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Abstract
Background
Antarctica is the coldest and driest continent on Earth, characterized by polyextreme environmental
conditions, where species adapted to grow and thrive at low values of temperature, low nutrient
concentration and relative humidity and high UV radiation form complex networks of interactions.
Microbial communities growing in these harsh environments can form biofilms that help the associated
species to survive in such harsh conditions. The knowledge on biofilms microbial community in the
literature is extensive, however, most studies are focused on the dominant species and are not able to
disclose the whole functional complexity and entire metabolic potential.
Methods
To overcome these limitations, the present study used genome-centric metagenomics and
metatranscriptomics to analyze two biofilm samples collected in Deception Island, Maritime Antarctica.
Species abundance and their functional activity were correlated with environmental parameters.
Differential gene expression analysis based on the negative binomial distribution of the DeSeq2 package
was used to compare the abundance of metagenome-assembled genome (MAG) in the biofilms (BR and
BG) and the gene expression of the metatranscriptomic analysis (p-value 0.05).
Results
The results showed a complex microbiome represented by 180 MAGs, highly divergent according to
temperature, pH, and position along a transect of Whalers Bay sediments. Metabolic evaluations allowed
to predict polyphenols and chitin as primary substrate feeding. The potential metabolic interactions were
investigated using metabolic flux balance analysis and revealed that purple bacteria are the taxonomic
group with the highest number of correlations with other bacteria. This behavior is well represented by the
MAG WB_595 belonging to Alphaproteobacteria.
Conclusions
Due to predicted mixothrophic behavior of Alaproteobacteria_WB_595 MAG, it may represent a crucial
member of the microbiome, and it has the potential to support the heterotrophic species in the biofilms.
Metatranscriptomics revealed that the chaperone system and proteins counteracting reactive oxygen
species and toxic compounds have a key role in the maintenance of bacterial cell homeostasis in
sediments of volcanic origin.

Introduction
The advent of innovative molecular techniques such as next generation sequencing introduced deep
modification in the study of subjects such as evolution, endemism, invasion, and microbial selection in
the Antarctic continent (Vincent, 2000; Bej et al., 2009; Rogers et al., 2013; Richter et al., 2014).
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Metagenomics allows the identification of functional genes directly from environmental samples, and it
can disclose the complexity of microbial communities, estimating the associated diversity, understanding
the population dynamics of a community and allowing to recover complete genomes of organisms not
cultured yet (Rajendhran and Gunasekaran, 2008). Although metagenomics can reveal the genetic
potential available in the microbiome, to understand the roles that members of a community are playing
and how they respond to environmental variations, it is necessary to integrate metagenomic data with
other “omics” approaches, such as metatranscriptomics. Evaluation of gene expression allows
classification, identification and quantification of specific responses to environmental stimuli, enabling
the establishment of correlations of microbial functions with environmental data (Toseland 64 et al.,
2014; Delforno et al., 2019).
Despite the important findings obtained in the past few years, knowledge regarding the microbial roles
and interactions in most ecological niches in Antarctic continent is still scarce. Biogeochemical cycles
and food chains, in an environment with such restrictive abiotic characteristics, are often formed
exclusively by microorganisms, which play a fundamental role in energy transformation, recycling of
organic matter, and mineralization of nutrients, forming the basis for the functioning of terrestrial and
aquatic ecosystems (Vincent 2000; Yergeau and Kowalchuk, 2008). Microorganisms thriving in this
extreme region show an enormous metabolic diversity that allowed them to efficiently colonize the
different niches available (Margesin and Miteva, 2011). The environmental conditions in Antarctica are
not homogeneous, in fact, there are strong variations in different niches, including different types of soils,
sediments, rocks, as well as snow and ice. These factors can vary in the thermal, nutritional, water activity
and salinity properties. Notably, the volcanic island Deception, located in Maritime Antarctica, due to
geothermal activity, permanent ice, and different types of rocks (Bartolini et al., 2014; Centurion et al.,
2019; Geyer et al., 2019), has attracted attention and represents a great target to investigate metabolic
adaptation and taxonomic composition of the species growing in this habitat (Bendia et al., 2018a,
2018b). For example, in Whalers Bay, the first landing area of Deception island, constant cold
temperatures are often accompanied by freeze/thaw cycles occurring between winter and summer; this
results in modifications of the permanent ice cover from year to year (Centurion et al., 2021).
One of the strategies allowing successful growth and protection of the microorganisms in harsh
environments is the formation of biofilms, a process which occurs through the production of a dense
mass of extracellular polymeric substances (EPS) which involves the microbial cells. Apart from the wellknown cryoprotectant function, EPS can assist microorganisms in scavenging nutrients and metals from
the environment and act as a site to accumulate UV-protective enzymes and compounds such as
superoxide dismutase and pigments, respectively (Pereira et al., 2009; Anesio et al., 2017). The biofilm not
only benefits bacteria, but can also create protected microenvironmental niches characterized by low
stressful conditions enabling the growth of some microalgae and mosses that are usually inhibited when
exposed directly to restrictive environmental conditions (Rossi and De Philippis, 2015). In Antarctica,
prokaryotes can form different biofilm organizations according to the growth place, such as cryoconite
granules and microbial mats. Cryoconite is a dark granule mixture characterized by carbon source in the
external part and inorganic matter in the internal one; these structures are formed by aeolian debris which
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melt on the ice surface (Smith et al., 2016; Anesio et al., 2017). Microbial mats are colonies formed by
associations of microorganisms with lithic surfaces (rocks) characterized by a laminated, multilayered
structure (Rossi and Philippis, 2015). The phylum Cyanobacteria in particular, is crucial for the formation
and maintenance of biofilms. However, studies performed using metagenomic shotgun or amplicon (16S
rRNA gene) sequencing showed scarce presence of Cyanobacteria in biofilms (Cameron et al., 2012;
Alvarenga et al., 2017; Anesio et al., 2017). Therefore, studies of biofilms focused on the characterization
of microorganisms with the highest abundances may underestimate the importance of rare taxa having
crucial roles for the environment. For this reason, the main aim of the current study was to correlate the
genomic features of the species present in two biofilms exposed to different stressful conditions in
Whalers Bay, Deception Island, in the Maritime Antarctica. In order to reveal the metabolic mechanisms of
adaptation, state of the art bioinformatics tools and metatranscriptomic analysis have been used along
with an innovative approach to estimate metabolic interactions between microbial species.

