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Extreme temperature gradients in polar volcanoes are capable of selecting different
types of extremophiles. Deception Island is a marine stratovolcano located in maritime
Antarctica. The volcano has pronounced temperature gradients over very short
distances, from as high as 100°C in the fumaroles to subzero next to the glaciers. These
characteristics make Deception a promising source of a variety of bioproducts for use
in different biotechnological areas. In this study, we isolated thermophilic bacteria from
sediments in fumaroles at two geothermal sites on Deception Island with temperatures
between 50 and 100°C, to evaluate the potential capacity of these bacteria to degrade
petroleum hydrocarbons and produce biosurfactants under thermophilic conditions. We
isolated 126 thermophilic bacterial strains and identified them molecularly as members
of genera Geobacillus, Anoxybacillus, and Brevibacillus (all in phylum Firmicutes).
Seventy-six strains grew in a culture medium supplemented with crude oil as the only
carbon source, and 30 of them showed particularly good results for oil degradation.
Of 50 strains tested for biosurfactant production, 13 showed good results, with an
emulsification index of 50% or higher of a petroleum hydrocarbon source (crude oil
and diesel), emulsification stability at 100°C, and positive results in drop-collapse,
oil spreading, and hemolytic activity tests. Four of these isolates showed great
capability of degrade crude oil: FB2_38 (Geobacillus), FB3_54 (Geobacillus), FB4_88
(Anoxybacillus), and WB1_122 (Geobacillus). Genomic analysis of the oil-degrading and
biosurfactant-producer strain FB4_88 identified it as Anoxybacillus flavithermus, with
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a high genetic and functional diversity potential for biotechnological applications. These
initial culturomic and genomic data suggest that thermophilic bacteria from this Antarctic
volcano have potential applications in the petroleum industry, for bioremediation in
extreme environments and for microbial enhanced oil recovery (MEOR) in reservoirs.
In addition, recovery of small-subunit rBNA from metagenomes of Deception Island
showed that Firmicutes is not among the dominant phyla, indicating that these
low-abundance microorganisms may be important for hydrocarbon degradation and
biosurfactant production in the Deception Island volcanic sediments.

Keywords: extremophiles, thermophiles, polar volcano, Antarctica, biosurfactants, oil degradation, bacterial

isolation

INTRODUCTION

Antarctica is a mosaic of extreme, mainly cold ecosystems.
However, the continent has four active volcanoes, three on the
continent itself (Mounts Erebus, Melbourne, and Rittmann) and
one in maritime Antarctica (Deception Island) (Herbold et al.,
2014). These are unique volcano habitats; in particular, Deception
Island, a stratovolcano with fumarolic emissions, thermal springs,
and hot soils that can reach temperatures as high as 110°C, is
under marine influence (Caselli et al., 2004). These characteristics
provide ideal conditions and opportunities to select a versatile
and extremely diverse community of microorganisms adapted to
psychrophilic and thermophilic stresses.

Although the microbial diversity of Deception Island has
been studied in recent decades, knowledge of these microbes
is still in its infancy. Previous studies found culturable
thermophilic bacteria belonging to the genera Geobacillus,
Bacillus, Brevibacillus, and Thermus (Munoz et al., 2011;
Bendia et al., 2018a). Several DNA sequences of extremophiles
(psychrophiles, thermophiles, and hyperthermophiles) have been
evaluated, using metagenomic analyses and the 16S rRNA
gene. Bendia et al. (2018b) found a prevalence of the phylum
Proteobacteria (43.75%), followed by Bacteroidetes (17.11%)
along environmental gradients on Deception Island. Phylum
Firmicutes was also present, with a relative abundance of 0.38%.

Metagenomic approaches, in which the total DNA is
extracted directly from environmental samples and shotgun-
sequenced (Kunin et al., 2008), have been used to investigate
microbial communities and their functions in various extreme
environments, such as thermal pools (Wilkins et al., 2019), desert
biological soil crusts (Meier et al., 2021), permafrost (Woodcroft
et al., 2018), and Antarctic microbial mat and soil (Zaikova
et al., 2019; Bendia et al., 2021). Nearly complete genomes have
been assembled from shotgun-sequenced metagenomes from
these environments. However, it has proven difficult to assemble
genomes from populations with relative abundances below 1% by
using current metagenome sequencing and assembly approaches
(Albertsen et al., 2013). Therefore, only genomes of the dominant
populations are recovered from a simple microbial community
(Somerville et al., 2019).

Despite the advent of omics analysis, culture studies
are still important to assess the physiological properties
of bacterial cells and to cover the limits of detection of

independent-culture methods (Zamkovaya et al, 2021). Such
studies allow us to understand the survival strategies and
metabolic adaptations of bacteria (Bendia et al., 2021) and
to explore their potential for use in different areas of
biotechnology, through culturomics and deep genomic analyses
(Schultz and Rosado, 2019, 2020).

Bacterial thermophiles are a source of a variety of bioproducts
and can be isolated from different environments, such as
geothermal sites in Antarctica. To date, only a few studies
have attempted to isolate thermophilic microorganisms from
Deception Island for potential use in industrial processes.
Cultured bacterial isolates belonging to Geobacillus, Bacillus,
Brevibacillus, and Thermus were explored and showed positives
results for the production of lipases (Mufoz et al., 2013, 2015).
Flores et al. (2018) partially characterized a thermophilic
microorganism identified as Bacillus gelatini, which showed
stable glutamate dehydrogenase activity at high temperatures.
Additionally, a new thermophile identified as Albidovulum
sp. SLM16 showed amine transaminase activity (Marquez
and Blamey, 2019). Remarkably, most of the isolated strains
have been assigned to Firmicutes, a taxon found in low
abundance on Deception Island (Bendia et al., 2018b).
Increasing research on the rare biosphere is expanding our
understanding of the importance of these less abundant
organisms in ecology and biotechnology (Jousset et al., 2017).
Rare microbial communities are described as potential sources
for new genes, pathways, and solutions for environmental
decontamination to apply in bioremediation and bioprospecting
(Pascoal et al., 2020).

Geothermal environments in Antarctica, including Deception
Island, are poorly explored for biotechnologically useful
bioproducts. Discovery and study of new microorganisms,
particularly thermophiles, from this extreme continent are
important not only for the contribution to knowledge of
microbial ecology and biodiversity but as a source of novel
biocompounds with potential uses for industrial, environmental,
medical, and commercial purposes (Perfumo et al, 2018).
Because of their thermal and chemical stability as well as
structural and molecular modifications, thermophiles can be
used for processes that require high temperatures, such as
in the bioenergy, bioconversion, pharmaceutical, biomedical,
detergent, agriculture, and oil industries (Schultz and Rosado,
2020; Zuliani et al., 2021). In the oil industry, thermophiles
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have received increasing attention for two main applications:
microbial enhanced oil recovery (MEOR), a tertiary oil recovery
technique (Datta et al., 2022), and bioremediation of extreme
environments contaminated by crude oil and its derivatives
(Almeida et al., 2016; Schultz and Rosado, 2020).

The negative impacts of human activities across Antarctica,
including Deception Island, caused by a distinct set of
threats over and above those associated with global climate
change, such as tourism, cargo, structures and facilities, and
spills of oil and its derivatives on land and in marine
environments, significantly affect the wildlife and disturb the
polar ecosystem (Chown and Brooks, 2019; Convey and
Peck, 2019). Bioremediation processes hold great promise
for exploiting the ability of polar microbes to metabolize
hydrocarbon substrates. For bioremediation strategies, it is
first necessary to determine the structure and diversity of
the microbial community in the contaminated site capable of
degrading petroleum hydrocarbons, because the effectiveness of
bioremediation will depend on the functionality of indigenous
microorganisms in degrading the oil compounds (Goswami
et al, 2018; Sharma and Pandey, 2021). The hydrophobicity
generally limits the rate of biodegradation; however, microbes
can produce biosurfactants and bioemulsifiers, amphipathic
organic molecules with tensioactive and emulsification effects,
which enhance their access to target hydrocarbon substrates and
bioavailability of the compound (Pacwa-Plociniczak et al., 2011;
Sharma et al., 2022).

Extreme biosurfactants and bioemulsifiers produced by
thermophiles remain little explored for biotechnological
purposes. Because the compounds and the microbial-producer
remain active and stable in high temperatures, such as found in oil
reservoirs and geothermal sites, they can be potentially applied
in MEOR and also in bioremediation of hot environments
(Dhanarajan et al, 2017; Geetha et al., 2018; Schultz and
Rosado, 2020). The momentum is increasing to bioprospect in
more hostile environments, such as geothermal environments
in Antarctica, that might be a source of novel and more
efficient products.

We hypothesized that bacteria isolated from thermophilic
Antarctic sediments would contain as-yet-undescribed and
biotechnologically important metabolic capacities for oil
degradation and biosurfactant production that are screenable
in tests and have potential applications in the oil industry.
To test this hypothesis, we isolated thermophilic bacteria
from sediments associated with fumaroles at two geothermal
sites on Deception Island, at temperatures between 50 and
100°C, to evaluate the potential capacity of these bacteria to
degrade petroleum hydrocarbons and produce biosurfactants
and/or bioemulsifiers under thermophilic conditions. We
related the phylogeny of the isolates recovered in this
study to those of the reconstructed small-subunit (SSU)
rRNA gene sequences, to determine what fraction of the
bacterial diversity was recovered by isolation using simple
modifications to existing culture methods. Finally, we assessed
metabolic functions related mainly to hydrocarbon degradation
and biosurfactant and bioemulsifier production, through
genomic exploration.

MATERIALS AND METHODS

Study Site and Sampling Strategy

Sampling was performed during the XXXIV Brazilian Antarctic
Expedition (December 2015-January 2016) on the volcanic
Deception Island, Antarctica, at the geothermally active sites of
Whalers Bay (WB) (-62.979611, -60.555778) and Fumarole Bay
(FB) (-62.967417, -60.710111). In Whalers Bay, samples were
collected in fumaroles with temperatures of 50°C (WB1) and
60°C (WB2). In Fumarole Bay, we collected samples in fumaroles
with temperatures of 55°C (FB1), 70°C (FB2), 80°C (FB3), and
100°C (FB4). The fumaroles were less than 2 m apart, and the
Whalers Bay and Fumarole Bay transects were approximately
10 km apart. All fumaroles were in the intertidal zone, except
for a fumarole with a temperature of 80°C from Fumarole Bay
(FB3), which was in the subtidal zone (50 cm below the water
surface). Approximately 500 g of sediment was collected from
each sampling point, from a depth of 0 to 5 cm. The samples
were placed in sterile plastic bags and immediately transferred to
the laboratory, where they were stored at 4°C until arrival at the
Federal University of Rio de Janeiro, Brazil, in April 2016.

Isolation of Thermophiles From

Environmental Samples

A summary of the experimental design is available in
Supplementary Figure 1. To isolate thermophiles from the
fumaroles on Deception Island, we inoculated the samples
into six culture media at 55°C growth temperature. The
temperature of 55°C was selected based on the temperature
found in Fumarole Bay (55-100°C) and Whalers Bay (50-60°C).
First, each sediment sample was homogenized and 10 g was
added to 90 mL of saline solution (0.85%) with glass beads
and agitated for 2 h. Serial tenfold dilutions (107!-1073) were
prepared in the same diluent, and in triplicate, 0.1 mL of each
dilution was spread over the surface of Petri dishes containing
six different culture media. The media were lysogeny agar
(Bertani, 1951), marine agar (Zobell, 1941), glucose yeast malt
(Mendez et al,, 1985), DSMZ 260 medium (DSMZ GmbH),
calcium phytate medium (Richardson and Simpson, 2011),
and NBRIP (National Botanical Research Institute Phosphate)
medium (Nautiyal, 1999). Plates were incubated at 55°C for
48 h. The composition of the used culture media is available in
Supplementary Table 1.

After the incubation period, we randomly selected three
colonies of each culture for the isolation procedure. A total of
126 colonies were successfully isolated and then selected for
subsequent molecular analyses. The pure strains were stored at
-80°C with 20% (v/v) glycerol and deposited in the Culture
Collection of the Microbial Molecular Ecology Laboratory,
Federal University of Rio de Janeiro.

16S rRNA Sequence Analysis and

Identification

Samples were cultured in lysogeny broth for 48 h at 55°C with
constant shaking, and bacterial genomic DNA was extracted
using the Wizard® Genomic DNA Purification Kit (Promega,
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United States) according to the manufacturer’s instructions.
Isolates were identified based on partial sequencing of the
16S rRNA gene for molecular identification. An approximately
1450-bp fragment of the 16S rRNA gene was amplified, using
universal primers 27F (5-AGA-GTT-TGA-TCM-TGG-CTC-
AG-3') and 1492R (5'-TAC-GGY-TAC-CTT-GTT-ACG-ACT-
T-3’) (Lane, 1991) with a PCR reaction, which consisted of
10 pM of each primer, 10 ng of DNA, BSA (1:20), MyTaq®
(Bioline, United States), and 2X buffer containing dNTPs and
MgCl, (Bioline, United States) for a total volume of 25 pL.
The amplification was performed in a thermocycler, with an
initial denaturation at 95°C for 3 min, followed by 25 cycles
of 95°C for 30 s, 55°C for 30 s, and 72°C for 30 s, with a
final extension at 72°C for 5 min. PCR products were purified
with SureClean Plus (Bioline, United States), quantified by Qubit
4.0 with the Qubit® dsDNA HS Assay Kit (Life Technologies,
United States), and examined by electrophoresis on 1.5% agarose
gels stained with ethidium bromide and observed under UV
light. After purification, approximately 25 ng of the amplicons
from each isolate was sent for sequencing by Sanger’s chain
termination technique.

The sequences were initially analyzed using Geneious Prime
v. 2022.0.2' to check for quality and treated, and contigs
were formed from the overlap of the amplified sequences with
the two primers.

