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Abstract

Polar volcanoes harbor unique conditions of extreme temperature gradients capable of selecting different types of extremo-
philes. Deception Island is a marine stratovolcano located at Maritime Antarctica that is notable for its pronounced tempera-
ture gradients over very short distances, reaching values up to 100 °C in the fumaroles, and subzero temperatures next to the
glaciers. Due to these characteristics, Deception can be considered an interesting analogue of extraterrestrial environments.
Our main goal in this study was to isolate thermophilic and psychrophilic bacteria from sediments associated with fumaroles
and glaciers from two geothermal sites in Deception Island, comprising temperatures between 0 and 98 °C, and to evaluate
their survivability to desiccation and UV-C radiation. Our results revealed that culturable thermophiles and psychrophiles
were recovered among the extreme temperature gradient in Deception volcano, which indicates that these extremophiles
remain alive even when the conditions do not comprise their growth range. The viability of culturable psychrophiles in
hyperthermophilic environments is still poorly understood and our work showed the importance of future studies about their
survival strategies in high temperatures. Finally, the spore-forming thermophilic isolates which we found have displayed good
survival to desiccation and UV-C irradiation, which suggests their potential to be further explored in astrobiological studies.
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Introduction

Polar volcanoes represent unique regions on Earth where
all temperature-adapted bacteria (e.g., thermophiles, meso-
philes, and psychrophiles) coexist and possibly interact in
Electronic supplementary material The online version of this the same environment due to the pronounced temperature
article (https://doi.org/10.1007/s00792-018-1048-1) contains gradient (Amenabar et al. 2013). Deception Island is a
supplementary material, which is available to authorized users. marine stratovolcano located at Maritime Antarctica that is
notable for its extreme steep temperature gradients, since its
active fumaroles reach values of 100 °C, whereas half of the
island is covered by glaciers (Rey et al. 1995; Herbold et al.
Departamento de Oceanografia Biologica, Instituto 2014). These characteristics make Deception an interesting
Oceanogr{lﬁco’ Universidade de Sdo Paulo, Praga do analogue of extraterrestrial environments, such as Mars’s
Oceanografico 191, Sao Paulo, SP 05508-900, Brazil . R
extinct volcanoes and Enceladus’s cryovolcanoes (Soo
et al. 2009; Sekine et al. 2015). The prominent temperature
gradients over very short distances (e.g., a few meters) in
Deception Island represent a unique opportunity to recover
different culturable extremophiles.
Despite the development of new DNA sequencing tech-
nologies applying omics-based approaches in microbial
ecology, cultivation studies are still relevant to assess the
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physiological properties of bacterial cells (Prakash et al.
2013). Cultures are important to provide the complete
genomes and to test the hypotheses of metabolic poten-
tial and molecular adaptation that emerge from metagen-
omic data (Giovannoni and Stingl 2007). In addition, the
isolation and recovery of living cells from extreme envi-
ronments allow us to understand their survival strategies
under simulated extraterrestrial conditions.

The microbial diversity of Deception Island has been
studied over the last decades mainly through cultivation
techniques. Llarch et al. (1997) isolated six thermophilic
bacteria of the genus Bacillus from water and marine
sediments associated with Deception fumaroles. Muifioz
et al. (2011) have obtained the sequences of Geobacil-
lus, Brevibacillus, and Thermus from culture enrichments
of sediments associated with Deception fumaroles. Other
works carried out in Deception describe the isolation of
psychrophilic and psychrotolerant bacteria from lakes,
marine sediments, and soils not associated with geother-
mal activity. Stanley and Rose (1967) identified bacteria of
the genera Pseudomonas, Flavobacterium, and Achromo-
bacter from five lakes of Deception. Carrién et al. (2011)
isolated eight strains of marine sediments from the island,
belonging to the genera Pseudomonas, Marinobacter, and
Shewanella, and one of these strains was classified as a
new species, proposed Pseudomonas deceptionensis. In a
previous work, we reported the presence of several extre-
mophiles-related sequences (psychrophiles, thermophiles,
hyperthermophiles, and halophiles) among extreme tem-
perature gradients in Deception (Bendia et al. 2018). How-
ever, since only 16S rRNA gene sequences were evaluated,
it was not possible to know if these extremophiles were
viable in those conditions.

To the best of our knowledge, no other work has inves-
tigated the viability of culturable extremophiles among the
prominent temperature gradients in Deception Island, and
focusing on their survival properties. Thereby, in this work,
we aimed to isolate thermophilic and psychrophilic bac-
teria from sediments associated to fumaroles and glaciers
from two geothermal sites in Deception Island, compris-
ing temperatures between 0 and 98 °C with the purpose to
evaluate their culturability through the extreme temperature
gradients. In addition, we aimed to evaluate their potential
application as models in astrobiological studies through des-
iccation and UV-C survival tests. Our results showed that
isolates related to thermophilic and psychrophilic groups
remain alive among the extreme temperature gradients in
Deception Island volcano, even though the conditions do not
comprise their growth range. In addition, our thermophilic
isolates displayed a good resistance against desiccation and
UV-C radiation, probably due to their spore-forming capac-
ity. We proposed here the potential application of these ther-
mophiles in future astrobiological studies.

