNA
and RNA helicases (level 3, category COGO0513_1), threonyl-
tRNA synthetase (level 3, category COGO0441), DNA-directed
RNA polymerase (level 3, category COG0202), and predicted
transcriptional regulator (level 3, category COG1959). Increased
transcriptional and translational activities were visible after
thermal treatment and following 14 days of incubation (Figure 6
and Table 3).

A pronounced increase in the transcripts associated with the
tricarboxylic acid (TCA) cycle (level 3, categories COGO0114,
COGO0567, COG1894, and COGO0045) was visible after the
thermal shock step (T3), while a distinct reduction was
evident after 7 and 14 days of incubation (Table 3). The
increase in gene transcription involved in the TCA cycle
substantiated the dominance of the copiotrophic taxa in the
T3 and T7 samples, where the carbon sources are fully

available after ice thawing, hence the need to release the
stowed energy through oxidative processes. According to this
hypothesis, the microbiome submitted to the 2-week thermal
treatment (T14) mimicking putative natural daily phenomena
after glacier melting displayed a declined transcription of these
genes associated with reduced carbon sources for oxidative
processes and a reduced presence of copiotrophic bacteria
exposed to protozoa predation. Interestingly, the transcripts
for the Phasin family proteins, such as polyhydroxyalkanoates
(PHAs) (level 3, category NOG45042), were upregulated, in
accordance with the energy storage by the microbial community
after prolonged incubation at low temperatures. The increased
energy storage could explain the dominance of copiotrophic
bacterial cells also after a prolonged (14 days) heat shock
incubation necessary for a composition shift in the copiotrophic-
oligotrophic microbial community.
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TABLE 3 | Differential functional gene expression of cave ice microbiome submitted to heat shock.

COG_ID COG_Category _Ivl_2 COG_Category Ivl_3 TO T3 T7 T14

COGO0513_1  [J] Translation, ribosomal structure, Superfamily I DNA and RNA helicases 745 1,408 1,376 -
biogenesis

COG0441 [J] Translation, ribosomal structure, Threonyl-tRNA synthetase 207 400 329 334
biogenesis

COG0202 [K] Transcription DNA-directed RNA polymerase, alpha subunit/40-kDa subunit 1,048 1478 - -

COG1959 [K] Transcription Predicted transcriptional regulator 1,069 1,718 2,589 3,449

COG0114 [C] Energy production and conversion  Fumarase 52 368 202 171

COG0567 [C] Energy production and conversion  2-Oxoglutarate dehydrogenase complex, dehydrogenase (E1) component, 107 403 309 195

and related enzymes

COG1894 [C] Energy production and conversion  NADH:ubiquinone oxidoreductase, NADH-binding (51 kDa) subunit 189 561 458 294

COG0045 [C] Energy production and conversion  Succinyl-CoA synthetase, beta subunit 173 450 311 -

NOG45042  [S] Function unknown Phasin family protein 469 1,688 1,662 2,317

COG0683 [E] Amino acid transport and ABC-type branched-chain amino acid transport systems, periplasmic 169 432 - 347
metabolism component

COG0174 [E] Amino acid transport and Glutamine synthetase 168 662 499 623
metabolism

COG0459 [O] Posttranslational modification, Chaperonin GroEL (HSP60 family) 2,718 788 663 710
protein turnover, chaperones

COG0605 [P] Inorganic ion transport and Superoxide dismutase 83 416 268 179
metabolism

COG1344 [N] Cell motility Flagellin and related hook-associated proteins 72 141

COG2804_2 [N] Cell motility Type Il secretory pathway, ATPase PUlE/Tfp pilus assembly pathway, ATPase 12 145 85 45

PiB
COG0577 [V] Defense mechanisms ABC-type antimicrobial peptide transport system, permease component - - - 14
COG1619 [V] Defense mechanisms Uncharacterized proteins, homologs of microcin C7 resistance protein MccF - - - 28

The mRNA reads of the untreated (T0) 900-O ice sample and after 3 (T3), 7 (T7), and 14 days (T14) of thermal treatment were assigned to different functional gene groups

using the eggNOG database, as indicated in Section “Materials and Methods.”

Transcripts involved in amino acid transport (level 3, category
COGO0683) and related to carbon and nitrogen metabolism
using amino acids as intermediates (level 3, category COG0174)
were also upregulated after the application of thermal treatment
(Table 3). The transcripts for processes of amino acid transport
were found associated with Proteobacteria (Suzuki et al., 2014),
in accordance with the high relative abundance of this bacterial
taxa in all To-T14 samples. Upregulation of the glutamine
synthetase (GS) coding gene indicated the enhancement of
nitrogen metabolism and the synthesis of glutamine (Hosie and
Poole, 2001; Joo et al., 2018) of the ice microbiome submitted
to thermal stress.

A direct response of the ice microbiome to temperature
increase was also present after the ice thawing step, substantiated
by the presence of transcripts involved in protein folding during
thermal stress, such as GroEL (HSP60 family; level 3, category
COGO0459). Although the level of GroEL transcripts increased
right after the ice thawing (TO0), a significant decrease of this
gene expression was observed (Table 3), which suggested a short
response time for producing molecular chaperones to protect
the microbial cells from the effects of high temperature. Another
direct microbial response to the temperature increase consisted in
the upregulation of transcripts coding for superoxide dismutase
(level 3, category COGO0605) in T3 samples (Table 3). This
phenomenon, also described in Escherichia coli, indicated a direct
correlation with the production of reactive oxygen species (ROS)
in response to heat treatment (Marcén et al., 2017). Furthermore,

the gene coding for alternative SigmaE factor, which controls the
stress response at high temperatures (De Las Peas et al., 1997),
was highly upregulated after the thermal shock (T3), followed
by a reduction in T7 and T14 samples. A slight increase in
the relative abundance of cell motility genes (level 3, categories
COG1344 and COG2804_2) was visible in TO and T3 samples
(Table 3), suggesting an increased motility associated with the
water environment.

In addition, prolonged incubation for 14 days resulted in
an increase in the defense mechanisms (level 3, categories
COGO0577 and COG1619) gene expression (Figure 6 and
Table 3), suggesting the start of shortage of food sources and
the competition among active microbes to outcompete the taxa
utilizing similar substrates for community sustenance.

Elevated temperatures also accelerated fungal decomposition,
resulting in increased carbon dioxide emission from the soil,
which can lead to a faster temperature rise. A more detailed
analysis could help in identifying the differential expression of
genes involved in microbial respiration. Therefore, these genes
could also be considered as potential markers for identifying
specific microbial taxa adapted to higher temperatures that
could contribute to global CO, emissions as a primary driver
of climate change.

Although development of the investigated system in the
long run remains an open question, the short-term temperature
changes (heat shock applied by environmental temperature
shift on melted ice microbiome exposed on the soil surface)
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appeared to shape the active microbial community embedded
in the Scarisoara cave ice. Extended investigations on long-term
temperature variations will help deepen the knowledge on the
microbial role in the global climate change.

CONCLUSION

To date, this study provides the first evidence of an active
microbiome and putatively active microeukaryotic taxa in
perennial ice from caves, in addition to initial data on the
thermal treatment response of the total and active ice-entrapped
microbiomes using Illumina shotgun sequencing of rRNA and
mRNA shift analysis. Temperature changes are known to
disturb the microbial homeostasis alongside an altered taxon
distribution, while little is known about the transcriptomic
response to thermal stress. This overview of the structural
and functional shifts in the ice microbial community induced
by heat shock cycles and prolonged incubation contributed to
increasing our understanding on changing environments and
their ecological impacts due to ice melting.

The taxonomic profile of the potentially active microbiome
from this icy environment was primarily modeled by heat
shock, meanwhile revealing resilience mechanisms and specific
functional responses to thermal stress. The ice community
dominated by copiotrophic taxa was able to quickly use the
carbon source released after ice thawing, with the Proteobacteria
and Bacteroidetes taxa prevailing after thermal stress, unlike
Archaea showing no recovery after incubation at a low
temperature and the highly affected fungal community structure.
Meanwhile, microeukaryotes exhibited fast recovery based on
the putative predation process on bacteria. The resilience
strategies of the active ice microbiome after heat shock exposure
involved refolding, oxidative stress, and DNA synthesis-related
gene upregulation. An increase in energy production and
storage occurred during thermal stress, in accordance with the
distribution of the dominant bacterial classes endowed with a
copiotrophic lifestyle. Boosted carbon and nitrogen regulation
and cellular motility appeared to respond to requirements for
the water environment after ice melting, while the activation
of defense mechanisms suggested a start of competition for
similar food sources. The reported structural and functional
modifications of the active microbial community from the
Scarisoara cave ice due to thermal variations offered a glimpse
of the environmental impacts of climate change leading
to glacier retreat. In-depth analyses of the reconstructed
metagenomes could contribute to unraveling the evolutionary
patterns of metabolic pathways in this secluded cold habitat,
subtle molecular adaptation mechanisms to icy environments,
and novel cold-active biomolecules of applicative potential.
Meanwhile, this first report on a critical shift of the active

REFERENCES

Abyzov, S. S., Poglazova, M. N., Mitskevich, J. N., and Ivanov, M. V. (2005).
“Common features of microorganisms in ancient layers of the Antarctic ice
sheet,” in Life in Ancient Ice, eds ]. D. Castello and S. O. Rogers (Princeton:
Princeton University Press), 240-250.

microbiomes from melting ice habitats represents a warning for
possible major changes of the environmental biogeochemistry
associated with late accelerated ice loss.

DATA AVAILABILITY STATEMENT

The sequencing datasets presented in this study are publicly
available at Sequence Read Archive (SRA) under the BioProject
ID PRJNA777283 (https://www.ncbi.nlm.nih.gov/bioproject/PR]
NA777283).

AUTHOR CONTRIBUTIONS

AM and CP wrote the manuscript. AM performed the sample
filtration, heat shock experiment, RNA extraction, and cDNA
library preparation. LE-J and CJ designed the thermal treatment
experiment and carried out the Illumina shotgun sequencing
with contributions from AM and MZA. MZA performed the
bioinformatics and statistical analyses. AM and PL contributed
to the sequence analyses. CP performed the experimental design
and coordinated the project. All authors contributed to data
interpretation and revised the manuscript.

FUNDING

This study was financially supported by the European
Union’s H2020 Research and Innovation ITN MicroArctic
Program under the Marie Sklodowska-Curie grant (Agreement
No. 675546) and the H2020 UEFISCDI ERANet-LAC
ELAC2014/DCCO0178 Joint Program.

ACKNOWLEDGMENTS

We thank Christian A. Ciubotarescu, Vlad Murariu, Corina Itcus,
Aurel Persoiu, Alexandra Hillebrand-Voiculescu, Traian Brad,
and Madalina D. Pascu for ice sampling support and Dinu Pasca
and Iuliana Pasca for field trip assistance. We also express our
gratitude to Toke-Bang Andreasen and Morten Schostag for their
valuable feedback on the experiment protocol and Tina Thane
and Tanja Begovic for laboratory assistance.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fmicb.
2021.809076/full#supplementary- material

Altenburger, A., Ekelund, F., and Jacobsen, C. S. (2010). Protozoa and their
bacterial prey colonize sterile soil fast. Soil Biol. Biochem. 42, 1636-1639. doi:
10.1016/j.50ilbi0.2010.05.011

Anesio, A. M., and Laybourn-Parry, J. (2012). Glaciers and ice sheets
as a biome. Trends Ecol. Evol. 27, 219-225. doi: 10.1016/j.tree.2011.
09.012

Frontiers in Microbiology | www.frontiersin.org

March 2022 | Volume 12 | Article 809076


https://www.ncbi.nlm.nih.gov/bioproject/PRJNA777283
https://www.ncbi.nlm.nih.gov/bioproject/PRJNA777283
https://www.frontiersin.org/articles/10.3389/fmicb.2021.809076/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fmicb.2021.809076/full#supplementary-material
https://doi.org/10.1016/j.soilbio.2010.05.011
https://doi.org/10.1016/j.soilbio.2010.05.011
https://doi.org/10.1016/j.tree.2011.09.012
https://doi.org/10.1016/j.tree.2011.09.012
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles

Mondini et al.

Thermal Impact on Ice Microbiome

Anesio, A. M., Lutz, S., Chrismas, N. A. M., and Benning, L. G. (2017). The
microbiome of glaciers and ice sheets. NPJ Biofilms Microbiomes 3:10. doi:
10.1038/s41522-017-0019-0

Anwar, M., Lanzén, A., Bang-Andreasen, T., and Jacobsen, C. S. (2019a).
Comparative Metatranscriptomics Workflow (CoMW). Computer Programme.
CodeOcean. doi: 10.24433/C0.1793842.v1

Anwar, M., Lanzén, A., Bang-Andreasen, T., and Jacobsen, C. S. (2019b). To
assemble or not to resemble - a validated comparative metatranscriptomics
workflow (CoMW). Gigascience 8, 1-10. doi: 10.1101/642348

Bang-Andreasen, T., Anwar, M. Z., Lanzen, A., Kjoller, R,, Ronn, R., Ekelund, F.,
et al. (2020). Total RNA sequencing reveals multilevel microbial community
changes and functional responses to wood ash application in agricultural and
forest soil. FEMS Microbiol. Ecol. 96:fiaa016. doi: 10.1093/femsec/fiaa016

Bastida, F., Selevsek, N., Torres, I. F., Hernandez, T., and Garcia, C. (2015).
Soil restoration with organic amendments: linking cellular functionality and
ecosystem processes. Sci. Rep. 5:15550. doi: 10.1038/srep15550

Bernadet, J.-F., Segers, P., Vancanneyt, M., Berthe, F., Kersters, K., and
Vandamme, P. (1996). Cutting a Gordian Knot: emended Classification
and Description of the Genus Flavobacterium, Emended Description of the
Family Flavobacteriaceae, and Proposal of Flavobacterium hydatis nom. nov.
(Basonym, Cytophaga aquatilis Strohl and Tait 1978). Int. J. Syst. Evol. 46,
128-148. doi: 10.1099/00207713-46-1-128

Berninger, U.-G., Finlay, B. J., and Kuuppo-Leinikki, P. (1991). Protozoan control
of bacterial abundances in freshwater. Limnol. Oceanogr. 36, 139-147. doi:
10.4319/10.1991.36.1.0139

Brad, T., Itcus, C., Pascu, M. D., Persoiu, A., Hillebrand-Voiculescu, A., Iancu, L.,
et al. (2018). Fungi in perennial ice from Scarisoara Ice Cave (Romania). Sci.
Rep. 8:10096 . doi: 10.1038/s41598-018-28401-1

Burow, K., Grawunder, A., Harpke, M., Pietschmann, S., Ehrhardt, R., Wagner,
L., et al. (2019). Microbiomes in an acidic rock-water cave system. FEMS
Microbiol. Lett. 366:fnz167. doi: 10.1093/femsle/fnz167

Butinar, L., Spencer-Martins, I., and Gunde-Cimerman, N. (2007). Yeasts in high
Arctic glaciers: the discovery of a new habitat for eukaryotic microorganisms.
Antonie van Leeuwenhoek 91, 277-289. doi: 10.1007/s10482-006-9117-3

Cantarel, B. L., Coutinho, P. M., Rancurel, C., Bernard, T., Lombard, V., and
Henrissat, B. (2009). The Carbohydrate-Active EnZymes database (CAZy): an
expert resource for Glycogenomics. Nucleic Acids Res. 37, D233-D238. doi:
10.1093/nar/gkn663

Chen, S., Zhou, Y., Chen, Y., and Gu, J. (2018). fastp: an ultra-fast all-in-one FASTQ
preprocessor. Bioinformatics 34, 1884-i890. doi: 10.1093/bioinformatics/bty560

Cunha, A. O. B.,, Bezerra, J. D. P., Oliveira, T. G. L., Barbier, E., Bernard, E.,
Machado, A. R,, et al. (2020). Living in the dark: bat caves as hotspots of fungal
diversity. PLoS One 15:€0243494. doi: 10.1371/journal.pone.0243494

Darcy, J. L., Lynch, R. C,, King, A. J., Robeson, M. S., and Schmidt, S. K. (2011).
Global distribution of Polaromonas phylotypes—evidence for a highly successful
dispersal capacity. PLoS One 6:¢23742. doi: 10.1371/journal.pone.0023742

de Hoog, G. S., and von Arx, J. A. (1973). Revision of Scolecobasidium and
Pleurophragmium. Kavaka 1, 55-60.

De Las Penas, A., Connolly, L., and Gross, C. A. (1997). SigmaE is an essential
sigma factor in Escherichia coli. J. Bacteriol. 179, 6862-6864. doi: 10.1128/jb.
179.21.6862-6864.1997

Deming, J. W. (2002). Psychrophiles and polar regions. Curr. Opin. Microbiol. 5,
301-309. doi: 10.1016/S1369-5274(02)00329-6

Ekelund, F., and Renn, R. (1994). Notes on protozoa in agricultural soil with
emphasis on heterotrophic flagellates and naked amoebae and their ecology.
FEMS Microbiol. Rev. 15, 321-353. doi: 10.1111/j.1574-6976.1994.tb00144.x

Fox, B. G., Thorn, R. M. S., Anesio, A. M., and Reynolds, D. M. (2017). The in situ
bacterial production of fluorescent organic matter; an investigation at a species
level. Water Res. 125, 350-359. doi: 10.1016/j.watres.2017.08.040

Garcia-Lopez, E., Moreno, A., Bartolomé, M., Leunda, M., Sancho, C., and Cid,
C. (2021). Glacial Ice Age Shapes Microbiome Composition in a Receding
Southern European Glacier. Front. Microbiol. 12:714537. doi: 10.3389/fmicb.
2021.714537

Grabherr, M. G., Haas, B. J., Yassour, M., Levin, J. Z., Thompson, D. A., Amit, I,
etal. (2011). Full-length transcriptome assembly from RNA-Seq data without a
reference genome. Nat. Biotechnol. 29, 644-652. doi: 10.1038/nbt.1883

Griffiths-Jones, S., Bateman, A., Marshall, M., Khanna, A., and Eddy, S. R. (2003).
Rfam: an RNA family database. Nucleic Acids Res. 31, 439-441. doi: 10.1093/
nar/gkg006

Hillebrand-Voiculescu, A., Itcus, C., Ardelean, I, Pascu, D., Persoiu, A., Rusu, A.,
et al. (2015). Searching for cold-adapted microorganisms in the underground
glacier of Scarisoara Ice Cave, Romania. Acta Carsol. 43, 319-329. doi: 10.3986/
ac.v43i2-3.604

Hillebrand-Voiculescu, A., Rusu, A, Itcus, C., Persoiu, A., Brad, T., Pascu, D, et al.
(2013). Bacterial 16S-rRNA gene clone library from recent ice stalagmites of
Scarisoara cave. Rom. J. Biochem. 50, 109-118.

Ho, A., Di Lonardo, D. P., and Bodelier, P. L. E. (2017). Revisiting life strategy
concepts in environmental microbial ecology. FEMS Microbiol. Ecol. 93:fix006.
doi: 10.1093/femsec/fix006

Holmlund, P., Onac, B. P., Hansson, M., Holmgren, K., Mérth, M., Nyman, M.,
et al. (2005). Assessing the palaeoclimate potential of cave glaciers: the example
of the Scarigoara ice cave (Romania). Geogr. Ann. A Phys. Geogr. 87, 193-201.
doi: 10.1111/j.0435-3676.2005.00252.x

Hosie, A. H. F., and Poole, P. S. (2001). Bacterial ABC transporters of amino acids.
Res. Microbiol. 152, 259-270. doi: 10.1016/S0923-2508(01)01197-4

Hubbard, J. (2017). 3D Cave and Ice Block Morphology from Integrated Geophysical
Methods: A Case Study at Scarisoara Ice Cave, Romania. Ph.D. thesis. Florida:
University of South Florida.

Hug, L. A,, Baker, B. J., Anantharaman, K., Brown, C. T., Probst, A. J., Castelle,
C. ], et al. (2016). A new view of the tree of life. Nat. Microbiol. 1:16048.
doi: 10.1038/nmicrobiol.2016.48

Ibelings, B. W., De Bruin, A., Kagami, M., Rijkeboer, M., Brehm, M., and Donk,
E. V. (2004). Host parasite interactions between freshwater phytoplankton and
chytrid fungi (Chytridiomycota) 1. J. Phycol. 40, 437-453. doi: 10.1111/j.1529-
8817.2004.03117.x

Itcus, C., Pascu, M., Brad, T., Pet Oiu, A., and Purcarea, C. (2016). Diversity of
cultured bacteria from the perennial ice block of Scarisoara Ice Cave, Romania.
Int. J. Speleol. 45:89-100. doi: 10.5038/1827-806X.45.1.1948

Itcus, C., Pascu, M. D., Lavin, P., Persoiu, A., Iancu, L., and Purcarea, C. (2018).
Bacterial and archaeal community structures in perennial cave ice. Sci. Rep.
8:15671. doi: 10.1038/s41598-018-34106-2

James, T. Y., Letcher, P. M., Longcore, J. E., Mozley-Standridge, S. E., Porter, D.,
Powell, M. J,, et al. (2006). A molecular phylogeny of the flagellated fungi
(Chytridiomycota) and description of a new phylum (Blastocladiomycota).
Mycologia 98, 860-871. doi: 10.1080/15572536.2006.11832616

Joo, H. K., Park, Y. W,, Jang, Y. Y., and Lee, J. Y. (2018). Structural Analysis of
Glutamine Synthetase from Helicobacter pylori. Sci. Rep. 8:11657. doi: 10.1038/
$41598-018-30191-5

Koci, B. R,, and Kuivinen, K. C. (1984). The PICO lightweight coring auger.
J. Glaciol. 30, 244-245. doi: 10.3189/50022143000006018

Kopylova, E., Noé, L., and Touzet, H. (2012). SortMeRNA: fast and accurate
filtering of ribosomal RNAs in metatranscriptomic data. Bioinformatics 28,
3211-3217. doi: 10.1093/bioinformatics/bts611

Kucera, V., and Lizon, P. (2012). Geoglossaceous fungi in Slovakia III. The genus
Geoglossum. Biologia 67, 654-658. doi: 10.2478/s11756-012-0053-6

Lanzén, A., Jorgensen, S. L., Huson, D. H., Gorfer, M., Grindhaug, S. H., Jonassen,
L, et al. (2012). CREST-classification resources for environmental sequence
tags. PLoS One 7:¢49334. doi: 10.1371/journal.pone.0049334

Li, H., and Durbin, R. (2009). Fast and accurate short read alignment with
Burrows-Wheeler transform. Bioinformatics 25, 1754-1760. doi: 10.1093/
bioinformatics/btp324

Love, M. 1., Huber, W., and Anders, S. (2014). Moderated estimation of fold
change and dispersion for RNA-seq data with DESeq2. Genome Biol. 15:550.
doi: 10.1186/s13059-014-0550-8

Ma, L.-J., Rogers, S. O., Catranis, C. M., and Starmer, W. T. (2000). Detection
and Characterization of Ancient Fungi Entrapped in Glacial Ice. Mycologia 92,
286-295. doi: 10.1080/00275514.2000.12061156

Marcén, M., Ruiz, V., Serrano, M. J., Condon, S., and Maias, P. (2017). Oxidative
stress in E. coli cells upon exposure to heat treatments. Int. J. Food Microbiol.
241, 198-205. doi: 10.1016/j.ijfoodmicro.2016.10.023

Martinez-Avila, L., Peidro-Guzman, H., Perez-Llano, Y., Moreno-Perlin, T.,
Sanchez-Reyes, A., Aranda, E., et al. (2021). Tracking gene expression,

metabolic  profiles, and biochemical analysis in the halotolerant
basidiomycetous yeast Rhodotorula mucilaginosa EXF-1630 during
benzo[a]pyrene and phenanthrene biodegradation wunder hypersaline

conditions. Environ. Pollut. 271:116358. doi: 10.1016/j.envpol.2020.116358
Martin-Sanchez, P. M., Novdkovd, A., Bastian, F., Alabouvette, C., and Saiz-
Jimenez, C. (2012b). Two new species of the genus Ochroconis, O. lascauxensis

Frontiers in Microbiology | www.frontiersin.org

March 2022 | Volume 12 | Article 809076


https://doi.org/10.1038/s41522-017-0019-0
https://doi.org/10.1038/s41522-017-0019-0
https://doi.org/10.24433/CO.1793842.v1
https://doi.org/10.1101/642348
https://doi.org/10.1093/femsec/fiaa016
https://doi.org/10.1038/srep15550
https://doi.org/10.1099/00207713-46-1-128
https://doi.org/10.4319/lo.1991.36.1.0139
https://doi.org/10.4319/lo.1991.36.1.0139
https://doi.org/10.1038/s41598-018-28401-1
https://doi.org/10.1093/femsle/fnz167
https://doi.org/10.1007/s10482-006-9117-3
https://doi.org/10.1093/nar/gkn663
https://doi.org/10.1093/nar/gkn663
https://doi.org/10.1093/bioinformatics/bty560
https://doi.org/10.1371/journal.pone.0243494
https://doi.org/10.1371/journal.pone.0023742
https://doi.org/10.1128/jb.179.21.6862-6864.1997
https://doi.org/10.1128/jb.179.21.6862-6864.1997
https://doi.org/10.1016/S1369-5274(02)00329-6
https://doi.org/10.1111/j.1574-6976.1994.tb00144.x
https://doi.org/10.1016/j.watres.2017.08.040
https://doi.org/10.3389/fmicb.2021.714537
https://doi.org/10.3389/fmicb.2021.714537
https://doi.org/10.1038/nbt.1883
https://doi.org/10.1093/nar/gkg006
https://doi.org/10.1093/nar/gkg006
https://doi.org/10.3986/ac.v43i2-3.604
https://doi.org/10.3986/ac.v43i2-3.604
https://doi.org/10.1093/femsec/fix006
https://doi.org/10.1111/j.0435-3676.2005.00252.x
https://doi.org/10.1016/S0923-2508(01)01197-4
https://doi.org/10.1038/nmicrobiol.2016.48
https://doi.org/10.1111/j.1529-8817.2004.03117.x
https://doi.org/10.1111/j.1529-8817.2004.03117.x
https://doi.org/10.5038/1827-806X.45.1.1948
https://doi.org/10.1038/s41598-018-34106-2
https://doi.org/10.1080/15572536.2006.11832616
https://doi.org/10.1038/s41598-018-30191-5
https://doi.org/10.1038/s41598-018-30191-5
https://doi.org/10.3189/S0022143000006018
https://doi.org/10.1093/bioinformatics/bts611
https://doi.org/10.2478/s11756-012-0053-6
https://doi.org/10.1371/journal.pone.0049334
https://doi.org/10.1093/bioinformatics/btp324
https://doi.org/10.1093/bioinformatics/btp324
https://doi.org/10.1186/s13059-014-0550-8
https://doi.org/10.1080/00275514.2000.12061156
https://doi.org/10.1016/j.ijfoodmicro.2016.10.023
https://doi.org/10.1016/j.envpol.2020.116358
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles

Mondini et al.

Thermal Impact on Ice Microbiome

and O. anomala isolated from black stains in Lascaux Cave, France. Fungal Biol.
116, 574-589. doi: 10.1016/j.funbio.2012.02.006

Martin-Sanchez, P. M, Bastian, F., Alabouvette, C., and Saiz-Jimenez, C. (2012a).
Real-time PCR detection of Ochroconis lascauxensis involved in the formation
of black stains in the Lascaux Cave, France. Sci. Total Environ. 443, 478-484.
doi: 10.1016/j.scitotenv.2012.11.026

McConnaughey, M. (2014). “Physical chemical properties of fungi,” in Reference
Module in Biomedical Sciences (Amsterdam: Elsevier). doi: 10.1016/b978-0-12-
801238-3.05231-4

Miteva, V., Teacher, C., Sowers, T., and Brenchley, J. (2009). Comparison of
the microbial diversity at different depths of the GISP2 Greenland ice core
in relationship to deposition climates. Environ. Microbiol. 11, 640-656. doi:
10.1111/j.1462-2920.2008.01835.x

Mondini, A., Donhauser, J., Itcus, C., Marin, C., Persoiu, A., Lavin, P., et al. (2018).
High-throughput sequencing of fungal communities across the perennial ice
block of Scirisoara Ice Cave. Ann. Glaciol. 59, 134-146. doi: 10.1017/a0g.2019.6

Mondini, A., Schcostag, M.-D., Ellegard-Jensen, L., Bang-Andreasen, T., Anwar,
M. Z., Purcarea, C., et al. (2019). Total RNA Protocol (Extraction, Quantification
and Illumina Library Preparation). protocols.io. doi: 10.17504/protocols.io.
457gyon

Money, N. (2016). “Fungal Diversity,” in The Fungi: Third Edition, eds S. C.
Watkinson, L. Boddy, and N. P. Money (Amsterdam: Elsevier Inc), 1-36.

Nichols, D. S. (2005). “The growth of prokaryotes in Antarctic sea ice: Implications
for ancient ice communities,” in Life in Ancient Ice, eds J. D. Castello and S. O.
Rogers (Princeton: Princeton University Press), 50-68.

Nieves-Rivera, AM. (2003). Mycological survey of Rio Camuy Caves Park, Puerto
Rico. J. Cave Karst Stud. 65, 22-28.

Novakova, A. (2009). Microscopic fungi isolated from the Domica Cave system
(Slovak Karst National Park, Slovakia). A review. Int. J. Speleol. 38, 71-82.
doi: 10.5038/1827-806X.38.1.8

Onyenwoke, R. U., Brill, J. A., Farahi, K., and Wiegel, J. (2004). Sporulation
genes in members of the low G+C Gram-type-positive phylogenetic branch
(Firmicutes). Arch. Microbiol. 182, 182-192. doi: 10.1007/s00203-004-0696-y

Paun, V. 1, Icaza, G., Lavin, P., Marin, C., Tudorache, A., Persoiu, A., et al.
(2019). Total and Potentially Active Bacterial Communities Entrapped in a Late
Glacial Through Holocene Ice Core From Scarisoara Ice Cave, Romania. Front.
Microbiol. 10:1193. doi: 10.3389/fmicb.2019.01193

Paun, V. L, Lavin, P., Chifiriuc, M. C., and Purcarea, C. (2021). First report
on antibiotic resistance and antimicrobial activity of bacterial isolates from
13,000-year old cave ice core. Sci. Rep. 11:514. doi: 10.1038/s41598-020-79
754-5

Persoiu, A., and Onac, B. P. (2012). “Ice in Caves,” in Encyclopedia of Caves (Second
Edition), eds W. B. White and D. C. Culver (Amsterdam: Academic Press),
399-404.

Persoiu, A., Onac, B. P., and Persoiu, I. (2011). The interplay between air
temperature and ice mass balance changes in Scirigoara Ice Cave, Romania.
Acta Carsol. 40, 445-456. doi: 10.3986/ac.v40i3.4

Persoiu, A., and Pazdur, A. (2011). Ice genesis and its long-term mass balance and
dynamics in Scarisoara Ice Cave, Romania. Cryosphere 5, 45-53. doi: 10.5194/
tc-5-45-2011

Persoiu, A., Onac, B. P., Wynn, J. G., Blaauw, M., Ionita, M., and Hansson, M.
(2017). Holocene winter climate variability in Central and Eastern Europe. Sci.
Rep. 7:1196. doi: 10.1038/s41598-017-01397-w

Porter, K. G., Sherr, E. B., Sherr, B. F., Pace, M., and Sanders, R. W. (1985). Protozoa
in Planktonic Food Webs1,2. J. Protozool. 32, 409-415. doi: 10.1111/j.1550-
7408.1985.tb04036.x

Powell, M. J. (1993). Looking at Mycology with a Janus Face: a Glimpse at
Chytridiomycetes Active in the Environment. Mycologia 85, 1-20. doi: 10.1080/
00275514.1993.12026239

Priscu, J. C., Fritsen, C. H., Adams, E. E., Giovannoni, S. J., Paerl, H. W., Mckay,
C. P, etal. (1998). Perennial Antarctic lake ice: an oasis for life in a polar desert.
Science 280, 2095-2098. doi: 10.1126/science.280.5372.2095

Purcarea, C. (2018). “Chapter 8 - Microbial Life in Ice Caves,” in Ice Caves, eds A.
Persoiu and S.-E. Lauritzen (Amsterdam: Elsevier), 173-187.

Racovita, G., and Onac, B. P. (2000). “Scarisoara Glacier Cave,” in Monographic
study, ed. Carpatica (Cluj-Napoca), 140.

Ramirez, K. S., Craine, J. M., and Fierer, N. (2012). Consistent effects of nitrogen
amendments on soil microbial communities and processes across biomes. Glob.
Change Biol. 18,1918-1927. doi: 10.1111/j.1365-2486.2012.02639.x

Rimbu, N., Onac, B. P., and Racovita, G. (2012). Large-scale anomaly patterns
associated to temperature variability inside Scarisoara Ice Cave. Int. J. Climatol.
32, 1495-1502. doi: 10.1002/joc.2369

Rogers, S. O., Shtarkman, Y. M., Koger, Z. A., Edgar, R., Veerapaneni, R., and
D’elia, T. (2013). Ecology of subglacial lake vostok (antarctica), based on
metagenomic/metatranscriptomic analyses of accretion ice. Biology 2, 629-650.
doi: 10.3390/biology2020629

Ronn, R., Vestergard, M., and Ekelund, F. (2012). Interactions between Bacteria,
Protozoa and Nematodes in Soil. Acta Protozool. 51, 223-235. doi: 10.4467/
16890027AP.12.018.0764

Schostag, M., Priemé, A., Jacquiod, S., Russel, J., Ekelund, F., and Jacobsen, C. S.
(2019). Bacterial and protozoan dynamics upon thawing and freezing of an
active layer permafrost soil. ISME J. 13, 1345-1359. doi: 10.1038/s41396-019-
0351-x

Suzuki, S., Kuenen, J. G., Schipper, K., Van Der Velde, S., Ishii, S. I, Wu,
A, et al. (2014). Physiological and genomic features of highly alkaliphilic
hydrogen-utilizing Betaproteobacteria from a continental serpentinizing site.
Nat. Commun. 5:3900. doi: 10.1038/ncomms4900

Tu, Q. Lin, L., Cheng, L., Deng, Y., and He, Z. (2019). NCycDB: a curated
integrative database for fast and accurate metagenomic profiling of nitrogen
cycling genes. Bioinformatics 35, 1040-1048. doi: 10.1093/bioinformatics/
bty741

van der Wal, A., Geydan, T. D., Kuyper, T. W., and De Boer, W. (2013). A
thready affair: linking fungal diversity and community dynamics to terrestrial
decomposition processes. FEMS Microbiol. Rev. 37, 477-494. doi: 10.1111/
1574-6976.12001

Varet, H., Brillet-Guéguen, L., Coppée, J. Y., and Dillies, M. A. (2016). SARTools: a
DESeq2- and EdgeR-Based R Pipeline for Comprehensive Differential Analysis
of RNA-Seq Data. PLoS One 11:¢0157022. doi: 10.1371/journal.pone.015
7022

Weisleitner, K., Perras, A., Moissl-Eichinger, C., Andersen, D. T., and Sattler, B.
(2019). Source Environments of the Microbiome in Perennially Ice-Covered
Lake Untersee, Antarctica. Front. Microbiol. 10:1019. doi: 10.3389/fmicb.2019.
01019

Williams, T. J., Wilkins, D., Long, E., Evans, F., Demaere, M. Z., Raftery,
M. J,, et al. (2013). The role of planktonic Flavobacteria in processing algal
organic matter in coastal East Antarctica revealed using metagenomics and
metaproteomics. Environ. Microbiol. 15, 1302-1317. doi: 10.1111/1462-2920.
12017

Xue, Y., Lanzén, A., and Jonassen, L. (2020). Reconstructing ribosomal genes from
large scale total RNA meta-transcriptomic data. Bioinformatics 36, 3365-3371.
doi: 10.1093/bioinformatics/btaal77

Zhong, Z.-P., Tian, F., Roux, S., Gazitia, M. C.,, Solonenko, N. E,, Li, Y.-F,,
et al. (2021). Glacier ice archives nearly 15,000-year-old microbes and phages.
Microbiome 9:160. doi: 10.1186/540168-021-01106-w

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2022 Mondini, Anwar, Ellegaard-Jensen, Lavin, Jacobsen and Purcarea.
This is an open-access article distributed under the terms of the Creative Commons
Attribution License (CC BY). The use, distribution or reproduction in other forums
is permitted, provided the original author(s) and the copyright owner(s) are credited
and that the original publication in this journal is cited, in accordance with accepted
academic practice. No use, distribution or reproduction is permitted which does not
comply with these terms.

Frontiers in Microbiology | www.frontiersin.org

March 2022 | Volume 12 | Article 809076


https://doi.org/10.1016/j.funbio.2012.02.006
https://doi.org/10.1016/j.scitotenv.2012.11.026
https://doi.org/10.1016/b978-0-12-801238-3.05231-4
https://doi.org/10.1016/b978-0-12-801238-3.05231-4
https://doi.org/10.1111/j.1462-2920.2008.01835.x
https://doi.org/10.1111/j.1462-2920.2008.01835.x
https://doi.org/10.1017/aog.2019.6
https://doi.org/10.17504/protocols.io.457gy9n
https://doi.org/10.17504/protocols.io.457gy9n
https://doi.org/10.5038/1827-806X.38.1.8
https://doi.org/10.1007/s00203-004-0696-y
https://doi.org/10.3389/fmicb.2019.01193
https://doi.org/10.1038/s41598-020-79754-5
https://doi.org/10.1038/s41598-020-79754-5
https://doi.org/10.3986/ac.v40i3.4
https://doi.org/10.5194/tc-5-45-2011
https://doi.org/10.5194/tc-5-45-2011
https://doi.org/10.1038/s41598-017-01397-w
https://doi.org/10.1111/j.1550-7408.1985.tb04036.x
https://doi.org/10.1111/j.1550-7408.1985.tb04036.x
https://doi.org/10.1080/00275514.1993.12026239
https://doi.org/10.1080/00275514.1993.12026239
https://doi.org/10.1126/science.280.5372.2095
https://doi.org/10.1111/j.1365-2486.2012.02639.x
https://doi.org/10.1002/joc.2369
https://doi.org/10.3390/biology2020629
https://doi.org/10.4467/16890027AP.12.018.0764
https://doi.org/10.4467/16890027AP.12.018.0764
https://doi.org/10.1038/s41396-019-0351-x
https://doi.org/10.1038/s41396-019-0351-x
https://doi.org/10.1038/ncomms4900
https://doi.org/10.1093/bioinformatics/bty741
https://doi.org/10.1093/bioinformatics/bty741
https://doi.org/10.1111/1574-6976.12001
https://doi.org/10.1111/1574-6976.12001
https://doi.org/10.1371/journal.pone.0157022
https://doi.org/10.1371/journal.pone.0157022
https://doi.org/10.3389/fmicb.2019.01019
https://doi.org/10.3389/fmicb.2019.01019
https://doi.org/10.1111/1462-2920.12017
https://doi.org/10.1111/1462-2920.12017
https://doi.org/10.1093/bioinformatics/btaa177
https://doi.org/10.1186/s40168-021-01106-w
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles

& frontiers

Frontiers in

ORIGINAL RESEARCH
published: 27 April 2022
doi: 10.3389/fmicb.2022.869661

OPEN ACCESS

Edited by:
Saskia Bindschedler,
Université de Neuchatel, Switzerland

Reviewed by:

Nihal Dogrudz Guingdr,

Istanbul University, Turkey
Johann Leplat,

Laboratoire de Recherche des
Monuments Historiques, France

*Correspondence:
Cesareo Saiz-Jimenez
saiz@irnase.csic.es

Specialty section:

This article was submitted to
Terrestrial Microbiology,

a section of the journal
Frontiers in Microbiology

Received: 04 February 2022
Accepted: 05 April 2022
Published: 27 April 2022

Citation:

Martin-Pozas T, Novakova A,
Jurado V, Fernandez-Cortes A,
Cuezva S, Saiz-Jimenez C and
Sanchez-Moral S (2022) Diversity of
Microfungi in a High Radon Cave
Ecosystem.

Front. Microbiol. 13:869661.

doi: 10.3389/fmicb.2022.869661

Check for
updates

Diversity of Microfungi in a High
Radon Cave Ecosystem

Tamara Martin-Pozas’, Alena Novakova? Valme Jurado?®, Angel Fernandez-Cortes?,
Soledad Cuezva®, Cesareo Saiz-Jimenez®* and Sergio Sanchez-Moral’

Department of Geology, National Museum of Natural Sciences (MNCN-CSIC), Madrid, Spain, ?Laboratory of Fungal
Genetics and Metabolism, Institute of Microbiology of the CAS, Prague, Czechia, *Department of Agrochemistry,
Environmental Microbiology and Soil Conservation, Institute of Natural Resources and Agricultural Biology (IRNAS-CSIC),
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Castanar Cave is a clear example of an oligotrophic ecosystem with high hygrothermal
stability both seasonal and interannual and the particularity of registering extraordinary
levels of environmental radiation. These environmental conditions make the cave an ideal
laboratory to evaluate both the responses of the subterranean environment to sudden
changes in the matter and energy fluxes with the exterior and also any impact derived
from its use as a tourist resource under a very restrictive access regime. In 2008, a fungal
outbreak provoked by a vomit contaminated the sediments which were removed and
subsequently treated with hydrogen peroxide. Fungal surveys were carried out in 2008
and 2009. The visits were resumed in 2014. Here, 12 years after the outbreak, we present
an exhaustive study on the cave sediments in order to know the distribution of the different
fungal taxa, as well as the prevalence and spatio-temporal evolution of the fungi caused
by the vomit over the years under the conditions of relative isolation and high radiation
that characterize this cave.

Keywords: fungal outbreak, Castanar Cave, radon, ionizing radiation, Ascomycota, Basidiomycota

INTRODUCTION

Castaflar Cave (Castafiar de Ibor, Caceres, Spain) was discovered in 1967, declared Natural
Monument in 1997 and opened to visits in 2003. The interest of this cavity lies in its great
variety of speleothems formed mainly by aragonite and calcite of low magnesium (Alonso-Zarza
et al., 2011) and in its very high concentrations of radon (**Rn) in air with annual average
above 30kBq/m® (Lario et al., 2006; Garcia-Guinea et al., 2013). These values are much higher
than the average **Rn concentrations found in most caves studied around the world (0.5-8.3kBgq/
m’ Cigna, 2005; Somlai et al, 2011). *?Rn was used as tracer for assessing ventilation of
Castaflar Cave because its variations depend only on the exchange of air with the exterior
(Fernandez-Cortes et al., 2009). The slates hosting the cave contain uranium (39.2+5.2mgkg™;
Garcia-Guinea et al., 2013), so that its disintegration to radon and the subsequently **Rn
exhalation from bedrock entails a continuous source of this gas to cave atmosphere. The weathering
leakage processes of the bedrock also favor the remobilization of radionuclides via leaching
and their later settlement into the cave environment associated to mineral phases of cave deposits
(Garcia-Guinea et al, 2013). This favors maintaining the high **Rn activity of cave air since
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there is a continuous regeneration of this gas due to the long-
lived of these radionuclides of the radium radioactive decay chain.

The morning of August 26, 2008, on the cave walls and
ground sediments appeared long, white fungal mycelia as the
result of the vomit of a visitor, 40h before. The vomit area
was located at 17m from the cave entrance and the ground
sediments exhibited a widespread fungal colonization after the
disturbance. In the following days, visitors stepped on the
sediments colonized by the fungi, and detritus, mycelia and
spores were distributed along the touristic trail, as evidenced
by the presence of patches of fungal growth farther than the
vomit area (Jurado et al., 2010). To help to control the outbreak,
the entire area directly affected by vomiting was cleaned and
subsequently treated with hydrogen peroxide and the visits
were cancelled on September 11, 2008, 16 days after the spillage.
In 2009, the cave was only visited by scientists and staft people
for controlling the fungal outbreak. The cave was reopened
in 2014 but the number of visitors/year was reduced from
1,500 to 1,600 in 2008, to an annual maximum of 450 visitors.
Besides, since the cave re-opened, in order to minimize the
entrance of external material, the visitors uses clean and
uncontaminated suits and shoe covers.

In Castafiar Cave, we had the opportunity to carry out
extensive microbiological studies on 2008 and 2009, up to
12months after the fungal outbreak, and again 12years after
the outbreak in a subsequent and exhaustive study carried out
in 2020. Castafiar Cave is a natural environment with high
levels of ionizing radiation but also a low energy cave and
high environmental stability throughout the annual cycle
(Fernandez-Cortes et al., 2011) which make it more sensitive
to the entry of matter and energy from outside. There are a
few reports about the dominance of microbial communities
in radioactive environments such as the International Space
Station and Chernobyl reactor (Dadachova and Casadevall,
2008; Van Houdt et al.,, 2012; Romsdahl et al., 2018). These
works give some examples of microbial species and melanized
fungi with a high tolerance to radioactivity. However, research
works in natural environments with high ionizing radiation
and on the evolution of microbial populations in these
environments are very scarce (Siasou et al., 2017).

The direct control that environmental conditions exert on
the distribution of fungi in subterranean ecosystems has recently
been demonstrated (Jurado et al., 2021; Sanchez-Moral et al.,
2021). The objective of this study is to know the distribution
of the different fungal taxa throughout Castanar Cave, as well
as the prevalence and spatio-temporal evolution of the fungi
caused by the vomit over the years under conditions of high
isolation of the cave atmosphere from the outside and an
outstanding radon activity.

MATERIALS AND METHODS

Site

Castaftar Cave (SW Spain, 39°37°40"'N, 5°24'59"'W,
590m.a.s.l.) is currently located under a natural olive grove
that grows in a temperate and semi-arid climate with a

rainfall regime of less than 500mm per year, long periods
of drought in summer and maximum rains in autumn.
Outside, the annual average temperature is 15.9°C and the
average relative humidity is 62.5%.

The cave was developed by dissolution of dolomite strata
interbedded in shales and greywackes of the Precambrian
Age (Alonso-Zarza and Martin-Perez, 2008). Castaiar Cave
is a small karstic cavity with a cumulative length of 2,135m,
distributed in six main and wider halls (e.g., Sala Nevada)
and some narrow galleries connecting them, with heights
of less than 3m in any case (Figure 1). The cave entrance
is a unique vertical access, 9m long over an area of 1.5m?
with a quasi-hermetic door installed at the entrance. All
these characteristics make Castafiar a low energy cave with
very high **Rn gas concentration and high environmental
stability throughout the annual cycle (Fernandez-Cortes
et al.,, 2011).

Environmental Surveys

Variations in **Rn concentration and air temperature are
two key environmental parameters to determine the exchange
rates of matter and energy and the main connection pathways
between the exterior and the cavity. A set of five autonomous
thermohygrometer recorders (Tinytag TGP-4500) and five
nuclear track-etch passive detectors equipped with a solid
state LR-115 type film (Kodak) were installed inside the
cave, distributed according to the geomorphological
characteristics of the subterranean galleries and the distance
to the entrance (Figure 1). This monitoring network makes
it possible to obtain monthly mean values of the **Rn
concentration of the subterranean air and a continuous
thermo-hygrometric record at each point.

Microbiological Analysis

On December 3, 2020, seven sediment samples (approximately
3-4cm depth) were collected in Castafiar Cave (P1-P7) and
one from the exterior soil (E) near the cave entrance
(Figure 1). All samples were collected using sterile spatulas
and immediately suspended in DNA/RNA Shield™ into
sterile polypropylene tubes. Then, the samples were stored
at 4°C, in the dark during transportation and were kept at
—80°C until processing.

Total DNA was extracted from environmental samples using
the QIAGEN Power Soil Kit, following the manufacturer’s
instructions. Two independent DNA extractions were carried out
for each sampling point, except in P1 where we only collected
one sample. Extracted DNA was used as template for generating
PCR-amplicons. The internal transcribed spacer 2 (ITS2) of
the nuclear ribosomal DNA (about 400 bp) was amplified using
the primers ITS86F (5 ‘GTGAATCATCGAATCTTTGAA 3';
Turenne et al., 1999) and ITS4 (5 ‘TCCTCCGCTTATTGATATGC
3’; White et al., 1990). Amplifications settings were as follows:
95°C for 5min followed by 35cycles consisting of 95°C for
30s, 49°C for 30s, and 72°C for 30s and a 10-min elongation
step at 72°C. PCR-amplicons were sequenced by high-throughput
sequencing at AllGenetics Company (A Corufia, Spain) on
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the Illumina MiSeq platform using the paired-end reads 2 x 300 bp
reagent kit, according to the manufacturer’s instructions.
Extraction and PCR blanks were used.

To analyze fungal community composition, Raw fastq files
were processed with QIIME2 (Bolyen et al, 2019). Briefly,
DADA2 (Callahan et al.,, 2016) filtered the raw data according
to the quality, generating an amplicon sequence variant (ASV)
table. Then, taxonomic assignments were determined for ASVs
using giime2-feature-classifier classify-sklearn against the UNITE
fungal ITS database (version 8.0; UNITE Community, 2019)
and trained with Naive Bayes classifier on the full reference
sequences. Taxa were also blasted (BlastN) against GenBank
for fungal verification. All fungal names were reported according
to the MycoBank Database. The sequencing data was further
imported into the R environment 3.6.0 and processed using
the phyloseq package (McMurdie and Holmes, 2013). Barplots
and clustered heat maps by euclidean distance were prepared
using ggplot and pheatmap packages to illustrate the composition
of fungal communities in Castanar Cave. Alpha diversity was
calculated using Shannon diversity index and Faith’s Phylogenetic
Diversity, directly using QIIME2. The raw reads were deposited
into the NCBI Sequence Read Archive (SRA) database under
accession number PRJNAS802044.

RESULTS

Environmental Parameters
Figure 2 shows the annual mean values and the annual oscillation
ranges of *’Rn concentration of the monitored area. The spatio-
temporal distribution of tracer gases is directly related to
morphology and cave air circulation. The results show that
the entire cave has a very high level of natural radiation
throughout the year, higher than 30kBq/m’, ranging from
32,440 Bq/m’ in the Jardin area (P5-P6) to 34,940 Bg/m® (P1-P7).
The highest mean concentrations and the maximum variations
(in red tones) are recorded in the area near the entrance (P1)
and in Sala Blanca (P7) - Sala Final, the end of the cave.
On the contrary, the most stable area throughout the year is
Sala Nevada (P4) with an intra-annual variation of 19,942 Bq/m’.
In the case of air temperature (Figure 3), the annual
mean values range from 17.08°C in the internal zone (P5-P6)
to 17.81°C in the areas near the entrance (P1). The data
show the high environmental stability of the cave which
annual variation ranges below 0.25°C at all measurement
points except in the entrance area (P1, 0.71°C of annual
amplitude, red tones), where the external direct influence is
evident. These data indicate that the sectors close to the
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entrance show the highest rates of air renewal and consequently
of matter and energy exchange with the outside atmosphere.
On the contrary, the most stable area with the least energy
exchange with the exterior is located in P5-P6 (Sala del
Jardin, in light blue tones).

Fungal Communities in 2020

Six samples from the cave sediments were taken in December
2020 along the touristic trail and one soil sample outside the
cave, which were used for molecular studies. Sample P-3 was
not studied.

Supplementary Table S1 shows the alpha diversity indices
and how fungal diversity decreased in the cave environment
when compared to the topsoil. Inside the cave, the lowest
fungal diversity was observed in the internal zone (P5-P6),
while the highest was found in Sala de Entrada, near the cave
entrance. These data indicate that fungal diversity increased
with the entry of external organic matter and only a few
species survive in the most oligotrophic areas (P5-P6).

Figure 4 shows phyla distribution in the different samples.
In general, there is an uneven distribution between the phyla
Ascomycota and Basidiomycota, with a predominance of
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ascomycetes in the exterior soil (E) and the first part of the
trail from Sala de Entrada (P1) to Sala Nevada (P4), which
reversed in the last part of the trail, especially in P5 with
a majority of Basidiomycota. At the end of the trail, Sala
del Jardin (P6) and Sala Blanca (P7) the relative abundances
of both phyla were equivalent. Other abundant phyla were
Mortierellomycota in P4 and Glomeromycota in the soil (E).
The quantities of other phyla were negligible, below 1%,
except for Monoblepharomycota that reached 2.1% in the
soil (E).

Figure 5 and Supplementary Table S2 illustrate the relative
abundance of major fungi (higher than 1% in at least one
sample) at the species level. Thirty five fungi were identified
at the species level, while 14 were only at genus level. The
most abundant species was Candida parapsilosis followed by
Sistotrema  oblongisporum,  Cephalotrichum  microsporum,
Cystobasidium slooffiae, Mortierella alpina, Omphalotus olearius,
Neocosmospora solani (= Fusarium solani), Trichophyton ajelloi,
Stereum hirsutum, and Malassezia globosa.

Other species identified, although with relative abundance
below 5% were Pseudopithomyces chartarum, Bahusandhika
caligans, Aspergillus tamari, Conocybe ingridiae, and Solicoccozyma
aeria, which were only found in the soil (E), and Penicillium
simplicissimum, Pseudogymnoascus pannorum, Meyerozyma
guilliermondii, Leptobacillium leptobactrum, Fusarium oxysporum,
Acremonium  furcatum, Skeletocutis nivea, and Basidioascus
persicus in different halls.

Among the unidentified members of genera and families
were predominant  Buckleyzyma, Diaporthe,  Preussia,
Purpureocillium, Glomeraceae and Mortierella. With relative
abundance below 5% were members of the genera Massarina,
Paraphoma, Aspergillus, Claroideoglomus and Glomus in the
soil (E) and Talaromyces in the cave.

DISCUSSION

Fungi in Castanar Cave 12Years After a
Fungal Outbreak

Only three fungi retrieved from previous surveys in sediments
(2008-2009) were found again in the 2020 campaign:
Neocosmospora solani, Fusarium oxysporum, and Mortierella
alpina. It must be noticed that the comparison was made
within isolates and NGS sequences, which could create some
bias. Nevertheless, their presence in the cave despite the extensive
cleaning of sediments carried after the spillage suggests that
these three fungi are resistant and well adapted to the oligotrophic
and high radiation conditions of the cave.

The occurrence of Neocosmospora solani was detected in
three sediment samples (Galeria Principal, Sala Nevada and
Sala Blanca) and seems to be a permanent inhabitant of Castafiar
Cave, present in all samplings since 2008. From a point of
view of cave conservation, Neocosmospora solani is a dangerous
fungus and has been widely reported in relation to cave
outbreaks (Dupont et al., 2007; Bastian et al, 2009), and
particularly in Castafiar Cave (Jurado et al, 2010).

In some caves Fusarium oxysporum was associated with
Neocosmospora solani (Jiang et al., 2017; Popkova and Mazina,
2019), as they are in Castaiar Cave. Fusarium oxysporum is
widely found as a plant pathogen, endophyte, and soil saprobe
and was isolated from Chernobyl (Urbaniak et al, 2019).

Mortierella alpina and other Mortierella species were usually
abundant in bat dung samples collected in caves (Degawa and
Gams, 2004). Mortierella species were reported to be present
in all of the 39 samples collected across five habitats, including
sediments, weathered rocks, bat guano, drip waters, and air
in Heshang Cave, China (Man et al, 2018). In addition to
Fusarium, Mortierella species have been isolated from bat
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Classification of Fungi, Species level
0.00 | 0.00 | 3.79 | 0.00 | 0.00 | 0.00 | 0.00 | unidentified Botryosphaeriales
0.00 | 0.00 ' 0.00 ' 8.40 0.00 | 0.00 | 0.00 | Cladosporium sphaerospermum
0.00 | 0.00 ' 0.00 ' 4.68 0.00 | 0.00 | 0.00 |Aureobasidium pullulans
0.00 | 0.00 ' 1.53 | 0.00 | 0.00 | 0.00 | 0.00 | unidentified Massarina
0.00 | 0.00 | 2.60 | 0.00 | 0.00 | 0.00 | 0.00 |unidentified Paraphoma Relative abundance (%)
0.00 | 0.00 | 1.66 | 0.00 | 0.00 | 0.00 | 0.00 |Pseudopithomyces chartarum
0.00 | 0.00 | 4.32 | 0.00 | 0.00 | 0.00 | 0.00 |Bahusandhika caligans 50 40 30 20 10 0
1 0.00 ' 0.00 ' 0.00 | 0.00 0.00 21.75 1.46 unidentified Preussia R
0.00 | 0.00 | 9.23 | 0.00 | 0.00 | 0.00 | 0.00 |unidentified Pleosporales NG
0.00 | 0.00 1.51 | 0.00  0.00 | 0.00 | 0.00 | unidentified Dothideomycetes
0.00 | 0.00 | 1.02 | 0.00 ' 0.00 | 0.00 | 0.00 | unidentified Chaetothyriales
0.00 | 0.00 0.00 ' 6.50 0.00 | 0.00 | 0.00 |Aspergillus protuberus
0.00 | 0.00 1.23 | 0.00 ' 0.00 | 0.00 | 0.00 | Aspergillus tamarii
0.00 | 0.00 ' 3.55 | 9.65 0.00 | 0.00 | 0.00 | unidentified Aspergillus
0.00 | 5.52 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | Penicillium citrinum
0.00 | 0.00 | 0.08 | 0.00 | 0.00 | 1.84 | 0.00 /;elnici//ium simp/icisslimum Class
0.00 | 0.00 0.00 ' 9.40 0.00 | 0.00 | 0.00 | Talaromyces acaricola P
0.00 [0.00 1000 | 588 0.00 | 0.00 | 0.00 Talaromyces wortmanni Dothldeomyseles
i H .02 | 1.22 | 0.00 | 1.08 | 0.00 | unidentified Talaromyces Eurotiom
0.00 14.32 0.00 | 0.00  0.00 | 0.00 | 0.00 | Trichophyton ajelloi Bl (Edrtiomyestas
0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 6.17 | 0.00 |Chrysosporium pseudomerdarium [l Leotiomycetes
0.00 | 0.00 | 0.23 | 4.18 | 0.00 | 0.00 | 0.00 | Rhexocercosporidium panacis »
0.00 | 0.00 ' 0.00 | 7.35 | 0.00 | 0.00 | 0.00 |Porodiplodia vitis Orbiliomycetes
0.00 | 0.00 | 0.02 ' 0.00 1.03 | 2.87 | 2.39 | Pseudogymnoascus pannorum ”
[ 0.00 | 0.00 | 2.45 | 0.00 | 0.00 | 0.00 | 0.00 | unidentified Orbiliomycetes [ Pezizomycetes
0.00 | 0.00 ' 5.27 0.00  0.00 | 0.00 | 0.00 | Paratricharina poiraultii
[ % 8.88 8'88 0.00 1o.oo 0.00 | 2.36 Aéfeysrgzyma gui;liermondii Wi Saccharomycetes
| 0.00 | 0.00 | 0.00 17.63  8.82  0.00 |Candida parapsilosis i
0.00 128771 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | unidentified Diaporthe Seradriormyeates
0.00 | 0.00  0.00 | 0.00 | 3.57 | 0.00 | 1.16 | Leptobacillium leptobactrum I unidentified Ascomycota
0.00 | 0.00 0.03 0.00 1.12 | 0.00 | 0.00 | Furcasterigmium furcatum
0.00 | 0.00 | 0.53 | 0.00 | 0.00 | 3.74 | 0.25 | Fusarium oxysporum I Agaricomycetes
0.00 | 0.00 ' 0.00 | 0.00 | 1.34 | 1.21 18.77 Neocosmospora solani L
0.00 | 0.00 ' 0.00 | 0.00 ' 0.00 | 0.00 |14.57 unidentified Purpureocillium I Cystobasidiomycetes
0.00 | 0.00 | 0.00 | 0.00 26.61 [80:55123.53 Cephalotrichum microsporum - S
0.00 | 0.00 | 1.46 | 0.00 | 0.00 | 0.00 | 0.00 unidentigeg Sordariales I Geminibasidiomycetes
0.00 | 0.00 | 1.14 0.00 | 0.00 | 0.00 | unidentifie ;
0.00 | 0.00 11.83 0.00 | 0.00 | 0.89 | unidentified Ascomycota Malasseziomycetes
0.00 | 0.00 | 3.67 | 0.00 | 0.00 | 0.00 | Conocybe ingridiae 7
000 000 000 000 21251 0,00 Omphalotus olearius W Tromeliomysetss
.0( .00 0.00 | 0.00 | 0.00 | Sistotrema oblongisporum iti i
0.00 ' 0.00 | 6.57 0.00 | 0.00 | 0.00 | unidentified Fomitiporella Triticachiommyeetas
0.00 | 0.00 | 0.00 4.29 0.00 | 0.00 @ Skeletocutis nivea = Glomeromycetes
0.00 | 0.00 | 0.00 12.78 0.00 | 0.00 | Stereum hirsutum = i
0.00 | 0.00 | 5.54 0.00 | 0.00 | 0.00 | unidentified B Monoblepharidomycetes
0.00 ' 0.00 | 0.00 128.75 0.00 | 0.00 | Cystobasidium slooffiae .
[agi 0.00 | 0.00 0.00 | 0.00 | 0.00 | unidentified Buckleyzyma Mortierellomycetes
|10.00 ' 0.00 | 0.27 0.00 | 0.00 | 1.09 | Basidioascus persicus
L 0.00 | 0.00 | 0.02 '0.00 | 0.00 | 0.00 | unidentified Geminibasidium
0.00 110.07  0.00 0.00 | 0.00 | 0.00 | Malassezia globosa
0.00 | 0.00 ' 0.00 0.02 | 0.00 | 0.00 |Malassezia restricta
[1]10.00 0.00 |3.76 0.00 | 0.00 | 0.00 | Solicoccozyma aeria
0.00 | 0.00 | 1.41 0.00 | 0.00 | 0.00 | unidentified Claroideoglomus
0.00 | 0.00 | 0.00 0.00 | 0.00 | 0.00 | Tritirachium dependens
0.00 | 0.00 | 2.32 0.00 | 0.00 | 0.00 |unidentified Glomus
B 0.00 0.00 10.56 0.00  0.00 | 0.00 ' 0.00 | unidentified Glomeraceae
1 0.00 | 0.00 | 2.01 | 0.00 | 0.00 | 0.00 | 0.00 ' unidentified
0.00 | 0.00 | 0.47 | 0.00 2.28 | 0.00 21.47 Mortierella alpina
0.00 | 0.00 ' 0.21 | 0.00 | 0.00 | 0.00 | 6.80 | unidentified Mortierella
P6 P5 E P1 P7 P2 P4
FIGURE 5 | Fungal heat map in Castanar Cave samples. Scales bar show the relative abundance at species level, white squared represents the least abundant
species and red the most abundant. Branching patterns on top of each heat map group sediment samples by shared species relative abundance patterns. Bars on
the left and the legend on the right indicate the classification at the class level. The species with abundances below 1% are not included.

carcasses found in caves (Karunarathna et al., 2020; Novakova,
2021). In Castaiiar Cave no bats have been reported, but
rodents, geckos and their feces were found. We have detected
brushite (hydrated calcium phosphate) in the sediments, a
mineral from guano-rich caves (Hill and Forti, 1997; Giurgiu
and Tamas, 2013). However, brushite is also excreted by rats
(Khan, 1998).

Regarding the most abundant taxa (>10%) found in 2020
(Figure 5) 17 taxa stand out. Candida parapsilosis was previously
isolated from organs and viscera of bats captured in Brazilian

urban forests (Ludwig et al., 2023). Other different and abundant
Candida spp. were isolated from guano and intestinal contents
of bats captured in Mexican caves (Ulloa et al., 2006). The
occurrence in Castafiar Cave is likely associated with the feces
of rodents inhabiting the cave.

The genus Cephalotrichum seems to be dominant in some
caves (Novakova, 2009; Novakova et al., 2018; Vanderwolf et al.,
2019). Jiang et al. (2017) isolated 30 strains of Cephalotrichum
from a Chinese cave, and three were described as new species.
Cephalotrichum microsporum, a fungus not detected in 2008, was
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one of the most abundant in the 2020 sampling
(Supplementary Table S2; Figure 5), and is a saprophytic fungus
often reported from animal dung and soils (Heredia et al., 2018;
Supplementary Tables S3, S4). However, its abundance represents
a potential risk for the conservation of the cave. As well as
Candida parapsilosis its presence could be associated with
animal dung.

The connection from Sala Nevada to Sala del Jardin (P5)
is characterized by the dominance of an unidentified species
of Diaporthe, followed by Trichophyton ajelloi, and Penicillium
citrinum, among ascomycetes. Diaporthe is a genus mainly
composed of plant pathogens, responsible for diseases on a
wide range of plants, in addition to endophytes and saprobes
(Gomes et al., 2013). Diaporthe spp. have been isolated from
the air in caves from China (Zhang et al., 2017), Brazil (Cunha
et al, 2020), Spain (Sanchez-Moral et al., 2021), and from
bats in Malaysian caves (Wasti et al., 2020). Trichophyton ajelloi
(=Arthroderma uncinatum) is a geophilic dermatophyte that
can cause infections in humans, with a preference for keratin-
rich substrates (Zheng et al., 2020). Other Trichophyton spp.
have been isolated from cave air (Novdkova, 2009; Martin-
Sanchez et al., 2014; Sanchez-Moral et al., 2021).