Metagenomic Sequencing and
Reconstruction of Small-Subunit of rRNA
Genes From Metagenome Reads and
Comparisons of Small-Subunit rRNA

Genes From Isolates
The DNA used to perform the metagenomic sequencing was
extracted from samples collected in the same area where the
samples for isolating bacteria were obtained. The DNA extraction
and metagenome sequencing (Shotgun) methods were described
by Bendia et al. (2021). Reads were filtered using SICKLE
software (Joshi and Fass, 2011), using a minimum Phred score of
30. Metagenomics RAST server (MG-RAST) provides sequence
quality control by removing duplicate sequences and selecting
sequences larger than 80 bp and a Phred score greater than 30 for
analysis (Meyer et al., 2008). All the metagenomic sequences were
retrieved from the MG-RAST server (project ID mgp15628).
Nearly full-length SSU rRNA sequences were reconstructed
from metagenome sequences with MATAM (Mapping-Assisted
Targeted- Assembly for Metagenomics; Pericard et al., 2018). We
used Trimmomatic (Bolger et al., 2014) as a sequence quality
trimmer. Paired-end reads where both reads were at least 60
nucleotides in length after trimming were used as inputs. The
reads were mapped to release 132 of the Silva SSU Ref NR
database (Quast et al., 2013), clustered at 97% similarity, using
the tool SortMeRNA (Kopylova et al., 2012). To the SILVA
database v.132, we added the SSU rRNA gene sequences of
the isolates cultured in this study. Chimeric sequences were
removed by UCHIME (Edgar et al., 2011) implemented in

lwww.geneiousicom

VSEARCH (Rognes et al., 2016) and querying the Silva 132 SSU
Ref Nr99 database.

We also attempted to determine the bacterial fraction of
the metagenomes that were also recovered by culturing. We
clustered sequences with more than 97% similarity, defined here
as the same Operational Taxonomic Unit (OTU). To determine
which sequences were more than 97% similar, we used the tool
UCLUST from the USEARCH package (Edgar, 2010), where
we clustered the SSU rRNA gene sequences of all isolates with
those of the SSU rRNA genes reconstructed from metagenomes.
Briefly, the fasta files containing the sequences of all isolates
were concatenated into the fasta files containing the ribosomal
sequences reconstructed by MATAM. Sequences were then sorted
by length prior to OTU clustering using UCLUST.

Screening of Oil-Degrading Thermophilic
Bacteria

We randomly selected 100 isolates previously identified from
the 16S rRNA gene to test their capacity to degrade petroleum
hydrocarbons. We reactivated the isolates in LB broth at 55°C for
48 h with constant shaking, and then transferred a total volume of
100 pL of each culture to plates containing solid Bushnell-Haas
(BH) medium (0.02 g L~ ! CaCl, x 2 H,0,0.2 g Lt MgSOy x 7
H,0, 1 g L7! K;HPO4, 1 g L™! KHPO4, 1 g L1 NH4NO;,
0.05 g L™! FeCl; x 2 H,0, agar 1 g L™Y supplemented with
2% crude oil (Atlas, 1995). Isolates that grew on plates with BH
supplemented with oil were enriched in BH broth supplemented
with crude oil (2%) (Cury et al., 2015; de Jesus et al., 2015) at
55°C for 48 h and submitted to the oil-drop test in well-plates,
as described by Youssef et al. (2004), as a qualitative test of
degradation (Supplementary Figure 1).

Briefly, the cells were centrifuged and resuspended in saline
solution (0.85%) to remove any remaining carbon source from
the medium. Cells were resuspended in 5 mL of saline and
inoculated into 24-well plates, where each well received 2 mL
of BH broth, 20 pL crude oil, and 160 wL bacterial culture
of each isolate. All inoculations were performed in triplicate,
including a negative control (BH broth with oil and deionized
water, without bacterial inoculation) and a positive control (oil-
degrading strain D24M), incubated at 55°C, and observed for up
to 21 days. Results were considered positive when the oil changed
in appearance as visually compared with the controls.

Screening for Biosurfactant and

Bioemulsifier Production

To determine the capacity of these thermophilic oil-degrading
bacteria to produce biosurfactants, 50 isolates were randomly
selected, based on the positive results identifying them as
oil-degraders. Bacteria were grown aerobically in 250-mL
Erlenmeyer flasks with 100 mL of BH broth supplemented with
2% yeast extract, and were maintained at 55°C for 7 days with
constant shaking (165 rpm) (Mani et al., 2016). After incubation,
the bacteria culture from each flask was centrifuged for 15 min
at 13,000 x g and this cell-free culture broth was used for the
screening assays. All screening experiments were performed in
triplicate and the results expressed as the mean of three values.
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Drop-Collapse Test

The drop-collapse test followed the protocol proposed by Jain
et al. (1991). A drop of crude oil was pipetted onto a glass slide
and 10 pL of the bacterial culture supernatant was added to the
oil surface. The same was performed for the controls (SDS 1%
and deionized water). If the oil drop became flat one min after
the supernatant was added, the result was taken to be positive;
otherwise, it was scored as negative.

Oil-Spreading Assay

As described by Morikawa et al. (2000), 10 pL of oil was added to
a Petri dish containing 40 mL of deionized water, forming a thin
layer of oil. Then, 10 pL of the supernatant from each isolate and
the positive (1% SDS) and negative (deionized water) controls
was added to the center of the oil layer. The diameter of the clear
zone on the oil surface was measured and compared with the clear
zones in the negative and positive controls.

Hemolysis Test

The hemolysis test was carried out as described by Mulligan et al.
(1984): 10 pL of the supernatant culture and controls (1% SDS
as a positive control and deionized water as a negative control)
was inoculated as spots in Petri dishes containing blood-agar
medium (5% defibrinated sheep’s blood; Laborclin®). The plates
were incubated for 48 h at 55°C; after the incubation period, if a
clear halo (hemolysis zone) was present, the result was considered
positive for biosurfactant production.

Emulsification Assay

The emulsification assay was performed according to Cooper and
Goldenberg (1987), using crude oil and diesel. Cell-free culture
broth (200 wL) was transferred to a glass tube containing 600
WL of deionized water and 1.2 mL of crude oil or diesel. The
supernatant-water-oil mixture was agitated for 2 min in a vortex
mixer and the results were analyzed after 24 h, applying the
emulsification index calculation: EI (%) = (height of the emulsion
layer/total height) x 100. The same procedure was performed
with the controls (1% SDS and deionized water).

The resistance and stability of the biosurfactant when heated
were evaluated by heating the supernatant at 100°C for 15 min
(Couto et al., 2015) and assaying the emulsification of crude oil
and diesel, as previously described.

Genomic Sequencing and Data Analysis

To better understand the taxonomy and functionalities of
thermophiles in cold environments, one bacterial strain
(FB4_88) capable of degrading oil hydrocarbon and producing
biosurfactant was selected for whole-genome sequencing and
deep characterization of its genome.

Whole Genome Sequencing

An amount of 5 pug/uL of gDNA was used to construct
paired-end sequencing libraries (2 x 150 bp) of 450-bp inserts,
following the manufacturers protocol for the NEBNext® Fast
DNA Fragmentation and Library Preparation Kit (New England
Biolabs Inc.). Quality analysis of the final libraries was performed
with an Agilent 2100 bioanalyzer (Agilent Technologies). The

bacterial sample were sequenced on Illumina Hi-Seq 2500
platform, as recommended by the manufacturer.

Assembly, Gene Prediction, and Functional
Annotation

For genome assembly, raw reads were quality-checked through
FastQC (Andrews, 2010) and trimmed with Adapter Removal
(Lindgreen, 2012) software. The estimated best k-mers were
selected by KmerStream (Melsted and Halldérsson, 2014),
followed by assembly using Edena (Hernandez et al., 2008) and
SPAdes (Bankevich et al., 2012). The results were combined and
the package PSI-CD-HIT (Fu et al., 2012), was used to remove the
redundant contigs, producing a final contigs file. The quality of
each assembly was checked in QUAST. Default parameters were
used for all software, and the bacterial genomes were annotated
with Prokka (Seemann, 2014).

The predicted contigs were analyzed with GO FEAT
(Araujo et al, 2018), an on-line platform for functional
annotation and enrichment of genomic data integrated with the
UNIPROT,? INTERPRO,’ PFAM,* NCBI,’ and KEGG?® databases.
Functional annotations were performed using Rapid Annotation
of microbial genomes, using Subsystems Technology (RAST)
(Aziz et al,, 2008), and the results were used to infer functions
at subsystem levels. BioSurfDB, an online server with a specific
database for biodegradation, was used to predict genes related
to hydrocarbon degradation and biosurfactant production. To
predict biosynthetic gene clusters (BGCs) and bacteriocins, the
web-based platforms antiSMASH 5.0 (Blin et al., 2021) and
BAGEL 4.0 (van Heel et al., 2018) were used. Prophage sequences
were identified using Phage Search Tool Enhanced Release
(PHASTER) (Arndt et al., 2016).

Phylogenomic and Comparative Genomic Analyses
Phylogenomic analyses were conducted using JSpeciesW with
default parameters. ANIb, ANIm, and TETRA values were
calculated based on the genomes analyzed in this study
and genomes of the family Bacillaceae available in public
databases. Using the R project and the RStudio development
environment, we combined and analyzed the results from ANIb.
The relationship among the genomes was calculated using the
dist function, using Euclidean distance, followed by the hclust
function with the “average” method to cluster the results. The
ggplot2 package was used to generate the scatter plot.

Subsequently, using the OrthoVenn2 platform with default
parameters (Xu et al., 2019), orthologous groups were searched
among the genome analyzed and the genomes from the public
database (1 = 6). The orthologous groups were plotted, displaying
the number of common and exclusive orthologous groups of
proteins present in the seven genomes.

BLAST Ring Image Generator (BRIG) (Alikhan et al., 2011)
was used to provide a visual overview of the relationship between
the analyzed genome and the genomes from a public database.

Zhttps://www.uniprot.org/
Shttps://www.ebi.ac.uk/interpro/
*https://pfam xfam.org/
*https://www.ncbi.nlm.nih.gov/
Chttps://www.genome.jp/kegg/
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Data Availability

All Sanger sequences were deposited in GenBank (National
Center for Biotechnology Information) in the Bioproject
PRJNA554144, wunder accession numbers OM842843-
OM842968. Metagenomic sequences are available in the
MG-RAST server under the project ID mgp15628. The genome
shotgun project for strain FB4_88 has been deposited at
NCBI/GenBank under accession number JAKNCX000000000,
in the Bioproject PRINA554144. The version described here is
JAKNCX000000000.

RESULTS

Thermophiles Isolated From Deception

Island and Phylogenetic Classification

We attempted to purify 245 thermophilic bacterial strains
grown at 55°C from all media. Of these, 126 were successfully
purified to single colonies, isolated from two geothermal
environments on Deception Island: 32 strains from Whalers
Bay and 94 strains from Fumarole Bay. The largest number
of strains (45 isolates) were recovered from FB4, a Fumarole
Bay sample, where the environmental temperature was 100°C
(Supplementary Table 2).

Firmicutes was the only bacterial phylum with which the
sequences of the 16S rRNA gene of 126 isolates were affiliated.
Most isolates were assigned to Geobacillus (46%, 58 isolates),
followed by Anoxybacillus (31.8%, 39 isolates), Brevibacillus
(22.2%, 28 isolates). Geobacillus-related isolates were found at
every collection site and predominated in the fumaroles above

80°C. However, Brevibacillus was not isolated from FB3 (80°C),
but was prominent in samples from Whalers Bay (WB1 and
WB?2) (Figure 1 and Supplementary Table 2).

Comparison Between Isolates and

Metagenomes

To determine the fraction of the total phylotype diversity
(OTUs weighted by relative abundance in the community) in
the metagenomes from Deception Island recovered as isolates,
we determined the overlap between sequences obtained from
isolates and OTUs derived from sequences obtained from the
metagenome. We recovered 52 rRNA 16S from the metagenomes
(no assignment were observed in FFB3 sample) (Figure 2),
however, no sequence corresponded to the genera isolated by
culture-dependent methods from the sediment samples; only two
genera from the Firmicutes phylum were retrieved (Sporosarcina
and Murdochiella). This result indicates that the cultured isolates
were not dominant in the samples and that the culture methods
that we used selected specific groups of the bacterial community.

Screening for Oil-Degrading Bacteria and
Biosurfactant/Bioemulsifier Producers

Many of the thermophilic isolates showed a high capacity to use
crude oil as a carbon source. Of the 100 strains tested, a total
of 76 isolates were grown in culture medium containing oil as
the only carbon source, showing potential for the degradation
of petroleum hydrocarbons (Table 1). In the drop test, 30 of
the 76 isolates showed good results for degradation of crude
oil to use as carbon source when compared visually with the
controls. Of the nine strains that showed particularly good results,
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FIGURE 1 | Relative abundances of the taxonomic groups assigned to the isolates grown at 55°C, at the maximum classification level. Environmental temperatures
of each sample are shown. Sequences were assigned with 97% similarity against the SILVA database v. 132.
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six were related to Geobacillus, from Fumarole Bay (FB2_38,
FB3_47, FB3_50, FB4_79, FB4_85, and FB4_93) and Whalers Bay
(WB1_122), and two isolates belonged to Anoxybacillus (FB4_88
and WB1_125) (Figure 3).

For the screening of biosurfactant and bioemulsifier
production, 50 isolates capable of degrading oil were tested
by different methods (Table 2). Emulsification tests were
performed using crude oil and diesel. More than half of the
thermophilic isolates were able to emulsify at least one of the
hydrocarbons used (n = 32). Most of the emulsion values (%)
of the strains using crude oil were higher than those obtained
with diesel, except for strain FB4_89 (Geobacillus), which
showed better results for diesel (EI = 56% in diesel and 35% in
crude oil). In total, 24 of the 50 thermophilic bacterial strains
showed IE% higher than 30%; 21 were from Fumarole Bay
and 3 from Whalers Bay. The great majority of strains with
EI% higher than 30% belonged to Geobacillus and were from
Fumarole Bay, with 12 representatives (two from Whalers
Bay), followed by Anoxybacillus, with seven isolates (one
from Whalers Bay).

