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Abstract: The Galapagos Islands (Ecuador) have a unique ecosystem on Earth due to their outstanding
biodiversity and geological features. This also extends to their subterranean heritage, such as
volcanic caves, with plenty of secondary mineral deposits, including coralloid-type speleothems
and moonmilk deposits. In this study, the bacterial communities associated with speleothems
from two lava tubes of Santa Cruz Island were investigated. Field emission scanning electron
microscopy (FESEM) was carried out for the morphological characterization and detection of
microbial features associated with moonmilk and coralloid speleothems from Bellavista and Royal
Palm Caves. Microbial cells, especially filamentous bacteria in close association with extracellular
polymeric substances (EPS), were abundant in both types of speleothems. Furthermore, reticulated
filaments and Actinobacteria-like cells were observed by FESEM. The analysis of 165 rDNA revealed
the presence of different bacterial phylotypes, many of them associated with the carbon, nitrogen,
iron and sulfur cycles, and some others with pollutants. This study gives insights into subsurface
microbial diversity of the Galapagos Islands and further shows the interest of the conservation of
these subterranean geoheritage sites used as show caves.
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1. Introduction

The Galapagos Islands were declared Natural Heritage of Humanity by the UNESCO in 1978
due to their outstanding biodiversity and unique geological features [1]. Yet, the scientific interest on
the biodiversity of Galapagos can be traced to the nineteenth-century because of its role in Charles
Darwin’s Theory of Evolution [2]. Regardless of the numerous studies on the fauna and flora of this
volcanic archipelago [3], research focusing on microorganisms from Galapagos remains limited [4-7],
particularly from the underground network of basaltic lava tubes found in many of the Galapagos
Islands [8,9]. These unexplored subterranean environments are a relevant part of the archipelagos’
geodiversity and comprise most of the geoheritage sites from the Islands due to their geological and
geomorphological features [10,11].

Several studies have shown that complex microbial communities are found in lava tubes,
particularly forming microbial mats (or biofilms) coating cave walls and secondary mineral
deposits [12-16]. These biofilms are frequently found on the walls and ceilings of lava tubes,
ranging from extensive coatings to small colonies. Their color includes yellow, tan, orange, grey,
pink and white. These studies have revealed a highly diverse microbial biosphere, dominated by new
microbial life-forms and microbial relationships different from their surface counterparts [14]. The main
bacteria identified in lava tubes around the world belong to the phyla Actinobacteria, Proteobacteria,
Acidobacteria, Nitrospirae, Firmicutes, Bacteroidetes and Chlorofexi [15]. Actually, Actinobacteria and
Proteobacteria are the most abundant phyla in lava tubes from different parts of the world, both reaching
over 50% of the total phyla identified in each cave [12,15,17]. Riquelme et al. [13] performed
one of the largest sampling efforts in volcanic caves from Spain, Portugal, USA and Canada.
The authors revealed the novelness and phylogenetic relationship of Actinobacteria in volcanic
caves [13], and highlighted the importance of caves as a source of rare and novel Actinobacteria [18].
Recently, Gonzalez-Pimentel et al. [15] found abundant yellow and white-colored microbial mats
coating the cave walls and secondary mineral deposits (speleothems) of lava tubes from La Palma
(Canary Islands, Spain). These mats are composed of metabolically active Actinobacteria, as revealed by
RNA-based analysis, mainly belonging to the order Euzebyales. Yet, the microbial diversity of lava
tubes remains largely unknown, despite their interest to subsurface microbiology.

The increasing interest in speleological geoheritage, and the consequent development of
speleotourism, makes urgent the design of management plans to ensure the preservation and long-term
sustainability of lava tubes from the Galapagos Islands [19]. Adding to the fact that microbiological
research is crucial for the preservation of Galapagos geoheritage, studies on subsurface microbiology
from lava tubes are considered of extreme relevance [12,16,18,20]. In this study, we aimed at providing
the first microbiological assessment of biofilms coating the walls of two lava tubes located in the Santa
Cruz Island (Galapagos, Ecuador). The characterization of microbial communities from Galapagos lava
tubes is fundamental not only to understand this uncharted microbial diversity, but also to contribute
to the preservation of these unique geoheritage sites.