Conversely, in the connection from Sala Nevada to Sala
del Jardin (P5) the basidiomycetes are composed of Sistotrema
oblongisporum (41.33%) and Malassezia globosa (10.07%).
Sistotrema spp. have been previously found in mines, always
associated with timbers (Eslyn and Lombard, 1983; Held et al.,
2020). The presence of these basidiomycetes in the cave could
be related with a definite nutrient source, and the most common
could be the presence of wood and/or branches fragments.
Malassezia globosa is a cold-adapted yeast with the ability to
survive in extreme conditions (Connell et al., 2014). This species
requires lipids for growth and is common in human dandruff
and seborrheic dermatitis and may be an indication of human
or animal activity (Connell and Staudigel, 2013).

Sala del Jardin (P6) is characterized by the strong relative
abundance of two yeasts, Candida parapsilosis (Ascomycota,
Saccharomycetes) and an unidentified species of the genus
Buckleyzyma (Basidiomycota, Cystobasidiomycetes), both covering
100% of the relative abundance. It has been reported that
Candida parapsilosis and other yeasts are associated with
basidiomycetes (Péter et al, 2017), as we found in Galeria
Principal (P2) and Sala Nevada (P7). The genus Buckleyzyma
comprises species previously placed in the genera Rhodotorula,
Sporobolomyces and Bullera (Wang et al., 2016). Species of
Buckleyzyma have been isolated from litter (Masinova et al.,
2017), plant leaves and soils (Li et al., 2020), as well as from
floor and walls of a winery (Abdo et al, 2020). In most of
these environments, Buckleyzyma was associated with Candida,
Solicoccozyma, Malassezia, Meyerozyma, and other yeasts. Species
of Buckleyzyma, Candida, Malassezia, and Meyerozyma were
found in Castafiar Cave and Solicoccozyma in the soil outside
the cave.

The genus Preussia (Pleosporales, Sporormiaceae), abundant
in the vomit area, Galeria Principal (P2), is widespread on
different types of animal dung, and soil, decayed wood, and
plant debris. Gonzalez-Menendez et al. (2017) reported that

28 out of 29 species of Preussia from the Iberian Peninsula
were isolated from dung.

Omphalotus olearius (basidiomycetes) and Chrysosporium
pseudomerdarium (ascomycetes) only appeared in Galeria Principal
(P2). The habitat of Omphalotus olearius is olive trees (Castro
et al,, 2011) in accordance with the extensive olive grove under
which the cavity is located. This basidiomycete species clearly
point to an origin outside the cave and their transport inside,
as it was found near the cave entrance. Chrysosporium
pseudomerdarium was isolated from soils, caves and bat guano
(Nagai et al., 1998; Larcher et al., 2003; Saxena et al., 2004).
Most species of Chrysosporium are keratinolytic (Bohacz, 2017).

A few basidiomycete species appeared exclusively in Sala
Blanca (P7): Cystobasidium slooffiae (28.75%), Stereum hirsutum
(12.78%) and Skeletocutis nivea (4.29%). Sistotrema oblongisporum
is a corticioid fungus, as well as Stereum hirsutum and Skeletocutis
nivea. These fungi are wood-rotting species, common in forest
on dead branches and logs (Korhonen et al., 2018). Conversely,
Cystobasidium slooffiae, previous known as Rhodotorula slooffiae,
was found on bats in Australian caves (Holz et al., 2018). Sala
Blanca (P7), at the end of the trail, is rarely visited but the
environmental data indicated an external direct influence. The
occurrence of these basidiomycetes could be associated to the
connection of Sala Blanca with the exterior. Another basidiomycete,
an unidentified Geminibasidium occurred in Sala de Entrada
with relative abundance of 12.85%, but only 0.02% in the exterior
soil. The species of this genus have been isolated from forest
soils and rhizosphere (Nguyen et al, 2013; Ren et al, 2021).

Other fungi (Glomeromycota phylum), only found in the
exterior soil, but not in the cave, were the genera Glomus,
Claroideoglomus, and unidentified members of the family
Glomeraceae, which are arbuscular mycorrhizal fungi (Pagano,
2016). Their obligate association with plants precludes their
presence in the cave.

With low relative abundances there are a few interesting
fungi in different locations along the cavity: Pseudogymnoascus
pannorum and Leptobacillium leptobactrum.

Pseudogymnoascus pannorum is a psychrophilic, keratinolytic
fungus (Garzoli et al., 2019), closely related to Pseudogymnoascus
destructans, the causative agent of white-nose syndrome in
bats. This is a soil borne fungus occurring worldwide and in
caves. The fungus is common in European and North American
caves and is adapted to grow between 4 and 15°C (Out et al.,
2016; Vanderwolf et al., 2019; Sanchez-Moral et al., 2021).

The saprotrophic fungus Leptobacillium leptobactrum was
detected in French and German caves (Bastian et al., 2009;
Porca et al, 2011; Burow et al,, 2019). In Spanish caves, the
abundance of Leptobacillium leptobactrum and Leptobacillium
symbioticum amounted 100% of the fungi isolated from the air
in some halls (Dominguez-Moiino et al., 2021). This abundance
was suggested to be related to their entomopathogenic activity.

Meyerozyma guilliermondii appeared exclusively in Sala
Nevada. This is a cold-adapted ascomycete yeast often recorded
in Arctic and Antarctic ecosystems (Sannino et al, 2021).
Meyerozyma guilliermondii occurred in bat guano, in some
cases with high isolation frequency (Larcher et al., 2003; Dimki¢
et al.,, 2020).
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Spatial Distribution of Fungal Communities
in Castafar Cave in 2020

In the 2020 sampling, the distribution of 12 fungal phyla in
the soil outside the cave (Figure 4) is similar to that of forest
soils. In fact, Kujawska et al. (2021) reported that in forest
soils Ascomycota was the most abundant phylum, followed by
Basidiomycota, Mucoromycota and Mortierellomycota. However,
this diversity was greatly reduced inside the cave, with only
two phyla (Ascomycota and Basidiomycota) in samples P1, P2,
P5 and P6, and three phyla (Ascomycota, Basidiomycota and
Mortierellomycota) in P4 and P7. This loss of diversity can
be attributed, among other factors, to the lack of nutrients
inside the cave, as opposite to the forest soil. The loss of
diversity inside the cave increased in the inner part of the
trail (P5-P6), corresponding to the most stable area with the
least energy exchange with the exterior.

The uneven distribution of the phyla Ascomycota and
Basidiomycota across the cave is remarkable. Most ascomycetes
have been found in areas well connected to the entrance: Sala
de Entrada (P1) and Galeria Principal (P2) or in areas with a
high impact of tourist visits such as Sala Nevada (P4; Figure 1).
Therefore, their presence in the cave is an indirect consequence
of the entry of organic matter by three ways: cave animals, human
visitors, and airborne spores from outside. The second part of
the trail comprises a passage between Sala Nevada and Sala del
Jardin (P5), Sala del Jardin (P6), and Sala Blanca (P7; Figure 1),
where the relative abundances of basidiomycetes increased, especially
in P5. The connection from Sala Nevada to Sala del Jardin (P5)
is a very narrow passage that in some way separates both trail
sides and this kind of isolation could be responsible of the different
niches colonized by ascomycete and basidiomycete species.

It is worth mentioning the abundance of Mortierellomycota
(30.80%) in Sala Nevada (P4), against Basidiomycota (1.01%),
contrarily to those found in other halls where Basidiomycota
ranged from 67.75 to 10.72% (Figure 4). Mortierellomycota
was only found in Sala Nevada (P4), in addition to Sala Blanca
(P7), where reached 2.42%. Most Mortierellomycota are saprobic
soil-inhabiting fungi and many Mortierella alpina strains have
been isolated from agricultural soils (Wagner et al, 2011).
Other species of Mortierella were found in soil samples near
the cave. Species of the genus Mortierella are common in soils
and occur frequently in cave sediments (Novakova, 2009; Zhang
et al, 2014; Man et al., 2018; Novakova et al., 2018).

Inside the cave, the fungal diversity was greater in Sala de
Entrada (P1), an ecotone area very close to the entrance, where
some roots and animals are frequently observed, as well as
in P2, P4 and P7, while in the inner areas (P5 and P6) was
low (Figure 5). Members of the phyla Basidiomycota and
Ascomycota were found in the soil and Sala de Entrada sediment
with high relative abundances. Glomeromycota were only found
in the soil, as correspond to symbiotic arbuscular mycorrhizal
fungi (Pagano, 2016). It was worthy of note the increase of
Basidiomycota in all cave halls and galleries with respect to
the exterior soil, except for Sala Nevada (P4).

It should be noted the high presence of endophytic fungus
(Talaromyces, Porodiplodia vitis, Aureobasidium pullulans) and
fungal species associated with roots and decaying plant material

(Rhexocercosporidium panacis and Tritirachium dependens) in
Sala de Entrada (Lu et al, 2014; Vanam et al., 2018; Crous
et al, 2019). Therefore, their presence near the entrance was
related with roots and the transport of organic matter from outside.

Regarding the ascomycetes, a few fungi were noticeable for
their relative abundance: Candida parapsilosis, Cephalotrichum
microsporum, an unidentified species of the genus Preussia
and Neocosmospora solani were found at different locations
along the cavity, while the unidentified species of the genera
Diaporthe and Purpureocillium, as well as Trichophyton ajelloi
only appeared in Sala Nevada (P4) and/or the connection
between Sala Nevada and Sala del Jardin (P5).

Ecological Traits of Fungi

Castafiar Cave is a highly radioactive site with peaks above
50kBq/m’, but also a low-energy cave with oligotrophic
conditions (before the vomit spillage) due to the high isolation
level from the outdoor environment. These special conditions
could affect fungal communities’ development.

Fungi are highly radioresistant when subjected to high doses
of ionizing radiation under experimental or accidental conditions
(Dadachova and Casadevall, 2008). Chernobyl (Dighton et al.,
2008) and the Nevada Test Site (Durrell and Shields, 1960)
affected by atmospheric and subterranean nuclear detonations
are two reference sites where fungal studies have been carried
out. Recently, Fukushima Dai-ichi Nuclear Power Plant was
added to the list and it was shown that fungi accumulated
high amounts of radiocesium (Fuma et al, 2017). In the
literature there are a few papers on the microbial diversity in
high *’Rn ecosystems (Anitori et al, 2002; Brugger et al,
2005; Weidler et al., 2007).

In the cave sediments the genera Preussia, Aspergillus,
Acremonium, Mortierella and Penicillium were coincident with
those found in Chernobyl as well as the species Pseudogymnoascus
pannorum, Neocosmospora solani, Fusarium  oxysporum,
Penicillium citrinum, and Purpureocillium lilacinum (Zhdanova
et al, 1994, 2000; Egorova et al,, 2015). However, all these
fungi can be considered as cave inhabitants, either in ionized
caves or not, which indicates that these species are relatively
tolerant to ionizing radiations.

A number of fungi have been studied in relation to the
presence or activity in radioactive sites. Some of them have
been found in Castanar Cave. Li et al. (2015) reported the
isolation of the yeasts Meyerozyma (= Candida) guilliermondii
and Rhodotorula calyptogenae from a radioactive waste repository.
Shuryak et al. (2017) indicated that fungi were particularly
resistant to ionizing radiation. These included Candida parapsilosis
and Meyerozyma guilliermondii, in addition to a few Aspergillus,
Acremonium and Chrysosporium species. The two first yeasts
were found in the cave as well as different species of the three
last fungal genera.

Zhdanova et al. (2000) detected fungal growth on the buildings
of Chernobyl and isolated 37 fungi, from which Penicillium
citrinum, Pseudogymnoascus pannorum, Neocosmospora solani,
and Fusarium oxysporum were also found in the cave. All
species, except Pseudogymmnoascus pannorum, were isolated
in locations severely contaminated. According to the authors,
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the annual dose received by these fungi is 10° times the natural
background radiation and they noticed that about 80% of the
fungi contained melanin.

Blachowicz et al. (2019) investigated the survival of 12 fungi
isolated from Chernobyl to UV-C and simulated Mars conditions.
Interestingly, among the fungi were represented Fusarium
oxysporum and different species of Acremonium, Penicillium
and Aspergillus.

Gessler et al. (2014) reported that Purpureocillium lilacinum
strains isolated from Chernobyl areas had a melanin content
2-2.5 times higher than strains from other areas, concluding
that radionuclide contamination changed the fungal communities
by increasing the amount of melanized fungi, and Egorova
et al. (2015) pointed out that this fungus, was used as a
bioindicator of the high level of contamination with radionuclides
in Chernobyl soils.

Traxler et al. (2021) proved that non-melanized fungi,
non-adapted to high ionizing radiation, can survive, grow and
spread in the Chernobyl Exclusion Zone soil, with a high
level of ionizing radiation. The authors inoculated a model
basidiomycete Schizophyllum commune into the soil and
confirmed that the fungus was present 1year after inoculation
and could cross 1 m distance within 6 months. The test showed
that unadapted fungi can thrive in highly contaminated soils
where radiation and heavy metals were present.

In light of our data, a high number of non-melanized fungi
thrived in the cave sediments but melanized fungi were scarce.
This can be explained because cave fungi do not need melanins
to protect from UV radiation.

The ecological traits, as well the niches of the most abundant
fungal species in Castaiiar Cave (from P2 to P7) are summarized
in Supplementary Tables S3 and S4. Regarding the potential
danger to human health, a few species were human opportunistic
fungal pathogens: Candida parapsilosis, Meyerozyma guilliermondii,
Pseudogymnoascus ~ pannorum, Leptobacillium  leptobactrum,
Malassezia globosa. Almost all the fungi in this cave were
saprophytes and endophytes and were isolated from caves and
soils. As opposed to that observed in other show caves (Dominguez-
Monino et al., 2021), Castanar Cave presented a low occurrence
of entomopathogenic fungi: Leptobacillium leptobactrum and
Purpureocillium, both in areas well connected to the outside.

Other different ecological traits were noticed with the identification
of psychrophilic (Candida parapsilosis, Malassezia ~ globosa,
Pseudogymnoascus ~ pannorum, — Meyerozyma  guilliermondi,
Buckleyzyma, Penicillium sp., Mortierella, Neocosmospora solani,
Fusarium oxysporum, Preussia sp.), keratinolytic (Trichophyton ajello,
Pseudogymnoascus pannorum, Chrysosporium pseudomerdarium,
Penicillium  spp., Neocosmospora solani, Candida parapsilosis,
Penicillium citrinum, Talaromyces), or coprophilous and/or guano-
inhabitant taxa (Mortierella alpina, Preussia sp., Penicillium citrinum,
Chrysosporium  pseudomerdarium, Meyerozyma  guilliermondii,
Candida parapsilosis, Talaromyces spp., Cephalotrichum microsporum).

In general, most fungi retrieved are typical soil-borne fungi
and widespread in nature (e.g., Purpureocillium lilacinum,
Penicillium decumbens, Neocosmospora solani, Chaetomium
globosum, Pochonia chlamydosporia, Cephalotrichum stemonitis,
Cephalotrichum microsporum, Penicillium citrinum, Cladosporium

cladosporioides, Cladosporium sphaerospermum, Aspergillus ustus,
etc.; Domsch et al., 2007).

CONCLUSION

The mycobiota of Castanar Cave is defined by the input of
organic matter from anthropogenic and animal sources (including
dung). It is hypothesized that ecologically distinct niches were
created in the cave by the input of diverse types of organic
matter, under different environmental conditions and mineral
substrata. These niches may account for certain fungal species
being present or absent along the cave. The zones well connected
to the exterior and Sala Nevada with high impact of tourist
visits host copiotrophic fungal species while those thriving in
the inner zones occurred under relatively oligotrophic conditions.
Under these limited conditions, we observed occasional fungal
inhabitants because of the entry of foreign organic matter
during visits. The loss of diversity inside the cave increased
in the inner part corresponding to the most stable area with
the least energy exchange with the exterior.

Regarding persistence, the occurrence of Neocosmospora
solani in all samplings from 2008 till 2020 is noteworthy since
it has been widely reported in relation to cave outbreaks. In
addition, this fungus is usually a very abundant soil inhabitant
and is able of taking advantage of any disturbance to over
develop, as it made during the vomit spillage. An additional
attention merits the abundance of Cephalotrichum microsporum
along the cave. This and other abundant taxa should be controlled.

Fungi previously reported in highly radioactive environments
were also found in Castafiar Cave, but the effect of high **Rn
on these fungi is not conclusive taking into account that the
diversity is similar to that found in other caves with relatively
low *’Rn concentrations.
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Two Streptomyces strains, labeled as MZ03-37T and MZ03-48, were isolated from
two different samples, a mucolite-type speleothem and a microbial mat on the walls
of a lava tube from La Palma Island (Canary Islands). Phylogenetic analysis based
on concatenated sequences of six housekeeping genes indicated that both strains
belonged to the same species. The closest relatives for both strains were Streptomyces
palmae CMU-AB204" (98.71%), Streptomyces catenulae NRRL B-2342" (98.35%),
and Streptomyces ramulosus NRRL B-2714T (98.35%). Multi-locus sequence analysis
(MLSA), based on five house-keeping gene alleles (i.e., atpD, gyrB, recA, rpoB, and
trpB), indicated that both isolated strains were closely related to S. catenulae NRRL B-
23427, Whole-genome average nucleotide identity (ANI) scores of both strains were in the
threshold value for species delineation with the closest species. Both strains presented
a G+C content of 72.1 mol%. MZ03-37" was light brown in substrate and white in
aerial mycelium, whereas MZ03-48 developed a black aerial and substrate mycelium.
No pigment diffusion was observed in both strains. They grew at 10°C—37°C (optimum
28°C—32°C) and in the presence of up to 15% (w/v) NaCl. MZ03-37T grew at pH 5-10
(optimal 6-9), whereas MZ03-48 grew at pH 4-11 (optimal 5-10). LL-Diaminopimelic acid
was the main diamino acid identified. The predominant fatty acids in both strains were
is0-C1g:0, anteiso-C1s.0, C1g:0, and iso-Cq4.0. The major isoprenoid quinones were
MK-9(H6) and MK-9(H8), and the main polar lipids were aminolipid, phospholipid, and
phosphoglycolipid. In silico analyses for functional annotation predicted the presence
of gene clusters involved in resistome mechanisms and in the synthesis of described
antimicrobials such as linocin-M18 and curamycin, as well as different genes likely
involved in mechanisms for active compound synthesis, both already described and not
discovered so far. On the basis of their phylogenetic relatedness and their phenotypic and
genotypic features, the strains MZ03-37T and MZ03-48 represented a novel species
within the genus Streptomyces, for which the name Streptomyces benahoarensis sp.
nov. is proposed. The type strain is MZ03-37T (= CECT 9805 = DSMZ 8002); and
MZ03-48 (= CECT 9806 = DSMZ 8011) is a reference strain.

Keywords: Streptomyces benahoarensis, lava tube, polyphasic taxonomy, resistome, antimicrobials
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INTRODUCTION

The genus Streptomyces was originally proposed by Waksman
and Hinrici (1943). It is the most representative genus within
the phylum Actinobacteria with more than 800 described
species and subspecies (http://www.bacterio.net/streptomyces.
html). Besides, the genus Streptomyces constitutes roughly
5% of all described bacteria so far. Its versatile metabolism
has allowed to colonize diverse and antagonist ecosystems
by different members of this group. They are fundamentally
aerobics and chemoorganotrophic bacteria, with oxidative
metabolism. Its vegetative development generates sporulate
ramified mycelia, the reason why Streptomyces was considered
a transition group between fungi and bacteria (Miyadoh,
1997).

Classification of Streptomyces has evolved in the past 100
years starting with the former and shallower morphological
study of the substrate and aerial mycelia (Waksman, 1919),
achieving later a deeper morphological analysis carried out by
the International Streptomyces Project ISP (Shirling and Gottlieb,
1966), as well as the inclusion of chemotaxonomic, genetic,
and more recently, genomic analyses. Amplification of the 16S
rRNA gene is considered the first analysis for genetic analysis
(Weisburg et al., 1991), but it is the multi-locus sequence
analysis (MLSA), which provides a better resolution to species
level relatedness (Guo et al, 2008; Rong and Huang, 2014).
The development of platforms for next-generation sequencing
has boosted the sequencing of whole genomes allowing the
comparison of relative genomes that determine the degree
of differentiation among compared genomes. Thus, pairwise
genome comparison appeared as a robust method to replace the
DNA-DNA hybridization method (Richter and Rossell6-Mora,
2009).

The genus Streptomyces is a well-known secondary metabolite
producer. In fact, around 80% of current antibiotics are
originally obtained from species of Streptomyces (Mast and
Stegmann, 2018), and also some of them have the capacity
to synthesize anti-inflammatory and antitumoral compounds
(Barka et al., 2016). Former antibiotics were discovered from
soil microorganisms, but new environments have been explored
in the last years, as is the case of marine and subterranean
environments (Gould, 2016; Tortorella et al., 2018; Rangseekaew
and Pathom-Aree, 2019). In silico analysis focused on resistome
and secondary metabolism mechanisms has been presented
as a reliable tool, not only to discover new molecules and
differentiate mechanisms involved in drug resistance but also
to differentiate species of bacteria with identical 16S rRNA
gene sequences (Antony-Babu et al, 2017) as is the case
of Streptomyces, as well as to identify conserved specialized
metabolites, supporting phylogenetic relationships (Vicente et al.,
2018).

In this study, two strains, namely, MZ03-37" and MZ03-48,
were isolated from a lava tube (volcanic cave) located on La
Palma Island (Canary Islands, Spain). The taxonomic position
of the isolates was clarified using a polyphasic approach,
which lead to the identification of a new species of the
genus Streptomyces.

MATERIALS AND METHODS

Bacterial Isolation and Culture Conditions
Strains MZ03-377 and MZ03-48 were isolated on nutrient
agar (NA, BD, Sparks, USA) with 3% of magnesium sulfate
and 2% of glycerol at 28°C for 21 days, from two different
locations in the lava tube Fuente de la Canaria (latitude:
28°3525.2“N and longitude: 17°48'01.3”W) located in La
Palma Island, Canary Islands (Spain) (Gonzalez-Pimentel
et al, 2021). MZ03-377 was isolated from a light-brown
mucolite and MZ03-48 from a dark-brown microbial mat, both
sampling sites separated by a distance of 15m. Morphological,
chemotaxonomical, and physiological studies were carried out
from cultures on yeast extract-malt extract agar (International
Streptomyces Project medium no 2, ISP2) at 28°C, except when
otherwise indicated.

Phylogenetic and Genome Annotation

Analysis

Genomic DNA was extracted by implementing the Marmur
method (Marmur, 1961). Amplification of the 16S rRNA gene
was carried out using the method described by Laiz et al.
(2009). Identification of the closest bacteria was determined
using the global alignment algorithm on the EzBioCloud (Yoon
et al., 2017). Additionally, the study of MLSA based on five
housekeeping genes was carried out: atpD (ATP synthase f-
subunit), gyrB (DNA gyrase P-subunit), recA (recombinase
A), rpoB (RNA polymerase B-subunit), and trpB (tryptophan
synthase PB-subunit). The primers for amplification, PCR
conditions, and sequencing of atpD, recA, rpoB, and trpB genes
were described previously by Guo et al. (2008), whereas the
primers for gyrB were redesigned by Rong et al. (2009). PCR
products were sequenced by Macrogen (Seoul, Korea). The
identification of closest-related strains was obtained through the
BLAST algorithm (Altschul et al., 1990), in the GenBank database
by the National Center for Biotechnology Information and the
Streptomyces MLST database (http://pubmlst.org/streptomyces).
Sequences of each gene and the closest-related strains were
multiply aligned using MUSCLE (Edgar, 2004). Phylogenetic
trees based on concatenated sequences of six housekeeping genes
(16S rRNA-atpD-gyrB-recA-rpoB-trpB) were constructed using
the maximum-likelihood (Felsenstein, 1981), neighbor-joining
(Saitou and Nei, 1987), and maximum-parsimony (Kluge and
Farris, 1969) methods in MEGA version 6 (Tamura et al., 2013).
The tree robustness was evaluated using a bootstrap analysis of
1,000 resamplings.

The company MicrobesNG (Birmingham, UK) was
responsible for sequencing genomic DNA in order to assemble
the draft genome for both bacteria. Sequencing of genomic
DNA of strains MZ03-37", MZ03-48, and Streptomyces palmae
CMU-AB204T and subsequent assembly was described by
Gonzalez-Pimentel et al. (2021). The genome of Streptomyces
ramulosus NRRL B-2714T was assembled following the same
procedure using the raw data (Ju et al., 2015).

Functional annotation analyses were carried out focusing on
the predicted genes by Prokka (Seemann, 2014) and the contigs
assembled from sequenced genomes aimed at characterizing
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FIGURE 1 | Maximum-likelihood trees based on six-gene concatenated sequences (16S rRNA-atpD-gyrB-recA-rpoB-trpB) showing the relationship of strains
MZ03-37T and MZ03-48 and other species of the genus Streptomyces. Bootstrap values (N50%) are expressed as percentages of 1,000 replicates. Closed circles
show the nodes that were also recovered by the neighbor-joining and maximum-parsimony algorithms. Streptomyces puniceus NBRC 12811T was used as the

the function of genes and predicting the mechanisms for
antimicrobial resistance, also called resistome, as well as the
gene clusters involved in the secondary metabolism developed
in every bacterium. The tools used for these purposes were
Sma3s (Mufioz-Mérida et al., 2014) for functional annotations
using the UniProt bacteria database with “uniprot” option,
and antiSMASH in strict search mode (Blin et al, 2021)
for secondary metabolite biosynthesis gene clusters prediction.
Pairwise genome comparison between genomes of MZ03-377
and MZ03-48 and S. palmae CMU-AB204%, S. ramulosus
NRRL B-2714", and Streptomyces catenulae NRRL B-2342T
was assessed calculating the average nucleotide identity (ANI)
by means of BLAST+ (ANIb) (Camacho et al, 2008),
MUMmer (ANIm) (Kurtz et al, 2004), as well as tetra-
nucleotide signature algorithms through JspeciesWS web service
(Richter et al., 2016) and orthoANTI using EzBioCloud database
(Yoon et al., 2017). ANIb, ANIm, and orthoANI establish
a 95% threshold under which compared genomes belong to
different bacteria, whereas the values above would suggest
that compared genomes would belong to strains from the
same species. TETRA is based on standardized tetrameric

frequencies represented in “z-score” values, so fix three values
to suggest genomes belong to the same (above 0.999) or
different (below 0.989). When obtained z-score resulted between
these two values, only ANIb, ANIm, and orthoANTI values will
be considered.

Mauve software for genome segment alignment (Darling
et al, 2004) was used to analyze conserved gene clusters
involved in curamycin production. R package-based visualization
tools were used. Genes involved in pathways and biological
processes were plotted by means of the “ggplot2” library,
secondary metabolite prediction was represented through a
heat map using the “gplots” library, and the “genoPlotR”
library was used for genome segment comparison from
MAUVE alignment.

The GenBank/EMBL/DDBJ accession numbers for MZ03-
377, MZ03-48, S. palmae CMU-AB204", and S. catenulae NRRL
B-2342T are VKJP00000000, VKLS00000000, SRID00000000,
and JODY00000000, respectively. S. ramulosus NRRL B-2714T
draft genome was assembled from the SRA file with accession
number SRR7783857, following the same methodology for
genome assembly used in this study.
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Phenotypic, Morphological, and

Chemotaxonomic Features

Comparative studies were carried out in triplicate on ISP2
medium at 28°C for all strains. Spores were observed using light
microscopy after 7 days of incubation. International Streptomyces
Project medium no. 3 (Oatmeal agar), 4 (Inorganic salt starch
agar), 5 (Glycerol asparagine agar), 6 (Peptone yeast Iron agar),
and 7 (Tyrosine agar) were additionally used for morphological
and physiological analyses. Oxidase activity was tested using
BBL™DrysSlide™ Oxidase (BD, Sparks, USA). The temperature
range for growth was assessed at 5°C, 10°C, 20°C, 25°C, 28°C,
30°C, 32°C, 37°C, and 40°C. Salt tolerance was tested in the
presence of 0-15% (w/v) NaCl with increases of 1% on nutrient
agar (BD, Sparks, USA). Growth at different pH values was
determined on trypticase soy broth and agar plates adjusted
to pH 4.0-12.0 (at intervals of 1.0 pH unit) using HCl 1M
and NaOH 1M solutions. The pH values were verified after
autoclaving. Physiological characteristics were determined with
API 20NE gallery (bioMérieux, Marcy I'Etoile, France), according
to the manufacturer’s instructions. The use of sugars as sole
carbon sources was checked in a minimal medium containing
M9 salts (Savic et al.,, 2007) and a 1% carbon source (w/v)
(Miller, 1992). Cellular fatty acid profiles were analyzed in
triplicate after collecting biomass from a culture grown for 3
days on TSA at 30°C following the methodology described
by Jurado et al. (2009). Analysis of respiratory quinones and
polar lipid composition were carried out by the Deutsche
Sammlung von Mikroorganismen und Zellkulturen GmbH
(Braunschweig, Germany).

RESULTS AND DISCUSSION

Phylogenetic, Morphological, and
Physiological Analyses

The 16S rRNA gene sequence analysis revealed that strains
MZ03-37T and MZ03-48 were 100% identical among them and
most closely related to S. palmae CMU-AB204T (98.70%), S.
ramulosus NRRL B-2714T (98.28%), and S. catenulae NRRL
B-2342" (98.28%), equal or below the threshold suggested by
Yarza et al. (2014) for identifying a new species of bacterium.
MLSA analysis showed that S. palmae CMU-AB204" (16S rRNA
gene), S. catenulae NRRL B-2342" (atpD, gyrB, recA, and trpB
genes), and S. ramulosus (rpoB gene) were the closest relatives
to MZ03-37" and MZ03-48. The maximum-likelihood analysis
based on concatenated housekeeping genes (Figure 1) showed
that the closest relative of both strains was S. palmae CMU-
AB2047 in a group well supported by a 71% bootstrap value. The
species S. catenulae NRRL B-2342T and S. ramulosus NRRL B-
2714" were grouped in a reliable group (98% bootstrap value),
phylogenetically nearest to other Streptomyces species. These
three species were selected as reference strains.

Strains MZ03-37" and MZ03-48 were aerobic and Gram-
positive. Cell morphology after 7 days of incubation at
28°C in ISP2 liquid medium showed well developed and
abundant hyphae as described for species affiliated to the genus
Streptomyces (Kampfer, 2012). Both strains grew at 37°C and

TABLE 1 | Differential characteristics of strains MZ03-37", MZ03-48, and
related species.

Test 1 2 3 4 5
NaCl concentration for growth:

6 % (W/V) + + - + +
Optimal pH for growth 6-9 5-10 6-9 5-10 5-10
Enzymatic activity:

Urease + + - + +
Arginine dihydrolase + - - + -
B-glucosidase + + + - +
B-galactosidase - - + - +
Oxidase - - + - -
Assimilation of:

Arabinose - - + - -
Mannose + + - + +
D-mannitol + + - + +
D-maltose - - - + +
Adipic acid - - + - +
Trisodium citrate + + - - -
Nitrate reduction - - + + -
Growth with sole carbon source (1% p/v):

Xylose + + - (+) +
Mannitol + (+) - + +
Diffusible pigment Not Not Not Dark Dark
%GC content 721 721 72.4 73 72.7

Strains: 1, MZ03-377; 2, MZ03-48; 3, Streptomyces palmae CMU-AB204"; 4,
Streptomyces catenulae NRRL B-23427; 5, Streptomyces ramulosus NRRL B-27147.
+, positive; (+) weak positive; -, negative.

up to 15% of NaCl, but also these strains showed differences
between each other and with respect to the reference strains
(Table 1). They differed in their ability to grow at different pH
and in the use of arginine as a source of carbon and energy.
No significant differences were observed in the use of sole
sources of carbon between MZ03-37T and MZ03-48 beyond a
weak growth using distinct sugars or sugar alcohols. Using myo-
inositol and mannitol, MZ03-37T grew well, whereas MZ03-48
showed a low development of biomass. These two strains seemed
to present more characteristics in common with S. catenulae and
S. ramulosus rather than S. palmae. These five bacteria showed
GC contents between 72.1 and 73%, in accordance with the
GC-rich content of Streptomyces species.

Results from the International Streptomyces Project medium
showed notable differences between the study strains. MZ03-377
presented a light brown substrate mycelium and a white-colored
aerial mycelium in ISP2 and ISP3, mustard tan in ISP5, beige
in ISP6, and brown for both mycelia in IPS4 and ISP7, whereas
MZ03-48 developed a light-black colored substrate and aerial
mycelia in ISP2, ISP3, and ISP7 (Supplementary Figure S1) and
a light-orange for both mycelia in ISP5, ISP6, and ISP4, but with
white aerial mycelium in the last one (Supplementary Table S1).
None of the analyzed strains produced soluble pigment on any of
the tested ISP media. Streptomyces MZ03-371 and MZ03-48 were
also compared with the type strains grown in the same culture
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TABLE 2 | Values for pairwise genome comparison with ANIb, ANIm, orthoANI
(%), and TETRA (0-1).

1 2 3 4 5
ANIb
1 - 76.95 77.82 76.98 77.01
2 77.97 - 92.06 91.32 91.35
3 77.18 92.40 - 91.69 91.69
4 77.98 91.20 91.59 - 99.96
5 77.93 91.14 91.62 99.98 -
ANIm
1 - 85.52 85.62 85.54 85.56
2 85.52 - 93.36 92.57 92.65
3 85.64 93.37 - 93.05 93.11
4 85.54 92.56 93.05 - 99.99
5 85.55 92.65 93.11 99.99 -
TETRA
1 - 0.93579 0.95677 0.95066 0.95231
2 0.93579 - 0.99299 0.99246 0.99379
3 0.95677 0.99299 - 0.99534 0.99664
4 0.95066 0.99246 0.99534 - 0.99949
5 0.95231 0.99379 0.99664 0.99949 -
OrthoANI
1 - - - - -
2 78.72 - - - -
3 79.15 92.66 - - -
4 79.14 91.67 92.23 - -
5 79.24 91.91 92.30 99.96 -

Strains: 1, Streptomyces palmae CMU-AB204”; 2, Streptomyces catenulae NRRL B-
23427 ; 3, Streptomyces ramulosus NRRL B-2714 ; 4, MZ03-37" ; 5, MZ03-48. -, Means
that pairwise genome comparison against themselves result in 100% identity.

medium where the study bacteria were isolated, NA with 3%
magnesium sulfate, and 2% glycerol (Supplementary Figure S1).
MZ03-37" formed a white aerial mycelium and a light brown
substratum, MZ03-48 developed a light black substratum and
aerial mycelium, S. catenulae formed a beige substratum and
an aerial mycelium, S. ramulosus presented an aerial mycelium
white-colored and a beige substrate, while S. palmae did not grow
on this medium.

Pairwise Genome Comparison

The strains MZ03-37" and MZ03-48 (Table 2) showed ANIb
and ANIm, as well as OrthoANI values above the 99.9% among
them, and less than 93.11% with S. ramulosus, the closest
species observed in this analysis. Moreover, the results of TETRA
calculations showed a high coefficient (>0.999) between the
strains MZ03-37% and MZ03-48 and a low coeflicient (<0.999)
between any of the closest species and both strains supporting the
species circumscription. These values suggest that strains MZ03-
37T and MZ03-48 belonged to the same species since they showed
high similarity after using referenced algorithms, whereas results
obtained against the closest species point out that they could be
considered as a new species within the genus Streptomyces.

In silico Analyses for Resistome and Secondary
Metabolism

Genome characteristics are described in
Supplementary Table S2. Sma3s resulted in 1,562 and 1,565
annotations from 6,336 and 6,410 queried sequences using
UniProt — SwissProt curated database, for strains MZ03-37" and
MZ03-48, respectively. Genes predicted to a role in antimicrobial
biosynthesis were the most abundant after amino acid and
cofactor biosynthesis, with 65 out of a total of 652 genes
predicted on pathway annotations, in MZ03-37", and 67 out
of 654 in MZ03-48. In addition, genes involved in antibiotic
biosynthesis and antibiotic resistance were significantly abundant
within the biological process category, with 83 and 44 out of
1,500 annotated genes, respectively, in MZ03-37", and 82 and
42 out of 1,500 annotated sequences predicted in MZ03-48
(Supplementary Figure S2).

Predicted genes involved in antimicrobial mechanisms
for resistance and biosynthesis in MZ03-377 and MZ03-
48 strains using Sma3s and UniProt-SwissProt database
emphasize Streptomyces members as a biological reservoir for
bioactive compounds, both described and not discovered yet
(Supplementary Table S3). Genes or gene clusters associated
with linocin-M18 (Valdés-Stauber and Scherer, 1994) and
curamycin (Bergh and Uhlén, 1992) were predicted with a
50%-75% similarity in both strains, MZ03-37T and MZ03-48.
Monensin gene cluster (Arrowsmith et al., 1992) was predicted
to get more than a 75% similarity with every aligned gene only
in strain MZ03-37". Likewise, several annotated sequences
exhibited descriptive information on antimicrobial resistance
mechanisms related to transport and/or efflux systems as well as
enzymes used to degrade the antimicrobials. Thus, more than
50% of sequence similarity genes were involved in resistance
against cationic antimicrobial peptides (CAMPs), macrolides,
B-lactam, nosiheptide, among others. With a similarity of 75%
or higher, resistance for chloramphenicol and rifampicin was
predicted in both strains. Also, new possible molecules not
described yet could be produced by MZ03-37" and MZ03-48
since there were predicted sequences showing high similarity
with described genes which encoded to polyketide antibiotics
as was the case of the putative polyketide hydroxylase (schC)
(Blanco et al., 1993a,b) with a 69% of similarity, as well as other
antibiotic-related synthases and transferases that appear in
non-completed pathways in MZ03-37" and MZ03-48 strains.

Secondary Metabolite Comparison

Beyond antimicrobial production, the genus Streptomyces is well
known for including species being able to produce additional
bioactive compounds with extensible uses in biotechnology
(Goodfellow and Fiedler, 2010). The antiSMASH web tool
predicted a total of 28 gene clusters involved in secondary
metabolism activity in MZ03-37" and 29 gene clusters in MZ03-
48 (Supplementary Table S4). Both strains shared the same
number of types of metabolites, with the exception of non-
ribosomal peptide synthases (NRPS), having one more predicted
gene cluster in MZ03-48. In summary, for MZ03-37", eight
NRPS and nine for MZ03-48, four terpenes, four siderophores,
three type 1 polyketide synthases (T1PKS), two type 2 polyketide
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FIGURE 2 | Secondary metabolism comparison using anti-SMASH. Abundance of secondary metabolites predicted. TKPS1, type 1 polyketides synthase; TKPS2,
type 2 polyketides synthase; TKPS3, type 3 polyketides synthase; NRPS, nonribosomal peptide synthase; CDPS, tRNA-dependent cyclodipeptide synthase;
Amglyccycl, aminoglycoside/aminocyclitol cluster; other, cluster containing a secondary metabolite-related protein that does not fit into any other category. Cladogram
built using Euclidean algorithm.
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synthases (T2PKS), one type 3 polyketide synthases (T3PKS),
two butyrolactone, two bacteriocins, one ectoine, and one
lanthipeptide were predicted.

Likewise, additional anti-SMASH analyses were implemented
for type strains for secondary metabolism comparison (Figure 2).
Sixty-nine gene clusters were predicted for S. palmae which
presented the most active secondary metabolism. Notably,
34 gene clusters were predicted for S. ramulosus and 30

for S. catenulae. Shared metabolites on the five strains

were scarce, being present some typical molecules already
described before for Streptomyces (Vicente et al., 2018), as
it was the case of geosmin (Gerber and Lechevalier, 1965),
hopene (Poralla et al., 2000), and ectoine (Malin and Lapidot,
1996), as well as the antibiotic curamycin (Bergh and Uhlén,
1992).

Naringenin gene cluster was also predicted for MZ03-48,
S. catenulae, and S. ramulosus, missing in MZ03-37T and S.
palmae. Naringenin, along with the additional NRPS cluster

S. palmae CMU-AB204" -

Linocin-M18
S. ramulosus

NRRL B-2714"

MZ03-48

MZ03-37"

NRRL B-2342 lo kb ko Ja ko lo kb

Comparison of homologous Curamycin clusters

o ko

L S. catenulae __ ——— e

FIGURE 3 | Comparison of segments where Curamycin-Linocin-M18 gene clusters were predicted. Newick phylogenetic tree using Euclidean algorithm was built to
determine the relatedness among contigs of the five bacteria. Conserved regions identified by MAUVE were represented with shades of blue and red.

kb kb kb 8 kb

Curamycin gene cluster

16 kb

le kb |[10kb |12kb |1akb |16 kb |18 kb
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predicted in MZ03-48, was supposed for the main difference
between this strain and MZ03-37". Linocin-M18 was predicted
for all analyzed strains with the exception of S. palmae. Linocin-
MI18 was located along with curamycin gene cluster in the
same contig (Figure 3). BLAST alignment resulted in a 100% of
identity in the case of strains MZ03-37" and predicted in reverse
orientation, MZ03-48. These two contigs aligned a 94.03% with
the contig from S. catenulae, a 93.82% with S. ramulosus, and a
78.31% was aligned against contig where curamycin gene cluster
was predicted for S. palmae. No Linocin-M18 gene cluster was
predicted in other assembled contigs for this last bacterium.

Comparison of predicted secondary metabolites could add a
new insight for differing closely related bacteria, as is the case
of Streptomyces spp., beyond the discovery of new metabolites
from microorganisms dwelling in specific environments, as is the
case of caves and lava tubes (Vicente et al., 2018; SottorfT et al.,
2019). Differences in the prediction of gene clusters, as well as
similarities in particular segments to compare, showed a trend
for bacterial relatedness which reinforces the results from the
polyphasic characterization, multilocus sequence typing, and full
genome sequencing analyses.

Based on all characteristics, strains MZ03-37" and MZ03-
48 represent a new species, for which we proposed the name
Streptomyces benahoarensis sp. nov.

Description of S. benahoarensis sp. nov.
Streptomyces benahoarensis (be.na.hoar.ensis. N.L. fem. adj.
benahoarensis, originating from Benahoare, the Guanche name
of La Palma, the island where both strains were isolated) is
Gram-positive and aerobic, and forms rectiflexibiles spore chains.
No fragmentation is developed neither aerial nor substrate
mycelia. Growth was observed at 10-37°C (optimal 28-32°C),
with 0-15% (w/v) NaCl (optimal 0-10%), and at pH 4.0-10.0
(optimal 6-9) for MZ03-377. 1t is oxidase-negative. Nitrate is
not reduced to nitrite. Indole is produced from tryptophan, and
glucose fermentation does not occur. It is positive for arginine
dihydrolase, urease, B-glucosidase, and protease and negative
for B-galactosidase. It shows positive assimilation for glucose,
mannose, mannitol, N-acetyl-glucosamine, potassium gluconate,
malate, trisodium citrate, and phenylacetic acid and negative
assimilation for arabinose, maltose, capric acid, and adipic acid.
It uses sacarose, maltose, mannose, glycerol, xylose, myo-inositol,
and mannitol as carbon sources for growth but not dextran.
It shows weak growth with D-galactose, lactose, fructose, and
glucose, and good growth on ISP media (2, 3, 4, 5, 6, and
7). Soluble pigments are not produced, and melanin is not
formed. Major cellular fatty acids are iso-Cjg: ¢, anteiso-Cjs. g,
Cig:0, and is0-Cy4:¢. The cell wall contains LL-diaminopimelic
acid in its peptidoglycan. The GC content of the type strain is
72.1 mol%.

The type strain, MZ03-37" (=CECT 9805" = DSMZ 8002"),
was isolated from a lava tube speleothem collected in Fuente de
la Canaria (La Palma Island, Canary Islands, Spain); a reference
strain, MZ03-48 (= CECT 9806 = DSMZ 8011) was isolated from
a microbial mat from Fuente de la Canaria lava tube (La Palma
Island, Canary Islands, Spain).
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Supplementary Figure S1 | Morphology of colonies MZ03-48 (A), MZ03-37T (B),
and reference strains Streptomyces ramulosus NRRL B-2714T (C) and
Streptomyces catenulae NRRL B-2342T (D). Plates cultured on nutrient agar (NA,
BD, Sparks, USA) with 3% of magnesium sulfate and 2% of glycerol at 28°C for

7 days.

Supplementary Figure S2 | Genes classified by functional categories in
pathways (A) and biological processes (B) from curated UniProt-SwissProt.
“Others” gathered those categories with less than 1% of total genes.

Supplementary Table S1 | Morphology and physiology observed after culturing
of MZ03-37" and MZ03-48 in International Streptomyces Project media.

Supplementary Table S2 | Genome characterization of Streptomyces strains
MZ03-37T, MZ03-48, and reference species. rRNA, ribosomal RNA; tRNA,
transfer RNA; tmRNA, transfer-messenger RNA.

Supplementary Table S3 | Antimicrobial biosynthesis and resistance
mechanisms identified in MZ03-37" and MZ03-48 by Sma3s. The table
differentiates identifications with similarities from 50 to 75% and from 75 to 100%.
nonavailable (N/A) gene names are replaced by their protein names: (A) monensin
polyketide synthase ACP; monensin polyketide synthase putative ketoacyl
reductase; putative polyketide beta-ketoacyl synthase 1; putative polyketide
beta-ketoacyl synthase 2; granaticin polyketide synthase bifunctional
cyclase/dehydratase. (B) Putative nosiheptide resistance regulatory protein. (1)
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Cationic antimicrobial Peptides. (2) Tetracyclines, macrolides, lincosamides, and
aminoglycosides (Morris et al., 2005). (3) Tylosin and erythromycin (Quiros et al.,
1998). (4) Only present in MZ03-377.

Supplementary Table S4 | Secondary metabolites predicted for MZ03-37" and
MZ03-48 by anti-SMASH. Gene clusters predicted without reference to the
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Muierilor Cave is one of Romania’s most important show caves, with paleontological
and archeological deposits. Recently, a new chamber was discovered in the cave,
with unique yellow calcite crystals, fine-grained crusts, and black sediments. The
deposits in this chamber were related to a leaking process from the upper level that
contains fossil bones and a large pile of guano. Samples were taken from the new
chamber and another passage to investigate the relationship between the substrate and
microbial community. Chemical, mineralogical, and whole community 16S rRNA gene-
based metabarcoding analyses were undertaken, and the base of the guano deposit
was radiocarbon dated. Our study indicated bacteria linked to the presence of high
phosphate concentration, most likely due to the nature of the substrate (hydroxyapatite).
Bacteria involved in Fe, Mn, or N cycles were also found, as these elements are
commonly identified in high concentrations in guano. Since no bat colonies or fossil
bones were present in the new chamber, a high concentration of these elements could
be sourced by organic deposits inside the cave (guano and fossil bones) even after
hundreds of years of their deposition and in areas far from both deposits. Metabarcoding
of the analyzed samples found that ~0.7% of the identified bacteria are unknown
to science, and ~47% were not previously reported in caves or guano. Moreover,
most of the identified human-related bacteria were not reported in caves or guano
before, and some are known for their pathogenic potential. Therefore, continuous
monitoring of air and floor microbiology should be considered in show caves with
organic deposits containing bacteria that can threaten human health. The high number
of unidentified taxa in a small sector of Muierilor Cave indicates the limited knowledge
of the bacterial diversity in caves that can have potential applications in human health
and biotechnology.

Keywords: cave microbiology, metabarcoding, radiocarbon, Romania, pathogens, fossil bones, bat guano
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INTRODUCTION

Caves are oligotrophic subterranean environments with original
biological communities consisting of species with various
morphological (i.e., pigmentation and sight loss, body and
appendage elongation, etc.), behavioral (i.e., loss of circadian
rhythm), and physiological adaptations (i.e., low metabolism
rate and tolerance to high CO,/low O,) (Hershey and Barton,
2018; Howarth and Moldovan, 2018; Friedrich, 2019; Hervant
and Malard, 2019; Kowalko, 2019; Zhu et al., 2019). Nowadays,
interest in caves has grown proportionally with the curiosity of
the people, which is reflected in the growing number of visitors
worldwide for the beauty of the subterranean domain and the
valuable information it can provide about the past (Gascoyne,
1992; Baldini, 2010; Polyak and Denniston, 2019). Some caves
are regarded as great attractions due to their unique morphology
(Hill and Forti, 1995; White, 2019; Prelovsek et al., 2021),
cultural value (Leroi-Gourhan, 1982; Rongquillo, 1995; Saiz-
Jimenez et al., 2011; Skeates and Bergsvik, 2012), or biological
diversity (Howarth and Moldovan, 2018; Culver and Pipan,
2019).

The opening of the first show cave in the early 17th
century (Vilenica Cave, Slovenia) was just the beginning of
the development of speleo-tourism (Cigna, 2019). Since then,
more than 600 caves have been visited by tourists worldwide,
receiving more than 25 million visitors per year (Cigna
and Burri, 2000; Novas et al., 2017; Tiear et al., 2018).
With the growing number of tourists, proper management
of the caves’ natural heritage is required against the impacts
affecting cave habitats and microclimate (Pulido-Bosch et al,
1997; Hoyos et al, 1998; Northup and Lavoie, 2001; Mann
et al, 2002; Paksuz and Ozkan, 2012; Bercea et al, 2018,
2019; Debata, 2020; Constantin et al., 2021). However, the
biological resources of caves can be reservoirs for pathogens
and may be regarded as potential environments for pathogen
transmission (Dean, 1957; Jurado et al, 2010; Igreja, 2011).
Consequently, visitors must be informed of the threats,
particularly where the management of show caves is rudimentary
(Constantin et al., 2021).

The increasing interest in
the potential biotechnological
and medical sciences of the cave microbiomes (Jiang
et al, 2015 Rangseekaew and Pathom-Aree, 2019;
Zada et al, 2021). Already known bacteria reveal new
characteristics, and the potential of pathogenicity has been
found in some bacteria (Jurado et al., 2010; Moldovan
et al, 2020). Alongside these discoveries, unreached
sides of metabolism in organisms are starting to be
discovered and understood.

Herein, we present the results of the studies on the
microbiome of different deposit types in a protected sector
of Muierilor Cave (Romania) to unravel the diversity of
microorganisms related to the substrate chemistry and
mineralogy and identify their possible sources. Muierilor
Cave is one of the most important caves from paleontological,
biological, and archeological points of view (Mirea et al., 2021).
With more than 130,000 visitors each year, it is also one of the

caves also encompasses
applications in biological

most visited show caves in the country (Burghele et al., 2018;
Constantin et al., 2021; Mirea et al., 2021).

MATERIALS AND METHODS

Site Description and Sampling

Muierilor Cave (45°11'31.78''N and 23°45'14.07"E) is developed
in limestone and located in Baia de Fier, south-western Romania,
and is one of the most-visited show caves in the country
(Figure 1). The cave is situated on the right slope of Galbenul
Gorges at 650 m.a.s.l and is developed on four distinct levels.
The second one has been a tourist and scientific attraction
since the late 19th century. It is the first cave to be fitted with
electric lights from Romania since 1963. The cave is inhabited by
four species of hibernating bats, with the most abundant being
Miniopterus schreibersii and Rhinolophus ferrumequinum, each
forming colonies of around 1,000 individuals, especially along
the touristic path.

Muierilor Cave is also known for the rich presence of
hydroxyapatite [Cas(PO4)3(OH)] on rocks and boulders in
different sectors of the cave. Hydroxyapatite is a naturally
occurring mineral found in the bones and teeth of mammals,
which is white when pure and yellow, green, or brown in nature.
The lower level is the Scientific Reserve, from where the studied
samples were collected, specifically from the Yellow Chamber.

The Yellow Chamber was resurveyed in 2019 during the
paleontological excavation in the Scientific Reserve (Mirea et al.,
2021). It was named after the yellow calcite crystals that cover the
rock surface in some of its parts. The Yellow Chamber is situated
roughly underneath the Guano Chamber (which owes its name to
a big pile of guano) located along the Touristic Passage (Figure 1).
The Touristic Passage is also known for the abundance of fossil
remains (belonging mainly to Ursus spelaeus sensu lato) (Mirea
et al., 2021). Part of the Yellow Chamber floor is covered with a
black deposit of sandy clay with very sparse drips of water coming
from the upper level, while two big boulders in its middle are
covered with white and black crusts at a few tens of centimeters
apart. The fragile crusts cover a small surface of the boulders, and
at present, no water is dripping in that area. None of the other
chambers or passages of the cave have such features, and they
have not been seen in other Romanian caves. The ceiling of the
Yellow Chamber is about 14 m at the highest point. The walls
are covered with seemingly an organic deposit brought by the
percolating water from the upper level.

The Yellow Chamber is a side passage with little ventilation.
The geomorphological features develop on secondary faults
(perpendicular to the main N-S fault) and connect with the
upper levels through shafts and fissures. This feature allows
the percolating water to precipitate in the lower levels. The
temperature at the entrance of the Yellow Chamber (registered
with a permanent data logger) was about 10°C, and the humidity
was >92%. Spot measurements of CO, were around 560 ppm
(Constantin et al., 2021).

Sediment samples were collected in sterile Falcon tubes for
microbiological analysis. A sample of 10 g of sediments was taken
directly from the Yellow Chamber’s black, sandy clay floor in a
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Falcon tube (PM11), and about 2 g of each crust was sampled
with a sterilized scalpel (PMW = white crust, PMB = black crust).
An additional sample of 10 g of brown sandy clay sediments was
taken directly in a sterile Falcon tube from a different passage of
the Scientific Reserve (PM7). The samples were transported for
further laboratory analysis in an icebox and kept in the freezer
at —60°C until extraction.

For the chemical and mineralogical analysis, 10 g of sediments
from PM7 and PM11 and 2 g of both crusts were collected in clean
plastic bags and transported to the laboratory for analysis.

Dating of Guano Deposits

A guano sample was collected with a small corer from the bottom
of the guano pile in the touristic passage for radiocarbon dating.
The AMS !C dating was done commercially at the Poznan
Radiocarbon Laboratory (Poland), following the procedures
described in Mirea et al. (2021). The calibration of AMS
14C ages was performed using the program OxCal ver. 4.4.2
(Bronk Ramsey, 2009, 2020) against the INTCAL13 radiocarbon
calibration curve (Reimer et al., 2020).

Chemical and Mineralogical Analysis

The pH was measured using a Seven Excellence Multiparameter
(Mettler Toledo, Greifensee, Switzerland) in a 1/5 (m/v) solid to
water suspension. N and C were measured using a Flash 2000
CHNS/O analyzer (Thermo Fisher Scientific, Waltham, MA,
United States) by combustion of 2 mg of sample. For metal, S,
and P analysis, 1 g of dried and grounded sample (<250 pwm)
was digested in 28 ml of 3/1 (v/v) HCI (37%)/HNO3 (62%)
mixture. The concentration of Na, Mg, K, Ca, Al, Fe, P, and S
was measured by inductively coupled plasma optical emission
spectrometry using a 5300 Optima DV (Perkin Elmer, Waltham,
MA, United States) spectrometer. The concentration of trace
elements was determined by inductively coupled plasma mass
spectrometry (ICP-MS) using an Elan DRC II (Perkin Elmer,
Waltham, MA, United States) spectrometer.

To preserve crust deposits as well as possible, the
mineralogical analysis was performed only on sediment samples.
Sampling for mineralogical analysis could lead to the destruction
of crusts and subsequently could limit the possibility of further
studies. Samples were analyzed using powdered X-ray diffraction
method with Rigaku Ultima IV diffractometer in parallel beam
geometry equipped with CuKa radiation (wavelength 1.5406 A).
The XRD patterns were collected in the 260 range between 5 and
80 with a speed of 2°/min and a step size of 0.02°. Rigaku PDXL
Software connected to the ICDD database was used for phase
identification. The quantitative determination was made using
the RIR (reference intensity ratio) methodology.

DNA Extraction and Sequencing
DNA from sediments (PM7 and PMI11) and crusts (PMW
and PMB) were extracted according to the following protocol.
Sediments were extracted in duplicates, while crusts were
extracted in triplicates.

Cells were disrupted using FastPrep-24TM (MP Biomedicals),
and genomic DNA was extracted in duplicates from each sample
using the commercial kit Quick-DNA Fecal/Soil Miniprep

kit (Zymo Research, Irvine, CA, United States), according to
the manufacturers instructions. DNA was quantified using
SpectraMax QuickDrop (Molecular Devices, San Jose, CA,
United States) and was further used as a template to investigate
the composition of microbial communities in the samples.
MiSeq 16S V3-V4 Metagenome Sequencing was performed by
a commercial company (Macrogen, Amsterdam, Netherlands).
PCR of the V3-V4 hypervariable regions of the bacterial
and archeal SSU rRNA gene was performed using primers
341F (50-CCTACGGGNGGCWGCAG-3) and 805R (50-
GACTACHVGGGTATCTAATCC-30), according to Illumina’s
16S amplicon-based metagenomics sequencing protocol.

Metabarcoding Analysis

Sequencing primers from both forward and reverse reads and
reads containing any N characters were removed using Cutadapt
v2.9 (Martin, 2011). Only reads with a minimum length of 250 nt
and a maximum of 301 nt were kept for further analysis. Paired-
end reads for the 10 samples were processed using the DADA2
package (Callahan et al.,, 2016a) implemented in R by adapting
existing pipelines [Callahan et al, 2016b; DADA2 Pipeline
Tutorial (1.16)]. DADA?2 allows accurate differentiation between
sequencing errors and true biological variation, thus avoiding
the use of operational taxonomic units (OTUs). Instead, DADA2
infers amplicon sequence variants (ASVs). Following primer
removal, paired reads were loaded into the DADA2 pipeline and
trimmed (forward reads 3’ truncated at 280 nt, reverse reads 3’
truncated at 250 nt), filtered (max. 2 errors per read, minimum
length after trimming = 200 nt), and finally merged with a
minimum required overlap of 50 nt. Chimeras were removed
from merged pairs (1,576 bimeras out of 7,439; 95.8% pass rate).
Following filtration and chimera removal, a total of 413,539
merged reads were retained (min per sample = 29,706, max per
sample = 55,460, average = 41,353). Taxonomic classification of
curated ASVs was performed using the SILVA 138.1 database
(Pruesse et al., 2007). From the obtained ASVs, a mean value
for triplicates (crusts) and duplicates (sediments) was used in
the further analysis. Sequence data generated during this study
are available in the European Nucleotide Archive (ENA) as part
of project PRJEB51350 with accession numbers ERR9118894-
ERR9118903.

Statistical Analysis

Differences in community composition and statistics were
computed using the phyloseq (McMurdie and Holmes, 2013)
package in R. Bray distance-based hierarchical clustering and
alpha-diversity were estimated after merging replicates by
calculating their mean values. Counts and relative abundances
were further generated at the genus, class, family, and phylum
levels after taxonomic agglomeration using the tax_glom
function provided by phyloseq (McMurdie and Holmes, 2013).
Taxa merged at each taxonomic rank were considered for
abundance estimations only if they were assigned a minimum
of 10 counts in at least one averaged sample. Domain Bacteria
were considered for further analysis of microbial composition.
Shannon and Simpson’s diversity indices provided information
about the composition of samples by considering both the
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number of species and the abundance of each species. Shannon’s
index gives a better description of a sample’s diversity by
considering the species richness and rare species, while Simpson’s
index considers evenness and common species. The Chaol index
estimates diversity from abundance data and gives more weight
to low-abundance species.

Venn analysis was performed using Web software developed
by Heberle et al. (2015). It was used to indicate the distribution
of the genera abundances between the different samples. TBtools
were used for heatmap representations (Chen et al., 2020).

We used multidimensional scaling (MDS) to represent the
sediment samples in a bi-dimensional space. The MDS was done
from a similarity matrix between the chemical characteristics of
the samples to the coordinates of these in bi-dimensional space
for easy visualization. The analysis was done in XLSTAT 2021.4.1
(Addinsoft, New York, NY, United States).

RESULTS

Chemical and Mineralogical Analysis

The chemical composition of the samples is presented in Table 1.
The pH of both sediments and crusts was slightly alkaline,
ranging from 8.3 to 7.4. The sediment sample collected in the
Scientific Reserve (PM7) has a slightly higher pH (8.3) than the

TABLE 1 | Chemical composition of sediment (PM7 and PM11) and crust (PMW
and PMB) samples in Muierilor Cave.

Elements PM7 PM11 PMW PMB
C (%) 11.6 2 2.84 2.73
N (%) <0.01 0.84 0.45 0.38
S (mg/kg) 64.7 248 2997 799
Na (mg/kg) 67 397 2485 535
Mg (mg/kg) 282 1208 2275 859
K (mg/kg) 96 3390 2816 678
Ca (mg/kg) 303673 358330 360033 342288
Al (mg/kg) 2537 25183 11931 2758
Fe (mg/kg) 152 25246 8554 739
P (mg/kg) 243 22053 60656 60992
Ba (mg/kg) 44.4 363 111 66.9
Li (mg/kg) 0.96 1.9 9.84 1.87
V (mg/kg) 6.7 24.0 59.7 3.3
Cr (mg/kg) 1.0 24.7 37.7 8.1
Mn (mg/kg) 7.2 240 673 711
Co (mg/kg) 1.0 3.4 10.3 1.7
Ni (mg/kg) 17.9 10.9 93 19.5
Cu (mg/kg) 1.7 286 329 195
Zn (mg/kg) 6.1 559 2251 2387
Ga (mg/kg) 0.06 8.11 3.28 0.7
As (mg/kg) 14.3 55 75.3 5.6
Rb (mg/kg) 0.72 37.9 13.1 1.67
Sr (mg/kg) 49.9 138 148 171
Zr (mg/kg) 0.60 7.95 6.56 1.43
Cd (mg/kg) 0.10 21 4.4 5.3
Pb (mg/kg) 1.0 11.0 18.9 2.7

sediments collected in the Yellow Chamber (PM11, pH = 7.4) and
the crusts (pH = 7.7). The carbon content was low (<3%) in the
PM11 sediment and the crusts and much higher in PM7 sediment
(11.6%), while the N content was low in all the samples (<1%).

The MDS that uses the chemical composition of samples
(Supplementary Figure 1) shows the similarity between the
crusts separated from the sediment samples. Spatially and thus
chemically, PM11 is the nearest to the crusts.

Calcium is the main element present in all the samples,
accounting for 30-40% of the sample. The sediment sample
collected in the Yellow Chamber (PM11) had higher major
and trace element concentrations than the sediment in PM?7.
Except for Al, Fe, K, and Ba, the sediment in the Yellow
Chamber had a lower concentration of metals than the crusts.
The high P content in the samples from Yellow Chamber
(about 6% in crusts and 2.5% in PM11 sediment) suggests the
presence of minerals containing P, most probably hydroxyapatite
(Supplementary Figure 2). The PM7 sediment sample has a
Ca content similar to that of the crusts, but a much lower P
content. The white crust (PMW) has one order of magnitude
higher contents of S, Na, Mg, K, Al, and Fe and slightly higher
contents of trace elements, suggesting that aluminosilicates
constitute these secondary minerals. The high amount of these
elements is also reflected in the different abundance of microbial
composition in our samples.

X-ray diffraction patterns show that the mineralogical
composition of sediments collected from the cave contains
mostly primary minerals of detrital origin (Supplementary
Figure 2). The mineralogical association is relatively similar,
with both samples containing quartz, muscovite, and albite
in various concentrations. In addition to the mentioned
silicates, the PM11 sample collected from the Yellow Chamber
includes hydroxyapatite.

Guano Deposit Age

The guano sample collected from the bottom of the deposit
in the Guano Chamber (Figure 1C) yielded a “C age of
1,315 + 30 years BP, which corresponds to a calibrated age
between AD 654 and 775 (95.4% probability).

Analysis of Microbial Composition
A total of 5,864 ASVs belonging to Archaea (13) and Bacteria
(5,850) were identified, from which a total of 45 phyla, 105
classes, 221 orders, 265 families, and 464 genera were detected
in the four samples. Many ASVs were unclassified at each level,
namely 43 phyla (PM7, 16; PM11, 11; PMW, 9; PMB, 7), 332
classes, 901 orders, 2,004 families, and 3,497 genera. Following
taxa agglomeration and filtration, 41 phyla, 92 classes, 189 orders,
232 families, and 378 genera were detected in the four averaged
samples. Thirty-nine phyla, 90 classes, 187 orders, 231 families,
and 378 genera were detected in the four averaged samples.
Among all the four samples, Proteobacteria was the most
abundant phylum (Figure 2), with varied percentages in each
sample (PM7, 26%; PM11, 32%; PMW, 55%; and PMB, 45%),
followed by Actinobacteriota (PM7, 21%; PM11, 17%; PMW,
12%; and PMB, 31%). The third most abundant phyla were
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FIGURE 2 | Heatmap of the relative abundance of the different bacterial phyla
in the four analyzed samples of Muierilor Cave.

