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Abstract: Mount Erebus is the most active volcano on the Antarctic continent, and it has the most
geographically and physically isolated geothermal soil on Earth. Preliminary genetic analysis of the
microbial community present in the 65°C subsurface soil of Tramway Ridge, onMount Erebus, revealed
a unique high temperature ecosystem, with the dominant members possessing little genetic similarity to
known bacteria. This study investigated the metabolism and physiology of this intriguing ecosystem
using physical-chemical soil surveying, community-based phenotypic arrays, nutritional enrichment
experiments and pyrosequencing. Results have provided new insights into the metabolic requirements
and putative roles of specific organisms, as well as the significance of specific carbon and nitrogen
sources. In enrichment experiments bicarbonate slowed down an otherwise dramatic shift in community
structure. This suggests that bicarbonate maintains the native community in vitro by supplying an
essential inorganic compound that is utilized for slow, autotrophic growth. This approach shows
potential as a model for future investigations of cultivation resistant thermophilic communities.
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Introduction

Antarctica has a number of active volcanoes including
Mount Erebus, Mount Melbourne and Mount Rittman
all within the Ross Dependency, Victoria Land. The
continent has been separated from all other volcanic
habitats for over 30 million years (Barker & Burrell 1977),
and the volcanic soils are exposed to a combination
of extreme environmental conditions, including low
nutrient availability, limited oxygen, prolonged periods
of darkness, and extreme chemical and temperature
gradients (Parish & Bromwich 1991, Hansom & Gordon
1998, Soo et al. 2009). Mount Erebus hosts the only
phonolitic lava lake on the planet, and experiences
up to ten strombolian eruptions per day (Calkins et al.
2008). Tramway Ridge is a gently sloping, extensively
mineralized, ice-free area of geothermally altered heated
soil located 1.5 km north-west of the main crater of
Mount Erebus, at an elevation of 3350m a.s.l. The ridge
has some of the hottest surface soil found on the
mountain, maintaining an annual average temperature
of 65°C in localized fumaroles (Soo et al. 2009). The
scientific value of this habitat lies in the unique biological
systems identified in early research (Broady 1984,
Skotnicki et al. 2001, Lesser et al. 2002). As such the
area was designated an Antarctic Specially Protected
Area (ASPA) in 1985. The unique location and nature of
this ecosystem provides a great opportunity to study

novel biodiversity, unique adaptations and evolutionary
processes in an isolated context (Hudson et al. 1989).

Previous cultivation dependent approaches (Hudson &
Daniel 1988, Melick et al. 1991) conducted on the
Tramway Ridge geothermal soils had success in
isolating unique organisms. The application of 16 S
rRNA gene cloning to investigate the community
diversity (Soo et al. 2009) revealed that these isolates
were not dominant members of the hottest (65°C) soils.
The cloning efforts did however reveal a unique microbial
community with all bacterial sequences showing less than
92% similarity with their closest known relatives in the
NCBI database. The largest bacterial clade within the
community branched within an unknown group loosely
related to Armatimonadetes and Chloroflexi phyla.
Recently, pyrosequencing has supported these findings
and described the community in more detail (Herbold
et al. 2014).

A community-based cultivation strategy was devised in
an attempt to enrich for the dominant representatives in
the 65°C soils. Responses and metabolic requirements of
the Tramway Ridge microbial community to different
nutrient treatments were analysed using a combination
of molecular genetic approaches (DNA fingerprinting
and 454 pyrosequencing) and phenotypic microarrays
(Biolog). Physicochemical analysis of the 65°C soil was
also conducted to understand the environmental factors
influencing the microbial community.