@ Springer

Methodology
Sampling

Sampling was performed during the XXXII Brazilian
Antarctic Expedition (December 2013—January 2014)
in Deception Island (62°58" S, 60°39" W) volcano, Ant-
arctica, at the geothermally active sites of Fumarole Bay
(FB) (62°58'02.7" S, 60°42" 36.4” W) and Whalers Bay
(WB) (62°58'45.1" S, 60°33'27.3" W) (Fig. 1a, b). In FB,
we collected samples in fumaroles with temperatures of
98 °C (FBA) and 80 °C (FBB), and in a glacier (sedi-
ments below the glacier’s edge) with temperature below
0 °C (FBC). In WB, samples were collected in fumaroles
with temperatures of 50 °C (WBA) and 10 °C (WBB),
and in a glacier also with temperature below 0 °C (WBC)
(Fig. 1b, c). Distances between fumaroles and glaciers at
each site were approximately 15 m, and the WB and FB
transects were approximately 10 km apart. All fumaroles
were in the intertidal zone, with exception of fumarole of
80 °C from FB, which was in the subtidal zone (submerged
at 50 cm depth in the water column). Samples were stored
at 4 °C until arrival at the University of Sdo Paulo, Brazil,
in April 2014.

Estimation of total number of bacterial cells
through quantitative PCR (qPCR)

We performed quantitative PCR (qPCR) to estimate the
total number of bacterial cells per gram of sediment
through 16S rRNA gene copies’ quantification. Reac-
tions were carried out in triplicates in a total volume of
25 pL containing 12.5 pL of SYBR Green PCR Master
Mix (Thermo Fisher Scientific, USA), 200 ng pL~! of
bovine serum albumin (Roche Diagnostics, Germany),
and 0.2 pM of each primer (27F and 518R) (Lane 1991;
Muyzer et al. 1993). Cycles began with the initial dena-
turation at 95 °C for 3 min, followed by 35 cycles of 95 °C
for 30 s, 55 °C for 30 s, and 72 °C for 30 s, on StepOne
Real-Time PCR System (Thermo Fisher Scientific, USA).
The specificity of amplification products was analyzed by
melting curves ranging between 60 and 95 °C. Standard
curves were produced by serial dilutions of bacterial 16S
rRNA gene from Escherichia coli, cloned in plasmids, and
diluted from 1073 to 1073 per assay. We tested the presence
of PCR inhibitors in our samples by combining 1 pL of
positive controls (from 107 to 1078 dilutions) with 1 pL
of the extracted DNA in qPCR reactions. qPCR efficiency
(E =10 V/=51°P%)) and linearity (R-squared value) were cal-
culated from standard curves, and CT measurements were
converted to number of copies per gram of sediment for
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Fig.1 Sampling map. Location of Antarctic Peninsula (a) and
Deception Island, with Fumarole Bay and Whalers Bay geothermal
sites highlighted (b). The map in a was generated using ESRI Arc-
GIS software. The map in b was courtesy of British Antarctic Survey.
Distribution of collected samples across environmental gradients at

each sample. For estimation of the total number of bacte-
rial cells per gram of sediment, we considered the number
of 3.8 copies of 16S rRNA gene per cell (Borrel et al.
2012).

Isolation procedures of extremophiles
from environmental samples

To isolate psychrophiles and thermophiles from the extreme
temperature gradient in Deception Island, we inoculated
the samples in two culture media and two distinct growth
temperatures. Enrichments were performed by adding 5 g
of the sediment samples to 18 mL of Tryptic Soy Broth
(Sigma-Aldrich) and Marine Broth (Difco) both diluted at
10% and with pH of 5.0. The dilution of the media at 10%

FUMAROLE BAY

studied geothermal sites is described in ¢ for Fumarole Bay and d for
Whalers Bay. Values of in situ temperatures are represented in blue
(glaciers) and orange (fumaroles). The arrow indicates the direction
of low and high values of temperature

was chosen with the intention of simulating the oligotrophic
conditions found in the environment. Likewise, pH 5.0 was
chosen according to the mean pH value measured in the
environment. The enrichment cultures were incubated dur-
ing 2 weeks at the temperatures of 4 and 60 °C for the recov-
ery of culturable psychrophiles and thermophiles, respec-
tively. After incubation, the enrichments were inoculated
into their respective 10% solid media using serial dilutions
(1073-107®) for colony isolation. For the solid media incu-
bated at 60 °C, 8 g/L of Gelzan™ CM Gelrite® was added
instead of agar with 0.5 g/L of CaCl,. We randomly selected
three colonies of each culture for isolation procedure. A
total of 147 colonies were successfully isolated and then
selected for subsequent molecular analyses. Isolates were
stored with 20% of glycerol at —80 °C and deposited in the
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Culture Collection at Oceanographic Institute, University
of Sao Paulo.

BOX-PCR and molecular identification

To select only the distinct phylotypes for molecular identi-
fication, BOX-PCR was carried out with the extracted DNA
from all obtained isolates. DNA was extracted directly from
colonies by heating at 94 °C for 15 min. BOX-PCR was
performed using a 0.75 pL of primer at 20 pM (5-CTACGG
CAAGGCGACGCTGACG-3') (Versalovic et al. 1991), 12.5
pL of GoTaq® Hot Start Green Master Mix (Promega, USA),
and 2 pl of DNA and 1.25 pl of DMSO (Sigma-Aldrich,
USA). The PCR program consisted of the following reaction
cycles: 94 °C for 7 min and 35 cycles at 94 °C for 1 min,
53 °C for 1 min and 72 °C for 8 min, and a final extension
at 72° C for 15 min. The PCR products were observed with
electrophoresis using a 2% agarose gel containing 4 pl of the
SYBR Safe dye (Invitrogen, USA). The reference marker
was 1 kb DNA Ladder Plus (Invitrogen, USA). The band-
ing pattern of the isolates was grouped by similarity, and
a dendrogram was constructed using the UPGMA method
and Pearson’s coefficient in BioNumerics software v.5.10
(Applied Maths, Belgium). The distinct phylotypes were
selected for the molecular identification with the 16S rRNA
gene sequencing.