Firmicutes in PM7 and PMB (11% and 4%) and Acidobacteriota
in PM11 and PMW (10 and 8%).

Few differences were identified when comparing the presence
and absence of phyla, with some present only in sediments
or crusts and others present only in one of the samples.
Acetothermia, Campylobacterota, and Spirochaetota were only
identified in PMW, while Fibrobacterota and Hydrogenedentes
were observed only in PM7. In addition, Fusobacteriota was only
found in crust samples, while Zixibacteria and TX1A-33 were
found in sediment samples.

At the class level, the relative
among the samples (Figure 3). In sediment sample
PM7,  Gammaproteobacteria ~ (14%) was the  most
abundant class, followed by Actinobacteria (12%) and
Alphaproteobacteria  (11%). The most abundant class
in PM11 was Gammaproteobacteria (22%), followed by
Alphaproteobacteria and Actinobacteria (~9%).

In the crust sample PMW, Gammaproteobacteria was the
most abundant (~44%), followed by Alphaproteobacteria

abundance differed
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FIGURE 3 | The relative abundance (only > 1% are represented) of the
bacterial classes in the four analyzed samples of Muierilor Cave.

(12%). In PMB, the most abundant class was also
Gammaproteobacteria (32%), followed by Actinobacteria
(22%) and Alphaproteobacteria (13%).

Families found in high abundance (Figure 4) in the
sediment sample PM7 were Micrococcaceae and Nitrospiraceae
(~7%), Flavobacteriaceae and Planococcaceae (~5% and
4%); in PMI11 were Micrococcaceae (4%), Nitrosococcaceae
(~4%), and Nitrospiraceae (3%); in the crust sample PMW
were Diplorickettsiaceae (8%), Comamonadaceae (7%), and
Coxiellaceae (5%); and in PMB were Nitrosococcaceae (14%),
Micrococcaceae (13%), and Oxalobacteraceae (6%).

The relative abundance of genera was different among the
samples and even between the samples of the same type.
The most abundant genera in each sample (Figure 5) were
Nitrospira, Flavobacterium, and Pseudarthrobacter in PM7;
wb1-P19, Nitrospira, NA ASV82, and Pseudarthrobacter in
PM11; Aquicella, Delftia, and Coxiella in PMW; and wb1-P19,
Pseudarthrobacter, and Massilia in PMB. The abundance of the
total unassigned genera was significantly high (PM7, 31%; PM11,
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FIGURE 4 | Heatmap of the relative abundance (only > 1% are represented)
of bacterial families in the sediment and crust samples of Muierilor Cave.

31%; PMW, 29%; and PMB, 25%), and representatives were
found to be among the firsts (Figure 5).

Further analysis indicated the presence of human-related
bacteria mainly in Yellow Chamber samples and some presenting
potential of being pathogenic (Supplementary Table 1), such
as Actinomyces, Prevotella, and Bacteroides. Almost half of the
identified genera were not mentioned to be present in the caves
or guano before, with crust samples having the higher abundance
(38% in PMW and 25% in PMB).

We performed a Venn analysis to better visualize the
differences at the genus level (Figure 6). Of the 378 assigned
genera, 90 were found in all four samples. The number of genera
identified in PM7 (219) was lower than that identified in PM11
(228). The number of genera identified in PMW (248) was higher
than in PMB (192). The crust sample PMW (72) had the highest

number of unique genera, followed by the sediment samples PM7
(26) and PM11 (24), while PMB (3) had the lowest number.

The calculated alpha diversity indices (Shannon, Chaol,
Simpson’s, InvSimpson; Table 2) showed that the bacterial
diversity differed between the samples, with a higher diversity
in the sediment samples than in the crust samples. Richness
estimator, Chaol, showed high values in the sediment samples.

DISCUSSION

Chemical and Mineralogical

Considerations

The four analyzed samples had a high content of Ca originating
from other minerals in this sample, most probably from the
limestone rock or calcite dissolution. Among the four samples,
only the ones collected from the Yellow Chamber (crusts and
PM11) had high P content, which can be attributed to the
presence of hydroxyapatite as one of their main constituents.
The higher contents of S, Na, Mg, K, Al, Fe, and trace elements
in the white crust suggest the presence of aluminosilicates in
these secondary minerals. Detrital minerals (quartz, muscovite,
and albite) are related to the weathering and transport of soils
and geological formations that outcrop outside the cave (Bosch
and White, 2004; Kurecic¢ et al., 2021) by running or percolating
waters. Hydroxyapatite can be formed in the cave environment by
interacting with phosphorus ions and the carbonate component
(Audra et al, 2019). The source of phosphate in caves is
usually represented either by a fossil bone deposit or a guano
accumulation (Hill, 1999; Queffelec et al., 2018). Elements, such
as C, P, N, S, K, Na, Cl, Ca, Mg, Fe, Al, Zn, and Ba, were
usually identified in guano deposits (Miko et al., 2001; Wurster
et al., 2015; Misra et al., 2019), and high concentration of these
elements was also found in both the crusts of Muierilor Cave.
Considering that no bat colonies or fossil bones are present in the
Scientific Reserve, the mechanisms involved in the precipitation
of hydroxyapatite in the Yellow Chamber could be related to
the presence of organic matter in the above level (the Touristic
Passage). The possible source of organic matter in the Touristic
Passage is represented by a recent guano deposit (less than
c. 1,400 years BP) and fossil bone remains with ages ranging
between ~20,000 and ~50,000 ka (Mirea et al., 2021). The fossil
bone deposits may represent the main source of POy, but the
leaching of guano should also be considered. The actual source
of phosphate for the Scientific Reserve is challenging to assess,
and further studies are required to understand the mechanisms
responsible for hydroxyapatite precipitation.

Microbial Diversity of Sediments vs.

Crusts

The microbiological surveys of caves indicate that the most
abundant phyla usually found in caves are Proteobacteria and
Actinobacteriota in different proportions, followed by Firmicutes,
Bacteroidota, and Chloroflexi (Porca et al, 2012; Kieraite-
Aleksandrova et al., 2015; Oliveira et al., 2017; Dhami et al.,
2018; Zhu et al, 2019; Tok et al, 2021), a fact which
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PMB

PM11
(228)

PMW
(248)

FIGURE 6 | Venn diagram showing the number of shared and unique 16S
rRNA-related ASVs in the sediment (PM7 and PM11) and crust (PMW and
PMB) samples of Muierilor Cave.

is consistent with our results. Proteobacteria was the most
abundant phylum in all the samples and is characterized
by a vast metabolic diversity (Kersters et al., 2006; Dong
et al., 2020; Tok et al., 2021). Actinobacteria was the second
most abundant phylum in PM7, PM11, and PMB samples.
Members of this phylum are a key community in soil,
where they play an important role in the decomposition of
organic matter (Madigan et al, 2018; Hazarika and Thakur,
2020; Scheublin et al., 2020). The members of Acidobacteriota
(second most abundant in PMW and third in PMI11) are
also known for their involvement in nitrogen assimilation
and metabolism of iron, a finding that coincides with the

TABLE 2 | Diversity indices of crust (PMW and PMB) and sediment samples (PM7
and PM11) in Muierilor Cave.

Sample PMB PMW PM11 PM7

Diversity indices  Chaot 1424.0887 1547 2241.0263 1870.0765
Shannon 5.3614 6.2129 6.8254 6.4270
Simpson’s 0.9830 0.9935 0.9968 0.9954
InvSimpson ~ 58.8863  156.2362 320.9038  218.6732

high concentration of N and Fe in our samples (Kielak
et al,, 2016; Dedysh and Damsté, 2018). The representatives
of Firmicutes (third most abundant in PM7 and PMB) are
commonly found in soils, particularly in the rhizosphere
(Kumar et al., 2012). Their presence in caves could be
justified by the highly resistant endospores, which are generally
unaffected by the environmental stress factors, such as high/low
temperatures, unfavorable pH, UV, and lack of water or nutrients
(Parkes and Sass, 2009).

Bacterial communities found on the bat’s skin represented
the members of the families found in high abundance
in our samples, such as members of Micrococcaceae,
Flavobacteriaceae, ~Comamonadaceae, and Planococcaceae
(Gonzédlez-Quinonez et al, 2014; Lemieux-Labonté et al.,
2017). In our samples, families found in high abundance
were those previously mentioned in related
to bats. For instance, members of Micrococcaceae and
Planococcaceae were sampled from cave walls (Laiz et al,
1999; Armetta et al., 2022), members of Flavobacteriaceae from
cave water (Shabarova and Pernthaler, 2009), members of
Nitrospiraceae from speleothem surface (Baskar et al., 2016),
and members of Nitrosococcaceae from sediment and water
(Zhu et al., 2019).

caves or
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A slight correlation could be drawn when commenting on
the relationship between chemistry and microbial composition,
and the genera identified mirror the chemical composition of
the samples. The Yellow Chamber samples (crusts and PM11)
were higher in P, and the identified genera involved in the
P cycle (Chen et al, 2006; Sarikhani et al., 2019) showed a
higher abundance in these samples than those found in PM7.
Such genera are Chryseobacterium, Enterobacter (PM11, PMW,
and PMB), Delftia, Stenotrophomonas (PM11 and PMW), and
Pantoea (PMW). Higher amounts of Fe, N, and Mn were
also found in the samples collected from the Yellow Chamber
when compared to the PM7 sediments. Some genera, such as
Rheinheimera (PMW) and Ralstonia (PM11 and PMW), are
known to be involved in the iron cycle (Swanner et al., 2011;
Schroder et al., 2016), while Aphanizomenon NIES81 (PMW),
Herbaspirillum, Methylocella, and Ralstonia (PM11 and PMW)
are involved in the N cycle (Ploug et al.,, 2010; Dalsing et al.,
2015; Dedysh and Dunfield, 2016; Waller et al., 2021). Bacteria
involved in the Mn cycle (Yang et al., 2013; Bai et al., 2021; Lee
et al., 2021) were identified as Escherichia/Shigella, Halomonas,
Microbacterium (PMW), and Cupriavidus (PMW and PMB).
Elements, such as N, Fe, and P, are usually found in guano (Miko
et al., 2001; Wurster et al., 2015; Misra et al., 2019), P is also
associated with bones (Audra et al,, 2019), and Mn deposits are
usually biogenic in caves (Northup and Lavoie, 2001).

Since we analyzed the chemical differences between PM7
and the Yellow Chamber samples, we could also consider this
grouping when discussing human- and bat/guano-related genera.
Most bat/guano- and human-related genera were identified
in the Yellow Chamber samples (Supplementary Table 1).
PM7 was collected from a passage without guano or other
organic accumulation.

Bats are a significant reservoir of pathogens and a well-known
vector for disease transmission (Ogorek et al., 2018; Agustin
et al., 2019). Genera found in crusts, such as Fusobacterium and
Rothia, were previously related to bats, while Microbacterium
was previously related to guano. Some genera identified in
our samples, most of them in crusts, are also found in
the guano of other caves in Europe, which are habitats for
the same bat species. These are Enterococcus, Acinetobacter,
Pseudomonas, Paenibacillus, Bacillus, Staphylococcus, Rahnella,
Micrococcus, Enterobacter, Lysinibacillus, and Sphingobacerium
(Tomova et al., 2013; Vandzurova et al., 2013; Veikkolainen
etal, 2014; Vengust et al., 2018; Wolkers-Rooijackers et al., 2019;
Dimki¢ et al., 2020; Gerbacova et al., 2020). Their abundance
did not dominate the microbial composition in our samples,
but their presence could indicate a possible connection to the
upper Guano Chamber.

The presence of a significant number of genera never
reported in a cave before (Supplementary Table 1) suggests
the limited knowledge regarding the bacterial diversity of caves.
Almost half of the genera identified in our samples were never
reported in a cave or were never related to bats/guano. Some
genera are known members of human microbiota: Abiotrophia
(Rasic et al., 2020), Gemella (Garcia Lopez and Martin-Galiano,
2020), Granulicatella (Shailaja et al., 2013), Treponema (Sena
et al., 2015), and Haemophilus (Johnson, 2018). Genera, such

as Bacillus, Escherichia, and Staphylococcus, which are known
as “human indicator bacteria,” are usually found in high
concentrations after extended cave visits (Lavoie and Northup,
2006; Bercea et al., 2018; Mudgil et al., 2018) and were identified
in our samples in high abundance. Recent studies in Muierilor
Cave compared the microbial composition in touristic and non-
touristic sites. Based on an air survey and human exposed
surfaces (Bercea et al., 2018, 2019), the touristic sector of
Muierilor Cave fits in the high-risk class (500-2,000 CFU/m?,
according to the European Commission’s report on Biological
Particles in Indoor Environments and Commission of the
European Communities, 1994). Moldovan et al. (2020) concluded
a clear difference in the microbial composition of water habitats
between touristic and non-touristic sites, indicating the strong
impact of tourism. These studies found a high abundance
of members of Bacillus and Staphylococcus, which are also
abundant in our samples.

Muierilor Cave, as a touristic cave, may be considered
as a reservoir of novel and allochthonous species, since
animals and humans transit and use it for different purposes.
Moreover, visitors play an important role in the spread of
bacteria and continuously influence the composition of the
microbial community.

CONCLUSION

Most of the identified ASVs in four samples, two sediments and
two crusts, collected from Muierilor Cave belong to bacteria. The
crusts and the nearby sediment sample in a small chamber (the
Yellow Chamber) of the cave are phosphate-rich deposits, with
abundant bacteria involved in the P cycle. Moreover, bacteria
involved in Fe, Mn, and N cycles were found, as these elements
are commonly identified in high concentrations in guano. Since
no bat colonies or fossil bones were present in the chamber,
a high concentration of these elements could be sourced from
organic deposits (fossil bones and guano) located at the upper
levels of the cave. The high diversity of human-related genera
identified only in the crusts and sediment samples collected from
the Yellow Chamber, such as Capnocytophaga, Anaerococcus,
Abiotrophia, Actinomyces, Alloprevotella, and Eikenella, could
only be related to the upper touristic sector of the cave.
Tourism in caves with bat colonies and guano accumulation
should benefit from continuous monitoring of the air and
floor microbiomes.

Approximately 47% of non-identified bacteria in a small
sector of the complex subterranean system of Muierilor Cave
indicates the limited knowledge of the bacterial diversity in caves,
and these bacteria have high potential in human health and
biotechnology applications.
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The Chiquini and Galaxias caves contain speleothems that are templated by long
fungal structures. They have been associated with the carbonate lacustrine deposits
in the margins of the Coipasa and Uyuni Salar basins. During a wetter episode, such
carbonates formed at the end of the last glaciation raising the lake level to more than
100 m in the Tauca events (15-12 ky). Such an event flooded the caves that eventually
became a cryptic habitat in the lake. The caves show bizarre speleothems framed by
large (>1m) fungal buildings covering the older algal mineralized structures. Although
the origin of the caves is not fully understood, the occurrence of two carbonatic units
with very distinctive fabric suggests that they formed in two separated humid events. In
this regard, the mineralized algal structures, showing the same features as the lacustrine
carbonates, likely formed during the Tauca flooding events in the terminal Pleistocene
that inundated older caves. The different caves were exposed to the atmosphere after
a drop in the lake level that promoted alluvial erosion by <12—-10 ky (Ticana episode)
under arid conditions. A last humid episode rising the lake surface 10 m above the Salar
level, which was not enough to inundate the caves a second time, drove the formation of
the biospeleothems by fungi biomineralization. The abundance and size of the preserved
fungal structures suggest that they were sustained by a stable hydrological activity plus
a constant organic supply. While nutrients could have been primarily sourced from the
vegetal communities that occupied the exhumated lake margins, they might have also
been released from the lacustrine carbonatic unit. The combination of hydrology and
biological activities were likely determinants for a fast rock dissolution and mineralization
ending in the construction of the fungal biospeleothems.

Keywords: karst, fungi, bioweathering, Salar de Uyuni, quaternary terraces, carbonates

INTRODUCTION

Along the margins of the Coipasa and Uyuni Salar basins (Figure 1), different caves occur
in the lower part of a lacustrine carbonate unit, which is composed of biohermal and algal
structures (Servant and Fontes, 1978). Such carbonate deposits formed through a transgressive
episode during the terminal stages of the last glaciation under humid conditions by 15-12 ky

Frontiers in Microbiology | www.frontiersin.org 56

June 2022 | Volume 13 | Article 913452


https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org/journals/microbiology#editorial-board
https://www.frontiersin.org/journals/microbiology#editorial-board
https://www.frontiersin.org/journals/microbiology#editorial-board
https://www.frontiersin.org/journals/microbiology#editorial-board
https://doi.org/10.3389/fmicb.2022.913452
http://crossmark.crossref.org/dialog/?doi=10.3389/fmicb.2022.913452&domain=pdf&date_stamp=2022-06-23
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org
https://www.frontiersin.org/journals/microbiology#articles
https://creativecommons.org/licenses/by/4.0/
mailto:angelica.angles@bmsis.org
https://doi.org/10.3389/fmicb.2022.913452
https://www.frontiersin.org/articles/10.3389/fmicb.2022.913452/full

Anglés et al. Fungal Activity in Uyuni Salar

L4 S B
Chiquini Cave
(3680 m)

" Coquesa Cave
(4000 m)

Galaxias and Devil’s caves
(3665 m) X

o

Coquesa Cave

0% wm 104n 150m 20Wm 25w 312w

FIGURE 1 | Geographic distribution of the different caves in the Uyuni basin. (A) Digital Elevation Model showing the occurrence of the three different caves, including
Chiquini, Coquesa, and Galaxias and Devil’s. (B) Satellite image Situation of Chiquini and Coquesa caves in the North area of the Salar Uyuni. (C) Geomorphological
settings of the Chiquini cave emplaced in the Pleistocene lacustrine carbonates forming a terrace on the volcanic deposits of Pleistocene age (Tibaldi et al., 2009). The
dashed white line traces the direction of the topographic profile, while the yellow dashed line traces the boundary between the volcanic and lacustrine deposits inside

the altitude profile.
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(Sylvestre et al., 1995, 1999). As a result of this lacustrine
transgression, the caves occurring below 3,690 m were completely
flooded and partially infilled by mineralized biological structures
of calcareous composition. In this regard, mineralized algal
fabrics in the interior of the caves similar to the lacustrine
biosedimentary fabrics likely record the transgressive episode
that formed the carbonate shelf in the lake. Intriguingly, a very
distinctive set of speleothems framed with mineralized fungi are
also found covering the ceiling and floor of the caves, which are
mainly formed by the older cryptic lacustrine carbonates. The
occurrence of speleothems in the cave suggests that they were
formed during a drop in the lake level under humid conditions
that sustained an active weathering of the lacustrine carbonates
deposited in the Late Pleistocene (Sylvestre et al., 1995, 1999).

The speleothems are mineralized by long filamentous
structures of microbial fungal hyphae (Figure 2). Although it
has been reported that fungi are a common component in
the microbial communities in karstic systems and caves (Engel,
2011; Hershey et al.,, 2018), they are not found as the main
mineralizing agent in the construction of the speleothems.
However, the occurrence of the Uyuni speleothems framed by
a dense network of fungal hyphae (Figure2) has not been
reported on such a large scale. When considering microbial
mineralization, most studies concern prokaryotes. However,
induced microbial biomineralization by eukaryotes is scarcely
documented, especially when considering the fungal kingdom
(Sterflinger, 2000; Burford et al., 2003; Gadd, 2008; Gadd and
Raven, 2010). Fungi are everywhere on the surface of the Earth,
wherever there is oxygen. They are also able to survive without
oxygen, however, this is not their natural lifestyle (Bindschedler
et al,, 2016). The most preferred habitat for fungi is believed to
be soil, but they are also very common in rock surfaces and caves
(Sterflinger, 2000; Ritz and Young, 2004; Vanderwolf et al., 2013).

Fungi are chemo-organo-heterotrophic organisms, thus,
depending on organic matter to survive and sustain their
metabolism (Bindschedler et al., 2016). They obtain their carbon
source either from associations with living partners or from
available organic matter (Bindschedler et al, 2016). Fungi
acquire their nutrients by absorption, by, first, pre-digesting
their substrate using oxidative or hydrolytic enzymes secreted
in the external environment, and then, transporting solubilized
nutrients inside their cells. Therefore, their metabolic activity
depends mainly on the available nutrients. Fungi also interact
with inorganic minerals and metals and are, thus, involved in the
biogeochemical cycling of compounds, such as Ca, Fe, K, and Mg
(Bindschedler et al., 2016).

In this regard, it is known that fungi also colonize rock
surfaces in arid environments, interacting with their mineral
substrate, therefore, influencing their physical and chemical
stability (Gorbushina, 2007; Parchert et al,, 2012). Fungi are
also known to be involved in both CaCOj3; bioweathering and
biomineralization (Verrecchia and Dumont, 1996; Sterflinger,
2000; Burford et al., 2006; Kolo et al., 2007; Hou et al., 2013).
Both bioweathering and biomineralization are strongly related
since the products released from the CaCOs dissolution can
further re-precipitate as CaCO3 depending on factors, such
as pH, temperature, carbonate alkalinity, and pCO, (Burford

et al., 2006). Carbonate alkalinity is mainly controlled by the
pH level, which in turn will define the carbonate species in
the solution, therefore, to precipitate CaCO3 two factors are
of crucial importance: the carbonate alkalinity and the calcium
concentration (Ca?t) (Castanier et al., 1999; Dupraz et al,
2009). Fungal activity can influence both of those factors.
Additionally, fungi can also influence those two factors through
organomineralization (biologically influenced mineralization),
as fungal cell walls can adsorb various cations, such as Ca?"
(Bindschedler et al,, 2016). Numerous past studies on fungi
organomineralization prove that this process might be more
important than previously thought (Dupraz and Visscher, 2005;
Dupraz et al., 2009; Bindschedler et al., 2014).

Consequently, there are various factors in relationship to
fungal communities influencing the stability of CaCOj;. In
addition, as fungi are provided by rigid and resistant filaments
consisting of elongated cells arranged one after another, they have
been observed to actively drill into mineral surfaces (Jongmans
et al., 1997; Van Schoéll et al.,, 2008; Moore et al., 2011), and
take advantage for the structural Spatio-temporal and nutritional
heterogeneities in the rock substrate.

In this article, we investigate the role of fungal communities
in forming the speleothems that occur in the caves associated
with the carbonates formed during the terminal Pleistocene
and early Holocene in the Uyuni Salar. For such a purpose,
we will conduct a multidisciplinary approach that linked
the area’s paleoclimatic evolution with microbial communities’
development. The fungal structures are directly involved in the
formation of the speleothem buildings but are also an active
agent in rock weathering and ion mobilization. Thus, wet climatic
conditions found in different episodes of the Pleistocene and
the Holocene in the region would have favored weathering and
mineralization. In this context, we explored how the climatic
activity drove the biogeochemical pathways ending in the
formation of the speleothems through the activity of the fungal
communities in the Uyuni and Coipasa basins.

ENVIRONMENTAL AND GEOLOGICAL
SETTINGS

Regional Settings

The Altiplano of Bolivia is a 200,000 km? internally drained
basin, located between the western and eastern of the Andes
Cordillera at an altitude of 4,000m (Figure 1A). The western
cordillera has a volcanic origin. Volcanoes, ignimbrites, and
lava flow generally overlie the Cenozoic formations by more
recent volcanic activity (Risacher and Fritz, 1991; Salisbury
et al.,, 2015). The eastern cordillera contains Paleozoic sediments
(shales and sandstones) and granitic plutons, which constitute
the Altiplano basement (Risacher and Fritz, 1991). This basement
is filled with continental sediments from the Cretaceous and
Cenozoic ages. During the Pleistocene, the central and southern
part of the Altiplano was persistently covered by large saline
lakes, characterized by alternating episodes of expansion and
desiccation, a phenomenon commonly explained by climatic
fluctuations in the region (Rouchy et al., 1996; Fornari et al.,
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FIGURE 2 | Pictures showing the outcrops of carbonate deposits of lacustrine and cave environments. (A) Lacustrine terrace of late Pleistocene carbonates (Rouchy
etal., 1996; Sylvestre et al., 1999) around the Chiquini cave. (B) Speleothem in Chiquini cave framed by long filaments (C,D) mineralized by Mg-rich carbonate. (E)
Image pointing the Galaxias cave ceiling (ce) of volcanic composition that is covered by biohermal carbonates (bc), which are encased by long and thick mineralized
filaments (fe) building the cave speleothems. In such material succession, the biohermal carbonates (bc) formed inside the cave by Kkarstic processes are older than
the biohermal structures (bc), which formed when the cave was fully flooded. The picture showing the Galaxias cave ceiling in E is a courtesy of Geoffrey SG.
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2001). The depth and extent of these large paleolakes varied
greatly depending on variations in the rainfall/evaporation rates
(Hastenrath and Kutzbach, 1985; Servant et al., 1995; Sylvestre
et al., 1995). Well-preserved outcrops are recorded from the
last two of these lacustrine phases, the Minchin (30,000
20,000 yrs) and Tauca (>16,000-14,000 yrs) episodes (Sylvestre
et al., 1999; Fornari et al., 2001). A development of carbonate
accumulations took place during successive lacustrine highlands,
discontinuously covering the terraces and slopes of the paleolake
(Rouchy et al., 1996; Placzek et al., 2006). During lowstands, the
level of the lake dropped, leaving behind salt deposits in the
deepest part of the basin, which corresponds to the current Salar
de Uyuni (Rouchy et al., 1996; Sylvestre et al., 1999; Fornari et al.,
2001).

Geological and Geobiological Settings of

Caves

The basement of the Uyuni and Coipasa basins is formed
by a large synclinal structure (Corque syncline) composed of
thick (>10km) synorogenic deposits of Eocene to Oligocene
age (Mcquarrie, 2002). The basins are limited by younger
volcanic edifices and lava flows (Figure 1B) dating back to
the late Cenozoic and the Early Quaternary (Tibaldi et al.,
2009; Salisbury et al., 2015). Such materials were subsequently
reworked by fluvioglacial activity that has been recorded as
moraines, which are found covering the Tunupa hillsides above
4,100 msl (Clapperton et al., 1997). During the Pleistocene, the
synclinal structure was flooded by different water bodies, which
formed through different humid episodes (Sylvestre et al., 1999;
Argollo and Mourguiart, 2000). The water level was high enough
to join the Uyuni and Coipasa Salars in the gigantic paleolake,
known as Tauca, dating back to 120 ky (Martin Léo et al., 2018).
The paleolake reached a maximum level of ~ 3,760 msl at 40 and
16 ky in the area of study (Figures 1B,C) during the Minchin
and Tauca phases (Sylvestre et al., 1999; Chepstow-Lusty et al.,
2005), respectively. The highstand paleolake episodes in the area
hosted the formation of carbonate deposits, which mineralized
very diverse structures of biological origin (Rouchy et al., 1996;
Blard et al., 2011).

In the Uyuni Salar, caves are found associated with volcanic
materials (Figures 1A-C). There is little scientific information
about the cave’s origin in the area. Thus, the information
comes from the inspection of caves done in the Chiquini and
Coquesa locations (Figures 1B,C) suggesting that are emplaced
in volcanic materials. The Coquesa cave formed in breccias and
conglomerates of the Tunupa volcano, which shelter several
mummies of the Chullpa people. This cave shows no evidence
of karstic structures as occurs at ~4,000m well above the
different highstand episodes inundating the Uyuni and Coipasa
basins (Sylvestre et al,, 1999). On the contrary, the Chiquini
cave, occurring at ~3,680m, is found below the carbonate
unit (Figures 1C, 2A), formed during the Tauca phase in the
terminal Pleistocene (Sylvestre et al., 1999). In this case, the
cave is filled with abundant speleothems framed by long buckles
of hanging filamentous structures from the cave ceiling to
the floor (Figures 2B-D). Chiquini cave measures up to 5m

high and more than 10-m width. The speleothems are, in the
majority of cases, of high magnitude, as they can be up to 4-
m high. Some of them reach the cave floor and seem to be
associated with stalagmites. We believe the speleothem formation
is associated with a humid episode that incremented the lake
dimensions, suggesting that the speleothems were formed by
water circulation.

Interestingly, the same structures are found in the Gruta de
las Galaxias (Cavern of the Galaxies). Such a cave occurs 4 km
west of the Aguaquisa village at ~3,670 m (Figure 2E) flanked
by alignments of Miocene volcanic edifices (Tibaldi et al., 2009),
like Caltama and Qaral. The Cavern of the Galaxies also occurs
below the carbonatic deposits of the Tauca phase. It hosts the
same structures framed by networks of long filaments, which
grow from a volcanic ceiling covered by carbonates showing
a different fabric (Figure 2E). Such a fabric consists of short-
branched stems that are also found in the thrombolytic structures
of the Tauca lacustrine carbonates (Rouchy et al.,, 1996; Blard
et al., 2011). The presence of two different carbonate materials
in the interior of the caves suggests that they were formed
under different environmental conditions. While the speleothem
carbonates formed in a karstic system, the ceiling’s thrombolytic
carbonates were likely formed when the cave was completely
flooded during a highstand episode in the area (Sylvestre et al.,
1999).

METHODS
Sample Collection

A geological survey was performed to inspect the lacustrine
carbonate terraces and caves in the Uyuni Salar (Figures 1C,
2A-D, Supplementary Figures 1, 2, Supplementary Table 1).
We mostly looked for the different carbonate structures to
distinguish the biospeleothems from the lacustrine materials
in the interior of caves. Samples 134-1, 134-2, and 134-4
were collected from two different speleothems in the Chiquini
cave to characterize the speleothem’s geobiological content
through the microstructure and elemental composition under
the Scanning Electron Microscope and Electron Dispersive
Spectroscopy (SEM-EDS). In addition, lipid analyses were
conducted to determine the speleothem biological origin
(Supplementary Table 2). Some additional samples like 129,
from the lacustrine carbonates, and 134-3, obtained in the
outcrops occurring at the cave entrance, were also collected to
compare their structure, elemental, and molecular composition
with the speleothem carbonates. It was done to recognize
differences in the biological communities as the lacustrine
carbonates formed under quite different environmental
conditions than the speleothems, which should be accordingly
observed in the molecular record of organic compounds and
biomolecules. Samples were carefully collected using nitrile
gloves, covered by aluminum foil, and introduced into a
sterilized sampling bag to prevent contamination.

Mineral Identification by X-Ray Diffraction
The mineral identification of the carbonate samples 129, 134-1,
134-2, and 134-3 (Supplementary Table 1) was done through
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the X-ray diffraction technique. For such a purpose, a fragment
of the speleothem sample was powdered using an agate mortar.
The mineral characterization was done by a Seifert 3003 T-
T X-ray diffractometer (copper radiation source) scanning 26°
diffraction angles from 0 to 70°. For mineral identification, we
performed a semi-quantitative analysis using the RIR (Reference
Intensity Ratio) method from the I/Ic data (intensity ratio of the
highest intensity peak of the phase, compared to the most intense
corundum peak). This value is tabulated for many of the phases in
the database that we have. When the identified phase has no value
for I/Ic, the value of 1 is automatically assigned. The calculation
of the semi-quantitative analysis assumes that all the phases are
identified, so that the software assumes that the sum is 100%
(X¢i = 100%). The mineral identification was performed using
the Diffract.Ev, a program under the PDF2 mineral database.

Scanning Electron Microscope and

Electron Dispersive Spectroscopy

Microscopic and chemical evaluation of the Uyuni samples was
performed by three types of Scanning Electron Microscopes,
including: (1) a JEOL-5600, coupled to an Oxford INCA X-
sight EDAX Energy Dispersive X-ray Microanalysis, (2) a JEOL
IT500 coupled with an Oxford MAX170 microanalysis, and (3)
a Scanning Electron Microscopy-Field Emission Gun (SEM-
FEG) Philips XL30-FEG. SEM measurements and chemical
analyses (EDS) were performed on uncoated and gold-coated
sample pieces using a ZEISS EVO 10 (Carl Zeiss, Oberkochen,
Germany). Before analysis, the sample was repeatedly cleaned
with a rubber air dust blower to eliminate impurities. Electrically
conductive carbon tabs and double sticks were pressed to
conductive graphite stubs and were gold-coated using a Quorum,
Q150T-S device to enhance electrical conductivity and prevent
charging under electron beams. Various stubs with sample pieces
were then placed inside the SEM chamber in high vacuum
mode to analyze the sample microstructure with a secondary
electron detector. The Philips XL30-FEG was used to perform
SEM-EDS analysis to follow the microstructure and composition
variation of samples showing a diverse structure like the 134-3,
which is a heterogeneous material displaying a varying structure.
Analytical conditions were variable set at 0.2mA current and
15 kV accelerating voltage for the uncoated samples, while
conditions for the gold-coated samples were 50 pA and 10 kV.

Transmission Electron Microscope

The TEM was used to reveal the internal microstructure of
sample 134-1 corresponding with a speleothem fragment with
laminated microstructure. For such a purpose, the sample
was consolidated and fixed in 4% paraformaldehyde and 2%
glutaraldehyde in 0.1-M phosphate buffer (pH 7.2) for 2h at
room temperature. The fixed samples were subsequently washed
three times by the phosphate buffer and post-fixed with 1% of
0sO4 in water for 60 min at room temperature in the dark.
Later, they were washed three times by distillate water, and
subsequently incubated with 2% aqueous uranyl acetate for 1 h at
room temperature, washed again, and dehydrated in increasing
concentrations of ethanol 30, 50, and 70% at 20min each,
90% 2 x 20min, and 100% 2 x 30min at room temperature.
Dehydration was terminated with a mixture of ethanol/propylene

oxide (1:1) for 10 min and pure propylene oxide for 3 x 10 min.
Infiltration of the resin was accomplished with propylene oxide/
Epon (1:1) for 45 min and pure LR White resin (London Resin
Company limited, England), overnight at room temperature.
Polymerization of infiltrated samples was done at 60°C for 2 days.
Ultrathin sections of the samples were done using an Ultracut
of Leica that was stained with uranyl acetate and lead citrate by
standard procedures.

Extraction and Analysis of Lipid

Biomarkers

We performed the analysis of the total lipid extract (TLE) to
identify the main biological groups that have been involved
in the carbonate formation in the lacustrine and cave
paleoenvironments. Lipids of four lyophilized and ground
subsamples (50-80 g) of the Uyuni speleothems were extracted
with ultrasound sonication (3 x 15min) using 15ml of a
3:1 (v/v) mixture of dichloromethane (DCM) and methanol
(MeOH) to obtain ca. with 45 ml of TLE. Before the extraction,
tetracosane-Dsg, myristic acid-D,7, and 2-hexadecanol were
added as internal standards.

The concentrated and desulfurized TLE (Sdnchez-Garcia
et al., 2018) was hydrolyzed overnight with KOH (6% MeOH)
at room temperature (Grimalt et al, 1992). Then, liquid-
liquid extraction with n-hexane (3 x 30ml) was performed
to recover the neutral fraction first and the acid compounds
afterward, after acidification with HCI (37%) (Sdnchez-Garcia
et al, 2020). Further separation of the neutral fraction into
non-polar (hydrocarbons) and polar (alkanols and sterols) was
done according to a method described elsewhere (Carrizo
et al., 2019). The acidic fraction was transesterified with BF3
in MeOH to produce fatty acid methyl esters (FAME), and the
polar fraction was derivatized with N,O -bis [tri- methylsilyl]
trifluoroacetamide (BSTFA) to analyze the resulting trimethyl
silylated alcohols (Sanchez-Garcia et al., 2020).

All fractions were analyzed by gas chromatography-mass
spectrometry (GC-MS) using a 6850 GC System coupled to
a 5975C VL MSD Triple-Axis detector (Agilent Technologies,
Santa Clara, CA, USA), which operated with electron ionization
at 70eV and scanning from m/z 50 to 650 (analytical details
can be found in Sanchez-Garcia et al, 2020). Compound
identification was based on retention time and mass spectra
comparison with reference materials and the NIST mass spectral
database. Quantification was performed with the use of external
calibration curves of n-alkanes (C19-Cy0), FAME (Cg-Cs4), and
n-alkanols (Cy4, Cy 8, and Cy,), all supplied by Sigma-Aldrich
(Madrid, Spain). A procedural blank doped with the three
internal standards were analyzed in parallel to the samples, to
check for contamination and estimate the method recovery (74
+ 16%). No significant contamination of target analytes was
recorded. Lipid concentration was measured as micrograms per
gram of dry weight sample (jug-gdw ™).

RESULTS

Cave Inspection
In July 2019, we visited and sampled the Chiquini and
Coquesa caves that are emplaced in the volcanic deposits
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of the Pliocene age (Tibaldi et al, 2009) produced by the
activity of the Tunupa volcano (Figure 1A). As discussed above,
the Coquesa cave occurs at ~4,000 msl showed no evidence
of any speleothem material but was formed by brecciated
deposits of volcanic composition. On the other hand, the
Chiquini cave (Figures 1A-C) emplaced at ~3,670 msl under a
lacustrine carbonate terrace (Figure 1A) is occupied by a dense
population of speleothems that are framed by large filaments
(Figures 2B-D). The cave ceiling is covered by two different
carbonate deposits (Figure 2E), which are distinguished by their
distinctive fabrics. The first unit consists of carbonatic deposits
with millimeter- to centimeter-long short-branched structures,
which occur at the cave ceiling following a patchy distribution.
They are encrusted and covered by the speleothems buildings that
grow from the ceiling to the floor cave. They are composed of
networks of long-branched filaments (>10 cm), whose filament
density decreases, but their length increases from the ceiling
to the cave bottom (Figures 1B, 2E). As the building growth
is controlled by the development of filamentous networks
(Figures 2B-D), they usually have a flat morphology, whose size
is limited by the ceiling height and the fungal network growth.
As a result, they form flattened speleothems with an internal
complex structure merging different corrugated and undulate
surfaces (Figures 2A-D). The same distribution of carbonate
materials is also observed in the Galaxias cave (Cueva de las
Galaxias) found NW of the Colcha location at an altitude of
3,665 msl (Figures 1A, 2E). In turn, the Galaxias cavern is more
densely populated by filamentous buildings than the Chiquini
cave, which show a larger volume and a more complex structure
formed by corrugated laminae. Interestingly, the Chiquini and
Galaxias caves do not host any hydrological activity associated
with the speleothem formation, which agrees with the current
arid climate.

Mineral Identification

The XRD analysis of different samples collected in the lacustrine
carbonate deposits and the Chiquini cave has resulted in
identifying different calcite type minerals characterized by the
magnesium  concentration  (Supplementary Figures 4A-C,
Supplementary Table 1). In this regard, the XRD analysis
from the lacustrine carbonates with columnar fabrics
in Coipasa (sample 129) results in low magnesium
calcite (LMC), which diffraction diagram matches a
composition of Mgpo3Capg9yCO3 in the PDF2 database
(Supplementary Figure 3A). Samples 134-1 and 134-2,
corresponding with the speleothem laminated carbonates
(Supplementary Figure 3B,  Supplementary Table 1), have
provided a mineral composition that also fits well in an LMC
crystal structure (Mgp 06Cag94CO3). Furthermore, the XRD
analysis shows that the carbonatic tuff (sample 134-3) is mostly
composed of high magnesium calcite (HMC) (Mg.1 Cag9CO3),
which comes together with a secondary carbonate identified as
kutnahorite [Ca;.1;Mng g9(CO3);] (Supplementary Figure 3C).

SEM-EDS Analysis
The SEM-EDS analysis of samples 134-1 and 134-4
(Supplementary Table 1) has revealed the occurrence of

three different mineral microstructures in the speleothem.
They correspond with thin external sheets formed by
needle-like crystal palisades (Figures 3A-D, 4A), laminas
with a non-crystalline massive microstructure containing
discontinuous layers (Figures 4A,B), and spongy globules, whose
microstructure is built by nanoscale spicules (Figures 3-6).

The external sheet palisades have a thickness of around 2
microns and are composed of 10-micron long and 5-micron
thick crystal prisms forming fans, wherein its apex follows
an orientation inward of the main structure (Figures 3A-C).
The crystal needles can combine to build larger needle-like
rays to form star-shaped microstructures (Figures 3C,D). The
calcite crystals do not show evidence of secondary mineral
alteration, such as recrystallization and corrosion. The sheet
composed of needle palisades covers a thicker lamina that
has no morphological features, but a massive appearance
(Figures 4A,B). It is affected by microporosity filled by other
mineral components, like ovoid, to undulated laminas built by
a spicular mesh and aggregates of micron-sized and ovoid-
to rod-like units (Figures 4C,D, 5A,B). In this regard, the
SEM-EDS microanalysis has revealed that the external sheet
built with needle palisades and the internal massive lamina
is primarily composed of C, O, Ca, and, to a minor extent,
Mg (Figures 6A,B). In turn, the spongy undulated to ovoidal
microstructures displays a high concentration of Mn and O, while
the rod aggregates are mainly composed of Si and O, with minor
amounts of Mn (Figures 6C,D).

We have also observed several sack-shaped oval
microstructures averaging ~50 microns in size (Figures 7A-G),
which, in some cases, have a dentate operculum with circular
morphology (Figure 7A). Although most specimens show
a partial collapse of the entire structure (Figures7A,C,D),
the complete individuals have a rounded section. The
microstructures are built by the amalgamation of circular
to elliptical tiny platelets sizing between 1 and 5mm, which
show a composition rich in Si, O, and Mg (Figures 7C,D).
In some cases, the platelets are covered by a thin layer of ~2
microns devoid of any evidence of internal fabric and texture
(Figures 7E,F). Interestingly, oval microstructures are found
embedded inside the crystalline matrix, in which elongation axes
are parallel to the needles forming fan bundles (Figure 7G).

Additionally, the SEM analysis of the speleothem sample
revealed the presence of shells sizing up to 100 pwm, with elliptical
to round morphology, which showed internal transverse stripes
with a varying length of 5 to 20 microns (Figures 8A-D). The
EDS microanalysis of such microbial structures shows that it
has a high concentration of silicon, oxygen, and magnesium
(Figure 8D). The silica-bearing thecae show a very diverse
distribution in the mineral substrate as they are found in mineral
surfaces, pore spaces, narrow fissures, and cracks on the calcite
crystals (Figures 8A-D).

Detailed observations of the sample 134-4 also show several
types of filaments with morphologies were observed, which can
be grouped into two basic categories: thick (>10 microns),
straight to sinuous, and long filaments (Figures 9A-F), and thin
(<1 micron), curved, and tiny filaments form unregular networks
of entangled threads (Figures 9A-D). The larger and thicker
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needles. (D) Coalescence of two external sheets with a needle-like microstructure.

FIGURE 3 | Scanning Electron Microscope (SEM) of Mg-calcite crystals occurring at the outer sheet in the speleothem sample 134—4. (A) Fan-like intergrowth of
Mg-calcite needles. (B) Detail of pristine primary mineralogy of calcite with needle-like crystals. (C) Star-shaped microstructures from the aggregation of calcite

filaments are found well-spread in the cave sample, where they
appear partially embedded or covered by the mineral matrix
(Figures 9A,B). The more prominent filaments vary in size and
width and can be easily seen with the naked eye (Figure 9A). The
sinuous and curved filaments form intricated networks inside the
mineral substrate (Figure 9B). Some filaments have cylindrical
to conical morphologies ending in an apical area attached
to the mineral surface (Figures 9D,E). Such filaments have a
distinctive surface pattern, showing longitudinal and subparallel
or reticular texture (Figures 9D,E). While the filaments display
diverse morphologies, their chemical composition is relatively
invariable, showing a high content in C and Si (Figure 9E).
The delicate and tiny filaments (Figures 10A-D) occur as 10
micron-sized dense clusters of entangled threads, which spread
irregularly over the mineral substrate or different elements of
microbial origin. The EDS microanalysis shows that the thread

networks are mainly composed of C and Si in the same way as
the large filaments.

The SEM analysis for sample 134-3, associated with the
carbonate outcrops of the Chiquini cave entrance, exposed a
quite different record of microstructures. As described before,
134-3 show two distinctive fabrics: a tuff-like and a thrombolitic
structure (Figures 11A-G, Supplementary Figures 2A-C). The
SEM imaging of the tuff level unveils the abundance of
mineralized filaments (Figures 11A-C) with a branching growth,
while the thrombolytic area shows a high population of
micron-sized and rod-like microstructures (Figures 11D,E).
Interestingly, the rod-like microelements are also found on the
surface of >10-micron thick mineralized filaments (Figure 11F)
in the 134-3 tuff fabric. The thrombolite fabric follows
another internal arrangement in form of clumps of rod-like
microstructures associated with void filaments (Figure 11G).
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FIGURE 4 | SEM images of samples 134—1 show the massive inner lamina (A) occurring beneath the 10-micron thick needle-bearing sheet. It has microporosity filled
by different mineral microstructures as ovoidal to laminar elements (B,C) that are formed by (D) a spicule-like mesh; and, additionally, by (E) aggregates of
micron-sized ovoid- to rod-like units. The white square in (B) marks the presence of microborings having a diameter lower than 5 microns. The SEM image in

(A) suggests that the massive microstructure of the inner lamina results from the tight packing of the same needle crystals found in the external sheet.
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FIGURE 5 | Transmission Electron Microscope (TEM) image from sample 134-1 (A) showing the internal structure of the spicule-meshed elements displaying sheet to
ovoidal morphologies that are internally voided. (B) Detail of an ovoidal element enrooted in a laminar mesh of spicule-like crystals.
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FIGURE 6 | Scanning Electron Microscope and Electron Dispersive Spectroscopy (SEM-EDS) microanalysis of different components found in samples 134-1.

(A) Chemical composition of the external needle-bearing sheet showing C, O, Ca, and Mg as major elements. (B) Microanalysis from the internal layer with the same
chemical composition as in the external sheet shown in (A). (C) Chemical analysis from an ovoidal element with spicular mesh exhibiting a primary composition of O,
Mn, and Fe (spectrum 3 in red), which is very different of the composition of the internal layer (spectrum 4 in yellow) dominated by C, O, Ca, and Mg. (D) Microanalysis
of the silica-rich aggregates of micron-sized components revealing a high concentration in Si, O, and Mn.
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and compositional features.

FIGURE 7 | SEM micrographs showing oval-shaped microstructures showing (A-G) different preservation stages in samples 134-4. The morphological and
compositional features of the specimens suggest that they correspond with the remains of silica-biomineralized testate protozoa. (A) Specimen with a dentate
operculum. (B) Well-preserved specimen revealing the test as the coalescence of different platelets known as idiosomes. SEM-EDS analyses of different specimens
(C,D) show that the specimen test is composed mainly of Si, C, and O with minor amounts of Mg and Fe, where the Ca likely comes from the mineral matrix. Most of
the specimens show varying disintegration degrees of the test (E,F) through the degradation of the organic cement releasing idiosomes and ending in the test
collapse. Some elements embedded in the mineral matrix (G) could correspond with testate amoeba boring the mineral matrix, as they show similar morphological

Lipid Analysis

The analysis of the three lipidic fractions (non-polar, acidic,
and polar) extracted from the samples collected in the cave
and lacustrine deposits revealed the presence of diverse lipid
families, including normal (i.e., straight and saturated), branched
(i.e., with methyl groups), and unsaturated (i.e., with double

bonds) chains (Supplementary Table 2). The non-polar fraction
was mostly composed of n-alkanes from 12 to 36 carbons that
showed a molecular distribution with a general maximum at
C17 except for the sample 134-2 (max. at C;g), and secondary
peaks at Cy5 (samples 134-1, 134-2, and 134-3) or Cyy (sample
129) (see Figure 12). Sample 134-1, which is a finely laminated
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FIGURE 8 | SEM micrographs showing diatom frustules of sample 134-4 collected from a speleothem. (A) Two specimens of pennate diatoms located on the
surface of the external sheet. (B) Detail of one of the pennate diatoms found in (A) showing a simple asymmetric valve. (C) Frustule fragment of diatom showing a
more symmetric morphology included in the internal lamina of the speleothem sample. (D) Chemical microanalysis of a diatom frustule characterized by high
Si-content together with O, while C, Mg, and Ca is received from the mineral matrix analysis.

fragment from a speleothem, showed the largest concentration of
n-alkanes and a similar molecular profile to that of sample 134-
3 (Figures 12B,C). Other compounds detected in the non-polar
fraction were the isoprenoids pristane, phytane, and squalene,
which were particularly abundant in sample 134-1 (Figure 13A,
Supplementary Table 2).

The acidic fraction contained n-fatty acids ranging
from 10 to 26 carbons (Figure13B) in concentrations
1-2 orders of magnitude higher than the n-alkanes
(Supplementary Figure 4A). They were particularly abundant
in samples 134-1 and 134-2, where n-Cjg.9 and n-Cig.¢ were
prevailing among the generally predominant even short chains
(i.e., >20 carbons). In sample 129, only the n-fatty acids Ci4: 0,
Ci6:0, and Cjg.9 were detected. Other compounds found in
the acidic fraction were monounsaturated fatty acids of 16 and
18 carbons [Cig:1(w7)> Cis:1(ws) Cis:1(ws)> and Cig:1wo)l
branched fatty acids of iso/anteiso (i/a) configurations (methyl
groups at ultimate or penultimate positions, respectively) from 12

to 17 carbons (aCyy, iCy4, i/aCys, iCye, and iCy7), the 10-methyl
hexadecanoic acid (10Me-Ci . ¢), and a few ketones (Figure 13B,
Supplementary Figures 4B,C, Supplementary Table 2).
Interestingly, only n-fatty acids were found in sample 129,
whereas the branched fatty acids were only present in samples
134-1 and 134-2 (Supplementary Figure 4B).

The polar fraction was primarily composed of n-alkanols
(Figure 13C) with chains from 12 to 24 carbons of even-
over-odd preference. In contrast to the n-alkanes and n-
fatty acids, the n-alkanols series show maximum peaks at
compounds of larger chains (Cy; and Cy4) in all samples
but 129, whose content of n-alkanol was generally low.
Other compounds found in the polar fraction were sterols
like stigmastanol, coprostanol, and cholesterol, and various
derivatives (cholestenone or cholestanol) were also found
in the polar fraction (Figure 13D, Supplementary Table 2).
Most sterols occurred in samples 134-1 and 134-2, or those
with fragments of finely laminated structure (Figure 13D,
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mineral matrix.

FIGURE 9 | SEM view of thick filaments (10 > microns) in samples 134-4. (A) 500-micron long filament, partially mineralized. (B) Network of large filaments with
varying directions embedded in the mineral substrate. (C) Thirty-micron thick filamentous structure showing an apical area attached to the mineral substrate. (D,E)
Thick filament also with an apical end bond to the mineral surface, which shows € a wall texture consisting of longitudinal and subparallel lines. (F) ~5-micron thick
straight filament with (G) reticulate texture. (H) SEM-EDS analysis of a straight filament revealing a high C and Si content with smaller amounts of S suggesting organic
composition exposed to silicification. (I) Chemical microanalysis of a thick filament, characterized by high C, O and Si content, while Mg and Ca are received from the

Supplementary Figures 1B,C, Supplementary Table 1). Finally,
a series of alkenones from C;g to Cy; were also found only in
sample 134-3, the carbonatic tuft (Figure 13D).

Several lipid ratios were calculated (Figure 13E,
Supplementary Figure 4D) to trace back biosources and
environmental conditions. The average chain length (ACL)

of n-alkanes informs about the dominance of prokaryotic
(<20) or eukaryotic (>20) sources (van Dongen et al., 2008),
and here, it was found to range from 14 (134-3) to 18 (134-
2) (Figure 13E). The carbon preference index (CPI) of the
n-alkane is a proxy for the extent of biomass degradation,
where living plants commonly have values of >5 (Rielley
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FIGURE 10 | Different images displaying unregular networks of entangled threads interpreted as extracellular polymeric substances (EPS) produced by microbial
biofims. (A) EPS embedding one testate amoeba, where red squares are tracing mineral sites with strong corrosion likely of microbial origin. (B) EPS densely covering
the mineral surface associated with a large filament with reticulated texture. (C,D) SEM-EDS analysis of two different sites with EPS revealing a composition
dominated by C, Si, and S. Other elements like Ca, Mg, Fe, Al, and Ba are likely sourced on the mineral matrix.
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A

1,4,5 areas: Carbonate tuff
2,3,6 areas: Thrombolite

FIGURE 11 | Microscope images of samples 134-3 obtained using the SEM Philips XL30 powered with a Field Emission Gun scanning large samples up to 8cm.
(A) Mosaic of pictures captured from the SEM visible camera showing the different scanned areas. The sample reveals two main different sedimentary fabrics, including
(Continued)
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FIGURE 11 | a tuff-like carbonatic material with large filamentous elements (scanned areas 1, 4, and 5) and microbially built deposits (scanned areas 2, 3, and 6).
SEM images in areas 1 and 5 (B,C) likely displaying mineralized branching hyphae bearing sporangia. (D) Scanning image in area 3 revealing 2-micron size rod-like
microstructures® corresponding with mineralized bacteria. (F) Large filaments associated with rod-like bacteria (yellow arrows) mineralized by Mg-calcite. (E) Image
on area 6 showing clumps of rod-like microstructures (white squares) associated with void filamentous elements (white arrows) suggesting mineralization of cell wall
followed by organic degradation. However, the captures a low intensity from the secondary electron signal that agrees with a composition dominated by carbon. (G)
The thrombolite fabric follows another internal arrangement in form of clumps of rod-like microstructures associated with void filaments.

et al, 1991) and approaching 1 with increasing maturity. In
the Uyuni samples, all values were higher than 1, especially in
samples 134-3 (Figure 13E), which denotes an odd-over-even
predominance of long-chain terrestrial compounds (Hedges and
Prahl, 1993). The P,q ratio traces the input of vegetal material
from submerged/floating aquatic macrophytes vs. those of
emergent and land plants (Ficken et al., 2000), and here, it was
found to be between 0.44 (sample 129) and 0.61 (134-2 and
134-3). The terrigenous-over-aquatic ratio [defined as TAR
= (Cy7 4+ Cy9 +C31)/(C17+ Ci9 + Cy1); Bourbonniere and
Meyers, 1996] was higher than one in all samples but 134-1
(Figure 13E). The ratio of pristane over phytane (Pr/Ph), two
compounds largely derived from chlorophyll-a (Didyk et al.,
1978), is commonly used to discriminate between oxic (>1) or
anoxic (<1) conditions in a deposition environment (Peters
et al., 2005), and here, it was observed to be higher than one in
samples 134-1 and 134-3, and lower than one in samples 129
and 134-2 (Supplementary Figure 4D).

DISCUSSION

The structure and distribution of the speleothems that are
framed with large filamentous structures are consistent with
their formation during a wet and alteration episode that
affected the lacustrine carbonates topping the volcanic deposits.
As observed in-situ (Figures 2B,E), the cave ceilings are
composed of volcanic deposits that are covered by a first
carbonate unit showing a short-branched fabric found in the
lacustrine thrombolitic carbonates of Pleistocene (Figures 2B,E,
Supplementary Figures; Rouchy et al, 1996; Placzek et al,
2006). As it has been observed, such unit is followed by other
two with distinctive filamentous structures that correspond to
dense hyphae networks that have been mineralized by Mg-
calcite as identified through XRD (Supplementary Figure 3B).
The sequence of those carbonate units agrees with: (1) the
flooding of a pre-existent cave emplaced in the volcanic host
rock by a highstand lacustrine episode, followed by (2) a low-
standing pulse, which finally (3) ended with the speleothem
formation by a novel wet lacustrine episode not high enough
for flooding the cave (Figures 14A-D). It resulted from the
evolution of the Salar de Uyuni during the late Pliocene to the
early Holocene. First, the saline basin experienced a highstand
(>3,700 mls) episode in the Tauca event (>12 ky). Then, it was
followed by a dramatic drop in the lake level during an arid
phase in the Ticafia event (>10 ky) and ended by the Coipasa wet
episode (10-8 ky). Interestingly, the cave has recorded carbonatic
materials that formed under quite different paleoenvironmental
conditions. During the Tauca highstand, the cave flooding
sustained a cryptic habitat where likely the sunlight was a

limiting factor for the photosynthetic microbial communities
that might change to heterotrophic and/or chemosynthetic in
the deeper areas of the caves. The environmental conditions
changed drastically when the Coipasa episode took place, which
favored the emplacement of a karst system through an active
hydrological cycle.

The sedimentary context, fabric, and structure of the different
samples are consistent with the paleoenvironmental conditions
where they were formed (Supplementary Figures1, 2,
Supplementary Table 1). The columnar fabric found in
sample 129 collected from lacustrine carbonates of the Coipasa
area  (Supplementary Figure 1A,  Supplementary Table 1)
suggests that is the result of the microbial clot accretion resulting
in the generation of a columnar thrombolite fabric in a lake
with brackish to saline waters (Rouchy et al, 1996; Placzek
et al., 2006). In turn, the laminar and leafy internal structures
observed in samples 134-1, 134-2, and 134-3 concur with the
precipitation of Mg- calcite (Supplementary Figures 3B,C,
Supplementary Table 1) by different microbial and non-
biological pathways, where fungi played an essential role in
the ion mobilization and the speleothem formation. The XRD
analysis suggests that the mineral precipitated occurred under
varying saline solutions (Risacher and Fritz, 1991) leading to
the production of Mg-calcite. Furthermore, the occurrence
of kutnahorite Cajj(Mn?*, Fe’*, Mg)oo(CO3), in samples
134-3 (Supplementary Figure 3C) concur with the carbonate
precipitation under microbial reduction of iron and manganese
in the ancient lacustrine and ground solutions enriched with
carbonate and magnesium (Rincon-Tomads et al., 2016).

The SEM-EDAX analysis of the different samples
has provided additional information about the forming
paleoenvironmental conditions through their geochemical and
biological composition. The SEM-EDS analysis of samples
134-1, 134-2, and 134-4 corresponding to the speleothems show
that the mineral matrix has a fibrous radial habit (Figures 3,
4A), which is composed of Ca, C and O, and secondary Mg
(Figure 6A). It greatly agrees with the occurrence of the Mg-
calcite composition identified by XRD. Furthermore, the mineral
matrix comes together with other elements like Fe, Cu, Mn, and
Si (Figures 6C,D) suggesting that they are sourced from the
degradation of the volcanic host rock that is the Uyuni basin
basement (Tibaldi et al., 2009; Salisbury et al., 2015). Such a set
of elements are abundant in very distinctive microstructures
like the spongy ovoids and undulate laminas bearing Mn,
and the aggregates of rod-like units that are mineralized by
Si (Figures 4B-D, 5A,B). The Mn-enriched microstructures
suggest that kutnahorite and Mn oxides locally formed through
microbial reduction of Mn and Fe in the speleothems (Rincon-
Tomas et al., 2016), while the silica-rich aggregates of rod-like
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FIGURE 12 | Bar diagrams plotting the C12-Cgs n-alkane distribution in samples (A) 129, (B) 134—1 and 134-2, and (C) 134-3. In general, the diagram profiles reveal
two different sources for n-alkanes. A dominance of microbial remnants (<Cxp) with the major peaks indicating potential relevance of cyanobacteria (C1s and mostly
C+17) among other microorganisms represented by n-alkanes C1s and C1g; and a second group of relative high peaks in Coz and Cys suggest a source in macrophytes
and/or mosses, as well as higher plants (Co7, Cag, and Cz1). Sample 134-1 (B) has the largest concentration of n-alkanes suggesting a higher microbial activity.
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FIGURE 13 | Bar diagrams revealing the occurrence and distribution of different lipids. (A) Concentration of some lipids extracted in the apolar fraction like
trimethyl-tridecane, methyl-pentadecane, pristane, phytane, squalene, eicosene (Cyg. 1), docosene (Caz . 1), tricosene (Cogz: 1), and tetracosene (Cps . 1). (B) Distribution
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FIGURE 13 | of n-fatty acids from C12.¢ to Cos .o revealing a similar distribution in all samples suggesting the predominance of microbial sources in all samples
(<Cop:0, mostly C1g.0 and Cqg. o) but 134-3, where the eukaryotic source (Cos . o) seems to be relatively higher; interestingly, sample 129 has only recorded microbial
sources (C14:0, C16:0, and Cqg. o). (C) Distribution of C12-Co4 alkanols in the four samples, where a dominance of mid-molecular weight alkanols (Cop-Co4) was found
in all samples denoting a eukaryotic source like fungal, algal, or macrophyta, but sample 129 with a stronger microbial signal. (D) Bar diagram displaying the
concentration of cholesterol, cholesterol derivatives (cholestenone and cholestanol), wax esters (lauryl stearate, myristyl stearate and cetyl stearate) (see
Supplementary Table 2) and C+5-C,7 alkenones in the four samples 129, 1341, 134-2, and 134-3. (E) Apolar compound ratios like the average chain length
(ACL), the carbon preference index (CPl), the terrigenous over aquatic ratio of hydrocarbons (TAR), and the P4y proxy for submerged/floating aquatic macrophyte
input vs. emergent and terrestrial plant estimated reveal the organic source in samples.

elements can result from the silicification of bacteria biofilm
(Toporski et al., 2002; Moore et al., 2020) by circulating solutions
within the speleothem.

The SEM-EDS technique has also identified small and
delicate tests, with an orderly distribution pattern and geometry
(Figures 7A-F). The tests have a flask-shaped form and on
one of the sides, there is an opening or hexagonal apertural
margin surrounded by indentations evenly distributed around
the aperture and containing several teeth (Figure7A). The
SEM-EDS analysis shows that they are built by the coalescence
of different units composed of silica (Figures 7C,D). Such a
microstructure test fits well with the testate amoeba carapace,
which is formed by platy units known as idiosomes with silica
composition (Lahr et al., 2015). Amoeba is unicellular organisms
that normally live protected by a test in both subaerial or
subterranean environments (Gonzilez Lopez et al, 2013). In
the subterranean environment, the tests are normally formed
by amorphous silica and agglutinated idiosomes that resemble
pollen grains contained inside the organism (Gonzédlez Lopez
etal., 2013).

The speleothems, formed by the precipitation of carbonates
coming from the rock dissolution due to chemical weathering,
should have created a suitable and organic-rich environment
for the testate amoebae to thrive. The testate amoebae were
found on the external surface of speleothems protected inside
small depressions or inside speleothem micropores (Figure 7G).
The tests appear mostly intact, although a few specimens
were found with the tests partially collapsed by flattening or
dismantled where the idiosomes are released (Figures 7A,C,D).
The specimens appear as isolated individuals and the great
homogeneity in the distribution of the testate amoebae indicates
that the microsystem inside the cave was very similar for
the time of their formation, as any changes in the humidity
levels, availability of silica, or any transport process would
undoubtedly affect the formation of the test and inhibiting the
occurrence of such protozoans. There is extensive literature
describing amoebae; however, they are normally referred to as
naked amoebae (without tests). The observations made in several
samples allowed us to elaborate on the origin of the testate
amoebae in the Uyuni caves, however, it is obvious that more
samples should be studied, both in the origin zones and in the
number of speleothems.

Furthermore, the siliceous thecae co-occurring with the
testate amoeba have the same morphological and compositional
features as diatom frustules (Figures 8A-D). They have also
been found in the ancient deposits of the Uyuni basin
(Servant-Vildary, 1978). The appearance of such remains in
the speleothem samples (134-1, 134-2, and 134-4) suggests

that diatoms were a biological component of the Uyuni
cave ecosystems. Interestingly, cave diatoms have been found
associated with different karstic structures, including the
speleothems (Kashima et al., 1987; Falasco et al., 2014), in the
same way as they have in the speleothems of the Uyuni caves
(Figures 6A-D). The distribution of the diatoms in the cave
should correspond to the cave topology, which is the main
constraint for the light availability in the cave interior (Falasco
et al.,, 2014). The diatom frustules show different morphology
and preservation degrees depending on the site where they
are found. While the specimens occurring in the external
sheet of the speleothem samples (e.g., 134-4) are intact and
have an asymmetric morphology (Figures 8A,B), those observed
in the internal lamina are symmetric and fragmented, have
traces of dissolution, and are partially filled and covered by
carbonatic material (Figures 8C,D, Supplementary Figure 5).
Interestingly, the morphology and preservation degree of the
diatom frustules in sample 134-4 from the carbonate tuff
(Supplementary Figure 5, Supplementary Table 1) shows the
same features (e.g., internal mineralization, dissolution traces) as
those found in the internal lamina of the samples collected from
the speleothems. Consequently, the microbial remains, including
the diatoms that are found on the surface of the external mineral
sheet (Figures 3A-D, 4A, 8A,B), are relatively younger than the
mineral matrix that contains them.

The observation through the SEM of straight to slightly
sinuous long (>1mm) filamentous structures of samples 134-4
(Figures 9A,B) shows that they are partially or fully mineralized
by Mg-calcite, suggesting that they have grown before or when
the mineral precipitated. In this regard, the macrofilaments
forming the speleothems show that their features are widely
recognized in typical fungi hyphae as thick filaments and a high
branching degree (Figures 2B-E, Supplementary Figure 2). As
these are completely mineralized by the Mg-calcite, it can be
inferred that the cave fungal community played an essential role
in the speleothem formation. On the contrary, the entangling
threads forming unregular networks (Figures 10A-D) resemble
the extracellular polymeric substances (EPS) of microbial
biofilms (Dohnalkova et al., 2011). The size and morphology of
the EPS threads are consistent with a bacterial source as it is
shown by Dohnalkova et al. (2011) and references therein.