Antarctic Science 28(4), 241–249 (2016) © Antarctic Science Ltd 2016 doi:10.1017/S095410201500067X

241

https://doi.org/10.1017/S095410201500067X Published online by Cambridge University Press

mailto:i.mcdonald@waikato.ac.nz
http://crossmark.crossref.org/dialog/?doi=10.1017/S095410201500067X&domain=pdf
https://doi.org/10.1017/S095410201500067X


Materials and methods

Sample collection

Samples were collected from 60–65°C geothermal fumaroles
at Tramway Ridge (ASPA 130). Samples for preliminary
genetic analysis and geochemical characterization were
collected from three sites (1–3) in February 2009, and were
immediately frozen andmaintained at -80°C until analysed
in the laboratory. Samples for Biolog experiments
were collected at site 3 in November 2009, and samples
for the enrichment experiment were taken from site 3 in
November 2010. Soil was collected aseptically from three
depths (0–2 cm, 2–4 cm and 4–8 cm) at the same fumarole
using a sterile metal spatula in 50ml sterile CELLSTAR
centrifuge tubes (Greiner Bio One, Germany). Samples for
phenotypic arrays and enrichment studies were maintained
at 65°C in a thermally regulated transport container until
experiments were initiated, within an hour of collection.

Characterization of edaphic qualities

Soil oxygen concentration was determined at each site
using a Fibox 3 LCD trace minisensor oxygen meter with
data-logger (PreSens Precision Sensing, Germany),
calibrated for soil temperature and altitude. Subsurface
gasses from the soil were drawn into a low volume
chamber containing the sterilized oxygen probe. On site
temperature measurements were taken using a hand-held
Checktemp1C thermometer (Hanna Instruments).
Analyses of pH/conductivity, carbon, nitrogen, moisture
and elements were conducted as described in Lee et al.
(2012) and Tiao et al. (2012).

Biolog community-based phenotypic microarray experiment

Biolog experiments were initiated at Lower Erebus Hut
(LEH), located 1 km north-east of Tramway Ridge,
within one hour of sample collection. Soil from all three
depths of site 3 were combined and homogenized to allow
sufficient biomass for inoculation by mixing with a sterile
spatula, followed by vortexing for 10 seconds. The soil
inoculum was prepared by adding 15 g of 65°C Tramway
Ridge soil to a 50ml sterile CELLSTAR centrifuge tube.
Soil was thoroughly homogenized by adding 40ml of
sterile H2O and vortexing for 30min. The soil inoculum
was left to settle for 5 minutes before transferring 30ml of
the supernatant (cellular inoculum) to a new centrifuge
tube. The final stock inoculum for each plate consisted
of 20ml IF-Oa, 0.24ml dye mix, 2ml cellular inoculum
and 2ml of the relevant phenotypic microarray (PM)
additive solution (as per manufacturer’s instructions).
The inoculum stock fluid (100 µl) was dispensed into
individual wells of the PM plate. Five different PM plates
(Biolog, Hayward, CA, USA) were used: two different
carbon plates (PM1 and 2), a potassium and sulfur plate

(PM3), a nitrogen plate (PM4) and a pH plate (PM10).
All PM plates were inoculated in triplicate to ensure
reproducibility. Plates were incubated at 65°C under both
oxic and sub-oxic conditions and examined each day for
evidence of respiration (visually conspicuous colour
development in wells from clear to purple). Sub-oxic
incubation was achieved by placing the plates in an
airtight box, purging the box with Argon gas and placing
non-catalyst, oxygen-consuming, CO2-generating Campy
Packs (Hardy Diagnostics, California, USA) in the box
before it was sealed.

Community enrichment

Enrichment experiments were also initiated at LEH
within one hour of sample collection. Soil from all three
depths were combined to allow sufficient initial biomass
for enrichment cultures and homogenized by mixing with
a sterile spatula, followed by vortexing for 10 seconds.
From the homogenized sample, 5 g aliquots were
dispensed into 15ml sterile CELLSTAR centrifuge
tubes for nutrient treatment and incubation. The two
time zero (T0) tubes were immediately frozen at -20°C.
The remaining duplicate tubes were supplemented with
1ml of the corresponding nutrient solution (Table I). All
nutrient solutions were prepared in sterile Milli-Q H2O.
Tubes were then sealed and incubated at 65°C. After nine
days, 1 g of soil was removed from each tube using a
sterile spatula, transferred to a sterile 2ml screw cap tube
and frozen at -20°C. Each treatment tube was then
supplemented with an additional 1ml of nutrient solution,
sealed and incubated for a further 13 days (day 22). After
incubation, another 1 g of soil was removed from each tube
and frozen as described above. Samples were transported

Table I. Nutrient treatments for enrichment experiments.

