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Abstract

Worldwide, lava caves host colorful microbial mats. However, little is known about the diversity
of these microorganisms, or what role they may play in the subsurface ecosystem. White and
yellow microbial mats were collected from four lava caves each on the Azorean island of Terceira
and the Big Island of Hawai’i, to compare the bacterial diversity found in lava caves from two
widely separated archipelagos in two different oceans at different latitudes. Scanning electron
microscopy of mat samples showed striking similarities between Terceira and Hawai’ian
microbial morphologies. 16S rRNA gene clone libraries were constructed to determine the
diversity within these lava caves. Fifteen bacterial phyla were found across the samples, with more
Actinobacteria clones in Hawai’ian communities and greater numbers of Acidobacteria clones in
Terceira communities. Bacterial diversity in the subsurface was correlated with a set of factors.
Geographical location was the major contributor to differences in community composition (at the
OTU level), together with differences in the amounts of organic carbon, nitrogen and copper
available in the lava rock that forms the cave. These results reveal, for the first time, the similarity
among the extensive bacterial diversity found in lava caves in two geographically separate
locations and contribute to the current debate on the nature of microbial biogeography.
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Introduction

Lava caves, which are caves formed by lava flows, develop microbial mats that cover their
floors, walls and ceilings with remarkable colors and patterns (Figure 1). These mats are
commonly found in moist lava caves; however very little is known about their diversity and
the role they play in the biogeochemistry of this subsurface environment. Lava caves, like
other caves, often have relatively stable temperatures and humidity throughout the year once
into the dark zone (Culver and Pipan 2009; Palmer 2007; Poulson and White 1969), but are
still considered extreme environments because of their low nutrient availability and
productivity (Barton 2006; Moore and Sullivan 1997; Northup and Welbourn 1997). Similar
to other caves, light is not available beyond the twilight zone in lava caves, forcing their
inhabitants, including chemolithotrophic bacteria (Northup and Lavoie 2001), to rely on
other energy sources. Furthermore, many of the factors that influence surface ecosystems are
lacking in caves, including wide changes in temperature and humidity, or weathering effects
such as strong wind and ultraviolet exposure (Northup et al. 2010; Snider et al. 2009a).

The isolated nature of caves makes them a model ecosystem in which to study factors
driving biological diversification (Culver and Pipan 2009). Cave environments are
particularly isolated, thus limiting the ability of species to migrate; consequently, cave-
adapted species tend to exhibit a high degree of endemism (Christman et al. 2005; Culver
and Pipan, 2009; Elliott 2007; Sharratt et al. 2000). Moreover, discovery of volcanic activity
and of lava caves on Mars increased the interest in their study on Earth, for lava caves may
constitute a suitable environment to find evidence of fossil or extant life on Mars (Boston et
al. 1992; Boston et al. 2001; Boston 2010).

Basaltic rock underlays large areas of the Martian surface, and recent evidence suggests that
lava caves are present there (Léveillé and Datta 2010). It is thought that caves on Mars
would retain liquid water longer than the surface, and the subsurface would offer protection
from the harsh solar radiation, providing a possible refuge for life or the remnants of life
forms (Boston 2010; Léveillé and Datta 2010; Northup et al. 2011; Popa et al. 2012). By
studying lava caves on Earth, the groundwork is being laid for studies that will be relevant
for life detection on Mars.

Despite these motivations, little is known about the diversity and establishment of microbial
communities in lava caves. Particularly, the environmental factors, both inside and outside
the cave that might contribute to microbial community composition, are poorly understood.
The few published studies that exist on cave biogeochemistry focus on carbon cycling in
karst caves (Simon et al. 2007) and to a lesser degree on nitrogen (Tetu et al. 2012).
Notably, microbial mats in lava caves have received less attention than the epilithic
microorganisms of limestone caves (de los Rios et al. 2011; Hathaway et al. this issue;
Northup and Welbourn 1997; Northup et al. 2008; Northup et al. 2011; Snider 2010; Garcia
et al. 2009; Moya et al. 2009).

Culture-dependent techniques have been the common method applied in the few studies that
have been done of the composition of these mats, often referred to as “slimes.” Stoner and
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Howarth (1981), the first to describe these mats in Hawai’ian lava caves, found fungi and
aerobic bacteria and suggested that the white and brown slimes are important sites of
nutrient cycling (e.g., nitrogen). Studies done in lava caves in Washington, USA, have found
slime consisting of different species of bacteria, including Actinobacteria in the antibiotic
producing genus Streptomyces (Staley and Crawford 1975). Recent studies of other types of
volcanic terrain have also reported novel chemolithotrophic bacteria (Cockell et al. 2009;
Gomez-Alvarez et al. 2007; King 2007; Popa et al. 2012; Stott et al. 2008). Acidobacteria,
Alpha- and Gammaproteobacteria, Actinobacteria, and Cyanobacteria dominate bacterial
communities on volcanic surface terrain in Hawai’i, where composition is controlled by
local differences in the environment and nature of the volcanic deposits (Gomez-Alvarez et
al. 2007).