The sequencing of 16S rRNA gene was performed for the
molecular identification of the isolates with distinct phylo-
types. First, a PCR was performed using 27F and 1401R
primers (Niibel et al. 1996; Hongoh et al. 2003), which con-
sisted of: 0.2 pM of each primer, 12.5 pL of GoTaq® Hot
Start Green Master Mix (Promega, USA), 2 pl of DNA, and
1.25 pl of DMSO (Sigma-Aldrich, USA). The thermocycler
program started with a denaturation at 95° C for 3 min, fol-
lowed by 35 cycles of 94 °C for 30 s, 55 °C for 30 s, and
72 °C for 30 s, and final extension at 72 °C for 7 min. The
amplicon was purified by the QIAquick Gel Extraction Kit
(QIAGEN, USA) and quantified by Qubit 1.0 (Life Tech-
nologies, USA) with the Qubit® dsDNA HS Assay Kit (Life
Technologies, USA). After purification, approximately 50 ng
of the amplicons from each isolate were sent for sequencing
by Sanger’s chain termination technique by Genomic Engen-
haria Molecular (Sao Paulo, Brazil). Sequencing reactions
were performed using the BigDye® Terminator v3.1 Cycle
Sequencing Kit (Applied Biosystems, USA) with the prim-
ers 27F and 1401R. The products were sequenced with the
platform 3130xl from Applied Biosystems (USA).

The analysis of the sequences was initially performed
using CodonCodeAligner Software (CodonCode Corpo-
ration, Dedham, MA, USA). Through this software, the
sequences were checked for quality and treated, and contigs
were formed from the overlap of the amplified sequences
with the two primers employed. After obtaining the treated
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contigs, SILVA v128 (High-Quality Ribosomal RNA Data-
bases) database was used to align the sequences, to identify
the isolates and to construct the phylogenetic trees through
the ARB software, using maximum-likelihood method (999
bootstraps) (Ludwig et al. 2004). All sequencing data were
deposited in GenBank (National Center for Biotechnology
Information Sequence Read Archives) under accession num-
bers between MH400077 and MH400151.

Survival of bacterial isolates to desiccation and UV-C
radiation

We randomly selected three isolates of each genus that we
identified through sequencing of 16S rRNA gene (with
exception of the genera Thermus and Sphingomonas, since
only one isolate was obtained from each one) to our desic-
cation survival tests. Thus, we selected a total of 10 and
12 isolates from 60 and 4 °C incubations, respectively. The
desiccation assay was performed similar to the procedure
described by Janning et al. (1994). First, isolates’ colonies
were suspended in saline solution (0.9% NaCl) and their
optical density was standardized to an absorbance between
0.5 and 1.5. A total volume of 10 pl from the cell sus-
pensions of each isolate was deposited on the inner wall
of 1.5 ml sterile microtubes and sealed in a chamber with
silica gel. Silica gel was used to achieve a relative humid-
ity below 5% inside the chamber. Non-desiccated, control
samples were diluted and plated directly from the initial
cell suspensions. After 9 days at room temperature (in the
dark), samples were resuspended in 1 ml of saline solution
(0.9% NaCl) and were diluted up to 1073 (from the initial
cell suspension) and plated for CFU counting using their
respective solid media and growth temperature (60 °C or
4 °C). Survival of microorganisms was determined by the
fraction N/N, (N=number of viable cells recovered after
desiccation; N,=initial concentration of viable cells at the
cell suspension).

Four thermophilic isolates (WBA3_3_AM, FBB1_2_
AM, FBC2_1_AM, and WBB2_2_AM) were selected for
UV-C survival tests. Preliminary assays showed that there
are no significant differences between the survival of similar
isolates (e.g., similar survival of all Anoxybacillus isolates).
The UV-C survival tests were based on the previous work by
Pulschen et al. (2015). We used a chamber equipped with a
Philips TUV-20W low-pressure mercury tube lamp, with an
emission peak at 253.7 nm. For the desiccation tests, plate-
grown colonies were suspended in saline solution (0.9%
NaCl) and standardized to an optical density between 0.5
and 1.5 for the irradiation tests. These suspensions were then
serially diluted from 10~ to 1073, and 5 pl aliquots of each
dilution, for each sample, were plated on solid media. The
irradiations were then performed on these samples of cells
and directly placed on the solid media surfaces, in successive
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fluences of 60 J/m?. The accumulated fluences used were:
0 J/m? (control, non-irradiated), 60 J/m?, 120 J/m?, 180 J/m?,
and 240 J/m?, measured with a Vilber Lourmat RMX-3 W
radiometer equipped with a UV-C photocell (CX-254, Vilber
Lourmat). After exposure, the irradiated plates were incu-
bated overnight at 60 °C for the subsequent CFU counting.
Survival of microorganisms was again determined by the
fraction N/N, (N=number of viable cells recovered at each
fluence; N,=initial concentration of viable cells at the non-
irradiated drops).

Results

Estimated number of total bacterial cells
through qPCR

Sediment from the hottest temperature (98 °C) (FBA)
showed no amplification for bacterial 16S rRNA gene, prob-
ably because, in hyperthermophilic temperature, there is a
dominance of archaeal groups in comparison to bacteria.
Indeed, in a previous work, we detected only archaeal 16S
rRNA sequences in FBA sample using Illumina sequencing
technique (Bendia et al., 2018). The estimated number of
bacterial cells per sediment gram on the other fumaroles
was 3.38x 10" in FBB, 6.33%x 10* in WBB, and 2.69x 10*
in WBA. In glaciers, the numbers were 2.01 x 10* and
1.51x 10 for FBC and WBC, respectively.