Nutrients Abbreviation Description

Milli-Q (control) MQ Sterile Milli-Q H2O.
Experimental control

Nitrite/Nitrate NO 27mM sodium nitrite,
45mM calcium dinitrate

N-acetyl glucosamine Glu 5mM D-glucosamine
hydrochloride

Bicarbonate Carb 30mM HKCO3

Ammonium NH4 36mM ammonium chloride
Chitin Chitin Saturated chitin (saturated by

autoclave)
Salt Salt 5mM sodium sulfate

Conductivity 12.9mS cm-1

Potassium sulfate KSO4 5mM potassium sulfate
Inositol Inos 5mM inositol
Inulin Inulin 0.1% inulin
Trypticase peptone Tryp 0.1% tryptone
Casamino acids Cas 0.1% casamino acids
Sodium sulfide NaS 5mM sodium sulfide
Ammonium oxalate NH4Ox 5mM ammonium oxalate
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back to New Zealand for DNA extraction and molecular
analysis. DNA extraction was conducted as described
by Barrett et al. (2006) and DNA was quantified using a
Qubit 2.0 fluorometer (Invitrogen, New Zealand). Soil
pH controls were also implemented under enrichment
conditions: 5 g aliquots of soil were dispensed into three
centrifuge tubes with 1ml of Milli-Q water. No additional
nutrients were added and each sample was measured in
duplicate. Prior to incubation, samples were pH tested as
described in Tiao et al. (2012) and Lee et al. (2012) to give a
T0 pH reading of soil. Tubes were then incubated at 65°C
for 9 days, pH tested and incubated for a further 13 days
with a final pH testing.

Automated ribosomal intergenic spacer analysis

Automated ribosomal intergenic spacer analysis (ARISA)
was used as a preliminary fingerprinting tool to identify
differences in composition of bacterial communities after
enrichment. The internal transcribed spacer region of the
bacterial rRNA operon was amplified using PCR from
total community DNA of each sample. The PCR

components and conditions for ARISA, and quality
control procedures for PCR amplicons, were carried out
as described in Lee et al. (2012). The PCR products were
diluted 1:20 inMilli-Q H2O and analysed at the University
of Waikato DNA Sequencing Facility.

For analysis of ARISA profiles, all peaks present
between 100 and 1200 bp that were larger than 50 relative
fluorescent units were accepted as peaks, and peaks
were binned (width = 1) (Abdo et al. 2006). In each
community profile, the abundance of each accepted peak
was expressed as a proportion of the total of all peak
heights accepted in the profile. These profiles were
analysed using Primer 6 software (PRIMER-E, UK).
Bray-Curtis distances between each sample were used to
compare and cluster samples. The total number of peaks
from each sample was used as a proxy for biodiversity.

454 pyrosequencing

Six samples that best represented the trends apparent in
the fingerprint data were selected for sequencing using
the Roche GS Junior Ti-454 pyrosequencing platform.

Table II. Soil characteristics.