The unique nature of caves makes them well suited for looking at questions regarding the
biogeography of bacteria. Because bacteria are thought to disperse very easily, and to have a
cosmopolitan distribution, the hypothesis “everything is everywhere, but the environment
selects” (Baas-Becking 1934) often applies to microbial biogeography (see Hortal 2011;
Fontaneto and Hortal 2012 for reviews) and we therefore might predict that bacteria in caves
have lower endemism than that seen in cave animals. The “everything is everywhere”
hypothesis has been repeatedly challenged however, and many studies report spatial
variations in microbial diversity not related with environmental variability (see reviews in
Fontaneto 2011). We do not know whether the microbial community composition of lava
caves is similar worldwide, or if local influences in each lava cave result in unique microbial
communities. In fact, it is predicted that microbial diversity follows the same biodiversity
scaling rules of other organisms (Bell et al. 2005; Green and Bohannan 2006), which will
imply some levels of endemism and spatial patterning in both alpha, beta and gamma
diversities.

To investigate microbial biogeography in lava caves, we compared bacterial community
composition in lava caves on the Big Island, Hawai’i, and on the Azorean Island of Terceira,
which represent semi-arid to tropical, and temperate climate regimes respectively, in two
widely separated oceanic archipelagos. These two islands offer a range of lava caves with
different precipitation levels and elevations at which the lava caves are located (Table 1).
Both locations have humid lava caves that are dominated by white and yellow-pigmented
microbial mats. According to the hypothesis “everything is everywhere, but the environment
selects” (e.g., Finlay 2002) microbial mats of similar pigmentation (i.e. yellow versus white)
will have a common microbial composition across sites.

We alternatively predict that the composition of bacterial communities will differ widely
between environmentally similar Hawai’ian and Azorean lava caves, due to recent
challenges to the “everything is everywhere” hypothesis. Furthermore, we hypothesize that,
as a result of colonization and evolution on remote archipelagoes under unique selective
regimes in isolated cave habitats, novel organisms, those sharing less than 97% identity with
known bacteria, are going to be found in the microbial communities of lava caves in the
Azores and Hawai’i. Analysis of the community composition of these lava caves will help
us to further understand factors controlling microbial diversity and community assemblages
that may extend to other habitats, and perhaps even to other planets.
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Methods

Microbial Mat and Site Description, and Sample Collection: Hawai’i and Terceira

The study caves in both Hawai’i and Terceira contained both white and yellow microbial
mats that vary in relative predominance across the caves and may occur separately or with
differently colored colonies intermixed (Figure 1). Both colors of microorganisms occur as
distinct colonies (e.g., Figure 1A) or as microbial mats (Figure 1C) covering large portions
of walls or ceilings. Yellow mats varied in color from a lemon yellow to a gold. Many of the
microbial mats or colonies exhibit hydrophobicity during wetter times of the year. The mats
can be thin with distinct microbial colonies, or 1-3 mm thick. Colonies sometimes grow on
an organic ooze that coats some walls (Figure 1D), but an effort was made to collect our
samples from sites with no organic ooze underlying the colonies.

Four lava caves, Kula Kai Caverns in the Kipuka Kanohina Cave Preserve, Kaumana,
Epperson’s, and Bird Park, a.k.a. Kipuka Puaulu, were selected on the Big Island of
Hawai’i, in the Pacific Ocean located at 19° 43’ N 155° 5" W. The caves represent a variety
of abiotic factors, such as temperature, elevation, and yearly precipitation. At each site,
entrance elevation was recorded. Cave temperature and humidity (wet bulb/dry bulb) were
taken every 50 m within the cave with an IMC Digital Thermometer probe and averaged.
Average area rainfall is presented in Table 1.

Small samples of wall rock covered with yellow or white microbial mats were collected
aseptically from the four Hawai’ian Island lava caves, under a National Park Service
collecting permit or permission of land-owners. Two samples from each cave, one yellow
and one white, were selected for collection based on uniformity of color. Samples were
covered with sucrose lysis buffer (Giovannoni et al. 1990) to preserve the DNA, and
transported to the laboratory where they were stored at —80°C until DNA extraction.
Samples of lava rock for chemical analysis from each cave were selected based on the
absence of biological matter on the rock. Samples were collected from loose rock on the
cave floor that had obviously fallen off the cave wall and placed in a sterile Whirl Pak bag
for transportation to the laboratory.

Terceira is located in the Atlantic Ocean, in the center of the Azores island chain at 38° 44’
N, 27° 17/ W, approximately 1,500 km west of the coast of mainland Portugal. White and
yellow samples from Terceira were collected from Gruta dos Principiantes, Gruta da
Achada, Gruta da Branca Opala and Gruta dos BalcGes using the same protocol as in
Hawai’i. These caves were selected based on both similar and contrasting abiotic factors as
compared to the Hawai’ian caves (Table 1).