Furthermore, the preservation degree and mineralization
of filaments and EPS are also variable. In sample 134-1,
they show a high content of organic carbon and incipient
mineralization by silica (Figures 91, 10C,D). In turn, sample
134-3 show high mineralization by carbonate (Figures 11A-E)
and, likely, silica (Figure 11G) with a varying concentration
in C. Such disparate preservation can be a consequence of
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FIGURE 14 | Sketch describing the stages leading to the formation of the carbonate structures in the cave interior consisting of thrombolite-like and speleothems
framed by fungal colonies. (A) Flooding of a cave initially emplaced in the volcanic deposits around Tunupa volcano. It was caused by a highstand episode reaching an
(Continued)
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the cave community was obliterated, and the speleothem formation ended.

FIGURE 14 | altitude of 3,770 m corresponding with the wet Tauca event (13-13 ky), promoting the precipitation of lacustrine and cave carbonates with thrombolitic
fabric mediated by microbes. (B) The lake level dramatically dropped during an aridic incursion (Ticana event) associated with an erosive fluvial activity. (C)
Subsequent wet episode (Coipasa event) leading to a highstand stage lower than the cave bottom greatly enhanced the weathering of the lacustrine carbonates and
other exhumated deposits. The hydrological activity triggered the forest expansion in the lake margins, augmented substrate weathering, incremented the ecosystem
productivity and the nutrient circulation from the surface to the cave interior. Such processes sustained the fungal community in the cave, which activity ended in the
speleothem formation. (D) A last aridic event in the Holocene collapsed the Uyuni hydrological activity that formed the modern saline basin. Under these conditions,

the different sample and microstructure ages; while in samples
134-1 and 134-4, the external sheet contains the elements
with a higher preservation degree (Figures 8A,B), which have
lower preservation and high mineralization in the internal
lamina (Figures 8C,D, Supplementary Figure 5). This is also
the case for the microbial remains in sample 134-3, where the
diatoms appear fragmented and with clear evidence of corrosion
(Supplementary Figure 6).

The molecular distribution of the n-alkane series revealed
that the dominance of microbial remnants (<Cyg) is likely
related to cyanobacteria (peaks at C;5 and mostly C;7) (Ladygina
et al., 2006), among other microorganisms [ubiquitous n-Cjg
and n-Cygl; (Grimalt and Albaigés, 1987; Figures 12A-C). The
prevailing microbial sources were reflected by homogeneously
low values of ACL in the four samples (14-18) (Figure 13E,
Supplementary Figure 4D). In particular, the signal of
cyanobacteria (as n-C;7) was prevailing in all samples but 134-2,
where other microorganisms (as #-Cyg) appeared relatively more
abundant (Figure 12B). Furthermore, the widespread presence
of 2-methylpentadecane (Figure 13A) supported the relevant
contribution of cyanobacteria in the samples (Brocks and
Summons, 2014). Still, there was also a presence of eukaryotic
signals related to diatoms and algae [possibly Cie. (w7 and
Cis:1(w9) fatty acids], mosses, and macrophytes (n-C3 and
n-Cys alkanes; Ficken et al., 2000; Pancost et al., 2002), and
higher plants (n-Cy7, n-Cyg, and n-Cs; alkanes; Eglinton and
Hamilton, 1967; Hedges and Prahl, 1993). As a result, three of
the four samples (129, 134-2, and 134-3) showed TAR values
slightly higher than 1 (Figure 13D), which revealed that the
proportion of aqueous biomass (algae and cyanobacteria), as
represented by the n-alkanes C;7, Cj9, and Cy;, was lower than
that derived from higher plants (as the sum of C,7, Cy9, and Cs;),
except for the sample 134-1 (i.e., TAR = 0.8).

Still, sample 134-1 showed together with the rest of
the samples CPI values higher than one that denoted
an odd-over-even predominant character, slightly higher in
134-3 (Figure 13E, Supplementary Figure 4D). This may be
interpreted in relation to the still fresh nature of the terrigenous
long-chain n-alkanes, likely due to good preservation of the
vegetal biomass after death (Carrizo et al, 2019). This was
supported by the relative enrichment of n-fatty relative to n-
alkanes observed in all samples (Supplementary Figure 4A). The
particularly high ratio of n-fatty/n-alkanes in 134-2 (ratio of
19) implies a much lower defunctionalization of the organic
matter over time (i.e., loss of functional groups) relative to
the other samples. Furthermore, it cannot be discarded that
some organics could be very recent as resulting from later
microbial activity in the cave as observed through the SEM-EDS

in sample 134-1 (Figures 8A,B, 9A-I). This is consistent with
a younger age for sample 134-2 collected from the fungal-
framed speleothems.

Regarding aqueous sources, values of the P,q index from
0.44 (sample 129) to 0.61 (samples 134-2 and 134-3)
suggested organic matter inputs from a mix of emergent and
submerged/floating macrophytes (Ficken et al., 2000), as well
as mosses (Nott et al, 2000). The presence in the apolar
fraction of other compounds like the isoprenoids pristane,
phytane, and squalene (Figure 13A) was related mostly to
photosynthetic sources. Pristane and phytane are largely derived
from the degradation of phytol, a side chain of chlorophyll-a
mostly used by phototropic organisms like cyanobacteria, algae,
and land plants (Rontani and Volkman, 2003; Peters et al.,
2005), while squalene is practically ubiquitous in all type of
organisms, including animals (Grice et al.,, 1998; Brocks and
Summons, 2014). Assuming a common origin in phytol of
both pristane and phytane, we can learn about the deposition
environment of the samples by calculating the ratio of one
over the other (i.e., Pr/Ph; Peters et al., 2005). Here, values of
the ratio from 0.7 to 1.4 (Supplementary Figure 4D) allowed
us to differentiate anoxic environment for samples 134-1 and
134-3 (ratio >1) and an anoxic environment for samples 129
and 134-2 (ratio > 0.7) (Powell and Mckirdy, 1973). Changes
in paleoenvironmental conditions may have driven periodic
transitions from dry to lacustrine systems in the cave that explain
the mix of depositional environments and aqueous/terrigenous
fingerprints found in the samples. In general, anoxic conditions
recorded in sample 129 are consistent with the formation of
lacustrine thrombolites, where anaerobic microbial communities
take part in the formation of the carbonatic biostructures
(Feldmann and Mckenzie, 1998). In the same way, anoxic
to oxic conditions, shown in samples 134-1 and 134-2, will
likely result from changing environmental conditions in the
speleothem formation, while aerobic conditions are consistent
with the paleoenvironment where the carbonatic tuff (sample
124-3) was formed.

In the four samples, the similar dominance of short-chain
n-fatty acids (< Cyp.9, mostly Cig.9 and Cjs.9) supported
the mentioned dominance of microbial sources in the caves
(Figure 13B). In particular, the detection of branched fatty acids,
such as 10Me-Cj6:0, a-Ci2:0, i-C14:0, i/a-Cy5.9, i-Cig:0, and
i-C17.9, was related to Actinomycetes (Actinobacteria phylum),
Desulfobacter (Proteobacteria phylum), and other sulfate-
reducing bacteria (Taylor and Parkes, 1983; Parkes et al., 1993).
Still, a certain eukaryotic signal was observed in sample 134-3
in form of a peak at Cy: ¢, most likely related to algae, mosses,
or aquatic macrophytes (Ficken et al., 2000; Nott et al., 2000),
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according to its P,q value (0.61; Supplementary Figure 4D).
In contrast, in samples 134-1 and 134-2, the eukaryotic
signal in the acidic fraction was, instead, related to higher
plants, according to the presence of oxodehydroabietic acid,
a typical resin acid derived from coniferous plants (Rybicki
et al, 2016; Marynowski et al, 2020). Furthermore, the
presence of unsaturated fatty acids, such as Cis:1[»7] and
Cis:1[w9] in samples 134-1, 134-2, and 134-3, might also
indicate contributions from eukaryotic sources, such as aquatic
diatoms, microalgae, and fungi, as well as cyanobacteria or
other gram-negative bacteria (Ahlgren et al., 1992; Dijkman and
Kromkamp, 2006; Coates et al., 2014), or type II methanotrophs
[Cis:1(w8)] (Bowman et al., 1991; Brocks and Summons, 2014).
The relatively higher concentration of unsaturated fatty acids
in samples 134-1 and 134-2 (Supplementary Figures 4B,C,
Supplementary Table 2) suggested a fresher nature of these
samples agreeing with their highest n-fatty acids/n-alkanes values
(Supplementary Figure 4A) since diagenesis and alteration over
time tend to cause the loss of double bonds (Stefanova and
Disnar, 2000).

In the polar fraction, the dominance of Cy, and Cy4 among
the n-alkanols series in samples 134-1, 134-2, and 134-3
(Figure 13C) supported the presence of biomass from eukaryotic
sources. In particular, the relationship of n-Cy4 with higher
plants is well-described (Peters et al., 2005; Burdige, 2007),
and would agree with a potential source here in the forest
communities associated with the soil formation above the
speleothem. In contrast, the origin of n-Cy; remains unknown,
and we hypothesize that it could stem from fungi biomass. In
sample 129, only compounds of microbial sources (1n-Cy4, n-Cyg,
and n-C;g) were found in the polar fraction (Figure 13B), which
agrees with a composition related to thrombolite formations by
cyanobacteria (Rouchy et al., 1996).

The recovery of several sterols, including stigmastanol and
cholesterol derivatives (Figure 13D, Supplementary Table 2),
confirmed the presence of eukaryotic biomass. Stigmastanol is
a product derived from stigmasterol, a phytosterol produced
by higher plants and micro-/macroalgae (Volkman, 1986,
2003). Cholesterol derivatives, such as cholestadienone and
cholestadienol (Melendez et al., 2013), and coprostanol
(Figure 13D, Supplementary Table 2), suggest the occurrence of
organics produced by animals, protozoa, and red algae (Volkman
et al, 1998). In particular, the detection of cholestadienone
(cholesta-3,5-dien-7-one) and cholestadienol (3p-cholesta-
4,6-dien-3-ol) are derivatives from cholesterol that denote
a low extent of degradation (Melendez et al, 2013), while
coprostanol has been reported as a fecal degradation product
found in mammals and birds feces (Harrault et al, 2019;
Gallant et al., 2021). Among the samples, cholestadienol and
coprostanol mainly occurred in samples 134-1 and 134-2, where
speleothem fragments were present, whereas cholestadienone
was dominant in sample 134-3, the sample with tuff-like material
(Supplementary Figures 2A-C, Supplementary Table 1).
Finally, alkenones from Cj7 to Cy6 were also found in the polar
fraction only of sample 134-3 (Figure 13D). While long-chained
alkenones (Cs-Csg) are attributed to planktonic unicellular

algae (Pagani, 2009), the origin of chains from C;7 to Cyg
is uncertain.

CONCLUSION

The analysis of the different samples in the Salar de Uyuni
provides unique information about the paleoenvironmental
conditions where they were formed, by diverse microbial and
non-biological pathways, where the fungal communities played a
crucial role in the formation of the speleothems. Likely, nutrients
were primarily provided by the vegetal communities in the lake
margins, however, they may have also been released from the
lacustrine carbonatic unit. The combination of biological activity
and hydrology most likely triggered a quick rock dissolution and
mineralization, which formed the speleothem fungal structures.

The size and abundance of the preserved fungal structures
suggest a constant supply of organic matter and stable
hydrological activity at the time of their formation. The high
porosity and large size of cavities in the paleoterraces ensured a
long-lasting and continuous fluid flow and supply of materials.
All the elements necessary for the mineral formation were
released during the alteration of the host rocks and supplied by
percolating fluids. The biological control of element cycling is
also an important factor, for instance, the silica detected in the
carapace of the testate amoebae, or the diatom frustules indicates
the role of the organisms in the Si cycle, where weathering and
transportation of Si from the older lacustrine deposits and the
soils moved through the speleothems.

The analysis of the lipids recorded in the samples has also
provided some insights into the paleoenvironmental conditions
accompanying the formation of the biospeleothems (samples
134-1, 134-2, and 134-4), the carbonatic tuff (sample 134-
3), and the thrombolitic carbonates (sample 129). The organic
compounds are mostly sourced in bacteria, but also with a
high input from aquatic and terrestrial plant inputs, which
were lately degraded by fungi. In this regard, the signal of
cyanobacteria is dominant in all samples but 134-2, where
other microorganisms could be more abundant. The occurrence
of sterols like stigmastanol and cholesterol derivatives prove
relevant to eukaryotic activity in the past. While stigmastanol is
a stigmasterol derivative produced by higher plants and micro-
/macroalgae, derivatives of cholesterol like cholestadienone and
cholestadienol, and coprostanol evidence the molecular record
of animals, protozoa, and red algae. The characterization of
cholestadienone and cholestadienol denote a low extent of
degradation of the original sterols, while coprostanol, is identified
as a sterol from fecal degradation by mammals and birds in
caves. In this regard, cholestadienol and coprostanol are found
in the speleothem samples, which is consistent with the activity
of animals in the cave. However, cholestadienone is prevailing in
the carbonatic tuff suggesting a red algal origin.

Searching for biomarkers in caves allows us to understand the
contribution of fungal communities to biokarst not only on Earth
but also in Martian cave environments. Cave microbiology can
answer questions about the limits of life and allow us to recognize
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the geochemical signatures of life. Given that such signatures
have survived geologic uplift, we should be able to detect them
on other planetary surfaces, such as Mars, if they are present.
In addition, due to the absence of liquid water on the surface of
Mars, extant life will likely be restricted to the subsurface, making
it crucial to understand the processes, which create and preserve
signatures of microbial life in cave environments.
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Karst caves are a natural oligotrophic subsurface biosphere widely distributed in
southern China. Despite the progress in bacterial and fungal diversity, the knowledge
about interactions between bacteria, fungi, and minerals is still limited in caves. Hence,
for the first time, we investigated the interaction between bacteria and fungi living on
weathered rocks in the Heshang Cave via high-throughput sequencing of 16S rRNA
and ITS1 genes, and co-occurrence analysis. The mineral compositions of weathered
rocks were analyzed by X-ray diffraction. Bacterial communities were dominated by
Actinobacteria (33.68%), followed by Alphaproteobacteria (8.78%), and Planctomycetia
(8.73%). In contrast, fungal communities were dominated by Sordariomycetes (21.08%)
and Dothideomycetes (14.06%). Mineral substrata, particularly phosphorus-bearing
minerals, significantly impacted bacterial (hydroxyapatite) and fungal (fluorapatite)
communities as indicated by the redundancy analysis. In comparison with fungi, the
development of bacterial communities was more controlled by the environmental
selection indicated by the overwhelming contribution of deterministic processes. Co-
occurrence network analysis showed that all nodes were positively linked, indicating
ubiquitous cooperation within bacterial groups and fungal groups, as well as between
bacteria and fungi under oligotrophic conditions in the subsurface biosphere. In total,
19 bacterial ASVs and 34 fungal OTUs were identified as keystone taxa, suggesting the
fundamental role of fungi in maintaining the microbial ecosystem on weathered rocks.
Ascomycota was most dominant in keystone taxa, accounting for 26.42%, followed by
Actinobacteria in bacteria (24.53%). Collectively, our results confirmed the highly diverse
bacterial and fungal communities on weathered rocks, and their close cooperation to
sustain the subsurface ecosystem. Phosphorus-bearing minerals were of significance
in shaping epipetreous bacterial and fungal communities. These observations provide
new knowledge about microbial interactions between bacteria, fungi, and minerals in
the subterranean biosphere.

Keywords: subsurface biosphere, karst caves, phosphate-bearing minerals, microbial interaction, community
assembly, co-occurrence network
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INTRODUCTION

Karst caves are thought to be barren with few microorganisms
and a weak reflection of the microbiology of surface soils due
to oligotrophic conditions (Hess, 1900; Hoeg, 1946; Caumartin,
1963; Palmer, 1991). Autotrophic microorganisms in caves
usually obtain energy by chemosynthesis using inorganic energy
sources (reduced Fe, Mn, and S compounds), organic and
inorganic nutrients in host rocks, cave sediments, groundwater,
and atmosphere (Jones and Macalady, 2016; Tomczyk-Zak and
Zielenkiewicz, 2016; Hershey and Barton, 2018). The occurrence
of various metabolic pathways is concurrent in cave microbiota
(Kovég, 2018). In consideration of the oligotrophic conditions
in caves, the microbial diversity encountered is surprisingly
higher than expected as indicated by the application of molecular
technology (routinely 10° cells/g; Hershey and Barton, 2018).
Surfaces of various materials have been demonstrated to
serve as important niches for microbial communities in
diverse ecosystems, such as the surface of the painted murals,
heritage buildings, petroglyph panels, and rock surfaces (Ma
et al, 2015; Brewer and Fierer, 2018; Zhang et al., 2018;
Irit et al., 2019; Ren et al, 2019; He et al, 2021). Rock
surfaces are subjected to weathering by physical, chemical,
and biological processes, thus offering special niches for
microorganisms (Cafveras et al, 2001; Lian et al, 2008).
Abundant radiation-resistant bacteria on the surface of limestone
outcrops were detected, which were associated with lichens
and grew under neutral to alkaline pH conditions (Brewer
and Fierer, 2018). Usually, bacterial communities living on
outcrop carbonate rocks exposed to sunlight and rainfall
were dominated by Actinobacteria, Proteobacteria, Chloroflexi,
Bacteroidetes, and Acidobacteria, whereas fungal communities
consisted of Eurotiomycetes, Lecanoromycetes, Dothideomycetes,
and Leotiomycetes (Choe et al., 2018). Microbial communities
inhabiting the surfaces of carbonate rocks in permanently
dark caves (Man et al, 2015; Yun et al, 2016; Zhu et al,
2021) are far less studied than those associated with outcrop
rocks. Rock surfaces in subsurface caves are directly exposed
to air, aerosol, and water vapor (high humidity), as well
as a variety of physicochemical and biological dissolution-
precipitation and oxidation-reduction reactions, leading with
time to weathering and the formation of various secondary
minerals (Aloisi et al., 2006; Gallagher et al., 2012). Rock walls
act as surface biofilms for exchanges between the bedrock and the
atmosphere. Microorganisms can use many minerals as sources
of nutrients, carbon, and energy (Tomczyk-Zak et al., 2013).
Nevertheless, the current knowledge is ambiguous on microbial
communities in relation to mineral substrates and secondary
minerals formed during rock weathering in subsurface caves.
Studies have shown that microbial communities in caves
are affected by a variety of physical and chemical parameters.
Studies in the Heshang Cave, a karst dolomite cave, have shown
that pH and TOC are important drivers of the variations
in bacterial communities among sediments, overlying soils,
dripping water, and weathered rocks (Yun et al., 2016; Cheng
et al,, 2021). The underlying factors resulting in differences
in bacterial and fungal communities living on rocks in caves

are poorly understood. The physical properties and chemical
compositions of minerals can profoundly impact the composition
of microbial communities. Mineral phases in rocks serve as
nutrients, substrates, and habitats for microbial communities (Shi
L. et al,, 2016). Some microbes use conductive mineral particles
as conduits of interspecies electron transfer and cooperative
catabolism (Kato et al.,, 2012). Actinobacteria are prevalent in
Ca carbonate environments, and alpha-, beta-, and gamma-
Proteobacteria are typically associated with complex minerals in
cave environments (Barton et al., 2007).

Metabolic activities of microorganisms have important effects
on the dissolution and formation of minerals. Moderately
halophilic bacteria in liquid media cause the precipitation of
calcite, Mg-calcite, and struvite (Arias et al., 2019). Carbonate
biomineralization can be enhanced by ureolytic bacteria (Dhami
et al., 2013; Arias et al., 2019). Paracoccus versutus XT0.6
isolated from the Xikuangshan antimony mine could dissolve
stibnite and oxidize released Sb(III) to Sb(V), subsequently
resulting in the formation of secondary Sb(V)-bearing minerals
(Loni et al., 2020).

Highly diverse bacterial communities were detected from the
weathered rocks in caves with the dominance of Proteobacteria,
Actinomycetes, and Firmicutes (Yun et al., 2016; Zhu et al., 2019,
2021; Ma et al, 2021). In contrast, the diversity of fungi is
relatively low due to the limited input of organic matter by
photosynthesis in caves (Lee et al., 2012; Man et al., 2015). It
was estimated that the content of organic matter in caves is
three orders of magnitude less than that on the surface (Lavoie
et al, 2010). Sunlight penetrates into the cave via the cave
entrance to a limited distance and thus divides the cave into
three zones: the photic zone with relatively strong light, the
twilight zone with weak light, and the totally dark aphotic zone
(Yun et al,, 2016; Zhao et al., 2018). Due to the different light
intensities, physical and chemical conditions vary in the three
zones, resulting in different geochemical gradients and biological
distribution patterns (Bonacci et al., 2009). In the photic zone,
algae and green plants are visible on the rock surface and ground.
Light is sufficient to support photosynthesis, thereby supporting
CO, fixation and primary production (Kozlova and Mazina,
2020). The availability of organic matter in the twilight and
aphotic zones is extremely limited as it mainly depends on the
input of exogenous organic matter via airflow, bat feces, and
external organic matter excreted by burrowing animals such as
cave rats (Pape and OConnor, 2014; Pfendler et al., 2019). Due to
the differences in light, mineral components, and organic matter
from different light zones, we hypothesize that (1) microbial
communities living on the rocks vary with the zones, and
mineral substrates significantly contribute to the variation; (2)
bacterial and fungal communities interact intensively to sustain
the microbial ecosystem on the rock; and (3) different ecological
processes would contribute to the community assembly of
bacteria and fungi, respectively.

To test these hypotheses, we collected weathered rock samples
from different light zones in the Heshang Cave and subjected
them to high-throughput sequencing of bacterial 16S rRNA
and fungal ITS1 genes to investigate microbial communities.
Variations in microbial communities and the driving forces
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responsible for these changes would be elucidated via the
redundancy analysis. Interactions between bacterial and fungal
communities were studied via co-occurrence network analysis
to decipher how microbes interact with other microorganisms
and sustain the ecosystem. Ecological processes and their
contributions to the bacterial and fungal community assembly
will be conducted to help understand how the specific microbial
communities are established in caves. Our results will provide
new insights into the interactions between bacteria and fungi
living on carbonate rocks and the ecological processes responsible
for microbial communities within subsurface caves.

MATERIALS AND METHODS

Site Description and Sample Collection

The Heshang Cave, a dolomite karst cave, is 250 m long, 20-30 m
wide, and 15-20 m high. It is located on the steep south bank
of the Qingjiang River, northwest Hubei province, central China,
with an elevation of 194 m above sea level (Supplementary
Figure 1). An intermittent stream develops inside the cave during
the rainy season, and dripping water is frequently observed from
the ceiling of the cave all year round. The humidity is above 90%
till saturated (Hu et al., 2008).

Weathered rock samples from the cave walls were collected
along the cave from the entrance to the end on October 25, 2015.
In total, nine sites were selected for sampling, with triplicates
at each site (Supplementary Figure 1D), and the samples were
designated as R1 to R9 accordingly. Green microbial mats were
present on the surface of the cave walls close to the cave entrance
(Supplementary Figure 2). At each sampling site, weathered
rock samples were carefully scraped off with a sterilized scalpel
and stored in 50 mL centrifuge tubes. The samples were placed
on ice and transported to the Geomicrobiology Laboratory of
China University of Geosciences (Wuhan) within 24 h and stored
at -80 °C upon arrival until analysis. The wind speed and
relative humidity were measured in situ with a handheld weather
station (XYZ06E, Dalian Hede Technologies Corporation, China;
Supplementary Figures 3A,B). The wind speed and relative
humidity at each sampling site were continuously monitored for
over 10 min. Values at 3, 6, and 9 min were read, and the mean
values were used.

Mineralogical Analysis

The weathered rock samples were freeze-dried (ALPHA 1-2 LD,
Christ, Germany) and fully ground into powder. Mineral phases
were analyzed by X-ray powder diffraction (XRD, Shimadzu
XRF-1800) at a scanning speed of 0.05 s per step, with a step
scan of 0.02° (10° < 2 6 < 90°) via a Cu target Ko radiation
source (Ni filter, 40 kV, 40 mA). The phase composition and
content of minerals in the samples were qualitatively and semi-
quantitatively analyzed by Jade7 and X-powder software.

DNA Extraction and Sequencing

Genomic DNA was extracted using a FastDNA™ SPIN Kit
for soil DNA extraction (MP Biomedicals) in accordance
with the instructions. The concentration and quality of

extracted DNA were detected by using a micro-nucleic acid
protein detector (Nanodrop 2000, Thermo Fisher). The primer
set of 520F (5-AYTGGGYDTAAAGNG-3’) and 802R (5-
TACNVGGGTATCTAATCC-3’) targeting the bacterial 16S
rRNA V4 region (Claesson et al, 2009, 2010) and the
primer set of ITS5F (5-GGAAGTAAAAGTCGTAACAAGG-
3’) and ITSIR (5-GCTGCGTTCTTCATCGATGC-3’) targeting
the fungal internal transcribed spacer (ITSI1) region (Chang
et al, 2001) were used for bacterial and fungal sequencing,
respectively. All the sequences were conducted using an Illumina
MiSeq PE250 platform (Shanghai Personal Biotechnology Co.,
Shanghai, China). All data are accessible via BioProject IDs
of PRJNA337918 and PRJNA821722 for bacteria and fungi,
respectively, on the NCBIL

Data Processing and Statistical Analysis
FLASH (v1.2.7)' was used for quality checking the original
readings with Q30 and sequence assembly. Chimeras were
removed by a DADA2 plugin in QIIME2 (2019.7, Quantitative
Insight into Microbial Ecology). A table of bacterial amplicon
sequence variants was constructed from the clean sequences with
a 100% similarity, and the representative sequence of each ASV
was obtained. Fungal OTUs were identified with a 97% similarity
using Vsearch (2.15.1) software. All samples were resampled to
the same sequencing depth. Bacterial annotation was carried out
against the SILVA database,” and fungal annotation was based on
the UNITE database® (Nilsson et al., 2019).

The microbial diversity index was calculated by a diversity
plugin of QIIME2. The one-way analysis of variance (ANOVA)
and Pearson correlation analysis were carried out using
SPSS (v10.0). The heatmap analysis was performed using the
OmicShare tools, a free online platform for data analysis.* The
vegan package of R software was used for NMDS analysis
and output of rarefaction curves (Dixon, 2003), and the box
diagram and stacked bar chart were visualized by the ggplot2
package of R software (Wickham et al., 2016). The Venn
diagram was drawn using the plotrix package (Lemon et al,
2021). The redundancy analysis (RDA) of bacterial communities
and physicochemical parameters was conducted by Canoco5
software. Indicator groups in the different light zones were
obtained online with the interactive web pages® by using the
least discriminant analysis effect size (LEfSe) method, in which
the linear discriminant analysis (LDA) threshold was set to
3.0. To reduce the network complexity, bacterial ASVs and
fungal OTUs detected in at least three samples were selected.
The relative abundance of retained bacterial ASVs accounted
for > 36.6%, and the numbers of ASV's accounted for 6.6% of the
total. The relative abundance of retained fungal OTUs accounted
for > 94.4%, and the numbers of OTUs accounted for 15.2%
of the total. The Gephi software (v.0.9.2) was used to visualize
the co-occurrence network of bacteria and fungi. The ecological

'http://ccb.jhu.edu/software/FLASH/
Zhttp://greengenes.secondgenome.com/
Shttps://unite.ut.ee/
*https://www.omicshare.com/tools
“http://huttenhower.sph.harvard.edu/galaxy/
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roles of each node were determined based on within-module
connectivity (Zi) and among-module connectivity (Pi; Guimera
and Amaral, 2005). Highly associative “hubs” in the microbiome
can be identified from the network and are considered keystone
taxa (Banerjee et al., 2018). Node topologies were classified as
module hubs (highly connected nodes within modules, Zi > 2.5
and Pi < 0.62), network hubs (highly connected nodes within
the entire network, Zi > 2.5 and Pi > 0.62), connectors (nodes
that connect modules, Zi < 2.5 and Pi > 0.62), and peripherals
(nodes connected in modules with few outside connections,
Zi < 2.5 and Pi < 0.62; Deng et al., 2012; Shi S. et al., 2016). The
assessment of ecological processes was performed with a mature
workflow from the published literature (Stegen et al., 2012, 2013).
The nearest taxon index (NTI), mean nearest taxon distance
(MNTD), weighted B-mean nearest taxon distance (BMNTD),
and weighted B-nearest taxon index (BNTI) were utilized to
measure the phylogenic turnover using the theory of null model
analyses across samples using the picante package (Kembel
etal., 2010). Ecological processes were divided into deterministic
processes with a |BNTI| > 2 and stochastic processes with a
[BNTI| < 2. If BNTI values are above 2, variable selection
is the crucial assembly process in the microbial community;
otherwise, homogeneous selection dominates (BNTI < -2).
To further specify the stochastic processes, the Raup-Crick
matrix (RCprqy) based on the Bray-Curtis matrix of microbial
community was calculated using the vegan package. Dispersal
limitation acting with the drift, undominated processes, and
homogenizing dispersal were, respectively, dominant in bacterial
communities under the conditions of RCpy,y values > 0.95, |
RCpray| < 0.95,and RCpyay < -0.95 (Stegen et al.,, 2012, 2013).

RESULTS

Mineralogy, Wind Speed, and Relative
Humidity in Heshang Cave

Minerals of the weathered rocks in the photic zone were
dolomite, calcite, Mg-calcite, quartz, and amorphous materials
(Supplementary Table 1). More minerals were detected in
samples collected in the twilight zone, with the dominance of
dolomite and quartz and a minor proportion of amorphous
materials (Supplementary Table 1). Phosphate minerals
(hydroxyapatite and fluorapatite), gypsum, and illite were also
observed in twilight zone samples. Samples in the aphotic zone
harbored eight minerals with Mg-calcite (18.6%) and phosphate
minerals as the most abundant.

The average wind speed decreased from the cave entrance
inward to the cave throughout the year. It was relatively stable
(< 0.3 m/s) in the aphotic zone (Supplementary Figure 3A and
Supplementary Table 2). The average relative humidity increased
from inward to the cave and stabilized in the aphotic zone (> 80%;
Supplementary Figure 3B and Supplementary Table 3).

Bacterial and Fungal Communities on

the Weathered Rocks
A total of 6,885 bacterial ASVs and 5,320 fungal OTUs were
obtained in this study, and 511 bacterial ASVs and 1,269

fungal OTUs were found in samples from photic, twilight, and
aphotic zones as indicated by the Venn diagram (Supplementary
Figure 4). The rarefaction curves of bacterial communities
were leveled off across all sampling sites, whereas those of
fungal communities at the R5 sampling site were rather steeper
(Supplementary Figure 5).

No significant differences were observed in the alpha diversity
of bacterial communities among different zones. The Shannon
indices varied between 7.56 and 8.12, and ACE values ranged
between 4.18 and 10.60 (Figures 1A,B and Supplementary
Table 4). The alpha diversity of fungi showed significant
differences in the Shannon indices but not in ACE values between
the three zones (Figures 1C,D and Supplementary Table 4).

The NMDS analysis showed poor interpretation of bacterial
communities between the three light zones (stress > 0.2;
Figure 1E), but clearly separated the fungal communities between
the photic zone and the aphotic zone, while those in the twilight
zone were scattered around (Figure 1F).

Taxonomically, 26 phyla and 55 classes of bacteria were
detected with the dominance of Actinobacteria (relative
abundance 33.68%). The most abundant class in all samples
was Actinobacteria, followed by Alphaproteobacteria and
Planctomycetia. The class of Cyanobacteria (4.31%) was only
detected in the photic zone, which matched well with the
presence of light (Figure 2A). At the genus level, Rubrobacter
(4.61%), Gemmatimonas (2.25%), and Solirubrobacter (1.61%)
ranked the top three in relative abundance in the photic zone.
Rubrobacter (2.87%), Gaiella (1.92%), and Thermoleophilum
(1.49%) were the three most abundant genera in the twilight
zone, whereas Gaiella (3.00%), Rubrobacter (2.50%), and
Gemmatimonas (2.41%) were the top three genera in the aphotic
zone (Figure 2B). LEfSe identified Cyanobacteria (4.31%),
Gemmatimonas (2.25%), Nitrolancea (0.94%), Brevundimonas
(0.63%), and Zavarzinella (0.58%) as indicator groups in the
photic zones with an LDA score of 3 (Figure 2E). Indicator
groups in the twilight zone included Aquisphaera (0.83%),
Gimesia (0.1%), and Streptomyces (0.58%), whereas Conexibacter
(1.90%), Actinomadura (0.32%), Aciditerrimonas (0.35%),
Planctopirus (0.16%), and Chthonomonas (0.19%) were indicator
groups of the aphotic zone (Figure 2E).

Totally, 6 phyla and 21 classes of fungi were detected in all
samples. Sordariomycetes was most abundant in photic (18.54%)
and twilight zones (28.08%), followed by Dothideomycetes
(13.74%) and Eurotiomycetes (7.43%) in the photic zone,
Dothideomycetes (7.64%) and Mortierellomycetes (3.06%) in
the twilight zone. The top three classes in the aphotic zone
were Dothideomycetes (23.49%), Sordariomycetes (14.84%), and
Eurotiomycetes (5.05%; Figure 2C). Among the top 15 genera,
Parengyodontium ranked first in relative abundance among
all samples. In the photic zone, Neodevriesia (6.23%) and
Penicillium (5.64%) were the second and third abundant genera,
whereas those in the twilight zone were Mortierella (3.06%),
Cladosporium (1.15%), and in the aphotic zone, Penicillium
(4.46%) and Simplicillium (0.97%) ranked second and third most
abundant genera. To be noted, unidentified fungal genera in the
aphotic zone accounted for a relatively high proportion (80.9%;
Figure 2D). Lecanoromycetes (0.37%), Hypocreales fam incertae
sedis (4.14%), Bionectriaceae (2.11%), and Cladosporiaceae
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(0.99%) were indicator groups in the photic zone, and those
in the twilight zone were mainly Nectriaceae (0.15%) and
Zasmidium (0.59%). The main indicator groups in the aphotic
zone were Cutaneotrichosporon (0.05%) and Wardomycopsis
inopinata (0.21%; Figure 2F).

The Correlation Between Microbial

Communities and Mineral Substrate

RDA was conducted to investigate the relationship between
mineral phases and microbial communities living on the
weathered rock. All minerals such as quartz, carbonate
minerals (including dolomite, calcite, Mg-calcite, and aragonite),
gypsum, illite, phosphate minerals (including white apatite,
hydroxyapatite, and fluorapatite), and amorphous materials
were included to elucidate their impact on bacterial and
fungal communities. The results showed that hydroxyapatite
and fluorapatite significantly affected bacterial and fungal
communities with an explanation of 22.9% (P = 0.018) and 31.2%
(P =0.006), respectively (Figures 3A,B).

Microbial Community Assembly on the
Weathered Rocks

The median of the NTI matrix was below -2, indicating that
the deterministic process controlled the assembly of bacterial
communities (Figure 4A). Bacterial community assembly was
overwhelmingly dominated by the homogeneous selection, with
a contribution from 71.43 to 92.86% (Figure 4C). By contrast, the
median of the BNTI matrix of fungal communities was between
-2 and 2, indicating the dominance of the stochastic process
in fungal community assembly (Figure 4B). Thus, ecological
processes responsible for fungal community assembly were more
complex than those for bacterial communities. Variable selection
contributed 42.86 and 47.62% in the photic and twilight zones,
respectively, but decreased to 10% in the aphotic zone, which
was dominated by homogeneous selection (40%; Figure 4C). The
contribution of dispersal limitation decreased inward to the cave

from 23.81% in the photic zone, 19.05% in the twilight zone, to
no contribution in the aphotic zone (Figure 4C).

Interactions Between Bacterial and
Fungal Communities Living on Weather

Rocks

In total, 924 nodes and 7,425 links were observed in the co-
occurrence network of bacteria and fungi with good modularity
(0.788). Among the links, 800 connected fungal and bacterial
nodes, 2,776 connected bacterial nodes, and 3,849 connected
fungal nodes, respectively (Figure 5A). All nodes were positively
linked. The average path length, diameter, and clustering
coefficient were 5.634, 14, and 0.618, respectively.

Totally 28 modules were observed in the fungal-bacterial
interaction network, and nine of the modules had a node relative
abundance of over 4%, which were subject to further analysis
(Figure 5B). Module 14 had the most nodes, accounting for
20.56% of the total nodes in the network. Nodes in modules
6, 18, and 22 mainly originated from PZ and TZ, whereas
those in module 7 were mainly from AZ (Figure 5C). Nodes
in modules 13 and 14 were evenly contributed by the three
zones. Fungi dominated in modules 6, 13, 14, 18, and 22
(Figure 5D), and nodes in these modules were mainly affiliated
with Ascomycetes. By contrast, bacteria dominated in modules 7,
9,11, and 17 (Figure 5D), with the dominance of Actinobacteria.
Actinobacteria and Ascomycota accounted for 19.59 and 16.99%
of the total nodes, respectively.

Microbial keystone taxa were highly connected taxa that
individually or in a guild exerted a considerable influence on
the microbiome structure and functioning (Banerjee et al., 2018).
Overall, 53 keystone taxa were identified (Figure 5E), five of
them were module hubs (0.54% of all nodes), and the rest were
connectors (5.19% of the total nodes). The module hubs and
connectors accounted for 35.85, and 64.15% of all keystone taxa,
respectively. Among 53 keystone taxa, 34 were affiliated with
fungi and 19 were from bacteria. Ascomycota was the most
dominant in keystone taxa, accounting for 26.42%, of which the
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most dominant class is Sordariomycetes, accounting for 15.09%,
followed by Actinobacteria (24.53%). Module 13 harbored most
keystone taxa, accounting for 22.64% of the total keystone
taxa, followed by those in modules 6 (18.87%), 18 (13.21%),
and 14 (13.21%).

DISCUSSION

Variation of Microbial Communities on
Weathered Rocks Along the Cave
Passage

Proteobacteria and Actinomycetes were previously reported
to dominate bacterial communities living on the weathered
rocks (Tomczyk—Zak and Zielenkiewicz, 2016), which matched
well with our observation of the dominance of Actinomycetes
(37.66%) and Proteobacteria (12.68%) in the Heshang Cave.
Actinomycetes can interact with a variety of mineral phases
(Abdulla, 2009; Cuezva et al., 2012) and metals (Manimaran and
Kannabiran, 2017) and are capable of degrading various organic
compounds (Ningthoujam et al, 2012), which enables them
to survive in extreme environments like caves. Proteobacteria
(12.68%) ranked the second most abundant linage in the
Heshang Cave, indicating highly diverse metabolic capabilities
and important roles in the global carbon (Hutigler et al., 2005;
Kang et al., 2019; Schada von Borzyskowski et al., 2019), nitrogen
(Shapleigh, 2011; De Mandal et al., 2017; Delmont et al., 2017),
and sulfur cycles (Campbell et al., 2006; Marshall and Morris,
2013). The relative abundance of Planctomycetes (8.92%) in the
Heshang Cave was relatively higher than that previously reported
for other caves (<5%; Ortiz et al., 2013; Ma et al., 2015; Wu
et al., 2015; Gulecal-Pektas, 2016), suggesting the uniqueness

of bacterial communities in our study. The dominance of
Ascomycetes (40%) in the Heshang Cave was consistent with
previous reports on fungal communities in many other caves
(Ogorek et al.,, 2013; Vaughan et al., 2015). Some of the fungal
top 15 fungal genera observed in our study were also common in
other caves, such as Acremonium, Aspergillus, Cladosporium, and
Penicillium (Popovi¢ et al,, 2015; Zhang et al., 2017; Zhang and
Cai, 2019). Parengyodontium (13.66%) was the most abundant
genus, which was frequently observed in other caves (Leplat
et al., 2017, 2019). Parengyodontium album had often been the
most abundant detected species when salt efflorescence was
present (Ponizovskaya et al., 2019; Trovao et al., 2019). The high
abundance of Penicillium (3.42%) may be related to bat activity
(Karkun et al., 2012). The species Penicillium janczewskii is
characterized by habitation in dry substrates depleted in organic
matter, which is partially consistent with its presence in the
cave (Mazina et al., 2020). Neodevriesia (2.37%) was reported as
a dominant group on mural paintings in North Thai temples
(Suphaphimol et al., 2022).

Alpha diversities and bacterial community compositions on
the rocks did not show significant differences as indicated
by Shannon and ACE indices and NMDS analysis in the
sampling zones (the photic zone, twilight zone, and aphotic
zone), suggesting a fundamental role of the rock substrate
(carbonate especially), rather than sunlight in the shaping of
bacterial communities. In contrast, the alpha diversity of fungal
communities in the aphotic zone was significantly lower than that
in the other two zones, which may be related to the isolation of
the aphotic zone from light and plants. Fungal communities are
known to be tightly associated with plant communities (Tedersoo
et al., 2014; Purahong et al., 2018; Adamczyk et al,, 2019), and
almost 20% of total fungal species are symbiotic with lichens
(Kirk et al., 2001; Honegger, 2009). Our results also found high
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zone, TZ: twilight zone, AZ: aphotic zone.

fungal diversity at the entrance of the Heshang Cave, where
lichens were observed on the rock surface. The decrease in fungal
diversity inward to the cave may result from the impediment in
the transfer of fungal spores due to the slow wind speed inside the
cave (Supplementary Figure 3A). In fact, our observation of the
significant positive correlations between the relative abundances
of fungal classes such as Wallemiomycetes, Agaricomycetes,

Tremellomycetes, Lecanoromycetes, Exobasidiomycetes, and the
wind speed (Supplementary Figure 3C) also supported the
decrease in the fungal diversity inward to the cave.

Despite small differences in bacterial communities, indicator
groups were distinct in three light zones. The indicator
groups in the photic zone were Cyanobacteria, Gemmatimonas,
Nitrolancea, Brevundimonas, and Zavarzinella, which are closely
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related to light-dependent metabolism. Many cyanobacterial
species can survive on soil and other terrestrial habitats
and play important roles in the carbon and nitrogen cycles
(Wegener et al, 2010; Forchhammer and Selim, 2020). Some
species in Gemmatimonas such as Gemmatimonas aurantiaca
can accumulate polyphosphate (Zhang et al., 2003), and other
species like Gemmatimonas phototrophica are able to use light
as an energy source (Zeng et al., 2015). Nitrolancea spp. are
obligately aerobic, which are chemolithoautotrophic nitrite-
oxidizers (Sorokin et al., 2014). Flavisolibacter are aerobic
chemoheterotrophs in the phylum Bacteroidetes (Lee J. J.
et al., 2016). The main indicator groups in the twilight zone
were Aquisphaera, Gimesia, and Streptomyces. Aquisphaera and
Gimesia belong to the phylum Planctomycetes. Aquisphaera
forms large visible cell aggregates during growth, which may
affect the survival of other microorganisms (Bondoso et al,
2011). Isolates of Gimesia chilikensis are salt- and alkali-
tolerant (Kumar et al., 2020). Many Streptomyces species produce
multiple antibiotics or other secondary metabolites, which act
synergistically or contingently against biological competition
(Challis and Hopwood, 2003). Conexibacter, Actinomadura,
Aciditerrimonas, Planctopirus, and Chthonomonas were the
indicator groups in the aphotic zone. They can survive in extreme
environments, which is consistent with the lack of organic matter
in the depths of the cave. Conexibacter, Actinomadura, and
Aciditerrimonas all belong to class Actinobacteria and have been
frequently isolated from extreme environments. For example,
Conexibacter stalactiti was isolated from samples of stalactites
collected from a lava cave (Lee, 2017), and Actinomadura
namibiensis was isolated from desert sandy soil in Namibia (Wink
et al., 2003). Chthonomonas calidirosea was thermophilic and
isolated from geothermal soil (Lee K. C. et al., 2016; Compton
et al., 2020). Microbes in the aphotic zone can also be involved
in iron reduction. For example, Aciditerrimonas ferrireducens is
capable of reducing ferric iron aerobically or anaerobically (Itoh
etal, 2011; Hu et al., 2014).

The indicator groups of fungi also varied in the zones. In
the photic zone, Lecanoromycetes, Hypocreales, Bionectriaceae,
and Cladosporiaceae were identified as indicator groups.
Lecanoromycetes is the largest class of lichenized fungi and
includes most of the lichen-forming fungal species (> 13,500
species; Miadlikowska et al., 2006; Hofstetter et al., 2007).
The majority of lichenized fungi in Lecanoromycetes are
obligate mutualists, which can obtain organic nutrients
from photosynthetic symbiotes and N compounds fixed by
cyanobacteria (Gueidan et al., 2015; Jiriado et al., 2017). The
Bionectriaceae is a family in the order Hypocreales, which
tends to grow on plant materials (Khodosovtsev et al., 2012),
and some species are related to algae (Khodosovtsev et al.,
2012), bryophytes (Dobbeler et al, 2015), or other fungi.
Cladosporiaceae is also associated with plants (Alghuthaymi,
2017) and is dominant in highly saline environments (Yang
and Sun, 2020). The indicator groups in the twilight zone were
Nectriaceae and Zasmidium. Numerous members in the family
Nectriaceae (Hypocreales) are plant and human pathogens, and
several species belonging to this family are used extensively in
industrial and commercial applications for biodegradation and as

biocontrol agents (Lombard et al., 2014, 2015). Zasmidium cellare
has been reported in the Mammoth Cave, Kentucky (Barr, 1968),
and is a strain known for living in dark and ethanol-rich
environments (Cailhol et al., 2020). The indicator groups in the
aphotic zone included Cutaneotrichosporon and Wardomycopsis
inopinata. Cutaneotrichosporon oleaginosus is an oleaginous yeast
with fast growth and also grows as filamentous fungus in the soil
and leaf litter (Bracharz et al., 2017). Information on the function
of Wardomycopsis inopinata in the environment is not available.

The Impact of Mineral Substrate on
Microbial Communities and Ecological

Processes in Community Assembly

RDA indicated that bacterial communities were significantly
affected by hydroxyapatite, mainly due to phosphate-
solubilizing bacteria Streptomyces and Pseudomonas. An
isolate of Pseudomonas fluorescens from the Heshang Cave
has been demonstrated to solubilize fluorapatite, making
phosphate bioavailable for microorganisms (Zhou et al,
2017). Fungal communities were positively impacted by
fluorapatite, attributed to phosphorus-solubilizing soilborne
fungi Aspergillus niger and Penicillium spp. (Reyes et al,
2007; Farhat et al., 2009; Li et al., 2016). The mechanism of
phosphorus-solubilizing microorganisms is generally attributed
to organic acid metabolites produced by bacteria and fungi
(Kavanagh, 2005; Jones and Oburger, 2011). Phosphate is
a common minor element in many silicate, sulfide, and
carbonate minerals. Under phosphate-limited conditions in
soil environments, microorganisms colonizing minerals may
acquire bioavailable phosphate as it solubilizes from the mineral
phase (Rogers and Bennett, 2004). Our observation of the
significant impact of phosphate-bearing minerals on bacterial
and fungal communities on the weathered rocks substantiates the
development of microbial communities nutritionally dependent
on the mineral-phase substrate.

Ecological processes responsible for the development of
microbial communities were also investigated in the Heshang
Cave. The assembly of bacterial communities is mainly a
deterministic process, with the dominance of homogeneous
selection across different sampling zones, indicating a spatial
homogeneity in environmental conditions and the convergence
in bacterial communities (Dini-Andreote et al.,, 2015). This
conclusion is also consistent with the result of the NMDS
(Figure 1E). In contrast, different ecological processes
contributed to fungal assembly in sampling zones. Variable
selection dominated the assembly of fungal communities
in both the photic and twilight zones, indicating the strong
environmental selection of fungal communities partially
due to sunlight. Many fungal groups were associated with
algae, cyanobacteria, and plant debris, all of which were
highly dependent on sunlight. Homogeneous selection only
dominated the fungal assembly in the aphotic zone, indicating
that a homogeneous environmental condition resulted in
the convergence in fungal communities. The occurrence of
dispersal limitation in the aphotic zone indicates a weakening
selection, which may have resulted from slow wind speed and
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high relative humidity toward the end of the cave entrance
(Supplementary Tables 3,4). Slow airflow is known to decrease
airborne transmission of fungal spores (Quintero et al,
2010), and fungal survival increases with relative humidity
(Oliveira et al., 2005; Hameed et al.,, 2012). The relative
abundances of fungal classes Wallemiomycetes, Agaricomycetes,
Tremellomycetes, ~Lecanoromycetes, and Exobasidiomycetes
showed significant positive correlations with the wind speed
(Supplementary Figure 3C), and similar phenomena in
air have also been reported (Begerow and Kemler, 2018;
Els et al., 2019).

Interaction Between Bacteria and Fungi
Living on Weathered Rocks

The co-occurrence network of bacteria and fungi showed good
modularity and positive links between nodes, indicating that the
bacterial and fungal communities formed a close organization
through cooperation among different species. Their interactions
increased the complexity of the community structure and the
stability of the ecosystem (Chen et al., 2018).

In total, 53 keystone taxa were identified, which usually
interact with many other groups, thus promoting the exchange
and flow of energy, information, metabolites, and nutrients
among different species and maintaining the balance of microbial
communities (Berry and Widder, 2014; Ma et al., 2016). There
are many unknown functions of the keystone taxa in this study,
but some clues can be garnered from the previous investigations.
The fungal keystone taxa mainly belonged to classes of
Sordariomycetes, Dothideomycetes, and Eurotiomycetes. Members
of Sordariomycetes are ubiquitous in natural environments
(Zhang and Wang, 2015). They participate in the decomposition
of organic matter and nutrient cycling as saprotrophs in almost
all ecosystems, and they include endophytes and pathogens of
plants (Arnold and Lutzoni, 2007), arthropods (Samuels and
Blackwell, 2001), and mammals (O'Donnell et al., 2010), and
even as mycoparasites attacking other fungi (Broberg et al.,
2021). Sordariomycetes also contain species known to produce
secondary metabolites such as potent mycotoxins (Zhang and
Wang, 2015). Dothideomycetes is the largest class of Ascomycetes,
which includes numerous rock-inhabiting fungi, adapted well to
nutrient-poor and dry habitats on rock surfaces (Ruibal et al.,
2009; Haridas et al., 2020). Eurotiomycetes can degrade a wide
variety of organic substrates and can tolerate high salinity,
complete darkness, and oligotrophic conditions (Greiner et al.,
2014; Zhang and Wang, 2015), which favor their survival in caves.

Nocardioidaceae, Planctomycetaceae, and Rubrobacteraceae
were keystone taxa of bacterial classes in the network.
Nocardioidaceae uses a wide range of carbon and nitrogen
sources, including unusual organic compounds and toxic
environmental pollutants, and has versatile metabolic pathways
(Evtushenko et al., 2015). Like many other actinomycetes,
Nocardioidaceae can survive under extreme conditions such
as desiccation, low and high temperatures, UV damage, and
toxic compounds (Kirby et al, 2006; Brodie et al., 2007;
Griffin, 2007; Polymenakou et al, 2008). Members of the
Nocardioidaceae are symbiotic with plants and may exist as
reciprocal endophytes. They can also occur in association with

lichens (Li et al., 2007) and fungi (Lauer et al., 2007). Marmoricola
is a genus of Nocardioidaceae, which are found in different
environments, such as marble, beach sediments, and agricultural
soil (Lee, 2007; Freed et al., 2019). Some species are alkali-
tolerant or display alkaliphilic properties (Evtushenko, 2015).
The family Planctomycetaceae is distributed in both soil and
water (Wiegand et al, 2018) and shows strong tolerance to
seawater, acid peat bog, hot springs, and low temperature
(Kulichevskaya et al., 2007, 2008; Fuerst and Sagulenko, 2011).
It can use a special mechanism to absorb and digest complex
polysaccharides, which may help it compete for nutrients
in natural habitats (Boedeker et al., 2017; Schubert et al.,
2020). The family Rubrobacteraceae is usually represented by
its thermophilic and radiation-resistant types (Albuquerque
et al., 2014). The genus Rubrobacter of Rubrobacteraceae is
involved in chlorophyll biosynthesis (Gupta and Khadka, 2016).
These keystone bacteria and fungi impact microbial community
composition and symbiotic or parasitic relationships on rock
walls. Some of their secondary metabolites have antibiotic or
toxin properties that can promote or inhibit effector species and
modulate interactions in microbial communities.

The co-occurrence network analysis provides us with a
new way to find potential symbiotic or parasitic associations
between bacteria and fungi. Bacteria can be endosymbiotic with
fungi (termed endohyphal bacteria), which are phylogenetically
and ecologically widespread. Endohyphal bacteria recently have
been documented in diverse Ascomycota, including members of
multiple classes (Pezizomycetes, Eurotiomycetes, Dothideomycetes,
and Sordariomycetes; Hoffman and Arnold, 2010; Shaffer
et al, 2016, 2017). Our network analysis found that many
unannotated groups within Eurotiomycetes, Dothideomycetes,
and Sordariomycetes serve as keystone taxa in the network,
which are also tightly connected with bacteria. For example,
Betaproteobacteria has a connection with unidentified fungi,
and related studies have demonstrated that some genera of
Betaproteobacteria can parasitize as endosymbionts in fungal
hyphae (Hoffman and Arnold, 2010). Xanthomonadaceae has
been found to subsist in fungal hyphae (Hoffman and Arnold,
2010), as also notices for unidentified fungi in our network.
The observation of the connection between Caldiline and
unidentified fungi in our study is consistent with a previous
report of a negative correlation between Caldiline and an
unclassified fungus of Pezizomycotina (Fouts et al, 2012).
Gammaproteobacteria in the network are linked to many
OTUs in Dothideomycetes, Sordariomycetes, and unidentified
fungi. Arendt et al. (2016) demonstrated that some species
of Gammaproteobacteria can be successfully introduced into
Dothideomycetes and Sordariomycetes, thus substantiating their
symbiotic relationships.

It should be emphasized that co-occurrence networks visualize
the correlations between microbial groups, including real
ecological interactions (such as reciprocity), and also include
non-random processes (such as niche overlap). They do not,
therefore, necessarily reflect direct interactions between the
groups. Future experiments will assess whether the identified
key species directly affect other members of the microbiome or
indirectly affect the performance and fitness of the host, thus
affecting other community members.

Frontiers in Microbiology | www.frontiersin.org

June 2022 | Volume 13 | Article 909494


https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles

Wang et al.

Microbe-Mineral Interactions in Subterranean Caves

CONCLUSION

We studied the ecological processes responsible for
the community assembly, endeavoring to provide new
insights into microbial interactions and establishment of
microbial communities under extreme conditions in the
subsurface cave biosphere.

1. Microbial indicator groups varied with different light
zones, indicating functional changes in response to
the light variation in karst caves. Phosphate minerals
such as hydroxyapatite and fluorapatite significantly
influenced bacterial and fungal communities living on
weathered rock surfaces.

2. The co-occurrence network analysis showed that bacteria
and fungi on rock surfaces were mainly positively linked,
indicating extensive, close cooperations among microbial
groups across different domains connected under stark
environmental conditions to maintain the microbial
ecosystem. The co-occurrence network may also provide
us with a new robust way to decipher symbiosis and
parasitism between bacterial and fungal groups.

3. Homogeneous selection dominated bacterial community
assembly throughout the cave, resulting in the convergence
of bacterial communities. Variable selection contributed
most to the fungal community assembly in the photic
and twilight zones, whereas homogeneous selection with
dispersal limitation contributed more to fungal assembly
in the dark zone.
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Caves are extreme, often oligotrophic, environments that house diverse groups of
microorganisms. Many of these microbes can perform microbiologically induced
carbonate precipitation (MICP) to form crystalline secondary cave deposits known as
speleothems. The urease family is a group of enzymes involved in MICP that catalyze
the breakdown of urea, which is a source of energy, into ammonia and carbonate.
Carbonate anions are effluxed to the extracellular surface of the bacterium where it
then binds to environmental calcium to form calcium carbonate which then continues
to grow in crystal form. Here, we studied bacterial communities from speleothems
collected from the Iron Curtain Cave (ICC) in Chilliwack, B.C., Canada, to characterize
these organisms and determine whether urease-positive (U+) bacteria were present in
the cave and their potential impact on speleothem formation. The ICC is a carbonate
cave located on the northside of Chipmunk Ridge, presenting a unique environment
with high iron content sediment and limestone structures throughout. With six pools
of water throughout the cave, the environment is highly humid, with temperatures
ranging between 4 and 12°C depending on the time of year. Ninety-nine bacterial
strains were isolated from popcorn (PCS) and soda straw (SSS) speleothems. These
isolates were screened for urease enzymatic activity, with 11 candidates found to be
urease-positive. After incubation, species-specific crystal morphologies were observed.
Popcorn speleothem provided more bacterial diversity overall when compared to
soda straw speleothem when examined under a culture-based method. Nearly twice
as many U+ isolates were isolated from popcorn speleothems compared to soda
straw speleothems. The U+ candidates were identified to the genus level by 16S
rRNA analysis, and two isolates underwent whole-genome sequencing. Two novel
species were identified as Sphingobacterium sp. PCS056 and Pseudarthrobacter sp.
SSS035. Both isolates demonstrated the most crystal production as well as the most
morphologically dissimilar crystal shapes in broth culture and were found to produce
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crystals as previously observed in both agar and broth media. The results from this
study are consistent with the involvement of urease-positive bacteria isolated from the
ICC in the formation of cave speleothems. 16S rRNA sequencing revealed a diverse
set of microbes inhabiting the speleothems that have urease activity. Whole-genome
sequencing of the two chosen isolates confirmed the presence of urease pathways,
while revealing differences in urease pathway structure and number. This research
contributes to understanding microbial-associated cave formation and degradation, with
applications to cave conservation, microbiota composition, and their role in shaping the

cave environment.

Keywords: cave microorganisms, cave microbiology, geomicrobiology, MICP, urease, biomineralization,

speleothems, cave formation

INTRODUCTION

Caves are generally defined as areas of subterranean space which
occur naturally in the environment and which are accessible
by living organisms. Caves can be characterized by many
variables; however, typically, they are classified by the type of
rock and the formation process of the caves (Northup and
Lavoie, 2001). Limestone caves are formed via acid dissolution,
when groundwater flows through the soil and rock (vadose)
layers, where it interacts with carbon dioxide (CO;) gas and
produces carbonic acid (H,CO3), which slowly dissolves the
carbonate rock. In sulfuric acid dissolution, hydrogen sulfide
(H,S) gas rises from rock fissures (narrow openings of rocks,
commonly found in tectonically active areas) and reacts with
atmospheric oxygen to form sulfuric acid (H,SO4) that dissolves
the carbonate rock to form caves (Palmer, 1991; Northup and
Lavoie, 2001). Furthermore, decomposition of organic matter
by microorganisms can be a source of sulfuric acid dissolution
(Beolchini et al., 2017).

Of particular interest are limestone caves, which can be found
throughout British Columbia, Canada (Pike et al., 2010). The
Iron Curtain Cave (ICC) is a restricted-access cave located in
the Chilliwack River Valley (CRV), British Columbia, Canada.
The cave is hosted by the Chilliwack Group which includes
Pennsylvanian Permian basic volcanic rocks, Jurassic pelite,
sandstone, and limestone karst (Saunders et al., 1987). The ICC is
decorated by several speleothems, including popcorn, soda straw,
stalactites, stalagmites, and bacon strips, with a large curtain of
iron-containing minerals which gave the cave its name. Cave
temperature ranges between 4 and 12°C annually (Ghosh et al.,
2017) with relative humidity at greater than 90% (Carlyle-Moses,
personal correspondence 2018).

Though chemical mechanisms of cave formation and cave
architecture have been well researched, more recent studies
have been focused on the biological mechanisms of cave
formation. Engel et al. (2004) demonstrated that microbial
mats, containing species of the class Epsilonproteobacteria, could
oxidize hydrogen sulfide (H,S) into H,SOy, thus increasing the
dissolution of limestone, while Barton et al. (2007) demonstrated
that bacteria of the genus Massilia from a New Mexico cave
system could utilize aqueous carbohydrates originating from

surface water, to produce acids as a metabolic byproduct,
dissolving carbonate bedrock in the caves.

Speleothems are distinct secondary cave mineral
deposits/structures (Northup and Lavoie, 2001; Mason et al.,
2016) that take many macroscopic and microscopic forms and
are often composed of calcium carbonate polymorphs (Palmer,
1991; Baskar et al., 2014; Dhami et al., 2018). Speleothems are
known to form by two mechanisms: abiotic (chemical) formation
where water saturated with calcium interacts with dissolved
organic carbon forming calcareous crystal structures (Dreybrodt,
1999; Banks et al., 2010; Szymczak and Ladd, 2011) and/or biotic
formation by microorganisms that actively extrude carbonate
extracellularly which then interacts with calcium saturated water
to form calcareous crystal structures (Northup and Lavoie, 2001;
Banks et al., 2010). As of 2001, there are 38 official speleothem
types recognized by specialists at the forefront of speleology
(Northup and Lavoie, 2001). Soda straw speleothems (SSS)
precipitate from drip water points with water flowing down
the center of the straw. At the tip of the straw, carbon dioxide
(CO;) degasses which can allow calcium carbonate precipitation
(Paul et al., 2013). Popcorn speleothem (PCS) form on cave
walls, stalagmites, and stalactites by the evaporation of water
and when airflow is present (Warren et al., 1990). In this study,
PCS and SSS speleothems were sampled to study their bacterial
profile and its ability to biologically form crystal structures that
contribute to cave formation and degradation. From this, 11 such
isolates demonstrated various degrees of crystal production, with
varying morphologies.

Microbially induced carbonate precipitation (MICP) is a
form of biomineralization and is a natural process of carbonate
precipitation, occurring worldwide and mediated primarily
by bacteria. MICP occurs through three primary pathways:
biologically induced mineralization (BIM), biologically mediated
mineralization (BMM), or biologically controlled mineralization
(BCM) (Castanier et al., 1999; Banks et al., 2010; Castro-Alonso
et al., 2019; Seifan and Berenjian, 2019). Caves are often defined
as oligotrophic and highly mineralized environments and can
be further characterized as being devoid or nearly devoid of
natural light (Cheeptham et al., 2013; Seifan and Berenjian, 2019).
Due to these environmental pressures, bacteria utilize alternative
pathways for energy production, and the ability for MICP to
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occur depends on four variables: (1) The pH of the environment,
(2) the abundance of nucleation sites, (3) the concentration of
calcium ions, and (4) dissolved inorganic carbon (Chou et al,
2011; Seifan and Berenjian, 2019).

MICP is a well-documented metabolic process which
contributes to the formation of secondary cave deposits known
as speleothems (Castanier et al., 1999; Stocks-Fischer et al., 1999;
Northup and Lavoie, 2001; Engel et al., 2004; Banks et al.,
2010; Cheeptham et al.,, 2013). One common metabolic pathway
that leads to MICP is the ureolysis pathway, where bacteria
catalyze urea found in the environment, mediated by urease
enzymes, producing carbonate as a byproduct. In this instance,
the carbonate is secreted extracellularly, where it interacts with
calcium ions that have adsorbed to the cell by the following
chemical pathways (Northup and Lavoie, 2001; Ferris et al., 2003;
Banks et al., 2010; Chou et al., 2011; Castro-Alonso et al., 2019):

CO(NHy), + Hy — NH,COOH + NH;
NH,COOH + H,O — NH3; + H,COs
H,CO; < HCO; +H"

2NH; + 2H,0 — 2NH] + 20H

HCO; + H* + 2NH] + 20H —
(CO3)*™ + 2NH] + 2H,0

Ca’™ + Cell Surface — Cell Surface — Ca*"

Cell Surface — Ca*t + (CO3)2_ — Cell — CaCOs3

When carbonate and calcium concentrations are at their
saturation points, calcium carbonate crystals can form. The two
most thermodynamically stable crystal structures common to
MICP are aragonite and calcite (Stocks-Fischer et al., 1999;
Hammes and Verstraete, 2002; Banks et al., 2010; Seifan and
Berenjian, 2019) with vaterite acting as a metastable phase
transient intermediate which favors the more stable aragonite and
calcite (Christy, 2017). Bacteria that perform MICP then become
self-fossilized and act as nucleation sites for further calcium
carbonate crystal growth, which in turn aids in the process of
speleothem formation (Palmer, 1991; Northup and Lavoie, 2001;
Tiirkgenci and Dogruéz Giingor, 2011; Seifan and Berenjian,
2019; Lyu et al., 2021).