Biosurfactant- and bioemulsifier-producing isolates that
showed emulsification higher than 30% in the E24 assay were
also tested for emulsification stability at high temperatures
after treated at 100°C. For this analysis, 24 samples were
tested in tubes containing crude oil and diesel. Most of
the emulsion values (%) of strains using crude oil were
higher than those obtained with diesel after treated at 100°C.
Biosurfactant stability in crude oil was higher in strains
isolated from sediments from geothermal environments with
higher temperatures (FB3 and FB4), with lower emulsification
indexes in strains isolated from the cooler environments.
Values for the biosurfactant stability in diesel after treated
at 100°C were similar to or higher than those found at
room temperature, indicating higher emulsifying activity at
high temperatures; however, the values were not higher than
observed for crude oil. Strains FB2_38, FB4 91, FB4_88,
FB4_89, and WB2_153 showed promising results for crude

oil and diesel emulsification when treated at 100°C and non-
treated (Table 2).

All strains that did not show emulsification activity also
showed negative results in the drop-collapse, oil spreading, and
hemolytic activity tests. Of the 50 thermophilic strains analyzed,
58% were positive for the oil-spreading assay and 36% positive for
the drop-collapse test. For hemolytic activity, 40% of the isolates
showed positive results in blood-agar plates; most were members
of Geobacillus (Table 2).

In total, 13 thermophilic isolates showed particularly good
results in the search for biosurfactant producers, with IEs of
50% or more in one of the petroleum hydrocarbons sources,
positive results in the other tests and for high-temperature
emulsification stability. Ten of these strains were from Fumarole
Bay: FB2_36, FB2_38, FB2_49, FB3_54,FB4_67, FB4_68, FB4_88,
FB4 91, FB4_101, and FB4_105, and three from Whalers Bay:
WB1_122, WB1_128, and WB2_153. Of these, 4 isolates also
showed great ability to degrade crude oil: FB2_38 (Geobacillus),
FB3_54 (Geobacillus), FB4_88 (Anoxybacillus), and WB1_122
(Geobacillus). Additionally, it is worth to mention that the
strains from Fumarole Bay were also able of growing under
hyperthermophilic conditions (100°C).

Genomic Analysis of an Oil-Degrading
and Biosurfactant Producer Bacterium

The genome of the strain identified as Amnoxybacillus
FB4 88 was assembled de novo. The genome size was
2.9 Mb, with 41.9% GC content and 3,160 protein coding
sequences in 209 contigs. General features of Anoxybacillus
FB4 88 and
Table 3.
Based on 16S rRNA gene sequencing, the Antarctic strain
was phylogenetically affiliated with Anoxybacillus. Applying
phylogenomic analysis using the complete distance matrix
genome (ANI) and Bacillaceae genomes from public databases,
strain FB4_88 was phylogenomically closest to Anoxybacillus

strains of Bacillaceae are summarized in
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TABLE 1 | List of thermophiles from Deception Island, Antarctica, capable of degrading crude oil and use as a carbon source, and their molecular identification.

Isolate code Growth in crude oil Oil drop test (triplicate) SILVA v. 132 classification

FB1_1 Yes +/=/- Bacteria; Firmicutes; Bacilli; Bacillales; Bacillaceae; Anoxybacillus
FB1_2 Yes —/—/- Bacteria; Firmicutes; Bacilli; Bacillales; Bacillaceae; Brevibacillus
FB1_3 Yes ++/+/++ Bacteria; Firmicutes; Bacilli; Bacillales; Bacillaceae; Anoxybacillus
FB1_6 No n.t. Bacteria; Firmicutes; Bacilli; Bacillales; Bacillaceae; Brevibacillus
FB1_7 Yes +/—/- Bacteria; Firmicutes; Bacilli; Bacillales; Bacillaceae; Brevibacillus
FB1_8 Yes +/=/- Bacteria; Firmicutes; Bacilli; Bacillales; Bacillaceae; Geobacillus
FB1_9 No n.t. Bacteria; Firmicutes; Bacilli; Bacillales; Bacillaceae; Geobacillus
FB1_10 No n.t. Bacteria; Firmicutes; Bacilli; Bacillales; Bacillaceae; Geobacillus
FB1_12 Yes +/+/+ Bacteria; Firmicutes; Bacilli; Bacillales; Bacillaceae; Geobacillus
FB1_13 Yes +/+/++ Bacteria; Firmicutes; Bacilli; Bacillales; Bacillaceae; Geobacillus
FB1_14 Yes +/+/+ Bacteria; Firmicutes; Bacilli; Bacillales; Bacillaceae; Geobacillus
FB2_21 No n.t. Bacteria; Firmicutes; Bacilli; Bacillales; Bacillaceae; Anoxybacillus
FB2_22 No n.t. Bacteria; Firmicutes; Bacilli; Bacillales; Bacillaceae; Anoxybacillus
FB2_23 Yes +/=/- Bacteria; Firmicutes; Bacilli; Bacillales; Bacillaceae; Anoxybacillus
FB2_25 Yes —/—/- Bacteria; Firmicutes; Bacilli; Bacillales; Bacillaceae; Anoxybacillus
FB2_26 Yes +/—/— Bacteria; Firmicutes; Bacilli; Bacillales; Bacillaceae; Anoxybacillus
FB2_27 Yes +/+/+ Bacteria; Firmicutes; Bacilli; Bacillales; Bacillaceae; Anoxybacillus
FB2_29 Yes +/=/- Bacteria; Firmicutes; Bacilli; Bacillales; Bacillaceae; Anoxybacillus
FB2_30 No n.t. Bacteria; Firmicutes; Bacilli; Bacillales; Bacillaceae; Brevibacillus
FB2_31 Yes +/+/+ Bacteria; Firmicutes; Bacilli; Bacillales; Bacillaceae; Anoxybacillus
FB2_32 Yes +/=/- Bacteria; Firmicutes; Bacilli; Bacillales; Bacillaceae; Brevibacillus
FB2_33 No n.t. Bacteria; Firmicutes; Bacilli; Bacillales; Bacillaceae; Brevibacillus
FB2_35 Yes +/-/+ Bacteria; Firmicutes; Bacilli; Bacillales; Bacillaceae; Geobacillus
FB2_36 Yes ++/+/++ Bacteria; Firmicutes; Bacilli; Bacillales; Bacillaceae; Geobacillus
FB2_37 Yes +/=/- Bacteria; Firmicutes; Bacilli; Bacillales; Bacillaceae; Geobacillus
FB2_38 Yes +++/++/++ Bacteria; Firmicutes; Bacilli; Bacillales; Bacillaceae; Geobacillus
FB2_39 No n.t. Bacteria; Firmicutes; Bacilli; Bacillales; Bacillaceae; Brevibacillus
FB3_43 Yes +/—/- Bacteria; Firmicutes; Bacilli; Bacillales; Bacillaceae; Anoxybacillus
FB3_44 Yes +/+/+ Bacteria; Firmicutes; Bacilli; Bacillales; Bacillaceae; Anoxybacillus
FB3_45 Yes +/—/- Bacteria; Firmicutes; Bacilli; Bacillales; Bacillaceae; Anoxybacillus
FB3_46 No n.t. Bacteria; Firmicutes; Bacilli; Bacillales; Bacillaceae; Geobacillus
FB3_47 Yes ++/++H 4+ Bacteria; Firmicutes; Bacilli; Bacillales; Bacillaceae; Geobacillus
FB3_48 No n.t. Bacteria; Firmicutes; Bacilli; Bacillales; Bacillaceae; Geobacillus
FB3_49 Yes +/=/- Bacteria; Firmicutes; Bacilli; Bacillales; Bacillaceae; Geobacillus
FB3_50 Yes ++/4++/+++ Bacteria; Firmicutes; Bacilli; Bacillales; Bacillaceae; Geobacillus
FB3_51 No n.t. Bacteria; Firmicutes; Bacilli; Bacillales; Bacillaceae; Geobacillus
FB3_54 Yes +++/~/+++ Bacteria; Firmicutes; Bacilli; Bacillales; Bacillaceae; Geobacillus
FB3_55 No n.t. Bacteria; Firmicutes; Bacilli; Bacillales; Bacillaceae; Geobacillus
FB3_58 Yes +/—/- Bacteria; Firmicutes; Bacilli; Bacillales; Bacillaceae; Geobacillus
FB4_62 No n.t. Bacteria; Firmicutes; Bacilli; Bacillales; Bacillaceae; Anoxybacillus
FB4_63 No n.t. Bacteria; Firmicutes; Bacilli; Bacillales; Bacillaceae; Anoxybacillus
FB4_64 No n.t. Bacteria; Firmicutes; Bacilli; Bacillales; Bacillaceae; Anoxybacillus
FB4_65 No n.t. Bacteria; Firmicutes; Bacilli; Bacillales; Bacillaceae; Anoxybacillus
FB4_66 Yes +/+/+ Bacteria; Firmicutes; Bacilli; Bacillales; Bacillaceae; Brevibacillus
FB4_67 Yes +/+/+ Bacteria; Firmicutes; Bacilli; Bacillales; Bacillaceae; Anoxybacillus
FB4_68 Yes +/+/+ Bacteria; Firmicutes; Bacilli; Bacillales; Bacillaceae; Anoxybacillus
FB4_69 Yes +/—/— Bacteria; Firmicutes; Bacilli; Bacillales; Bacillaceae; Anoxybacillus
FB4_70 Yes +/-/+ Bacteria; Firmicutes; Bacilli; Bacillales; Bacillaceae; Anoxybacillus
FB4_71 Yes +/+/+ Bacteria; Firmicutes; Bacilli; Bacillales; Bacillaceae; Anoxybacillus
FB4_72 Yes +/—/+ Bacteria; Firmicutes; Bacilli; Bacillales; Bacillaceae; Anoxybacillus
FB4_73 Yes +/=/- Bacteria; Firmicutes; Bacilli; Bacillales; Bacillaceae; Anoxybacillus
FB4_74 Yes —/—/+ Bacteria; Firmicutes; Bacilli; Bacillales; Bacillaceae; Brevibacillus
FB4_75 Yes +/~/+ Bacteria; Firmicutes; Bacilli; Bacillales; Bacillaceae; Brevibacillus
FB4_76 Yes —/—/- Bacteria; Firmicutes; Bacilli; Bacillales; Bacillaceae; Brevibacillus

(Continued)
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TABLE 1 | (Continued)

Isolate code Growth in crude oil Oil drop test (triplicate) SILVA v. 132 classification

FB4_77 Yes +/+/+ Bacteria; Firmicutes; Bacilli; Bacillales; Bacillaceae; Brevibacillus
FB4_79 Yes ++/++H 4+ Bacteria; Firmicutes; Bacilli; Bacillales; Bacillaceae; Geobacillus
FB4_80 Yes +/—/+ Bacteria; Firmicutes; Bacilli; Bacillales; Bacillaceae; Geobacillus
FB4_81 No n.t. Bacteria; Firmicutes; Bacilli; Bacillales; Bacillaceae; Geobacillus
FB4_82 No n.t. Bacteria; Firmicutes; Bacilli; Bacillales; Bacillaceae; Geobacillus
FB4_84 Yes +/=/- Bacteria; Firmicutes; Bacilli; Bacillales; Bacillaceae; Anoxybacillus
FB4_85 Yes +++/+++H +++ Bacteria; Firmicutes; Bacilli; Bacillales; Bacillaceae; Geobacillus
FB4_86 Yes —/-/+ Bacteria; Firmicutes; Bacilli; Bacillales; Bacillaceae; Geobacillus
FB4_87 Yes +/=/- Bacteria; Firmicutes; Bacilli; Bacillales; Bacillaceae; Geobacillus
FB4_88 Yes +++/+++H +++ Bacteria; Firmicutes; Bacilli; Bacillales; Bacillaceae; Anoxybacillus
FB4_89 Yes —/+/+ Bacteria; Firmicutes; Bacilli; Bacillales; Bacillaceae; Geobacillus
FB4_90 Yes —/—/+ Bacteria; Firmicutes; Bacilli; Bacillales; Bacillaceae; Geobacillus
FB4 91 Yes —/+++/+++ Bacteria; Firmicutes; Bacilli; Bacillales; Bacillaceae; Geobacillus
FB4_93 Yes ++/+++++ Bacteria; Firmicutes; Bacilli; Bacillales; Bacillaceae; Geobacillus
FB4_94 Yes ++/+/++ Bacteria; Firmicutes; Bacilli; Bacillales; Bacillaceae; Geobacillus
FB4 95 Yes +/—/— Bacteria; Firmicutes; Bacilli; Bacillales; Bacillaceae; Geobacillus
FB4_96 Yes —/—/- Bacteria; Firmicutes; Bacilli; Bacillales; Bacillaceae; Geobacillus
FB4_97 No n.t. Bacteria; Firmicutes; Bacilli; Bacillales; Bacillaceae; Geobacillus
FB4_99 Yes +/—/— Bacteria; Firmicutes; Bacilli; Bacillales; Bacillaceae; Geobacillus
FB4_100 Yes +/-/+ Bacteria; Firmicutes; Bacilli; Bacillales; Bacillaceae; Geobacillus
FB4_101 Yes +/-/+ Bacteria; Firmicutes; Bacilli; Bacillales; Bacillaceae; Geobacillus
FB4_102 Yes +/=/- Bacteria; Firmicutes; Bacilli; Bacillales; Bacillaceae; Geobacillus
FB4_103 Yes +/+/++ Bacteria; Firmicutes; Bacilli; Bacillales; Bacillaceae; Geobacillus
FB4_104 Yes +/=/- Bacteria; Firmicutes; Bacilli; Bacillales; Bacillaceae; Geobacillus
FB4_105 Yes +/—/- Bacteria; Firmicutes; Bacilli; Bacillales; Bacillaceae; Geobacillus
FB4_109 No n.t. Bacteria; Firmicutes; Bacilli; Bacillales; Bacillaceae; Anoxybacillus
FB4_118 No n.t. Bacteria; Firmicutes; Bacilli; Bacillales; Bacillaceae; Geobacillus
WB1_122 Yes ++/++/+++ Bacteria; Firmicutes; Bacilli; Bacillales; Bacillaceae; Geobacillus
WB1_123 Yes —/—/- Bacteria; Firmicutes; Bacilli; Bacillales; Bacillaceae; Anoxybacillus
WB1_124 Yes +/—/- Bacteria; Firmicutes; Bacilli; Bacillales; Bacillaceae; Anoxybacillus
WB1_125 Yes ++/+/++ Bacteria; Firmicutes; Bacilli; Bacillales; Bacillaceae; Anoxybacillus
WB1_126 Yes +/—/- Bacteria; Firmicutes; Bacilli; Bacillales; Bacillaceae; Anoxybacillus
WB1_127 Yes +/=/- Bacteria; Firmicutes; Bacilli; Bacillales; Bacillaceae; Anoxybacillus
WB1_128 Yes +/+/+ Bacteria; Firmicutes; Bacilli; Bacillales; Bacillaceae; Anoxybacillus
WB1_133 Yes +/—/— Bacteria; Firmicutes; Bacilli; Bacillales; Bacillaceae; Brevibacillus
WB1_134 Yes +/-/+ Bacteria; Firmicutes; Bacilli; Bacillales; Bacillaceae; Brevibacillus
WB1_135 Yes +/+/+ Bacteria; Firmicutes; Bacilli; Bacillales; Bacillaceae; Brevibacillus
WB1_136 Yes +/+/++ Bacteria; Firmicutes; Bacilli; Bacillales; Bacillaceae; Brevibacillus
WB1_137 Yes +/-/+ Bacteria; Firmicutes; Bacilli; Bacillales; Bacillaceae; Brevibacillus
WB1_138 No n.t. Bacteria; Firmicutes; Bacilli; Bacillales; Bacillaceae; Geobacillus
WB2_144 Yes —/=/- Bacteria; Firmicutes; Bacilli; Bacillales; Bacillaceae; Brevibacillus
WB2_145 Yes +/—/- Bacteria; Firmicutes; Bacilli; Bacillales; Bacillaceae; Brevibacillus
wB2_150 Yes +/-/+ Bacteria; Firmicutes; Bacilli; Bacillales; Bacillaceae; Brevibacillus
WB2_152 No n.t. Bacteria; Firmicutes; Bacilli; Bacillales; Bacillaceae; Geobacillus
WwB2_153 Yes +/+/++ Bacteria; Firmicutes; Bacilli; Bacillales; Bacillaceae; Geobacillus
WB2_159 No n.t. Bacteria; Firmicutes; Bacilli; Bacillales; Bacillaceae; Anoxybacillus

