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Bacterial mats cover walls and ceilings of lava tubes around the world, yet little is known about their 
composition and role in the ecosystem or what controls their diversity.  To address these issues, we ask: 
(1) What bacterial species are found in the mats? (2) Does diversity vary with respect to the different ages 
of lava flow? (3) Does species composition differ between differently colored mats? and, (4) What is the 
amount of organic carbon present in the drip water entering the cave system that can fuel heterotrophic 
growth?

Rock samples were collected from microbial mats in six different lava tubes found on the Big Island of 
Hawai`i. Sampled mats ranged in color and included yellow, white, pink, blue-green, and an organic 
butterscotch ooze. Samples were aseptically collected from each cave, and DNA was extracted and then 
purified. The 16S rRNA gene was amplified using polymerase chain reaction (PCR) (~1365 bp), cloned, 
and then later sequenced. From this, closest relatives were found using the Ribosomal Database Project 
II and BLAST databases, and a parsimony phylogenetic tree was constructed using PAUP. Actinobacteria 
occurred in five of the six lava tubes sampled and were found to dominate where they occurred. 
Acidobacteria and Proteobacteria occurred in all six lava tubes, but which proteobacterial subdivisions 
were present varied. Nitrospirae occurred in four of the six lava tubes sampled. Other closest relatives 
were found to be Cyanobacteria, Firmicutes OP11, Chloroflexi, Verrucomicrobia, Gemmatimonadetes, 
Planctomycetes, Bacteroidetes/Chlorobi Group, and Deinococcus-Thermus. 

The different types of morphology we find in these bacterial mats were visualized with a JEOL 5800 
scanning electron microscope (SEM) equipped with an energy dispersive x-ray analyzer (EDX). These 
analyses showed diverse morphologies including some that are similar to Actinobacteria. Samples of drip 
water were collected in the caves that had constant drips from the ceiling for dissolved organic carbon 
(DOC) analysis using a Shimadzu TOC-5050A Total Organic Carbon Analyzer.  DOC values ranged 
from 4.85 mg/L to 36.95 mg/L; level of DOC did not correspond to level of rainfall or vegetation.  

Our studies show a great deal of novel diversity and several of the closest relatives of our sequences come 
from other cave studies. Overall, the diversity in our Hawaiian lava tube samples spans thirteen phyla of 
Bacteria, revealing a very diverse community in these striking mats. 

1. Introduction
Worldwide lava tubes exhibit stunning microbial mats that 
cover the walls and ceilings with remarkable colors, and 
patterns. Even though these mats are commonly found 
in lava tubes, very little is known about them and they 
have received even less attention than microorganisms in 
limestone caves (Northup and Welbourn, 1997; Northup 
et al., 2008). Culture-dependent techniques have been the 
only methods applied in studying these mats, nicknamed 
“lava wall slime.” Howarth (1981) suggested that slimes 
are important sites of nutrient recycling (e.g. nitrogen).  
Ashmole et al. (1992) found slimes present in humid 

caves in the Canary and Azores Islands, but never in dry 
caves.  Studies done in lava tubes in Washington, USA, 
have found slime consisting of different species of bacteria, 
including actinomycetes in the genus Streptomyces (Staley 
and Crawford, 1975). Researchers have since assumed 
that microbial mats in lava tubes are primarily composed 
of actinomycetes. Certain types of actinomycetes are 
medicinally and culturally significant because they excrete 
antibiotic products to repel invaders (Lazzarini et al., 2000). 
Antibiotic properties of many bacterial species make them 
interesting to the medicinal industry, providing a rationale 
for studying these microbial mats in lava tubes. 
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Our preliminary studies of a white and a yellow microbial 
mat in one lava tube in New Mexico, USA, revealed a more 
diverse microbial community than expected, which included 
Actinobacteria, Chloroflexi, Verrucomicrobia, Acidobacteria, and 
Betaproteobacteria. The greater diversity led us to expand our 
studies of lava tube microbial mats to investigate the species 
composition of microbial mats of different colors and from 
different locations.  We are studying mats from lava tubes on 
the Big Island of Hawai`i by applying culture-independent 
phylogenetic techniques to uncover the diversity in these mats. 
Organic carbon present in drip water, composition of rock, 
and precipitation are some of the abiotic factors being taken 
into account so that we may further understand what controls 
the diversity of these microbial communities.