Scanning Electron Microscopy

Samples were examined on a JEOL 5800 SEM equipped with an energy dispersive X-ray
analyzer (EDX), at high vacuum with an accelerating voltage of 15KeV with a beam current
between 0.1 to 0.01 7A. Rock chips with microbial mats were mounted directly on SEM
sample stubs in the field, air dried, and coated with Au-Pd metal for imaging in the
laboratory.
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Chemical Analysis of Lava Rock

Single rock samples from each cave were crushed and then pulverized using a SPEX Shatter
box (SPEX, Metuchen, NJ). The samples were then sieved through a 200 mesh sieve. About
0.1 to 0.2 g of each sample were digested in solutions of nitric acid and hydrofluoric acid for
analysis of iron, magnesium, phosphorous, sulfur, copper, lead, and zinc content. The
samples were analyzed using a Perkin Elmer Optima 5300 DV ICP-AES, following a
method equivalent to US EPA 2007.

A subsample of the same pulverized rock sample was used to determine percentage of
nitrogen and organic carbon by high-temperature combustion. The samples were dissolved
in 6 N HCI prior to analysis to remove carbonate (Harris et al. 2001). The gases resulting
from the high temperature combustion were eluted on a gas chromatography column and
detected by thermal conductivity and integrated to yield organic carbon and nitrogen content
(Pella 1990a; 1990b). Analyses were performed on a ThermoQuest CE instruments NC2100
Elemental Analyzer.

DNA Extraction, Amplification, and Sequencing

DNA was extracted and purified using the MoBio PowerSoil™ DNA Isolation Kit using the
manufacturer’s protocol (MoBio, Carlsbad, CA), with the exception of the substitution of
bead beating for 1.5 min (Biospec Products, Bartlesville, OK, USA) instead of vortexing for
cell lysis. 16S rDNA sequences were amplified with universal bacterial primers 46 forward
(5-GCYTAAYACATGCAAGTCG-3') and 1409 reverse (5'-
GTGACGGGCRGTGTGTRCAA-3’) (Northup et al. 2010).

Reactions were carried out in a 25-uL volume with 1X PCR buffer with 1.5 mM Mg?2*, 0.4
UM of each primer, 0.25 mM of each dNTPs, 5 ug of 50 mg/mL BSA (Ambion, Austin, TX,
USA) and 1U AmpliTaq LD (Applied Biosystems, Foster City, CA, USA). Amplification
was carried out under the following thermocyling conditions on an Eppendforf Mastercycler
5333 (Eppendorf, Hauppauge, NY, USA): 94°C for 5 min, followed by 31 cycles of 94°C
for 30 sec, 50°C for 30 sec, 72°C for 1.5 min, and a final extension at 72°C for 7 min.
Amplicons were cleaned and purified using the Qiagen PCR cleanup kit (Qiagen,
Germantown, Maryland) and cloned using the TOPO TA Cloning kit (Invitrogen, Carlsbad,
CA). Sequencing was carried out at the Washington University Genome Sequencing Facility
with a total of 192 clones per sample initially sequenced.

Nucleotide Sequence Analysis for Phylogenetic and Community Analyses

Sequences were checked for quality, edited and assembled with Sequencher 4.8 (Gene
Codes Corporation, Ann Arbor, MI, USA). Sequence orientation was checked with
OrientationChecker (www.cardiff.ac.uk/biosi/research/biosoft). Chimeras were detected
using the Mallard/Pintail software (http://www.bioinformatics-toolkit.org). Initial alignment
was completed with Greengenes (greengenes.Ibl.gov; DeSantis et al. 2006) and manually
corrected using the BioEdit editor (www.mbio.ncsu.edu/BioEdit/bioedit.html), guided by
16S rRNA secondary structure considerations.
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Results

Sequences were then classified at the phylum level using the Ribosomal Database Project
Classifier (RDP) (rdp.cme.msu.edu; Maidak et al. 2001). Alignments were then imported
into the software ARB using a reference tree of either ~9000 full length sequences from
RDP or 236,469 full-length sequences from Greengenes to determine close relatives from
other volcanic habitats (green-genes.Ibl.gov/Downloads/Sequence Data; Hugenholtz 2002;
Ludwig et al. 2004). The software package mothur was used to determine OTUs at the 97%
identity level, which was used throughout the study (Schloss et al. 2009).

Rarefaction curves and nonparametric richness estimates were generated with mothur to
evaluate sampling efforts (Chao 1984; Schloss et al. 2009). Sequences were compared with
the GenBank database using basic local alignment search tool (BLAST) to determine closest
relatives (Altschul et al. 1997). Samples were also compared using the software FastUniFrac
to determine if geography and color were important factors in determining community
profiles using an unweighted Principal Coordinate Analysis (PCoA), with the category
mapping feature (Hamady et al 2010). Sequences have been submitted to the NCBI Gen-
Bank database (http://www.ncbi.nlm.nih.gov/genbank/) and assigned Accession numbers
HMO063010-HM063029, HM444833-HM445589 and HM545239-HM545243.