Site 1 2 3

Depth (cm) 0–2 2–4 4–8 0–2 2–4 4–8 0–2 2–4 4–8

Moisture content (%) 3.25 2.85 4.40 4.13 4.25 3.66 3.63 4.17 4.00
Conductivity (mS) 81.6 ( ± 5.8) 69.1 ( ± 1.9) 75.2 ( ± 0.9) 141.8 ( ± 6.1) 119.8 ( ± 3.8) 83.1 ( ± 2.0) 76.6 ( ± 4.4) 70.1 ( ± 5.3) 64.7 ( ± 2.2)
N (%) 0.2 0.26 0.33 ND 0.41 0.4 0.4 0.44 0.4
Total C (%) 0.62 0.21 0.12 ND 0.2 0.17 0.2 0.15 0.13
Organic C (%) 0.57 0.26 0.15 ND 0.21 0.18 0.22 0.16 0.15
Li 7 (ppm) 2.62 2.79 1.97 1.73 1.96 2.03 1.79 1.89 1.71
B 10 (ppb) 1282.2 1685.2 404.8 1613.3 1071.7 1163 697.6 796.2 780.1
Na 23 (ppm) 1619 359.9 50.4 745.2 163.5 115.9 250.7 159.5 86.5
Mg 24 (ppm) 314 272.1 204.5 299.9 383.5 361.6 269.9 265.4 263.5
P 31 (ppb) 1.59 1.27 0.98 1.48 1.59 1.64 1.49 1.54 1.87
K 39 (ppm) 21.2 4.93 0.65 10.6 2.88 2.59 3.52 2.29 1.51
Ca 43 (ppm) 6.73 4.22 4.36 5.37 5.94 5.95 5.36 5.74 6.16
V 51 (ppb) 8.01 10.5 10.2 10.4 9.07 12.1 8.04 11.5 11.7
Cr 52 (ppb) 2.61 1.42 0.49 2.61 0.48 0.57 0.64 0.49 0.61
Fe 54 (ppm) 113.5 125 104 84 93.5 91.6 92.4 91.1 88.1
Mn 55 (ppm) 5.88 10.1 10.1 5.61 6.3 6.36 6.09 6.39 6.53
Co 59 (ppb) 6.72 8.15 7.25 6.29 7.47 7.75 6.6 6.93 6.85
Ni 60 (ppb) 1.25 0.61 0.33 1.41 0.32 0.40 0.53 0.31 0.73
Cu 63 (ppb) 13.3 19.1 9.34 9.14 8.66 8.8 8.21 8.9 9.51
Zn 68 (ppb) 438 477 432 313 329 330 354 364 337
As 75 (ppb) 60.3 60.0 21.2 19.0 10.8 11.4 17.0 12.0 8.2
Se 82 (ppb) 6.15 7.83 8.7 4.91 6.4 5.79 6.55 6.33 6.03
Sr 88 (ppb) 292 259 258 182 212 215 185 216 220
Ag 109 (ppb) 0.57 0.48 0.29 0.36 0.29 0.24 0.32 0.29 0.24
Cd 111 (ppb) 11.0 15.7 14.8 3.85 1.25 0.96 6.81 3.77 1.92
In 115 (ppb) 3.35 2.99 0.55 1.35 0.77 0.82 0.89 0.50 0.33
Ba 137 (ppm) 1.18 2.2 3.5 1.08 1.37 1.33 2.16 2.44 2.2
Hg 202 (ppb) 0.03 0.03 0.01 0.03 0.02 0.02 0.02 0.02 0.03
Pb 207 (ppb) 96.2 83.7 20.1 46.2 33.1 33.6 29.7 18.6 15.2
Bi 209 (ppb) 1.17 0.98 0.14 0.49 0.33 0.37 0.36 0.12 0.08
U 238 (ppb) 15.9 17.3 15.3 11.4 13.3 13.1 14.0 13.7 15.0

*S 34 and Tl 205 were below the detection limit.
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Each sample was PCR amplified in triplicate and 20 ng
genomic DNA was used as a template. The PCR
reactions, analysis, purification and quantification were
modified from Lee et al. (2012). Modifications include
0.02 U Primestar Taq (Takara Holdings, Japan). A
second round of triplicate PCR was run as above but with
only ten cycles and using 25 ng of the purified DNA from
the previous step per reaction (Milli-Q H2O volume
adjusted accordingly). Primers contained adapters for
one-way reads according to the Roche GS Junior System
Guidelines for Amplicon Experimental Design Manual
(August 2010), including unique MID identifiers for

each sample (BacX-Tx9F, 5'-CCATCTCATCCCTGCG
TGTCTCCGACTCAG-MID-GGATTAGAWACCCB
GGTAGTC-3' and BacB-1391R, 5'-CCTATCCCCTG
TGTGCCTTGGCAGTCTCAG-GACGGGCRGTGW
GTRCA-3'). A second gel extraction and AMpure clean
up were performed as above. Sample DNA content was
quantified using a Qubit Fluorometer, and then diluted to
1× 109 molecules μl-1 as per the Roche Amplicon Library
PreparationMethodManual (GS Junior Titanium Series,
May 2010 (Rev. June 2010)). QPCR using a KAPA
Library Quantification Kit for Roche 454 Titanium/
Universal (Kapa Biosystems, Woburn, MA, USA) was
used to check the 1× 109 dilution and was adjusted
accordingly for making the amplicon library. The diluted
amplicons were mixed together in the desired proportions
to create the 1× 109 amplicon pool. Sequencing was
performed using the GS Junior Titanium emPCR Kit
(Lib-L), the GS Junior Titanium Sequencing Kit,
PicoTiterPlate Kit and GS Junior System (Roche 454
Life Sciences, Branford, CT, USA) at The University of
Waikato DNA Sequencing Facility.