Extremophiles isolated from environmental
samples and molecular identification

After incubation in the solid media, we have randomly
selected three colonies of each culture for the subsequent
isolation procedure, preferably selecting colonies with dis-
tinct morphologies. The isolation of extremophilic bacteria
resulted in 67 isolates cultivated at 60 °C and 82 isolates
at 4 °C (Table 1). After the selection of distinct phylotypes
through BOX-PCR, 54 isolates at 60 °C and 45 isolates at
4 °C were selected for molecular identification (Supplemen-
tary Figs. 1 and 2). However, 4 isolates at 60 °C and 16
isolates at 4 °C could not have their rRNA 16S gene ampli-
fied under the analyzed conditions. Phylogenetic analysis
using maximum-likelihood method for 16S rRNA gene
showed six main clades for thermophiles and five clades for
psychrophiles (Supplementary Figs. 3 and 4). These clades
include thermophilic members of the genera Geobacillus,
Brevibacillus, Anoxybacillus, Thermus, and Bacillales order,
and psychrophilic members of Arthrobacter, Psychrobacter,
Flavobacterium, Pseudomonas, and Sphingomonas, accord-
ingly with SILVA database v128.

The majority of isolates grown at 60 °C were assigned
to the genus Geobacillus (56%), 22% were related to

Brevibacillus thermoruber (11 isolates), 14% to Anoxyba-
cillus kestanbolensis (7 isolates), 6% to the order Bacillales,
and 2% were assigned as Thermus thermophilus (Fig. 4a).
Isolates grown at 4 °C were classified as Arthrobacter (23%),
Psychrobacter (11.5%), Flavobacterium (38.5%), Pseu-
domonas (23%), and Sphingomonas (4%) (Fig. 2) (Table 1).

Geobacillus-related isolates were recovered along all
environmental temperature gradients in both Marine Agar
and TSA media incubated at 60 °C. Thermus thermophilus
was obtained only from FB sample (80 °C) grown in Marine
Agar at 60 °C. Brevibacillus thermoruber and Anoxybacillus
kestanbolensis were recovered only from Marine Agar from
sediments with environmental temperatures below 50 °C.
Isolates related to Bacillales order were recovered from WB
glacier with Marine Agar medium (Fig. 2a). When aligned
with NCBI database using BLAST searches, sequences
related to order Bacillales (WBC2_3_AM, WBC3_2_AM,
and WBC3_1_AM) showed 97%, 99%, and 99% of iden-
tity with Caenibacillus caldisaponilyticus (NR_149766.1),
respectively.

In contrast, none of our isolates from 4 °C incubations
was recovered along the complete temperature gradient. We
recovered from fumaroles, isolates related to Arthrobacter,
Flavobacterium, Sphingomonas, Psychrobacter, and Pseu-
domonas. Furthermore, Sphingomonas was only isolated
from FBB sample (80 °C) using Marine Agar medium. In
our glacier samples (<0 °C), all isolates were related to
Pseudomonas, Arthrobacter, and Flavobacterium. Moreo-
ver, Arthrobacter was mainly obtained from Whalers Bay
fumaroles. Surprisingly, we also isolated Arthrobacter from
the hottest fumarole (FBA, 98 °C) (Fig. 2b, Table 1). The
16S rRNA sequence of Arthrobacter from the hottest fuma-
role showed to be more similar to Arthrobacter from fuma-
roles > 50 °C in comparison with Arthrobacter from glaciers
(Supplementary Fig. 5).

Survival of bacterial isolates to desiccation and UV-C
radiation

Thermophilic isolates showed higher desiccation survival
rates when compared to the psychrophiles (Fig. 3). In gen-
eral, the selected thermophilic isolates displayed good desic-
cation survival, losing 0.5-1.5 logs in viability after 9 days
of desiccation. In contrast, all selected psychrophilic isolates
lost 3—4 logs of viability. Since thermophilic isolates dis-
played best survival during desiccation, five representatives
were selected for UV-C irradiation assays (Fig. 4). Breviba-
cillus thermoruber and Anoxybacillus kestanbolensis dis-
played the best survival, capable of enduring up to 240 J/m?
of UV-C irradiation before losing 1 log of viability, whereas
the Gram-negative, non-sporulating Thermus thermophilus
strain showed to be the most sensitive to UV-C radiation

@ Springer
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Table 1 List of Deception thermophiles and psychrophiles which ture (Celsius), percentage of sequence identity with database, contig
were identified through 16S rRNA gene sequencing, including the size in base pairs, and their assigned taxonomy using SILVA v128
environmental temperature of the sample (Celsius), growth tempera- database
Isolate code Sample type Environmental Growth Identity (%) Contig size (bp) SILVA v. 128 classification
temperature temperature
(Celsius) (Celsius)
FBA1_3_TSA Fumarole 98 4 99.764 1269 Bacteria; Actinobacteria; Actinobacte-
ria; Micrococcales; Micrococcaceae;
Arthrobacter
FBB1_1_AM  Fumarole 80 4 99.764 1272 Bacteria; Proteobacteria; Gammaproteo-

bacteria; Pseudomonadales; Moraxel-
laceae; Psychrobacter

FBB1_2_AM  Fumarole 80 4 100.000 1075 Bacteria; Proteobacteria; Alphaproteobac-
teria; Sphingomonadales; Sphingomona-
daceae; Sphingomonas