Urease enzymes are broadly distributed throughout the
bacterial domain, always occurring as multimeric proteins with
nickel incorporated into the enzyme structure (Mobley et al.,
1995; Konieczna et al., 2013). Most bacteria have three different
polypeptides making up the urease enzyme, with different protein
structures present in different organisms (Konieczna et al., 2013).
In many bacterial species, the alpha, beta, and gamma subunits
encoded by genes ureA, ureB, and ureC form a trimer of trimers

(Benini et al., 1999). In addition, three accessory proteins, UreD,
UreE and UreG, are urease molecular chaperones that are
dependent on GTP binding and hydrolysis by UreG (Soriano
and Hausinger, 1999), while a fourth accessory protein, UreE,
coordinates nickel in the active site of the enzyme (Colpas
and Hausinger, 2000; Soriano et al., 2000; Mulrooney et al,
2005).

This study aimed to determine whether cave bacteria isolated
from popcorn and soda straw speleothems were involved in
MICP and to simulate crystal production and speleothem
formation in the lab setting. This evidence demonstrates that
these isolated cave bacteria are mainly involved in and contribute
to the growth of cave speleothems. In addition, based on analysis
of the genome to determine urease enzyme copies present, we
sought to connect the ureolytic pathway to microbially induced
carbonate precipitation for these cave bacteria and determine
which strains have a more prominent role in shaping the
cave environment.

MATERIALS AND METHODS

Sample Collection

Samples were collected from two distinct areas of the ICC as
shown in Supplementary Figure 1. PCS and SSS samples were
collected into 50 mL conical tubes. PCS samples were scraped
into the tubes using a sterilized scoopula, while SSS was collected
by gently breaking off a speleothem into the tube with sterilized
forceps. Temperature readings were taken at each sample site
ranging from 8.8 to 9.4°C. Examples of the speleothems collected
within the cave can be found in Supplementary Figure 2.

Bacterial Isolation

Fresh PCS and SSS samples were weighed to a wet weight of
1 g. Each speleothem was then transferred to a sterilized mortar
and pestle and ground to a paste. The paste was transformed
into a slurry by adding 2 mL of distilled H,O. The slurry was
transferred to a 2.5-mL microfuge tube. Microfuge tubes were
closed and hand-shaken for 2 min. Microfuge tubes were then
placed in a rotating incubator at 9°C set to 100 revolutions
per minute (RPM) for 1 h. Samples were removed from the
rotating incubator and left to stand for 5 min. A series of
serial dilutions (logio) were performed with sequential dilutions
ranging from 10° through to 10™*. For each dilution, 100 wL
of the sample was pipetted and spread onto 22-mL agar plates
(in triplicate) of the following media types: nutrient agar (NA),
ten times diluted nutrient agar (d;oNA), and Reasoner’s 2-A agar
(R2A). Plates were then left to dry before incubation at 9°C until
distinguishable colonies had formed.

Bioprecipitation and Urease Activity

B4 precipitation medium (Boquet et al., 1973) was used with
specific modifications which included substituting the source
of calcium from the original calcium acetate [Ca(CyH303);]
to one of the following: calcium nitrate (CaNO3), calcium
citrate [Ca3z(C¢H507);,], and calcium chloride (CaCl,) all at
0.25% w/v. The modification of the calcium salt component
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of the B4 medium aimed to test calcium water solubility
and the availability of aqueous calcium ions to interact with
precipitated carbonate on the extracellular surface of the
bacterial isolates, that is, to determine whether one calcium
salt increased the rate of biocrystallization, over another. Each
isolated bacterium was then inoculated onto the modified
B4 agar medium in 33 mm thick agar plates, to prevent
premature drying due to lengthy incubation period. A container
of diH,O water was placed in the incubator to increase
humidity. Modified B4 plates were inoculated, streaking one
isolated colony from each of the pure culture plates (NA,
R2A, di9NA). Plates were inverted and incubated at 9°C until
crystals formed.

To determine urease activity, solid agar slants were prepared
and poured following the manufacturer’s instructions [BBLTM
Urea Agar Base Concentrate 10x (BD, Franklin Lakes,
New Jersey, United States]. Urea base concentrate was filtered
through a 0.22 pm polyethersulfone (PES) filter to a final
volume of 5.0 mL using an Omnispense pump (Thermo Fisher,
Waltham, United States). Inoculated slants were incubated at
9°C until bacterial growth was observed. Isolates demonstrating
urease activity were then inoculated onto 114 mm plates
containing modified B4 media. Plates were inverted and
incubated at 9°C. Daily observation occurred for the first
30 days and then weekly for a further 9 weeks until
crystals were detected.

To determine crystal formation in an aqueous environment,
40.0 mL of MICP broth [0.25% Ca(C;H30,);, 0.5% dextrose,
0.0-0.4% urea and/or yeast extract w/v, pH 8.0] was made
for each U+ candidate with the introduction of urea (1
M) as a nitrogen source over a concentration-dependent
manner, substituting yeast extract. U+ candidates were grown
in liquid B4 precipitation medium until reached log phase
(~1.0 A600 nm) and inoculated. Incubation conditions
remained the same. After 12 weeks of incubation, the
broth cultures were slowly poured off, laid flat, and placed
on the viewing platform of a stereomicroscope (Kyowa
Optical Sdz-Pl Zoom Microscope, Tokyo, Japan). Crystals
were imaged at 40x using an iPhone 11 Pro (Apple Inc.
Cupertino, United States).

Petrographic and Scanning Electron

Microscopy

Photomicrographs of closed 90-mL agar plates were taken using a
Leica DMV6 digital microscope fitted with a Leica PlanApo FOV
12.55 mid-magnification objective that has a maximum field of
view of 12.55 mm, magnification range from 46x to 675x, and
working distance up to 33 mm (Leica, Germany).

Popcorn and soda straw speleothem samples were sent
to the Biolmaging Facility at the University of British
Columbia, Vancouver, Canada for Scanning Electron Microscopy
(SEM). Samples were freeze-dried and osmium-fumed in their
storage tubes for approximately 1 h, and then transferred
to polypropylene petri dishes with a saturated filter paper
(4% w/v OSOy4 aqueous solution) and 16% v/v formaldehyde
(~ 0.5 mL not touching the sample) for another 2 h. The

samples were inverted after 1 h and further osmium-fumed
over 48 h. Then, samples were mounted using a bulk sample
holder and coated with 12 nm of gold using a Cressington 208
HR sputter coater (Cressington, Watford, United Kingdom).
Samples were then imaged at various accelerating voltages,
modes, and working distances on a Hitachi S4700 FESEM
(Hitachi, Tokyo, Japan).

Genetic Identification and

Whole-Genome Sequencing

16s rRNA identification was performed by heating a single
colony of each urease-positive isolate in 10 wL of nuclease-
free water at 95°C for 10 min and using 2 uL of the resulting
lysate for PCR amplification. An amplicon of approximately
570 bp was amplified using 1.25 U Taq DNA Polymerase
(New England Biolabs), 0.5 mM dNTPs, 0.16 mM bovine
serum albumin, 0.5 uM forward primer 5-GTG CCA GCM
GCN GCG G, and 0.5 pM reverse primer 5-GGG TTN
CGN TCG TTG. Cycling conditions were 95°C for 2 min,
25 cycles of 95°C for 1 min, 68°C for 45 s, and 68°C
for 45 s, with final elongation at 68°C for 5 min. The
resulting PCR product was Sanger-sequenced at Génome Québec
(Montréal, Quebec, Canada). The sequencing results were
trimmed, and genus-level identification was performed using
NCBI Blast (Altschul et al., 1990), with one isolate identified
to species level.

Two isolates with strong urease activity and observed
carbonate-precipitation ability were selected for whole-genome
sequencing (WGS). WGS was performed by Integrated
Microbiome Technologies (Halifax, Nova Scotia, Canada)
on the PacBio Sequel II instrument. Genome analyses were
performed in the Galaxy platform (Afgan et al., 2018). Genomes
were assembled using Flye Version 2.6 (Lin et al,, 2016) and
annotated using PATRIC Version 3.6.12 (Brettin et al., 2015).
Quast Version 5.0.2 (Mikheenko et al., 2018) was used to analyze
the quality of the assembled genome. PubMLST (accessed March
20, 2022) was then used to confirm genus-level identifications of
the two isolates (Jolley et al., 2018).

Chemical Analysis of Speleothems by
Inductively Coupled Plasma Mass

Spectrometry

Both PCS and SSS were ground into a slurry to determine
their relative pH. Speleothem samples were ground using a
sterile mortar and pestle into a fine powder (for SSS) and a
wet slurry (for PCS). To the ground, SSS was added 6 mL
of diH,O to form a slurry of similar consistency to PCS.
Speleothem pH was determined using a FieldScout SoilStik
pH meter (Spectrum Technologies, United States). SSS and
PCS were also ground into fine powder and shipped to ALS
Global Laboratories to perform inductively coupled plasma
mass spectrometry (ICP-MS) total elemental analysis of sixteen
elements, including biologically relevant elements such as
magnesium and calcium.
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RESULTS

Isolation, Bioprecipitation, and Urease
Activity
A total of 99 isolates were grown successfully in the lab setting.
A total of four SSS isolates and seven PCS isolates exhibited
urease activity of varying degrees while incubating at 9°C.
The 11 total urease-positive isolates, henceforth known as U+
candidates, represent 8.2% of culturable sample size. Table 1
summarizes urease-positive candidates by showing how quickly
the urea media changed color to intense pink, an indicator of
increasing alkalinity. Isolates which had marginal urease activity
were denoted as “+” (color change occurred 3-5 days post-
inoculation), isolates with sufficient urease activity were denoted
as “++” (color change occurred 2-3 days post-inoculation), and
samples with generous urease activity were denoted as “+++”
(color change occurred 0-1 days post-inoculation).

After 62 days from incubation, agar plates inoculated with U+
candidates demonstrated crystal formation on three of the four
modified B4 media types. U+ candidates from both PCS and SSS

TABLE 1 | Isolate designation, preliminary identification using 16S rRNA analysis,
and urease activity.

Isolate Designation Preliminary characterization Activity
SSS006 Sporosarcina sp. ++
SSS031 Arthrobacter sp. +++
SSS032 Arthrobacter sp. +++
SSS035 Pseudarthrobacter sp. +++
PCS003 Sphingobacterium anheuense ++
PCS018 Sphingobacterium sp. +
PCS039 Streptomyces sp. ++
PCS042 - +++
PCS049 Streptomyces sp. +++
PCS054 Variovorax sp. ++
PCS056 Sphingobacterium sp. +++

w, »

Isolates which had marginal urease activity were denoted as “+” (color change
occurred 3-5 days post-inoculation), isolates with sufficient urease activity were
denoted as “++” (color change occurred 2-3 days post-inoculation), and samples
with generous urease activity were denoted as “+++” (color change occurred 01
days post-inoculation).

grew on all media types; however, no growth was detected on
B4 agar plates supplemented with calcium acetate for SSS U+
candidates only. Both PCS and SSS U+ candidates demonstrated
crystal formations with varying morphologies. For the aqueous
B4 experiment, broth cultures revealed crystal formations on
the inside face of test tubes of three PCS and one SSS U+
candidates, respectively. For both the agar plate and aqueous B4
assays, U+ candidates, similar crystal morphologies, were seen,
as demonstrated in Figure 1. SSS035 and PCS056 were chosen
for whole-genome sequencing (WGS) based on their increased
urease activity.

Scanning Electron and Petrographic

Microscopy

A total of six micrographs were produced for both PCS and SSS
by the Bioimaging Facility at the University of British Columbia
(Figure 2). A total of eighty-two photomicrographs of SSS and
PCS were taken with the petrographic microscope with an array
of crystal structures, including rhombic and complex, as shown
in Figure 3.

Whole-Genome Sequencing and

Phylogenetic Analysis

Pseudarthrobacter sp. SSS035 and Sphingobacterium sp. PCS056
underwent WGS by PacBio Sequel II. The resulting reads
were assembled using Flye and annotated using PATRIC.
Pseudarthrobacter sp. SSS035 was assembled into three contigs
with lengths of 4,611,850, 272,440, and 149,359 nucleotides.
Average coverage of each contig was over 400 x, with the average
coverage of the three contigs being 537x. The total genome
size was determined to be 5.03 Mbp and consisted of 64.86%
GC content. PubMLST determined this isolate has an 82%
match to Pseudarthrobacter sulfonivorans, indicating that this is
likely a previously uncharacterized species of Pseudarthrobacter.
Phylogenetic analysis of the most similar organisms by
genome (Figure 4) associated the strain with Arthrobacter and
Pseudarthrobacter species using NCBI Taxonomy tool (Schoch
et al., 2020) was found in a diverse set of environments
ranging from high humane activity areas such as coal mine
and agricultural soil to wetlands on Tibetan Plateau lakes and
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FIGURE 1 | Crystal-like formations observed in modified liquid B4 media inoculated with isolates from the soda straw and popcorn speleothems observed by a
stereomicroscope. (A) PCS056 (Sphingobacterium sp.) supplemented with 0.2% w/w yeast extract (YE) and 0.2% w/w urea (U). (B) PCS056 supplemented with
0.1% w/w YE and 0.3% w/w U. (C) PCS-56 supplemented with 0.0% w/w YE and 0.4% w/w U. (D) Mixed culture of SSS006 (Sporosarcina sp.) and SSS035
(Pseudarthrobacter sp.) supplemented with 0.1% w/w YE and 0.3% w/w U. (E) Negative control supplemented with 0.3% YE and 0.1% U. All micrographs under
40x magnification.
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FIGURE 2 | Scanning electron micrographs of speleothems with an abundance and variety of microorganisms present. (A) Inside of a popcorn speleothem sample
(1000x), (B) outside of a popcorn speleothem sample (2500x), (C) internal base of a soda straw speleothem (2500x), and (D) exterior surface of a soda straw

speleothem (1500x).

tsunami-affected areas (Zhang et al., 2016; Park et al., 2019; Shen
etal., 2021).

Sphingobacterium sp. PCS056 reads were assembled into
a single contig with a length of 5,195,665 nucleotides with
36.78% GC content. Average coverage for this genome was
329x, and the genome was able to be circularized during
assembly. PubMLST determined this isolate has an 80% match
to Sphingobacterium faecium, also indicating the likelihood of a
previously uncharacterized species. Phylogenetic analysis based
on genome similarity (Figure 5) placed our isolate with other
species of Sphingobacterium isolated from animal sources and
agricultural soil such as pig pens and cow’s milk (Almeida
et al.,, 2014; Ghosh et al., 2014), being very distinct from soil
sources observed for the previous isolate described and cave
bacteria in general.

Genome annotation determined the presence of urease genes
in each isolate (Figure 6). Sphingobacterium sp. PCS056 encodes
the genes for alpha, beta, and gamma urease subunits, as well
as the urease accessory proteins UreD, UreE, UreF, and UreG.
Two gene clusters were observed, with similar genetic elements,
but slightly different gene sizes. Upon further inspection,
Pseudarthrobacter sp. SSS035 also has a full urease pathway
encoding the same genes, running in the reverse sense. All gene
clusters are 5 kb in size and are shown as a continuous pathway
in Pseudarthrobacter sp. SSS035 as opposed to the ones observed
in Sphingobacterium sp. PCS056, where an uncharacterized gene
sequence is located in between ureC and ureE.

Chemical Analysis of Speleothems

Both PCS and SSS were pH-analyzed in triplicate. PCS was found
to be slightly acidic with a mean pH of 6.67, while SSS was found
to be alkaline with a mean pH of 9.25.

A total of fifteen biologically relevant elements were analyzed
by ICP-MS and conducted by ALS Global commercial laboratory.
Table 2 summarizes the chemical profile of the samples. Of
note, the largest elemental concentration among both SSS and
PCS is calcium with concentrations of 411,000 mg/kg and
427,000 mg/kg, respectively. Further, nickel, which is responsible
for binding urea and water in the active site of urease (Benini
et al., 1999), was also present in both samples in concentrations
of 1.88 mg/kg for SSS and 1.36 mg/mg for PCS.

DISCUSSION AND CONCLUSION

MICP is a general phenomenon demonstrated by bacteria among
other microorganisms and is found in many habitats throughout
the world. Though MICP as a process has been studied for
over 20 years, research has focused on the ability for bacteria
to precipitate calcium carbonate for use in biocements (Chou
et al., 2011; Chu et al., 2012; Chaparro-Acuia et al., 2018; Seifan
and Berenjian, 2019). However, research on bacterial-mediated
MICP and how it plays an important role in shaping natural
environments has focused mainly on terranean and subterranean
soil studies. Research on MICP and how it contributes to cave

Frontiers in Microbiology | www.frontiersin.org

102

July 2022 | Volume 13 | Article 933388


https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles

Koning et al.

Biomineralization in Cave Bacteria

0.25% Ca,(C H,0,),
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FIGURE 3 | Crystal-like formations observed in various B4 media inoculated with isolates from the soda straw and popcorn speleothems observed by a petrographic
microscope. (A) Formations observed adjacent a bacterial colony in the media of a B4 calcium citrate medium plate (131 x). (B) Formations observed on the surface
of a bacterial colony on calcium citrate B4 medium (69x). (C) Formations observed adjacent a bacterial colony in the media of a B4 calcium nitrate medium plate
(343x). (D) Magnified formation on same colony as C (452 x). (E) Crystals observed in calcium chloride B4 medium (151 x). (F) Formations observed on calcium
chloride B4 medium (306x). (G) Uninoculated B4 acetate media plate as a negative control (222 x). (H) Crystals observed in calcium acetate B4 medium (91 x).

formations is still not well known. Identifying whether MICP-
capable bacteria play a role in the formation of cave speleothems
and whether they contribute to the vastly different macroscopic
morphologies exhibited by speleothems will help improve our

understanding of bacterial-mediated MICP in subterranean
environments. With vastly different speleothem morphologies, it
is wondered whether bacteria act as nucleation sites for crystal
growth, thus producing different crystal growth patterns. Further,
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TABLE 2 | ICP-MS chemical analyses of PCS and SSS extracted from the ICC
reported as concentration (mg/kg).

Element Popcorn Soda straw
Aluminum (Al) 604.00 76.00
Barium (Ba) 12.70 16.30
Cadmium (Cd) 1.12 0.43
Calcium (Ca) 427000.00 411000.00
Chromium (Cr) 1.77 < 0.50
Cobalt (Co) <0.10 <0.10
Copper (Cu) 3.63 0.56
Iron (Fe) 308.00 184.00
Lead (Pb) < 0.50 <0.50
Magnesium (Mg) 309.00 1060.00
Molybdenum (Mo) 0.13 0.18
Nickel (Ni) 1.36 1.88
Potassium (K) < 100 <100
Sodium (Na) < 50 64.00
Strontium (Sr) 23.80 63.20
Zinc (Zn) 3.10 2.20

with most speleothems being made of crystallized minerals,
understanding how cave bacteria can survive and proliferate in
such oligotrophic environments may well speak to their need
to employ alternative metabolic pathways for energy, including
those associated with MICP.

Here, we studied the MICP potential of cave bacteria isolated
from the ICC in Chilliwack, Canada. Through a combination of
biochemical, MICP-specific assays and genomics, we identified
that MICP may be a common process found across different
genera as demonstrated by bacteria isolated from PCS and
SSS. MICP has been observed worldwide in a vast array of
environments and microbial niches (Castanier et al., 1999;
Stocks-Fischer et al., 1999; Chou et al., 2011; Seifan and Berenjian,
2019). Moreover, bacteria capable of MICP have participated
in the formation of secondary cave deposits (Castanier et al.,
1999; Stocks-Fischer et al., 1999; Northup and Lavoie, 2001;
Engel et al., 2004; Banks et al., 2010). A previous study identified
CaCO3 production in several genera of bacteria isolated from an
Indian cave and further demonstrated their ability to precipitate
on artificial B4 medium (Baskar et al., 2016). Furthermore, two
genera isolated in the study by Baskar et al. (2016), Arthrobacter

spp. and Streptomyces spp., were also identified in our study
and were isolated from soda straw speleothems. Our results are
consistent with MICP being a phenomenon demonstrated by
bacteria found within caves and associated with speleothems
(Figure 2) and is a process mediated by biochemical pathways
found in a broad range of genera (Weiner and Dove, 2003; Zhu
and Dittrich, 2016; Chaparro-Acuna et al., 2018; Castro-Alonso
et al., 2019; Chaurasia et al., 2019; Seifan and Berenjian, 2019;
Zhang et al., 2019; Ortega-Villamagua et al., 2020).

The bacterial isolates studied through WGS showed complete
urease pathways, with some key differences in cluster structure
and correlated species. Analysis of whole genome determined the
closest correlated organisms to Pseudarthrobacter sp. SSS035 and
Sphingobacterium sp. PCS056 (Figures 3, 4). Pseudarthrobacter
sp. SSS035 was found to be related to other organisms commonly
found in non-acidic soils and belonging to the same genus
or the associated Arthrobacter genus with a high level of
correlation confidence. Being known for their versatility in
adapting to several conditions including desiccation, starvation,
and the ability to use a wide range of carbon sources
(Jones and Keddie, 2006), Pseudarthrobacter presence would be
expected in a challenging cave environment. In our analysis,
Sphingobacterium sp. PCS056 was related to other organisms
from the same genus that are present in habitats with heavy
human influence such as pig pens. Although the preferred
habitat of the genus is not well characterized, the presence
of several enzymes such as DNAse, oxidase, catalase, and
urease, as well as antibiotic resistance genes (Steinberg and
Burd, 2015), is indicative of adaptation to high evolutionary
pressure conditions.

Pseudarthrobacter sp. SSS035 encodes a single and complete
urease pathway, whereas Sphingobacterium sp. PCS056 shows
two urease pathways encoded in the genome, with an unknown
gene in the middle of the sequence (Figure 6). Gene duplications
are common in prokaryotic organisms and can confer a variety
of advantages. Duplications in genes related to transcription,
defense mechanisms, and metabolism as we see in the urease
pathway duplication can help the microbe adapt to a changing
environment (Argyris and Pomerantz, 2004). Given that the
cave environment is highly delicate and subject to small changes
in nutrient availability, this could provide selective pressure
to keep the duplicated pathway. Organisms that are better
able to survive their environment due to gene duplication
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may experience convergent evolution toward the beneficial trait
(Bratlie et al., 2010).

Fisher et al. (2017) found that in environmental bacteria,
higher habitat pH correlated with higher copy numbers of ureC.
The same trend occurs with the two isolates studied here, where
duplication occurs in the isolate exposed to higher pH. However,
we do see duplication of the entire pathway rather than just in
ureC, in a similar manner to several Helicobacter species, where
the urease is associated with host iron-rich diets and presents
reduced activity (Carter et al., 2009, 2011; Fong et al., 2013).
Considering the cave high levels of iron, hence its name, this
duplication, and the altered configuration with a hypothetical
gene between ureC and ureD could arise from the presence
of an alternative iron-dependent urease(s) in addition or in
replacement of nickel-dependent enzymes due to limited nickel
levels in comparison with iron (Table 2).

The urease pathway occurring in the reverse direction
in Pseudarthrobacter sp. SSS035 could be due to a variety
of reasons, including differences in operon regulation or
convergent evolution with the urease genes arising in the
two microbes based on two separate events. One study
proposes that inversion of whole operons occurs more often
in genes associated with antibiotic resistance and virulence
and increases evolvability of the microbe to better adapt
to its environment and lifestyle (Merrikh and Merrikh,
2018). The pathogenicity of Pseudarthrobacter sulfonivorans,
the closest related bacteria to Pseudarthrobacter sp. SSS035, is
undetermined, but there are members of the genus that are
known to be pathogenic, supporting the possibility of another
pathogenic microbe in this genus.

In addition, we studied the chemical composition of the
PCS and SSS speleothems to determine differences in available
nutrients and in the immediate microenvironment that bacteria
inhabited. Recent studies by Dhami et al. (2018) have analyzed
the chemical composition of groundwater and analyzed six
speleothems from Margaret River caves to elucidate what
minerals and free aqueous species are available to cave-dwelling
bacteria. Interestingly, a similar trend was observed between
the three caves sampled in the study and our observations at
the ICC with respect to calcium, iron, and magnesium, despite
the geographic distance between Margaret Rivers in Australia
and ICC in Canada. Likewise, similar trends in trace elements
demonstrate that a similar chemical environment would be
available to cave-dwelling bacteria.

Dhami et al. (2018) also performed metagenomic sequencing
and reported an amplicon library where all five phyla and two
genera specific (Pseudarthrobacter sp. and Sporosarcina sp.)
U+ candidates from the ICC were found in the Australian
caves, further cementing the idea that the microenvironment
(i.e., available dissolved minerals and drip water on speleothem
surfaces) may be an important selective pressure, favoring
these genera. To corroborate these findings, the results from
a study by Ortiz et al. (2012) on the bacterial diversity in the
Kartchner Cave in Arizona, United States, demonstrated that
bacteria belonging to all five phyla found at the ICC were
also present in the Kartchner Cave. These studies suggest that
these organisms might utilize alternative metabolic pathways

to inhabit and persist in such oligotrophic environments
under different environmental variables all over the world,
consolidating the importance of urease in our isolates
for cave survival.

While bacterial abundance may allow us to understand the
community composition, we must not forget the role the pH
plays in both the geological and biological worlds. We have a good
understanding of how caves form, and the role that pH plays;
however, we do not have a great understanding of the role pH
plays in the microenvironment that cave bacteria inhabit. In this
study, PCS was determined to be slightly acidic pH, while SSS was
alkaline. With these findings, PCS likely undergo passive influx
of calcium ions and SSS undergo active extrusion of calcium
ions for calcium carbonate precipitation as demonstrated in a
study conducted by Hammes and Verstraete (2002) whereby
researchers outlined mechanisms by which bacteria participate
in active and passive calcium carbonate precipitation thereby
demonstrating a clear mechanistic approach.

Lastly, it is imperative to understand the role that solid
mineral surfaces of speleothems and their aqueous environments
play in the physical geological formation of crystals. Calcium
carbonate crystal formations exist as either calcite, aragonite,
or vaterite. Here, we employed petrographic microscopy to
discern what crystal shapes were formed from MICP of U+
candidates, and whether the crystal shapes differed between
the solid and liquid MICP assays. A wide array of crystal
morphologies was found upon imaging U+ candidates from
both liquid and solid MICP assays, as demonstrated in
Figures 1, 3. Regarding crystal morphology, even though we
understand that the conditions between in vitro experiments
vs. cave environments differ greatly, discrepancies in the
observed shapes of crystal made by different single isolates
vs. mixed cultures were observed. Hence, we are convinced
that the makeup of bacteria may influence the diversity in
crystal morphology and may be related to the macroscopic
shape of the speleothems themselves, suggesting that crystal
budding from urease-positive candidates may influence a
larger exponentiation of the crystal growth, aided along by
either evaporation pattern and/or dripping of the groundwater
saturated with mineral contents, to form the macroscopic
speleothems that we see today.

Since speleothem formation is very complex and time-
consuming process, lots of metabolic pathways and steps
involved in cave speleothem formation remain unknown. From
our lab-based crystal formations found in U+ candidate MICP
assays, we now have many more questions about it than we
started off. For example, we wonder whether the growth of
speleothems and their structures are first nucleated at the
extracellular surface of cave bacteria that precipitate calcium
carbonate. How about the pH role and impact in an overall
crystal formation relating to the bacterial cell membrane and
subsequent cascading of proton gradients, and its effects in
the microenvironment? These questions warrant us to look
further into how bacterial diversity and activity influence or are
influenced by the cave speleothem dynamics.

Prospects include determining the nucleation role of cave
bacteria in speleothem growth by performing carbonatogenic
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yield experiments to better understand growth kinetics of
U+ candidates, and their quantitative contribution to overall
speleothem formation. Moreover, determining the quantity of
nucleation sites on these candidates is imperative but requires
careful assessment of the number of urease enzyme copies
found in their genomes and the available surface area to
act as nucleation sites. Determining surface area nucleation
sites requires further imaging with SEM when bacteria are in
their ureolytic metabolic state. Lastly, to confirm the crystal
structure being produced by U+ candidates is indeed the
calcite form of calcium carbonate, X-ray diffraction microscopy
must be employed.
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Proteus anguinus is a neotenic cave salamander, endemic to the Dinaric Karst and a
symbol of world natural heritage. It is classified as “vulnerable” by the International Union
for Conservation of Nature (IUCN) and is one of the EU priority species in need of strict
protection. Due to inaccessibility of their natural underground habitat, scientific studies of
the olm have been conducted mainly in captivity, where the amphibians are particularly
susceptible to opportunistic microbial infections. In this report, we focused on the
diversity of cultivable commensal fungi isolated from the skin of asymptomatic and
symptomatic animals obtained from nature (20 specimens) and captivity (22 specimens),
as well as from underground water of two karstic caves by direct water filtration and by
exposure of keratin-based microbial baits and subsequent isolation from them. In total
244 fungal isolates were recovered from the animals and additional 153 isolates were
obtained from water samples. Together, these isolates represented 87 genera and 166
species. Symptomatic animals were colonized by a variety of fungal species, most of
them represented by a single isolate, including genera known for their involvement in
chromomycosis, phaeohyphomycosis and zygomycosis in amphibians: Acremonium,
Aspergillus, Cladosporium, Exophiala, Fusarium, Mucor, Ochroconis, Phialophora and
Penicillium. One symptomatic specimen sampled from nature was infected by the
oomycete Saprolegnia parasitica, the known causative agent of saprolegniosis. This is
the first comprehensive report on cultivable skin mycobiome of this unique amphibian in
nature and in captivity, with an emphasis on potentially pathogenic fungi and oomycetes.

Keywords: Proteus anguinus, olm, fungi, opportunistic pathogens, Saprolegnia

INTRODUCTION

Cave salamander Proteus anguinus, also known as the olm, is a symbol of world natural heritage,
a flagship species of the subterranean environment and a Slovenian national symbol. Olm is the
longest-living amphibian, the largest troglobiotic tetrapod in the World and the only European
troglobiotic vertebrate. Original description dates in Laurenti (1768). Since the discovery of
pigmented form (Sket and Arntzen, 1994), two subspecies are known: the originally described and
more spread non-pigmented variant P. anguinus anguinus (Paa), and the black olm or P. anguinus
parkelj (Pap). Olm belongs to the family Proteidae, an ancient group of aquatic salamanders with
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only two genera, the European Proteus (with one currently
recognized species) and the North American genus Necturus
(with five currently recognized species). While Necturus lives
in surface water, Proteus is endemic to the subterranean waters
of the Dinaric Karst of souterneast Europe, with most known
localities in Slovenia (Sket, 1997; Goricki et al., 2017). Its major
troglobiotic adaptations include depigmented skin, degenerated
eyes and elongated body parts, high tolerance to anoxia, slow
metabolism, and unusual resistance to starvation. Since olms are
also neotenic, they retain certain larval characteristics through
their life, including external gills, gill slits and skin morphology
(Bulog et al., 2000; Voituron et al., 2011; McGaugh et al., 2020;
Kostanjs$ek et al., 2021a).

The olm is one of the EU priority species in need of
strict protection (Voros et al., 2017), listed in the EU Habitats
Directive and Bern and Ramsar Conventions, and is classified
as “vulnerable” by the International Union for Conservation
of Nature "(IUCN Red)" (Arntzen et al., 2009) and EDGE
lists (Safl et al,, 2013).! In Slovenia it is protected by national
legislation since 1922.

As an endemic and neotenic species with a narrow ecological
niche, olm is highly susceptible to infections (Heard et al.,
2013), especially to pathogens with a high mortality potential for
urodelans (Price et al., 2016; Spitzen-van der Sluijs et al., 2016)
and amphibians in general. According to the Global Amphibian
Assessment (GAA), more than 40% of amphibian species are
in decline, while an additional 32% are threatened (Latney
and Klaphake, 2013). The main microbial threats to amphibian
diversity are the fungal disease chytridiomycosis, caused by the
fungi Batrachochytrium dendrobatidis and B. salamandrivorans
(Scheele et al., 2019), and ranaviruses (Price et al., 2016; Spitzen-
van der Sluijs et al., 2016). Both chytrids infect many amphibian
species across Europe, including countries neighboring Slovenia
(Fisher and Garner, 2020). During the first monitoring study
performed in Slovenia between 2015 and 2019, we collected swab
samples from 173 live amphibians of 22 species, from 53 natural
sites across Slovenia and from 41 captive amphibians. Sampling
also included 70 olm individuals from five wild populations in
Slovenia and 18 captive specimens. All samples were analyzed
by real-time quantitative polymerase chain reaction (QPCR) for
the presence of B. salamandrivorans (Blooi et al,, 2013) and
ranaviruses (Leung et al., 2017). We identified a single infection
with B. dendrobatidis on an edible frog (Pelophylax k1. esculentus)
from a natural habitat and no infections with B. salamandrivorans
or ranaviruses of other amphibians sampled, including the olm
(Kostanjsek et al., 2021b).

Other important fungal infections that contribute to global
amphibian declines (Latney and Klaphake, 2013) include
chromomycosis, phaeohyphomycosis, zygomycosis, and
saprolegniosis, the latter caused by water molds (Oomycota,
Stramenopiles). Due to the unique physiology and ecology of
amphibians, water is one of the main vectors for transmission
of these pathogens (Robert et al., 2011). Although it is known
that stressed animals in captivity can become infected via
traumatized gills or skin and through contact with contaminated

Uhttp://www.edgeofexistence.org/species/olm/

water (Seyedmousavi et al., 2013), only three reports on fungal
infections of olms in captivity have been published so far (Kogej,
1999; Bizjak-Mali et al., 2018; Lukac et al., 2019; Li et al., 2020),
and no data exist on fungal infections of the olm in its natural
underground habitats.

The focus of this study was isolation and identification of
cultivable fungi from the skin of olm specimens inhabiting
underground water of five karstic caves, representing different
Slovenian natural populations of olm (Sket, 1997; Goricki et al.,
2017) and from three vivaria where they were kept in captivity.
Commensal fungi were isolated both from the skin of healthy
animals and from animals with visible symptoms of disease,
as well as from microbial baits exposed in water of three
selected karstic caves, and by water filtration from two locations.
Results of this study provide the first comprehensive insight
into cultivable skin mycobiota of the olm and into its exposure
and susceptibility to fungi populating underground karstic water
environment, with emphasis on potential pathogens.

MATERIALS AND METHODS
Sampling Sites

Animals of Proteus anguinus have been sampled in five different
karstic caves in Slovenia: Planinska jama and Crna jama, both
part of Postojna-Planina cave system in southwestern Slovenia,
Vir pri Sticni, Kompoljska jama and JelSevnik in southeastern
Slovenia (Figure 1), as well as three different sites (vivaria) where
olm was kept in captivity. Water from Vivarium 1 originated
from the Postojna-Planina cave system, water in Vivarium 2 was
dechlorinated tap water, while water in Vivarium 3 originated
from the vicinity of Kranj SW Slovenia. Additional water samples
were taken in Kr$ka jama, where no olms were found. In total
42 skin swab samples were collected from 42 animals (20 in the
wild, 22 in captivity) over the period of 3 years (2017-2019). Nine
of the swabs were taken from symptomatic animals, one of them
was from the natural habitat and the other eight from captivity.
Sampling sites and olm specimens are presented in Figure 1 and
in Supplementary Table 1.

Sampling of Animals and Environment
Animals

Animals were collected under permit 35601-27/2021-8 issued by
the Ministry of the Environment and Spatial Planning of the
Republic of Slovenia and Slovenian Agency for the Environment.
Skin of asymptomatic olm specimens was sampled for the
presence and identification of commensal fungi. The specimens
were handled with fresh sterile gloves and were rinsed with
100 ml of sterile water prior to sampling to ensure that the skin
sample primarily included skin-associated fungi. Sampling was
non-destructive using sterile swabs (4N6 FLOQSwabs®, COPAN)
with plastic shafts following the standard procedures established
for amphibians (Boyle et al., 2004; McKenzie and Peterson, 2012).
Immediately after sampling the swabs were placed into sterile
transport Amies liquid at 4°C and processed within 24 h after
sampling. Animals were released immediately after sampling at
the site where they were captured. Symptomatic specimens were
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FIGURE 1 | Map of Slovenia with marked sampling locations and sampled olm specimens. 1-Jel$evnik, 2-Planinska jama, 3-Erna jama, 4-Kompoljska jama, 5-Vir pri
Stieni, 6-Vivarium 1, 7-Vivarium 2, 8-Vivarium 3, 9-Kr$ka jama. The labels of animals (Paa, Poteus anguinus anguinus; Pap, Proteus anguinus parkelj) are written next

to locations, in black for asymptomatic, and in red for symptomatic animals.

swab-sampled only in regions with visible signs of disease. In
order to control a potential disease, spread and to get more
information about the pathology, they were then euthanized
by prolonged immersion in 1.0% tricaine methanesulfonate
solution (MS222, Sigma Chemical) buffered with 0.2% sodium
bicarbonate (pH 7) and were submitted for necropsy. The
carcass of these specimens and the isolated organs were fixed
in 10% buffered formalin, rinsed in tap water, and then stored
in 70% ethanol. Gross pathological changes were observed and
documented using the MZFLIII dissecting stereomicroscope
(Leica) equipped with the DFC 425C digital camera (Leica) and
LAS software (V4.0) (Leica).

Environment

At selected sampling sites in caves (JelSevnik, Krska jama,
Planinska jama), keratin baits (moulten snake skin, chicken
feathers), and dialysis tubes filled with water agar, all separately
sterilized by autoclaving in 50 ml Falcon tubes and covered with
nylon fabric, were placed into perforated plastic containers, and
exposed to the cave water by fixation with ropes (Figure 2). Baits
were retrieved after 1, 3, 6, 12 and 15 months and checked for
the presence of fungi. Water was collected in sterile containers
at the point of animal capture, and in aliquots of 100 mL filtered
through 0.45 pum membrane filters (Millipore) using a vacuum.

Isolation and Characterization of Fungi

and Oomycetes

Animals

Fungi and oomycetes were isolated from the skin swabs
of asymptomatic and symptomatic olms from nature
and captivity, sampled as described above. Tubes with
swabs and transport liquid were vigorously shaken in
order to release the material from the swabs; 30-50 pl of
transport liquid was pipetted on the surface of DRBC with
chloramphenicol (50 mg/L), SabG, and TGhL with a mixture of
penicillin/streptomycin (penicillin-G: 200 mg/L, streptomycin:
400 mg/L). In addition, the same amount of Amies, Copan
transport liquid, was placed into a Petri dish with cooked
hemp seeds (100°C, 20 min) and sterile distilled water was
added up to 20 ml.

Environment

Fungi and oomycetes were also isolated from microbial baits
incubated in water and from cave water samples. Baits were cut
in approx. 1 x 1 cm? pieces and placed onto the surface of all
above listed culture media. After environmental water filtration,
filters were placed onto the following culture media: Dichloran
Rose Bengal Chloramphenicol agar (DRBC; Biolife), Sabouraud’s
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FIGURE 2 | Baits placed in Falcon tubes, closed with nylon textile, protected by perforate plastic container, firmly fixed into cave water by ropes.

dextrose agar (SabD; Biolife), malt extract agar (MEA), tryptone
gelatine hydrolyzate lactose agar (TGhL; Longcore et al., 1999).

All culture media were inoculated in duplicates; one set was
incubated at 15°C (close to the temperature of cave environment,
appropriate for B. salamandrivorans) and the other at 20°C
(appropriate for B. dendrobatidis) until visible growth. Fungi
were isolated in pure cultures and deposited in the Ex Culture
Collection of the Infrastructural Centre Mycosmo, MRIC UL,
Slovenia,* at the Department of Biology, Biotechnical Faculty,
University of Ljubljana. All isolated fungi were identified to the
genus or species level by their morphology and by sequencing the
molecular taxonomic markers as described below. Microscopic
characters were observed with Nomarski interference contrast
optics on Olympus BX-51 microscope, and micrographs were
recorded with DP72 camera (Olympus).

Molecular Identification of Isolates

Genomic DNA of yeast isolates was extracted using the
PrepMan Ultra reagent (Applied Biosystems) according to
the manufacturer instructions. DNA of filamentous fungi was
extracted after mechanical lysis in CTAB buffer according to
the protocol described by Gerrits van den Ende and de Hoog
(1999). DNA regions/genes used for identification were internal
transcribed spacers 1 and 2 including the 5.8S rDNA (ITS), partial

2http:/ /www.ex-genebank.com/

large ribosomal subunit rDNA including its D1/D2 domains
(LSU) for the majority of isolates, partial sequences of genes
encoding for actin (act) for genus Cladosporium, translation
elongation factor one alpha (EF-la) for genera Trichoderma
and Fusarium, and B-tubulin (benA) for genera Aspergillus and
Penicillium. These were PCR amplified and Sanger sequenced
with the following primer sets: ITS1/ITS4 and NL1/NL4 (White
et al.,, 1990), ACT-512F/ACT-738R (Carbone and Kohn, 1999),
EF1-983F/EF1-2218R (Rehner and Buckley, 2005), Ben2f (Hubka
and Kolarik, 2012)/Bt2b (Glass and Donaldson, 1995). After
sequencing the sequences of the most similar type strains and
other taxonomically important reference strains were retrieved
from the non-redundant GenBank nucleotide database with the
blast algorithm (Altschul et al., 1990) and aligned with sequences
of olm isolates, followed by phylogenetic analyses with maximum
likelihood method as implemented in Mega7, version 7 (Kumar
et al, 2016). All DNA sequences from the representative
strains from this study were deposited in the GenBank
database: ON261225-ON261330, ON312944-ON312998 (ITS
rDNA), ON777803-ON777808 (actin), ON777793-ON777802
(beta tubulin), ON804224-ON804232 (translation elongation
factor 1-alpha).

Statistical Methods

To identify potential connections between environmental
variables and microbial diversity, machine learning methods were
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used to analyze the data. All analyses have been performed in the
environment R and Microsoft Excel, 2016.

Hierarchical clustering was employed to determine the
similarity among samples, using function “hclust()” from the
package “stats” v3.6.1, which is part of the base R.

Correlation of occurrence of fungal species was obtained by
the function “cor()” from the package “stats” v3.6.1. Graphical
images were produced with the function “pheatmap()” from the
package “pheatmap” v1.0.12 (Kolde, 2019). Species cooccurrence
was investigated with the package “cooccur” v1.3 (Griffith et al.,
2016) in R. R package “randomForest” (Liaw and Wiener, 2002)
was used for the construction of decision trees as a means
to identify fungal taxa (based on their presence/absence) with
good predictive power of different environmental variables (e.g.,
animal health or captivity). We have calculated 10001 trees at
each condition studied. Visualization of taxonomic units was
made by software package ggplot2 (Wickham, 2016).

RESULTS

Sampling of Healthy and Symptomatic

Animals

Over a 2-year period, a total of 42 animals were sampled in
five karstic caves and at three locations where animals are held
in long-term captivity (Figure 1). Thirty-three swab samples
(78.6%) were from healthy, asymptomatic animals, out of which
19 were from the natural subterranean environment (57.6%)
and 14 were from captivity (42.4%). Nine symptomatic animals
are briefly described in Table 1. Eight were from captivity and
one from the natural environment of the Postojna-Planina cave
system (from Crna jama cave).

Fungal Diversity From Asymptomatic

Animals

Total number of fungal isolates from all animals was 244.
These isolates represent 73 different genera and 115 species. The
complete list of isolated fungi from all animals is presented in
Supplementary Table 2, and the list of fungal species isolated
from at least two animals in Table 2. The highest diversity
of fungi was determined for 14 asymptomatic captive animals.
Fungi that were isolated exclusively from these animals belong
to 39 different genera and 60 different species. On average, 9.5
strains and 7.4 different species were isolated per animal (3 to
22 strains and 1 to 18 different species per animal). The majority
of species were represented by only one or two isolates. Species
that were represented with at least 3 and up to 7 isolates were:
Acremonium sp. (nov.), Apiotrichum laibachii, Ap. porosum,
Candida saitoana, C. sake, Cyphellophora olivacea, Dipodascus
geotrichum, Exophiala castellanii, Penicillium roseopurpureum,
P. roseopurpureum, Pseudogymnoascus spp., Samsoniella hepiali,
and unidentified isolates belonging to Rutstroemiaceae.

On 19 asymptomatic animals sampled in the wild, fungal
diversity was much lower (Supplementary Table 2). In 6 animals,
no fungal strains were obtained at all, while on the remaining
13 animals, 12 different species from 11 genera were found. On

average, 1.3 isolates were obtained per animal (1 to 6 strains, 1
to 4 different species per animal). Again, the frequency of most
species was 1 to 2 strains per animal (Supplementary Table 2).
Only two species were represented by six (Cystofilobasidium
aff. macerans) and five strains (Tausonia pullulans), respectively.
With the exception of one species (Bjerkandera adusta), there was
no overlap in the diversity of fungi from asymptomatic animals
in nature and captivity. Examples of culture media with swab
samples from asymptomatic animals from wild and captivity,
incubated for 14 days at 20°C, are presented on Figure 3.

Fungal Diversity From Symptomatic

Animals

Fungi were isolated also from animals (Figure 4A) with very
different symptoms. Summarized symptoms of animals are
presented in Table 1.

Based on the most common pathologies, the symptomatic
animals were assigned to three groups: (i) edema, (ii) visible
fungal overgrowth, and (iii) lethargy.

(i) Edema is the most prominent morphologic pathology in
olms. They occasionally grow to extent of impaired movement
and disfigurement of symptomatic specimens. The first animal
in this group (specimen Paa2) developed an extensive edema
throughout the body cavity after being held in captivity for
over 10 years. After removal of 22 ml of fluid from the body
cavity, the edema recurred after 3 months. The recurrence of
edema was accompanied by bleeding into the body cavity and
lethargy of the animal. Autopsy of the euthanized specimen
revealed yellow nodular formations on the kidneys and

TABLE 1 | Symptoms of visibly diseased (symptomatic) animals.

Animal Captivity (C)/Nature (N) Symptoms
and location
Paa2 C (Vivarium 1) Extensive and recurring
edema of body cavity,
yellow nodular formations
on kidneys and mottled
lesions on internal organs
Paa3 C (Vivarium 1) Lethargic, underweight
Paa18 C (Vivarium 1) Moldy overgrowth on the
detached limb
Paa22* C (Vivarium 1) Visible mycelium on the
limb
Paa23 N (Crna jama, Extensive edema of body
Planina-Postojna cave cavity, yellow nodular
system) formations on internal
organs
Paa25* C (Vivarium 2) Lethargic, visible mycelia
on the head and limbs
Paa26 C (Vivarium 2) Visible moldy overgrowth
on the body surface
Paa37 C (Vivarium 3) Edemas in pectoral and
pelvis region
Paad?2 C (Vivarium 3) Lethargic

*Animals originated from the Planina-Postojna cave system. They showed
symptoms after 1 month in captivity.
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TABLE 2 | List of fungal species isolated from at least two sampled olm specimens: asymptomatic animals (A), symptomatic animals (S), natural cave environment (N),

captivity (C), number of olm specimens from which fungal strains were isolated (P).

Taxon name A S N C P Olm specimen
Acremonium sp. (nov.)* + + + 6 Paa20, Paa21,
Paa26, Paa29,
Pap36, Pap39
Apiotrichum laibachii**Y + + 3 Paa33, Paa35,
Paad1
Aspergillus creber* + + + + 2 Paa20, Paa22
Aspergillus jensenii* + + + 2 Paa28, Paa42
Bjerkandera adusta*™* + + + 2 Paai5, Paa41
Candida vartiovaarae*Y + + + 2 Paa26, Paa35
Cladosporium allicinum* + + + 2 Paa2, Paa23
Cladosporium neolangeronii* + + + + 3 Paa15, Paa20,
Paa29
Cladosporium pseudocladosporioides* + + + + 3 Paa2, Paa7,
Paa41
Cyphellophora olivacea* + + 2 Paa20, Paa21
Cystofilobasidium sp. (nov.)**Y + + 3 Paa30, Paa31,
Paa32
Debaryomyces hansenii*:Y + + + + 4 Paa32, Pap38,
Pap39, Paa40
Dipodascus geotrichum*Y + 2 Paa35, Paa41
Exophiala castellanii*BY + + Paa20, Paa21
Lecanicillium coprophilum* + + + 4 Paa29, Pap36,
Paa37, Pap39
Mucor circinelloides™™* + + 2 Paa33, Paa35
Mucor racemosus*** + + 2 Paa33, Paa35
Parengyodontium album* + + + + 2 Paal1, Paa27
Penicillium atrosanguineum™ + + 2 Pap38, Pap39
Penicillium brevicompactum™* + + + + 2 Paa2, Paa32
Penicillium chrysogenum* + + + + 5 Paa2, Paa20,
Paai8, Paa27,
Paa28, Paa29
Penicillium citreonigrum* + + 2 Pap38, Pap39
Penicillium roseopurpureum™ + + 3 Paa20, Pap38,
Pap39
Pseudogymnoascus sp.* + + 4 Paa20, Paa21,
Paa27, Paa28
Pyrenochaetopsis leptospora* + + + 2 Pap1, Paa23
Samsoniella hepiali* + + 2 Pap36, Paa41
Saprolegnia parasitica™*** + + 2 Paa22, Paa25
Trichoderma simmonsii* + + + + 2 Paa3, Paa4
Trichoderma viride* + + 2 Paa33, Paa35

+Isolation of fungal species from a particular source. *****Affiliation to the main fungal phyla, *Ascomycota, **Basidiomycota, ***Mucoromycota, ***Chytridiomycota, *****
Oomycota; ' yeast; BY : — black yeast; Paa, Poteus anguinus anguinus; Pap, Proteus anguinus parkelj. Labels of symptomatic animals are written in bold and underlined.

white mottled lesions on the internal organs. Two fungal
genera were isolated: melanized filamentous Cladosporium
allicinum, Cl. pseudocladosporioides, and filamentous Penicillium
brevicompactum, and P. chrysogenum (Table 2). Similar
pathology was observed in specimen Paa23 captured in the
natural environment of the Postojna-Planina cave system. Again,
the pronounced edema extended over the entire body cavity
(Figure 4B) and autopsy revealed yellow nodular formations
on the liver and kidneys. The specimen was colonized by 15
different genera comprising 15 species (data shown in Table 2
and in Supplementary Table 2). Among them three melanized

species  (Cladosporium allicinum, Cadophora melinii, and
Phialocephala glacialis) are recognized as potential causative
agents of phaeohyphomycosis. Other isolated species were
Cystobasidium minutum, Juxtiphoma eupyrena, Plectosphaerella
plurivora, Pyrenochaetopsis leptospora, Sistotrema brinkmannii,
Talaromyces kabodanensis, Truncatella angustata, and Xylodon
flaviporus, potentially new species of genera Paracremonium
and Paraphoma, and yet unidentified species belonging to
Pleosporales and Helotiales. The edemas of a third specimen in
this group (specimen Paa37) were localized in the pectoral and
pelvic regions. Specimen developed symptoms after being kept
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(E-H) Pap39 from captivity (Vivarium 2).

FIGURE 3 | Primary isolation plates after 14 days of incubation at 20°C with skin surface swab samples of asymptomatic Proteus anguinus. (A-D) Paa5 from wild;

FIGURE 4 | Healthy asymptomatic olm, Proteus anguinus from captivity (A). Specimen Paa23 with extensive edema throughout body cavity (B). Dense,
boot-resembling Sporolegnia overgrowth on hind limb of symptomatic animal Paa22 (C).

in captivity for several years and only a single fungal species was
isolated from the animal: Lecanicillium coprophilum.

(ii) The group of symptomatic animals with visible fungal
overgrowth includes four specimens. The first specimen, Paal8,
was a 2-year-old juvenile bred in Postojna cave aquaria. The
specimen lost its hind limb after a fight with its sibling. Direct
microscopy revealed coenocytic hyphae and sporangia typical

for Cunninghamella, which was not isolated in pure culture.
Isolated fungi from hyphal overgrowth of the injured limb
included three fungal species: Penicillium chrysogenum, Sydowia
polyspora and Trichoderma citrinum. Second individual with
visible fungal infection (Paa22) developed symptoms after being
held in captivity for 1 month. Besides dense, fungal cotton-like
overgrowth on the hind limb, resembling a boot (Figure 4C),

Frontiers in Microbiology | www.frontiersin.org

116

July 2022 | Volume 13 | Article 926558


https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles

Zalar et al.

Proteus anguinus Skin Mycobiota

the specimen exhibited impaired swimming ability. The limb of
the specimen was primarily colonized by several strains of the
opportunistic pathogenic oomycete Saprolegnia parasitica, and
additionally by Aspergillus creber, A. sydowii, Chalara holubovae,
Gnomoniopsis sp. (nov.), Peniophora pithya and Rutstroemia
conformata. None of the latter three fungal species were isolated
from the specimen Paa23 with prominent edema (see above),
which was caught at the same locality. Specimen Paa25, held
in captivity for 1 month, was infected as well with Saprolegnia
parasitica, with distinctive hyphal overgrowth on its head and
limbs. The last specimen (Paa26) developed moldy overgrowth all
over its body after being held in captivity for several years. Fungi
isolated from the overgrowth were Acremonium sp. (nov.) and
Candida vartiovaarae.

(iii) The third group of symptomatic animals included two
lethargic specimens without other visible pathologies. The first
specimen (Paa3) was kept in captivity for over 10 years. It
gradually became lethargic and ceased to feed resulting in weight
loss. No fungal isolates were obtained from the skin surface of
this animal. Second animal with lethargy as the most distinctive
symptom (Paa42) has been brought to the cave laboratory, which
serves as an asylum for olms washed out of their cave habitat, and
only Aspergillus jensenii was isolated from this specimen.

Isolates exclusively from symptomatic animals belong
to 24 genera and 27 species, most of them with only 1 or
2 isolates: Acremonium sp. (nov.) (Figure 5), Aspergillus
sydowii, Cadophora ramosa, Chalara holubovae, Cladosporium
halotolerans, CI. pulvericola, Colpoma sp. (nov.), Cystobasidium
minutum, Gnomoniopsis sp. (nov.), Juxtiphoma eupyrena,
Paracremonium  sp. (nov.), Paracremonium  variiforme,
Paraphoma sp. (nov.), Penicillium crustosum, P. expansum,
Peniophora  pithya,  Phialocephala  glacialis, ~ Rutstroemia
conformata,  Sistotrema  brinkmannii, Sydowia  polyspora,
Talaromyces kabodanensis, Trichoderma citrinum, Truncatella

angustata, Xylodon flaviporus, and unidentified isolates belonging
to Phanerochaete, Pleosporales, and Helotiales. Plectosphaerella
plurivora was represented by three isolates from an olm specimen
(Paa23), and one additional isolate from environmental water
(Supplementary Table 2). The only exception with a higher
abundance was the oomycete Saprolegnia parasitica with seven
isolates from two animals (Table 2), sampled at two different
localities, with approximately 3 weeks between the samplings.

The overlap between symptomatic animals in captivity and
in nature consisted of one species only: Cladosporium allicinum.
There were only eight fungal species retrieved from symptomatic
or asymptomatic, and/or in nature or in captivity: A. creber, CL.
neolangeronii, Cl. pseudocladosporioides, Debaryomyces hansenii,
Parengyodontium album, P. brevicompactum, P. chrysogenum,
and T. simmonsii (Table 2).

Fungal Diversity From Water and Baits

Water was sampled in two locations (JelSevnik, Planinska jama),
while baits were placed in water at four locations (Jel$evnik, Krska
jama, Planinska jama, Kompoljska jama).

In total 129 strains were isolated exclusively from water and
baits and were not retrieved from swab samples of animals. They
were represented by 22 genera and 52 species. The dominant
genera were Mucor with six different species and a total of
43 isolates, primarily due to 34 isolates of Mucor laxorrhizus,
and Trichoderma with 12 species and 43 isolates. The diversity
of fungi obtained by baiting with keratin, hemp seeds and
water agar in dialysis tubes was much higher than obtained by
water filtration, mostly due to the overgrowth of fast spreading
fungi, like Trichoderma, Fusarium, and Mucor in the latter case
(Supplementary Table 3). Some fungi observed on the baits
by direct microscopy could not be isolated into pure culture
(Figure 6). For example, a chytrid fungus (Figures 6B,C) was

FIGURE 5 | A new species of the genus Acremonium isolated from olms in captivity: from several asymptomatic and from a single symptomatic animal. Culture of
EXF-13533 on PDA (A), on OA (B); micromorphology of the strain EXF-14260 on PDA (C,D).
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only grown on feathers, and mycelia of unidentified, presumably
oomycete, from molten snake skin bait (Figures 6E,F).

Statistical Evaluation of Results

Since most isolated fungi appeared only in individual
samples, statistical analyses were performed based on
the presence/absence data of individual genera and not
individual species.

Statistically significant differences in the presence of fungal
genera were observed between different types of samples
(ANOVA p < 0.01), and the significant difference was confirmed
with a post-hoc estimated marginal means pairwise comparison
between animal swabs and microbial baits (p < 0.01) and also
between water and baits (p < 0.05).

Among animal isolates we observed a statistically significant
co-occurrence of the genera Penicillium and Debaryomyces
(Supplementary Figure 1). When considering all samples

FIGURE 6 | Microbiological baits after incubation in the environmental water. (A-C) Bird feathers colonized by unknown chytrid; (D) molten snake skin; (E-F)
unknown filamentous organism growing on molten snake skin; (G) canopy seeds after incubation, overgrown with (H) Saprolegnia () and (I) Chloridium aseptatum;
(J,K) dialysis tubes filled with water agar; (L,M) cut pieces of agar after incubation on isolation culture media.
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(animals, baits, and water) the genus Trichoderma co-occurred
with Clonostachys, Fusarium, Mortierella, and Mucor, while
Penicillium additionally co-occurred with Pseudogymnoascus.

Differences in the presence of fungal genera between animals
in captivity and nature and differences between symptomatic
and healthy animals were not statistically significant (ANOVA
p>0.05).

Also, in hierarchical clustering analysis, the samples
from symptomatic or captive samples failed to cluster
together (Figure 7).

DISCUSSION
OIm’s Opportunistic Fungal Pathogens

The olm is an endemic cave amphibian with a number of
extraordinary and unique characteristics. Understanding
the interactions of the olm with its environment, including
interactions with microbes, is essential for its successful
protection. The main goal of this study was to identify potential
fungal pathogens of olms and to contribute to a little-known
topic for amphibians in general. There are few reports of
fungal diseases in wild and captive amphibians, and the causal
relationships with clinical signs of infection are often vague,
as confirmed with symptoms observed in olms. Symptoms of
fungal infection in amphibians include weight loss, ulcers, or
multiple granulomas in the skin, skeletal muscles, meninges,
and bone marrow (Cicmanec et al., 1973; Taylor et al., 2001). In
addition, swelling and lesions of internal organs may occur with
visible hyphae and sclerotic bodies in the spleen, liver, kidney,
heart, and lungs. Death usually occurs 1-6 months after the
first signs of infection. These symptoms were not observed in
olms. Zygomycosis, primarily due to infections with Mucor spp.
(Frank, 1976; Fowler, 1986; Speare et al., 1994; Taylor et al., 1999;
Perpinan et al., 2010) and Rhizopus spp. (Taylor et al., 1999),
can occur in a systemic form (Speare et al., 1994) or as external
dermatitis (Taylor et al., 1999). Clinical signs include lethargy
and multifocal hyperemic nodules with visible fungal growth,
that is in general progressive and leads to death within 2 weeks
(Taylor et al., 1999). Although lethargy was an observed symptom
in two olms, both in long term captivity, no zygomycosis was
determined and only three fungal species were isolated: human
opportunistic pathogen A. jensenii (Zen Siqueira et al., 2016),
plant pathogenic psychrotolerant P. expansum (Al Riachy
et al., 2021) and soil and plant litter associated saprophytic
Trichoderma simmonsii (Chaverri et al, 2015). Similar
symptoms can occur in cutaneous and disseminated systemic
chromomycosis, and phaeohyphomycosis (Seyedmousavi et al.,
2013), caused by different pigmented ascomycetous species of
the genera Cladosporium, Exophiala, Fonsecaea, Ochroconis,
Phialophora, Rhinocladiella and Scolecobasidium (Juopperi et al.,
2002; Seyedmousavi et al, 2013), which have been isolated
from various wild and captive anurans (Dhaliwal and Griffiths,
1963; Elkan and Philpot, 1973; Rush et al., 1974; Beneke, 1978;
Miller et al., 1992; Seyedmousavi et al., 2013). Although some
of the above listed fungi were isolated from symptomatic olms,
they did not cause chromomycosis, and phaeohyphomycosis.

FIGURE 7 | Hierarchical clustering analysis of the olm specimens based on
the presence/absence of cultivable fungal genera on the skin of the sampled
animals. Locations of specimen samplings are given next to the names of
specimen (1: Vivarium 1; 2: crna jama; 3: Vivarium 3; 4: JelSevnik; 5:
Planinska jama; 6: Vivarium 2; 7: Vir pri Sticni; and 8: Kompoljska jama).
Symptomatic diseased animals and animals held in captivity prior to sampling
are marked with black circles.

If information on fungal diseases of toads and frogs are few,
information on fungal diseases of salamanders are even scarcer.
In addition to reports of B. salamandrivorans infections, only
Nickerson et al. (2011) have reported fungal infections in a
giant aquatic ozark hellbender salamander (Cryptobranchus
alleganiensis bishopi). Intact skin was infected with fungal species
of the genera Aureobasidium, Cladosporium, and Penicillium,
while injured skin sites were colonized with species of the genera
Acremonium, Aspergillus, Cladosporium, Curvularia, Exophiala,
Fusarium, Penicillium, Sporothrix, and streptomycetes. With
the exception of three reports of saprolegniosis and Exophiala
infection of olms in captivity, there were so far no data in the
literature about fungal infections in cave salamanders (Kogej,
1999; Bizjak-Mali et al., 2018; Lukac et al., 2019).

Out of nine symptomatic olms sampled in this study, only
one was from the wild. The time in captivity ranged from only
1 month and up to more than 10 years. The symptomatic olms
from captivity were divided into three groups. First, two lethargic
specimens described above. Extensive edema was the prevailing
symptom in the second group, that included two animals in
long- term captivity and the only symptomatic animal from the
wild. Although isolates comprised many different fungal species,
only the human opportunistic pathogen C. allicinum (Sandoval-
Denis et al., 2016) was isolated from two of them. From the
third specimen only Lecanicillium coprophilum was recovered.
Species in Lecanicillium are known pathogens of arthropods,
nematodes, and other fungi (Su et al,, 2019). The third group
included specimens with visible fungal growth. In the first
case (lethargic specimens), diverse fungi, probably representing

Frontiers in Microbiology | www.frontiersin.org 119

July 2022 | Volume 13 | Article 926558


https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles

Zalar et al.

Proteus anguinus Skin Mycobiota

secondary infectious agents, were isolated from a traumatic
injury. The second specimen, which had been in captivity for
several years, was moldy all over its body. The dominant isolate
likely represents a new species of the genus Acremonium which
is most similar to Acremonium sclerotigenum group according
to ITS rDNA sequences (92% similarity). However, the same
Acremonium species was also detected on skin of asymptomatic
animals exclusively in captivity, at two different locations. Other
two olm specimens kept in captivity for only 1 month, developed
cotton-like overgrowth which was identified as Saprolegnia
parasitica in one case and as Cunninghamella in the other
case. Oomycete water molds Saprolegnia ferax, S. parasitica
or Aphanomyces spp. are known to cause saprolegniasis in
amphibians (Densmore and Green, 2007). Species of Saprolegnia
are primary skin or oral pathogens in larval amphibians and
causative agents of secondary superficial infections in aquatic
anurans and urodelans (Kiesecker et al., 2001; Densmore and
Green, 2007). These oomycetes can also have a significant impact
on amphibian fecundity as well as on egg mortality (Blaustein
et al, 1994). Clinical signs include external appearance of
mycelium with cotton-like texture, visible hyphae and zoospores
in lesions, erythematous or ulcerated skin on tail, hind limbs,
gills, and oral mucosa, but rarely with deep tissues lesions
(Densmore and Green, 2007). Additional symptoms may include
weight loss, lethargy, vomiting, and respiratory distress (Frye and
Gillespie, 1989). Previously, there were two reports of infection
with Saprolegnia spp. on the limbs, gills and even disseminated
in other body parts of captive olm specimens (Kogej, 1999; Lukac
etal., 2019). It should be noted that the olm has a thin larval skin
that is particularly susceptible to infection (Lindinger, 1984). The
epidermis of the olm consists of a stratified squamous epithelium
covered with mucus, while keratinized skin is present only on the
feet (Lindinger, 1984; Bulog, 1994).

Mycoflora of Asymptomatic Olm

Specimens

Since olm has an important ecological role as top predator of
underground water systems, its presence reflects the stability of
food chains in karst underground water, a unique ecosystem with
the highest underground biodiversity in the World. In this light,
the health of natural populations of olms may reflect disturbances
in their environment such as pollution of water sources that
could represent a serious threat to endemic biodiversity and a
risk to human health. A study of bacterial diversity of olm skin
and their groundwater environment revealed that the identified
bacterial taxa were a strongly filtered subset of the environmental
microbial community. It was hypothesized that this microbiome
protects against invading microbes by competitive exclusion, and
thus could serve as an indicator of health status (Kostanjsek et al.,
2019). In this light we investigated the diversity of cultivable fungi
obtained by swab sampling of asymptomatic specimens both in
the wild and in captivity. In accordance, asymptomatic olms from
nature resulted in isolation of sporadic colonies, displaying the
lowest diversity of fungi in general and few opportunistic species.
Although only a small number of fungal isolates were obtained,
these isolates differed from specimen to specimen. Among them,
the identified genera Bjerkandera, Cystofilobasidium, Exophiala,

Fusarium, Penicillium, Pseudogymnoascus, Stereum, Tausonia,
and Trametes, were previously reported from cave environments
around the globe (Vanderfolf et al., 2013; Novak-Babi¢ et al.,
2016, 2017).