Sequences from this study were compared to sequences from terrestrial volcanic
environments in Hawai’i (Gomez-Alvarez et al. 2007), the Canary Islands (Portillo and
Gonzalez 2008), and Iceland (Cockell et al. 2009; Kelly et al. 2010). Sequences from this
study also were compared to sequences from other cave environments available in GenBank.
Comparison caves were selected if a sequence from that appeared as a near neighbor in the
tree created by ARB. All sequences from that cave were then searched for in GenBank and
used for comparison. Caves from which comparison sequences were derived included

Lower Kane Cave, Wyoming (Engel et al. 2003, 2004), Mammoth Cave, Kentucky (Fowler,
unpublished), Frasassi Cave, Italy (Macalady et al. 2007; Macalady et al. 2008; Vlasceanu et
al. 2000), Altamira Cave, Spain (Portillo et al. 2008), Oregon Cave, Oregon (Fowler and
Wade, unpublished), Nullarbor, Australia (Holmes et al. 2001), and Lechuguilla Cave, New
Mexico (Northup et al. 2003; Spilde et al. 2005). Sequences from this study were trimmed to
match the length of the sequences from the comparison studies, and very short sequences
from the other studies were removed from the analysis. OTUs were defined at the 97% level
and shared OTUs were determined using mothur.

Comparison of Hawai’ian and Azorean Yellow and White Microbial Communities: Scanning
Electron Microscopy Results

Scanning electron microscopy revealed many similarities among the microbial communities
in both archipelagoes and several of the morphologies observed are very distinctive in
appearance (Figures 2 and 3). Coccoidal morphologies with and without abundant thread-
like or knobbed appendages (putative fimbrae or pili) and elongate structures with many
thread-like appendages were seen in samples from both islands (Figures 2A, B, D, F, and 3B
and E). The putative pili are much more common in the yellow microbial mats, while the
cocci with knobby appendages are more common in the white microbial mats of the Azores
(e.g., Figures 3A and 3E). Reticulated filaments (Melim et al. 2008) were detected in a white
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sample from Kula Kai Caverns (Hawai’i) (Figure 2E) and in a yellow sample from Gruta
dos Balcdes (Azores) (Figure 3F), but were not as commonly observed as other
morphologies.

In both Hawai’ian (2C) and Azorean (3C) white samples, biofilms with ordered rows of rods
were observed. A common morphology observed in several samples was the beads-on-a-
string morphology (Figures 2A and 3C and D), although the morphology was more
commonly observed in white microbial mat samples. Segmented filaments were only
observed in white microbial mats, while chains of cocci were only observed in one yellow
Hawai’ian sample. All of the structures described above are presumed to be bacterial or
archaeal due to their size (approximately 1 micron or less in diameter). Putative protozoa
and algae were observed rarely in samples from both islands.

Chemical Analysis of Lava Rock

The analyses of lava rock from each cave showed higher amounts of sulfur, organic carbon
and nitrogen associated with the basalt substrates of the lava cave walls from Terceira as a
whole, although none of these elements were statistically significantly different between the
two locations (Table 2). This may be due to the size of the data set. There were higher levels
of magnesium and copper in Hawai’i, with copper being the only element statistically
significantly different between Hawai’i and Terceira (p = 0.0012).

Molecular Phylogenetics and Community Composition

A total of 1370 full-length nonchimeric sequences were obtained from the 16 clone libraries.
The number of sequences and OTUs found in each sample are reported in Table 1. The
rarefaction curves showed that the full extent of the diversity has not been sampled (Figure
4). Such results are common in bacterial diversity studies (Bent and Forney 2008; Hughes et
al. 2001), and deep coverage of microbial communities is beyond the scope of this research.
Operational taxonomic units (OTU) were defined at 97% sequence similarity, and the
sequences sampled cluster into 609 OTUs. There were only 34 (5%) shared OTUs out of all
OTUs defined between the two islands.

Thirty percent of the sequences were more closely related to other sequences in the same
cave, whereas 44% were most closely related to a sequence in another cave on the same
island. Only 26% of the sequences were most closely related to a sequence from the other
archipelago. Chaol estimates of taxonomic richness at the 97% identity level showed that
the microbial communities of the sampled lava caves of Hawai’i are estimated to be more
diverse than those sampled on Terceira Island (Figure 4).

The PCoA (Figure 5A) showed a clustering along Principal Coordinate 1, which
corresponds to geographical location as well as the levels of some elements in the rock
composition (e.g., nitrogen, organic carbon, copper) and accounts for 13.7% of the variation.
The amounts of nitrogen and organic carbon increase from left to right, that is the Terceira
samples have more of these elements than Hawai’ian samples, while copper increases from
right to left, as the Hawai’ian samples had more copper than those from Terceira (Figure 5A
inset).
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In the Hawai’ian samples Principal Coordinate 2 appears to correspond to precipitation, and
accounts for 10.8% of the variation. The trend in precipitation is not as apparent for
Principal Coordinate 2 in the Terceira samples. None of the other factors tested, mat color,
elevation, temperature or other chemicals composition, showed clear grouping patterns. The
PCoA performed on sequences grouped by cave instead of by sample showed an even
greater influence of geography with clustering along Principal Coordinate 1 accounting for
20.9% of the variation. When the sequences from Hawai’i and Terceira were grouped by
archipelago location, the communities were found to be statistically different using the
Libshuff function of mothur (p < 0.001; Singleton et al. 2001).