FBB1_TSA2 Fumarole 80 4 94.177 1281 Bacteria; Bacteroidetes; Flavobacteriia;
Flavobacteriales; Flavobacteriaceae;
Flavobacterium

FBB2_1_AM  Fumarole 80 4 99.099 1221 Bacteria; Bacteroidetes; Flavobacteriia;
Flavobacteriales; Flavobacteriaceae;
Flavobacterium

FBB2_2_TSA  Fumarole 80 4 98.899 1271 Bacteria; Bacteroidetes; Flavobacteriia;
Flavobacteriales; Flavobacteriaceae;
Flavobacterium

FBB3_2_TSA Fumarole 80 4 99.768 1291 Bacteria; Proteobacteria; Gammaproteo-
bacteria; Pseudomonadales; Moraxel-
laceae; Psychrobacter

FBC1_2_AM  Glacier 0 4 99.691 1293 Bacteria; Proteobacteria; Gammaproteo-
bacteria; Pseudomonadales; Pseudomon-
adaceae; Pseudomonas

FBC1_2_TSA Glacier 0 4 99.694 1304 Bacteria; Proteobacteria; Gammaproteo-
bacteria; Pseudomonadales; Pseudomon-
adaceae; Pseudomonas

FBC3_2_AM  Glacier 0 4 99.845 1286 Bacteria; Proteobacteria; Gammaproteo-
bacteria; Pseudomonadales; Pseudomon-
adaceae; Pseudomonas

WBAI1_1_AM Fumarole 50 4 100.000 1296 Bacteria; Proteobacteria; Gammaproteo-
bacteria; Pseudomonadales; Pseudomon-
adaceae; Pseudomonas

WBAI1_1_TSA Fumarole 50 4 98.909 1281 Bacteria; Bacteroidetes; Flavobacteriia;
Flavobacteriales; Flavobacteriaceae;
Flavobacterium

WBA2_2_AM Fumarole 50 4 99.689 1287 Bacteria; Proteobacteria; Gammaproteo-

bacteria; Pseudomonadales; Moraxel-
laceae; Psychrobacter

WBA2_1_TSA Fumarole 50 4 100.000 1258 Bacteria; Actinobacteria; Actinobacte-
ria; Micrococcales; Micrococcaceae;
Arthrobacter

WBA2 2 TSA Fumarole 50 4 99.688 1280 Bacteria; Actinobacteria; Actinobacte-
ria; Micrococcales; Micrococcaceae;
Arthrobacter

WBA2_3_TSA Fumarole 50 4 98.905 1276 Bacteria; Bacteroidetes; Flavobacteriia;
Flavobacteriales; Flavobacteriaceae;
Flavobacterium

WBA3_1_TSA Fumarole 50 4 99.359 1248 Bacteria; Bacteroidetes; Flavobacteriia;
Flavobacteriales; Flavobacteriaceae;
Flavobacterium

WBA3_3 _TSA Fumarole 50 4 99.064 1281 Bacteria; Bacteroidetes; Flavobacteriia;
Flavobacteriales; Flavobacteriaceae;
Flavobacterium
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Table 1 (continued)

Isolate code Sample type Environmental Growth Identity (%) Contig size (bp) SILVA v. 128 classification
temperature temperature
(Celsius) (Celsius)

WBBI1_1_TSA Fumarole 10 4 98.827 1277 Bacteria; Bacteroidetes; Flavobacteriia;
Flavobacteriales; Flavobacteriaceae;
Flavobacterium

WBBI1_3_TSA Fumarole 10 4 98.900 1272 Bacteria; Bacteroidetes; Flavobacteriia;
Flavobacteriales; Flavobacteriaceae;
Flavobacterium

WBB2_2 TSA Fumarole 10 4 99.529 1272 Bacteria; Actinobacteria; Actinobacte-
ria; Micrococcales; Micrococcaceae;
Arthrobacter

WBCI1_1_AM Glacier 0 4 99.923 1289 Bacteria; Proteobacteria; Gammaproteo-
bacteria; Pseudomonadales; Pseudomon-
adaceae; Pseudomonas

WBCI1_2_AM Glacier 0 4 100.000 1291 Bacteria; Proteobacteria; Gammaproteo-
bacteria; Pseudomonadales; Pseudomon-
adaceae; Pseudomonas

WBCI1_3_AM Glacier 0 4 98.505 1269 Bacteria; Actinobacteria; Actinobacte-
ria; Micrococcales; Micrococcaceae;
Arthrobacter

WBC2_2_AM Glacier 0 4 97.949 1275 Bacteria; Bacteroidetes; Flavobacteriia;
Flavobacteriales; Flavobacteriaceae;
Flavobacterium

WBC3_2_TSA Glacier 0 4 98.503 1267 Bacteria; Actinobacteria; Actinobacte-
ria; Micrococcales; Micrococcaceae;
Arthrobacter

WBC2_3_AM Glacier 0 60 99.344 1369 Bacteria; Firmicutes; Bacilli

WBC2_1_TSA Glacier 0 60 99.073 1293 Bacteria; Firmicutes; Bacilli; Bacillales;
Bacillaceae; Geobacillus

WBC3_2_AM Glacier 0 60 99.400 1164 Bacteria; Firmicutes; Bacilli

WBC3_1_AM Glacier 0 60 99.468 1313 Bacteria; Firmicutes; Bacilli

WBC2_2_AM Glacier 0 60 97.115 1248 Bacteria; Firmicutes; Bacilli; Bacillales;
Paenibacillaceae; Brevibacillus