In comparison, the total number of isolates and diversity
of fungi isolated from asymptomatic captive animals was
considerably higher. Among the fungal genera previously
reported from cave environments Aspergillus,
Barnettozyma,  Candida,  Cladosporium,  Debaryomyces,
Exophiala, Mortierella, Mucor, Naganishia, Penicillium, Phoma,
Pseudogymnoascus, Sporobolomyces, and Trichoderma (Grishkan
et al., 2004; Vanderfolf et al., 2013; Novak-Babic¢ et al., 2016,
2017). In addition to these, representatives of 23 fungal genera
were isolated that, to the best of our knowledge, had not
previously been reported from underground water habitats.
Their presence may be related to the human presence and
water quality (e.g., Candida) or to the materials used in vivaria,
e.g., wood related to basidiomycetous genera Bjerkandera,
Byssomerulius, ~ Clitocybe, Peniophora, and Phanerochaete
(Boddy et al., 2008; Kirk et al., 2008). Interestingly, the number
of yeasts on captive animals was considerably higher than
those reported from cave waters, among them Apiotrichum
laibachii, A. porosum, A. akiyoshidainum, Barnettozyma
californica, Candida friedrichii, C. glaebosa, C. saitoana, C. sake,
C. vartiovaarae, Cutaneotrichosporon cutaneum, Cu. dermatis,
Cyphellophora olivacea, Debaryomyces vindobonensis, Dipodascus
geotrichum, Exophiala alcalophila, E. castellanii, Naganishia sp.,
Rhodosporidiobolus fluvialis, and Sporobolomyces ruberrimus.

were

Subterranean Water Environment as
Vector for Amphibian Opportunistic
Pathogenic Fungi

Water is crucial for the amphibian life cycle and is one of
the main vectors for pathogen transmission. Batrachochytrium
dendrobatidis and B. salamandrivorans, species of Saprolegnia,
Cladosporium, Mucor, Fusarium and melanized fungi, such as
species of genera Exophiala, Rhinocladiella, Phialophora and
Aureobasidium melanogenum are present in various aquatic
environments worldwide (Kiesecker et al., 2001; Géttlich et al.,
2002; de Hoog et al., 2011; Defra, 2011; Novak-Babic et al., 2016).
In addition to water, amphibians can also become infected
through the soil or dead plant matter after stress or traumatic
injury of the skin, by ingestion, or by inhalation of fungal spores
that can be transported into caves by numerous organisms,
including invertebrates, bats, rodents, other animals and humans,
as well as by air circulation (Whitaker and Jaw, 2021). In the
northern hemisphere, where most cave mycological studies have
been conducted, caves are generally characterized by a lack of
organic substrates and stable temperatures. This environment
favors communities of oligotrophic, psychrotolerant fungi
(Vanderfolf et al., 2013). Fungi isolated from asymptomatic
animals in the wild reflect this ecology. In this study,
Basidiomycota isolates, often associated with nutrient rich
substrates such as wood and dung, represented only 8.6% (6
strains of 70) and 1.2% (3 strains of 155) of isolates from animals
in nature and captivity, respectively, and only 2.6% (4 strains of
152) of isolates from cave water. Amongst the genera and species
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most frequently reported in studies on cave mycology (Vanderfolf
et al., 2013), we identified the genera Aspergillus (3 isolates),
Chaetomium (1), Cladosporium (5), Fusarium (11), Mortierella
(6), Mucor (50), Penicillium (3), Trichoderma (51), and species
Penicillium brevicompactum (1) and Trichoderma viride (2), from
both undergound waters and asymptomatic animals. Since the
most commonly reported cave fungal taxa were likely influenced
by the cultivation media and conditions, rather than biological
patterns in cave mycology, we tried to diminish this bias by
using four different media and two incubation temperatures (15
and 20°C). This approach resulted in isolation of many rare
and unusual taxa, with very low abundance and with 15 taxa
that are most probably new for science. As we did not see
any pattern of the diversity of commensal fungi isolated from
asymptomatic animals from the wild or from captivity, we can
conclude that olm in nature is considerably resistant to fungi,
with many different species of fungi isolated as single isolates
from asymptomatic animals.

CONCLUSION

The European blind cave salamander Proteus anguinus is a
charismatic endemic amphibian that lives in the subterranean
waters of the Dinaric Karst. Despite its exceptional conservation
importance, not much is known about its ecology and
interactions with the groundwater microbiome. The cutaneous
microbiota of amphibians is an important driver of metabolic
capabilities and immunity, and thus a key factor in their
well-being and survival. In this study, we identified a high
diversity of fungi to which olm’s skin is exposed in nature
and in captivity, reflecting the environmental status of the
groundwater. In addition, this study provided the first insight
into the presence of opportunistic fungi that threaten proteus in
its natural habitat and could represent a health threat not only
to proteus, but also to other endangered neotenic salamanders
and amphibians inhabiting surface karstic waters. These results
provide an initial step toward a comprehensive evaluation
and mitigation of fungal threats to this unique amphibian
species, which is an important component of its much-needed
conservation plan.
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Lava caves, tubes, and fumaroles in Hawai‘i present a range of volcanic, oligotrophic
environments from different lava flows and host unexpectedly high levels of bacterial
diversity. These features provide an opportunity to study the ecological drivers that
structure bacterial community diversity and assemblies in volcanic ecosystems and
compare the older, more stable environments of lava tubes, to the more variable
and extreme conditions of younger, geothermally active caves and fumaroles. Using
16S rBNA amplicon-based sequencing methods, we investigated the phylogenetic
distinctness and diversity and identified microbial interactions and consortia through
co-occurrence networks in 70 samples from lava tubes, geothermal lava caves, and
fumaroles on the island of Hawai'‘i. Our data illustrate that lava caves and geothermal sites
harbor unique microbial communities, with very little overlap between caves or sites. We
also found that older lava tubes (500-800 yrs old) hosted greater phylogenetic diversity
(Faith’s PD) than sites that were either geothermally active or younger (<400 yrs old).
Geothermally active sites had a greater number of interactions and complexity than lava
tubes. Average phylogenetic distinctness, a measure of the phylogenetic relatedness of
a community, was higher than would be expected if communities were structured at
random. This suggests that bacterial communities of Hawaiian volcanic environments
are phylogenetically over-dispersed and that competitive exclusion is the main driver in
structuring these communities. This was supported by network analyses that found that
taxa (Class level) co-occurred with more distantly related organisms than close relatives,
particularly in geothermal sites. Network “hubs” (taxa of potentially higher ecological
importance) were not the most abundant taxa in either geothermal sites or lava tubes and
were identified as unknown families or genera of the phyla, Chloroflexi and Acidobacteria.
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These results highlight the need for further study on the ecological role of
microbes in caves through targeted culturing methods, metagenomics, and long-read

sequence technologies.

Keywords: lava caves, fumaroles, taxonomic distinctness, networks, cave microbiology, microbial consortia,

volcanic environments

INTRODUCTION

Volcanic features in Hawai‘i, such as lava caves and fumaroles,
are often oligotrophic, yet they host unexpectedly high microbial
diversity (Northup and Lavoie, 2015; Riquelme et al., 2015; Wall
et al., 2015). Lava caves and tubes form when the surface of
flowing molten lava cools, crust over, and the molten lava beneath
continues to flow, leaving tube-like structures or pockets behind
that to form caves. Temperature and humidity within caves vary
less than over the surface terrain above, and sunlight penetrates
over cave and tube entrances, or through “skylights” where the
cave ceiling collapses. In such environments, several studies have
documented high microbial diversity from around the world,
including Iceland, the Azores, the Canary Islands, and Hawai‘i
(Gabriel and Northup, 2013; Northup and Lavoie, 2015) with
high levels of endemism (Snider, 2010).

Fumaroles and geothermally active lava caves are more
dynamic, extreme environments that are formed when steam and
volcanic gases exit cracks in basalt deposits, creating vents (Ellis
et al., 2008; Costello et al., 2009; Wall et al., 2015). Fumaroles
are far less studied than lava caves, even though they are one
of the most common geothermal features on Earth (Bizzoco
and Kelley, 2019). Wall et al. (2015) studied samples from
deposits in contact with steam in fumaroles on the island of
Hawai‘i and concluded that Hawaiian fumaroles are biodiversity
hotspots, with exceptionally high diversity. Lava caves above
deeper situated magma can also have characteristics similar to
fumaroles, with higher temperatures, deposits on cave walls that
arise through pH reductions caused by volcanic gasses, and
high humidity from magmatic heating of air and groundwater.
These geothermally active sites represent a unique type, or early
stage in the development of volcanic ecosystems, often occurring
on younger basalts that are less oxidized and weathered. They
also often harbor a wide variety of chemolithotrophic microbes
and other extremophiles (Wall et al, 2015). Therefore, lava
tubes and geothermal sites present a spectrum of environmental
conditions and community stability in volcanic ecosystems and
provide excellent systems which help identify and study drivers
of bacterial community diversity and structure.

Volcanic environments are also systems in which the
formation and persistence of robust and adaptable microbial
consortia may be critical for community survival in extreme
conditions, including those characterized by low nutrient
availabilities or extreme temperatures. Microbial consortia are
defined here as consistent subgroups of bacteria in a community
that occur and function together, and which may possess
emerging, synergistic activities that cannot be attributed to any
one species in the group (Bosse et al., 2015; Vishwakarma
et al., 2020). In volcanic ecosystems, microbial neighbors

may be highly interdependent, particularly in relationships
with chemolithotrophs which can utilize reduced compounds
in basalts as energy sources (Gomez-Alvarez et al, 2007;
Northup and Lavoie, 2015). These may be “hub”’ organisms,
the community members that have ecologically important roles
and which can be identified through network analysis (Toju
et al., 2018; Zamkovaya et al., 2020). Hub organisms might also
include bacteria that are capable of photoautotrophy in very low
light levels, such as cave-dwelling Cyanobacteria like Gloeobacter
kilaueensis (Saw et al., 2013).

Previous studies have concluded that subsurface microbial
consortia establish small-scale, site-specific microbial-mineral
interactions over time, such as when bacteria acclimate and
adapt to specific mineral chemistry, nutrient, and atmospheric
conditions over microscopic scales (Miller et al., 2014; Barton,
2015). Experimental studies of biofilm-mineral interactions
related to caves or basalts have also been completed, but our
understanding of these interactions remains limited (Edwards
et al., 2005; Cockell et al., 2020). Jones and Bennett (2014)
found that in experiments using pure and mixed cultures of
Thiothrix unzii, the competitive exclusion between species, as
well as other factors, were related to biomass density and diversity
on mineral and rock surfaces. This would create a pattern of
high diversity at very small spatial scales that are dependent
on the type of minerals in the basalt and other micro-scale
environmental variables that are difficult to observe and record
in the field.

Large-scale ecological factors may also influence bacterial
diversity in lava caves and fumaroles, including the age and
degree of basalt weathering, and stochastic and deterministic
processes that shape microbial communities over time.
For example, in a study of Hawaiian volcanic deposits,
increasing deposit age was generally accompanied by increasing
concentrations of organic matter and microbial biomass (King,
2007). Northup and Lavoie (2015) also noted that lava caves
provide an opportunity to study microbial successional patterns
as microbes invade fresh lava tubes and diversify over time, with
additional microbial introductions through water and sediments
that enter the caves, animal entry, aerosols, and penetrating plant
roots. However, such patterns and their potential underlying
drivers, including mineral composition-driven selection (i.e.,
habitat filtering by the environment) or competitive exclusion
due to low nutrient availability have not been investigated in
lava tubes or fumaroles. However, stochastic and deterministic
patterns that drive community structure can be investigated
through the study of the phylogenetic structure or “breadth,”
which determines the phylogenetic signature, or taxonomic
distinctness, of a community, and how well a given sample
represents the larger, regional pool of the given taxa (see Clarke

Frontiers in Microbiology | www.frontiersin.org

July 2022 | Volume 13 | Article 934708


https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org
https://www.frontiersin.org/journals/microbiology#articles

Prescott et al.

Islands Within Islands

and Warwicks taxonomic distinctness; Clarke and Warwick,
1998, 2001).

In this study, 70 samples were collected from lava tubes and
geothermal sites (including fumaroles and geothermal caves) on
the island of Hawai‘i between 2006 and 2009 and 2017 and
2019. Data were used to investigate the drivers of phylogenetic
distinctness and diversity in these features and their microbial
consortia, which may, in turn, contribute to the high bacterial
diversity observed in lava caves and fumaroles. We hypothesized
that older lava tubes would have higher phylogenetic diversity,
likely due to the greater stability of environmental conditions in
lava tubes and greater bio-weathering of the rock, thus making
nutrients more readily available. We also hypothesized that lava
tubes would provide for greater complexity in co-occurrence
networks due to the development of unique microbial consortia
at very small spatial scales due to the mineralogical variability
at those small scales, which could create complex interactions
over time.

Using massively parallel sequencing of a fragment of the
16S rRNA gene from microbial communities of lava tubes and
geothermal sites, this study investigated the following: (1) the
effect of age of the surface lava flow, and other environmental
and study variables, on bacterial phylogenetic diversity, (2) if
bacterial phylogenetic structure occurs by chance, or if over-
dispersion or habitat filtering is evident, and (3) co-occurrence
patterns of bacteria through network analysis to determine
hubs and phylogenetic diversity within bacterial consortia at
small spatial scales. Understanding the phylogenetic distinctness,
diversity patterns, and microbial consortia in natural, volcanic
environments will address questions in a variety of fields,
including the structure of possible microbial communities on
an early Earth and Mars in astrobiology studies, potential use
of microbial consortia in biotechnology and bioremediation,
and improving our understanding of microbial communities in
volcanic or desert soils for enhanced agricultural production.

MATERIALS AND METHODS
Sampling Sites

In total, 70 samples were collected over multiple years from
lava caves and fumaroles across the island of Hawai‘l. Samples
collected from Katmana cave did not require a permit
because they were microbiological in nature, and we did not
collect rock or damage surfaces. All other samples, except for
geothermal caves within Kilauea Caldera (see below), were
collected from caves or vents on private lands, and permission
was granted for the collection. Samples varied in terms of
date of collection, type of material, DNA extraction method,
estimated age of the basalt, the temperature at the time of
collection, elevation, and average annual rainfall received at
the surface (Supplementary Table 1). Lava flow age provides
an approximate age of a cave or fumarole, and for each site,
the approximate age was determined from a US Geological
Survey (USGS) National Geologic database (https://ngmdb.usgs.
gov/ngmdb/ngmdb_home.html) and in communication with the
Hawaiian Volcano Observatory (HVO). Annual rainfall amounts
were collected from the Rainfall Atlas of Hawai‘i (http://rainfall.

geography.hawaii.edu; Frazier et al., 2016). Estimates of the
elevation were determined during sample collection or from
Google Earth using GPS coordinates of each site.

Lava caves in the 1922 lava flow in Kilauea Caldera, Hawai'i,
were sampled between 2006 and 2009 under permit #HAVO-
2009-SCI-0029 issued to Stuart P. Donachie by the Hawai‘i
Volcanoes National Park (National Parks Service, Department
of the Interior) and were the only samples collected in this
study that required a permit. Based on the time of the last
lava flow, the caves are thought to be ~100 years old. Cores
of epilithic biofilms were collected from each cave wall directly
into sterile cryovials. Conditions differed among the caves, with
temperatures ranging from ambient at the surface to almost
46°C, and relative humidity from ambient to 102%. Cave floor
temperatures ranged from 20 to over 60°C. For example, in
Big Ell cave, the mean air temperature recorded by a Hobo
data-logger (Bourne, Massachusetts) for the 4 months in the
summer of 2006 was 26°C, with a range from 17.9 to 45.9°C
(data not shown). Water in the cave mostly occurred in the
form of dripping condensation that exceeded meteoric rainfall
on the surface by about six times. Heated groundwater in Big Ell
drove relative humidity in the same period to a mean of 95.2%
(range, 52.25-102.25%).

Samples were collected from Pahoa and Kaumana caves in
2017; both are lava tubes on the windward side of the island of
Hawai‘i. Pahoa cave is located in flows that dated to 300-750
years of age, and the cave is considered to be older than 500 years
(pers. comm., HVO, USGS). Kaumana cave is much younger, at
~130 years, and formed in lava flows from Mauna Loa in 1881.
Samples from Pahoa and Kaumana were collected by scraping a
1 cm? area of the cave wall with a sterile spatula into a cryovial.
These samples were stored on ice until arrival the same day at the
University of Hawai‘i at Manoa, whereupon they were transferred
toa —80°C freezer until DNA was extracted, as described below.

Samples were collected from the Kipuka Kanohina Cave
System on the southeast side of the island of Hawai‘i in
December 2017, January 2018, and January 2019, with the
permission of the landowners. Sites sampled included the
Kula Kai Caverns, Tapa, and Maelstrom segments, all of
which were ~800 years old. Here, small pieces of rock
with epilithic biofilms, spheroids, coralloids, moonmilk, or
mineral crusts were chipped from the cave wall with a flame-
sterilized chisel. A sterile scopula also scraped ooze from cave
walls. Separate samples were placed directly into sterile 50 ml
polypropylene tubes and immediately covered with a sterile
sucrose lysis buffer and sealed with parafilm after recapping.
Samples were stored in a refrigerator until transported to the
Northup lab at the University of New Mexico, where they
were stored in a —80°C freezer until DNA extraction, as
described below.

Samples were taken from several centimeter thick biofilms in
the vicinity of steam vents in the East Rift Zone located near
the town of Pahoa, Hawai‘i, in August 2019. These fumaroles
occur on two lava flows, with one dating to ~65 years ago
and another to ~400 years ago (pers. comm, HVO, USGS).
Therefore, these samples were assigned a wide age range (64-
400 years). Samples were collected directly into sterile 15 or
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50ml polypropylene tubes, which were sealed with parafilm
immediately after recapping, and stored on ice during transport
the same day to a nearby —20°C freezer. Frozen samples were
wrapped with ThermoSafe U-tek cold packs at —23°C and
shipped to the University of Hawai‘l at Manoa or the George
Washington University. Samples were then immediately placed
in a —80°C freezer until DNA extraction.

DNA Extraction

The DNA extraction method varied depending on the sample
type (Supplementary Table 1). Extractions of DNA from
samples taken from the Pahoa, Kaumana, Big Ell, Big Mouth,
Ahu Too caves, and some steam vent samples were extracted
using the Qiagen DNeasy PowerSoil DNA Kit (Germantown,
MD) according to the instructions of the manufacturer and
included a bead-beating step of 1.5 min in a Mini-Beadbeater-24
(BioSpec Products, Inc., Bartlesville, OK). Samples from the
Kipuka Kanohina cave system were also extracted with the
Qiagen DNeasy PowerSoil DNA Kit with a BioSpec Products
Mini-Beadbeater-8 for 1.5min at medium intensity and 50
pl of powdered skimmed milk (Difco) incorporated into the
extraction protocol before bead-beating in order to increase
the DNA yield (Takada-Hoshino and Matsumoto, 2004). DNA
extracted according to these methods was shipped to Los Alamos
National Laboratory (LANL) for 16S rRNA amplicon sequencing
on an Illumina MiSeq.

DNA from samples collected along the East Rift Zone steam
vents (referred to here as Pahoa Steam Vents) was extracted using
the ZymoBIOMICS DNA Kit according to the manufacturer’s
instructions (Zymo Research, Orange CA, USA). The extracted
DNA was sequenced at the Advanced Studies in Genomics,
Proteomics and Bioinformatics (ASGPB) core DNA sequencing
facility at the University of Hawai‘i at Manoa using the Illumina
MiSeq platform. Both LANL and ASGPB sequencing facilities
used the same protocols, kits, and primers for sequencing (refer
to the section below).

16S rRNA Gene Amplicon Sequencing
Degenerate primers 341F (5’CCTACGGGAGGCAGCAG 3)
and 806R (GGACTACHVHHHTWTCTAAT-3") were used to
amplify the V3-V4 region of 16S rRNA genes in all samples.
The first round of PCR amplified the V4 region from 10 ng of
DNA using the KAPA HiFi HotStart Ready Mix and denaturation
at 95°C for 3 min. This was followed by 20 cycles of 95°C for
305, 55°C for 30s, 72°C for 30, an extension step of 72°C for
5min, and a final hold at 4°C. The second round of PCR used
Nextera XT v2 indices (Illumina Inc., San Diego, CA, USA), with
denaturation at 95°C for 3 min, 8 cycles of 95°C for 305, 55°C
for 30s, and 72°C for 30s, followed by an extension of 72°C
for 5min, and a final hod at 4°C. Amplicons were cleaned using
AMPure XP beads (Beckman Coulter Inc., Brea, CA, USA).
Unique barcodes allowed multiple amplicons to be pooled
for sequencing. The concentration of the pooled amplicons
was determined in the Qubit dsDNA HS Assay (ThermoFisher
Scientific, Waltham, MA, USA). The average size of the library
was determined by the Agilent High Sensitivity DNA Kit (Agilent
Technologies, Inc., Santa Clara, CA, USA). Accurate library

quantification was determined with the Library Quantification
Kit, Mlumina/Universal Kit (KAPA Biosystems, Cape Town,
South Africa). The amplicon pool was sequenced on an Illumina
MiSeq at either Los Alamos National Laboratory (LANL) or in
the ASGPB core facility at the University of Hawai‘i at Manoa.
Both sequencing facilities generated paired-end 301 bp reads,
with the expectation that each sample would provide 50,000—
100,000 reads. Sequences were submitted to Dyrad and are
publicly available at https://doi.org/10.5061/dryad.z612jmé6£0.

Analyses

Raw sequence data were imported to the EDGE Bioinformatics
platform (Li et al., 2017), utilizing QIIME 2 (vQIIME 2.4.1;
Bolyen et al., 2019). Raw sequences were demultiplexed and
denoised using the DADA2 pipeline (Callahan et al., 2016;
command qiime dada2 denoise-paired). The 5 ends of both
forward and reverse sequences were trimmed by 20 base pairs
(bp) to remove PCR primers. The 3’ end of the reverse read
was truncated at 200 bp. Representative sequences for each
amplicon sequence variant (ASV) were used for taxonomic
classification (command q2-feature-classifier; Bokulich et al.,
2018). A phylogenetic tree was generated using MAFFT
alignment (Katoh et al., 2002) and FastTree (Price et al., 2009),
using the command qiime phylogeny align-to-tree-mafft-fasttree,
followed by alpha and beta diversity analyses (command qiime
diversity core-metrics-phylogenetic). Taxonomic classification of
ASVs was completed using an in-house subset of the SILVA
database (v132; Yilmaz et al., 2014) for the V3-V4 region
only, based on the primer set 341F and 806R. The data
were then split into two sets for most analyses: lava tubes (n
= 38), and geothermal sites (n = 32), the latter of which
included geothermally active caves and fumaroles. Bar graphs
of community composition at the class level (L3) were created
in numbers (version 11.2 7032.0.145), with the proportion of
each class-level taxon in each site calculated from raw abundance
tables generated in EDGE-QIIME2.

Multivariate Analyses

For multivariate statistical analyses and exploration of data,
abundance tables and distance matrices generated in the
EDGE-QIIME2 platform were imported into PRIMER-e (v7.0).
Principal Coordinates Analysis (PCoA) was completed using
distance matrices of weighted Unifrac distances (Lozupone
et al., 2005). All 70 samples were run together, based on
rarefied data (minimum # sequences/per sample = 5,471),
with the exploration of differences in DNA extraction
methods, evaluated sequencing, and environmental variables
(Supplementary Table 1). PCoA plots based on rarefied data
were also generated from the two individual datasets of lava
tubes (n = 38; minimum number of sequences/per sample
= 5,471) and geothermal sites (1 = 32; minimum number of
sequences/per sample = 14,364).

Community Structure and Phylogenetic

Distinctness Analysis
Average taxonomic distinctness (Delta+; referred to as
phylogenetic distinctness here because the data are based

Frontiers in Microbiology | www.frontiersin.org

July 2022 | Volume 13 | Article 934708


https://doi.org/10.5061/dryad.z612jm6f0
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org
https://www.frontiersin.org/journals/microbiology#articles

Prescott et al.

Islands Within Islands

on a phylogenetic tree) summarizes features of the overall
hierarchical structure of an ecological community based on
a phylogenetic tree generated from that community’s genetic
information. This is calculated using a phylogenetic tree of all
sequences (16S rRNA amplicon sequences in this study) from
all samples and determination of the patristic distances between
each pair of ASVs (i and j). Phylogenetic distinctness equals the
average phylogenetic distance between species in a community.
The variance of phylogenetic distinctness (Lambda+) equals
the variance of the phylogenetic distances {wj} between each
pair of sequences, about their mean value (Delta+). These
measurements are not dependent on sampling size or effort,
unlike Faith’s phylogenetic diversity, which increases with the
increasing number of taxa, and therefore requires the use of
rarefied sequencing data.

Average phylogenetic distinctness also provides a framework
that tests departures from expectations through permutation
tests, completed here through TAXDTEST in PRIMER-e (v7.0).
A sample randomly drawn from the entire list of organisms in the
tree can be taken to test if the observed subset of organisms in an
actual sample represents the phylogenetic biodiversity expressed
in the full phylogenetic inventory. Such information could help
support or reject hypotheses about microbial interactions and
the importance of syntropy in microbial consortia utilization of
nutrients in the rock, and of other limited resources in caves.

To determine the average and variance of phylogenetic
distinctness, a pairwise distance matrix of the rooted
phylogenetic tree of all representative ASVs detected across
all 70 samples (9,965 ASVs) was calculated in Geneious Prime
(v2021.2.1), using the patristic distance calculation. Patristic
distance is equivalent to cophenetic distance and is defined
as the sum of the branch lengths between two pairs of ASVs
(tips of the branches). The branch length is given in average
nucleotide substitutions and is calculated back to their most
recent common ancestor.

The patristic distance matrix generated in Geneious was
then imported into PRIMER-e for calculations of average
phylogenetic distinctness per sample (avgTD or Delta+) and
variation around the mean of phylogenetic distinctness (varTD
or lambda+; Clarke and Warwick, 1998, 1999, 2001). Delta+
is a univariate biodiversity index, which in this case, calculates
the average patristic distance between all pairs of ASVs in a
sample, and the distance is defined as the path length through
a phylogenetic tree connecting these species. Using permutation
tests, we then compared the actual Delta+ and Lambda+ of
each sample to the null model of the phylogenetic community
structure of each sample, which was random (i.e., no evidence
of habitat filtering or over-dispersion). TAXDTEST routine
completes permutation tests by selecting random subsets of
ASVs from the phylogenetic tree distance matrix at various
sample sizes, thereby testing for a departure from the null
model of all ASVs in the phylogeny which has an equal
probability of being included in any random sample draw
(without replacement) and evaluates the phylogenetic relatedness
and breadth of the community (Clarke and Warwick, 1998).
This process generated a 95% probability funnel that illustrates
the Delta+ and Lambda+ across the range of ASVs of our

samples (Figure 5) and illustrates whether ASVs in a sample
present a higher or lower than expected phylogenetic relatedness.
If a sample falls near the mean predicted Delta+ or Lambda+
inside the 95% probability funnel, the null hypothesis cannot
be rejected, and communities appear to be assembled in a
random manner. If it falls either above (over-dispersion) or
below (phylogenetic clustering) the mean, the null model is
rejected, and communities do not appear to be assembled in a
random manner.

Network Construction

To evaluate bacterial co-occurrence patterns in microbial
communities from the geothermal sites and lava tubes sampled
here, including the overall connectivity and structure of the
dominant species of these systems, network models and
metrics were evaluated (refer to Zamkovaya et al, 2020 for
detailed methods). By mathematically modeling a microbial
community as a network, wherein nodes are different species
and edges represent their relationships (Wuchty et al., 2006;
Maayan, 2011), we can depict species interactions and study
the interactions among and structure of the community and
environment. Network metrics, such as hub score, betweenness
centrality, closeness centrality, and degree centrality (Huang,
2004; Blithgen et al, 2008; Maayan, 2011), can be used
to quantitatively assess these communities and may help
identify important taxa in each environment, thereby providing
important clues about how specific taxa or gene products may
contribute to the function of an ecosystem (Gehlenborg et al.,
2010).

To generate networks, each abundance table, taxonomy
table, and rooted phylogenetic tree generated by EDGE-QIIME2
was imported into R with its corresponding sample metadata
information using the QIIME2R (v0.99.35) and phyloseq
(v1.30.0) packages and the qzatophyloseq() function. For
each environment, using the get_back_res_meeting min_occ()
function from the mdmnets (v0.1.0) package (Zamkovaya
et al, 2020), the ASV phyloseq object was first filtered to
include taxa present across the majority (15 and 12.5% for
lava tubes and geothermal sites, respectively) of samples and
then normalized, transformed, and converted into an inverse
covariance adjacency matrix, using the Meinshausen-Buhlmann
(MB) neighborhood selection (method = “mb” parameter)
algorithm [SpiecEASI (v.1.0.7) package; Kurtz et al., 2015]; this
estimated the conditional dependence of each pair of ASVs
and the stability approach to regularization selection (StARS)
variability (i.e., minimum %) threshold set to default (0.05; Liu
et al.,, 2010), to calculate the most optimal, sparse, and direct
co-occurrence relationship among ASVs. Each adjacency matrix
was then converted into an igraph object and visualized as a
network using the adj2igraph() and plot_network() functions
from SpiecEasi. For both lava cave and geothermal sites, networks
for all classification levels (phylum, class, family, order, genus)
were constructed using the get net_plots_all_ranks() function,
and hub networks for all classification levels were created
using the get_hub_plots_all_ranks() function from the mdmnets
package. Network attributes (number of nodes, number of edges,
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and network density) were calculated using the igraph package
and theV(), E(), and edge_density() functions.

For each dataset (geothermal vs. lava tubes), subnetworks
(sub-communities of the initial igraph object of the adjacency
matrix) were extracted and calculated using the Louvain
hierarchical multi-level modularity optimization algorithm
cluster_louvain() function from the igraph package, which
detects community structure in larger networks (Blondel et al.,
2008). This scalable, greedy optimization method identifies
communities from large networks by identifying modules (i.e.,
subnetworks) in the larger network through a measure of
modularity. This is a scale value ranging from —0.5 to 1, which
is based on the relative density of edges (actual number of
edges/possible number of edges) inside each module in the
larger network compared to the density of edges outside each
module. The Louvain method first assigns each node in the larger
network to its own local community, and in a greedy, hierarchical
approach, reassigns and groups each node to the community to
which it contributes the most value in its modularity measure. It
then repeats and restarts these calculations until no nodes can
be reassigned and end only when there is a single node left,
or when the modularity of a community cannot be increased
further. The modules identified in the lava tube and geothermal
environments were then visualized as subnetworks using the
get_net_plots_all_ranks() function and modified R scripts. The
community number and overall community size of each node
were saved and added to the other list of features (node number,
classification, degree centrality score, betweenness centrality
score, and hub score).

Using only ASVs that occurred in subnetworks, ASVs
were clustered into operational taxonomic units (OTUs)
at 98.6% sequence similarity using open-reference OTU
picking in QIIME2 to reduce the likelihood of building
a phylogenetic tree of subnetwork members that would
contain sub-strains. OTU-clustered ASVs were then aligned
in QIIME2 using MAFFT (Katoh et al., 2002) and FastTree
(Price et al, 2009; command giime phylogeny align-to-tree-
mafft-fasttree) to build a phylogenetic tree. Newick tree (.tre)
files generated in QIIME2 were imported into the Interactive
Tree of Life v6.4.3 (ITOL: https://itol.embl.de; Letunic and
Bork, 2021) to generate tree images. The subnetwork of
a given ASV was added to the tree images as metadata
in ITOL.

Shared ASV Comparison

The number of ASVs shared among lava tubes and geothermal
samples was calculated and visualized using the UpSetR (v1.4.0)
package, and the upset() function on the transformed ASV
abundance table. Upset plots are an improved alternative
to Venn diagrams, particularly when dealing with more
than 3 or 4 groups, that visualize set intersections in a
matrix layout. All upset plots were created in R, using
ggplot2 (v3.3.2) and UpSetR packages, and with custom
color palettes for each environment in the RColorBrewer
(v1.1.2) package.

RESULTS

Community Composition and

Environmental Variables

High-throughput sequencing of 16S rRNA gene fragments from
samples of lava caves and geothermal sites on the island of
Hawai‘i produced 10,715,694 raw sequences, with a mean length
of 300.46 bp (base pairs). After demultiplexing, the minimum
number of sequences in each sample was 5,541, and the
maximum number was 346,293, with a median sequence count
per sample of 26,622. For geothermal sites only (n = 32), the
minimum number of sequences in a sample was 14,365, with a
median sequence count of 176,380, and a maximum of 346,293.
A total of 4,296 ASVs was identified in unrarefied data. In the
lava tube dataset, the minimum number of sequences in each
sample was 5,541, with a maximum of 42,281, and a median
of 16,651. The total number of ASVs from the lava tubes was
6,036 (unrarefied).

Rarefaction curves suggest that the sequencing depth was
adequate to capture most of the diversity in most samples
(Supplementary Figure 1). A total of 9,965 ASVs (i.e., taxa)
were identified in unrarefied data for all 70 samples; these were
used in co-occurrence network construction and phylogenetic
distinctness analyses. Beta diversity analyses were completed
using rarefied ASV tables. Environmental variables explored
through multivariate analyses to detect ecological patterns
included sample type (i.e., biofilm, ooze, mineral crust, etc.),
average annual rainfall at surface, cave/site, temperature, cave
age, elevation, year of collection, DNA extraction method,
and sequencing lab (Supplementary Table1). The PCoA
of weighted Unifrac distances, a beta-diversity measure
that incorporates phylogenetic diversity, abundance, and
composition of samples, found that samples did not group
consistently with the environmental variable rainfall at
the surface, elevation, or cave/site, but instead clustered as
geothermal sites and lava tubes (Figure1). This was further
supported by a Kruskal-Wallis analysis of the alpha-diversity
measure, a phylogenetic diversity (Faith’s PD; Faith, 1992;
Kruskal-Wallis: H = 17.3; p = 0.0002; pairwise test results
in Supplementary Table 2). Geothermal caves, which are
the remains of inflation bubbles in lava flows near Kilauea
Caldera, were not statistically different from fumaroles
in terms of Faiths PD (Kruska-Wallis pairwise test: H =
0.183; g = 0.668; Supplementary Table 2). Based on the
outcomes of these analyses, some further analyses were applied
separately to lava tubes and all geothermal sites. The PCoA
also found no relationship or clustering of samples associated
with the “DNA extraction method” or “sequencing facility,”
suggesting the methods and facilities used produced comparable
results (Supplementary Figures 2, 3). Samples collected from
geothermal caves in Kilauea Caldera were the only sites that
were collected twice (in 2006 and 2019), and these samples
clustered together as geothermal sites in PCoA analysis, but no
other samples clustered together as a factor of date of collection
(Supplementary Figure 4).

Additional multivariate analysis of the weighted Unifrac
distances using PCoA of all 70 samples and separate analyses
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of geothermal sites, suggests that the temperature of the cave
or site may be the driver of community composition and
abundance, with sites above 45°C grouping together. However,
this was not further supported by a pairwise Kruskal-Wallis
analysis of Faith’s PD. Similarly, within lava tubes, microbially-
mediated mineral deposits (i.e., mineral crusts, coralloids, etc.)
were grouped together in PCoA analysis, but such groupings
were not found in comparisons of all 70 samples, and there
were no statistically significant differences found among pairwise
Kruskal-Wallis tests to support these differences, likely due to the
small sizes of various sample types.

Phylogenetic diversity was higher in sites from older lava
flows than younger flows, with site age estimated from the time
of the most recent lava flows on the surface (Figure 2). Faith’s
PD was higher in samples from sites that were between 500
and 820 years old when compared to sites up to 400 years old
(Kruskal-Wallis: H = 24.1; p = 0.00007; pairwise test results
in Supplementary Table 3). Although most of the geologically
younger sites are from geothermal locations, Kaumana cave is
~130 years and is a lava tube that is not geothermally active,
suggesting that the age of basalt is related to diversity. Kaumana
cave hosted less diversity relative to other lava tubes, but the

difference was not statistically different (Kruskal-Wallis: H = 8.3;
p=0.141).

Diversity in geothermal sites at the taxonomic level of the
class was dominated by sequences identified as Oxyphotobacteria
(40.2% =+ 25.3), followed by Chloroflexi, class Ktedonobacteria
(10.6% = 15.9), and the Deinococcus-Thermus, class Deinococci
(5.4% =+ 9.4; Figure 3A). Geothermal sites hosted 103 taxonomic
classes, with only five of those classes comprising >5% of the
average relative abundance of ASVs. Eighty-seven classes were
<1% of the average relative abundance. Figure 3B illustrates
the overlap of ASVs among all geothermal sites, with 2,518
ASVs occurring only in Pahoa steam vents, while just one ASV
(998bd9a9277837ead97ae349a5ec4df7; Class Oxyphotobacteria,
Chlorogloeopsis sp.) was detected in all sites. Geothermal caves in
Kilauea Caldera had 826 unique ASVs in Big Ell cave alone, 394
in Big Mouth, and 184 in Ahu Too. No ASV occurred in all three
of these caves.

In total, 151 taxonomic classes were represented in lava
tube samples, with three classes on average comprising >10%
of the relative abundance, including Actinobacteria (16.0% =+
24.4), Gammaproteobacteria (15.4% =+ 11.0), and Nitriliruptoria
(13.7% =+ 23.3; Figure4A). Alphaproteobacteria were also
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FIGURE 2 | Faith’'s Phylogenetic Diversity (PD) vs. estimated site age. The approximate age of a particular site was defined by the latest flow recorded for the location.
Steam vents (sites P & S) are features in two possible flow events and were thus given the range of 65-400 years, representing the earliest and latest potential time
periods for those flows. Phylogenetic diversity increases with the increasing age of the lava flow at that site. PD was higher among sites that were 500-820 year old,
when compared to younger sites. This includes Kaumana cave, a lava tube, which is only ~130 years old.
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common, with a relative abundance of 9.3% (45.3). Variation
across samples was high, and no one class was dominated in all
lava tubes. Only six classes were represented by mean relative
abundances >5%. Conversely, 137 classes were each represented
by <1% of the mean relative abundance of ASVs.

An Upset plot of lava tube samples illustrates that all lava
tubes had hundreds, and occasionally thousands of unique ASVs,
while only seven ASVs occurred in all lava tubes (Figure 4B).
Maelstrom, a part of the Kipuka Kanohina cave system, hosted
the most unique ASVs (1,277), followed by Kaumana cave
(1,022). Kula Kai and Maelstrom caves, part of the same larger
cave system, shared the most ASV's (284).

Phylogenetic Distinctness and Community

Structure

Phylogenetic community structure in all 70 samples was
investigated through average phylogenetic distinctness (Delta+
and Lambda +; Clarke and Warwick, 1998), which provides
a framework to test departures from expectations from a
null model through permutation tests using the TAXDTEST
(PRIMER-e v7.0). This algorithm tests the null hypothesis
with which the community composition and structure are

randomly assembled. Figure 5 illustrates that within lava tubes
and geothermal sites, most samples had higher than expected
average phylogenetic distinctness (Delta+; Figure 5A). The
variance of phylogenetic distinctness was below what would
be expected by chance (Lambda+; Figure 5B). This suggests
that the breadth of phylogenetic diversity is higher in lava
caves and geothermal sites than if community assemblages
were structured randomly, with greater phylogenetic distances
between ASVs than if communities were assembled randomly
(i.e., over-dispersed). This pattern is often driven by competitive
exclusion in oligotrophic environments (Begon et al., 1998;
Barton, 2015), Five samples had lower than expected Delta+
and higher than expected Lambda+ values, suggesting habitat
filtering may structure the communities in those samples, with
ASVs having less phylogenetic distance than would be expected
if communities were assembled randomly. Four of these samples
were biofilm or microbial mats from different locations, along
with a single blue-green mineral sample collected from the
Maelstrom cave.

Network Analyses

Network analyses were completed to identify community
interactions and microbial co-occurrence at the class level.
Networks were analyzed separately for geothermal sites and
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Mouth cave. (B) Upset plot illustrating overlapping ASVs among geothermal sites. Steam vents hosted many unique ASVs (2,518), followed by Big Ell cave. This shows
that geothermal sites are largely unique environments, with few overlapping ASVs; the highest number of overlapping ASVs was in Big Ell and Pahoa Steam vents,
which may in part be due to the larger number of samples from these locations. Only one ASV occurred in all sites (Class Oxyphotobacteria, Chlorogloeopsis sp.).

B Proteobacteria; Gammaproteobacteria
Chloroflexi; TK10

B Proteobacteria; Deltaproteobacteria

M Verrucomicrobia; Verrucomicrobiae

B Chloroflexi; SHA-26
Chloroflexi; Dehalococcoidia
Chloroflexi; JG30-KF-CM66

B Gemmatimonadetes; Gemmatimonadetes
Bacteroidetes; Ignavibacteria
Dadabacteria; Dadabacteriia

[l Armatimonadetes; Chthonomonadetes

B Actinobacteria; Acidimicrobiia

[l Chloroflexi; Anaerolineae

M Bacteria
Acidobacteria; Blastocatellia (Subgroup 4)
Actinobacteria; 0319-7L14

M Firmicutes;Bacilli
Actinobacteria; Thermoleophilia

| WPS-2

I Actinobacteria; Rubrobacteria
Acidobacteria; Holophagae
Acidobacteria; Subgroup 6

M Lessthan 1%

lava tubes due to a lack of overlapping among ASVs in both
environments (refer to Figures 6, 9). Table 1 provides the overall
network statistics for each environment. Geothermal sites had
a greater number of edges (connections) than lava tubes, even
though there were more nodes (ASVs) included in the lava tube
network. Network density, or the ratio of edges to nodes, was,
therefore, higher in geothermal sites (Table 1; network density
= 3.078). The average degree of centrality (the average number
of edges for a given node) was also higher in the geothermal
network (Table 1).

Among the geothermal sites, a network was constructed
using a filter threshold of >12.5% taxa from all geothermal
samples. Figure 6 illustrates the network constructed with hubs
identified, while Figure?7 provides neighbor interaction bar
graphs, illustrating which classes had the greatest number of
co-occurrence relationships (edges) in geothermal sites. There
are 218 nodes in the geothermal network, with each node
representing a single ASV identified at the class level and

sized by the node’s hub score. Hub scores are scaled from 0
to 1 and cannot be directly compared between networks but
provide information on which nodes have the greatest number
of connections and betweenness centrality, and therefore,
the removal of those hubs causes the collapse of parts of
a network.

There are 671 edges (positive interactions) in the geothermal
network. The average number of connections to any one
ASV was 6.16 (degree centrality; Table 1). The classes with
the greatest number of co-occurrence interactions were
Oxyphotobacteria, Alphaproteobacteria, and Ktedonobacteria
(Figure 7). Consistently, taxa had more connections with other
ASVs that were distantly related to taxa, rather than interactions
with ASVs within the same phyla or class. Oxyphotobacteria
had the most interactions with Alphaproteobacteria, while
Alphaproteobacteria had the greatest number of interactions
with Acidobacteriia, a class of Acidobacteria (Figure 7).
Ktedonobacteria, the other taxa with a relatively high abundance
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FIGURE 4 | (A) Relative abundance by the site of class-level taxa with >1% abundance in lava tubes. Dominant taxa in these features were Actinobacteria (16.0% +
24.4), Gammaproteobacteria (15.4% + 11.0), Nitriliruptoria (13.7% =+ 23.3), and Alphaproteobacteria (9.8% =+ 10.7). Longimicrobia and Acidimicrobiia ASVs were
considerably more abundant in the Kipuka Kanohina cave system in the south of the island of Hawai‘i. (B) Upset plot of lava tube sites shows that individual lava tubes
are moderately unique, with Maelstrom cave hosting 1,277 unique ASVs, followed by Kaumana cave (1,022 unique ASVs). Only seven ASVs occurred in all lava tubes.

in many geothermal samples, had the greatest number of
interactions with Alphaproteobacteria as well (Figure 7).

The ASV with the highest hub score was affiliated with the
class Acidobacteriia (hub score = 1; Supplementary Table 4),
while another Acidobacteriia (Subgroup 2) affiliated sequence
had the second-highest hub score (0.961). These ASVs may be
derived from organisms with potentially important ecological
roles. An ASV identified as a Chloroflexi (class JG30-KF-
CM66) had the third-highest hub score in the overall network
(0.884). There were 100 ASVs with above average hub scores
(Supplementary Table 4). Of those, 18% of ASVs affiliated
with members of the Chloroflexi, mostly Ktedonobacteria, and
16% affiliated with Alphaproteobacteria, mostly Rhizobiales.
Sequences affiliated with Oxyphotobacteria were the most
abundant in geothermal samples, but only six ASVs (6%)
were identified with above-average hub scores. Acidobacteriia-
affiliated ASVs comprised 17% of the ASVs with above-average
hub scores. Most of the Acidobacteriia ASVs affiliated with the
Solibacteraceae (Subgroup 3), including three that were most
closely identified with a Bryobacter sp.

Seven subnetworks (consortia) were identified and
constructed from geothermal sites. Table2 provides
information on all seven consortia, the dominant phyla,
and the taxonomic identification of the ASV with the highest
hub score (refer to Supplementary Figure5 for images of
all geothermal subnetworks and Supplementary Table 5
for subnetwork statistics and hub scores). A phylogenetic
tree of all ASVs in geothermal subnetworks is illustrated in
Supplementary Figure 6, highlighting the taxonomy of ASVs
that occurred in more than one consortium, and ASVs that had
the highest hub score within each of the seven subnetworks.

In general, geothermal subnetworks comprised ASVs that
were affiliated with a wide range of phyla and classes, but
Chloroflexi and Proteobacteria-affiliated ASVs were the most
abundant except in consortia 7 which was dominated by
Acidobacteria-affiliated ASVs (Table 2). Although there was
a wide range of phyla and classes in consortia, there were
often ASVs that were identified as the same family or genus
in multiple consortia (Supplementary Figure 6; i.e., multiple
branches of Gemmataceae, Bryobacter sp., etc.). In all but
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one geothermal subnetwork, ASVs identified as the deep-
branching phylum Chloroflexi had above-average hub scores,
and in one consortium, a Chloroflexi-affiliated ASV had the
highest hub scores (Table2). This suggests they have high
levels of interactions and may occupy an important ecological
niche. Among the Chloroflexi, many were classified as yet-
uncultured classes, such as JG30-KF-CM66, Anaerolineae, and
Ktedonobacteria, with Consortia 2 and 3 containing the most
Chloroflexi-affiliated sequences (Table2). ASVs classified as
Ktedonobacteria (order B10-SB3A) and JG30-KF-CM66 had the
top two hub scores in that subnetwork (Supplementary Table 5).

Oxyphotobacteria were the most abundant taxa in
geothermal samples, and 13 nodes in Consortium 4 comprised
Oxyphotobacteria-affiliated ASVs. These co-occur with 18
Alphaproteobacteria-affiliated nodes, the other most abundant
taxa identified in consortium 4 (Supplementary Table5).
Overall, 19 ASVs categorized as Oxyphotobacteria appeared
in all subnetworks, but 68% of those occurred in one
subnetwork, consortium 4 (Supplementary Figure5 and
Supplementary Table 5).

Proteobacteria-affiliated ASVs were the most abundant
across all geothermal subnetworks, representing 46 branches in
the sub-network phylogenetic tree (Supplementary Figure 6).
Proteobacteria were also among the top hub scores in
consortia 4-6. A Proteobacteria ASV, affiliated with the genus

Pedomicrobium sp., was detected across five different consortia,
the most of any ASV, but it did not have high hub scores
(Supplementary Figure 6). Members of this genus are known for
biofilm formation and manganese or iron oxidation (Larsen et al.,
1999).

Networks constructed for the lava tube samples used a
threshold cutoft of 15% sample prevalence, and comprised 251
nodes and 521 edges, with an average degree centrality of 4.02
(Figure 8; Table 1), lower than geothermal sites, suggesting a less
interactive environment overall. In addition, unlike geothermal
sites, ASVs from lava tubes tended to have a greater number of
interactions with ASVs in the same phylum or class (Figure 9).
For example, Gammaproteobacteria and Alphaproteobacteria
had the highest counts of neighbor interactions in both
Proteobacteria  classes  (Figure9). Gammaproteobacteria
interacted with other Gammaproteobacteria, and also had
a high number of interactions with Alphaproteobacteria
and  Acidomicrobiia.  Alphaproteobacteria formed the
most interactions with ~Gammaproteobacteria, followed
by Deltaproteobacteria.

An ASV associated with the class Bacteroidia (Microscillaceae
sp.) had the highest hub score in the overall lava tube

network (hub score = 1), followed by an Acidobacteria
(class Subgroup 9; hub score = 0.77), and a Rokubacteria
(Candidatus ~ Methylomirabilis sp.; hub score = 0.766;
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TABLE 1 | Network statistics comparing geothermal sites to lava tubes.

Environment # Nodes # Edges Avg. degree centrality Avg. betweenness Avg. closeness # of edges/# of nodes
Geothermal sites 218 671 6.16 309.56 0.0012 3.078
Lava tubes 259 521 4.02 576.80 0.0006 2.012

Geothermal sites had a greater number of edges, a higher average degree of centrality, and a higher average hub score. The average betweenness centrality also was higher in lava
tubes and suggests that interactions are greater in geothermal sites than in lava tubes. # Nodes, total number of ASVs in the network; # Edges, total number of connections (edges)
between nodes; Avg. degree centrality, average number of edges in a network that connects to one node; Avg. betweenness, betweenness centrality measures the extent to which
a node lies on paths between other nodes and can be used to identify which ASVs interact most with other members of the community network; Avg. closeness, average closeness
centrality which measures how far a node is to all other nodes and can be used to find the most central taxa of a given community network; # edges/# nodes provides network density.

Supplementary Table 6). There were 69 ASVs with an  This illustrates that in lava tubes, the phylum Proteobacteria

above-average hub score, and 46.4% of those were affiliated
with Proteobacteria. Nineteen of the ASVs with above-
average hub scores were identified as Gammaproteobacteria
(27.5%), seven were Alphaproteobacteria (10.1%), and six
were Deltaproteobacteria (8.7%; Supplementary Table 6).

dominates in terms of the number of interactions. Acidobacteria
also had a large percentage of the above-average hub scores
(20.2% of ASVs). Although Actinobacteria are commonly
cultured from caves and had the highest relative abundance
among lava tube samples, only one ASV identified as an
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FIGURE 7 | Geothermal neighbor interaction frequency plots at the class level of the three classes with the greatest number of interactions (edges) within the
geothermal network: (A) Oxyphotobacteria, (B) Alphaproteobacteria, and (C) Ktedonobacteria. Oxyphotobacteria have the largest number of interactions or
co-occurrence with Alphaproteobacteria. However, Alphaproteobacteria have the most interactions with Acidobacteriia, followed by Oxyproteobacteria and then other
Alphaproteobacteria. Ktedonobacteria, a common Chloroflexi group in geothermal sites, also has the greatest number of interactions with Alphaproteobacteria,

followed by interactions with other Ktedonobacteria.

TABLE 2 | Subnetwork statistics and information for geothermal sites.

Subnetwork no. Nodes Edges Edge density Network density Most abundant phyla Highest hub score
Consortia 1 29 63 0.155 2172 Proteobacteria (24.1%) Phycisphaerae
Consortia 2 45 118 0.119 2.622 Chloroflexi (24.4%) Thermoleophilia
Consortia 3 17 29 0.213 1.706 Chloroflexi (41.2%) Ktedonobacteria
Consortia 4 53 116 0.0842 2.189 Proteobacteria (34.0%) Hyphomicrobium sp.
Consortia 5 21 41 0.195 1.952 Proteobacteria (38.1%) Xanthobacteraceae
Consortia 6 14 26 0.286 1.857 Proteobacteria (50%) Elsterales

Consortia 7 39 95 0.128 2.435 Acidobacteria (28.2%) Acidobacteriales

Edge density is defined as the number of actual edges/maximum possible edges. Network density is defined as the number of edges/number of nodes and expresses the level of
modularity of a subnetwork. The most abundant taxa occurring in each subnetwork, as well as the nodes (ASVs) with the top two highest hub scores are provided.
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Actinobacteria (class MB-A2-108) was found to have a higher-
than-average hub score in the overall lava tube network
(hub score = 0.646, which was the 7th highest hub score;
Supplementary Table 6).

Eight subnetworks were constructed from the lava
tube data set (Table3; SupplementaryFigure7 and
Supplementary Table 6). A phylogenetic tree was constructed
using only the ASVs within lava tube subnetworks, with
Proteobacteria having the most ASVs identified in more
than one consortium (Supplementary Figure 8). Within the
Proteobacteria, five ASVs identified as Gammaproteobacteria
occurred in more than one subnetwork. However, there was
no ASV that occurred repeatedly in most subnetworks in
lava tubes, unlike geothermal sites (Supplementary Figure 6;
i.e., Pedomicrobium sp.). The majority of ASVs with top hub
scores in subnetworks were affiliated with Proteobacteria,
Acidobacteria, Actinobacteria, Gemmatimonadetes, and the
phyla, GAL15 (Table 3). Candidate phylum, GAL15 has been
recovered from subsurface soil communities previously (Brewer
et al, 2019), and in the carbonate cave, Fort Stanton Cave
(Kimble et al., 2018). Within Acidobacteria, ASVs associated
with Blastocatellia (Subgroup 4) were common in lava tube
consortia and had top hub scores in four of the subnetworks
(Table 3; Supplementary Figure 7 and Supplementary Table 6),
and therefore may be species of ecological importance.

DISCUSSION

Lava Tubes and Geothermal Sites Harbor

Unique Microbial Communities

Lava tubes, geothermal caves, and fumaroles on the island of
Hawai‘i contain unique microbial ecosystems with little overlap
between caves or sites. Samples described here were collected
over multiple visits spanning a decade, but no significant
association was detected between diversity patterns and time
of collection. In all samples, most ASVs were not able to be
assigned with high confidence to a named genus or species,
but were microbial “dark matter; those unidentified at the
lower taxonomic levels of family or genus (Zamkovaya et al.,
2020). This suggests that caves and fumaroles are under-explored
diverse ecosystems. Moreover, the bacterial communities defined
here are likely to be structured by competitive exclusion arising
from low nutrient availability, creating a phylogenetic pattern
with a broader range of taxa than would be expected by chance in
most samples (over-dispersion). This may explain the relatively
high diversity observed in Hawaiian lava caves and fumaroles,
and potentially other locations around the world (Northup and
Lavoie, 2015; Riquelme et al., 2015; Wall et al., 2015).

Consortia in lava caves and geothermal sites may be unique
groups of microorganisms that reflect the small-scale spatial
variations in mineral composition of basalts and other micro-
environmental variables. However, network analysis, including
the identification of subnetworks, suggests that there are
several closely related ASVs that occur in multiple consortia.
This is observed in Supplementary Figures 6, 8, which show
the phylogenetic relationships of ASVs identified in only

subnetworks, and which subnetworks each ASV. Although there
is a considerable diversity at higher taxonomic levels, within
several classes, ASVs identified as the same order, family, or
genus are found repeatedly (i.e., Bryobacter sp., in geothermal
sites and Gemmatimonadaceae in lava caves). These may be the
same organism or have the same functional role within consortia,
but this information is unknown and cannot be defined
using methods that target 16S rRNA fragments. Sequencing
technology that generates longer sequences (i.e., MinION or
PacBio), culture-based methods that target specific taxonomic
groups, and metagenomic sequencing could help determine the
identity of these organisms within consortia in Hawaiian volcanic
environments, as well as what their ecological roles are likely in
these communities.

Phylogenetic Diversity Is Greater in Lava
Tubes and Older Caves

Geothermally active sites in Hawai‘i, including lava caves
in Kilauea Caldera and fumaroles, host different bacterial
communities than lava tubes. In general, phylogenetic diversity
in geothermal sites, defined here by Faith’s PD, was statistically
lower than in lava tubes and was dominated by ASVs that
were affiliated with Cyanobacteria and Chloroflexi. Lava tube
bacterial communities were dominated by Actinobacteria and
Proteobacteria-affiliated ASVs. However, Kaumana cave, a lava
tube that is only ~130 years old had lower phylogenetic diversity
than other lava tubes, similar to geothermal caves and fumaroles
that occurred in younger lava flows. We posit that this reflects
the age of the basalt, consistent with previous studies that also
concluded diversity was lower in younger basalts (King, 2007).
Our data illustrate that caves aged 500-800 years old host greater
phylogenetic diversity than sites that are 65-400 years old.
Microbial communities in geothermal sites and lava tubes can
likely be placed on a spectrum of diversity over time, with those
in geothermal sites representative of early stages of microbial
colonization on basalts and in areas of volcanic activity. As these
communities age and/or cool, Proteobacteria and Actinobacteria
may become prevalent.

Hawaiian Volcanic Features Are
Phylogenetically Over-Dispersed

Geothermal sites and lava tubes have distinct phylogenetic
signatures of over-dispersion, a phylogenetic community
structure that has not been commonly documented in microbial
communities (Lozupone and Knight, 2008). In many ecosystems,
phylogenetic over-dispersion occurs when competitive exclusion
is a driving factor in structuring communities (Webb, 2000;
Lozupone and Knight, 2008). Competitive exclusion is more
common in oligotrophic environments, such as caves and
fumaroles, where there is strong competition for limited
resources. In few studies using null models to determine a
phylogenetic signature of microbial communities, and the
possible underlying stochastic and deterministic processes,
habitat filtering (phylogenetic clustering) was observed most
often (Horner-Devine and Bohannan, 2006; Aguirre De
Carcer, 2019). Phylogenetic clustering occurs when closely
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TABLE 3 | Subnetwork statistics and information for lava tubes.

Subnetwork no. Nodes Edges Edge density Network density Most abundant phyla Highest hub score
Consortia 1 28 40 0.106 1.429 Actinobacteria (32.1%) Pyrinomonadaceae
Consortia 2 64 120 0.0596 1.875 Proteobacteria (34.9%) Hyphomicrobiaceae
Consortia 3 34 57 0.102 1.677 Proteobacteria (41.2%) Betaproteobacteriales
Consortia 4 13 20 0.256 1.538 Actinobacteria (30.8%) and Nitriliruptoraceae
Proteobacteria (30.8%)
Consortia 5 54 110 0.077 2.037 Proteobacteria (44.4%) Blastocatellia (Subgroup 4)
Consortia 6 16 19 0.158 1.188 Proteobacteria (56.3%) Acidimicrobiia (order IMCC26256)
Consortia 7 23 35 0.138 1.522 Proteobacteria (62.5%) Gemmatimonadaceae
Consortia 8 26 46 0.142 1.769 Proteobacteria (50%) GAL15

Edge density is defined as the number of actual edges/maximum possible edges. Network density is defined as the number of edges/number of nodes and expresses the level of
modularity of a subnetwork. The most abundant taxa occurring in each subnetwork, as well as the nodes (ASVs) with the top highest hub score are provided.

related bacterial species share a trait, or suite of traits, that
allow them to persist in a given habitat. However, our
data do not support habitat filtering as the major factor
structuring microbial community assemblies in lava caves

and fumaroles, but instead, support high diversity driven by
competitive exclusion.

In networks constructed from geothermal samples,
phylogenetically similar species do not co-occur together,
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FIGURE 9 | Lava tube neighbor interaction frequency plots at the class level of the two classes with the greatest number of interactions (edges) within the network:
(A) Gammaproteobacteria and (B) Alphaproteobacteria. Gammaproteobacteria have the highest frequencies of neighbor interactions with other
Gammaproteobacteria, as well as Alphaproteobacteria. Gammaproteobacteria also interact or co-occur with Acidimicrobiia (phylum Actinobacteria), and
Deltaproteobacteria. Alphaproteobacteria co-occur with Gammaproteobacteria at the greatest frequency and have much fewer interactions with other
Alphaproteobacteria. Deltaproteobacteria and Chloroflexi class Anaerolineae also had a high frequency of interactions with Alphaproteobacteria within lava tubes.
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and instead, more distantly related species co-occur, which
also suggests that community assemblages are being driven
by competitive interactions between closely related species
that eliminate or reduce closely related species in the samples.
The exception was Gammaproteobacteria within lava tubes,
which have a higher frequency of interactions with other
Gammaproteobacteria and Alphaproteobacteria. In
tube networks, Proteobacteria interacted more with other
Proteobacteria, unlike in geothermal sites. However, only five
samples out of 70 had a phylogenetically clustered signature, but
those five samples were not from any one location or sample
type, and we could not determine a specific environmental
reason that would explain the difference in pattern.

lava

The Complexity of Bacterial Networks Is

Higher in Geothermal Sites
Network analyses concluded that the overall complexity
of interactions among bacteria is higher in geothermal
environments than in lava caves. Bendia et al. (2021) reported a
similar pattern of greater complexity in microbial communities
along a thermal gradient. This observation may reflect the more
extreme nature of the environment and lower diversity overall, a
situation in which more synergistic metabolic interactions may
be required for survival, with fewer individual strains or species
able to fulfill the required ecological roles (greater number of
hubs). Geothermal subnetworks were also more complex (higher
number of nodes and edges) than those in lava tubes. These
findings did not support our hypothesis that complexity would
increase over time in volcanic environments as niche-specific
consortia develop in the more stable environments of lava tubes.
Higher overall diversity occurred in lava tube samples, but
the complexity of interactions was less in lava tubes. Moreover,
the most abundant ASVs in these communities were not
hubs in the overall networks or the subnetworks. This is
important for subsequent investigations of the cave and fumarole
environments, which should use culturing methods combined
with sequencing technologies to target these taxa with potentially
important ecological roles in these unique environments.
Chloroflexi may play important ecological roles in
communities both in lava tubes and geothermal sites, given
they occurred in almost every subnetwork (consortium), and
frequently with high hub scores. Some cultivated Chloroflexi
are aerobic thermophiles, while others are anoxygenic
photoautotrophs, for example, green non-sulfur bacteria
that utilize low levels of light for photosynthesis. Such conditions
are found in cave entrances in the “twilight zone” and at
“skylights.” Therefore, ASVs identified as Chloroflexi may
provide a carbon source through photoautotrophy in low light
conditions. However, most of the Chloroflexi ASVs identified
as hubs belong to groups with no cultured individuals and
may have very different ecological roles in these understudied
environments. Chloroflexi are also common in networks from
lava tubes, where many of the samples would not have had
any light. Further studies of these environments with a focus
on Chloroflexi are needed to define their ecological roles in
volcanic environments.

The most abundant groups, such as Oxyphotobacteria and
Actinobacteria were not common in many consortia, and if
they were present, they did not often have high hub scores.
Therefore, the most abundant species may not have the most
important ecological roles in these ecosystems, helping to create
the overall stability of the community. Acidobacteria, another
understudied group, commonly had the highest hub scores
and is a group that requires further study to understand their
ecological roles in caves and fumaroles. Cultivated members of
Acidobacteria are considered aerobic oligotrophic bacteria due
to their high abundances in low organic carbon environments
(Kielak et al., 2016a) and were one of the five most numerous
phyla in the Azorean lava caves (Riquelme et al., 2015). Others
have been identified as acidophiles (Jones et al., 2009; Kielak et al.,
2016a), which may suggest a possible reason these organisms
were identified as “hubs.” Bacteria are capable of creating a
low pH environment through the release of organic acids or by
thriving in those low pH environments may be able to breakdown
basalts and access nutrients in the rock through solubilization
(Kielak et al., 2016b). However, Acidobacteria is likely a diverse
group that requires further study to understand their important
ecological roles as “hubs” in caves and fumaroles.

Broader Context and Further Studies
Microbial communities associated with lava caves and fumaroles,
representing a spectrum of environmental conditions commonly
seen in volcanic environments, are of interest to a variety of
fields and research beyond fundamental microbial ecology. In
particular, Hawaiian lava tubes are of interest to astrobiology
studies and upcoming missions to Mars (Boston et al., 2001;
Northup et al, 2011; Bauermeister et al., 2014; Tarnas et al.,
2021). Volcanic systems in Hawail are geologically like those
on ancient Mars, which had active volcanoes and fumaroles
(Farmer, 1996; Thollot et al.,, 2012; Hynek et al., 2018; Sauro
etal,, 2020). High-resolution satellite images from various orbital
spacecraft show that Martian volcanoes were built from countless
individual flows, many of which were created through channels
and lava tubes, signaling a style of volcanism analogous to
Hawaiian eruptions (Sauro et al., 2020). With these geological
similarities, Hawaiian volcanic environments can provide some
insight into the possibility of life on Mars in its ancient past and
how microbial communities could survive today on Mars in lava
caves, or if introduced from Earth (forward contamination).