2. Materials and Methods

2.1. Studied Site and Sampling

The Galapagos Islands, part of the Republic of Ecuador, are an archipelago composed of 127 volcanic
islands, islets and rocks situated in the eastern Pacific Ocean on the equator line. All islands of the
archipelago are of volcanic origin and were formed millions of years ago [11]. The Galapagos
archipelago (Figure 1A) has several active volcanos and is considered one of the most active volcanic
regions of the world. Santa Cruz Island, located in the center of the archipelago, is the second-largest
island with an area of 986 km? (Figure 1B). An extensive sampling campaign was conducted in two
lava tubes from Santa Cruz Island: the Royal Palm Cave (Figure 1C) and the Bellavista, also known as
Gallardo Cave (Figure 1D), both hosted in basaltic lava flows of the pahoehoe type [10].
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Figure 1. Location of the lava tubes: (A) Map of Galapagos Islands (Ecuador) with the location
of Santa Cruz Island (red circle); (B) map of Santa Cruz Island (Galapagos, Ecuador) with the
location of the lava tubes. Source: Google Maps (2020). Galapagos Islands. Retrieved from https:
//goo.gl/maps/uWE17T5mHQIQKGCMS6. (C) General view of Royal Palm Cave; (D) general view of
Bellavista Cave (or Gallardo Cave).

Royal Palm Cave is a show cave managed by the Royal Palm Hotel for touristic use. This lava
tube is 600 m long, 5-15 m in height and 2-10 m in width, and is located in the western part of Santa
Cruz Island, near Santa Rosa Village, adjacent to the Galapagos National Park. In the Royal Palm lava
tube, white patinas coating coralloid speleothems (designated Royal 2) were observed along the cavity
(Figure 1C). Small fragments of the coralloids were collected from the ceiling using an ethanol-sterilized
chisel and a hammer, and by gathering them into sterile 50 mL tubes.

Bellavista Cave, also known as “Gallardo Cave” or “Amor Tunnel” depending on the cave section,
is located near Bellavista town in the eastern part of the island. The cave is the oldest and the most
known show cave that was discovered in 1948 and has been open to visits since 1970 [9]. The first km
of the cave is used as a tourist trail. Whitish calcite moonmilk deposits with pasty texture (designated
Bella 1) were observed coating the walls of this lava tube (Figure 1D). Replicate samples of moonmilk
were aseptically taken using sterile scalpels and stored in sterile 50 mL tubes.

All samples were stored at 4 °C until transportation to the lab and stored at —80 °C until
laboratory procedures.

2.2. Field Emission Scanning Electron Microscopy

Samples were examined by field emission scanning electron microscopy (FESEM) using a FESEM
Jeol JSM-7001F microscope (JEOL Co. Ltd., Tokyo, Japan) on samples previously sputter coated with a
thin chromium (Cr) film, with an acceleration voltage of 15 kV. These examinations were conducted at
Instituto Superior Técnico from the University of Lisbon, Portugal.
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2.3. Molecular Analysis of Microbial Communities

Molecular biology techniques based on 165 rRNA gene analysis were conducted for the identification
of the bacterial communities associated with Bella 1 and Royal 2 speleothems. The analytical procedure
was thoroughly described by Gonzalez-Pimentel et al. [15]. Briefly, DNA was extracted using the DNeasy
PowerSoil Kit (Qiagen, Hilden, Germany), following the ‘manufacturer’s instructions. The prokaryotic
16S rRNA gene was amplified by PCR using primers 27F 5 -AGAGTTTGATCMTGGCTCAG-3’ [21]
and 1510R 5-GGTTACCTTGTTACGACTT-3’ [21], or 907R 5'-CCCCGTCAATTCATTTGAGTTT-3' [22]
for bacteria.

PCR reactions were performed in a Bio-Rad iCycler thermal cycler (Bio-Rad, Hercules, CA, USA)
using the following thermal conditions: 94 °C for 2 min; 35 cycles of 94 °C for 20 S, 55 °C for 20 S,
72 °C for 2 min; and a final step of 72 °C for 10 min. Reactions were conducted in duplicate, and negative
controls (containing no DNA) were included in each PCR trial. The positive PCR products were
purified using the JetQuick PCR Purification Spin Kit (GenoMed Inc., Leesburg, FL, USA) according to
the ‘manufacturer’s instructions and stored at —20 + 1 °C for further analysis.