454 pyrosequencing data processing

454 PCR amplicon pyrosequencing data was denoised
using AmpliconNoise v1.0 (Quince et al. 2011) and
unique reads observed with a frequency lower than
three were discarded. Distances between the remaining
unique reads were calculated using pairwise Needleman
alignments in ESPRIT (Sun et al. 2009). Mothur 1.17.0
(Schloss et al. 2009) was used to cluster reads into
operational taxonomic units (OTUs) defined at a distance
of 0.03 using furthest neighbour clustering (OTU0.03).
Sequences were classified in Mothur with the November

Fig. 1. Principle co-ordinate plot showing physicochemical
similarity between sites sampled in this study. Of the total
observed physicochemical variance, 74% is summarized in
the first two co-ordinate axes.

Table III. Biolog phenotypic microarray (PM) positive respiration response to substrates.

PM# Time (h) Substrate

Aerobic respiration
10 26 pH 4.5+5-hydroxy tryptophan

pH 9.5+L-Histidine, L-Tryptophan, L-Tyrosine, phenylethylamine
2 26 2-Deoxy D-Ribose, D-Glucosamine, Di-hydroxyAcetone
Microaerophilic respiration
10 26 pH 4.5+ 5-hydroxy tryptophan

pH 9.5+L-Serine, L-Tyrosine, L-Tryptophan
50 pH 9, 9.5, 10

pH 9.5+L-Alanine, L-Arginine, L-Asparagine, L-Aspartic acid, L-Glutamic acid, L-Glycine, L-Histidine,
L-Isoleucine, L-Leucine, L-Lysine, L-Methionine, L-Phenylalanine, L-Proline, L-Threonine, L-Valine,
Hydroxy-L-Proline, L-Ornithine, L-Homoarginine, L-Homoserine, Anthranalic acid, L-Norleucine,
L-Norvaline, Agmatine, Cadaverine, Putrescine, Histamine, Trimethyl amine-N-oxide, Urea, X-alpha-
D-glucuronide, X-alpha-D-mannoside, X-PO4, X-SO4

120 X-alpha-D-glucoside, X-beta-D-glucoside, X-beta-D-Galactoside
2 26 Inulin, D-Glucosamine, Di-hydroxyAcetone, 2,3-Butanone

50 5-Keyo-D-Gluconic acid
120 D-Tagatose, Oxalic acid

1 26 D-Melezitose
120 Tyramine
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2012 release of the Greengenes database and taxonomy
(McDonald et al. 2012). Classification of amplicons to
Candidate Division OctSpA1-106 was made for amplicons
that matched sequence AF015925 (Blank et al. 2002)
with > 97% identity, > 99% of amplicon length. For
diversity calculations and comparative analysis, the
dataset was resampled (bootstrapped) 1000 times with a
sample size of 1000 from each sample. Evenness was
calculated as described by Schloss et al. (2009).

Results

Tramway Ridge edaphic characteristics

The edaphic characteristics of three fumarolic sites were
determined (Table II) and considered in a principal
co-ordinate analysis (Fig. 1). All depths from site 3 and
the non-surface samples from site 2 form a cluster
indicating a relatively common physicochemistry;
however, the geochemistry at site 1 showed much greater
variation between depths. The first co-ordinate axis
accounted for 46% of the physicochemical variance
between samples, and sample placement in the primary
axis is correlated to sample depth (Spearman correlation
r = -0.738, P = 0.023). The secondary axis explains 28.1%
of the variance in physicochemistry, and approximately
divides samples according to site (ANOVA test
P = 0.05934). This apparent difference is driven primarily
by differences between sites 1 and 2 (Tukeys Honest
Significant difference P = 0.0518). Site 3 is less unique,
exhibiting no significant difference in placement along
the secondary axis from either site 1 (Tukeys Honest
Significant difference P = 0.1886) or site 2 (Tukeys
Honest Significant difference P = 0.3106). Subsurface
soils were found to be significantly oxygen depleted, but
not strictly anaerobic i.e.≤ 1.2 ppm oxygen within soil,

compared to≥ 9.7 ppm oxygen in the atmosphere. The pH
of soil samples ranged from pH 7.5 to 8.1.