Fifteen phyla were identified across 16 clone libraries using the Ribosomal Database Project
(RDP) analysis tools after OTUs were defined (Figures 6 and 7). The largest percentage of
OTUs from the Hawai’ian communities were identified as Actinobacteria (16%), yet
Acidobacteria were the most numerous in the Terceira communities (21%) (Figure 7).
Alphapro-teobacteria represented approximately 13% of the Hawai’ian OTUs and 15% of
the Azorean OTUs (Figure 7). Fourteen percent of Hawai’ian sequences and 12% of the
Terceira OTUs could not be assigned to a known phylum.

Other taxa comprising a substantial portion of the community from both locations include
Nitrospirae, Gammaproteobacteria, Betaproteobacteria and Deltaproteobacteria (Figures 6
and 7). Phyla with less than 3% of the recovered OTUs included Cyanobacteria,
Planctomycetes, Chlamydiae, Verru-comicrobia, Gemmatimonadetes, Chloroflexi,
Firmicutes, Bacteroidetes, TM7, OD1, and OP10 (Figure 7).

When sequences from this study were compared to the ARB database, nearest neighbors
from other caves also were found, including those from Lower Kane Cave, Wyoming (Engel
et al. 2003, 2004), Mammoth Cave, Kentucky (Fowler, unpublished), Frasassi Cave, Italy
(Macalady et al. 2007; Macalady et al. 2008; Vlasceanu et al. 2000), Altamira Cave, Spain
(Portillo et al. 2008), Oregon Caves, Oregon (Fowler and Wade unpublished), Nullarbor,
Australia (Holmes et al. 2001), and Lechuguilla Cave, New Mexico (Northup et al. 2003;
Spilde et al. 2005). The sequences from this study were compared with 1495 unique
sequences from the above listed caves available from GenBank to determine the overlap in
diversity with other cave environments. When compared at the 97% similarity level, only
three OTUs (0.22%) overlapped in all three data sets (Hawai’i, Terceira and other caves),
and 19 OTUs (1.4%) overlapped between either Hawai’i or Terceira and the other caves, as
compared to the 34 OTUs shared between the Terceira and Hawai’i (Figure 8B).

Approximately seven percent of the defined OTUs had close matches in GenBank from
other volcanic environments when compared using BLAST. The sequences from this study
were compared to 414 sequence fragments approximately 390 bp long, from terrestrial
volcanic environments in Hawai’i (Gomez-Alvarez et al. 2007), the Canary Islands (Portillo
and Gonzalez 2008), and Iceland (Cockell et al. 2009; Kelly et al. 2010). There were only
four OTUs (0.7%) shared by all three data sets, while 14 OTUs (2.7%) were shared between
the terrestrial environments and Terceira and nine (1.7%) were shared between Hawai’i and
the terrestrial environments (Figure 8A).
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Discussion

Biodiversity and Similarities between Archipelagoes

It is worth noting that this study represents one of the few culture-independent studies of the
diversity associated with microbial mats in lava caves (but see de los Rios et al. 2011;
Garcia et al. 2009; Moya et al. 2009; Snider et al. 2009b), and one of the first to compare
lava cave microbial communities that encompasses widely isolated locations and different
climatic regimes (but see Northup et al. 2011; Porca et al. 2012).

Our phylogenetic survey revealed at least 15 named bacterial phyla, supporting earlier
findings that lava caves, like other types of subterranean habitats, contain considerable
microbial diversity (Jones et al. 2008; Northup et al. 2010; Shabarova and Pernthaler 2010).
There was notable variation among caves in the phyla found, especially in the rarer phyla
(Figure 6). Based on the traditional view of the way microorganisms globally distribute in
space, i.e., the “everything is everywhere” hypothesis, one might expect to find similar
microbial communities in caves of Hawai’i and Terceira (see Green and Bohannan 2006).
At the phylum level, many of the same phyla were found in both locations, with a high
percentage of recovered sequences belonging to the Actinobacteria and the Acidobacteria.

However, at the OTU level, there was only 5% overlap between the two archipelagoes. The
shared OTUs belonged to Proteobacteria, Acidobacteria, Actinobacteria, Nitrosiprae and
unclassified phyla, which are many of the most common phyla found in the lava caves.
Moreover, sequences were more likely to be most closely related to a sequence from either
the same cave or the same island than between islands. Additionally there were 254 and 179
singletons in Terceira and Hawai’i, respectively. If microbial distribution is cosmopolitan, as
the “everything is everywhere” hypotheses suggests (Baas-Becking 1934), we would expect
a higher percent of shared OTUs between the two archipelagoes. Although we acknowledge
that our sample size for the rock chemistry is small, the lack of statistically significant
differences in the chemical analysis of the lava rock between the two island leads us to
consider these lava caves to be similar environments for the colonization of bacteria. This in
turn suggests that we should reject the claim that it is the environment that is most
determining the diversity in the lava caves. Instead, we believe that the distribution of lava
cave organisms is not cosmopolitan, as we are seeing a substantial difference in the diversity
in geographically distant areas of similar environments. This conclusion is partially
supported by the results of Porca et al. (2012) who compared our yellow microbial mat
sequences with their study of limestone caves, concluding that the microbial mat libraries in
over half of their study caves were significantly different from our caves.