In order to obtain information of the major bacterial members, 16S rRNA gene libraries were
constructed with the TOPO TA Cloning kit (Invitrogen, Carlsbad, CA, USA). Transformants were
randomly picked after incubation overnight at 37 + 0.1 °C and transferred to multi-well
plates containing Luria-Bertani (LB) medium supplemented with 100 pg-mL~! ampicillin.
Afterward the plates were incubated overnight at the same temperature. Amplification of
plasmids for confirming the presence of inserts was carried out using the primer pair M13/T7
(5"-CAGCAAACAGCTATGAC-3'/5-TAATACGACTCACTATAGGG-3’). On average, 100 clones per
library were sequenced by Macrogen Europe Sequencing Services (Amsterdam, The Netherlands)
using universal bacterial primers.

Mothur platform was used to carry out taxonomic classification and statistical data analysis [23].
Sequences were checked for chimera using chimera.slayer implemented in mothur. Putative chimeric
sequences were excluded from further analysis. After quality control, sequences were aligned and
assigned to operational taxonomic units (OTUs) and defined at 97% identity. Taxonomic classification
was done by comparing the sequences to the non-redundant database of the National Center for
Biotechnology Information (NCBI) using the BLASTN algorithm, and the EzBioCloud database.
Clone sequences were deposited in the NCBI GenBank database (http://www.ncbi.nlm.nih.gov/
genbank/) with accession numbers LT795609-LT795748 and LR760157-LR760195.

3. Results and Discussion

3.1. Microscopy Observations

White patinas were observed coating coralloid stalactites (Royal 2) from Royal Palm Cave
(Figure 2A). Coralloids are irregular-shaped speleothems of small size (<3 cm), with botryoidal texture,
resembling corals and generally composed of opal-A [24]. Coralloids from Royal Palm Cave are
branched stalactites, of less than 2 cm in length, and are orange in color (Figure 2A).

FESEM observations of Royal 2 sample showed abundant microbial structures and extracellular
polymeric substances (EPS) associated with the coralloid stalactites (Figure 3). Long reticulated
filaments, resembling those reported by Melim et al. [25] and Miller et al. [16,26], were widely observed
on the surface of the coralloid speleothems (Figure 3A-C). These enigmatic filaments have been
frequently reported in caves worldwide, but their origin is still unknown. They comprise filamentous
microorganisms with ornamented filament walls resembling a tubular reticulated mesh. Their sheaths
may be mineralized, composed of calcite, Mn-oxides, silica, or copper silicates, according to the rock
substrate, or of organic composition, as reported by Melim et al. [27]. Abundant actinobacterial-like
cells were also observed on the surface of the coralloids, representing the most common fraction of
the microbial components on the coralloid deposits found in the Royal Palm lava tube (Figure 3D).
They comprise clusters of coccoid-shaped cells with spiny surface ornamentation. Colored microbial
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mats or biofilms composed of Actinobacteria are frequently found in lava tubes all over the world [28].
These biofilms or microbial mats are composed of microbial cells embedded in a slimy matrix of EPS
that allow the attachment of the cells to solid surfaces and thus the development of small colonies or

extensive colored mats on the walls and speleothems of caves, as observed in Galapagos lava tubes
(Figure 1D).

Figure 2. Field images of the speleothems collected in the lava tubes from Santa Cruz Island (Galapagos,
Ecuador): (A) Coralloid stalactites with whitish coatings (Royal 2) from Royal Palm Cave; (B) white
moonmilk coating the walls of Bellavista Cave.