Biolog community-based phenotypic array experiment

The PM plates indicated that most respiration of the
Tramway Ridge microbial community occurred under
strongly alkaline conditions in sub-oxic environments
(Table III). In this experiment, microaerophilic growth
revealed a broader range of metabolic capability compared
to aerobic growth, and identified microbial activity on
compounds such as inulin, 2,3-butanone, urea and several
amino acids including alanine, arginine, histidine, leucine,
lysine, methionine, ornithine, phenylalanine, proline,
serine, threonine, tryptophan, tyrosine and valine.

Initial Tramway Ridge microbial community

The fumarole-associated microbial community in the
combined soil sample from site 3 used for enrichment
experiments (the T0 community) was characterized using
ARISA and next-generation sequencing (NGS) of
amplicons. A total of 91 unique OTUs were identified
using NGS, and 67 peaks were identified using ARISA
(Table IV). Bacterial evenness of the T0 community was
0.52, and the most abundant OTU (12% relative
abundance) in the T0 community was classified as a
member of the GAL35 class of candidate division OP1.
Other prominent taxa included Chloroflexi, Meiothermus,
Cyanobacteria,Armatimonadetes and a diverse assemblage
of unclassified OTUs.

Enrichment experiment

Thirteen nutrient treatments were selected for the
community enrichment studies (Table I). Treatments were

Table IV. Diversity measurement of treatment samples using sequencing analysis.

Sample ARISA
(No. of
peaks)

Pyrosequencing
(No. of observed

unique
OTUsAN_0.03)

*Resampled
community
OTUsAN_0.03

*Resampled
community

Shannon Index

Evenness
(Shannon/log2(sobs))
(Costa et al. 2009)

Morisita-Horn
Distance from T(0)
(95% confidence)

Kolmogorov-Smirnov
P value

(bootstrap 95%
confidence)

T(0) 67 91 64 3.13 0.52
{57, 71} {3.06, 3.21} {0.51, 0.54} NA NA

Carb_1 day9 29 70 56 3.16 0.54 0.197 0.121
{51, 61} {3.09, 3.24} {0.53, 0.56} {0.160, 0.239} {0.08, 1.00}

Carb_2 day22 28 65 54 3.17 0.55 0.213 0.027
{49, 59} {3.10, 3.24} {0.54, 0.56} {0.165, 0.264} {0.027, 0.985}

Glu_1 day9 16 49 35 1.34 0.26 0.965 2.64e-05
{29, 41} {1.24, 1.45} {0.24, 0.28} {0.948, 0.976} {1.12e-07, 7.01e-03}

MQ_2day9 20 45 35 1.42 0.28 0.894 1.55e-06
{31, 38} {1.32,1.52} {0.26,0.30} {0.870, 0.915} {5.55e-08, 4.38e-03}

NO_2 day9 22 18 17 0.60 0.15 0.965 1.44e-15
{14, 18} {0.52, 0.68} {0.13, 0.17} {0.948, 0.976} {000, 1.44e-15}

*Dataset was resampled (bootstrapped) 1000 times with a sample size of 1000 from each sample.
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selected for their potential to i) enrich, for taxa involved in
nitrogen cycling identified during the preliminary analysis
of the original (T0) community including Planctomycetes
(chitin andN-acetylglucosamine),Nitrospira (nitrite/nitrate)
and Thaumarchaeota (bicarbonate and ammonium), ii) be
utilized by the community via the Biolog plate experiment
(sulfate, sulfide, ammonium oxalate, inulin, casamino acids
and trypticase peptone), or iii) exert osmotic stress (salts
and inositol).

After enrichment, ARISA analysis showed that
community profiles from each treatment clustered into

three primary groups, and a singleton outlier: a NO2/NO3

day 22 treatment (Fig. 2). The two largest groups
corresponded approximately to day 9 and day 22
communities. Four samples clustered into the third
group: the T0 community, and both day 9 and one day
22 bicarbonate treatments. Analysis showed that multiple
enrichment conditions induced a similar community
response, with communities clustering based on length
of enrichment (9 or 22 days), rather than nutrient
treatment. The exceptions were the bicarbonate and
NO2/NO3 treatments (Fig. 2). For bicarbonate: three

Fig. 2. Clustering of ARISA peak distributions for each sample. All treatment samples were collected from site 3.