WBC2_1_AM Glacier 0 60 99.768 1294 Bacteria; Firmicutes; Bacilli; Bacillales;
Bacillaceae; Anoxybacillus

WBCI1_2_AM Glacier 0 60 99.769 1301 Bacteria; Firmicutes; Bacilli; Bacillales;
Bacillaceae; Anoxybacillus

WBCI_1_AM Glacier 0 60 99.767 1290 Bacteria; Firmicutes; Bacilli; Bacillales;
Bacillaceae; Anoxybacillus

WBB3_3_AM Fumarole 10 60 99.770 1303 Bacteria; Firmicutes; Bacilli; Bacillales;
Bacillaceae; Anoxybacillus

WBB3_2_AM Fumarole 10 60 99.767 1287 Bacteria; Firmicutes; Bacilli; Bacillales;
Bacillaceae; Anoxybacillus

WBB3_1_AM Fumarole 10 60 99.766 1284 Bacteria; Firmicutes; Bacilli; Bacillales;
Bacillaceae; Anoxybacillus

WBB2_3_AM Fumarole 10 60 99.840 1251 Bacteria; Firmicutes; Bacilli; Bacillales;
Bacillaceae; Anoxybacillus

WBB2_2_AM Fumarole 10 60 99.766 1281 Bacteria; Firmicutes; Bacilli; Bacillales;
Bacillaceae; Anoxybacillus

WBB2_1_AM Fumarole 10 60 99.768 1292 Bacteria; Firmicutes; Bacilli; Bacillales;
Bacillaceae; Anoxybacillus

WBB1_3_AM Fumarole 10 60 99.840 1246 Bacteria; Firmicutes; Bacilli; Bacillales;
Bacillaceae; Anoxybacillus

WBB1_2_AM Fumarole 10 60 99.532 1283 Bacteria; Firmicutes; Bacilli; Bacillales;

Bacillaceae; Geobacillus
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Table 1 (continued)

Isolate code Sample type Environmental Growth Identity (%) Contig size (bp) SILVA v. 128 classification
temperature temperature
(Celsius) (Celsius)
WBBI1_1_AM Fumarole 10 60 99.693 1303 Bacteria; Firmicutes; Bacilli; Bacillales;
Bacillaceae; Anoxybacillus
WBA3_2 TSA Fumarole 50 60 99.150 1293 Bacteria; Firmicutes; Bacilli; Bacillales;
Bacillaceae; Geobacillus
WBA3_1_TSA Fumarole 50 60 99.201 1250 Bacteria; Firmicutes; Bacilli; Bacillales;
Bacillaceae; Geobacillus
WBA3_3_AM Fumarole 50 60 99.459 1293 Bacteria; Firmicutes; Bacilli; Bacillales;
Bacillaceae; Geobacillus
WBA3_ 2 AM Fumarole 50 60 100.000 1202 Bacteria; Firmicutes; Bacilli; Bacillales;
Paenibacillaceae; Brevibacillus
WBA2_2 TSA Fumarole 50 60 99.078 1301 Bacteria; Firmicutes; Bacilli; Bacillales;
Bacillaceae; Geobacillus
WBA2_1_TSA Fumarole 50 60 99.156 1302 Bacteria; Firmicutes; Bacilli; Bacillales;
Bacillaceae; Geobacillus
WBA2_3_AM Fumarole 50 60 100.000 1250 Bacteria; Firmicutes; Bacilli; Bacillales;
Paenibacillaceae; Brevibacillus
WBA2_1_AM Fumarole 50 60 100.000 1275 Bacteria; Firmicutes; Bacilli; Bacillales;
Paenibacillaceae; Brevibacillus
WBAI1_1_TSA Fumarole 50 60 98.918 1293 Bacteria; Firmicutes; Bacilli; Bacillales;
Bacillaceae; Geobacillus
FBC3_3_TSA Glacier 0 60 98.926 1303 Bacteria; Firmicutes; Bacilli; Bacillales;
Bacillaceae; Geobacillus
FBC3_2_TSA Glacier 0 60 98.989 1285 Bacteria; Firmicutes; Bacilli; Bacillales;
Bacillaceae; Geobacillus
FBC3_1_TSA Glacier 0 60 99.148 1290 Bacteria; Firmicutes; Bacilli; Bacillales;
Bacillaceae; Geobacillus
FBC3_1_AM  Glacier 0 60 100.000 1204 Bacteria; Firmicutes; Bacilli; Bacillales;
Paenibacillaceae; Brevibacillus
FBC2_3_TSA Glacier 0 60 99.069 1288 Bacteria; Firmicutes; Bacilli; Bacillales;
Bacillaceae; Geobacillus
FBC2_2 TSA Glacier 0 60 99.158 1306 Bacteria; Firmicutes; Bacilli; Bacillales;
Bacillaceae; Geobacillus
FBC2_2_AM  Glacier 0 60 100.000 1276 Bacteria; Firmicutes; Bacilli; Bacillales;
Paenibacillaceae; Brevibacillus
FBC2_1_AM  Glacier 0 60 100.000 1278 Bacteria; Firmicutes; Bacilli; Bacillales;
Paenibacillaceae; Brevibacillus
FBC1_3_TSA Glacier 0 60 99.201 1251 Bacteria; Firmicutes; Bacilli; Bacillales;
Bacillaceae; Geobacillus
FBC1_2_TSA Glacier 0 60 99.362 1252 Bacteria; Firmicutes; Bacilli; Bacillales;
Bacillaceae; Geobacillus
FBC1_2_AM  Glacier 0 60 99.280 1249 Bacteria; Firmicutes; Bacilli; Bacillales;
Bacillaceae; Geobacillus
FBC1_1_AM  Glacier 0 60 99.001 1300 Bacteria; Firmicutes; Bacilli; Bacillales;
Bacillaceae; Geobacillus
FBB3_2_AM  Fumarole 80 60 99.003 1303 Bacteria; Firmicutes; Bacilli; Bacillales;
Bacillaceae; Geobacillus
FBB3_1_AM  Fumarole 80 60 98.995 1293 Bacteria; Firmicutes; Bacilli; Bacillales;
Bacillaceae; Geobacillus
FBB2_3_TSA Fumarole 80 60 99.073 1293 Bacteria; Firmicutes; Bacilli; Bacillales;
Bacillaceae; Geobacillus
FBB2_2_TSA Fumarole 80 60 99.156 1302 Bacteria; Firmicutes; Bacilli; Bacillales;