Material And Methods

Sampling
Sampling was carried out from sediments covered with a red biofilm formed under a glacier and a green
biofilm formed on the surface of melting water (Fig. 1a), in Whalers Bay (WB), Deception Island, South
Shetlands archipelago (Maritime Antarctica; - S 62 ° 97 '934' 'and W 060 ° 55' 532 ''), in December 2014,
2015 and 2017 (austral summer). Sediment samples were collected in duplicate (2014) and triplicate
(2015 and 2017) using sterilized bags for chemical analysis, Falcon tubes for DNA extraction, and Falcon
tubes with LifeGuard Soil Preservation Solution (Qiagen, Inc, Hilden, Germany) for RNA extraction and
stored at -20 oC for transportation to the laboratory of the Microbial Resources Division (CPQBA /
UNICAMP), in Campinas, SP, Brazil. Sample sites of each year comprised the Red biofilm (BR), which
spanned site 1 (WB1), subglacial sediments, and site 2 (WB2), 50 cm far from the glacier; and the Green
Biofilm (BG), which spanned site 3 (WB3), central area and site 4 (WB4), transect end (Fig. 1b). At the
sampling site, sediment and environmental temperature data were collected. After arrival at the
laboratory, sediment samples from each summer were immediately processed for DNA and RNA (only
2017) extraction and sequencing.

Physicochemical Analyses of WB Sediments
Physicochemical analyses of samples corresponding to each site of the WB sediments of the three
sampling years were carried out at the Soil Science Department of Luiz de Queiróz School of Agriculture
(ESALQ - USP, Piracicaba, SP). Concentrations of total N and inorganic N (N-NH+ 4 and N-NO-3) were
evaluated by the Kjeldahl test and steam distillation, respectively. The organic carbon levels were
evaluated by titration of excess dichromate ions with Fe+ 2 ions and colorimetric methods based on the
reading of green color of Cr (III) ion reduced by organic carbon (Quaggio and Raij, 1979) with detection
limit of 0.00 mg/dm³. The concentration of organic matter was obtained from organic carbon results by
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conversion using the Van Bemmelen factor. Concentrations of the elements Fe, Cu, Mn, Zn, Pb, Cd, Cr, Ni,
and Co were determined by flame atomic absorption spectroscopy.