The study of cave and fumarole microbial communities
is also important to questions in biotechnology, sustainable
resource management, and bioremediation (Brune and Bayer,
2012; Zhang et al, 2016; Kapoore et al., 2022). Bioleaching
organisms are commonly used in mining, and previous research
has discovered that the recovery of target metals is often greater
with co-cultures of chemolithotrophic organisms (Mathew and
Krishnaswamy, 2017). Within the field of study focused on
rare earth elements and biomining, the use and discovery
of microbial consortia for higher rates of recovery of those
elements are critical for more environmentally friendly mining
methods (Fathollahzadeh et al., 2018). This also applies to space
exploration and the potential to mine other planetary bodies and
nearby asteroids (Cockell et al., 2020).
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Understanding chemolithotrophic and acidophilic microbial
consortia may also have importance in soil health and agriculture
production, particularly in the desert or volcanic soils (Kielak
et al., 2016b; Woo and Pepe, 2018). Chemolithothrophs and
other organisms that bioweather basalts, are important in the
breakdown of lava flows into soils, releasing nutrients into
the biogeochemical cycle. Understanding these processes has
become more important as we are faced with climate change
and growing food concerns in areas with less water and low-
nutrient soils than in previous decades. In addition, fungi play
a very important role in bio-weathering in soils and rocks
(Finlay et al., 2009), with one study suggesting that fungi may be
responsible for ~40-50% of the breakdown of rock through bio-
weathering (Li et al., 2016). Therefore, studies of cave systems
and roles of microbes should include fungal communities,
along with additional studies of rock-microbe interactions
using geological methods (i.e., Wavelength-Dispersive X-Ray
Spectroscopy, Ramen Spectroscopy, etc.). Additional studies
that examine fungal-bacterial interactions in lava caves and
geothermal sites are also needed to better define underlying
mechanistic interactions in the bio-weathering process.
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Polyhydroxybutyrate-producing
cyanobacteria from
lampenflora: The case study of
the “Stiffe” caves in Italy

Rihab Djebailil, Amedeo Migninit, llaria Vaccarellit,
Marika Pellegrini**, Daniela M. Spera?, Maddalena Del Gallo!
and Anna Maria D'Alessandro'*

!Department of Life, Health and Environmental Sciences, University of L'Aquila, L'Aquila, Italy,
2Quality Engineering S.r.l, Pescara, Italy

This study aimed to estimate the green formation lampenflora of “Stiffe” caves
in order to evaluate their suitability as an isolation source of cyanobacteria
useful for the production of polyhydroxyalkanoates (PHAs). The cave system
was chosen as the sampling site due to its touristic use and the presence
of high-impact illuminations. The biofilms and the mats of the illuminated
walls were sampled. Samples were investigated by 16S rRNA gene analysis and
culturable cyanobacteria isolation. The isolated strains were then screened
for the production of PHAs under typical culturing and nutritional starvation.
Cultures were checked for PHA accumulation, poly-B-hydroxybutyrate (PHB)
presence (infrared spectroscopy), and pigment production. The 16S rRNA
gene metabarcoding. Highlighted a considerable extent of the pressure
exerted by anthropogenic activities. However, the isolation yielded eleven
cyanobacteria isolates with good PHA (mainly PHB)-producing abilities and
interesting pigment production rates (chlorophyll a and carotenoids). Under
normal conditions (BG11lp), the accumulation abilities ranged from 266 to
1,152 ng mg dry biomass—!. The optimization of bioprocesses through
nutritional starvation resulted in a 2.5-fold increase. Fourier transform infrared
(FTIR) studies established the occurrence of PHB within PHAs extracted
by cyanobacteria isolates. The comparison of results with standard strains
underlined good production rates. For C2 and C8 strains, PHA accumulation
rates under starvation were higher than Azospirillum brasilense and similar
to Synechocystis cf. salina 192. This study broadened the knowledge of the
microbial communities of mats and biofilms on the lightened walls of the
caves. These findings suggested that these structures, which are common
in tourist caves, could be used to isolate valuable strains before remediation
measures are adopted.

microbial communities of caves, deep biosphere, biopolymers,
polyhydroxyalkanoates, 16S rRNA gene metabarcoding
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Introduction

Due to the involvement of the underground environments
in various biological processes and the great scenarios
present within them, many caves across the world have
scientific laboratories and tourist

been converted into

attractions. These caves undergo several environmental
transformations due to paths’ construction, visitors’ presence,
and artificial lighting installation. These changes modify
the 2019;

Piano et al, 2021), with significant alterations to biotic

caves  physicochemical conditions (Cigna,
and abiotic components (Lim et al, 2018; Sebela et al,
2019; Nicolosi et al., 2021; Piano et al, 2021). Visitors’
presence changes the local microclimate and introduces
fungal spores and bacteria into the cave environment
(Mammola et al, 2017; Novas et al., 2017; Zhelyazkova
et al., 2020). Humidity, temperature, CO; levels, and electrical
lighting enhance the growth of specific photosynthetic
communities known as lampenflora in cave entrances
and the speleothem (Piano et al, 2015; Nikoli¢ et al,
2020). Generally, microbial communities in cave entrances
constitute biofilms (Albertano, 2012), where there is also
the presence of cyanobacteria and microalgae (Poulickova
and Hasler, 2007; Czerwik-Marcinkowska, 2013; Lamprinou
et al, 2014). Lampenflora typically causes biodeterioration
2017;
Fernandez et al, 2021), and a variety of approaches (ie.,

of colonized surfaces (Figueroa et al, Muioz-
physical, mechanical, and chemical) are utilized to limit
photosynthesis and propagation (Mulec and Kosi, 2009;
Cigna, 2016; Figueroa et al., 2017). These strategies to
devise the existence of lampenflora have been studied for
many years. Few studies, however, have investigated the
traits that microbes develop in these harsh conditions
and whether they can act as a source of interesting
molecules.

In this study, we have focused our attention on
the cyanobacteria of lampenflora. Cyanobacteria are an
ancient lineage of slow-growing ubiquitous photosynthetic
prokaryotes found in a wide range of terrestrial and
aquatic lightened environments (Abed and Garcia-Pichel,
2001; Abed et al, 2009; Lemes-da-Silva et 2011;

Panou and Gkelis, 2022). Cyanobacteria are the most

al.,

important primary producers on Earth, including extreme
environments (Gan and Bryant, 2015). They are well
adapted to extreme environments due to their ability
to withstand high osmotic pressure, low temperatures,
arid conditions, and UV radiations (Sechrest and Brooks,
2002; Satyanarayana et al, 2005; Chrismas et al, 2015;
Rasouli-Dogaheh et al., 2022). Many authors have described
their presence in caves as most close to entrances lit by
direct or indirect sunlight or by artificial light in those
open to tourists (Pentecost, 1992; Giordano et al, 2000;
and Aboal, 2011; and

Asencio Czerwik-Marcinkowska
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Mrozifiska, 2011; Albertano, 2012; Czerwik-Marcinkowska,
2013; Pfendler et al, 2018; Puente-Sinchez et al, 2018;
Behrendt et al., 2020; Havlena et al., 2021; Panou and Gkelis,
2022).

Numerous new bioactive compounds and polymers have
been identified in cyanobacteria belonging to different
(Abarzua 1999; 2003;
Dahms et al., 2006) produced, in particular, in response

environments et al, Shimizu,
to environmental changes and biotic and abiotic stresses,
providing protection and promoting survival (Singh and
Mallick, 2017). Among polymers, cyanobacteria produce
polyhydroxyalkanoates (PHAs) (Balaji et al, 2013; Koch
et al, 2020). PHAs are lipoid materials accumulated by
a wide variety of microorganisms in the presence of
abundant carbon sources, which can have various uses,
including the production of bioplastics (Anderson and
Dawes, 1990; Abed et al., 2009). The most common PHA
poly-p-hydroxybutyrate (PHB),
an abundant energy and carbon source storage material

in prokaryotic cells is
(Balaji et al, 2013). Several heterotrophic bacteria, such
as Cupriavidus necator and Escherichia coli, can produce
PHB by fermentation (Liebergesell et al, 1994; Kichise
et al, 1999; Abed et al, 2009; Wang et al, 2013; Ansari
and Fatma, 2016; Utharn et al, 2021). However, these
production processes use organic carbon sources mainly
derived from crops (Koch et al, 2020). Cyanobacteria are
a promising alternative for PHB production (Balaji et al,
2013). Cyanobacteria have minimal nutrient requirements
for growth and accumulate PHAs through oxygenated
photosynthesis (Singh and Mallick, 2017). Under nutrient-
limited conditions, such as nitrogen starvation, cells enter
a quiescent state known as chlorosis (Koch et al, 2020).
Cyanobacteria degrade their photosynthetic apparatus during
chlorosis. Beyond this degradation, the accumulation of
large amounts of glycogen for carbon and energy storage
occurs. At the end of the process, the cells begin to
degrade glycogen and convert it into PHB (Koch et al,
2019).
Given the the
“Stiffe” touristic cave (LUAquila, Italy), we hypothesized

anthropogenic pressure present in
that cyanobacterial strains within artificial lightened walls’
biofilms and mats might serve as good producers of
PHB. To examine the bacterial and archaeal communities’
composition of green formations of lighted walls, we
with 16S rRNA gene
the suitability of these
formations as an isolation source of industrially valuable

investigated a global sample

metabarcoding. To investigate
microbial strains, we carried out samplings from five
sites inside this cave, and we performed an isolation of
cyanobacteria. Strains were studied for the PHA and pigment
production abilities under normal and nutritional starvation
conditions. PHAs recovered were further characterized by
infrared spectroscopy.

frontiersin.org


https://doi.org/10.3389/fmicb.2022.933398
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org/

Djebaili et al.

Materials and methods

“Stiffe” caves site

The sampling was carried out in the Stiffe caves
(42°1520.62” North; 13°3232.51” East; 695 m Altitude).
It consists of complex hydrologically active karst paths, with
a vertical cave development of + 186 m from the entrance.
The Stiffe caves are about 130 km from Rome. At present, the
Stiffe caves receive around 45,000 tourists a year and have been
open to the public since the 1990s. The accessible touristic
pathway includes artificial tunnels and footbridges. Currently,
the total length of the show path represents 1 km from the total
known layout, which is approximately 2.3 km. The external
light covers the first 20 m and gradually gives way to artificial
lighting systems that have been installed both along the tourist
way and around inaccessible tourist areas illuminating different
morphologies and concretions. In the beginning of the 1990s,
the lighting system of the Stiffe caves was designed following a
technical study counting the environmental impact to prevent
the green formations near the light sources. Illuminated
areas were not directly visible on the tourist path, with the
initially lighting color consisting of a warm and bright light
like the natural one. The underground stream was lit directly
with warmer light. According to earlier technical reports,
wood’s lights illuminated some concretions. Subsequently, the
mismanagement of lighting systems led to the proliferation of
many photosynthetic communities on illuminated limestone
walls, including vascular plants throughout the tourist way. The
lamps inside the cave are of different types and colors, and so
far, no steps have been taken to set low-impact lighting.

Collection of the samples

The sampling was performed in May 2021 in a period of
cave closure. According to the measures adopted to contain
the COVID-19 spread, touristic visits were interrupted from
March to July 2020 and from November to June 2021. Except
for ordinary and extraordinary maintenance work, the whole
internal lighting stayed off during the cave closures. Before
sampling, portable probes were used to record temperature,
relative humidity (TACKLIFE HMO03), and light intensity
(URCERI portable lux meter). A handheld thermal camera
(FLIR One Android USB-C) was used to acquire the thermic
photos of each site, measuring the temperature lamp and the
temperature variations. Samples from photosynthetic biofilms
were then collected from five different sites near lighting
systems along the tourist walkway. They were swabbed from
the surface with a sterile knife, collected in sterility, and stored
in refrigerated containers. The samples for the isolation of
cyanobacteria were processed as soon as they were brought
to the laboratory. For the DNA isolation, three samples from
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each site were collected and then directly pooled together in
the same tube (Sample C6). According to the manufacturer’s
instructions, this global sample was stabilized with a solution
of RNAlater (Ambion, Austin, TX, United States) and stored
at —80°C until processed. Sample site characteristics are
shown in Table 1, while sampling site localization and photos
are depicted in Figure 1. On average, in sampling sites,
there was a temperature of 13.7°C and a relative humidity
of 73.8%. All samples grew on limestone walls subjected
to any water scrolling or dripping. On average, the light
intensity of the light source was 186.15 lux, while the
samples received a 13.65 lux exposure (except for sample
C5).

16S rRNA gene metabarcoding

To assess the overall lampenflora bacterial and archaeal
communities, three replicates were taken from the C6 global
sample and subjected to DNA extraction. Briefly, 500 mg was
processed by NucleoSpin®Soil kit (Macherey-Nagel, Germany).
To determine DNA content and purity, extracted samples were
subjected to spectrophotometric and fluorometric examination
utilizing a NanoDrop spectrophotometer (Thermo Scientific™)
and a Qubit fluorometer (Thermo Scientific™). Using paired-
end 16S rRNA gene community sequencing on the MiSeq
IMumina platform, a specific 16S rRNA gene technique was
performed to amplify bacteria and archaea (Bio-Fab Research,
Italy). Using the analytical approach previously reported
(Vaccarelli et al., 2021), we focused on the V3 and V4 regions
of 16S rRNA gene (Mizrahi-Man et al., 2013; Choi et al., 2020).
After filtering, the reads were examined for quality and counted.
The DADA?2 plugin in QIIME2 (qiime2-2020.2 version) was
utilized for amplicon sequence variant (ASV) assembly (Bolyen
et al,, 2019). The V3-V4 specific region was extracted from the
168 file retrieved from the SILVA 132 database! and utilized for
classifier training by the fit-classifier-naive-Bayes plugin. For the
taxonomic assignment, a 97% similitude was used.

Cyanobacteria isolation

For cyanobacterial isolation, several dilutions up to 10~*
were prepared from each sample and plated on BG11 (H3BO3
0.003, CaC12 2H20 0.036, C5H307 0.006, Co (NO3)2 6H20
0.00005, CuSO; 5H,O 0.00008, EDTA 0.001, C¢HgFeNO,
0.006, MgSO4 7H,0 0.075, MnCl, 4H20 0.002, K;HPO4 3H,0
0.04, Na2C03 Hzo 0.04, Na2M004 2H20 0.0004, NaNO3 1.5,
ZnSO4 7H,0 0.0002, H,O 1,000 ml, and pH 8.5 &£ 2) (Allen
and Stanier, 1968). Enrichment cultures for all the samples
were also prepared in liquid BG11 (1:10 ratio). Liquid and

1 https://www.arb-silva.de/ (accessed on October 2021).
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Grotte di STIFFE
San Demetrio ne' Vestini (ABRUZZO)
ITALIA

Scaia 1:2000

FIGURE 1

normal photos for each site.

Cave survey of the "Stiffe” caves. Sampling areas are highlighted in the plan view and pictures on the bottom show the thermic camera and

TABLE 1 Cyanobacterial isolates and environmental variables measured at the different sampling sites of “Stiffe” caves.

StrainID  Sampling site Site RH (%) LS (Lux)
temperature
O
Light system  Sample
C1 C1 - A parietal biofilm adheres to the concrete in the innermost part of the cave. 15.0 67.6 280.0 10.0
C2
C3 C2 - On the concrete along the walls of the last man-made tunnel. 15.1 67.6 220.0 20.0
C4
C5 C3 - A parietal biofilm. 13.0 75.1 120.0 10.0
Cé6
Cc7 C4 - Mosses from the photosynthetic formation. 12.6 80.2 124.6 14.6
C8
c9
C10 C5 - No functioning light site. 12.9 78.5 - -
Cl1

solid cultures were incubated for 1 week at 28°C and a 12-h
photoperiod lightening of 150-200 pmol (photon) m~2 s~1.
After incubation, enrichment cultures were plated on solid
BG11 following the same procedure. Biomass clumps developed
on plates were subcultured several times until individual

colonies appeared pure. Putative cyanobacteria colonies were
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examined with optical microscopy (LEICA DME) to provide
preliminary identification based on the morphotype. Each
compliant isolate received an identification code (ID). In total,
we obtained eleven isolates (C1-C11). The isolated strains were
cultured on a liquid BG11 medium in flasks (500 ml) and
small bioreactors (a 500-ml glass bottle equipped with GLS 45
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screw cap with three-port lids and filled with 250 ml of BG11).
After uniformity and purity checks, isolates were stored at the
Environmental Microbiology culture collection (LMUNIVAQ)
in BG11 agar slants and glycerolates (50% v/v, -80°C storage).

Polyhydroxyalkanoate production

The different cyanobacterial strains were cultured on a
BGlly liquid medium for 5 days under optimal growth
conditions (28°C, 120 rpm, and constant illumination of 40-
50 wmol of photons m~2s~!). Exponentially growing cells
(OD 0.4-0.8) were harvested by centrifugation (4,000 g for
10 min). The starvation was induced by suspending the pellet
in a modified BG11 medium (devoid of basic nutrients) until
reaching an OD of 0.4 (for nitrogen starvation, BG11 without
NaNOs; for phosphorus deprivation, BG11 supplemented with
KCl instead of K HPOy; and for sulfur deprivation, BGI1
supplemented with MgCl instead of MgSO4) and incubated
under the same conditions until the late log phase of growth
for approximately 20 days. After incubation, the calcium acetate
(10 mM) was added to the cultures as an organic carbon source
and incubated under the same growth conditions for another
10 days. Cultures are then extracted and quantitated for PHB
production (Koch et al., 2019, 2020; Utharn et al., 2021). To
compare the PHA production rates recorded for isolates, we
quantified the PHAs produced by Synechocystis cf. salina 192
(CCALA 192), Azospirillum brasilense Cd (ATCC 29729), and
Halomonas eurihalina (DMSZ 5710), bacteria known for their
PHA-producing abilities.

Polyhydroxyalkanoate extraction and
quantification

The cells’ dry pellets, obtained by centrifugation of 10 ml
from each liquid culture, were screened for the production
of PHAs. The biomass was placed in a thermostatic bath at
100°C for 1 min; after cooling, the samples were placed in
the freezer (—20°C) for 2 h and dried at 90°C until constant
weight. According to the method of Zilliges and Damrow (2017),
PHB extraction was realized by the PHB hydrolysis into its
monomer (R)-3-hydroxybutyric acid (R-3-HB). Briefly, 300 1
of NaOH (0.5 N) was introduced into glass tubes containing
5 mg of each dry sample and incubated in an ultrasonic bath
at 85°C for 1 h. After a rapid cooling on ice, the samples
were neutralized with the addition of 100 pl of HCI (1 N) and
vortexed for a few seconds. Later, centrifugation was performed
for 1 min/4,500 g to remove the cell debris, and the supernatant
of each sample was transferred to 1.5 ml tubes. The PHA
concentration was determined by an enzymatic test using the
Beta-Hydroxybutyrate Assay Kit (Sigma Aldrich).
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Polyhydroxyalkanoate characterization
by attenuated total reflectance-fourier
transform infrared

The PHA extracted functional groups were characterized by
attenuated total reflectance-Fourier transform infrared (ATR-
FTIR) spectroscopy (Bruker Vertex 70 V), using a spectral
range of 4,000-400 cm™!. The powders of the PHA extracted
samples were placed against the ATR crystal, the system was
vacuumed (up to ~ 2 hPA), and the spectra were scanned using
a resolution of 4 cm~! and 64 scans. Acquired spectra were
processed and studied using the SpectraGryph version 1.2.15
software. The spectra of PHAs extracted from “Stiffe” isolates
were merged. The spectrum obtained was compared to the
Synechocystis cf. and the PHB standard ones (Sigma-Aldrich, St.
Louis, MI, United States).

Determination of photosynthetic
pigment contents

Chlorophyll a and carotenoid contents in each strain were
determined according to the protocol published by Zavrel and
collaborators (Zavrel et al., 2015). Briefly, a volume of 1 ml of
cyanobacterial culture suspension in the stationary phase was
centrifuged at 15,000 g for 7 min to recover the pellet. Then,
1 ml of methanol previously cooled at + 4°C was introduced
into each tube. The samples are then vortexed, covered with
aluminum foil, and incubated at + 4°C for 20 min to extract
the cells’ pigments. Centrifugation at 15,000 g for 7 min was
performed (visually checking the bluish/purple coloration of the
pellet). Then, the absorbance of each sample was measured at
470, 665, and 720 nm.

Statistical analysis

All data the of three
replicates + standard deviation. Statistical significance between

experimental are mean
groups was evaluated by one-way analysis of variance (ANOVA)
followed by Fisher’s LSD post hoc test, comparing mean values
at a 5% level of significance (p < 0.05). Differences between the
two groups were investigated by Student’s ¢-test. All statistical
calculations were performed using the XLSTAT 2016 software

(Addinsoft, Paris, France).

Results

16S rRNA gene metabarcoding

The 16S rRNA gene metabarcoding generated a total
number of 30,200 ASVs. Results were first used to calculate
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the alpha-diversity metrics. The indexes showed 1,721 taxa,
with the same value as the calculated Chao-1 index (1,721).
Both Simpson 1-D (0.9959) and Shannon H’ (6.657) indexes
underlined high diversity. ASVs were then filtered to retain
values over > 0.5% and studied at the different taxonomic
levels. The sample was mainly constituted by bacteria at the
domain level, accounting for 98.6% of the total abundances,
while archaea accounted for the left 1.4%. Figure 2 and
Supplementary Tables 1, 2 of Supplementary Material show
the abundance of the main taxonomic levels. At phylum level
(Figure 2A and Supplementary Table 1), the SAR324_clade
(Marine_group_B) constituted 32.6%, followed by Bacteroidota
(11.0%), Actinobacteriota (9.4%), Campylobacterota (7.5%),
Fusobacteriota (6.9%), Cyanobacteria (4.3%), Patescibacteria
(3.3%), Proteobacteria (3.3%), and Planctomycetota (2.3%).
At genus level (Figure 2B and Supplementary Table 2), the
ASV's were mainly composed of uncultured taxa (22.5%) mainly
associated with Proteobacteria phylum (Gammaproteobacteria),
followed by Crossiella (9.9%), and unknown taxa (8.6%) mainly
associated with Proteobacteria phylum (Gammaproteobacteria,
Enterobacterales, MNDI (6.5%),
Vicinamibacteracea (5.9%), and Nitrospira (3.5%). Among

and Pasteurellaceae),

the ASVs with abundances less than 2%, an important result
obtained was the presence of Cyanobium_PCC-6307 (0.8%).

Strains’ isolation and identification

Strains’ isolation and purification on BG11 agar medium
were used to obtain eleven strains with different morphologies.
Two strains were isolated from each site, except for sample
site 4, which yielded three strains. The isolation source of each
strain is reported in Table 1. Supplementary Figure 1 represents
the photos obtained with the microscopic observations of the
strains. Based on these observations, the strains were putatively
associated with Synechocystis (strains C2, C3, C8, and C9) and
Synechococcus (strains C1, C4, C5, C6, C7, C10, and CI11).

Polyhydroxyalkanoate production,
optimization, and quantification

The eleven isolates were initially checked for their ability
to produce PHAs in BG11j. Extractions and quantifications
of 30 days bioreactions showed that all the tested strains
could produce PHAs, with different accumulation rates
according to the strain type. To establish the PHA production
rates, we cultivated standard strains with renewed PHAs
accumulation abilities, namely, Synechocystis cf., A. brasilense,
and H. eurihalina. The PHA results obtained for “Stiffe” isolates
and Synechocystis cf. grown in BGlly and for A. brasilense
and H. eurihalina grown in NFCC and HM, respectively, are
reported in Figure 3. The PHA quantities of the cyanobacterial
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isolates ranged from 266 to 1,152 ng mg dry biomass™!. The
highest results among the isolates were recorded for strain C3,
with amounts significantly lower than A. brasilense standard
strain (p < 0.05). The lowest results among the isolates were
recorded for C5 and C6 strains, with amounts significantly
lower than Synechocystis cf. but still higher than H. eurihalina
(p < 0.05). The other isolates, C1, C2, C4, and C7-Cl11,
produced PHA amounts higher than Synechocystis cf., with
an average production rate of 617 ng mg dry biomass~!.
To evaluate the possibility of enhancing PHB production by
cyanobacterial strains, isolates and Synechocystis cf. bioreactions
were optimized by subjecting strains to nitrogen, phosphate, and
sulfur starving and acetate addition after 20 days. As shown in
Figure 4, all the strains reached a maximum PHA production
after 30 days of culturing and after 10 days of adding acetate.
After 30 days, some isolates recorded a drastic decrease in the
PHAs, while some kept the PHs level almost stationary. For all
the strains, on the 30th day, an average fold change of 2.5 was
recorded. For each cyanobacterium, PHA amounts recorded
in BG11 modified for starvation cultures showed significant
increases than BGIl1y (Student’s t-test, p < 0.01). The best
increases were recorded for CCALA192 (fold change of 9.3),
followed by strain C8 (fold change of 4.2). The lowest increases
were registered for strain C3 (fold change of 0.2). As depicted
in Figure 5, starving and acetate addition allowed CCALA192
to accumulate a quantity of PHAs higher than those recorded
for standard strains. Among the isolates, a similar situation was
recorded for strain C2 and strain C8, which accumulated PHA
amounts higher than those of A. brasilense (p < 0.05). The
other cyanobacterial isolates recorded PHA amounts lower than
A. brasilense but higher than H. eurihalina (p < 0.05).

Polyhydroxyalkanoate characterization
by attenuated total reflectance-fourier
transform infrared

The PHAs extracted from cyanobacterial isolates were
characterized by ATR-FTIR. The spectra obtained for each
isolate are shown in Figure 6A. The spectra comparison
identified overlapping peaks among isolates and, for this reason,
we processed data by creating an average spectrum for Cl-
C11 isolates. The average spectrum was first compared to
that obtained for Synechocystis cf. (Figure 6B). The evaluation
is performed to underline completely overlapping spectra,
suggesting a similar production ability of PHAs and similar
compounds within extracts. The C1-C11 average spectrum was
also compared to the one acquired for the PHB standard. As
presented in Figure 7, the comparison identified within the C1-
C11 average spectrum the peaks at 2,997, 2,976, 2,934, 1,723, and
1,690 (transmittance over 5%). These peaks were also observed
within the standard polymer spectrum. Due to the presence of
other compounds within PHA extracts, the other signals at 1,282
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Taxonomy barplots of the main ASVs (abundances > 0.5%) at phylum (A) and genus level (B).
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and 1,058 were masked. However, the signals recorded suggested
the presence of PHB polymer within the extracts.

Determination of photosynthetic
contents

The biomass obtained from cyanobacterial bioreactions
under normal and starving conditions was investigated for
the photosynthetic pigments’ contents. Table 2 shows the
contents of chlorophyll a of cyanobacteria from “Stiffe” cave
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and Synechocystis cf. salina cultivated in BG11lp and BGI1
modified for starvation. In BG1ly, chlorophyll a was 2.3-
269.6 g g fresh weight biomass~!. Starving led to a significant
decrease in the chlorophyll a production, with a range of 0.3-
4.2 g chlorophyll a g fresh weight biomass~!. As reported in
Table 3, an opposite behavior was recorded for carotenoids,
which were low in BG11y (0.06-5.50 g carotenoids g fresh
weight biomass~!) and high in BG11 modified for starvation
(up to 114.74 pg carotenoids g fresh weight biomass™!). In
both conditions, the best production rate was recorded for
strain C9.
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Discussion

The search for novel biomolecules is based on the
selection of microorganisms that express new chemistry due to
various extreme environmental conditions (Panou and Gkelis,
2022). Caves are energy-poor ecosystems characterized by
high humidity, low natural light, spatial confinement, climatic
stability, and low biodiversity (Lamprinou et al., 2012; Culver
and Pipan, 2019). For this reason, these ecosystems are very
sensitive to anthropogenic pressures (Mammola et al., 2019),
which can promote the development of microflora with peculiar
characteristics. Some caves are used as tourist attractions or
as in situ scientific laboratories. The anthropogenic pressure
generated by these activities leads to a change in microbial
communities, which are extremely sensitive to environmental
changes. Among the factors that most induce changes in
microbial communities is electric lighting. Introducing light
in caves favors the development of biofilms and mats of
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photosynthetic microorganisms on the surface of walls and
speleothems. These communities have been studied to devise
strategies and light sources that can limit their formation.
However, few studies have investigated the characteristics that
microorganisms develop in these extreme environments. This
study focused on cyanobacterial lampenflora and its ability to
produce polymers and pigments.

The 16S rRNA gene metabarcoding of the lampenflora
bacterial and archaeal community confirmed the presence of
cyanobacteria within the community. The most abundant genus
was Cyanobium, a genus already described in Sybil's Cave
(Naples, Italy), colonizing high light intensity sites (Cennamo
et al, 2012). This genus was also described in Saint Cave
(Licodia Eubea, Catania, Italy) by Di Carlo et al. (2016)
who found it colonizing pigmented biofilm sited in several
mural areas of Saints Cave (Palermo, Italy) (Di Carlo et al,
2016), and Palla et al. (2012) described its presence in a
pigmented biofilm covering the “Antro delle Sepolture” surfaces.
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Polyhydroxyalkanoates contents recorded for “Stiffe” caves’ cyanobacteria and Synechocystis cf. salina, grown in BG11 modified for starvation,
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growths and A. brasilense and H. eurihalina. Lowercase letters refer to the comparison among BG11 starving growths and A. brasilense and

H. eurihalina. For both conditions, results followed by the same case letters are not significantly different according to Fisher's LSD post hoc test

(p > 0.05) (LSD value, 192.1).

Metabarcoding also highlighted the presence of SAR324 clade
(Marine_group_B). The presence of this marine taxon within
the cave ecosystem is quite unusual and highly likely induced
by anthropogenic pressure to which the cave has been subjected
(Zhelyazkova et al., 2020). The SAR324 clade was described
for the first time in the Sargasso Sea (Wright et al, 1997).
The distribution of this taxon is relevant in deep waters and
oceans (DeLong et al, 2006; Brown and Donachie, 2007;
Ghiglione et al., 2012; Dick et al, 2013; Boeuf et al.,, 2021;
Flood et al., 2021) and is a major component of low-oxygen
environments, under dysoxic and suboxic conditions (Boeuf
et al, 2021). The SAR324 reports underline a high flexible
metabolism and a chemoautotrophic regime (Boeuf et al,
2021). Metagenome data support a flexible lifestyle, with carbon
monoxide and methane oxidation, methylotrophy, adhesion,
and motility genes (Yilmaz et al,, 2016). The anthropogenic
pressure underlined is also in line with the findings of Manenti
et al. (2018) who reported considerable alterations to the
stream that runs through the cave, including dam construction
and stream bed modifications. During their survey, they also
found signs of water contamination in the form of widespread
periphyton covering on the stream’s bottom (Manenti et al.,
2018). The other representative ASV's belonged to the Crossiella
genus, a dominant member of the microbial communities
of speleothems (Riquelme et al., 2015; Jurado et al, 2020;
Miller et al., 2020). The other ASVs belonged to unknown and
uncultured taxa mainly associated with Gammaproteobacteria,
another common phylum of environments of caves. The
Pasteurellaceae family, which mainly constituted the unknown
community, is usually described as part of the bat guano
bacterial community (Newman et al., 2018).

The isolates tested are good producers of PHAs, especially
under starvation. The best PHA producers were strains C2
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and C8. The PHA production ability is relevant in the
new biopolymers search, which falls among the goals of
the 2030 Agenda for Sustainable Development. The non-
biodegradable plastics are threatening the environment by
accumulating petrochemical derivatives in soil and water
(Jambeck et al., 2015; Gomes Gradissimo et al., 2020). The
PHAs have physicochemical characteristics in comparable with
petrochemical plastics (Philip et al., 2007; Abed et al., 2009;
Geyer et al.,, 2017), are easily handled with widespread industrial
techniques (Wu et al, 2001), and are entirely mineralized
into water and carbon dioxide by the action of natural
microorganisms (Williams et al., 1999). These characteristics
make PHAs a valuable alternative to non-biodegradable plastics,
which is of industrial interest for several applications.

The chemical characterization of PHA extracts suggested the
presence of PHB within biomass extracts. Bioplastics have been
widely studied and applied for their shorter degradation time
when exposed to a biologically active environment during the
last decades. Among biopolymers, PHB has been investigated
for food packaging purposes. Dimensional and mechanical tests
showed that PHB could be a good substitute for polypropylene
(PP) to produce food packaging. Compared to PP, PHB
has a different resistance to dynamic compression, and the
deformation value is 50% lower than PP, defining a more rigid
and less flexible material. PHB resists higher temperatures than
PP while recording lower performances at low-temperature
conditions (Bucci et al., 2005). However, the limitations of
some studies address the cost and performance of blending
PHB with certain polyethers, polyesters, polyvinylacrylates, and
polysaccharides in ways that improve mechanical properties
without affecting the biodegradability advantage. A wide range
of properties emerged from the blending, such as crystallinity,
glass transition, and melting temperatures, also posing the
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hypotheses on the possible “driving force” that such a blend
takes (Avella et al,, 2000). PHB has also been investigated in
the medical field for long-range repair in peripheral nerves and
cartilage tissue engineering.

Autologous nerve grafting remains the treatment of choice
for peripheral nerve injury repair. However, progress is being
made concerning the use of PHB to fill long nerve gaps (up
to 4 cm) in a model of peroneal nerve injury (Young et al,
2002). The tests were performed on rabbits, and regeneration
was evaluated for 63 days. By day 42, the area of immune-stained
regenerating fibers in the PHB group was more significant
than in the nerve autograft group, suggesting their adaptability
for this type of repair. PHB had no cytotoxicity on mice and
the production of a cartilage-like tissue for 24 weeks after
implantation was observed (Ye et al., 2009).
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Due their
heterotrophic bacteria, PHB production by cyanobacteria

to reduced productivity compared to
is feasible if paired with the production of other metabolites.
The presence of valuable by-products within industrial
productions is of interest for cost reduction. Our findings
underlined that the isolates could also be a good source of
chlorophyll a and carotenoids, under normal and starving
conditions, respectively. Pigments, especially chlorophylls
and carotenoids, are considered key bioactive chemicals
(Hosikian et al,, 2010). In biotechnology, pigments can be
used as a natural dye (Timberlake and Henry, 1986) and in
cosmetic and pharmaceutical products (da Silva Ferreira and
Sant’Anna, 2017). Chlorophyll a has interesting antioxidant
and anti-inflammatory properties (Subramoniam et al., 2012;

da Silva Ferreira and Sant’Anna, 2017). Carotenoids are the
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TABLE 2 Chlorophyll a contents recorded for “Stiffe” caves’ cyanobacteria and Synechocystis cf. salina, grown in BG11y and BG11

modified for starvation.

Chlorophyll a (g g fresh weight biomass 1)

Strain BGl11 BGll m t-Student P-value
C1 24.87 4+ 0.93de 4.18 +0.28a *
Cc2 25.14 + 1.87de 0.29 4 0.01gh o
C3 8.48 4 0.39fg 0.73 4 0.02f *
c4 2.7440.17g 0.26 4 0.04gh o
C5 2.28 +0.19g 0.08 4 0.01hi orx
c6 8.97 +0.21fg 1.08 £0.11e *
c7 162.28 + 12.10b 2.51 4 0.05¢ o
c8 34.96 + 2.82d 0.69 + 0.11f o
C9 269.64 & 22.37a 1.63 £0.09d o
c10 108.82 + 6.61c 1.65 +0.12d o
Cl1 16.41 + 1.63¢f 0.38 4+ 0.04g o
CCALA192 113.79 + 6.47¢ 3.2540.39b o
LSD 1222 0.24

For each column, results followed by the same case letter are not significantly different according to Fisher’s LSD post hoc test (p > 0.05). For each strain, the p levels in the right column

refer to statistical differences between chlorophylls of BG11 growth and under starving according to Student’s ¢-test (* p < 0.001; **p < 0.01; *** p < 0.05).

most diverse group of pigments found in living organisms
(Hirschberg and Chamovitz, 1994). It is estimated that
around 600 pigments are classified as carotenoids (Guedes
et al, 2011). They absorb light during the photosynthesis
process and maintain thylakoid membranes and provide a
photoprotection as well as the elimination of reactive oxygen
species (ROS) (Lawlor, 1995; Schagerl and Miiller, 20065
Pagels et al, 2021). Microalgae carotenoids have a great
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interest in the industry, food, cosmetics, and pharmaceutical
applications due to their bioactive properties as an antioxidant,
anti-inflammatory, and antitumor (Guedes et al, 2011;
Raposo et al., 2015; Cezare-Gomes et al., 2019; Pagels et al,,
2020). Several carotenoids are used in agriculture for soil
remediation as antioxidants, fertilizers, and biopesticides, to
improve soil quality and crop protection. At present, they
are used to increase provitamin A availability contributing
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TABLE 3 Carotenoids contents recorded for “Stiffe” caves’ cyanobacteria and Synechocystis cf. salina, grown in BG11y and BG11

modified for starvation.

Carotenoids (g g fresh weight biomass ~!)

BG11 BGll m t-Student P-value

C1 5.50 4 0.62a 14.93 + 0.43fg *
2 1.99 4 0.06cd 16.72 + 1.22f *
C3 0.39 + 0.06gh 4.85 + 0.17ij *
C4 0.06 + 0.00hi 8.87 + 0.73hi *
C5 0.55 =+ 0.09g 0.98 =+ 0.03j *
C6 1.43 + 0.04ef 10.54 + 0.38gh *
c7 2.09 + 0.24¢ 60.35 4 4.45b **
cs 0.17 % 0.00hi 23.20 4 1.68¢ *
C9 1.54 + 0.13¢ 114.74 4 9.56a o
C10 1.73 + 0.15de 49.41 4 2.91¢c *
Cl1 1.13 = 0.06f 12.65 + 1.20fgh *
CCALA192 4.88 +£0.23b 43.25 4+ 2.81d *
LSD 033 5.17

For each column, results followed by the same case letter are not significantly different according to Fisher’s LSD post hoc test (p > 0.05). For each strain, the p levels in the right column

refer to statistical differences between carotenoids of BG11 growth and under starving according to Student’s ¢-test (*p < 0.001; **p < 0.01).

to biofortified crop development (Sakamoto et al, 2017
Gongalves, 2021).

Conclusion

“Stiffe” caves’ greenish mats and biofilms 16S rRNA
gene metabarcoding underlined anthropogenic pressure-driven
bacterial and archaeal communities’ alterations. However, the
lightning sources promoted the proliferation of culturable
cyanobacterial strains with good PHB accumulation abilities
(266 to 1,152 ng mg dry biomass~!). The optimization of
bioprocesses by nutrient starving improved PHA accumulation,
with an average fold change of 2.5. The FTIR analyses suggested
the PHB presence within PHAs extracted by cyanobacteria
isolates. The comparison of cyanobacterial bioprocesses with
those of A. brasilense and H. eurihalina showed that even if the
optimal bioprocess last 30 days, cyanobacteria can produce PHA
amounts employing a lower amount of nutrients and producing
bioproducts with interesting biological properties. The isolation
of these cyanobacteria that produces these large quantities of
PHB could be linked to the critical environmental conditions
of the lack of light for an extended period of closure linked
to the COVID-19. PHB accumulation in cyanobacteria allows
coping with unfavorable environmental conditions. Reasonably,
during the switch-off, the PHB-producing cyanobacteria with
high resilience and adaptability were selected by adverse
environmental conditions.

Further
characterizations of PHB should be carried out to understand

studies on cyanobacterial bioprocesses and

the biotechnological potential at the industrial level. The
optimal bioreaction parameters should be studied to maximize
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the PHB production and pigments (e.g., temperature, effects of
different lights, and light intensity). The molecular identification
of the isolates and the study of the PHA production pathway
gene expression will also clarify the biotechnological potential
of the selected isolates. However, the findings broadened the
knowledge of the microbial communities of mats and biofilms
on the lightened walls of the “Stiffe” caves. The results showed
that these formations could be possible sources of biomolecules
and biopolymers, underlying the importance of exploring their
potentialities before taking device strategies.
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Insights into the microbial life in
silica-rich subterranean
environments: microbial
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Interactions in an orthoquartzite
cave (Imawari Yeuta, Auyan
Tepui, Venezuela)
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Environmental Sciences, University of Bologna, Bologna, Italy

Microbial communities inhabiting caves in quartz-rich rocks are still
underexplored, despite their possible role in the silica cycle. The world's
longest orthoquartzite cave, Imawari Yeuta, represents a perfect arena for
the investigation of the interactions between microorganisms and silica in
non-thermal environments due to the presence of extraordinary amounts of
amorphous silica speleothems of different kinds. In this work, the microbial
diversity of Imawari Yeuta was dissected by analyzing nineteen samples collected
from different locations representative of different silica amorphization phases
and types of samples. Specifically, we investigated the major ecological patterns
in cave biodiversity, specific taxa enrichment, and the main ecological clusters
through co-occurrence network analysis. Water content greatly contributed
to the microbial communities’ composition and structures in the cave leading
to the sample clustering into three groups DRY, WET, and WATER. Each of
these groups was enriched in members of Actinobacteriota, Acidobacteriota,
and Gammaproteobacteria, respectively. Alpha diversity analysis showed the
highest value of diversity and richness for the WET samples, while the DRY
group had the lowest. This was accompanied by the presence of correlation
patterns including either orders belonging to various phyla from WET samples
or orders belonging to the Actinobacteriota and Firmicutes phyla from DRY
group samples. The phylogenetic analysis of the dominant species in WET
and DRY samples showed that Acidobacteriota and Actinobacteriota strains
were affiliated with uncultured bacteria retrieved from various oligotrophic
and silica/quartz-rich environments, not only associated with subterranean
sites. Our results suggest that the water content greatly contributes to shaping
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the microbial diversity within a subterranean quartzite environment. Further,
the phylogenetic affiliation between Imawari Yeuta dominant microbes and
reference strains retrieved from both surface and subsurface silica- and/or
CO,/CO-rich environments, underlines the selective pressure applied by quartz
as rock substrate. Oligotrophy probably in association with the geochemistry
of silica/quartz low pH buffering activity and alternative energy sources led
to the colonization of specific silica-associated microorganisms. This study
provides clues for a better comprehension of the poorly known microbial life
in subsurface and surface quartz-dominated environments.

KEYWORDS

cave microbiology, Actinobacteriota, Acidobacteriota, oligotrophic environment,
silica speleothems, co-occurrence network, subterranean microbiome

Introduction

Bacteria and archaea are numerically the most dominant and
ubiquitous organisms of the Earth’s surface and subsurface
(Merino et al.,, 2019). They can thrive in a wide variety of
environmental conditions, overpowering barriers that are not
compatible with life of higher organisms, including low and high
temperatures, pH, radiation, pressure, salinity, absence of light,
and nutrient limitation. In this context, dark and oligotrophic
caves host abundant and complex microbial communities, whose
structures are regulated by mechanisms that are distinct from
those at the Earth’s surface. The subsurface is estimated to house
50%-87% of the Earth’s microorganisms (Kallmeyer et al., 2012;
Magnabosco et al., 2018), most of which are still unknown or
understudied. This aspect makes caves unique ecosystems
suitable to study the evolution of microbial life and the survival
mechanisms in the absence of primary productivity associated
with sunlight and photosynthesis (Barton and Northup, 2007;
Northup et al., 2011).

In caves, microbes take advantage of the interaction with the
rock substrate to acquire essential elements for growth. Despite
the nutrient-limited conditions, caves contain surprisingly diverse
microbial communities with compositions that are influenced by
a series of geochemical parameters including the host rock
composition and other environmental factors such as temperature,
organic carbon availability, and humidity (Barton et al., 2007).
Nevertheless, cave microbiome studies have focused on limited
amounts of samples that rarely allow detailed ecological
correlation analyses. Furthermore, most of these studies focused
on microbial diversity in carbonate caves (Brannen-Donnelly and
Engel, 2015; Wu et al,, 2015; Alonso et al., 2018; D’Angeli et al.,
2019; Paun et al,, 2019; Zhu et al., 2019). On the other hand, very
little is known about the environmental variables influencing the
microbial community composition and therefore the interactions
between microbes and silica in quartz-dominated caves carved in
orthoquartzites or metaquartzites (Barton et al.,, 2014; Sauro
etal, 2018).
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The importance of studying microbial interactions with
silica resides in the fact that silicon is the seventh most
abundant element in the universe and the second most
abundant element on Earth, after oxygen. It can be found in
the form of silicates, aluminosilicates, and crystalline and
amorphous silicon dioxide (e.g., quartz and amorphous silica,
respectively). The knowledge of the processes involved in the
silica amorphization (transformation of crystalline silica into
amorphous silica), dissolution, and precipitation is of great
interest for the comprehension of the formation of ancient
natural quartz-rich environments (Riquelme et al., 2015; Wray
and Sauro, 2017; Sauro et al.,, 2018; Miller et al., 2022).
Microbes are known to be involved in silica mineral
dissolution and precipitation although in non-hydrothermal
environments, the molecular and biochemical mechanisms are
still unclear (Miller et al., 2014; Sauro et al., 2018). These
processes leave traces of microbial features or metabolic
activity in the rock record that are considered biosignatures
valuable for astrobiology as potential analogs of silica-rich
rocks detected on Mars (Cady and Farmer, 1996; Rice et al.,
2010; Northup et al., 2011; Ruff and Farmer, 2016).

Quartzite caves in Venezuelan tepuis (i.e., orthoquartzite table
mountains), represent an excellent natural laboratory to
investigate microbe-mineral interactions in dark, low-temperature
Si-rich environments. In particular, Imawari Yeuta cave is
composed of 98% of silica in the form of a-quartz and minor
amounts of amorphous silica, i.e., opal-A, opal-G (Sauro et al.,
2018; Ghezzi et al., 2021b). The cave was discovered in the Auyan
Tepui in 2013 and is considered one of the most ancient caves in
the world (Sauro et al., 2013). It hosts an extraordinary amount
and variety of amorphous silica speleothems whose origin seems
to be associated with biological activity. In fact, the absence of
extreme chemical (pH) and/or physical (temperature, pressure)
variations that would allow abiotic speleothem formation suggests
possible biological mediation (Aubrecht et al., 2012; Sauro et al.,
2018). Thus, the interaction between microbes and the
orthoquartzite rocky substrates seems to contribute to this
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impressive speleothem formation process. In this regard, our
previous works described the shifting of the composition/
structure of microbial communities associated with some
speleothems characterized by distinct silica amorphization phases
(Sauro et al., 2018; Ghezzi et al., 2021b). Imawari Yeuta provides
a unique window to further investigate the microbial ecology of
quartz/silica-rich environments under aphotic and non-thermal
conditions. In addition to the absence of light, the isolation of the
deepest Imawari Yeuta cave zones from the exterior atmosphere
determines a general low nutrient availability and low organic
carbon sources, associable to highly selective oligotrophic
conditions (Mecchia et al., 2014; Sauro et al., 2018).

In this work, the microbial diversity in Imawari Yeuta cave
is described by performing Illumina sequencing of 16S rRNA
hypervariable regions on several samples collected from
different cave niches. Statistical and correlation analyses were
performed to investigate the environmental parameters driving
the microbial community structure and composition in this
silica-dominated cave. Phylogenetic analyses of computationally
reconstructed near-full-length 16S rRNA genes further
provided deeper inferences to the affiliation of the poorly
classified microbes that dominate representative niches within
the cave.

Materials and methods
Sample collection

Samples have been collected in Imawari Yeuta cave system
during two field campaigns in March 2014 and March 2016. The
cave system opens with seven different entrances at about
1,830 ma.s.l. in the northern-east sector of the Auyan Tepui massif
(Sauro et al., 2013). Previous studies have shown that the cave is
carved within Precambrian orthoquartzites of the Mataui
Formation (Sauro, 2014) with an estimated speleogenetic age of
over 30-40 million years (Mecchia et al., 2019). Cave conduits
have been mapped for 23,079 m of length with 7 entrances, with
an average depth of 80-100 m from the surface. Nineteen samples
were collected from biofilms on water ponds, quartzite host rocks,
sediments, and speleothems visible on the pavement, walls, and
ceiling in different sites within the cave (Figure 1I;
Supplementary Table S1). The sampling strategy aimed to collect
the most representative samples of different geochemical
environments (niches) along the same cave system. However, each
sample was kept to a minimum volume equivalent of 0.8 ml to a
maximum of 30ml in order to limit the damage to the very
delicate cave deposits and environments. After scraping/collection
with sterilized tools, all samples were stored in Eppendorf tubes
and those designed for the molecular analysis were filled with
LifeGuard RNA solution. The transport from the site to the lab
was carried out in a portable fridge, then samples were stored at
—80°C until analysis which happened within a few months after

the expeditions.

Frontiers in Microbiology

161

10.3389/fmicb.2022.930302

Geochemical and environmental
analyses

Given the different nature of the samples (waters, sediments,
mineral aggregates, rocks), the overall environmental and
geochemical characterization was performed using different
approaches. The water content of all samples was determined by
measuring the water loss after drying them at 80°C to a constant
weight. Temperature (T) and acidity (pH) of water samples were
measured by handheld field instruments (HI991301 from Hanna
Instruments, Italy) after calibration on site. Accuracy was 0.1°C
and 0.01, respectively. In WATER and WET samples, pH was
measured on site also with pH stripes with the range 2-9 and
0.5pH unit increments (Macherey Nagel 92118), while T was
measured through a portable probe thermometer (Hanna
Instruments, Italy). For sediments, rocks, and mineral aggregates,
pH was measured by resuspending the samples in distilled water
and using pH stripes as previously described (Barton et al., 2014).
Dissolved silica concentration (DSi) in waters was measured by
using a field colorimetric test kit (Aquaquant 14410 Silicon —
Merck) that allows the determination of silica in the concentration
range 0.01-0.25mgL~" with an error <20%. The water samples
presenting concentrations higher than 0.25mgL™" were diluted
with distilled water and then analyzed. Results were expressed
following the convention of representing dissolved silica as the
oxide SiO,. To determine dissolved elements through inductively
coupled plasma-mass spectrometry (ICP-MS) analyses in the
laboratory, double water samples were collected in streams and
ponds at Imawari Yeuta in March 2013: a 250ml bottle of
untreated and unfiltered water, and a 100 ml bottle of 0.45 micron-
filtered and 1 ml 65% HNO; acid-preserved water. ICP-MS was
applied (method EPA 6020A) for determination of multi-
elemental sub pg L™' concentrations (Al Sb, As, Ba, Cd, Ca, Fe,
Mg, Pb, K, Na, Zn) for which the recovery of the Laboratory
Control Sample (LCS) resulted between 85% and 115%, as
expected by the method lines. Anion Chromatography (method
EPA 9056 A) was used to determine chloride, fluoride, nitrate, and
sulfate in the solution. NH," concentration was measured on the
untreated sample with the method APAT CNR IRSA 4030 A2
MAN 292003. Analyses were carried out as described in Mecchia
etal. (2014).

X-Ray Fluorescence (XRF) analysis was carried out for
samples that had enough solid material (15g) to conduct the
analysis (7 samples out of 19). Bulk chemical analyses were
conducted by a wave dispersive X-ray fluorescence spectrometer
(WD-XRF) operating at the BIGEA department, University of
Bologna (Italy). Ultra-fine powdered samples were mounted on
rounded boric acid casts (~5cm diameter, ~0.5 cm height), which
were prepared according to the matrix correction method (Sauro
et al,, 2018). Thirty-five international reference materials were
used for calibrating the raw results, allowing an accuracy better
than 5% for elements >10 ppm, and between 10% and 15% for
elements <10ppm. Bulk XRD analysis was performed on all
sediments, rocks, and mineral aggregate samples to identify the
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for sample Ay323 (photo La Venta-Riccardo de Luca).

Map of Imawari Yeuta cave and collection sites and examples of different geochemical, morphological, and hydrological environments in the
cave. (A) Orthoquartzite columns and eroded walls are typical of hydrologically active branches of the cave, as those where sample Ay317 has
been collected (photo La Venta-Alessio Romeo). (B) Cave walls undergoing quartz amorphization are usually covered by a wet paste of Opal-A, as
in the sample location of Ay301 and Ay302 (photo La Venta-Francesco Lo Mastro). (C) Polished cave floors on a side of a stream are covered by
whitish patches of biological material, as for Ay305 (photo La Venta-Francesco Lo Mastro). (D) Ponds of water covered by iridescent patinas and
floating biological material, as for samples Ay303 and Ay314 (photo La Venta-Robbie Shone). (E) Deposits of powdery dry sulfates on the cave
floors as for Ay308 and Ay315 (photo La Venta-Riccardo de Luca). (F) Fragile molds of silica resembling spider webs hanging from cave roofs, as

major mineral phase. Mineral phases were investigated by a
Philips PW3710 X-Ray diffractometer (current: 20 mA, voltage:
40KkV, range 26: 5°-80°, step size: 0.02° 26, time per step: 2s) as
described by De Waele et al. (2017). Acquisition and processing of
data was carried out using the Philips High Score software
package. Major minerals are indicated in Supplementary Table S1,
whereas for samples missing XRF analysis, prevalent chemical
elements have been indicated based on mineral formulas. EDS
analysis has been further used to confirm the prevalent
composition of each sample as described by Sauro et al. (2018).

DNA extraction, V4-V5 16S rRNA gene
amplification, and sequencing

Nineteen cave samples were extracted for their total DNA using
the PowerSoil DNA Isolation Kit (Qiagen) with slight modifications
implementing pretreatments with proteinase K and lysozyme at
37°C, followed by an additional lysis step using a solution of sodium
dodecyl sulfate (SDS; Cappelletti et al., 2016). To provide amplicon
for Illumina MiSeq analysis, the total DNA was amplified for the
V4-V5 hypervariable region of 16S rRNA gene with universal
forward 515F (5"-Ilumina overhang-GTGYCAGCMGCCGC
GGTA-3’) and reverse 907R (5'-Illumina overhang-CCGTCAATTC
MTTTRAGTTT-3") primers (IDT DNA Technologies). The PCR
reaction mixture contained 10ng of total DNA, 1x Takara Ex Taq

Frontiers in Microbiology

162

buffer with MgCl, (10x, Takara Bio Inc., Tokyo, Japan), dNTP mix
200 pM, primers 500nM, and Takara Ex Taq Polymerase 0.5U and
water (Lichrosolv®; Merck, Darmstadt, Germany) up to a total
volume of 50 pl (Ghezzi et al., 2021a). Amplification reactions were
carried out under the following thermocycling conditions: 95°C for
3min, 30cycles of 95°C for 30s, 55°C for 305, 72°C for 30s, with a
final extension at 72°C for 5 min. PCR amplicons were confirmed by
electrophoresis with a 1% (w/v) agarose gel and then purified by
AMPure XP beads (Beckman Coulter) prior to the index
PCR. Nextera XT Index was incorporated into each of the individual
samples during PCR. The thermal cycling program included a first
denaturation step at 95°C for 3min, followed by 8cycles of
denaturation at 95°C for 30s, annealing at 55°C for 305, elongation
at 72°C for 30s, with a final extension at 72°C for 5min. Purified
amplicons were submitted to KAUST Genomic Core Lab' for
unidirectional sequencing reads on an Illumina MiSeq platform.

Statistical and co-occurrence network
analyses

The sequence analysis of 16S rRNA gene amplicons was
performed in QIIME2 using the DADA2 package. Trimmed
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sequences were dereplicated, denoised, and merged, and chimeras
were removed. The resulting 16S rRNA gene Amplicon Sequence
Variants (ASV's) were taxonomically classified via the SILVA ACT:
Alignment, Classification and Tree Service® online server (Pruesse
etal, 2012). Alpha diversity estimates were generated by using the
Shannon, Simpson’s, Chaol, and Evenness indexes with statistical
significance determined by ANOVA in Calypso (Zakrzewski et al.,
2017). The correlation of environmental parameters with the
microbial community composition of samples was determined
with Redundancy Analysis (RDA) in Calypso (Zakrzewski et al.,
2017). p-Value was provided for the significance of the grouping.
Microbial taxa associated with specific environmental conditions
were identified by a Linear Discriminant Analysis Effect Size
(LefSe) approach and plotted as a cladogram. This comparison
used an all-against-all approach with cut-off values of 0.05 for the
Kruskal-Wallis alpha and 2.0 for the Linear Discriminant Analysis
(LDA). Additional insights regarding the significant enrichment
of the microbial taxa identified in LefSe were visualized in box
plots through rank test analysis by Kruskal-Wallis test.

A correlation network, i.e., co-occurrence network, was
established to identify clusters of strongly associated microbial
taxa. The nodes indicate the orders, while the edges, which are
connecting the nodes, represent correlations between orders. In
this analysis, we included the microbial orders with a relative
abundance >1% in at least five of the 19 samples under study. The
R package NetCoMi (Peschel et al., 2021) was used to build a
co-occurrence network based on SparCC estimated correlation
values (Friedman and Alm, 2012). Edges were retained in the final
network if the Benjamini-Hochberg adjusted p-values were below
a given threshold, FDR <0.05.

Near-full-length 16S rRNA gene
amplification, sequencing, and analysis
through EMIRGE

Universal primer pair 9F-1406R was used to amplify the near-
full-length 16S rRNA from the total DNA extracted from Ay311
and Ay323 (for the DRY group), Ay312 and Ay313 (for the WET
group). The PCR reaction mixture contained 10 ng of total DNA,
1x Takara Ex Taq buffer with MgCl, (10x; Takara Bio Inc., Tokyo,
Japan), primers 300nM, BSA (Roche Life Science, Basel,
Switzerland) 1mgmL™', dNTP mix 200pM, Takara Ex Taq
Polymerase 0.5U, and water (Lichrosolv®; Merck, Darmstadt,
Germany) up to a total volume of 50ul. After shearing PCR
amplicons using restriction endonucleases, libraries were prepared
using NEB Next Ultra II FS DNA Library Prep Kit (New England
Biolabs; Ghezzi et al., 2021b). Paired-end Illumina sequencing was
performed at the Core Facility Molecular Biology of the Medical
University of Graz (Austria). Raw reads were trimmed, and quality
filtered using an in-house Galaxy set-up (Klymiuk et al., 2016),
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which included the algorithm Expectation Maximization Iterative
Reconstruction of Genes from the Environment (EMIRGE), to
carry out the reconstruction of (near) full-length 16S rRNA genes
(approximately 1,400 bp long) from Illumina metagenomic
sequences (Miller et al, 2011, 2013; Ghezzi et al., 2021b).
We utilized the script EMIRGE_amplicon.py that allows the
reconstruction of complete 16S rRNA genes from PCR amplicon
sequencing data (Miller et al., 2013). Specifically, EMIRGE was
run for 120 iterations with default parameters designed to merge
reconstructed 16S rRNA genes if candidate consensus sequences
shared >97% sequence identity in any given iteration (Miller et al.,
2011, 2013). Reconstructed near-full-length 16S rRNA sequences
were clustered into Operational Taxonomic Units (OTUs) at 97%
identity to remove similar sequences. Chimeras were identified
and removed with Uchime2 v11 (Edgar et al., 2011).

Phylogenetic analysis of the EMIRGE
reconstructed near-full-length 16S rRNA
genes

Phylogenetic trees were constructed using the OTU
sequences deriving from EMIRGE assembly or the ASVs
obtained with DADA2. For each ASV/OTU sequence included
in the trees, the most closely related sequences retrieved from the
GenBank database (Best BLAST Hits) were included in the
phylogenetic analyses. All the sequences (ASV/OTUs and
reference sequences) were aligned with ClustalW and used to
construct phylogenetic trees based on neighbor-joining
clustering method using MEGAX with bootstrap values of 1,000
(Kumar et al., 2018).

Results

Environmental and geochemical analyses
of the cave samples

All the analyzed samples were collected from cave zones
showing stable temperatures ranging between 13°C and 15°C. The
samples were subjected to several analyses to obtain the
geochemical parameters reported in Supplementary Table S1.
Based on XRD mineralogical composition, SiO, dominated in 16
out of 19 samples, whereas three samples (Ay307, Ay308, and
Ay315) were also composed of sulfates like gypsum and alunite
(Supplementary Table S1). In addition, the XRF analysis of those
samples providing enough material for this analytical method,
showed that samples of quartzite, amorphous silica, and
speleothems from cave walls, floor, and ceiling contained very low
amounts of iron. This element was more abundant in the WATER
samples Ay314 and Ay316. The latter also revealed the highest
amount of aluminum detected among all samples. Barium was
present in various cave samples independently from the
cave niche.
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Sequencing results, clustering, and
diversity indexes

A total of 5,244,569 raw reads were generated through
Mumina sequencing and corresponded to 5,794 ASVs, with a
minimum of 74 ASV's (Ay315) and a maximum of 869 ASVs per
sample (Ay317; Supplementary Table S1).

The relationship between the microbial communities
composition and the available cave samples’ characteristics was
analyzed using redundancy analysis (RDA; Figure 2). Water
content, pH value, cave niche/location, major mineral composition,
and sample color (indicated in Supplementary Table S1) were used
as grouping parameters. As a result, RDA analysis distinguished
three groups of samples corresponding to the three water content
conditions (p=0.001), whereas the effects of the other
environmental and geochemical parameters were not significant
(Supplementary Table S2). Based on the water content, the three
groups were named WATER (water content >89%), WET (water
content between 4% and 20%), and DRY (water content <1%).
Regarding the cave collection sites, the WATER group included
only samples collected from stagnant water ponds (with patinas
and mats floating on the water surface). Conversely, both the WET
and DRY groups included different sample types (orthoquartzite,
sediments, and speleothems) deriving from different cave locations,
i.e., the walls, the ceiling, and the floor. However, all the samples
within the WET group shared the proximity of their collection site
to small water flows (for those samples collected from the floor) or
percolating water (for those samples collected from the cave wall).

In terms of alpha diversity indices, the microbial communities
of WET samples were significantly more diverse and richer as

Water content, p = 0.001
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FIGURE 2

Redundancy analysis (RDA) of the Imawari Yeuta microbial
communities based on the water content of the cave samples
The value of p=0.001 resulting from RDA analysis considering the
water content as grouping parameter is indicated above the
graph. The p-values of the other environmental parameters that
were considered in the RDA analysis but did not result significant,
are reported in Supplementary Table S2.
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compared to those inhabiting WATER and DRY samples
(Shannon: p=0.04; Figure 3). These two groups showed similar
diversity value, while DRY samples had the lowest Chaol index
(p=0.0069).

Microbial community composition

Bacteria dominated the microbial communities of all
nineteen samples, while Archaea accounted for <1% in all
samples except for the Ay312 and Ay330 belonging to the WET
group, in which Crenarchaeota covered 2.3% and 1.5%,
respectively. Rank tests analysis at phylum level showed
significant differences in the of
Acidobacteriota (p=0.0041), Actinobacteriota (p=0.012), and
Proteobacteria (p=0.039; Figure 4), which characterized each of
the three sample groups, i.e., WET, DRY, and WATER,
respectively. In addition to Acidobacteriota, WET group was

relative abundance

also significantly enriched with Crenarchaeota (p=0.0017),
RCP-254 (p=0.015), Verrucomicrobiota (p=0.0038), GAL15
(p=0.0038), (p=0.0088), Dependentiae
(p=0.027), Gemmatimonadota (p=0.006), and Myxococcota
(p=0.0084). In addition to Actinobacteriota and Proteobacteria,
DRY and WATER were characterized by Firmicutes (p=0.014)
and Armatimonadota (p=0.025; Figure 4), respectively.

Elusimicrobiota

At lower taxonomy levels, WATER was characterized by
members of Gammaproteobacteria of Pseudomonadaceae family,
and Pseudomonas genus (p<0.0001), as well as members of
Yersiniaceae family (p=0.031) (Figures 5C-E). On the other hand
DRY and WET groups were generally dominated by members of
unclassified genera and/or families belonging to Acidobacteriota and
Alphaproteobacteria in the WET samples and belonging to
the DRY 5A,B;
Supplementary Figure S1). In particular, within these groups, WET

Actinobacteriota  in samples  (Figures
group was mainly characterized by members of the class
Acidobacteriae (Acidobacteriota, p=0.0049), Subgroup 2 order
(Acidobacteriae, p=0.0011), unclassified Acidobacteriota (p<0.001),
Beijerinckiaceae family (Alphaproteobacteria, p=0.001) and the
p=0.001)
(Figures 5C,D). Microbial members enriched in DRY group
belonged to Acidimicrobiia class (Actinobacteriota, p=0.0049) of

Corynebacteriales order (Actinobacteria, p=0.005), Mycobacteriaceae

archaeal Nitrosotaleceae family —(Nitrosotaleales,

family, and Mycobacterium genus (p=0.024; Figures 5C-E).