n.t., not tested; —, negative result for oil degradation; -+, weak;++, strong; +++, very strong.

Strains in bold are those selected for biosurfactant production screening.

flavithermus, with 96% similarity for ANIb. Comparison of
the Antarctic strain with other representatives of Bacillaceae
(A. amylolyticus, Anoxybacillus sp., and Geobacillus sp.)
resulted in ANIb values lower than 75% (Figure 4 and
Supplementary Table 3).

Orthologous clusters were annotated with OrthoVenn2
comparing the groups of the strain FB4 88 and genomes of
Anoxybacillus and Geobacillus analyzed. The species formed
4,342 clusters, of which 3,638 were orthologous (containing at
least two species) and 704 were single-copy gene clusters. All
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FIGURE 3 | Relative abundances of the taxonomic groups assigned to the isolates grown at 55°C, at the maximum classification level, capable of degrading oil (A)
and producing biosurfactants (B). Environmental temperatures of each sample are shown. Sequences were assigned with 97% similarity against the SILVA database
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the genomes shared 1,644 orthologous clusters; 113 orthologous
clusters were shared between the Amnoxybacillus strains, and
112 shared between the strains of A. flavithermus, indicating a
high number of conserved (shared) genes among these genomes
(Supplementary Figure 2).

A circular visualization of the genome comparisons of the
Anoxybacillus strains was created by BRIG (Figure 5). The
inner black circle comprises the complete reference genome,
corresponding to A. flavithermus WXKI1, with 2.8 Mb; the
intensity of each color indicates the degree of similarity of
that strain to the reference genome. The output image showed
high similarity between FB4_ 88 and the other two genomes,
mainly with WK1.

General functional annotations were performed with
GOFEAT and RAST. Outputs from GOFEAT showed a sequence
coverage of 63%; of these, more than 50% were related to
molecular functions, followed by biological processes (25.7%)
and cellular components (23.7%). RAST subsystems related
to amino acids and their derivatives, carbohydrates, protein
metabolism, and cofactors, vitamins, prosthetic groups, and
pigments showed the highest numbers of assigned genes, in
descending order.

Metabolism of aromatic compounds showed three subsystems
in the RAST annotation - quinate degradation, salicylate and
gentisate catabolism, and gentisate degradation. In agreement
with these results and showing robust outcomes, pathways related
to hydrocarbon biodegradation and biosurfactant production
were identified through BiosurfDB. Additionally, BiosurfDB, a
specialized platform for hydrocarbon degradation annotation,
retrieved different coding-genes involved in this process.

All annotated pathways are shown in Figure 6. The
highest numbers of hits were related to benzoate degradation,
xylene degradation, and degradation of aromatic compounds,
respectively. Remarkably, most of the pathways (32 of 45) showed
significantly more hits in the strain isolated at Deception Island,
compared with other Anoxybacillus strains. For the pathway for
benzoate degradation, the most hits were retrieved for strain

FB4_88 (n = 228), followed by strain WK1 (n = 78) and only
two hits for strain NBRC. The same pattern was observed
for xylene degradation, nitrogen metabolism, chloroalkane
and chloroalkane degradation, naphthalene degradation, and
cytochrome P450. Coding-genes such as nahC, pheA, and bupG
were also identified and were highly abundant in the genome;
they are related to hydrocarbon degradation, involved in the
naphthalene catabolic pathway, toluene and xylene oxidation
in the mono-oxygenase pathway, and alkylphenol degradation,
respectively. Interestingly, the FB4 88 genetic system did not
show alkB, an alkane hydroxylase responsible for aerobic alkane
degradation and commonly found in oil-degrading bacteria.

Regarding the biosurfactant-production pathways, important
members of the lipopeptide family were present, such as
putisolvins (the most hits), Iturin A, lichenysin, fengycin,
and bacillomycin biosynthesis; also surfactin and rhamnolipid
biosynthesis were detected (with few hits) in strain FB4_88
and were not identified in the reference genome of strain
WKI1. Coding-genes for biosurfactant production were identified
in the genomes. The gene srfA, which codes for surfactin
synthase subunit 1, a protein involved in the surfactin
biosynthesis pathway, and the ppsA gene, involved in the
gluconeogenesis pathway were predicted, as well as the gene
alnB, part of the gene cluster that mediates biosynthesis of the
polyketide asperlin.

Additionally, secondary metabolites were predicted
with antiSMASH, PRISM, and BAGEL. The analyzed
genome exhibited two gene clusters, one assigned as a non-
ribosomal peptide synthetase cluster (NPRS)/betalactone,
with 46% similarity with fengycin, as well as a cluster
assigned to type III PKS (T3PKS). PRISM 4 detected
one non-ribosomal  peptide, while with  BAGEL,
sactipeptides - a member of the RiPP family, were
identified in two areas of interest. Using PHASTER,
only one incomplete prophage sequence was detected
in the FB4 88 genome, related to Bacillus, with a GC
content of 36.39%.
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TABLE 2 | Strains isolated from different geothermal sites in Deception Island, their capacity to produce biosurfactants using different methodologies for screening (all in
triplicate) and their molecular identification.

Isolate E24-Crude E24-Diesel E24-Crude oil E24-Diesel EI Drop-collapse Oil spreading Hemolysis SILVA v. 132 classification

code oil El (%) El (%) El (%)-100°C (%)-100°C test assay (cm) test

FB1_1 35 15 1 15 —/=/- 1.6 +/-0.14 +/+/+ Bacteria; Firmicutes; Bacilli; Bacillales;
Bacillaceae; Anoxybacillus

FB1_3 - - n.t. n.t. —/—/— - —/—/— Bacteria; Firmicutes; Bacilli; Bacillales;
Bacillaceae; Anoxybacillus

FB1_12 - - n.t. n.t. —/=/- - —/—/- Bacteria; Firmicutes; Bacilli; Bacillales;
Bacillaceae; Geobacillus

FB1_13 - - n.t. n.t. —/=/- - —/—/- Bacteria; Firmicutes; Bacilli; Bacillales;
Bacillaceae; Geobacillus

FB1_14 35 4 35 12 +/+/+ 1.9 +/-0.06 +/+/+ Bacteria; Firmicutes; Bacilli; Bacillales;
Bacillaceae; Geobacillus

FB2_25 30 5 20 15 +/+/+ 1.1 +/~-0.05 +/+/+ Bacteria; Firmicutes; Bacilli; Bacillales;
Bacillaceae; Anoxybacillus

FB2_26 - 10 n.t. n.t. —/—/— 1.2 +/-0.05 —/—/- Bacteria; Firmicutes; Bacilli; Bacillales;
Bacillaceae; Anoxybacillus

FB2_27 - - n.t. n.t. —/=/- 1.4 +/-0.03 —/—/— Bacteria; Firmicutes; Bacilli; Bacillales;
Bacillaceae; Anoxybacillus

FB2_29 - - n.t. n.t. —/—/- - —/—/- Bacteria; Firmicutes; Bacilli; Bacillales;
Bacillaceae; Anoxybacillus

FB2_31 - - n.t. n.t. —/—/— 1.7 +/-0.05 —/—/— Bacteria; Firmicutes; Bacilli; Bacillales;
Bacillaceae; Anoxybacillus

FB2_35 30 6 20 30 +/+/+ 2.3 +/-0.06 —/—/- Bacteria; Firmicutes; Bacilli; Bacillales;
Bacillaceae; Geobacillus

FB2_36 50 12 25 20 +/+/+ 4.4 +/-0.18 +/+/+ Bacteria; Firmicutes; Bacilli; Bacillales;
Bacillaceae; Geobacillus

FB2_38 50 40 50 40 +/+/+ 4.2 +/-0.14 —/=/- Bacteria; Firmicutes; Bacilli; Bacillales;
Bacillaceae; Geobacillus

FB3_44 20 - n.t. n.t. +/+/+ 2.0 +/-0.05 —/—/- Bacteria; Firmicutes; Bacilli; Bacillales;
Bacillaceae; Anoxybacillus

FB3_47 - - n.t. n.t. —/=/- - —/—/- Bacteria; Firmicutes; Bacilli; Bacillales;
Bacillaceae; Geobacillus

FB3_49 50 30 50 30 +/+/+ 3.6 +/-0.03 +/+/+ Bacteria; Firmicutes; Bacilli; Bacillales;
Bacillaceae; Geobacillus

FB3_50 - - n.t. n.t. —/—/- - —/—/- Bacteria; Firmicutes; Bacilli; Bacillales;
Bacillaceae; Geobacillus

FB3_54 50 4 50 6 —/=/- 3.8 +4/-0.14 +/+/+ Bacteria; Firmicutes; Bacilli; Bacillales;
Bacillaceae; Geobacillus

FB3_58 10 10 n.t. n.t. —/=/- - —/—/- Bacteria; Firmicutes; Bacilli; Bacillales;
Bacillaceae; Geobacillus

FB4_66 45 10 45 15 —/—/- 1.2 4+/-0.05 +/+/+ Bacteria; Firmicutes; Bacilli; Bacillales;
Bacillaceae; Brevibacillus

FB4_67 50 4 50 10 —/=/- 4.2 +/-0.13 +/+/+ Bacteria; Firmicutes; Bacilli; Bacillales;
Bacillaceae; Anoxybacillus

FB4_68 50 8 45 10 —/—/- 4.0 +/-0.01 +/+/+ Bacteria; Firmicutes; Bacilli; Bacillales;
Bacillaceae; Anoxybacillus

FB4_69 35 11 30 15 —/—/— - +/+/+ Bacteria; Firmicutes; Bacilli; Bacillales;
Bacillaceae; Anoxybacillus

FB4_70 - - n.t. n.t. —/—/— - —/—/— Bacteria; Firmicutes; Bacilli; Bacillales;
Bacillaceae; Anoxybacillus

FB4_71 - - n.t. n.t. —/=/- - —/=/- Bacteria; Firmicutes; Bacilli; Bacillales;
Bacillaceae; Anoxybacillus

FB4_75 - 10 n.t. n.t. —/—/— - —/—/- Bacteria; Firmicutes; Bacilli; Bacillales;
Bacillaceae; Brevibacillus

FB4_77 40 25 40 25 +/+/+ 2.4 +/-0.11 —/—/- Bacteria; Firmicutes; Bacilli; Bacillales;
Bacillaceae; Brevibacillus

FB4_79 - - n.t. n.t. —/=/— - —/—/— Bacteria; Firmicutes; Bacilli; Bacillales;

Bacillaceae; Geobacillus

(Continued)
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TABLE 2 | (Continued)

Isolate E24-Crude E24-Diesel E24-Crude oil E24-Diesel EI Drop-collapse Oil spreading Hemolysis SILVA v. 132 classification

code oil El (%) El (%) El (%)-100°C (%)-100°C test assay (cm) test

FB4_80 - - n.t. n.t. —/=/- - —/—/- Bacteria; Firmicutes; Bacilli; Bacillales;
Bacillaceae; Geobacillus

FB4_85 35 20 40 20 +/+/+ 1.7 +/-0.06 +/+/+  Bacteria; Firmicutes; Bacilli; Bacillales;
Bacillaceae; Geobacillus

FB4_88 50 40 50 40 +/+/+ 5.7 +/-0.25 +/+/+ Bacteria; Firmicutes; Bacilli; Bacillales;
Bacillaceae; Anoxybacillus

FB4_89 35 56 100 60 +/+/+ 5.0 +/-0.02 +/+/+ Bacteria; Firmicutes; Bacilli; Bacillales;
Bacillaceae; Geobacillus