Figure 3. Field emission scanning electron microscopy (FESEM) images of coralloid stalactites
(Royal 2) from Royal Palm Cave, showing: (A—C) Reticulated filaments embedded in a matrix
of extracellular polymeric substances (EPS). (D) Clusters of Actinobacteria-like cells with spiny
ornamentation. White arrows show reticulated filaments. Magnifications for (A-D) are 9000, 5500,
6500 and 10,000, respectively.
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Moonmilk deposits (Bella 1) were observed coating extensive areas of the walls of Bellavista
Cave in Santa Cruz Island (Figure 2B). Under FESEM, these white pasty-like coatings showed the
characteristic needle-shaped calcite fibers of moonmilk intimately associated with microbial cells
(Figure 4), and frequently reported in caves [29,30]. Moonmilk are soft, wet, pasty or cotton-like deposits
formed on walls, ceilings or cave floors, and are generally composed of needle-shaped calcite [24,29].
These whitish deposits have been found to be associated with microbial cells and EPS, leading some
authors to hypothesize that moonmilk is produced by the activity of bacteria [24,29]. Miller et al. [29]
found that most of the bacterial clones retrieved from calcite moonmilk in a granite spring water tunnel
in Porto (Portugal) were affiliated to Actinobacteria and Proteobacteria. Maciejewska et al. [31] showed
that Proteobacteria (ranging from 30% to 52%), followed by Actinobacteria (ranging from 9% to 23%)
were the most abundant phyla in moonmilk samples from a limestone cave in Belgium. Nevertheless,
the origin of moonmilk is still a controversial issue. Moonmilk fibers from Bellavista Cave were found
embedded in a slime matrix of EPS and coccoid-like microbial cells with smooth surfaces (Figure 4A,B).
In addition, spores of Actinobacteria-like cells with spiny surface ornamentation were also observed to
be associated with the needle-shaped calcite fibers (Figure 4C,D).

Figure 4. Field emission scanning electron microscopy (FESEM) images of moonmilk sample (Bella 1)
from Bellavista Cave, depicting: (A,B) Needle-shape calcite fibers with coccoid-like microbial cells
with smooth surfaces; (C,D) Actinobacteria-like cells with spiny surface ornamentation associated with
moonmilk. Open arrows show EPS. White arrows indicate coccoid-shaped cells with smooth surfaces.
Black arrows show Actinobacteria-like cells. Black open arrows show the matrix of EPS. Magnifications
for (A-D) are 3000, 1500, 4500 and 4500, respectively.

3.2. Microbial Communities

A total of 223 chimera-free sequences were obtained from the analyzed speleothems from Santa
Cruz lava tubes. Independent libraries of DNA sequences from each sample were built, with the
objective of detecting the total bacteria present in these samples. The distribution of the different phyla
in moonmilk (Bella 1) and coralloid (Royal 2) samples is shown in Figure 5. The phyla Acidobacteria
(21%) and Gemmatimonadetes (21%) were the most abundant in Bella 1. Other taxonomic groups
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with significant representation in Bella 1 were Actinobacteria (14%), Firmicutes (8%) and Proteobacteria
(7%). Royal 2 was mainly dominated by Actinobacteria (34%) and Proteobacteria (26%) followed by
Gemmatimonadetes (21%). Firmicutes (8%), Acidobacteria (3%) and Chloroflexi (3%) were relatively
abundant in Royal 2. The few other phyla in both samples were around 1% in relative abundance.

Bella 1

28%

B Acidobacteria
14% B Actinobacteria
7%

® Chloroflexi

Firmicutes

21% 8%
B Gemmatimonadetes

Royal 2

3% 3% W Nitrospirae

M Planctomycetes

26% M Proteobacteria

34%
W Unclassified

1%
1%

21%

8%
Figure 5. Distribution of bacterial phyla retrieved from Bella 1 and Royal 2 samples.

The phylogenetic affiliations of the 223 sequences obtained from the lava tube samples from
the Galapagos lava tubes are listed in Tables S1 and S2. The sequences were distributed in 93 OTUs
for Bella 1 (Table S1) and 70 OTUs for Royal 2 (Table S2). Royal 2 showed the highest bacterial
diversity, with a wider variety of OTUs showing >90% similarity with the closest bacterial isolate
(26 OTUs, 37%), in comparison with Bella 1 (solely 16 OTUs, 17%). The rest of the sequences
could only be assigned to families or orders in the EZBiocloud database (ChunLab, Inc., Seocho-gu,
Seoul, South Korea), as established by Yarza et al. [32] for taxonomic thresholds (Supplementary
Tables S1 and S2). The differences and abundance in phyla and species identified showed that the
microbial communities from both samples were dissimilar, which is in fair agreement with the different
mineralogical composition (please see Section 3.2).