The limitations on using morphology as a classifying tool, along with our incomplete
knowledge of the taxonomy of bacterial species are two of the biggest hindrances to
determining if “everything is everywhere” (Hortal 2011). The SEM results from this study
can highlight one of the challenges with the identification and classification of
microorganisms. The SEM results suggest that many similar looking bacteria are found in
the two remote islands. However, the DNA phylogeny shows that these similar looking
bacteria are most likely different “species.”
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Hortal (2011) suggests that as we learn more about the taxonomy and phylogeny, and refine
the tree of life, the number of bacterial species that are considered to be cosmopolitan will
decline and will support biogeographical patterns in microorganisms. The high level of
novel diversity in both the Hawai’ian and Terceira lava caves, as well as the global
distribution of this habitat, make lava caves a particularly good environment in which to fill
in part of the phylogenetic tree with novel species, as well as to study patterns of
biogeography.

Biodiversity Comparisons Between Lava Caves and Other Volcanic and Cave
Environments

Out of 253 OTUs from four studies of volcanic surface environments encompassing the
surface flows in Hawai’i (Gomez-Alvarez et al. 2007) and the Canary Islands (Portillo and
Gonzalez 2008), and volcanic glass from Iceland (Cockell et al. 2009; Kelly et al. 2010),
only 19 OTUs were shared with the 609 OTUs found in this study, of which only four were
found in both Hawai’i and the Azores (Figure 8). The diversity of sequences recovered was
also very different between surface and cave environments. Cyanobacteria were commonly
found in the surface environments (Gomez-Alverez et al. 2007), which would be expected
given their primary use of sunlight as an energy source. Cyanobacteria were only rarely
found in the lava caves of Terceira, and never in Hawai’i. Cyanobacterial DNA has been
found in other caves, but only rarely, and those found are assumed to be using an alternative
energy pathway since there is no light in the caves (Dichosa 2008), or to be remnant DNA
from recently transported surface Cyanobateria.

Firmicutes were also more commonly found in surface environments, comprising from 0.6%
to 10% of the OTUs recovered (Cockell et al. 2009; Gomez-Alvarez et al. 2007; Kelly et al.
2010; Portillo and Gonzalez 2008), while less than 1% of the OTUs recovered from Hawai’i
and Terceira lava caves belonged to the Firmicutes. The volcanic soil from Hawai’i had the
smallest amount of recovered Firmicutes, with only 0.6% of sequences recovered belonging
to the phylum, which is comparable to the amounts found within the caves in Hawai’i. None
of the above studies on volcanic surface environments found the phylum Nitrospirae, which
comprised 6% and 7% of the Terceira and Hawai’ian OTUs respectively. Although 7% had
a closest known relative from a volcanic surface environment, the similarity at the OTU
level was much smaller (Figure 7).

Patterns of Species Richness and Endemism

The Chaol estimates of taxonomic richness show that the Hawai’ian lava caves have higher
richness than the Terceira lava caves. The same trend has been reported by previous studies
on snails and plants on the two archipelagos that found that Hawai’i had considerably more
diversity in both groups (Borges et al. 2009; Price 2009; Whittaker et al. 2008). Hawai’i and
the Azores have already been designated as a “hotspot” for bacterial/archaeal, as well as
eukaryotic, diversity (Donachie et al. 2004 Myers et al. 2000).

Although macrobiotic diversity is not necessarily an indicator of microbial diversity, there
are other studies that show that biodiversity patterns for microorganisms loosely follow
those for macroorganisms (Fontaneto 2011; Green and Bohannan 2006 (review); Horner-
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Devine et al. 2007). The basis for this diversity in microorganisms; however, needs to be put
in the context of environmental factors important to bacteria, such as rock chemistry and
other abiotic and historical factors.

Caves have been shown to harbor high levels of endemism (Culver et al. 2000; Elliott 2007;
Sharratt et al. 2000). Culver et al. (2000) found that approximately 30% of troglobionts and
stygobionts in U.S. caves were endemic to a single cave. In the Azores, a majority of the
troglobionts occurred in one or a few caves, and most species have single island endemism
(Borges et al. 2012; Reboleira et al. 2011). The results in this study indicate that this trend
can be extended to cave bacterial diversity as well. Although we acknowledge that the total
diversity of bacteria has not been sampled within these caves, less than 5% of the OTUs
found in lava caves occur in other caves or in other volcanic environments.

The Role of Environmental Factors

Environmental heterogeneity is currently considered as a major driver of patterns of spatial
distribution of microorganisms (Green and Bohannan 2006). To address the question of
what drives diversity in lava caves, we considered environmental and abiotic factors such as
color, precipitation, elevation, temperature, lava rock geochemistry and geographic location
(latitude/longitude).

The caves on Terceira have a temperature range of 14°-18°C, depending on the season,
among the caves, while the lava caves of Hawai’i have a similar range of 14°-19°C. The
temperature range within each cave can vary depending on the structural characteristics of
the cave, including the presence of skylights and multiple entrances, as well as how far into
the cave the temperature is measured. Abiotic factors, such as relative humidity, have been
shown to influence the invertebrate communities of lava caves, with drier caves being
particularly poor in diversity for instance (Howarth 1982; Martin and Oromi 1988; Sharratt
et al. 2000). Cave length has also been shown to influence the number of troglobiont
species, with long caves having more species (Borges et al. 2012). The role of
environmental factors in our study is less pronounced.