FB4_91 50 35 50 35 +/+/+ 5.1 +/-0.03 +/+/+ Bacteria; Firmicutes; Bacilli; Bacillales;
Bacillaceae; Geobacillus

FB4_93 40 8 50 14 +/+/+ 3.3 +/-0.17 +/+/+ Bacteria; Firmicutes; Bacilli; Bacillales;
Bacillaceae; Geobacillus

FB4_94 - - n.t. n.t. ~/=/- - ~/=/- Bacteria; Firmicutes; Bacilli; Bacillales;
Bacillaceae; Geobacillus

FB4_95 - - n.t. n.t. —/=/— - —/—/— Bacteria; Firmicutes; Bacilli; Bacillales;
Bacillaceae; Geobacillus

FB4_100 15 - n.t. n.t. +/+/+ 2.4 +/-0.05 —/—/- Bacteria; Firmicutes; Bacilli; Bacillales;
Bacillaceae; Anoxybacillus

FB4_101 50 20 50 20 —/—/- 4.3 4/-0.29 +/+/+ Bacteria; Firmicutes; Bacilli; Bacillales;
Bacillaceae; Geobacillus

FB4_103 10 - n.t. n.t. +/+/+ 2.7 +/-0.17 —/—/— Bacteria; Firmicutes; Bacilli; Bacillales;
Bacillaceae; Geobacillus

FB4_105 55 8 100 10 +/+/+ 4.0+/-0.11 +/+/4+  Bacteria; Firmicutes; Bacilli; Bacillales;
Bacillaceae; Geobacillus

WB1_122 60 6 55 8 —/—/- 3.5 +/-0.02 +/+/+ Bacteria; Firmicutes; Bacilli; Bacillales;
Bacillaceae; Geobacillus

WB1_125 - - n.t. n.t. +/+/+ 3.0 +/-0.05 —/—/- Bacteria; Firmicutes; Bacilli; Bacillales;
Bacillaceae; Anoxybacillus

WB1_128 40 8 40 23 ~/=/- 2.4 +/-0.19 ~/=/- Bacteria; Firmicutes; Bacilli; Bacillales;
Bacillaceae; Anoxybacillus

WB1_134 - 10 n.t. n.t. —/=/- - —/—/- Bacteria; Firmicutes; Bacilli; Bacillales;
Bacillaceae; Brevibacillus

WB1_135 - - n.t. n.t. —/=/- - —/—/- Bacteria; Firmicutes; Bacilli; Bacillales;
Bacillaceae; Brevibacillus

WB1_136 10 5 n.t. n.t. —/—/- - +/+/+ Bacteria; Firmicutes; Bacilli; Bacillales;
Bacillaceae; Brevibacillus

WB1_137 - - n.t. n.t. —/—/- - —/—/— Bacteria; Firmicutes; Bacilli; Bacillales;
Bacillaceae; Brevibacillus

WB2_145 10 6 n.t. n.t. —/=/- - —/—/- Bacteria; Firmicutes; Bacilli; Bacillales;
Bacillaceae; Brevibacillus

WB2_150 - - n.t. n.t. —/=/- - —/=/- Bacteria; Firmicutes; Bacilli; Bacillales;
Bacillaceae; Brevibacillus

WB2_153 55 30 60 30 +/+/+ 3.7 +/-0.14 +/+/+ Bacteria; Firmicutes; Bacilli; Bacillales;

Bacillaceae; Geobacillus

—, negative result for emulsification; +, positive result; -, negative result; n.t., not tested (El < 30%).
Strains in bold are those with the better results in the screening for biosurfactant production (El > 50% for one petroleum hydrocarbon source).

DISCUSSION

This study is the first attempt to assess culturable thermophilic
bacteria from the Deception Island volcano, with the capacity
to degrade petroleum hydrocarbon and produce biosurfactants
and bioemulsifiers under thermophilic conditions. We isolated
over 120 strains from two geothermal sites, using different culture
media. The phylogenetic analysis classified all the isolates as
belonging to Firmicutes. Members of Firmicutes have different
morphological and physiological characteristics; the formation of

heat-resistant endospores is a specific property of these bacteria,
which makes them able to inhabit extreme environments, such
as Antarctic volcanoes. Partial sequencing of the 16S rRNA gene
revealed that the 126 cultured thermophilic isolates belonged
to Geobacillus, Brevibacillus, and Anoxybacillus. These groups
were reported previously in sediments associated with fumaroles
from Deception Island (Llarch et al, 1997; Muifioz et al,
2011), as well as in glaciers at these locations (Bendia et al.,
2018a). Several species of Bacillus, Alicyclobacillus, Brevibacillus,
Aneurinibacillus, and Anoxybacillus have been isolated from
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TABLE 3 | General features of the genome of Anoxybacillus FB4_88 and genomes of other members of Bacillaceae.

Strain Genome GC Number of Number of Assembly and Isolate origin Accession number

size (bp) content CDS RNA annotation level

(%)

FB4_88 2,901,684 41.9 3,160 64 209 contigs Volcanic sediment, Antarctica JAKNCX000000000
Anoxybacillus flavithermus 2,846,746 41.8 2,863 104 Complete genome  Geothermal power station, GCA_000019045.1
WK1 New Zealand
Anoxybacillus flavithermus 2,658,425 42.0 2,761 53 tRNA 1 scaffold Dairy-production plants, GCA_000327465.1
TNO-09.006 Netherlands
Anoxybacillus flavithermus 2,772,624 41.6 2,883 80 tRNA 90 contigs Hot spring, Japan GCA_000367505.1
NBRC 109594
Anoxybacillus amylolyticus 3,158,269 43.5 3,092 108 Complete genome  Volcanic sediment, Antarctica GCA_001634285.1
DSM 15939T
Anoxybacillus sp. BTM1 3,814,080 n.a 3,558 130 Complete genome  Geothermal environment, Germany ~ GCA_001634305.1
Geobacillus sp. 12AMOR1 3,410,035 52.0 3,323 122 Complete genome  Deep-sea hydrothermal vent, Arctic ~ GCA_001028085.1

n.a, not available.

- 80

Anoxybacillus flavithermus WK1
Strain FB4_88
Geobacillus sp. 12AMOR1

Anoxybacillus flavithermus TNO-09.006
Anoxybacillus flavithermus NBRC 109594

FIGURE 4 | Genomic comparison between different strains of Anoxybacillus analyzed in this study and Bacillaceae members, using ANIb (in %). On the basis of the
% ANIb, the analyzed strains formed two groups, and the analyzed genome clustered with Anoxybacillus flavithermus strains.
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other geothermal environments in Antarctica (Bargagli et al.,
2004; Poli et al., 2006).

We tested the isolates for their potential ability to degrade
crude oil to use as a carbon source; over 50% of the isolates were

able to grow in oil under thermophilic conditions. Hydrocarbon-
degrading bacteria are commonly assigned to Acinetobacter,
Rhodococcus, Alcanivorax, Bacillus, and Pseudomonas, which
are among the best-known genera (Sharma etal., 2019;
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FIGURE 5 | Genome comparison of Anoxybacillus species. BRIG image with
the genome sequence of strain WK1 set as the central reference, while other
genomes (strains TNO-09 and FB4_88 isolated in this study) were set as
concentric rings. The inner black circle comprises the complete reference
genome; the intensity of each color indicates the degree of similarity of that
strain to the reference genome.

Sharma and Pandey, 2021).  Although  thermophiles have
been widely described, only a few thermophilic hydrocarbon-
degrading species have been reported (Das and Chandran,
2011; Ivanova et al.,, 2014). Firmicutes also contains petroleum
hydrocarbon-degrading bacteria and has been observed in
abundance in oil-contaminated environments (Beazley et al.,
2012; Engel et al, 2017; Datta et al, 2018, 2020). Species
found in the Deception sediments are also well known to be
capable of degrading petroleum hydrocarbons. Geobacillus
is widely distributed in different environments, especially at
high temperatures, such as in geothermal environments and
oil reservoirs. Several species of Geobacillus have recently been
described as degraders of different hydrocarbons and may use
a wide variety of hydrocarbons, especially crude oil, kerosene,
and phenanthrene (Marchant and Banat, 2010). Strains of
Brevibacillus and Anoxybacillus have also been identified as
hydrocarbon degraders under thermophilic conditions (Xia
et al., 2015), such as Brevibacillus sp. PDM-3, which degraded
phenanthrene as a carbon source (Reddy et al., 2010).

We also screened the potential ability of thermophilic
bacterial isolates to produce biosurfactants. These amphipathic
molecules from extreme environments are increasingly being

investigated for potential applications in bioremediation and
MEOR processes, as they are sustainable alternatives to chemical
surfactants and exhibit activity and stability under extreme
conditions (Darvishi et al., 2011; Akbari et al., 2018). The
results showed that 13 of the 50 strains tested were potential
biosurfactant-producing strains, showing good emulsification
(IE > 50%) of crude oil and diesel. Good emulsification is
essential for biosurfactants to be considered promising for
environmental and industrial applications (Banat et al., 2000).
Other properties of biosurfactants, such as oil drop-collapse, oil
spreading, and hemolytic activity, were also tested. As previously
observed by Couto et al. (2015), the results of these tests
were not closely related, i.e., strains that showed emulsification
ability did not show significant results in oil spreading or
hemolytic activity.

Deception Island and its extremophiles have been little studied
regarding their biotechnological potential. There are few but
interesting reports, such as that of a biosurfactant-producing
strain identified as Bacillus licheniformis AL 1.1, collected
in Kroner Lake, Whalers Bay (Deception Island, Antarctica).
This Antarctic strain was able to produce the biosurfactant
lichenisin, a lipopeptide, using different carbohydrate sources
under mesophilic conditions (Coronel-Leén et al, 2015).
Biosurfactant production was found in our studied strains of
all genera, predominantly in Geobacillus. Studies describing
biosurfactant production by Geobacillus species are very recent;
until 2012, no studies were reported (Marchant and Banat,
2012). Xia et al. (2016) isolated a new strain of Geobacillus that
showed biosurfactant production and high emulsification rates in
different petroleum hydrocarbons (e.g., crude oil, kerosene, and
hexane). Al-Jailawi et al. (2015) reported that G. thermoleovorans
Irl showed a maximum crude oil emulsification of 68%. Jara
etal. (2013) found that G. stearothermophilus isolated from an oil-
contaminated soil produced biosurfactants with 87% emulsifying
activity for oil. The present results agree with previous
reports that members of Geobacillus have high potential for
bioremediation of oil-contaminated environments and MEOR.

Isolates belonging to Anoxybacillus and Brevibacillus have
also been reported as having a high emulsification capacity.
According to Pakpitcharoena et al. (2008), the production of
biosurfactants by thermophilic isolates of Anoxybacillus remain
very scarce, with very few studies reporting them as biosurfactant
producers. One of the studies reported that Anoxybacillus sp. WJ-
4 produced an oligosaccharide-lipid-peptide bioemulsifier with
a high emulsification index of 60% (Xia et al., 2015). A strain
of Brevibacillus brevis isolated from an oil reservoir produced a
lipopeptide-classified biosurfactant with an 80% emulsification
index (Mouafi et al., 2016). Emulsification remained stable
after treated with high temperatures. This feature is widely
observed in biosurfactants, which are generally more effective in
conditions of high salinity, pH, and temperature compared to
synthetic surfactants (Cameotra et al., 2010). High temperature
is a key parameter affecting emulsifying activity and bacterial
growth, desired features for MEOR and oil reservoirs are high-
temperature environments (Uad et al., 2010).

The genomic analysis confirmed the potential of the
selected strain for hydrocarbon degradation and biosurfactant
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production, as screened in the bench analysis. This oil-
degrading and biosurfactant-producing strain was identified as
Anoxybacillus flavithermus, which occurs widely in thermophilic
environments (Goh et al., 2014). Remarkably, compared with
other strains of the genus, the Antarctic isolate showed a
significantly higher number of hits for coding-genes and
pathways related to hydrocarbon degradation, related mainly
to benzoate, xylene, and naphthalene degradation. The gene
alkB was not found in this genome, in agreement with Nie
et al. (2014), who failed to find this gene in 1,077 genomes
of Firmicutes sequenced. As mentioned above, genera of
Firmicutes are well known as good candidates for oil-industry
applications. However, only a few studies have assessed the
potential of members of Anoxybacillus for use in this field.
For example, A. geothermalis is able to degrade crude oil while
producing alkane hydroxylase and lipase (Yusoft et al., 2020);
and Anoxybacillus sp. WJ-4, a new thermophilic strain isolated
in the Dagqing oilfield, is capable of utilizing alkanes (C8-
C22) as a sole source of carbon for growth and produced
an oligosaccharide-lipid-peptide bioemulsifier with an EI%
over 60%, with increased cell-surface lipophilicity to 65%
during hydrocarbon degradation (Xia et al., 2015). Aside from
culture studies in thermophilic environments, these habitats
and their microbial communities in polar regions remain
uninvestigated. Surprisingly, this is the first study to assess the

genetic and functional capabilities of an Antarctic strain of
Anoxybacillus.

As observed here for the potential degradation of crude oil,
biosurfactant production, and high-temperature emulsification
stability by members of Firmicutes, this phylum is not commonly
found in substantial proportions in Antarctic environments,
based on metagenomics data (Teixeira et al., 2010; Ramos et al.,
2019). Recovery of the 16S gene from metagenomic samples
from Deception Island gave the same result. Proteobacteria
and Bacteroidetes dominated, in agreement with Bendia et al.
(2018b), who analyzed the microbial community through 16S
rRNA sequencing, and also observed the predominance of these
phyla. Through these sequencing techniques, it is possible to
sequence all the DNA present in a sample and obtain information
from the microorganisms present. However, it is difficult to
obtain the genomes of microorganisms that are relatively rare,
and usually information is obtained only from the dominant
populations (Albertsen et al., 2013; Jousset et al., 2017).