Comparing the microbial community structure in Royal 2 and Bella 1 showed that most of the
phylotypes from the moonmilk deposits (Bella 1) had similarity of <90% with their closest isolates,
indicating that distinct speleothems from a cave may host different populations, including unique
and rare bacteria. Maciejewska et al. [31] studying three different moonmilk deposits from Grotte
des Collemboles Cave (Belgium) showed that 34% were exclusive to one deposit, resulting in the
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isolation of novel Actinobacteria. Of note is the fact that 28% of sequences in the moonmilk (Bella 1)
were unclassified, with most of the OTUs unlinked to culturable bacteria. In the coralloid (Royal 2)
sample, the percentage of unclassified bacteria solely reached 3%. Unclassified bacteria from Bella
1 and Royal 2 showed percentages of similarity of less than 80% with sequences from EZBiocloud
database; therefore, the closest isolated strains were not indicated in Tables S1 and S2, but only the
nearest uncultured homologue from the NCBI database. The presence of a large number of clones with
similarities lower than 80% with cultivated bacteria in Bella 1 suggests that this lava tube has a great
potential for the isolation of novel species. Carvajal Barriga et al. [4] could not find proof of endemism
in Galapagos yeasts, but Dal Forno et al. [5] reported a high level of endemism among Galapagos
lichens. The question is whether this can also be extensive to bacteria.

Regarding the study of the most abundant phyla and classes in the two samples from Santa
Cruz Island lava tubes, the phylum Acidobacteria was represented in Bella 1 by sequences included
in the family Vicinamibacteraceae, recently described by Huber and Overmann [33] to accommodate
the subdivision 6 of Acidobacteria (the closest cultivated relatives were Luteitalea and Vicinamibacter).
These two taxa were also retrieved in Royal 2, but at lower abundances. The family Vicinimibacteraceae
is one of the most abundant actinobacterial groups in soils [34] and caves [35,36]. Sequences affiliated
to Luteitalea and Vicinamibacter were also retrieved from lava tubes from the volcanic La Palma Island,
Spain [37].

Gemmatimonadetes were also well represented in Bella 1, with members assigned to the family
Gemmatimonadaceae and represented by Gemmatimonas and Roseisolibacter genera. Both phylotypes
were also found in Royal 2. Gemmatimonadetes bacteria have a cosmopolitan distribution in terrestrial
systems, including soils [38] and subsurface environments [39,40].

In Bella 1, the phylum Actinobacteria was composed of sequences affiliated to the order
Thermoleophilales (Thermoleophilum), and the families lamiaceae (Aquihabitans), Gaiellaceae (Gaiella),
and Frankiaceae (Frankia). Pseudarthrobacter sulfinivorans was identified at the species level.
In Royal 2, sequences from Iamiaceae (Aquihabitans and lamia) and Gaiellaceae (Gaiella) were also
retrieved, as well as other families: Pseudonocardiaceae (Pseudonocardia), Euzebyaceae (Euzebya) and the
orders Acidimicrobiales (Aciditerrimonas) and Actinomycetales (Streptomyces).

Actinobacteria and Proteobacteria are the two most dominant phyla in caves [31,41], and a large
number of actinobacterial genera were retrieved in different caves, either as isolates, clones or Next
Generation Sequencing (NGS) studies. Interestingly, most of the genera and families reported in this
study were also found by Gonzalez-Pimentel et al. [15] and Gonzalez-Pimentel [37] in different lava
tubes from La Palma Island.

In Bella 1, within the phylum Firmicutes, the species Bacillus mycoides and sequences of the
orders Bacillales (Calditerricola) and Thermoanaerobacteriales (Thermanaeromonas) were identified. In the
coralloid speleothems (Royal 2), the species Paenibacillus selenitireducens and Ammoniphilus resinae were
identified, as well as sequences affiliated to the orders Thermosediminibacterales (Thermosediminibacter),
Thermoanaerobacteriales (Thermodesulfitimonas), and to the family Syntrophomonadaceae (Dethiobacter).
Both aerobic and anaerobic members of Firmicutes are common in caves, although Bacillus
dominates [42,43].