Fig. 3. Community OTU distribution for
T0 and enriched communities. The area
of each coloured block corresponds to
the proportion of the community the
OTU comprises.
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treatments grouped with the T0 community profile, while
one of the day 22 treatments grouped with the day 9
profiles. For NO2/NO3 treatment: one day 9 treatment
grouped with the day 22 communities, and one day 22
treatment was an outlier. Samples representing the three
primary clusters identified by ARISA were selected for
further analysis by pyrosequencing.

Pyrosequencing revealed that, with the exception of the
bicarbonate treatment, diversity and evenness in treatment
communities decreased in respect to the original diversity
at T0 (Table IV). Bicarbonate treatments were the only
samples that maintained a community structure that did
not significantly differ from that at T0 (Fig. 3 and
Table IV). The drop in diversity of non-bicarbonate
treatments resulted from a reduction of many dominant
members of the original community (Fig. 3). The most
apparent reductions were in the Armatimonadetes/OP10,
Cyanobacteria, and a diverse assemblage of OTUs that are
classified as Chloroflexi with low confidence (40±15%
confidence in assignment) (Fig. 3). Each of the
non-bicarbonate treatment communities were dominated
(68–88%) by a single OTU with 95% sequence identity to
Thermus filiformis Hudson et al., which represented only
1.1% of the T0 community. Soil pH controls showed an
average change in pH of 0.2± 0.2 for each soil sample,
suggesting that pH did not significantly fluctuate during
enrichment.

Discussion

The aim of this study was to identify substrates utilized by
the microbial community at Tramway Ridge, and use
them to enrich for the dominant members of the microbial
community that to date have evaded cultivation. Initially
samples were collected for physicochemical and
geochemical characterization, and these results were
used to guide Biolog and enrichment experiments. Site 3
was selected for Biolog and enrichment experiments
because of the common physciochemistry observed at
all depths analysed. Subsequently, these depths were
pooled for the culture-based analyses to provide sufficient
biomass in initial inoculations. Biolog experiments
showed microbial respiration was highest under
conditions that most closely mimicked the natural
environment, namely alkaline and sub-oxic, and many
novel carbon and nitrogen compounds were identified as
putative substrates for organisms in Tramway Ridge
soils. Significant respiration was observed at pH 4.5 and
pH 9.5; however, it is probable that the soil based
inoculum had a buffering effect on the conditions making
it difficult to assess the actual experimental pH of the
system. The response of the microbial community to a
subset of these substrates in enrichment studies was
examined using ARISA, which indicated that most
treatments resulted in a similar shift in the community

over time. Pyrosequencing confirmed that this shift was a
result of decreased richness, decreased evenness and the
dominance of a single OTU, similar to Thermus filiformis.
Bacterial evenness of the T0 community was 0.52,
comparable to that observed in other geothermal
environments (Costa et al. 2009), but lower than in
mesothermal soils and water columns (Dunbar et al. 1999,
Liao et al. 2007). The response of the community to nitrite/
nitrate and bicarbonate enrichments defied this trend.
Nitrite/nitrate enrichment accelerated the community shift,
suggesting this enrichment has a destabilizing effect on the
community. Bicarbonate severely limited the community
shift, suggesting this enrichment has a stabilizing effect on
the community.

Bicarbonate has well known buffering capacity in
acid-base homeostasis (Vanbreem & Wielemak 1974,
Georgacakis et al. 1982). Buffer systems are typically
composed of a weak acid and its conjugate base, which
function to resist pH change by absorbing input of either pH
altering hydrogen or hydroxide ions. Because pH appears to
play a role in structuring the microbial community at
Tramway Ridge (Soo et al. 2009), the presence of
bicarbonate in the enrichment experiment may maintain
homeostasis by buffering pH. In the absence of this buffering,
the pH of the enriched systems may have shifted, thus
creating a new niche for organisms with the capacity to thrive
in a changed pH environment. This may partly explain why
Thermus sp. came to dominate the community in all non-
bicarbonate treatments, as Thermus sp. can grow over a
pH range of 6 to 8.6 (Hudson et al. 1987). However, no
appreciable change in pH was detected in samples
incubated with added water at 65°C, a condition that
promoted the shift to a community dominated byThermus.