The UniFrac PCoA showed that location, and to a lesser extent the amount of nitrogen,
organic carbon, and copper were the driving component of Principal Coordinate 1,
accounting for the largest part of the variability within the data (Figure 5A). The lack of
statistical difference in the rock chemistry indicates that while the amounts of carbon,
nitrogen, and copper are involved in determining community composition, they are not the
major force at work. There is a trend along Principal Coordinate 2 in the Hawai’ian samples
to correlate with precipitation. The cave with the lowest precipitation in Hawai’i, Kula Kai,
grouped separately from the others with higher precipitation. The trend can be seen in both
the samples individually (Figure 5A), and when the samples are grouped by cave (Figure
5B). This trend does not translate as well to the samples from Terceira. The trend could
indicate that there is a cutoff in precipitation, in which a certain minimum amount of rainfall
will allow for different bacteria to flourish.

None of the other factors tested produced clear groupings suggesting that geography is the
largest predictor of community composition. Geography influences many environmental
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factors in the lava caves, notably the lava chemistry as well as the pool of potential
colonizers. We acknowledge the strong influence of geography may be due to the limited
number of clones sequenced per library, and the limited number of microbial and rock
samples analyzed (low sampling spatial intensity). The lack of influence of essential
nutrients such as phosphorous and sulfur, may suggest that there are sufficient quantities of
these elements in the environment to foster diversity, but not an over abundance, which
could drive alternative energy pathways.

It also may suggest that a larger data set is needed to see differences in the amounts of
nutrients available in the rock. Future studies will investigate the variety of possible energy
pathways that bacteria may be using in the lava caves, as well as include larger data sets in
order to strengthen any statistical significance. The slightly larger, but not statistically
significant, amounts of carbon and nitrogen in the lava caves of Terceira is likely due to the
agricultural use of the land above the caves, one of the main drivers of biotic
homogenization in the Azores (Borges et al. 2008).

The results of the PCoA also highlight the strong influence of microenvironments on the
community structure. Samples from within the same cave did not necessarily have similar
community structure (Figure 5A), suggesting that small differences in the chemistry of the
lava or other microenvironmental changes, may strongly control the diversity found. We
assumed that the lava within a cave would be similar in composition throughout the cave,
but there may be subtle but important variations throughout each cave which were not
detected with our analyses. Furthermore other factors such as distance from entrances may
influence the community structure more strongly than the over all environmental factors
shared by the cave such as precipitation or elevation.

When community composition is investigated by cave rather than by sample, the influence
of location is more pronounced. It is likely that the unique habitat characteristics of each
lava cave, and areas within each cave, determines the community composition, in addition to
dispersal constraints. In Hawai’ian terrestrial lava flows, soil parameters and trace gas
profiles of the lava unique to each site have been shown to influence the bacterial
community composition (Gomez-Alvarez et al. 2007). Future studies should try to include
additional analyses of the geochemical/mineralogical characteristics of the cave microbial
mat habitat, as well as other abiotic factors of the lava caves. Specifically, overlying soil
development and age of the original lava flow may give a better understanding of the
environmental parameters that are driving community assemblage and diversity in the lava
caves.

The pool of potential colonizers also would play a role in the resulting community structure
in lava caves. Researchers hypothesize that bacteria may be washed into shallow lava caves,
or be introduced by plant roots, which can often be seen in lava caves (Pereira et al. in press;
Snider et al. 2009b; Stoner and Howarth 1981). Snider’s (2010) results suggest that the roots
may be a conduit for nutrients and microorganisms from the surface. Although comparisons
among soil samples above the lava caves to determine if there is substantial overlap between
the community structures of the two environments was beyond the scope of this study, this
inquiry should be tested in the future.
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The findings of this study suggest that although the surface may be a source for continual
immigration of colonizers, many immigrants die off as they are unable to adapt to the unique
environments in the lava caves. The presence of Cyanobacteria in the caves from Terceira
may be an indication of this, as our study only showed the presence of these bacteria, not
whether they are currently alive in the caves. Other studies underway show that there is an
approximately 10% overlap in OTUs in the lava caves of Lave Beds National Monument
and OTUs from the overlying surface (Northup, personal communication, January 2012).
Those that are able to adapt to the new environment have time to evolve as the caves offer a
presumed isolation from the surface, allowing for adaptation leading to the evolution of
novel taxa as suggested by the lack of close relatives for many of the cave clones. Our
analysis of the overlap between Terceira and Hawai’ian lava caves OTUs with other cave
bacterial sequences showed high alpha-diversity with very little overlap, meaning that
bacterial communities found in each cave are different.