Dissecting community structure via
co-occurrence network analysis

To capture the relationships and interactions between
microbial taxa present in Imawari Yeuta samples, a co-occurrence
network was built (Figure 6A). This analysis considered microbial
diversity at the order level (Supplementary Table S3) since at lower
taxonomic levels, i.e., family and genus, the data became too
sparse to compute meaningful co-occurrence patterns. The

frontiersin.org


https://doi.org/10.3389/fmicb.2022.930302
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org

Ghezzi et al. 10.3389/fmicb.2022.930302
p=0.04 (ANOVA) p=0.067 (ANOVA)
"1
4 n 25 |
3 —_ 8 !
° @ 20
£ 3 2
c ! E
5 . IR
N (]
E R o 10 -
@1 : 2 5 p——-—
1 - -
T T T o i i T
DRY WET WATER DRY WET WATER
p=0.0069 (ANOVA) p=0.16 (ANOVA)
1
800 - 0.7 1
0.6 - !
— 600 @ 0.5 -
[] Q |
8 £ 04- —
S 400 - ] —4—
o u>J 0-3 N l
200 | - pem— i ol
! 0.1 1 '
R 1
T T 1 I I I
DRY WET WATER DRY WET WATER
FIGURE 3
Boxplot of alpha diversity indices (Shannon, Simpson, Evenness, and Chaol) of the Imawari Yeuta samples grouped based on water content. The
p-value indicating the statistical significance of the analysis (calculated by one-way ANOVA) is indicated above each boxplot.

resulting network showed that distinct co-occurrence relationships
existed between members of the WET and DRY communities
although a large proportion of taxa did not cluster together
(modularity index of 0.34). WATER communities did not show
any topologically distinct cluster.

In the resulting network, most of the co-occurrences were
included in three clusters, i.e., Clusterl (C1), C3, and C4, which
comprised orders that characterized either the WET or DRY
samples (Figure 6A). Specifically, cluster C4 included orders that
were dominant (Subgroup 2 and Solibacteriales) and significantly
enriched (Rhizobiales, Nitrosotaleales, and Ktedonobacterales with
LDA >3) in the only WET samples (Figure 6B). Clusters C1 and
C3 included most of the orders that were enriched in DRY samples.
C3 clustered members of the orders Corynebacteriales, Frankiales,
Solirubrobacterales, and other three uncharacterized/unclassified
orders of Acidimicrobiia and Actinobacteria classes (Figure 6B).
Cluster C1 comprised members of the orders Propionibacteriales,
Peptostreptococcales, and Lachnospirales. Therefore, co-occurrences
in Cl and C3 indicated relationships between orders from DRY
samples belonging to Actinobacteriota and Firmicutes phyla.
Conversely, C4 included orders from WET samples that belonged
to various phyla; those having the highest LDA score were
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Acidobacteriota, Proteobacteria (Alphaproteobacteria), Chloroflexi,
and Crenarchaeota (Figure 6B).

Phylogenetic analyses of the microbial
members dominating each sample group

We further analyzed the phylogenetic relationship of the
members belonging to the phyla characterizing each of the sample
group WET (Acidobacteriota), DRY (Actinobacteriota), and
WATER (Proteobacteria, specifically Gammaproteobacteria),
with the NCBI
(Supplementary Figures S2-S4; Supplementary Table S4). In
WATER samples, the ASV's belonging to Gammaproteobacteria
showed high similarity (>99%) with reference sequences of

reference sequences from database

isolated and cultured strains which are characterized at genus level
(Supplementary Figure S2). Among these, the ASVs belonging to
Burkholderiales were mainly affiliated to the genera Delftia,
Janthinobacterium, Nitrosospira, and Nitrosovibrio and share high
similarity with clones and sequences retrieved from volcanic
deposits, lava caves, marine and lake environments, FACE soils,
and other caves (Supplementary Table S4). Among these, the
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Janthinobacterium-affiliated ASV4662 shared 100% of similarity
with clones retrieved from the quartzite Roraima Sur Cave
(Venezuela) and the stripe karst (marble within quartz-dominated
schists) Raspberry Rising Cave (Glacier National Park, Canada)
(Supplementary Table S4). Other ASVs abundant in Imawari
Yeuta water samples were highly affiliated (>99%) with
Pseudomonas, Stenotrophomonas, and Acinetobacter genera, and
to different genera of the Enterobacterales order, including
Erwinia, Serratia, and Enterobacter, retrieved from acidic
environments, forest soils, and tropical marine locations. The
Serratia-affiliated ASV513 and the Pseudomonas-affiliated
ASV1934 shared 100% of similarity with sequences retrieved from
a Hungarian karst cave and Lascaux Cave (France), respectively
(Supplementary Table S4).
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Different to WATER samples, the ASVs belonging to the
dominant taxa in the DRY and WET groups, i.e., Actinobacteriota
and Acidobacteriota, generally showed low similarity (<98%) with
sequences from strains that are taxonomically characterized at
family and genus levels (Supplementary Table S4). The only
exceptions were the ASV304 and ASV322 belonging to
Mycobacterium genus. In the light of the novelty of the
microorganisms characterizing the WET and DRY samples,
we decided to deeply analyze the dominant taxa of these sample
groups. Therefore, we reconstructed and studied the near-full-
length sequences (OTUs) of the 16S rRNA gene of the dominant
groups of WET and DRY samples, i.e., Acidobacteriota and
Actinobacteriota, by carrying out EMIRGE analysis. We performed
this analysis on two representative samples from each group, i.e.,
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test results for classes, orders, families, and genera identified in LefSe analysis. Abundance in the y-axes stands for relative abundance. (sqrt) stands for
square root transformation. The statistical significance is indicated by *, **, and *** that stand for p<0.05, p<0.01, and p<0.001, respectively.

Ay311 and Ay323 for the DRY group, Ay312 and Ay313 for the
WET group. The OTUs were further used to construct
phylogenetic trees together with the reference sequences from the
NCBI database (Supplementary Figures S3, S4). As a result, the
most abundant OTUs affiliated to Acidobacteriota from WET
samples formed two distinct clades, one including members
belonging to the Subgroup 2 order and the other including
members of the Acidobacteriales order. They shared their highest
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nucleotide similarity (97%) with reference sequences of
uncultured strains retrieved from quarzitic soils and samples
collected within different cave systems including lava tubes and
the quartzite Roraima Sur Cave (Supplementary Figure S3). The
most abundant Actinobacteriota-related OTUs in DRY samples
included many members affiliated to Mycobacterium genus,
although the sequence identity with reference strains was below
98%, suggesting a certain degree of taxonomy separation from the
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072  Proteobacteria | |
omo]

080 Chloroflexi | JG30-KF-CM66 | Unlassifed:
Unclassified
079 Desulfobacterota | uncultured | Unclassified

06 | Proteobacteria | Alphaproteobacteria | Rhizobiales:

067 | Acidobacteriota | Acidobaceriae | Unclassified-
065 | Planctomycetota | Planctomycetes | Isosphaerales {
063 Verrucomicrobiota | Verrucomicrobiae | Opitutales:
061 | Proteobacteria | Alshaproteobacteria | Rickeltsiales

055 | Proteobacteria | Gammaproteobacieria | WD260:
051 | Crenarchaeota | Nirososphaeria | Nitrosoraleales |

Frankiales

059 | Myxococcota | Polyangia | Polyangiales {

049 | Myxococeota | Polyangia | Haliangiales
047] Chiorofiexi | Unlassified | Unclassified
044| RCP2-54 | Undlassified | Undlassified:

|

o041

FIGURE 6

Network analysis of the microbial communities from Imawari Yeuta cave. (A) Co-occurrence network of the most abundant orders (with relative
abundance >1% in at least 5 samples) in the communities. Node codes ("O" followed by a number) correspond to the order/taxonomy shown in
panel B, node color indicates the order assignment to each network cluster. Node size scales according to the node’s centrality. Node shapes
correspond to the orders significantly enriched in DRY (triangle), WET (square), and WATER (diamond) groups. The circle shape indicates order that
is not significantly enriched in any of the three sample groups. The yellow lines indicate positive interactions, and grey lines indicate negative
interactions. The thickness of the lines is proportional to the correlation strength. (B) LDA scores of the orders included in the network analysis.
The color shown in the legend indicates the cluster membership. CO (in grey) indicates those orders that do not belong to any cluster.

040 | Proteobacteria | Alphaproteobacteria | Unclassified

Cluster 0
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database sequences (at species or even genus level; Yarza et al.,
2014). Among the closest uncultured reference sequences,
we identified the highest nucleotide similarities with many
actinobacterial clones retrieved from other cave environments
including Roraima Sur Cave, Lower Kane Cave (Wyoming, USA),
and lava tube walls, even though the percentage identity was
generally low (94%-97%; Supplementary Figure S4). In line with
this, our OTUs formed clades in the tree that were distinct from
both cultured and uncultured references, except for OTU1 that
clustered with clone sequences retrieved from Roraima Sur Cave
(98%-99% of nucleotide sequence identity). The taxonomy
affiliation of this OTU and its branch was not definable as the
closest reference strains only shared 93%-94% of nucleotide
identity and belonged to different genera including Goodfellowiella,
Pseudonocardia, Rhodococcus, and Streptoalloteichus. In addition
to the similarity with sequences from cave environments, many
DRY and WET OTUs shared high similarities with uncultured
bacteria retrieved from other oligotrophic and silica-rich
environments that however were not subterranean such as FACE
soils, ferralsol, and bamboo forest soils (Supplementary
Figures S3, S$4).

Discussion

This work reports the microbiome of a quartzite cave by
describing the composition and structure of microbial
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communities inhabiting the different niches of Imawari Yeuta.
Quartzite caves in tepuis represent peculiar environments for
microbial growth as, in addition to the absence of light, the
orthoquartzite rock has a low buffering capacity. The deep zones
of this cave are also characterized by organic carbon limitation.
Possible sources of nutrients derive from the water leakage or
condensation of water moisture from the surroundings (Sauro
et al,, 2018). These infiltration/interstitial waters are transparent
and show extremely low conductivity values (close to distilled
water) with contents of organic acids and dissolved carbon always
below the detection limits (Mecchia et al., 2014). In this work,
we found that, among the environmental parameters analyzed,
only water content/presence significantly influenced the microbial
communities’ structure and composition within Imawari Yeuta
(Figure 2). In a previous study, Barton et al. (2014), suggested the
major impact of pH on the microbial communities present in
three rocky samples from the quartzite Roraima Sur Cave (RSC).
These samples were collected at different distances from the cave
entrance and were characterized by acidic pH values ranging
between 4.9 and 5.6. In our work, we did not find the pH value to
significantly correlate with the microbiome of Imawari Yeuta
(Supplementary Table S2), although the pH values of the samples
we analyzed were similar to those from Roraima Sur Cave.
Moreover, no significant correlation was found between the
microbial community structure and the other parameters
we could analyze, including the presence of specific minerals and
the cave location (floor, wall, ceiling). Conversely, previous studies
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reported a significant correlation between the microbial
composition and the cave niche (defined as air, rock, sediment, or
water) or the mineral substrate present in limestone and dolomite
caves (Alonso et al., 2018; Dhami et al., 2018; Zhu et al., 2019).
These correlations were mostly associated with the different
nutrient levels related to the analyzed cave niches and their
different origins (i.e., rocks were related to autochthonous origin
from the cave, while sediments were allochthonous and brought
into caves from the outside). The absence of significant correlation
between the diversity of the microbial communities and the cave
niche/location we report here, might be due to the fact that,
differently from the previous cave studies, all the niches
we analyzed in Imawari Yeuta are under the same nutritional
(oligotrophic) conditions. Some indications on the poor nutrient
conditions of tepuis’ caves are reported in works by Barton et al.
(2014) and Mecchia et al. (2014). On the other hand, our results
are in line with other studies that showed the water content to
be the main driving force of the microbial communities’
composition in various environments such as agricultural and
grassland soils, surface litter, and deserts (Stres et al., 2008;
Manzonietal., 2012; Li et al., 2021). However, some environmental
parameters could not be included in our RDA analysis, such as the
minor elements and the silica amorphization stage, as they were
available only for a few samples. Our previous studies suggested a
relation between the silica amorphization phase and the microbial
diversity in Imawari Yeuta (Sauro et al.,, 2018; Ghezzi et al., 2021b).
The lack of knowledge on the silica amorphization stage of most
of the samples did not allow the evaluation of this environmental
factor in the correlation analysis, although this could greatly
influence microbial communities’ structures and compositions. In
this regard, based on full 16S rRNA gene similarity analysis, the
silica amorphization stage seemed to have a strong impact on
Ktedonobacterales members (Ghezzi et al., 2021b). Indeed, these
strains were more phylogenetically related when we compared
samples with similar silica amorphization stages rather than
samples collected from proximal locations (Ghezzi et al., 2021b).

Based on the correlation with the water content, the samples
of Imawari Yeuta were divided in the three groups DRY, WET, and
WATER (Figure 2). The samples with intermediate water content
levels (WET) presented higher richness and diversity as compared
to WATER and DRY samples (Figure 3). This can be related to
previous findings that reported an increase of microbial richness
depending on the moisture in soil microcosms and the promotion
of rare bacterial species in the presence of intermediate water
content (Xu et al., 2017; Bickel and Or, 2020). The higher diversity
and richness shown by the WET samples from Imawari Yeuta
might be due in part to the microelements provided by the water
that enters this cave mostly by dripping through cracks from the
overlying rocks. The water in this cave has been reported to
be extremely deficient in both organic carbon and inorganic
dissolved chemicals (Mecchia et al., 2014). However, this low
amount of nutrients, including oxygen and other gases, can greatly
impact microbial diversity in oligotrophic and aphotic
environments (Zhou et al., 2002; Stres et al., 2008; Hershey et al.,
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2018; Ghezzi et al,, 2021b). Unclassified genera, families, and
orders belonging to several phyla (e.g., Elusimicrobiota,
Gemmatimonadota, Dependetiae) were significantly enriched in
WET samples. Specifically, this group was dominated by members
of Subgroup 2 and Solibacterales of Acidobacteriota phylum, and
members of Beijerinckiaceae family of Alphaproteobacteria class
(Figures 5C,D). Similarly, previous studies demonstrated that the
rewetting of arid soils favored the increase of the microbial
diversity together with the establishment of Acidobacteriota and
the decrease of Actinobacteriota (Barnard et al., 2015; Schimel,
2018; She et al., 2018). In line with this, we found members of
Actinobacteriota to be enriched in DRY samples that also showed
the lowest values of microbial diversity and richness (Figures 3,
4-5). Actinobacteriota- and Firmicutes-affiliated microbial taxa
associated with the DRY samples, such as the actinobacterial
members of Corynebacteriales order and Pseudonocardiaceae
family, have been previously found to dominate low-diverse
microbial communities and typically inhabit arid soils due to their
resistance to adverse environmental conditions including nutrient
shortage, acidic pH, and scarce availability of water
(Mohammadipanah and Wink, 2016; Rego et al., 2019).

The dominant taxa of the DRY and WET groups also showed
a correlation at order level in the co-occurrence network analysis
(Figure 6A). This indicates ecological interactions occurring
among the microbial taxa as well as their associations to the
possible differences in physicochemical and nutritional variables
present in the DRY and WET groups. The network analysis
grouped the orders characterizing the DRY samples that only
belonged to Actinobacteriota and Firmicutes, in the two clusters
C1 and C3 (Figure 6B). A separate single cluster (C4) exclusively
included orders characterizing the WET samples; these orders
belonged to various phyla. This indicates that in WET samples
ecological interactions occur among microbial strains that are
more heterogeneous from a taxonomy point of view (as compared
to the DRY samples), in turn suggesting that the dominant
microbial taxa contribute to different functions in each sample
group or cave niche (Mandakovic et al., 2018; Ma et al., 2021).
Furthermore, as the network clustering was generated based on
positive correlations, the inclusion in one single cluster (C4) of
almost all the dominant orders characterizing WET samples
indicates that these taxa mostly rely on cooperative relationships
rather than on competitive ones. Microbial cooperation is a
possible strategy to survive and persist under poor nutrients and
adverse conditions. Promotion effects among microbes were
previously detected through network analysis of microbial
communities from other oligotrophic caves (Ma et al., 2021). On
the other hand, orders dominant in WATER samples did not
generate any topologically distinct clusters. This might be due to
the reduced number of samples and/or to the higher heterogeneity
of the WATER samples as compared to WET and DRY in terms
of microbial community composition.

Generally, we found Pseudomonas and, more generally,
Gammaproteobacteria to be enriched in Imawari Yeuta WATER
samples (Figure 5E; Supplementary Figure S1). This finds
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analogies with other caves that were described hosting high
abundance of Pseudomonadales and former Betaproteobacteria in
cave waters (Shabarova and Pernthaler, 2010; Shabarova et al.,
2013; Brannen-Donnelly and Engel, 2015; Zhu et al., 2019). In
particular, Zhu et al. (2019) assessed that the moisture level in
karst caves promotes the establishment of Proteobacteria species
and represents the most important factor affecting the microbial
community composition.

All the dominant microbial taxa we identified in this study to
be significantly enriched in WET, DRY, and WATER samples have
been described to include genera/species involved in
biomineralization processes and/or rock weathering. In particular,
several Acidobacteriota members of the WET-characterizing
Subgroup 2 order have been associated with mineral-rich acidic
and quartz-based sandy soils. They have been described to
be involved in mineral weathering and to be capable of slowing
down their metabolism to persist under starving conditions on
quartzite substrates (Jones et al, 2009; Ward et al., 2009;
Nishiyama et al, 2012; Wakelin et al, 2012). Members of
Alphaproteobacteria of Imawari Yeuta WET samples, mostly
belonging to the nitrogen-fixing Rhizobiales, were significantly
abundant in sediment or rock samples from other karst caves (Zhu
et al,, 2019). Furthermore, metabolically active Rhizobiales have
also been found underneath desertic quartzitic rocks suggesting
their contribution in providing primary reactions to sustain the
development of other microbial groups (Van Goethem et al,
2017). Ammonia-oxidizers of the family Nitrosotaleaceae
(Crenarchaeota) were also significantly enriched in WET samples.
Although they are low in abundance, they might contribute to the
nitrogen cycle in Imawarl Yeuta as suggested in other caves
(Mihajlovski et al,, 2019). Cave-dwelling Actinobacteriota
belonging to DRY-abundant Corynebacteriales and, at lower
extent, Solirubrobacterales and Pseudonocardiales orders were
described to be involved in both biomineralization and rock
weathering in volcanic and limestone cave rocks (Cuezva et al.,
2012; Cockell et al., 2013) and were found to be associated with
the most advanced stages of silica-amorphization and formation
of coralloid speleothems in Imawari Yeuta (Ghezzi et al., 2021b).
RNA-based cave studies suggested Actinobacteriota to be among
the most abundant metabolically active microbial group in caves
and to be capable to exploit complex metabolic pathways to switch
their metabolism according to the settings of the environment
they live in (Gonzalez-Pimentel et al., 2018; Paun et al., 2019).
Biomineralization activities were also observed in cave samples
including WATER-
characterizing Pseudomonas, Serratia, and Janthinobacterium

enriched in  Gammaproteobacteria
genera (Rusznyak et al, 2012; Carmichael et al, 2013). In
particular, iron biomineralization processes associated to these
genera have been observed in ferromanganese deposits from
carbonate caves (Rusznyak et al., 2012). Interestingly, noticeable
iron amounts were detected in Imawari Yeuta cave waters.

The most abundant ASVs belonging to WATER samples
revealed sequence identity >99% with strains that are classified up

to genus level (in the GenBank database) and/or that have been
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isolated from different environments (Supplementary Table 54).
On the other hand, both the ASVs and OTUs characterizing the
DRY and WET samples shared relatively low similarities with
sequences in the database, and the Best BLAST Hits corresponded
to unclassified sequences retrieved from other caves such as the
quartzite Roraima Sur Cave, lava tubes, the limestone Lascaux
Cave and Raspberry Rising Cave and oligotrophic/extreme
like
(Supplementary Table S4; Supplementary Figures S3, S4). The

locations, Antarctic  environments and deserts
high novelty of microbial strains retrieved from the WET and
DRY samples is probably due to the fact that the microbiology of
silica-rich rocks/minerals and speleothems associated with
quartzite cave environments is still mostly unknown. Conversely,
microbes from Imawari Yeuta WATER share similarities with
strains retrieved from other fresh and river waters, acidic
environments, and cave samples (Supplementary Table S2). This
is probably due to the fact that, in Imawari Yeuta, the surface
environments above the cave have more influence, even if still
limited compared to other ecosystems, on waters infiltrating in the
cave rather than on the silica rocks/minerals. Furthermore,
quartzite rocks/minerals in Imawari Yeuta cave probably impose
unique selective pressures leading to a specific microbial
communities’ evolution and selection (i.e. microbial endemism).

Additional environmental sources of microbial strains
taxonomically affiliated with those from Imawari Yeuta are FACE
soil, ferralsol, and bamboo forest soil (Supplementary Table S4).
FACE (Free-Air CO, and O; Enrichment) soil shares the high
partial pressure of CO, in the atmosphere with caves (Dunbar
et al., 2012; Houillon et al., 2017), while ferralsol and bamboo
forest soil are well known to contain/present high amounts of
silica and quartz (Collin et al., 2012; Jordanova, 2017). In parallel
with this, on one hand, the use of atmospheric gases, like CO, and
CO, has been recently described as one of the main microbial
strategies to thrive under low organic carbon conditions (Ji et al.,
2017; Ortiz et al., 2021; Ghezzi et al., 2021b), on the other hand,
quartzite rocks have very low pH buffering capacities (Barton
et al., 2014). In line with the latter, WET-derived archaeal ASVs
shared 100% of 16S rRNA sequence similarity with clones
retrieved not only from silica-rich forest sandy soil and rice paddy
soil (Okuda and Takahashi, 1962; Chen et al., 2015) but also from
acid mine drainage and gold mines that are characterized by acidic
pH values (Kuang et al., 2013; Supplementary Table S4). Taken
together, our results indicate that, within the Imawari Yeuta cave,
water content/presence greatly influences the microbial ecology,
while when comparative and phylogenetic analyses are performed,
oligotrophic conditions, high CO,/CO partial pressures, and silica
richness (in relation with the low pH) promote the dominance of
specific microbial species.

In conclusion, this work provides a first global
characterization of the biodiversity present in the quartzite
Imawari Yeuta cave, offering insights into some of the major
environmental factors shaping the microbial communities
thriving in oligotrophic quartzite caves. The water availability
was found to greatly contribute to the microbial community
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structure and composition within Imawari Yeuta, probably in
association with the role of water in energy and nutrient
supply. Accordingly, microbial taxa established specific
co-occurrence patterns within clusters partially linked to
water content. Conducting a thorough phylogenetic analysis
of the dominant microbial members distinctive of the Imawari
Yeuta environment, we found their affiliation with microbial
members retrieved from environments characterized by silica
dominance in the rock substrate and/or CO,/CO atmospheric
enrichment, suggesting these two being the main factors
underlying the microbial diversity in association with the
geochemistry of silica/quartz, the low pH value and possible
alternative survival strategies. Future functional studies will
investigate the genetic and metabolic aspects that contribute
to the microbial interaction with the silica substrate and the
microbial development in this

unique oligotrophic

quartzite cave.
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Among fundamental research questions in subterranean biology, the role of
subterranean microbiomes playing in key elements cycling is a top-priority
one. Karst caves are widely distributed subsurface ecosystems, and cave
microbes get more and more attention as they could drive cave evolution
and biogeochemical cycling. Research have demonstrated the existence
of diverse microbes and their participance in biogeochemical cycling of
elements in cave environments. However, there are still gaps in how these
microbes sustain in caves with limited nutrients and interact with cave
environment. Cultivation of novel cave bacteria with certain functions is still a
challenging assignment. This review summarized the role of microbes in cave
evolution and mineral deposition, and intended to inspire further exploration
of microbial performances on C/N/S biogeocycles.

KEYWORDS

cave microbiome, biogeochemical cycling, cave evolution, mineral deposition,
methane oxidation

Introduction

Caves are dark, underground hollow spaces with relatively constant temperature, high
humidity, and limited nutrients. Many caves are associated with karst topography, which is
formed by the dissolution of soluble bedrock, such as limestone, dolomite and gypsum, in
areas where groundwaters are undersaturated with respect to the minerals in the host rock.
Karst landforms spread widely, accounting for approximately 20% of the earth’s dry ice-free
surface (Ford and Williams, 2007). As a typical feature of subsurface landscape, karst caves
develop globally, with over 50,000 distributed in the United States (Barton and Jurado,
2007). China also has a large contiguous karst terrain, and the Yunnan-Guizhou plateau in
the southwest developed most karst caves, among which the longest cave exceeds 138 km
(Zhang and Zhu, 2012). Many caves are relatively shallow and form near the water table in
karst terranes, although some caves develop by deep-seated hypogenic process at substantial
depths and by process other than dissolution such as lava flows.

Caves are oligotrophic ecosystems with less than 2 mg of total organic carbon per liter,
yet host flourishing microbial groups (Figure 1A), with an average number of 10° microbial
cells per gram of cave rock (Barton and Jurado, 2007). The study revealed a high diversity
within Bacteria domain and Proteobacteria and Actinobacteria were abundant in
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process was identified.

Illustration of microbial diversity and geobiochemical cycling of elements in a karst cave ecosystem. (A) Major cave microbial groups that are
abundant and/or actively participate in biogeochemical cyclings; (B) Cave landscape and microbial carbon metabolisms; (C) Microbe-involved
nitrogen transformation processes in caves; (D) Microbe-associated sulfur metabolisms in cave ecosystems. Microbes involved in goebiocycling
processes in panels (C,D) are showed, except those genes were documented in cave samples yet no major microbial taxa responsible for the
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oligotrophic cave samples of air, rock, sediment and water.
Chloroflexi,
Acidobacteria,

Planctomycetes, Bacteroidetes, Firmicutes,

Nitrospirae, Gemmatimonadetes, and
Verrucomicrobia also accounted for large proportions of the total
microbial community in caves (Wu et al.,, 2015; Zhu et al., 2019).
In some organic cave samples such as biofilms in sulfur cave, bat
guanos, spiders’ webs and earthworm castings, Mycobacterium
was prevalently detected (Modra et al., 2017; Sarbu et al., 2018;
Hubelova et al.,, 2021; Pavlik et al., 2021). Over 500 genera of
fungi, such as Penicillium, Aspergillus and Mortierella have been
reported in caves (Vanderwolf et al,, 2013), and new fungal species
were identified from cave air, rock, sediment and water samples
(Zhang et al., 2017, 2021). These microbial communities contain
novel diversity, and promote important biogeochemical processes.
With no sunlight, microorganisms in cave environment cannot
perform photosynthesis, and are intensively involved in the
biogeochemical cycles of carbon, nitrogen, sulfur, and metals such
as Fe and Mn to offset the lack of exogenous nutrients and energy.

Early studies of the participance of microbes in cave
biogeochemical cyclings were carried out using traditional
culturing techniques, and bacteria isolates participate in limestone
calcification were obtained from cave deposits and pool waters
(Danielli and Edington, 1983; Cunningham et al., 1995). Special
attention was paid to cave Actinobacteria, as Actinobacteria
members isolated from moonmilk deposits were proved to
produce various novel antibiotic compounds (Axenovgibanov
et al, 2016; Adam et al., 2018). The emerging new techniques
greatly facilitated the investigations of cave microbial community
structure and functional potential. By adopting metagenomic
sequencing, chemolithotrophic microbial communities driven by
nitrification and sulfur oxidation were identified from cave
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biofilms (Jones et al., 2012; Tetu et al., 2013). Based on both
culture-dependent and culture-independent techniques, these
studies expanded our knowledge of subsurface microbial diversity,
provided a better understanding of the energy and nutrient
dynamics of cave ecosystems.

Cave systems are geographically and geochemically
complicated, and they might be formed from hydraulic (epigenic
or hypogenic) or lava movements. Physical and chemical
compositions of caves affect the microbial diversity and
involvement in cave evolution. Readers who are interested in
specificities of each cave system may refer to literatures (Palmer,
2011; Brannen-Donnelly and Engel, 2015; Martin-Pozas et al.,
2020). In this review, we focus on discussion of the role of
microbiomes in cave evolution and mineral deposition, and
present case studies for microbial performance in cave nitrogen
and sulfur cyclings. In addition, two emerging research topics
related to cave carbon cycling, atmospheric methane oxidation
and antibiotics production are explored.

Microbiomes drive cave evolution

Dissolution and deposition of carbonate
minerals

There are two major mechanisms for the formation of karstic
caves. Classical epigenic cave systems form as water flows through
the soil and produces karst networks by seepages, absorbing CO,
and forming a dilute carbonate solution. In epigenic caves,
exchanges occur with subaerial processes (such as water
movement and mixture), enhancing dissolution capacity in the
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direction of flow (Sendra et al., 2014). In contrast, hypogenic cave
systems form as water recharges the soluble bedrocks from below.
The formation of hypogenic caves is fueled by hydrostatic pressure
or other energy sources rather than recharge from the overlying
or adjacent surface (Ford, 2006). Due to the deep origin of rising
water, hypogenic cave systems are not directly influenced by
seepages. Among explanations for hypogenic cave formation,
sulfuric acid speleogenesis (the formation process of a cave) is a
major one, resulting in some of the largest cave systems including
Carlsbad Caverns and Lechuguilla Cave in New Mexico. Hydrogen
sulfide leaked upward along with fractures from hydrocarbon
deposits, and form sulfuric acid upon reaching oxygenated
meteoric groundwater (Jagnow et al, 2000). Microbial
communities dominated by sulfur-oxidizing acidophilic bacteria
Acidithiobacillus formed dense biofilms in these caves, accelerating
mineral dissolution and cave enlargement (Jones et al., 2014).
Geobiochemical differences occur between epigenic and
hypogenic cave systems, because caves formed from the two
mechanisms would have different environmental conditions. For
example, hypogenic caves such as sulfuric acid speleogenetic caves
are sulfur-rich with relatively low pH, as a result, these caves
support microbial communities that are acidophilic and actively
involved in sulfur transformation. On the other hand, epigenic
caves are pH neutral or slightly alkaline, and the microbial
communities would be more diverse. Studies concerning snottites
from sulfuric caves revealed very low biodiversity with Chaol
index ranged from 1 to 10 (Hose et al., 2000; Vlasceanu et al.,
2000; Macalady et al., 2007), while more than ten thousand OTUs
were detected from epigenic cave samples with Chao 1 index
reached more than 1,000 (Zhu et al., 2019). Lava caves are also
important subterrain environment, although karstic caves
accounted for a larger proportion (Jones and Macalady, 2016).
Lava caves formed from the heat volcanic flows and are mainly
composed of basalt (Gabriel and Northup, 2013). These substantial
differences from karstic caves granted lava caves unique microbial
communities, which are mainly affected by geographical location
and the availability of organic carbon, nitrogen and copper in the
lava rock (Hathaway et al., 2014).

Multiple studies have suggested direct or indirect microbial
involvement in the formation of carbonate minerals. Microbial
calcite precipitation in calcium-rich environments was assumed
to be the result of a detoxification process, through which growing
cells actively export the excess calcium ions to maintain cellular
metal homeostasis (Banks et al., 2010). Microbial biofilms also
served as the initial crystal nucleation sites that contributed to the
formation of secondary carbonate deposits within caves (Tisato
et al., 2015). Canaveras et al. (2006) proposed a model of
moonmilk formation based on extensive observations in Altamira
Cave (Spain) that microbial filaments provided a template for the
precipitation of calcite fiber crystals in the early stages of
moonmilk deposition. Moreover, the growth of microbes can
increase the environmental pH, which would in turn increase the
saturation index of carbonate and drive precipitation. For example,
nitrogen metabolic pathways including ammonification of amino
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acids, dissimilatory reduction of nitrate and degradation of urea
or uric acid induced formation of carbonate and bicarbonate ions,
as the metabolic end product ammonia increased local pH
(Castanier et al., 2000). Maciejewska et al. (2017) proved that
Streptomyces promoted calcification in moonmilk through
ammonification and, less importantly, ureolysis.

Biologically induced carbonate deposition was initially
attributed mainly to fungi, studies reported that nano-fibers
presented in the crystalline structure of moonmilk were related to
biomineralized fungal hyphae (Bindschedler et al., 2010, 2014).
However, recent studies indicated that bacteria played a major role
in the induction of cave carbonate precipitation (Canaveras et al.,
2006; Portillo et al., 2009). y-Proteobacteria and Actinobacteria
were the major groups detected in white colonizations that were
able to raise pH through metabolism in Altamira Cave (Portillo
and Gonzalez, 2011); isolates belonging to «-Proteobacteria,
[-Proteobacteria, y-Proteobacteria, Firmicutes and Actinobacteria
from cave speleothem were also confirmed to perform calcification
(Banks et al., 2010). The presence of Archaea was identified in
moonmilk deposits, yet their role in the formation of moonmilk
remains to be discovered (Gonzalez et al., 2006; Reitschuler
etal., 2016).

Deposition of iron and manganese
oxides

Fe and Mn oxides were found in karst caves as sedimentary
fills, walls, ceiling and floor coatings/crusts, and sometimes as
their own speleothems (Hill and Forti, 1997; Palmer, 2007). The
importance of biological Fe oxidation in caves has long been
recognized (Caumartin, 1963). Early studies on the bacterial role
in Fe and Mn deposits most relied on microscopy: Peck first
reported the presence of Fe-precipitating Leptothrix and
Gallionella species in enrichment cultures inoculated with mud
from cave pools and sumps (Peck, 1986). Later, more and more
studies hinted the participance of microorganisms in cave Fe
oxidation. For instance, freshly Fe oxide precipitates in Pautler
Cave showed consistency with biomineralization structures of the
microbial genera Gallionella and Leptothrix (Frierdich et al,
2011), and the iron mats in Borra caves appeared to be related to
a community of mostly Leptothrix-like iron-oxidizing bacteria
(Baskar et al., 2008, 2012). Abiotic Fe oxidation is rapid and
prevalent at circumneutral pH yet is inhibited at low pH and
microoxic/anoxic environments, where biological Fe oxidation
more often occurs (Jones and Northup, 2021). The formation of
Fe oxides and the identification of Fe-oxidizing bacteria do not
necessarily indicate biological Fe oxidation.

Although Fe oxide minerals generate via both biological and
abiotic processes, the presence of secondary Mn oxides is usually
related to Mn-oxidizing microbes, because abiotic Mn oxidation is
kinetically inhibited even at anoxic conditions (Luther, 2010;
Johnson et al., 2013). Microbes could increase the rate of Mn
oxidation by five orders of magnitude (Emerson, 2000;
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Tebo et al., 2005). Microbes related to Mn oxide production have
long been reported from cave systems, and bacterial species
belonging to Proteobacteria, Firmicutes, Actinobacteria and
Bacteroidetes were reported to oxidize Mn (Carmichael and Bréiuer,
2015). For example, Mn-oxidizing Pseudomonas, Leptothrix,
Flavobacterium and Janthinobacterium species were isolated from
cave ferromanganese deposits (Carmichael et al., 2013a); the well-
known Mn-oxidizing Pedomicrobium and Caulobacter species were
also observed in cave stromatolites (LLozano and Rossi, 2012). Most
of the Mn oxidizers described to date are heterotrophic, they are
supposed to oxidize Mn indirectly through producing superoxide
during growth (Learman et al., 2011). However, Mn oxidation has
long been regarded to be a potential energy-yielding reaction, and
chemolithoautotrophic Mn oxidation was recently documented by
Yu and Leadbetter (2020). A co-culture of two microbial species
was obtained and the co-culture possibly coupled extracellular
manganese oxidation to aerobic energy conservation and
autotrophic carbon fixation (Yu and Leadbetter, 2020). Mn
oxidation is largely influenced by exogenous carbon input, dilute
sewage into the cave lead to massive bloom of a microbiome-
driven and Mn-oxidizing biofilm (Carmichael et al., 2013b).
Although bacteria attracted more attention in cave biogeochemical
cycling, Mn-oxidizing fungi are also identified in caves.
Acremonium nepalense was found responsible for black Mn oxides
on clayey sediments of Lascaux Cave (Saiz-Jimenez et al., 2012);
Mn-oxidizing members belonging to Ascomycota were obtained in
southern Appalachian cave systems, and the results suggested that
anthropogenic carbon sources stimulated fungi-driven Mn
oxidation (Carmichael et al., 2015).

The role of microbes in cave N
cycle

Due to the dark and oligotrophic conditions, cave
microorganisms use various metabolic pathways to retrieve
nutrients and energy. In the world’s largest contiguous karst
system, the Nullarbor Plain, extensive caves have been discovered
(Webb and James, 2006). These caves are isolated from
photosynthetically derived carbon, and no organic carbon was
detected from filtered water flooding deeper portions of the caves
(James and Rogers, 1994). However, dense biofilms with high
biomass are widespread in Nullarbor caves, forming “mantles” of
biological material associated with “snowfields” of microcrystals
(Contos et al., 2001). Chemical analysis of water samples from
Nullarbor caves showed relatively high levels of nitrite and
remarkable sulfate and nitrate, indicating the existence of
chemoautotrophic bacterial communities (Holmes et al., 2001).
Holmes et al. (2001) also performed the first microbial community
assessment of these slime biofilms, and revealed high proportion
of clones belonging to Nitrospira, of which all characterized
members carry the potential to oxidize nitrite into nitrate. These
results suggested that nitrite oxidation could be essential to the
trophic structure of Nullarbor cave communities. About 10 years
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later, Tetu et al. (2013) performed metagenomic and 16S rRNA
amplicon sequencing of slime biofilms from one of the Nullarbor
caves, providing in-deep knowledge of nitrogen transformations
of these special communities. Their investigation indicated that
Thaumarchaeota were abundant in the community, and
Thaumarchaeota predominantly contributed to ammonia
oxidation. Based on these studies, it was assumed that slime
biofilms in Nullarbor caves had chemolithotrophic communities
driven by nitrification. Except for caves with special biofilms like
those in Nullarbor plain, sediment samples and ferromanganese
deposits from other karstic caves also supported that
Thaumarchaeota played an essential role in ammonia oxidation
(Zhao et al., 2017; Kimble et al., 2018).

Studies with functional gene analysis of various cave samples
documented other key N cycle pathways in addition to ammonia
oxidation. For example, Kimble et al. (2018) found genes
associated with nitrification, dissimilatory and assimilatory nitrate
reduction, and denitrification in cave ferromanganese deposits
with low fixed N; while Jones et al. detected nitrogen assimilation
genes in cave biofilms where fixed N was available (Jones et al.,
2012). In our previous work, a collection of cave bacterial genomes
was established based on large-scale isolation and cultivation (Zhu
etal., 2021). Except for many cave isolates carry genetic potential
to perform denitrification and dissimilatory nitrate reduction,
we also noticed that 11 genomes in the dataset showed the
potential to fix nitrogen into biologically available ammonia. A
novel nitrogen-fixing species Azospirillum cavernae was also
identified from our cultured cave bacterial collections. These
microbe-involved nitrogen

transformation processes are

summarized in Figure 1C.

The role of microbes in cave S
cycle

The biogeochemical cycle of sulfur instead of those of carbon
and nitrogen was assumed being the center stage in sulfuric acid
speleogenetic (SAS) caves (Hedrich and Schippers, 2021). Italy has
about 25% of identified SAS cave systems worldwide, among
which Frasassi cave system is the best documented and still active
one (Galdenzi and Menichetti, 1995; D'Angeli et al.,, 2019).
Extremely acidic (pH 0-1) microbial biofilms, which are known
as “snottites,” hang on the walls and ceilings of these hydrogen
sulfide-rich caves (Hose et al., 2000). Studies based on 16S rRNA
cataloging showed that the Frasassi snottites were among the
lowest diversities of natural microbial communities ever known,
and were constituted mainly of bacteria related to Acidithiobacillus
species, sometimes with other less abundant bacteria and archaea
(Macalady et al., 2007). Jone et al. investigated the metabolic
potential and ecological role of snottite Acidithiobacillus using
metagenomics sequencing, and revealed that the population was
autotrophic, and oxidizing sulfur via the sulfide-quinone
reductase and sox pathways, indicating Acidithiobacillus was the
snottite architect and main primary producer (Jones et al., 2012).
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Moreover, Acidithiobacillus thiooxidans obtained from the Frasassi
cave snottites was also reported to carry a high potential to remove
arsenic from contaminated sediments (Beolchini et al., 2017).
Microbial activity is also crucial for cave sulfide oxidation
below the water table; the springs and discharge streams in SAS
caves are colonized by thick, filamentous microbial mats (Engel
et al., 2004b). Sulfide can be oxidized completely to sulfate with
sufficient electron acceptors such as oxygen or nitrate; however,
incomplete sulfide oxidization to sulfur would occur if low oxygen
and nitrate are available. Due to intracellular or extracellular
elemental sulfur globules formed by the partial oxidation of
dissolved sulfide, biofilms in cave water have a milky appearance
(Jones and Northup, 2021). Based on fluorescence in situ
(FISH) 16§ rRNA gene
e-Proteobacteria and y-Proteobacteria are crucial biofilm-forming

hybridization and libraries,
members, and their distribution is primarily influenced by water
flow (shear stress) and sulfide to oxygen ratios (Engel et al., 2003,
2004a). In rock-attached streamers, filamentous e-Proteobacteria
dominated at high while Thiothrix belonging to y-Proteobacteria
dominated at low sulfide to oxygen ratios; and in sediment-water
interface, Beggiatoa belonging to y-Proteobacteria was the
dominant group regardless of sulfide to oxygen ratio (Macalady
et al., 2008). Stream biofilms from Frasassi cave system were
abundant in filamentous vy-Proteobacteria, among which
Beggiatoa-like and/or Thiothrix-like cells contain large amount of
sulfur inclusions (Macalady et al., 2006). Hamilton et al. (2015)
retrieved Sulfurovum-like e-Proteobacteria genomes through
metagenomic sequencing of SAS cave biofilms, and indicated that
this group is genetically equipped to catalyze sulfur precipitation
while employing a lithoautotrophic lifestyle. Genes for the
transformation of other sulfur-containing compounds were also
reported in caves (Zhu et al, 2021), and these processes are
summarized in Figure 1D.

Featuring cave bioprocesses with
C cycle

Due to limited nutrients, cave microbes have been reported to
utilize diverse carbon and energy sources (Figure 1B). Our
previous work noticed that genomes of cave bacterial isolates
encode the genes for carbon monoxide oxidation (Zhu et al.,
2021), a process that can either provide supplementary energy
source without contributing biomass or couple with carbon
dioxide fixation for biosynthesis under aerobic conditions (King
and Weber, 2007). Carbon dioxide fixation is also active in cave
microbial communities, there are six known carbon dioxide
fixation pathways and the genes for all these pathways were
detected in the metagenome of Kartchner cave surface (Ortiz
etal., 2014). Aromatic hydrocarbons can be trapped by stalagmites
or carried into caves through dripping water; consequently,
bacteria that are able to degrade these compounds were detected
in caves (Perrette et al., 2008; Marques et al., 2019).
Microorganisms that are capable to use one-carbon compounds
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were obtained from Movile cave, and these microbes were
proposed to be one of the main primary producers of the
community (Wischer et al, 2015). In addition to traditional
methanotrophs, the uncultured atmospheric methane-oxidizing
bacteria were believed to be abundant in cave environment, which
will be discussed detailly in the following part.

Atmospheric methane oxidizers

As a potent greenhouse gas, the concentration of atmospheric
methane is increasing (Nisbet et al., 2016; Prather and Holmes,
2017). Estimation showed that human activities and natural

! of methane to the

sources produce about 680Tgyear™
atmosphere, while reactions with hydroxyl and chlorine radicals
in the troposphere and stratosphere remove about 600 Tgyear™" of
methane (Kirschke et al., 2013). Methanotrophic microorganisms
in forests, grasslands, paddy and other unsaturated soils play an
essential role in mediating carbon cycle, and are believed to filter
30Tgyear™" of methane (Kirschke et al., 2013). However, there is
still gap in the overall methane budget balances. Recent studies
suggested that caves and related karst terrains may be an essential
yet overlooked sink for atmospheric methane.

(2015) first monitored the
concentration of methane and carbon dioxide in seven caves

Fernandez-Cortes et al.
located in Spain, and the results proved that subterranean
environments acted as sinks for atmospheric methane on seasonal
and daily scales. They also detected methane-oxidizing bacteria in
some cave sediments where methane concentrations were near to
the atmospheric background, yet no such microbes were detected
in sample sites with minimal methane concentrations. Thus,
Fernandez-Cortes et al. assumed that cave methane oxidation was
mainly induced by oxidative capacity from high density of ions,
and was not significantly intervened by methanotrophic bacteria.
However, through controlled laboratory experiment, Nguyén-
Thuy et al. (2017) showed that the radiolysis hypothesis is
kinetically constrained and is unlikely to lead to rapid methane
loss. Instead, by performing a set of mesocosm experiments with
rock samples from two Vietnamese caves, they revealed that the
depleted concentrations of methane in caves were most likely
associated with microbial activity rather than radiolysis. Following
these pioneering works, more and more evidence were reported
from various caves to support microbes involved cave methane
oxidation. For example, stable carbon and hydrogen isotope
compositions of methane from 33 epigenic caves in the
United States and 3 in New Zealand all supported that microbial
methanotrophy within caves was the main methane consumption
mechanism (Webster et al., 2018). Ojeda et al. (2019) also noticed
methanotrophic activity of y- and a-Proteobacteria in Nerja cave
in Spain.

Methanotrophs have been reported since early twentieth
century, and were detected at various habitats such as mud,
rivers, rice paddies, sediments and sewage sludge (Whittenbury
etal, 1970; Hanson and Hanson, 1996). Although atmospheric
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methane oxidation rates can remain steady for more than
4months at 1.7 ppmv of methane (Schnell and King, 1995),
calculations based on the kinetic constants of isolated
methanotrophic bacteria could not support such extended
(Conrad, 1984). Studies with Methylosinus
and Methylobacter that
atmospheric methane oxidation did not supply sufficient

survival
trichosporium albus  revealed
cellular maintenance energy and reduced power for the methane
monooxygenase (Roslev and King, 1994; Schnell and King,
1995). The organisms responsible for atmospheric methane
uptake were unknown until Holmes et al. (1999) reported a
novel group of bacteria belonging to a-Proteobacteria, which is
distantly related to existing methane-oxidizing strains and is
believed to consume atmospheric methane. Later, Knief et al.
(2003) identified another novel atmospheric methane-oxidizing
group belonging to y-Proteobacteria through comparative
sequence analysis of the pmoA gene, and named these two
groups as “upland soil cluster «” (USC «) and “upland soil
cluster y” (USC vy), respectively. Culture-independent studies
suggested that USC « is adapted to the low concentration of
methane in neutral and acidic soils (Kolb et al., 2005; Martineau
et al., 2014) while USC vy prefers neutral to alkalic soils (Kolb,
2009). Tveit et al. (2019) reported the first pure culture
Methylocapsa gorgona MGO8 that grows on air at atmospheric
methane, and proved that the strain is closely related to
uncultured members of USC «. However, the cultivation of
members related to USC y remains challenging.

The investigation of cave methanotrophic bacteria is far
earlier than the discovery that caves may be important methane
sink. Hutchens et al. (2004) identified strains of Methylomonas,
Methylococcus and  Methylocystis/ Methylosinus as major
methanotrophs in Movile Cave through DNA-based stable
isotope probing. However, the air of Movile Cave contains 1-2%
(10,000-20,000 ppmv) methane (Sarbu and Kane, 1995), which
is much higher than general 1.86 ppmv atmospheric level. Zhao
et al. (2018) explored the presence and diversity of methane-
oxidizing bacteria in Heshang Cave, where methane
concentration decreases from 1.9 ppmv at the entrance to 0.65
ppmv inside the cave. Their results provided compelling
evidence that methane-oxidizing bacteria accounted for up to
20% of the whole microbial communities with the high-affinity
USC v being the dominant group. According to sequencing
analysis of pmoA and 16S rRNA genes of weathered rock
samples from three karst cave in southwest China, Cheng et al.
(2021) demonstrated that USC y group dominated the
atmospheric methane-oxidizing communities, and was
identified as a keystone taxon in cooccurrence networks of both
methane-oxidizing and the total bacterial communities. In
addition to atmospheric methane-oxidizing groups, anaerobic
methane-oxidizing bacteria were also detected from some cave
samples. For example, members of the phylum Rokubacteria
were found in Pindal Cave, these organisms perform anaerobic
oxidation of methane coupled to nitrite reduction (Cuezva
et al., 2020).
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Novel antibiotic compound producers
from cave

Infectious diseases have long been threatening human society,
while sprouting antibiotic-resistant pathogens are posing heavier
burdens to human public health. According to the World Health
Organization (WHO), there is an urgent need for investment of
new antibiotics to combat antibiotic-resistant infections (World
Health Organization, 2015). With a combination of unique
environmental conditions and rare human intervention, more and
more studies turned to caves for microorganisms producing
novel antibiotics.

It has been proved that Actinobacteria are prolific producers
of promising bioactive compounds with wide application.
Approximately 45% of identified bioactive compounds are
produced by Actinobacteria, among which 80% are derived from
the Streptomyces genus (Bérdy, 2005). Sequencing analysis
revealed the dominance of Actinobacteria in plenty of cave
samples, such as cave soils (Wiseschart et al., 2019), cave sediments
(De Mandal et al., 2015a,b), cave rocks (Zhu et al.,, 2019) and
colonies on cave Paleolithic paintings (Stomeo et al., 2008). The
isolates of Streptomyces genus were also obtained from many
caves, such as Sigangli Cave in China (Fang et al., 2017), Altamira
Cave and Tito Bustillo Cave in Spain (Groth et al., 1999), and Iron
Curtain Cave in Canada (Gosse et al., 2019). Caves are not only
home for various known actinobacterial taxa, but also excellent
reservoir for new species of Actinobacteria. Forty-seven species
within 30 genera belonging to Actinobacteria were isolated from
caves and cave-related habitats from 1999 to 2018, among which
seven represented novel genera (Rangseekaew and Pathom-aree,
2019). It is assumed that the extreme conditions within caves
stimulated the inhabitant microorganisms to mutate their genes,
making it more likely to evolve new species and novel metabolites
(Tiwari and Gupta, 2013).

Isolating cave microorganisms and subsequently checking
their antimicrobial activity against pathogens is one of the main
approaches to identify novel antibiotics. By adopting such strategy,
Herold et al. (2005) reported cervimycins, which are highly active
against some Gram-positive bacteria. These compounds are
produced by Streptomyces tendae HKI 0179, a strain isolated from
a rock wall of an ancient cave in Italy. Another example is the
discovery of Huanglingmycins, which are produced by
Streptomyces sp. CB09001 from cave soil of China (Jiang et al.,
2018). Noticeably, Huanglongmycin A showed not only weak
activity against some Gram-negative bacteria, but also moderate
cytotoxicity against A549 lung cancer cell line. Although certain
bioactive compounds were not identified, some rare cave
actinobacterium also showed anticancer potential. For instance,
Spirillospora albida isolated from Phanangkhoi Cave were active
against NCI-H1870 (human small lung cancer cell; Nakaew et al.,
2009a); Nonomurea roseola isolated from Phatup Cave showed
activity against human oral cavity cancer and human small lung
cancer cells (Nakaew et al, 2009b). In addition, antifungal
compounds were also documented from cave environment.
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Antagonistic Streptomyces, Micromonospora, Streptosporangium,
and Dactylosporangium isolated from five caves in Korea showed
biocontrol activities against at least one of the rice pathogenic
fungi (Nimaichand et al., 2015); Streptomyces sp. from five caves
in New Mexico and the United States has been suggested to inhibit
the growth of the causative fungus of white-nose syndrome in bats
(Hamm et al., 2017).

Perspectives

Cave ecosystems form a huge subsurface reactor for the global
biogeochemical cycle. The roles of microorganisms in both cave
formation and subterranean key elements cycling are among the
50 top priority questions in subterranean biology (Mammola
et al,, 2020). It is now believed that many substantial mineral
transformations, originally considered abiotic processes, are
mediated by microbes: from microbial carbonate precipitation to
the production of Fe and Mn deposits (Jones and Northup, 2021).
As extremely starved environments, chemolithotrophic microbial
communities driven by nitrification and sulfur oxidation have also
been identified in cave ecosystems, providing valuable information
on subterranean biogeochemical cycles (Jones et al., 2012; Tetu
etal., 2013). These processes would not only transform minerals,
change the air composition or water pH, but also lead to reshaping
the cave. However, only 10% of all caves on earth have been
accessed by humans, and even as many as 50% of caves in Europe
and North America remain unexplored (Lee et al., 2012). As such,
many more efforts are needed to explore cave microbiology, and
further developments in caving technology and analytical tools are
also essential to accomplish this goal.

The investigation about how microorganisms survive in
nutrient-limited caves expanded our knowledge on controlling
human impacts and protecting cave environments. For example,
caves in north Spain contain Paleotic paintings, yet tourist
activities brought in heterotrophic bacteria, threatening to damage
the cultural treasures (Canaveras et al., 2001). Furthermore, cave
environment created stress for the inhabitant microorganisms at
genetic level, making it a reservoir of novel microbial species and
bioactive compounds. Although many cave bacterial isolates
showed inhibitory properties against pathogens, only a few
metabolites got identified chemical structure (Rangseekaew and
Pathom-aree, 2019). The advent of genomics, transcriptomics and
proteomics will facilitate the research of inter- and intra-
community relationships which previously only be addressed
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The present study reports a sudden fungal outbreak that occurred in the
corridor near the entrance of the Catacombs of SS. Marcellino and Pietro in
Rome (ltaly) observed after 1 year of a restoration treatment that interested
the walls of the entrance of the Catacombs and some artifacts placed
in situ. The colonization was observed on the vault at the entrance and in
correspondence with the restored marble pieces displayed on the left side of
the corridor. No growth was observed on the right side where similarly treated
marble slabs were placed. Samples taken in correspondence with fungal
biofilm were analyzed through the combined use of microscopical, cultural,
and molecular tools and showed that the vault and the left side of the corridor
entrance were colonized by a complex fungal biofilm consisting mainly of
Coniophora sp. and other genera, such as Hypomyces, Purpureocillium,
Acremonium, Penicillium, and Alternaria, many of which are well known as
responsible of biodeterioration of stone surfaces. Regarding the brown-rot
basidiomycete Coniophora, it was able to form very large colonies on the
substrata with a diameter of up to 57 cm. Although the direct observation
under a light microscope evidenced the presence of abundant brown fungal
conidia, several attempts to cultivate the microorganism failed, therefore only
through DNA sequencing analyses, it was possible to identify and characterize
this fungus. There is very little literature on the genus Coniophora which
is reported as one of the causes of wet-rot decay of wood in buildings.
A connection with calcium-containing materials such as bricks and mortars
was demonstrated, but no data were available about the possible role of this
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species in the biodeterioration of stones. This study features the first finding
of a strain related to the basidiomycetous genus of Coniophora in the order
Boletales in association with evident phenomena of biodeterioration.

Roman Catacombs, biodeterioration, Basidiomycetes, Coniophora species, fungal

outbreak

Introduction

Fungi are well known for their ability to colonize a
plethora of substrata, both organic and inorganic due to
their ubiquitous characteristics and their great adaptability to
nutrient concentrations, either low or rich.

Hypogea, due to the physico-chemical characteristics of
quite stable temperature, high relative humidity, and continuous
availability of organic sources (derived from soil, dead
animals, microorganisms, visitors, etc.) represent a favorable
environment for microbial growth. However, as reported by
Urzi et al. (2018), studies on fungi in hypogean environments
are relatively scarce, especially in the cultural heritage context.

Vanderwolf et al. (2013) listed 1,029 fungal species in
518 genera that mainly belonged to the phylum Ascomycota
found in caves and mines worldwide, underlining that the
origin and ecological role of fungi in hypogean environments
remain unknown although they are related to the ubiquitous,
oligotrophic, and psychrotrophic characteristics of the
species found.

The presence of fungi in hypogean environments has been
often associated with evident phenomena of biodeterioration
among which are listed white and gray alterations, black stains,
and profuse mycelial growth (Dupont et al., 2007; Jurado et al,,
2009, 2010; Bastian et al., 2010; Urzi et al., 2010; De Leo et al.,
2012; Martin-Sanchez et al.,, 2012; Ma et al., 2015; Sugiyama
et al, 2017; Zucconi et al, 2022). Sudden changes and/or
fluctuation of microenvironmental parameters may cause spore
germination with a consequent rapid, intense, and diffuse fungal
colonization on plaster and frescoes (Caneva et al, 2005).
These events of heavy fungal colonization were described several
times in Roman hypogea and were attributed to the opening
and closing of the doors to allow the entrance of visitors
and/or restoration activities that boosted the dissemination
of spores (Florian, 1996; Albertano et al, 2005). Similar
events described as “fungal outbreak” were observed in the
Lascaux Cave in France and Castanar de Ibor Cave in Spain
(Dupont et al., 2007; Bastian et al., 2010; Jurado et al., 2010;
Martin-Sanchez et al., 2014).

This study aimed to investigate the sudden and heavy
fungal outbreak that occurred in the vault and corridor near
the entrance of the Catacombs of SS. Marcellino and Pietro
in Rome (Italy), observed 1 year after a restoration treatment
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that interested the walls of the entrance of the Catacombs
and some marble artifacts placed in situ. This fungal growth
could have compromised both the fruition by visitors due to
the possible allergenic effect of airborne spores, and the state
of conservation of the monument, therefore some emergency

treatments were also suggested.

Materials and methods

Case study

Catacombs of SS. Marcellino and Pietro

The Catacombs of Saints Marcellino and Pietro were
excavated between the third and fifth centuries A.C. and are also
called the Catacombs of St. Elena or Catacombs of St. Tiburzio.
They are one of the largest Catacombs situated on the third mile
of the ancient Via Labicana, today Via Casilina in Rome, Italy,
near the church of “SS. Marcellino and Pietro” ad Duas Lauros
(at two laurels) (Figures 1A-D).

The Catacombs evolve in several corridors (Figure 1A),
some of them still contain sealed niches with a skeleton inside,
and in the past phototrophic biofilms as biodeteriogenic patinas
have been described there (Bruno et al, 2019). Further, they
contain several cubicula with high-quality frescoes (Figure 1B).

For this reason, they were chosen to be part of the Jubilee
path of Mercy 2015-2016. Before the opening and thus to
allow safer access to visitors, a new entrance was opened, and
the Catacombs underwent a restoration intervention (2014-
2015) for the implementation of the safety conditions of the
Catacombs. At the end of Summer of 2015 on the walls and vault
near the entrance, a sudden growth of black/brown colonies
with a yellow halo was observed as well as the presence of smaller
white/grayish colonies (Figures 2A-C).

Sampling areas

The fungal biofilm observed on the Catacombs surfaces
appeared as very large colonies of dark brown color with a
diameter varying up to 50 cm and more than 120 cm on
the vault, depending on the growth stage (Figures 2A,D).
Sometimes smaller grayish-white colonies of considerably
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FIGURE 1

Overview of the SS. Marcellino and Pietro Catacombs in Rome. (A) Tomb excavated in the tupha; (B) cubicula (small room) with colorful

frescoes; and (C) olive tree above the ground of the Catacombs.

smaller size were observed on top of the dark large colonies.
Fungal growth was also observed at the edge of marble
slabs displayed on the left side of the entrance corridor
(Figures 2A-C).

Relative humidity (RH) and temperature (°C) were recorded
at the different parts of the Catacombs entrance and corridor,
through a portable thermohygrometer Hanna Instruments
HI18564, while irradiance was measured using a radiometer
(model LI-185B; LI-COR inc., USA) equipped with a quantum
sensor (LI-190SB) to give a measure of the PAR (Photosynthetic
active radiation) in wmol photons m=2 s~ 1.

A multi-step approach consisting of airborne spores
sampling, microscopy, and cultural and molecular analyses
was carried out.

To assess the presence of airborne spores, adhesive tapes,
commonly used for aerobiological analyses (Brighetti et al,
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2014), were placed in small open Petri dishes near the
contaminated areas for 24 h and then removed and observed
at the light microscope Zeiss Axioscope. Experiments were
performed in triplicate.

A total of 13 samples were taken from four different
sites of the Catacombs indicated with numbers from 1 to
4, in correspondence of evident fungal colonization showing
different pigmentation as brown (B), white (W), and yellow
(Y) and morphology by using (a) the non-destructive sampling
methods of adhesive tape strips (FungiTape© Did, Milan,
Ttaly) (Urzi and De Leo, 2001) for carrying out microscopy
and cultural analysis; and (b) a sterile scalpel for scraping
little amounts of mycelium from lithic substrata for molecular
analysis, as summarized in Table 1. In particular, four samples
were taken from sites 1 and 2, three samples from sites 3, and two
samples from site 4. Adhesive tape samples were preliminary cut
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FIGURE 2

Macroscopic view of the fungal outbreak occurring on the wall and vault at the entrance of the Catacombs SS. Marcellino and Pietro.

(A) Extensive brown and white/grayish fungal growth around a marble piece in correspondence of sampling point 1; (B) brown and
white/grayish colonies around another marble piece in correspondence of sample 2; (C) brown and white/grayish fungal colonization on the
sampling point 3; and (D) extended dark brown fungal colonization with secondary white/grayish colonies observed on the entrance vault in
correspondence of sampling point 4. Arrows indicate the sampling points.

TABLE 1 Samples were taken from the fungal biofilms on the wall and vault of the Catacombs, the size of colonies, and modality of sampling.

Samples Morphology of fungal colonies on substrata Diameter (cm) Adhesive tape Scalpel
1B Brown with abundant aerial mycelium 57 + +
1w ‘White/grayish, flat 9 + +
2Y Yellow biofilm, no aerial mycelium 47 + +
2B Brown with abundant aerial mycelium 7 + +
3w White/grayish flat n.d. + -
3Y Yellow biofilm no aerial mycelium n.d. + +
4W White/grayish flat 34 + -
4B Brown colony with abundant aerial mycelium >120 + —

into little squares of about 0.5 cm? and used for microscopy and
cultural analyses, while biofilm samples were analyzed through
molecular methods.

Microscopy

taken with adhesive
observed under Light Microscopy equipped with phase
contrast (LM, Leica DMLB Wetzlar, Germany). To this
purpose, little squares of adhesive tape were placed face
down on a glass slide with a drop of sterile water or

Samples tape were directly

Amman’s lactophenol solution and covered with a cover
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slide to keep the tape as flat as possible as described

by Urzi and coworkers (Urzi and Albertano, 2001;
Urzi and De Leo, 2001).

TABLE 2 Environmental parameters measured at the

four sampling sites.

SITE PARp molm~—2s~! RH% T°
1 0.1-0.4 86 219
2 0.5 86.1 219
3 1.2 86.2 21.8
4 0.1-0.3 86.9 21.8
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TABLE 3 Nearest neighbor rDNA sequences of Coniophora marmorata and references from NCBI databases and bibliographic references.

Sample Representative clone No. of clones Closest relative sequences and References
% of similarity
1B 1B_K51 9 Coniophora marmorata 83.07% AJ518879 Schmidt et al., 2002; Schmidt and Moreth, 2002
1W_K10 4 Coniophora marmorata 84.63% AJ518879 Schmidt et al., 2002; Schmidt and Moreth, 2002
2B 2B_K2 9 Coniophora marmorata 83.36% AJ518879 Schmidt et al., 2002; Schmidt and Moreth, 2002
2Y 2Y_K2 8 Coniophora marmorata 84.05% AJ518879 Schmidt et al., 2002; Schmidt and Moreth, 2002
3Y 3Y_K1 8 Coniophora marmorata 84.13% AJ518879 Schmidt et al., 2002; Schmidt and Moreth, 2002

FIGURE 3

Quali/quantitative determination of airborne conidia taken after
24 h of exposure to adhesive tapes for aerobiological analysis.
(A) At the entrance; (B) at the beginning of the corridor; and (C)
toward the end of the corridor. In all the samples, the number of
airborne spores/24 h was quite homogeneous in the studied
environment in each microscopic area examined. Bar is 10 mm.
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Cultural analyses

Cultural analyses were carried out by placing a little square
of adhesive tape as above specified onto the center of agar plates
of Dichlorane Rose Bengal Chloramphenicol medium (DRBC,
Oxoid, Basingstoke, UK) in duplicate. Malt Extract Diclorane
Agar (MYBDA), LGBA Lignin Guaiacol Benomyl agar medium
with Indulin AT (1 g/L), LGBA with Humic acid (1 g/L), and
LGBA with Indulin AT (1 g/L), and Humic acid (1 g/L) (Thorn
et al., 1996; Thompson, 1998; Thompson et al., 2012) were used
when the first attempt to grow the oval-conidia producers in
DRBC failed. Incubation was carried out at 26°C for up to
1 month.

Fungal isolates identification was carried out based on the
macroscopic feature of colonies grown on different cultural
media and the micro-morphology of reproductive structures,
according to Ellis (1971, 1976), Barnett and Hunter (1972),
Fassatiova (1986), and de Hoog et al. (2019).

Molecular analyses of samples

Molecular techniques were used for the evide<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>