In Royal 2, within the class Alphaproteobacteria, the species Methylocapsa palsarum, Ensifer adhaerens,
Hyphomicrobium zavarzinii, Phenylobacterium haematophilum, and Methyloceanibacter marginalis were
noticeable. Other sequences were affiliated to the families Sphingomonadaceae (Sphingosinicella) and
Hyphomicrobiaceae (Filomicrobium). All these species, except Sphingosinicella, were found in lava tubes of
La Palma Island [37].

Because most of the detected phylotypes showed values of similarity lower than 90% with
cultivated species, the phylogenetic similarities were uncertain and, therefore, it was difficult to
conduct the assignment of functional capabilities for a number of retrieved sequences. This problem
has been previously raised in microbiological studies in lava tubes [44,45]. However, it is worth
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mentioning the possible metabolic roles of the identified bacterial species in the lava tubes. These species
can be grouped in three categories:

(i) Methanotrophs/methylotrophs

Pseudarthrobacter sulfonivorans is a facultative methylotroph involved in dimethylsulfone
metabolism [46,47] and can degrade aromatic compounds [48].

Methyloceanibacter superfactus and Methyloceanibacter marginalis were isolated from marine surface
sediments [45]. Both species grow aerobically on methanol and were able to use, as alternative carbon
sources, ethanol, formate and dimethylcarbonate, and ammonium and nitrate as inorganic nitrogen
sources. These two bacteria were also present in lava tubes from La Palma [37].

Methylocapsa palsarum is an aerobic, obligate methanotroph which is capable of atmospheric
nitrogen fixation under reduced oxygen tension [49]. Several studies report on the abundance of cave
methanotrophic communities [50,51].

Hyphomicrobium zavarzinii is a bacterium that was found in a lava tube from La Palma [37].
Hyphomicrobium spp. are restricted facultative methylotrophs with denitrification capacities [52].
In addition, members of the genera Hyphomicrobium are known to be involved in manganese oxidation
and precipitation in caves [53].

(ii) Predatory bacteria

Lysobacter terricola. Lysobacter species are widely distributed in soils and caves and have a lytic
effect on other microorganisms due to their extracellular enzymes including chitinases, glucanases and
peptidases [54]. Ensifer adhaerens has also predation activity against other bacteria. This species can be
found in caves [55] and can induce calcium carbonate precipitation [56]. Predation of phototrophic
biofilms by species of Lysobacter has been reported for Nerja Cave in Spain [43].

(iii) Plant/soil bacteria

Mesorhizobium amorphae and Mesorhizobium silamurunense were found in root nodules from
leguminous plants [57]. Usually roots can be observed in the ceiling of lava tubes close to the surface;
water flowing through cracks or along the roots can transport plant materials and bacteria into the
cave. Mesorhizobium amorphae was isolated from a Roman tomb in Spain and M. silamurunense was
found among the sequences retrieved from the same tomb [58].

Paenibacillus selenitireducens was isolated from a selenium mine [59]. Volcanic rocks (basalts,
phonolites) contain selenium [60] which could explain the presence of this species in Santa Cruz Island
lava tubes.

Ammoniphilus resinae was isolated from a resin fragment collected in a tropical forest, and contrarily
to the other two species of Ammoniphilus, which requires high concentrations of ammonium ions for
growth, in A. resinae growth does not occur in ammonium-based medium [61]. No other data are
available on this bacterium.

Bacillus mycoides is a ubiquitous soil microorganism that is frequently found in caves [62,63] and
also in La Palma lava tubes [15].

The pathogenic Ralstonia pickettii was an abundant bacterium in the heavily polluted and
anthropized Lascaux Cave, as a result of years of benzalkonium chloride treatments to eliminate a
fungal outbreak [64]. Shigella sonnei, a human pathogen, was also found in this French cave as well as
in the Spanish Ardales Cave [65]. This bacterium seems to be common in Galapagos Island and has
been found in fecal samples from finches [66].