The lack of support for our hypothesis that color would be a predictive factor of community
composition has come as somewhat of a surprise (Figure 5). Color is a very visible
distinguishing factor in microbial mat appearance, but many microbial mats, especially
white mats, look indistinguishable among lava caves. EDX analysis of the SEM samples
was used to look for elemental differences within microbial mats of different colors. Most
areas of the samples were heavily covered in microbial mats, which revealed only carbon
and sometimes oxygen when analyzed, but some areas with less coverage of microbial mat
were analyzed for elemental composition.

EDX analysis of these areas revealed the presence of aluminum, magnesium, and/or silica
(possible clays), calcium carbonate based on the height of the calcium, carbon, and oxygen
peaks, silica and oxygen, suggesting some opal, iron oxides, and rarely, titanium. Significant
differences in these findings were not observed between yellow and white mats. Our prior
work has shown that yellow coloration is not dependent on the presence of iron-oxides and
is most likely due to pigmentation differences (unpublished data). There are several possible
reasons why color does not appear to be a main predictive factor in community composition.
First, none of our clone libraries were sampled in-depth enough to capture all of the
biodiversity. It may be that with more sequencing, a clearer pattern may emerge.

Second, color may also be the result of metabolic processes, and differences in metabolic
processes were not investigated by our analyses of phyla. Finally, color may be due to the
presence of other microorganisms that were not included in this study, such as Fungi. Soil
fungi such as Fusarium spp. are known to produce pigments, and occur in other cave
systems (Northup et al. 1994). Although there is only minimal evidence of fungi in our SEM
studies, it is likely that fungal species are present based on their occurrence in caves in
general (Nieves-Rivera 2003). Additionally, Stoner and Howarth (1981) reported fungi in
lava caves in Hawai’i, including Bird Park Lava Cave, one of our study caves, and
preliminary results from Kaumana Cave, another of our Hawai’ian study caves (Perry,
unpublished results), indicate the presence of fungi in the lava caves. Future studies will
further examine the significance of mat color.
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Conclusions

This study provides the first in depth comparison of microbial communities of lava caves
from different archipelagos and climatic regimes and provides insight into what factors may
control microbial species community composition. These results indicate that geographic
location may be important in determining the composition of the bacterial communities, and
that Hawai’i is more diverse than Terceira. The results also lend support to conservation of
these lava caves, as novel bacteria were found throughout. The study also highlights the
need for further exploration of these ecosystems as both sources of novel bacteria and as
natural laboratories in which to answer larger ecological questions.
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Fig. 1.

Mgcroscopic images of example white and yellow microbial mats and colonies from
Hawai’ian (A, B, C) and Azorean (D, E) lava caves. Example yellow colonies are indicated
with arrows; example white colonies are indicated with lines with an open circle on the end.
©Kenneth Ingham. Reproduced by permission of Kenneth Ingham. Permission to reuse
must be obtained from the rightsholder.
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"|Hawai'i Yellow

i

Fig. 2.
Scanning Electron Micrographs (SEM) of white (left column) and yellow (right column)

microbial mats from Hawai’ian lava caves. Beads-on-a-string morphology is indicated by a
line ending in a solid circle (A), while example cocci are indicated by a line ending in an
open circle (A). The reticulated filaments are indicated by a line ending in an open square
(E); example thread-like appendages are indicated by an arrow (F); and ordered rows of rods
are indicated by a line ending in solid square (C).
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Fig. 3.
Scanning Electron Micrographs (SEM) of white (left column) and yellow (right column)

microbial mats from Azorean lava caves. Beads-on-a-string morphology is indicated by a
line ending in a solid circle (D), while example cocci are indicated by a line ending in an
open circle (B). The reticulated filaments are indicated by a line ending in an open square
(F); example knob-like appendages are indicated by an arrow (A, E); and ordered rows of
rods are indicated by a line ending in solid square (C).
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Fig. 4.
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estimated at 97% and 90% sequence similarity. (A) Rarefaction curves show that sampling
at both taxonomic levels do not captures all diversity present. (B) Chaol estimate indicate
that Hawai’i has higher diversity than Terceira.
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Fig. 5.
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Principal Coordinate Analysis of all samples performed with the software UniFrac. Clone
libraries from Azores are indicated by solid symbols, and Hawai’ian ones by open symbols.
Yellow samples are indicated by dark grey, and white samples by light grey. Names of clone
libraries are listed on the right. Number in parenthesis indicated percent variance explained
by principal component. Insets shows general trend in elements that appear to influence the
PCoA, as determined with Fast Unifrac, with the amount of the element increasing toward
the arrowhead. BP: Bird Park, EP: Epperson’s Cave, KAU: Kaumana Cave, KK: Kula Kai,
GBO: Gruta da Branca Opala, GAS: Gruta da Achada, GP: Gruta dos Principiantes, GBL.:
Gruta dos Balcdes. (A) PCoA by individual samples. (B) PCoA with samples grouped by

cave.
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Fig. 7.

Phyla recovered from each location as a percent of the total OTUs recovered.
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Fig. 8.

Vgnn Diagrams. (A) Comparison at 97% similarity level of sequences from terrestrial
volcanic environments. (B) Comparison at 97% similarity level of sequences from this study
as compared to other full length cave sequences available in Gen-bank. The total number of
OTUs found in Hawai’i and Terceira is different in each case based on the length of the
fragment analyzed.
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