Bacillaceae; Geobacillus
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Table 1 (continued)

Isolate code Sample type Environmental Growth Identity (%) Contig size (bp) SILVA v. 128 classification
temperature temperature
(Celsius) (Celsius)
FBB2_3_AM  Fumarole 80 60 98.992 1289 Bacteria; Firmicutes; Bacilli; Bacillales;
Bacillaceae; Geobacillus
FBB2_1_AM  Fumarole 80 60 99.279 1247 Bacteria; Firmicutes; Bacilli; Bacillales;
Bacillaceae; Geobacillus
FBB1_3_TSA Fumarole 80 60 99.147 1289 Bacteria; Firmicutes; Bacilli; Bacillales;
Bacillaceae; Geobacillus
FBB1_2_TSA  Fumarole 80 60 99.228 1294 Bacteria; Firmicutes; Bacilli; Bacillales;
Bacillaceae; Geobacillus
FBB1_1_TSA Fumarole 80 60 99.150 1293 Bacteria; Firmicutes; Bacilli; Bacillales;
Bacillaceae; Geobacillus
FBB1_2_AM  Fumarole 80 60 99.836 1221 Bacteria; Deinococcus-Thermus; Deino-
cocci; Thermales; Thermaceae; Thermus
FBB1_1_AM  Fumarole 80 60 99.462 1301 Bacteria; Firmicutes; Bacilli; Bacillales;

Bacillaceae; Geobacillus

among the tested isolates, losing almost 2 logs of viability
upon 180 J/m>.

Discussion

Extremophiles from geothermal habitats have been studied
over the last decades; however, a few studies focused on
understanding the viability of culturable bacteria through
steep temperature gradients usually found in the polar vol-
canoes. Deception Island provides a unique opportunity
to study temperature-adapted bacteria due to the close-
ness between fumaroles and glaciers. Using cultivation
techniques to isolate thermophiles and psychrophiles from
Deception fumaroles and glaciers, we obtained these cul-
turable extremophiles across all the temperature gradients.
These results suggest that polar volcanoes such as Deception
allow the coexistence and a possible interaction between
thermophiles and psychrophiles. Furthermore, our results
suggest that our spore-forming thermophilic isolates pre-
sented a good survival towards desiccation and UV-C radia-
tion, and could be applied as future models for astrobiologi-
cal studies.

In our study, we obtained thermophiles from the genera
Geobacillus, Brevibacillus, Anoxybacillus, Thermus, and
Bacillales order. These groups were previously described
in Deception sediments associated with fumaroles using
different growth media (Llarch et al. 1997; Muifioz et al.
2011). However, in our work, we recovered these thermo-
philes from both fumaroles and glaciers, with environmental
temperatures between 80 and 0 °C (Fig. 4). Several works
suggested that microorganisms were often detected in envi-
ronmental conditions that do not comprise their growth
range (Hubert et al. 2009). A previous study has shown that

thermophilic microorganisms can be trapped in glaciers by
process of accretion and then be preserved for long peri-
ods (Bulat et al. 2004). Hubert et al. (2009) have detected
inactive thermophilic bacteria of Firmicutes phylum in cold
Arctic sediments that were rapidly activated when submit-
ted to their optimal growth conditions. Rahman et al. (2004)
described thermophilic bacteria in cool soil environments
of Ireland and suggested the autochthonous nature of the
thermophilic bacteria inhabiting cold ecosystems. Dormant
thermophilic cells can thrive in hostile environments through
sporulation, explaining the presence of these viable microor-
ganisms in inhospitably cold habitats (Hubert et al. 2009). In
fact, the majority of our thermophilic isolates (with excep-
tion of Thermus thermophilus) are spore-forming bacteria
(Manachini et al. 1985; Dulger et al. 2004; Zeigler 2014),
which can help to explain their culturability in the Decep-
tion glaciers.

We also isolated psychrophiles related to Arthrobac-
ter, Psychrobacter, Flavobacterium, Pseudomonas, and
Sphingomonas genera in both Deception fumaroles and
glaciers. Pseudomonas and Flavobacterium were previ-
ously isolated from Deception samples associated with
lakes and cold marine sediments (Stanley and Rose 1967,
Carrion et al. 2011). Arthrobacter, Psychrobacter, and
Sphingomonas have been described in several Antarctic
ecosystems, such as soils, marine sediments, and sea ice
(e.g., Bowman et al. 1997; Turkiewicz et al. 1999; Reddy
et al. 2000; Prabagaran et al. 2007; Baraniecki et al. 2002;
Dsouza et al. 2015), showing their cosmopolitan nature
in cold ecosystems. Culturable cells related to psychro-
philic groups are poorly described in hot environments
and the majority of studies have detected these micro-
organisms through culture-independent genomic meth-
ods, which do not allow us to know if they were in fact
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Fig.2 Relative abundances of the taxonomic groups assigned to the
isolates grown at 60 °C (67 isolates) (a) and 4 °C (80 isolates) (b)
at the maximum classification level. Environmental temperatures of