Our data suggest that Firmicutes, based on the under-
representation in culture-independent analyses, is not the
dominant phylum in Deception Island sediments, but may
become dominant under optimal growing conditions or under
some environmental interference (e.g., oil contamination). In this
study, we attempted to culture the widest possible diversity of
bacteria from growth media. However, even using several media
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in thermophilic conditions, we recovered only representatives
of Firmicutes. Factors that might have led to this are the
culture media used; the incubation time of up to 72 h,
which could have led to isolation of fastidious microbes;
and the logistics involved in transporting samples from
Antarctica to the laboratory. For new culturomics studies,
we strongly recommend using alternative culture approaches
or designing specific isolation strategies to hamper microbial
growth, such as the sprinkling method for microbial isolation
instead of serial dilution; also, reducing nutrient availability
and temperature and increasing the incubation time, as
well as adding protective agents against oxidative stress
and culturing in a consortium (Rocha, 2019), attempting
to improve the culturability of other taxa from Deception
sediments. Further studies are required to estimate the diversity
of culturable microorganisms from geothermal environments
of Antarctica and to exploit their metabolic potential for
biotechnological applications.

In conclusion, through a variety of culture techniques,
thermophilic isolates were obtained from two geothermal
environments on Deception Island at temperatures ranging
from 50 to 100°C, and identified as belonging to Geobacillus,
Anoxybacillus, and Brevibacillus, which are spore-forming
genera, suggesting the importance of spore formation for
local resistance. Thermophiles capable of degrading petroleum
and producing biosurfactants have been described for the
first time from Deception Island, an active Antarctic volcano.
Four strains gave the most promising results: FB2_ 38
(Geobacillus), FB3_54 (Geobacillus), FB4_88 (Anoxybacillus),
and WBI1_122 (Geobacillus). Additionally, genomic analysis
was performed on strain FB4_88, further identified in this
study as Anoxybacillus flavithermus. To the best of our
knowledge, this is the first genome report on A. flavithermus
isolated from volcanic sediment on Deception Island, and
this strain exhibited a high genetic and functional diversity
potential for biotechnology. Taken together, these initial
insights from both culturomics and genomics data suggest
that thermophilic bacteria from this Antarctic polar volcano
are potential candidates for application in the petroleum
industry, for possible bioremediation in extreme environments
and for microbial enhanced oil recovery (MEOR) in oil
addition, non-dominant microorganisms
may play an important role in hydrocarbon degradation
and biosurfactant production in the Deception Island
volcano sediments.

reservoirs. In

REFERENCES

Akbari, S., Abdurahman, N. H., Yunus, R. M., Fayaz, F,, and Alara, O. R.
(2018). Biosurfactants—a new frontier for social and environmental safety:
a mini review. Biotechnol. Res. Innovat. 2, 81-90. doi: 10.1016/j.biori.2018.
09.001

Albertsen, M., Hugenholtz, P., Skarshewski, A., Nielsen, K. L., Tyson, G. W, and
Nielsen, P. H. (2013). Genome sequences of rare, uncultured bacteria obtained
by differential coverage binning of multiple metagenomes. Nat. Biotechnol.
31:533. doi: 10.1038/nbt.2579

DATA AVAILABILITY STATEMENT

The datasets presented in this study can be found in online
repositories. The names of the repository/repositories and
accession number(s) can be found in the
article/Supplementary Material.

AUTHOR CONTRIBUTIONS

JS and ASR: study conception and design. JS, ICVA, and RK:
acquisition of data. JS, ICVA, UNR, and ASR: analyses and
interpretation of data. JS, UNR, and ASR: drafting of the
manuscript. All authors: critical revision. All authors contributed
to the article and approved the submitted version.

FUNDING

This work received financial support from the National Council
for Research and Development (CNPq), National Council
for the Improvement of Higher Education (CAPES), and
Helmholtz Centre for Environmental Research—UFZ. UNR was
financed by the Helmholtz Young Investigator grant VH-NG-
1248 Micro “Big Data” and ASR by KAUST Baseline Grant
(BAS/1/1096-01-01).

ACKNOWLEDGMENTS

We thank to Vivian H. Pellizari and Amanda G. Bendia
(Microsfera Project, University of Sdo Paulo) for collecting
samples on Deception Island and for providing the metagenome
raw data. Additionally, to the Brazilian Antarctic Program
for logistical support during the Antarctic Operation. We are
also grateful to Thiago J. Sousa and Doglas Parise for their
assistance with the figures in R, and to Nicole Steinbach
and Rodolfo Toscan from Helmholtz UFZ for excellent
technical assistance.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fmicb.
2022.885557/full#supplementary- material

Alikhan, N. F., Petty, N. K., Ben Zakour, N. L., and Beatson, S. A. (2011). BLAST
Ring Image Generator (BRIG): simple prokaryote genome comparisons. BMC
Genomics 12:402. doi: 10.1186/1471-2164-12-402

Al-Jailawi, M. H., Nasir, H. M., and Aziz, G. M. (2015). Characterization
of biosurfactant produced by a novel thermophilic strain (Geobacillus
thermoleovorans JQ 912239). Asian J. Biotechnol. 7, 96-107. doi: 10.3923/ajbkr.
2015.96.107

Almeida, D. G., Soares Da Silva, R. C. F., and Luna, J. M. (2016). Biosurfactants:
promising molecules for petroleum biotechnology advances. Front. Microbiol.
7:1718. doi: 10.3389/fmicb.2016.01718

Frontiers in Microbiology | www.frontiersin.org

May 2022 | Volume 13 | Article 885557


https://www.frontiersin.org/articles/10.3389/fmicb.2022.885557/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fmicb.2022.885557/full#supplementary-material
https://doi.org/10.1016/j.biori.2018.09.001
https://doi.org/10.1016/j.biori.2018.09.001
https://doi.org/10.1038/nbt.2579
https://doi.org/10.1186/1471-2164-12-402
https://doi.org/10.3923/ajbkr.2015.96.107
https://doi.org/10.3923/ajbkr.2015.96.107
https://doi.org/10.3389/fmicb.2016.01718
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles

Schultz et al.

Potential Application of Antarctic Thermophiles

Andrews, S. (2010). FastQC: A Quality Control Tool for High Throughput Sequence
Data. Available online at: http://www.bioinformatics.babraham.ac.uk/projects/
fastqc/ (accessed January 15, 2021).

Araujo, F. A,, Barh, D, Silva, A., Guimarées, L., and Ramos, R. T. J. (2018).
GO FEAT: a rapid web-based functional annotation tool for genomic and
transcriptomic data. Sci. Rep. 8:1794. doi: 10.1038/s41598-018-20211-9

Arndt, D., Grant, J. R, Marcu, A, Sajed, T., Pon, A., Liang, Y., et al. (2016).
PHASTER: a better, faster version of the PHAST phage search tool. Nucleic Acids
Res. 44, W16-W21. doi: 10.1093/nar/gkw387

Atlas, R. M. (1995). Petroleum biodegradation and oil spill bioremediation. Mar.
Pollut. Bull. 31, 178-182. doi: 10.1016/0025-326X(95)00113-2

Aziz, R. K., Bartels, D., Best, A. A, De Jongh, M., Disz, T., Edwards, R. A,, et al.
(2008). The RAST Server: rapid annotations using subsystems technology. BMC
Genomics 9:75. doi: 10.1186/1471-2164-9-75

Banat, I. M., Makkar, R. S., and Cameotra, S. S. (2000). Potential commercial
applications of microbial surfactants. Appl. Microbiol. Biotechnol. 53, 495-508.
doi: 10.1007/s002530051648

Bankevich, A., Nurk, S., Antipov, D., Gurevich, A. A., Dvorkin, M., Kulikov, A. S.,
et al. (2012). SPAdes: a new genome assembly algorithm and its applications
to single-cell sequencing. J. Comput. Biol. 19, 455-477. doi: 10.1089/cmb.2012.
0021

Bargagli, R., Skotnicki, M. L., Marri, L., Pepi, M., Mackenzie, A., and Agnorelli,
C. (2004). New record of moss and thermophilic bacteria species and physico-
chemical properties of geothermal soils on the northwest slope of Mt.
Melbourne (Antarctica). Polar Biol. 27, 423-431. doi: 10.1007/s00300-004-
0612-6

Beazley, M. J., Martinez, R. J., Rajan, S., Powell, J., Piceno, Y. M., Tom, L. M.,,
et al. (2012). Microbial community analysis of a coastal salt marsh affected by
the Deepwater Horizon oil spill. PLoS One 7:¢41305. doi: 10.1371/journal.pone.
0041305

Bendia, A. G., Araujo, G. G., Pulschen, A. A., Contro, B., Duarte, R. T. D,
Rodrigues, F., et al. (2018a). Surviving in hot and cold: psychrophiles and
thermophiles from Deception Island volcano, Antarctica. Extremophiles 22:917.
doi: 10.1007/s00792-018-1048-1

Bendia, A. G., Signori, C. N,, Franco, D. C,, Duarte, R. T. D., Bohannan, B. J. M.,
and Pellizari, V. H. (2018b). A mosaic of geothermal and marine features shapes
microbial community structure on Deception Island volcano, Antarctica. Front.
Microbiol. 9:899. doi: 10.3389/fmicb.2018.00899

Bendia, A. G., Lemos, L. N., Mendes, L. W., Signori, C. N., Bohannan, B. J. M.,
and Pellizari, V. H. (2021). Metabolic potential and survival strategies of
microbial communities across extreme temperature gradients on Deception
Island volcano, Antarctica. Environ. Microbiol. 23, 4054-4073. doi: 10.1111/
1462-2920.15649

Bertani, G. (1951). Studies on lysogenesis. The mode of phage liberation by
lysogenic Escherichia coli. ]. Bacteriol. 62, 293-300. doi: 10.1128/jb.62.3.293-
300.1951

Blin, K., Shaw, S., Kloosterman, A. M., Charlop-Powers, Z., van Wezel, G. P,
Medema, M. H,, et al. (2021). antiSMASH 6.0: improving cluster detection and
comparison capabilities. Nucleic Acids Res. 49, W29-W35. doi: 10.1093/nar/
gkab335

Bolger, A. M., Lohse, M., and Usadel, B. (2014). Trimmomatic: a flexible
trimmer for Illumina sequence data. Bioinformatics 30, 2114-2120. doi: 10.
1093/bioinformatics/btul70

Cameotra, S. S., Makkar, R. S., Kaur, J., and Mehta, S. K. (2010). Synthesis of
biosurfactants and their advantages to microorganisms and mankind. Adv. Exp.
Med. Biol. 672, 261-280. doi: 10.1007/978-1-4419-5979-9_20

Caselli, A. T., Santos-Afonso, M., and Agusto, M. R. (2004). Gases fumarélicos de la
isla Decepcion (Shetland del Sur, Antértida): variaciones quimicas y depositos
vinculados a la crisis sismica de 1999. Rev. de la Asoc. Geol. Argentina 59,
291-302.

Chown, S. L., and Brooks, C. M. (2019). The state and future of antarctic
environments in a global context (October 2019). Annu. Rev. Environ. Resour.
44, 1-30. doi: 10.1146/annurev-environ-101718-033236

Cury, J., Jurelevicius, D., Villela, H., Jesus, H., Peixoto, R. Schaefer, C.,
et al. (2015). Microbial diversity and hydrocarbon depletion in low
and high diesel-polluted soil samples from Keller Peninsula, South
Shetland Islands. Antarct. Sci. 27, 263-273. doi: 10.1017/50954102014
000728

Convey, P., and Peck, L. S. (2019). Antarctic environmental change and biological
responses. Sci. Adv. 5:eaaz0888. doi: 10.1126/sciadv.aaz0888

Cooper, D. G., and Goldenberg, B. G. (1987). Surface-active agents from two
Bacillus species. Appl. Environ. Microbiol. 53, 224-229. doi: 10.1128/aem.53.2.
224-229.1987

Coronel-Ledn, J., de Grau, G., Grau-Campistany, A., Farfan, M., Rabanal,
F., Manresa, A., et al. (2015). Biosurfactant production by AL 1.1, a
Bacillus licheniformis strain isolated from Antarctica: production, chemical
characterization and properties. Ann. Microbiol. 65, 2065-2078. doi: 10.1007/
s13213-015-1045-x

Couto, C. R. A,, Alvarez, V. M., Marques, J. M., Jurelevicius, D. A., and Seldin, L.
(2015). Exploiting the aerobic endospore-forming bacterial diversity in saline
and hypersaline environments for biosurfactant production. BMC Microbiol.
15:240. doi: 10.1186/s12866-015-0575-5

Darvishi, P., Ayatollahi, S., Mowla, D., and Niazi, A. (2011). Biosurfactant
production under extreme environmental conditions by an efficient microbial
consortium, ERCPPI-2. Colloids Surf. B Biointerfaces 84, 292-300. doi: 10.1016/
j-colsurfb.2011.01.011

Das, N, and Chandran, P. (2011). Microbial degradation of petroleum
hydrocarbon contaminants: an overview. Biotechnol. Res. Int. 2011:941810.
doi: 10.4061/2011/941810

Datta, P., Tiwari, P., and Pandey, L. (2022). “Recent case studies of in-situ
and ex-situ microbial enhanced oil recovery, in Microbial Enhanced Oil
Recovery. Green Energy and Technology, eds L. Pandey and P. Tiwari (Singapore:
Springer).