2. Methods
At each site, entrance elevation, GPS coordinates, cave 
temperature and humidity were recorded using an IMC 
Digital Thermometer probe. Age of the lava flow and 
average area rainfall were researched and recorded for 
later comparison. Small samples of wall rock covered with 
bacterial mats were collected from the six Hawaiian Island 
caves under a National Park Service collecting permit or 
permission of land owners. Samples were covered with 
sucrose lysis buffer to preserve the DNA and transported to 
the lab where they were stored in a -80° C freezer until DNA 
extraction. Yellow, white, and pink microbial mats were 
sampled, along with a blue-green mineral deposit from six 
different caves across the Big Island of Hawai`i. On the west 
side of the island or the “dry” side, we sampled three caves. 
In the northwestern region samples were collected from 
Beall’s lava tube, a privately owned cave. In the southwestern 
portion of the island we sampled from Maelstrom and Kula 
Kai lava tubes, part of the Kipuka Kanohina Cave Preserve 
(KKCP) founded by the Cave Conservancy of Hawai`i. 
Both lava tubes in the KKPC are found in the same flow 
of lava. For the eastern side, the “wet” side of the island 
we sampled three caves as well. In the central part on the 
eastern side we sampled Kaumana and Epperson’s lava tube. 
Kaumana lava tube is in Hawai’i Volcanoes National Park 
and Epperson’s lava tube is privately owned. The last site is 
Bird Park lava tube that is in the southeast part of the island.

DNA was extracted and purified using the MoBio 
PowerSoil DNA Isolation Kit using the manufacturer’s 
protocol (MoBio, Carlsbad, CA).  Extracted DNA was 
amplified with universal bacterial primers 46 forward (5’-
GCYTAAYACATGCAAGTCG-3’) and 1409 reverse 
(5’-GTGACGGGCRGTGTGTRCAA-3’)(Vesbach, 
personal communication). Amplicons were cleaned and 
purified using the Qiagen PCR cleanup kit (Qiagen, 

Germantown, Maryland) and were cloned using the TOPO 
TA Cloning kit (Invitrogen, Carlsbad, CA) and sent to 
Washington University Genome Sequencing Facility for 
sequencing of 96 clones per sample with primers M13F and 
M13R. Once received, sequences were edited Sequencher 
4.8. (Gene Codes, Ann Arbor, Michigan). To check the 
orientation of our sequences and to convert from antisense 
to sense OrientationChecker (www.cardiff.ac.uk/biosi/
research/biosoft/) was used. Chimeras were detected using 
the Mallard software (http://www.bioinformatics-toolkit.
org/Mallard/). Rarefaction curves were generated using 
DOTUR (http://schloss.micro.umass.edu/software/dotur.
html) to ascertain whether sequencing had detected a 
comprehensive set of community members (Schloss and 
Handelsman 2005). Sequences were then classified at the 
phylum level using RDP classifier (Maidak et al., 2001). 
Sequences were analyzed using BLAST to identify closest 
relatives (NCBI; Altschul et al., 1997). Initial alignment 
was completed with Greengenes (greengenes.lbl.gov/) and 
manually corrected using BioEdit (http://www.mbio.ncsu.
edu/BioEdit/bioedit.html), guided by 16S primary and 
secondary structure considerations. Parsimony analysis was 
performed using PAUP (version 4.0b10, distributed by 
Sinauer; http://paup.csit.fsu.edu/) and bootstrap analyses 
were conducted on 1000 re-sampled datasets.

Samples of the lava tube wall rock covered with microbial 
colonies were examined on a JEOL 5800 scanning electron 
microscope (SEM) equipped with an Oxford (Link) Isis 
energy dispersive x-ray analyzer (EDX). Rock samples 
with adherent bacterial colonies were mounted directly on 
an SEM sample stub while in the cave and then coated by 
evaporation with Au-Pd in the lab prior to imaging.

3. Results and Discussion 
Overall, sequences from the eight lava tubes sampled 
from Hawai`i fall into thirteen phyla: all divisions of the 
Proteobacteria (except zeta), Actinobacteria, Acidobacteria, 
Chloroflexi, Cyanobacteria, Nitrospirae, Verrucomicrobia, 
Gemmatimonadetes, Planctomycetes, Bacteroidetes/Chlorobi 
Group, Deinococcus-Thermus, OP11, and Firmicutes. Because 
of space constraints, we will highlight only two microbial 
mat communities: The yellow microbial mat sample is 
from Kula Kai lava tube and a blue/green microbial sample 
is from Maelstrom lava tube. These communities are the 
focus of this discussion, yellow because it is one of the most 
dominant colors found in these Hawaiian lava tubes and 
blue/green because of its rarity.