DNA/RNA extraction and sequencing
Metagenomic DNA of samples collected from the sediments of Whalers Bay along the three summers
was extracted with DNeasy PowerSoil Kit (Qiagen, Inc, Hilden, Germany), according to the manufacturer's
instructions. Total DNA obtained from 2014 (duplicate) and 2015 (triplicate) samples were sent for largescale sequencing using the Illumina HiSeq platform (2 x 150 bp, paired-end) at the MR DNA company
(Texas, United States). Samples of the year 2017 were sent to the company GenOne Soluções em
Biotecnologia (Rio de Janeiro, RJ, Brazil) for sequencing with Illumina NovaSeq 6000 platform (2 x 150,
paired-end). Metagenomic sequences were submitted to the European Nucleotide Archive
(http://www.ebi.ac.uk) under the project accession number PRJEB29861 for 2014 samples and
PRJEB38669 for 2015 and 2017 samples.
Metatranscriptomic RNA of the year 2017 (triplicate) was extracted with RNeasy PowerSoil Total RNA kit
(Qiagen, Inc, Hilden, Germany) according to the manufacturer's instructions. Ribosomal RNA of the
samples was depleted using the Ribo-Zero Plus rRNA Kit (Illumina, Inc, California, EUA), according to the
manufacturer's instructions. The cDNA synthesis and sequencing in Illumina HiSeq platform (2 x 101 bp,
paired-end) were performed at the Genomics Center of Luiz de Queiróz School of Agriculture (ESALQ USP, Piracicaba, SP). Metatranscriptomic sequences were submitted to the European Nucleotide Archive
(http://www.ebi.ac.uk) under the project accession number PRJEB42062.

Bioinformatics Analyses of Metagenomes
The quality of the raw sequence data was verified using the fastqc tool
(https://www.bioinformatics.babraham.ac.uk/projects/fastqc/). Reads were filtered by the Trimmomatic
v 0.39-1 tool (Bolger et al., 2014) to remove adapters and low-quality bases (Phred score ≤ 20); an
additional check was performed to remove the bacteriophage phi x174 contamination by BBDuck of
BBTools (https://jgi.doe.gov/data-and-tools/bbtools/). The high-quality reads were assembled by using
all the 29 paired-end libraries (co-assembly) with the MegaHit v1.2.4 tool (Li et al., 2015). To generate the
depth file needed for the binning approach, bowtie2 v2.2.6 (Langmead and Salzberg, 2012) and SAMTool
v0.1.19 (Li et al., 2009) were used. The binning process was performed by using five tools: BinSanity
v0.3.4-0 (Graham et al., 2017), Concoct v1.1.0–0 (Alneber et al., 2014), Maxbin2 v2.2.6 (Wu et al., 2015),
MetaBAT v0.32.5 (Kang et al., 2015) and MetaBAT2 v2.12.1 (Kang et al., 2020). All binning results were
dereplicated and aggregated by the DASTool v1.1.2-0 (Sieber et al., 2018). CheckM v1.1.2-1 (Parks et al.,
2015) was used to assess quality (completeness and contamination) of the MAGs obtained with each
binning tool and to determine the coverage of each sample library in the MAGs of aggregated DASTool
results. The taxonomic classification of the MAGs was made by GTDB-Tk v1.0.2 (Chaumeil et al., 2019)
and the phylogenetic profile obtained by PhyloPhlAn v3.0.51 (Asnicar et al., 2020). The phylogenetic tree
was visualized using iTOL v5 (Letunic and Bork, 2006). The prediction of ORFs (Open Reading Frames) in
each MAG was run in Prodigal v2.6.3 tool (Hyatt et al., 2010) and the ORF functional classification in
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DRAM v1.1.1 (Shaffer et al., 2020) and EggNOG v5.0 tools (Huerta-Cepas et al., 2019). Identifiers were
assigned to MAGs according to the highest taxonomic level obtained from the analysis, the sampling site
name and the number attributed by binning tools.

Bioinformatics Analyses of Metatranscriptomes
The bowtie2 v2.2.6 tool was used to map high-quality reads (Phred score ≥ 30) of 12 metatranscriptomic
libraries against ORFs on the high/intermediate-quality MAGs (≥ 90% completeness, ≤ 5% contamination
and ≥ 70% completeness, ≤ 10% contamination, respectively). With this procedure, only functional gene
information of each MAG was aligned, excluding the possibility of mapping ribosomal sequences not
removed by the depletion kit. To extract the quantitative information of reads mapped of each library, the
SAMTool v0.1.19 was used. Finally, the functional classification of ORFs was obtained comparing the
ORF codes of the bowtie2 results with the eggNOG tables derived from metagenomic analyses.