Datta, P., Tiwari, P., and Pandey, L. M. (2018). Isolation and characterization
of biosurfactant producing and oil degrading Bacillus subtilis MG495086
from formation water of Assam oil reservoir and its suitability for enhanced
oil recovery. Bioresour. Technol. 270, 439-448. doi: 10.1016/j.biortech.2018.
09.047

Datta, P., Tiwari, P., and Pandey, L. M. (2020). Oil washing proficiency of
biosurfactant produced by isolated Bacillus tequilensis MK 729017 from Assam
reservoir soil. J. Petroleum Sci. Eng. 195:107612. doi: 10.1016/j.petrol.2020.
107612

de Jesus, H. E., Peixoto, R. S., Cury, J. C,, van Elsas, J. D., and Rosado, A. S.
(2015). Evaluation of soil bioremediation techniques in an aged diesel spill
at the Antarctic Peninsula. Appl. Microbiol. Biotechnol. 99, 10815-10827. doi:
10.1007/500253-015-6919-0

Dhanarajan, G., Rangarajan, V., Bandi, C., Dixit, A, Das, S., Ale, K,, et al. (2017).
Biosurfactant-biopolymer driven microbial enhanced oil recovery (MEOR) and
its optimization by an ANN-GA hybrid technique. J. Biotechnol. 256, 46-56.
doi: 10.1016/j.jbiotec.2017.05.007

Edgar, R. C. (2010). Search and clustering orders of magnitude faster than BLAST.
Bioinformatics 26, 2460-2461. doi: 10.1093/bioinformatics/btq461

Edgar, R. C., Haas, B. J,, Clemente, J. C., Quince, C., and Knight, R. (2011).
UCHIME improves sensitivity and speed of chimera detection. Bioinformatics
27, 2194-2200. doi: 10.1093/bioinformatics/btr381

Engel, A. S,, Liu, C,, Paterson, A. T., Anderson, L. C., Turner, R. E., and Overtone,
E. B. (2017). Salt Marsh bacterial communities before and after the deepwater
horizon oil spill. Appl. Environ. Microbiol. 83, e784-e717. doi: 10.1128/AEM.
00784-17

Flores, P. A. M., Correa-Llanté, D. N., and Blamey, J. M. (2018). A thermophilic
microorganism from Deception Island, Antarctica with a thermostable
glutamate dehydrogenase activity. Biol. Res. 8:55. doi: 10.1186/s40659-018-
0206-3

Fu, L., Niu, B., Zhu, Z., Wu, S., and Li, W. (2012). CD-HIT: accelerated for
clustering the next-generation sequencing data. Bioinformatics 28, 3150-3152.
doi: 10.1093/bioinformatics/bts565

Geetha, S. J., Banat, I. M., and Joshi, S. J. (2018). Biosurfactants: production and
potential applications in microbial enhanced oil recovery (MEOR). Biocatal.
Agric. Biotechnol. 14, 23-32. doi: 10.1016/j.bcab.2018.01.010

Goh, K. M., Gan, H. M., Chan, K. G., Chan, G. F., Shahar, S., Chong, C. S.,
et al. (2014). Analysis of Anoxybacillus genomes from the aspects of lifestyle
adaptations, prophage diversity, and carbohydrate metabolism. PLoS One
9:€90549. doi: 10.1371/journal.pone.0090549

Goswami, M., Chakraborty, P., Mukherjee, K., Mitra, G., Bhattacharyya, P., Dey,
S., et al. (2018). Bioaugmentation and biostimulation: a potential strategy for
environmental remediation. J. Microbiol. Exp. 6, 223-231.

Frontiers in Microbiology | www.frontiersin.org

May 2022 | Volume 13 | Article 885557


http://www.bioinformatics.babraham.ac.uk/projects/fastqc/
http://www.bioinformatics.babraham.ac.uk/projects/fastqc/
https://doi.org/10.1038/s41598-018-20211-9
https://doi.org/10.1093/nar/gkw387
https://doi.org/10.1016/0025-326X(95)00113-2
https://doi.org/10.1186/1471-2164-9-75
https://doi.org/10.1007/s002530051648
https://doi.org/10.1089/cmb.2012.0021
https://doi.org/10.1089/cmb.2012.0021
https://doi.org/10.1007/s00300-004-0612-6
https://doi.org/10.1007/s00300-004-0612-6
https://doi.org/10.1371/journal.pone.0041305
https://doi.org/10.1371/journal.pone.0041305
https://doi.org/10.1007/s00792-018-1048-1
https://doi.org/10.3389/fmicb.2018.00899
https://doi.org/10.1111/1462-2920.15649
https://doi.org/10.1111/1462-2920.15649
https://doi.org/10.1128/jb.62.3.293-300.1951
https://doi.org/10.1128/jb.62.3.293-300.1951
https://doi.org/10.1093/nar/gkab335
https://doi.org/10.1093/nar/gkab335
https://doi.org/10.1093/bioinformatics/btu170
https://doi.org/10.1093/bioinformatics/btu170
https://doi.org/10.1007/978-1-4419-5979-9_20
https://doi.org/10.1146/annurev-environ-101718-033236
https://doi.org/10.1017/S0954102014000728
https://doi.org/10.1017/S0954102014000728
https://doi.org/10.1126/sciadv.aaz0888
https://doi.org/10.1128/aem.53.2.224-229.1987
https://doi.org/10.1128/aem.53.2.224-229.1987
https://doi.org/10.1007/s13213-015-1045-x
https://doi.org/10.1007/s13213-015-1045-x
https://doi.org/10.1186/s12866-015-0575-5
https://doi.org/10.1016/j.colsurfb.2011.01.011
https://doi.org/10.1016/j.colsurfb.2011.01.011
https://doi.org/10.4061/2011/941810
https://doi.org/10.1016/j.biortech.2018.09.047
https://doi.org/10.1016/j.biortech.2018.09.047
https://doi.org/10.1016/j.petrol.2020.107612
https://doi.org/10.1016/j.petrol.2020.107612
https://doi.org/10.1007/s00253-015-6919-0
https://doi.org/10.1007/s00253-015-6919-0
https://doi.org/10.1016/j.jbiotec.2017.05.007
https://doi.org/10.1093/bioinformatics/btq461
https://doi.org/10.1093/bioinformatics/btr381
https://doi.org/10.1128/AEM.00784-17
https://doi.org/10.1128/AEM.00784-17
https://doi.org/10.1186/s40659-018-0206-3
https://doi.org/10.1186/s40659-018-0206-3
https://doi.org/10.1093/bioinformatics/bts565
https://doi.org/10.1016/j.bcab.2018.01.010
https://doi.org/10.1371/journal.pone.0090549
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles

Schultz et al.

Potential Application of Antarctic Thermophiles

Herbold, C. W., McDonald, I, and Cary, C. (2014). “Microbial ecology of
geothermal habitats in Antarctica,” in Antarctic Terrestrial Microbiology, ed. D.
Cowan (New York, NY: Springer), 181-215. doi: 10.1007/s00248-020-01584-9

Hernandez, D., Frangois, P., Farinelli, L., Osteras, M., and Schrenzel, J. (2008). De
novo bacterial genome sequencing: millions of very short reads assembled on a
desktop computer. Genome Res. 18, 802-809. doi: 10.1101/gr.072033.107

Ivanova, A. E., Sukhacheva, M. V., Kanat'eva, A. Y., Kravchenko, I. K., and
Kurganov, A. A. (2014). Hydrocarbon-oxidizing potential and the genes for
n-alkane biodegradation in a new acidophilic mycobacterial association from
sulfur blocks. Microbiology 83, 764-772. doi: 10.1134/S0026261714060095

Jain, D. K., Collins-Thompson, D. L., Lee, H., and Trevors, J. T. (1991). A drop-
collapsing test for screening surfactant-producing microorganisms. J. Microbiol.
Methods 13, 271-279. doi: 10.1016/0167-7012(91)90064-w

Jara, A. M., Andrade, R. F., and Campos-Takaki, G. M. (2013). Physicochemical
characterization of tensio-active produced by Geobacillus stearothermophilus
isolated from petroleum-contaminated soil. Colloids Surf. B Biointerfaces 1,
315-318. doi: 10.1016/j.colsurfb.2012.05.021

Joshi, N. A., and Fass, J. N. (2011). Sickle: A Sliding-Window, Adaptive,
Quality-Based Trimming Tool for FastQ Files (Version 1.33) [Software].
Available online at: Available at https://github.com/najoshi/sickle
(accessed January 7, 2019).

Jousset, A., Bienhold, C., Chatzinotas, A., Gallien, L., Gobet, A., Kurm, V., et al.
(2017). Where less may be more: how the rare biosphere pulls ecosystems
strings. ISME J. 11, 853-862. doi: 10.1038/ismej.2016.174

Kopylova, E., Noé, L., and Touzet, H. (2012). SortMeRNA: fast and accurate
filtering of ribosomal RNAs in metatranscriptomic data. Bioinformatics 15,
3211-3217. doi: 10.1093/bioinformatics/bts611

Kunin, V., Copeland, A., Lapidus, A., Mavromatis, K., and Hugenholtz, P. A.
(2008). A bioinformatician’s guide to metagenomics. Microbiol. Mol. Biol. Rev.
72, 557-578. doi: 10.1128/MMBR.00009-08

Lane, D. J. (1991). “16S/23S rRNA sequencing,” in Nucleic Acid Techniques in
Bacterial Systematics, eds E. Stackebrandt and M. Goodfellow (New York, NY:
John Wiley & Sons), 115-175.

Lindgreen, S. (2012). AdapterRemoval: easy cleaning of next-generation
sequencing reads. BMC Res. Notes 5:337. doi: 10.1186/1756-0500-5-337

Llarch, A., Logan, N., Castellvi, J., Prieto, M., and Guinea, J. (1997). Isolation and
characterization of thermophilic Bacillus spp. from geothermal environments
on Deception Island, South Shetland Archipelago. Microbial. Ecol. 34, 58-65.
doi: 10.1007/5002489900034

Mani, P., Dineshkumar, G., Jayaseelan, T., Deepalakshmi, K., Kumar, C. G.,
and Balan, S. S. (2016). Antimicrobial activities of a promising glycolipid
biosurfactant from a novel marine Staphylococcus saprophyticus SBPSI15.
3Biotech 6:163. doi: 10.1007/s13205-016-0478-7

Marchant, R., and Banat, I. M. (2010). “The genus Geobacillus and hydrocarbon
utilization,” in Handbook of Hydrocarbon and Lipid Microbiology, ed. K. N.
Timmis (Berlin: Springer), 1888-1894.

Marchant, R., and Banat, I. M. (2012). Microbial biosurfactants: challenges and
opportunities for future exploitation. Trends Biotechnol. 11, 558-565. doi: 10.
1016/j.tibtech.2012.07.003

Mirquez, S. L., and Blamey, J. M. (2019). Isolation and partial characterization of a
new moderate thermophilic Albidovulum sp. SLM16 with transaminase activity
from Deception Island, Antarctica. Biol. Res. 52:5. doi: 10.1186/s40659-018-
0210-7

Meier, D. V., Imminger, S., Gillor, O., and Woebken, D. (2021). Distribution of
mixotrophy and desiccation survival mechanisms across microbial genomes in
an arid biological soil crust community. mSystems 6, €786-720. doi: 10.1128/
mSystems.00786-20

Melsted, P., and Halldorsson, B. V. (2014). KmerStream: streaming algorithms
for k-mer abundance estimation. Bioinformatics 30, 3541-3547. doi: 10.1093/
bioinformatics/btu713

Mendez, C., Brana, A. F., Manzanal, M. B., and Hardisson, C. (1985). Role of
substrate mycelium in colony development in Streptomyces. Can. J. Microbiol.
31, 446-450. doi: 10.1139/m85-083

Meyer, F., Paarmann, D., D’souza, M., Olson, R., Glass, E. M., Kubal, M., et al.
(2008). The metagenomics RAST server - a public resource for the automatic
phylogenetic and functional analysis of metagenomes. BMC Bioinform. 9:386.
doi: 10.1186/1471-2105-9-386

Morikawa, M., Hirata, Y., and Imanaka, T. (2000). A study on the structure-
function relationship of the lipopeptide biosurfactant. Biochim. Biophys. Acta
1488, 211-218. doi: 10.1016/s1388-1981(00)00124-4

Mouafi, F. E., Mostafa, M., Abo, E., and Moharam, M. E. (2016). Optimization
of biosurfactant production by Bacillus brevis using response surface
methodology. Biotechnol. Rep. 9, 31-37. doi: 10.1016/j.btre.2015.12.003

Mulligan, C. N., Cooper, D. G., and Neufeld, R. J. (1984). Selection of microbes
producing biosurfactants in media without hydrocarbons. J. Ferment. Technol.
62,311-314.

Mufioz, P., Correa-Llantén, D., and Blamey, J. (2013). Production, purification
and partial characterization of four lipases from a thermophile isolated from
Deception Island. Lipids 48, 527-533. doi: 10.1007/s11745-013-3771-9

Muioz, P., Correa-Llantén, D., and Blamey, J. (2015). Ionic Liquids increase the
catalytic efficiency of a lipase (Lip1) from an antarctic thermophilic bacterium.
Lipids 50, 49-55. doi: 10.1007/s11745-014-3973-9

Muioz, P. A, Flores, P. A, Boehmwald, F. A., and Blamey, J. M. (2011).
Thermophilic bacteria present in a sample from Fumarole Bay, Deception
Island. Antarct. Sci. 23, 549-555. doi: 10.1017/s0954102011000393

Nautiyal, C. S. (1999). An efficient microbiological growth medium for screening
phosphate solubilizing microorganisms. FEMS Microbiol. Lett. 170, 265-270.
doi: 10.1111/j.1574-6968.1999.tb13383.x

Nie, Y., Chi, C. Q., Fang, H,, Liang, J. L., Lu, S. L, Lai, G. L., et al. (2014).
Diverse alkane hydroxylase genes in microorganisms and environments. Sci.
Rep. 4:4968. doi: 10.1038/srep04968

Pacwa-Plociniczak, M., Plaza, G. A., Piotrowska-Seget, Z., and Cameotra, S. S.
(2011). Environmental applications of biosurfactants: recent advances. Int. J.
Mol. Sci. 12, 633-654. doi: 10.3390/ijms12010633

Pakpitcharoena, A., Potivejkulb, K., Kanjanayasa, P., Areekita, S., and Chansiria,
K. (2008). Biodiversity of thermotolerant Bacillus sp. producing biosurfactants,
biocatalysts, and antimicrobial agents. ScienceAsia 34, 424-431.