An alternate explanation for the observed community
shift is that addition of organic substrates favours the
growth of heterotrophic Thermus sp. In the natural
environment, the subsurface of Tramway Ridge has very
low organic carbon levels (Hansom & Gordon 1998, Soo
et al. 2009). Organic substrates that enhanced respiration
in Biolog experiments (N-acetyl glucosamine, chitin,
inositol and inulin) failed to support maintenance of
the original community composition in enrichment
experiments, instead enhancing growth of Thermus sp.
which were carbon limited in the environment and
took advantage of the carbon-rich conditions of the
enrichments. This explanation fits the experimental
observations, with the exception of inorganic treatments
that showed no retardation in community shift e.g.
Milli-Q, sodium sulfate and sulfide, salt, potassium
sulfate, ammonium oxalate and nitrite/nitrate, with the
latter showing an acceleration in community shift. This
suggests that the community shift is not substrate specific,
but an effect of the general experimental conditions. It is
interesting that nitrite/nitrate treatment accelerated the
shift, as some Thermus species have been shown to utilize
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nitrate as an electron acceptor under anaerobic conditions
(Ramírez-Arcos et al. 1998). Although this experiment
was not strictly anaerobic, the soil was compacted into
sealed tubes which may have restricted oxygen supply,
and created anoxic zones within the soil. Furthermore, it
would explain how a facultative organism could come to
dominate the community in the presence of appropriate
electron acceptors. Another explanation for accelerated
nitrite/nitrate induced community destabilization is the
potential toxicity of nitrite to the system.

A tempting hypothesis to consider is that bicarbonate
may provide a supply of inorganic substrates for
chemoautotrophic members of the community. At
Tramway Ridge, the CO2 rich fumeroles, and slightly
alkaline pH of the soils (Soo et al. 2009), would act to
provide a constant mix of CO2 and bicarbonate to
organisms living within fumarolic sediments. The
GAL35-like sequence dominating the T0 and bicarbonate
communitiesmatched (> 99%nucleotide identity) sequences
from Yellowstone National Park (Meyer-Dombard et al.
2011), United States Great Basin (Costa et al. 2009),
El Tatio geyser field, Chile (Engel et al. 2013), and Rupi
Basin, Bulgaria (unpublished data). Although very little is
known about the bacterial GAL35 class, the only
genomic data available for this phylum points to the
presence of an acetogenic Wood-Ljungdahl (acetyl-CoA)
pathway for CO2 fixation (Takami et al. 2012). Other
chemoautotrophs were also present as minor components
of the T0 community, and were maintained through
bicarbonate treatment, including the nitrifying organisms,
Thaumarchaeota group 1.1b andNitrospirae (Hatzenpichler
et al. 2008). However, in the fumarole environment
at Tramway Ridge the measured organic carbon
concentrations in the soils were higher than the total
carbon concentrations (although both were very low),
suggesting there is no inorganic carbon available.
Therefore, it may be possible that in this environment
any available inorganic carbon is rapidly turned over by
the chemoautotrophic members of the community, thus
limiting their growth.

This study has provided new insights into the
metabolism of the Tramway Ridge microbial community
and putative roles of specific organisms, and how these
drive the structure and functioning of the community.
Enrichment studies showed that bicarbonate slows down
the otherwise dramatic shift in community structure. The
buffering capacity of bicarbonate would reasonably
explain this observation; however, soil pH did not change
during incubation. The dramatic shift observed in all
other treatments was not substrate specific and could not
be explained by organic substrate loading as inorganic
treatments also caused the same shift. However, the
original community was dominated by a putative
chemoautotroph (OP1-GAL35), and contained other
known chemoautotrophs (Thaumarchaeota, Nitrospirae),

which were only maintained by the bicarbonate treatment.
These results suggest that bicarbonate prevented the
community shift by supplying essential inorganic
compounds which are utilized for slow, autotrophic
growth. Hopefully these new insights will aid in the
isolation of the dominant organisms from the soils of
Tramway Ridge fumaroles, rather than the continued
isolation of minor members of the community.
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