alive in those conditions. For example, Kaur et al. (2018)
obtained sequences related to Arthrobacter from hot
spring soil in India with temperatures from 50 to 90 °C
through metagenomics. Psychrobacter sequences were
obtained from geothermal water samples in Iceland with
temperatures around 40 °C through pyrosequencing of 16S
rRNA gene (Palinska et al. 2018). Sphingomonas mem-
bers, which could be psychrophilic or mesophilic chem-
oorganotrophs, were detected in deep-sea hydrothermal
field of the Suiyo Seamount using clone library technique
(Kato et al. 2009).
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each sample are represented. Sequences were assigned with 97% sim-
ilarity against the SILVA database v128

Groups with known psychrophilic members.

The psychrophilic groups that we found in Deception
have usually a maximum growth temperature below 35 °C
(Bakermans and Nealson 2004; Lauro et al. 2011; Cavic-
chioli 2016) and, to the best of our knowledge, no other work
has described their viability in hyperthermophilic tempera-
tures. One strain of Psychrobacter piscatorii has been iso-
lated from deep-sea hydrothermal vents on the East Pacific
Rise and draft genomic analyses have shown the presence of
more catalase genes in comparison to other Psychrobacter
genomes (Zhou et al. 2016). The presence of these catalase
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Fig.3 Desiccation resistance of representative isolates from Deception fumaroles and glaciers. Thermophiles are represented in red and psy-

chrophiles in blue

genes may favor Psychrobacter adaptation to oxidative
environments, as those found in geothermal systems with
hydrogen sulfide emissions. The additional genes’ content of
some psychrophilic strains as those described by Zhou et al.
(2016) probably helps the psychrophile adaptation in geo-
thermal environments and could explain their culturability
in our fumaroles samples.

10°
= 1075
£
£
=
2
c
=}
N 1074
]| —— Geobacillus sp. WBA3_3_AM
1 —@— T. thermophilus FBB1_2_AM
1 —#— A. kestanbolensis FBC2_1_AM
10° —W— B. thermoruber WBB2_2_AM
T T T T T T

T T
60 120 180 240

Fluence (J/m?)

Fig.4 UV-C resistance of the selected thermophilic isolates related to
Geobacillus, Thermus, Anoxybacillus, and Bacillus genera

We also tested our obtained isolates to desiccation and
UV-C resistance, seeking to investigate their potential as
astrobiological models. In fact, samples from extreme envi-
ronments (as Antarctica and Atacama as ideal) have been
constantly explored in the search of microbes that could be
further studied in the astrobiology context (Musilova et al.
2015; Pulschen et al. 2015). We observed a clear distinction
from the retrieved thermophilic isolates and psychrophilic
isolates to desiccation survival (Fig. 3), which we attribute
to the fact that, excluding T. thermophilus, all thermophilic
isolates tested are spore-forming bacteria (Manachini et al.
1985; Dulger et al. 2004; Zeigler 2014). Therefore, we
decided to explore further such spores’ resistance, expos-
ing them to UV-C irradiation. The UV-C radiation is more
energetic and bactericidal that longer UV wavelengths as
UV-B and UV-A. Although not present on Earth, it com-
poses a significant proportion of UV spectra on the Martian
surface, due to the rarified atmosphere of the planet (Cock-
ell et al. 2000), therefore, having significant importance to
astrobiology studies (Paulino-Lima et al. 2013; Pulschen
et al. 2015). We observed that B. thermoruber and A. kes-
tanbolensis displayed the best survival, scoring a good sur-
vival after UV-C irradiation, with a D, of 200 J/m?. For
comparative purposes, the described D, of Escherichia coli
to UV-C radiation is 30 J/m? (Paulino-Lima et al. 2013).
As expected, Thermus thermophilus displayed the lowest
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survival to UV-C (Fig. 4), compared to the other tested ther-
mophilic organisms.

Bacterial spores are well-established models for astrobi-
ology, due to their resistance to multiple factors, including
desiccation and UV irradiation. Spores of Bacillus pumi-
lus and Bacillus subtilis, for example, have already been
exposed and tested for their survival under true space con-
ditions (Horneck et al. 2012; Panitz et al. 2015). Recently,
Khodadad et al. (2017) directly exposed desiccated spores
of B. pumilus to the stratosphere (above 30 km of altitude).
Remarkably, after 4 h of direct exposure, viable spores could
still be retrieved. Due to such high resistance of bacterial
spores, they are also studied in the context of planetary pro-
tection (Schuerger et al. 2003; Khodadad et al. 2017).

Conclusion

Using cultivation techniques, we obtained psychrophilic and
thermophilic isolates among all the pronounced tempera-
ture gradients (from O to 98 °C) on Deception Island, which
indicates that the extremophilic cells remain viable even
when the conditions do not support their metabolic activity.
Although the previous studies have been isolated thermo-
philes from cold ecosystems, the recovery of psychrophiles
in hyperthermophilic environments is still poorly understood
and our work suggests the importance of studies about their
survival strategies in high temperatures. Finally, our thermo-
philic isolates, especially those belonging to spore-forming
genera, have displayed resistance towards desiccation and
UV-C irradiation. These initial data suggest that such ther-
mophilic spores have potential to be further explored in
astrobiological studies.
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