Pascoal, F., Magalhées, C., and Costa, R. (2020). The link between the ecology of the
prokaryotic rare biosphere and its biotechnological potential. Front. Microbiol.
11:231. doi: 10.3389/fmicb.2020.00231

Perfumo, A., Banat, I. M., and Marchant, R. (2018). Going green and
cold: biosurfactants from low-temperature environments to biotechnology
applications. Trends Biotechnol. 36, 277-289. doi: 10.1016/j.tibtech.2017.10.016

Pericard, P., Dufresne, Y. Couderc, L., Blanquart, S., and Touzet, H.
(2018). MATAM: reconstruction of phylogenetic marker genes from short
sequencing reads in metagenomes. Bioinformatics 34, 585-591. doi: 10.1093/
bioinformatics/btx644

Poli, A., Esposito, E., Lama, L., Orlando, P., Nicolaus, G., de Appolonia, F., et al.
(2006). Anoxybacillus amylolyticus sp. nov., a thermophilic amylase producing
bacterium isolated from Mount Rittmann (Antarctica). Syst. Appl. Microbiol.
29, 300-307. doi: 10.1016/j.syapm.2005.10.003

Quast, C., Pruesse, E., Yilmaz, P., Gerken, J., Schweer, T., Yarza, P., et al. (2013).
The SILVA ribosomal RNA gene database project: improved data processing
and web-based tools. Nucleic Acids Res. 41, 590-596. doi: 10.1093/nar/gks1219

Ramos, L. R,, Vollu, R. E,, Jurelevicius, D., Rosado, A. S., and Seldin, L. (2019).
Firmicutes in different soils of Admiralty Bay, King George Island, Antarctica.
Polar Biol. 42, 2219-2226. doi: 10.1007/s00300-019-02596-z

Reddy, M. S., Naresh, B., Leela, T., Prashanthi, M., Madhusudhan, N. C., Dhanasri,
G., etal. (2010). Biodegradation of phenanthrene with biosurfactant production
by a new strain of Brevibacillus sp. Bioresour. Technol. 101, 7980-7983. doi:
10.1016/j.biortech.2010.04.054

Richardson, A. E., and Simpson, R. J. (2011). Soil microorganisms mediating
phosphorus availability update on microbial phosphorus. Plant Physiol. 156,
989-996. doi: 10.1104/pp.111.175448

Rocha, U. N. (2019). “Isolation of uncultured bacteria,” in Modern Soil
Microbiology, 3rd Edn, eds J. D. van Elsas, J. T. Trevors, A. S. Rosado, and P.
Nannipieri (Boca Raton, FL: CRC Press). doi: 10.3389/fmicb.2017.01346

Rognes, T., Flouri, T., Nichols, B., Quince, C., and Mahé¢, F. (2016). VSEARCH: a
versatile open source tool for metagenomics. Peer] 4:¢2584. doi: 10.7717/peer;j.
2584

Schultz, J., and Rosado, A. S. (2019). “Use of microbes from extreme environments
for biotechnological applications,” in Advanced Techniques for Studying
Microorganisms in Extreme Environments, ed. E. Yergeau (Boston, MA: De
Gruyter), 33-56. doi: 10.1515/9783110525786-003

Frontiers in Microbiology | www.frontiersin.org

May 2022 | Volume 13 | Article 885557


https://doi.org/10.1007/s00248-020-01584-9
https://doi.org/10.1101/gr.072033.107
https://doi.org/10.1134/S0026261714060095
https://doi.org/10.1016/0167-7012(91)90064-w
https://doi.org/10.1016/j.colsurfb.2012.05.021
https://github.com/najoshi/sickle
https://doi.org/10.1038/ismej.2016.174
https://doi.org/10.1093/bioinformatics/bts611
https://doi.org/10.1128/MMBR.00009-08
https://doi.org/10.1186/1756-0500-5-337
https://doi.org/10.1007/s002489900034
https://doi.org/10.1007/s13205-016-0478-7
https://doi.org/10.1016/j.tibtech.2012.07.003
https://doi.org/10.1016/j.tibtech.2012.07.003
https://doi.org/10.1186/s40659-018-0210-7
https://doi.org/10.1186/s40659-018-0210-7
https://doi.org/10.1128/mSystems.00786-20
https://doi.org/10.1128/mSystems.00786-20
https://doi.org/10.1093/bioinformatics/btu713
https://doi.org/10.1093/bioinformatics/btu713
https://doi.org/10.1139/m85-083
https://doi.org/10.1186/1471-2105-9-386
https://doi.org/10.1016/s1388-1981(00)00124-4
https://doi.org/10.1016/j.btre.2015.12.003
https://doi.org/10.1007/s11745-013-3771-9
https://doi.org/10.1007/s11745-014-3973-9
https://doi.org/10.1017/s0954102011000393
https://doi.org/10.1111/j.1574-6968.1999.tb13383.x
https://doi.org/10.1038/srep04968
https://doi.org/10.3390/ijms12010633
https://doi.org/10.3389/fmicb.2020.00231
https://doi.org/10.1016/j.tibtech.2017.10.016
https://doi.org/10.1093/bioinformatics/btx644
https://doi.org/10.1093/bioinformatics/btx644
https://doi.org/10.1016/j.syapm.2005.10.003
https://doi.org/10.1093/nar/gks1219
https://doi.org/10.1007/s00300-019-02596-z
https://doi.org/10.1016/j.biortech.2010.04.054
https://doi.org/10.1016/j.biortech.2010.04.054
https://doi.org/10.1104/pp.111.175448
https://doi.org/10.3389/fmicb.2017.01346
https://doi.org/10.7717/peerj.2584
https://doi.org/10.7717/peerj.2584
https://doi.org/10.1515/9783110525786-003
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles

Schultz et al.

Potential Application of Antarctic Thermophiles

Schultz, J., and Rosado, A. S. (2020). Extreme environments: a source of
biosurfactants for biotechnological applications. Extremophiles 24, 189-206.
doi: 10.1007/s00792-019-01151-2

Seemann, T. (2014). Prokka: rapid prokaryotic genome annotation. Bioinformatics
30, 2068-2069. doi: 10.1093/bioinformatics/btul53

Sharma, N., Lavania, M., and Lal, B. (2022). Biosurfactant: a next-generation tool
for sustainable remediation of organic pollutants. Front. Microbiol. 12:821531.
doi: 10.3389/fmicb.2021.821531

Sharma, S., Datta, P., Kumar, B., Tiwari, P., and Pandey, L. M. (2019). Production of
novel rhamnolipids via biodegradation of waste cooking oil using Pseudomonas
aeruginosa MTCC7815. Biodegradation 30, 301-312. doi: 10.1007/s10532-019-
09874-x

Sharma, S., and Pandey, L. M. (2021). Hydrophobic surface induced biosorption
and microbial ex-situ remediation of oil contaminated sites. Ind. Eng. Chem.
Res. 60, 9378-9388. doi: 10.1021/acs.iecr.1c00974

Somerville, V., Lutz, S., Schmid, M., Frei, D., Moser, A., Irmler, S., et al. (2019).
Long-read based de novo assembly of low-complexity metagenome samples
results in finished genomes and reveals insights into strain diversity and an
active phage system. BMC Microbiol. 19:143. doi: 10.1186/512866-019-1500-0

Teixeira, L. C., Peixoto, R. S., Cury, J. C., Sul, W. ], Pellizari, V. H., Tiedje, J., et al.
(2010). Bacterial diversity in rhizosphere soil from Antarctic vascular plants of
Admiralty Bay, maritime Antarctica. ISME J. 4, 989-1001. doi: 10.1038/isme;.
2010.35

Uad, I, Silva-Castro, G. A., Pozo, C., Gonzalez-Lopez, J., and Calvo, C. (2010).
Biodegradative potential and characterization of bioemulsifiers of marine
bacteria isolated from samples of seawater, sediment and fuel extracted at
4000 m of depth (Prestige wreck). Int. Biodeterior. Biodegradation 64, 511-518.
doi: 10.1016/j.ibiod.2010.06.005

van Heel, A. J., de Jong, A., Song, C., Viel, J. H., Kok, J., and Kuipers, O. P. (2018).
BAGEL4: a user-friendly web server to thoroughly mine RiPPs and bacteriocins.
Nucleic Acids Res. 46, W278-W281. doi: 10.1093/nar/gky383

Wilkins, L. G. E., Ettinger, C. L., Jospin, G., and Eisen, J. A. (2019). Metagenome-
assembled genomes provide new insight into the microbial diversity of two
thermal pools in Kamchatka, Russia. Sci. Rep. 9:3059.

Woodcroft, B. ], Singleton, C. M., Boyd, J. A., Evans, P. N., Emerson, J. B., Zayed,
A. A F, et al. (2018). Genome-centric view of carbon processing in thawing
permafrost. Nature 560, 49-54. doi: 10.1038/541586-018-0338- 1

Xia, W., Dong, H., Yu, Li, Bi, Y., and Yu, W. (2016). Analysis of biosurfactant
production by a new thermophilic and halotolerant bacterium, Geobacillus sp.
QT. Int. J. Green Technol. 2, 20-28. doi: 10.30634/2414-2077.2016.02.3

Xia, W., Dong, H., Zheng, C., Cui, Q, He, P, and Tang, Y. (2015).
Hydrocarbon degradation by a newly isolated thermophilic Anoxybacillus sp.
with bioemulsifier production and new alkB genes. RSC Adv. 5:1039.

Xu, L., Dong, Z., Fang, L., Luo, Y., Wei, Z., Guo, H,, et al. (2019). OrthoVenn2:
a web server for whole-genome comparison and annotation of orthologous
clusters across multiple species. Nucleic Acids Res. 47, W52-W58. doi: 10.1093/
nar/gkz333

Youssef, N. H., Duncan, K. E., Nagle, D. P., Savage, K. N., Knapp, R. M., and
Mclnerney, M. J. (2004). Comparison of methods to detect biosurfactant
production by diverse microorganisms. J. Microbiol. Methods 56, 339-347. doi:
10.1016/j.mimet.2003.11.001

Yusoff, D. F., Raja Abd Rahman, R. N. Z., Masomian, M., Ali, M. S. M., and
Leow, T. C. (2020). Newly isolated alkane hydroxylase and lipase producing
Geobacillus and Anoxybacillus species involved in crude oil degradation.
Catalysts 10:851. doi: 10.3390/catal10080851

Zaikova, E., Goerlitz, D. S., Tighe, S. W., Wagner, N. Y., Ba, Y., Hall, B. L, et al.
(2019). Antarctic relic microbial mat community revealed by metagenomics
and metatranscriptomics. Front. Ecol. Evol. 7:1. doi: 10.3389/fev0.2019.00001

Zamkovaya, T., Foster, J. S., de Crécy-Lagard, V., and Conesa, A. (2021).
A network approach to elucidate and prioritize microbial dark matter
in microbial communities. ISME J. 15, 228-244. doi: 10.1038/s41396-020-
00777-x

Zobell, C. (1941). Studies on marine bacteria. I. The cultural requirements of
heterotrophic aerobes. J. Mar. Res. 4, 42-75.

Zuliani, L., Serpico, A., De Simone, M., Frison, N., and Fusco, S. (2021).
Biorefinery gets hot: thermophilic enzymes and microorganisms for
second-generation bioethanol production. Processes 9:1583. doi: 10.3390/
pro091583

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2022 Schultz, Argentino, Kallies, Nunes da Rocha and Rosado. This is an
open-access article distributed under the terms of the Creative Commons Attribution
License (CC BY). The use, distribution or reproduction in other forums is permitted,
provided the original author(s) and the copyright owner(s) are credited and that the
original publication in this journal is cited, in accordance with accepted academic
practice. No use, distribution or reproduction is permitted which does not comply
with these terms.

Frontiers in Microbiology | www.frontiersin.org

19

May 2022 | Volume 13 | Article 885557


https://doi.org/10.1007/s00792-019-01151-2
https://doi.org/10.1093/bioinformatics/btu153
https://doi.org/10.3389/fmicb.2021.821531
https://doi.org/10.1007/s10532-019-09874-x
https://doi.org/10.1007/s10532-019-09874-x
https://doi.org/10.1021/acs.iecr.1c00974
https://doi.org/10.1186/s12866-019-1500-0
https://doi.org/10.1038/ismej.2010.35
https://doi.org/10.1038/ismej.2010.35
https://doi.org/10.1016/j.ibiod.2010.06.005
https://doi.org/10.1093/nar/gky383
https://doi.org/10.1038/s41586-018-0338-1
https://doi.org/10.30634/2414-2077.2016.02.3
https://doi.org/10.1093/nar/gkz333
https://doi.org/10.1093/nar/gkz333
https://doi.org/10.1016/j.mimet.2003.11.001
https://doi.org/10.1016/j.mimet.2003.11.001
https://doi.org/10.3390/catal10080851
https://doi.org/10.3389/fevo.2019.00001
https://doi.org/10.1038/s41396-020-00777-x
https://doi.org/10.1038/s41396-020-00777-x
https://doi.org/10.3390/pr9091583
https://doi.org/10.3390/pr9091583
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles

	Polyphasic Analysis Reveals Potential Petroleum Hydrocarbon Degradation and Biosurfactant Production by Rare Biosphere Thermophilic Bacteria From Deception Island, an Active Antarctic Volcano
	Introduction
	Materials and Methods
	Study Site and Sampling Strategy
	Isolation of Thermophiles From Environmental Samples
	16S rRNA Sequence Analysis and Identification
	Metagenomic Sequencing and Reconstruction of Small-Subunit of rRNA Genes From Metagenome Reads and Comparisons of Small-Subunit rRNA Genes From Isolates
	Screening of Oil-Degrading Thermophilic Bacteria
	Screening for Biosurfactant and Bioemulsifier Production
	Drop-Collapse Test
	Oil-Spreading Assay
	Hemolysis Test
	Emulsification Assay

	Genomic Sequencing and Data Analysis
	Whole Genome Sequencing
	Assembly, Gene Prediction, and Functional Annotation
	Phylogenomic and Comparative Genomic Analyses
	Data Availability


	Results
	Thermophiles Isolated From Deception Island and Phylogenetic Classification
	Comparison Between Isolates and Metagenomes
	Screening for Oil-Degrading Bacteria and Biosurfactant/Bioemulsifier Producers

	Genomic Analysis of an Oil-Degrading and Biosurfactant Producer Bacterium

	Discussion
	Data Availability Statement
	Author Contributions
	Funding
	Acknowledgments
	Supplementary Material
	References