Advenella kashmirensis is a facultatively sulfur-chemolithoautotrophic bacterium that uses
thiosulfate or tetrathionate as an electron and energy source [67]. This bacterium has been found
in polluted environments where it degrades polycyclic aromatic hydrocarbons. Seven genes were
identified as being involved in hydrocarbon degradation [68].
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Phenylobacterium haematophilum: The genus Phenylobacterium is composed of 13 species mostly
isolated from terrestrial and aquatic environments that can use a wide range of organic compounds as
a carbon and energy sources. A strain of P. haematophilum was capable of metabolizing pollutant linear
alkylbenzene sulfonates [69].

Other metabolic traits for the lava tube bacteria can be deduced from the study of the taxonomic
groups to which the most abundant sequences recovered from the two speleothem samples belong.
The members of the family Vicinimibacteraceae grow chemoorganotrophically utilizing a broad range
of substrates including different sugars, organic acids, nucleic acids and complex proteinaceous
compounds [70,71]. This family dominates in soils with a neutral or slightly basic pH, due to a
more efficient enzymatic system for utilizing complex biopolymers and thus outcompeting with
copiotrophs [72]. In addition, the genome of Luteitalea pratensis harbours genes encoding for a
dissimilatory nitrite reductase (nrfHA) that catalyses the reduction of nitrite to ammonia [73].

A high number of the representative sequences of Actinobacteria were assigned to the
order Thermoleophilales, which contains only the family Thermoleophilaceae and a single genus:
Thermoleophilum [74]. The genus was described for an aerobic, obligately thermophilic bacterium
restricted to growth on a narrow range of n-alkanes. The two species of Thermoleophilum, T. album
and T. minutum, grow solely with n-alkanes from 13 to 20 carbons in length at temperatures from
45 to 70 °C [75]. However, several strains were isolated from non-thermal areas such as soils [76],
which could explain their presence in the lava tubes.

The actinobacterial family Iamiaceae embraces the genera Aquihabitans and lamia, among others.
Sequences matching with both genera are retrieved from terrestrial and aquatic environments [77-79].
Aquihabitans was also found in anaerobic digesters [80] and reported to be a denitrifying
bacterium [79]. Iamia formed part of the microbial community of a soil polluted with both
n-alkanes and polycyclic aromatic hydrocarbons after bioremediation [81]. The actinobacterial order
Acidimicrobiales (which includes the Fe-reducer Aciditerrimonas) was present in anaerobic digesters [80],
and soils [82-84]. Finally, Gaiellaceae (Gaiella) was found in limestone [40,85] and volcanic caves [13,37].
For Zhang et al. [86] Gaiella is involved in the N cycle.

Gemmatimonadetes (Gemmatimonas) metabolizes an array of organic substrates, including a broad
range of sugars, amino acids, and polymer [87]. Wang et al. [38] suggested that the Gemmatimonadetes are
involved in organic carbon metabolism and the cycling of major elements in soil. A high proportion of
Gemmatimonadetes was found in arid soils; this suggests an adaption to low-moisture environments [39].

To summarize, the survey of taxonomic groups constituting the microbial communities of Santa
Cruz lava tubes reveals the abundant presence of phylotypes previously detected in other lava tubes
and includes methanotrophs/methylotrophs, soil and plant bacteria, and microorganisms involved
in the degradation of pollutants. These data evidence that the conservation of these unique geosites,
from a microbiological point of view, is an important issue, particularly when used as show caves.

4. Conclusions

To fully understand the microbial diversity of moonmilk and coralloid speleothems from lava
tubes of the Galapagos Islands, we conducted for the first time a comprehensive microscopy and
molecular biology investigation.

Microbiological analysis showed the typical microbial features of volcanic environments and a
remarkable similarity with those from La Palma lava tubes, suggesting that the volcanic rocks select
for specific groups of microorganisms.

The analysis of 165 rDNA revealed the presence of different bacterial phylotypes, many of
them associated with the carbon, nitrogen, iron and sulfur cycles, and some others involved in the
degradation of pollutants. This latter is relevant due to the use of the lava tubes as show caves.

The presence of a large number of unclassified bacteria in Bella 1 suggests that this lava tube has a
great potential for the isolation of novel species. Further research is needed to ascertain the possible
presence of novel (likely endemic) bacteria in caves from the Galapagos Islands.
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