Closest relatives of clones from a yellow microbial mat in 
the Kula Kai Caverns resided in four phyla: Actinobacteria, 
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Gammaproteobacteria, Acidobacteria, and Bacteroidetes (Fig. 
1). Kula Kai Actinobacteria clones had no close relatives and 
group with each other and two environmental, uncultured 
isolates; they did not group with the cultured relatives found 
in BLAST. This suggests that we may have novel species in 
our clone library. We found that the closest relatives to our 
clones were also environmental, which is common in some 
of our other studies. One of the most interesting relatives 
in this tree was Thiohalocapsa marina, a chemoautotroph 
in the Gammaproteobacteria that fixes CO2. Other closest 
relatives in the Gammaproteobacteria, Acidobacteria, and 
Bacteroidetes (Fig. 1) were from uncultured soil isolates, 

karst soils, and groundwater respectively.

The blue/green mineral deposits from Maelstrom lava tube 
contained nine phyla (Fig. 2), making it one of the most 
diverse communities we have sampled so far. This tree did 
not include any sequences from the Actinobacteria, one 
of the major phyla most commonly found in lava tube 
microbial mats. We found that many of the closest relatives 
to the sequences recovered from this sample were phylotypes 
found in other caves, such as Altamira Cave (Spain), 
Frasassi Cave (Italy), the Oregon cave system (USA), and a 
Hawaiian (USA) lava tube. Overall, our clones relate almost 

Figure 1: Parsimony tree of bacterial clone sequences from a yellow microbial mat from Kula Kai Caverns on the big island of 
Hawai`i. Numbers on the branches indicate bootstrap values from 1000 replicates and indicate the degree of support for relation-
ships in this tree topology.
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exclusively to environmental clones in soil, thermal springs, 
karst regions, and other cave systems.

Scanning electron microscopy (SEM) of Hawaiian lava 
tube microbial mat samples revealed an array of microbial 
morphologies.  Fig. 3 shows an SEM photomicrograph of 
the blue/green mineral deposit with some striking features 
and a variety of morphologies. The SEM revealed a web of 

filamentous-like structures across the sample, and clearly 
showed the presence of bacteria. At greater magnification, 
Figure 4 shows the morphology of the long filamentous 
structures that resemble reticulated filaments. We have 
found these reticulated filaments in other carbonate cave 
samples around the world (Melim et al., 2008). The EDX 
analysis of the blue/green mineral deposit suggested that 
this mineral is chrysocolla, a copper mineral.

Figure 2: Parsimony tree of bacterial clone sequences from blue-green deposits in Maelstrom lava tube on the big island of Hawai`i. 
Numbers on the branches indicate bootstrap values from 1000 replicates and indicate the degree of support for relationships within 
this tree topology.
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A qualitative examination of elevation, precipitation above 
the lava tube, age of the lava flow, and amount of organic 
carbon entering the cave in drip water (Table 2), did not 
reveal any significant trends as to what factors may affect 
microbial diversity in the mats.  The greatest number of 
phyla were found in the mixed yellow/white mat samples 
from Bealls Cave and in the blue /green deposits from 
Maelstrom with 12 and 9 phyla respectively.

4. Conclusions
Our studies in Hawai`i to date reveal diversity that spans 
13 phyla of Bacteria. The Actinobacteria are present in all 
samples that we have seen to date, except the blue/green 
mineral deposits, and substantial overlap is observed within 
the Proteobacteria with most of our samples. From our 
preliminary data we observe no trend between the amount 
of precipitation and amount of organic carbon present in 

these cave systems. Also, there is no apparent trend between 
elevation or age of the lava flow and number of phyla with 
our current data, although there is a slight trend for older 
lava tubes to have more phyla present. DOTUR rarefaction 
curves indicate that more sequencing is needed for current 
clone libraries and analysis of additional samples will 
provide more insight into what controls species diversity in 
these microbial mats. Our preliminary results do indicate 
that the lava tube microbial mats are rich in diversity and 
contain a variety of microbial morphologies.
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