Statistical Analysis
For the physicochemical information, the values were separated in two groups: BR (WB1 and WB2) and
BG (WB3 and WB4). Then, the average and standard deviation were calculated and compared using the Ttest. The correlation between physicochemical and microbial data was performed by the function
“BIOENV” of the package Vegan v2.5-6 using Spearman, Bray-Curtis and Euclidean coefficients (Clarke
and Ainsworth, 1993).
Comparison between WB and Tara Ocean MAGs (Delmond et al., 2018) was made by the calculation of
ANI values (Average Nucleotide Identity) in the dRep v2.6.2 tool (Olm et al., 2017). The correlation
analysis of the high/intermediate-quality MAGs was made by the FastSpar tool (Watts et al., 2018), which
uses the linear Pearson correlations between the log-transformed components from SparCC strategy
(Friedman and Alm, 2012). The positive correlation values with p-value 0.01 were uploaded in Cytoscape
(Shannon et al., 2003) to create a network, and a cut off of 20 degrees was applied to visualize MAGs
with higher number of correlations. For the flux balance analyses, CarveMe v1.2.1 tool (Machado et al.,
2018) was used to create the metabolic models of the MAGs. Afterwards, Smetana v1.0.0 tool (Zelezniak
et al., 2015) was used for the calculation of the cross-feeding interactions occurring inside the whole
microbiome and comparing the two biofilms as previous described (Basile et al., 2020). The Smetana
values are the combination of three scores: species coupling score (SCS), metabolite uptake score (MUS)
and metabolite production score (MPS). The results of Smetana analyses were summed and transformed
in percentage for each biofilm.
Following a procedure previously optimized, differential gene expression analysis based on the negative
binomial distribution of the DeSeq2 package (Love et al., 2014) was used to compare the abundance of
MAGs in the biofilms (BR and BG) and the gene expression of the metatranscriptomic analysis (p-value
0.05) (Fontana et al., 2018). For better visualization of the metatranscriptomic gene ontology, all
annotation of the MAGs and the expressed ORFs of the GO terms of Gene Ontology database (Ashburner
et al., 2000; The Gene Ontology Consortium, 2018) were exported to the R Statistical Environment
platform for running an enrichment analysis using the topGO tool (Alexa and Rahnenfuhrer, 2020).
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Results And Discussion

Characteristics of Biofilms
The subglacial biofilm (BR) is protected from solar radiation and shows low temperature (0-2oC), while
the BG is exposed to higher solar radiation and higher temperature (up to 13ºC). The statistical analyses
(t-test) of the temperature values corroborated the significant difference (Fig. 1d, p-value 0.00008),
confirming this is the most important abiotic factor influencing the biofilm ecosystem. Another critical
difference between the two samples is the pH (p-value 0.0003), which was close to neutral (7.2) in BR and
more acidic (6.3) in BG. The heavy metal concentration in sediments was constant in all sites, only Cu
showed a small difference (p-value of 0.09), with a higher concentration in BR.
The differences related to the physicochemical parameters registered at the two sampling sites likely
shaped microbiome composition and functions resulting in different colors of the biofilms, which are
potentially associated to the ability of counteracting specific chemical and physical stresses. In general,
red and green colors are characteristic of biofilms associated with algal genera. Chlamydomonas and
Chloromonas are carotenoid-rich taxa in resting phases and typical determinants of red mass blooms
(Horam and Duval, 2001; Remias, 2012). The green color is usually caused by the chlorophyll-rich trophic
phase of Chloromonas (Remias, 2012; Anesio et al., 2017). Moreover, the color can also be associated
with purple-green phototrophic bacteria and determined by the production of bacteriochlorophyll and
carotenoid pigments (Downes et al., 1993; Keely, 2006). The resulting different colors may thus be due to
the exposure of distinct levels of UV-radiation and/or to the growth of specific microorganisms at lower or
higher temperature. In fact, as previously reported (Centurion et al., 2019), the resistome can vary among
Deception island sites, and abiotic factors, such as Cu and Zn concentrations, have a significant role in
shaping the microbial profiles.

Taxonomy and diversity of Metagenome-Assembled
Genomes
Metagenomic binning of marine microbiomes is usually complex due to the high number of co-occurring
species and strains. In order to solve this conundrum, the metagenomic approach was performed using
five different tools, followed by dereplication and combination of the microbial genomes. The assembly
and binning of the 29 paired-end metagenomic libraries (~ 800 million reads) allowed the identification of
488 non-redundant metagenome-assembled genomes (MAGs): 63 having medium quality (≥ 50%
completeness, ≤ 10% contamination), 116 intermediate quality (≥ 70% completeness, ≤ 10%
contamination) and 57 high quality (≥ 90% completeness, ≤ 5% contamination). The last two groups
were selected for further analyses and discussion (Supplementary Table 1). None of the MAGs were
associated to algal or archaeal species. Due to the dense cell wall characteristics, lysis of algae may pose
difficulties and this can result in a low coverage value for this group (data not shown). The 180 selected
MAGs belonged to the domain Bacteria and in the mapping analysis they recruited from 11 to 33% of the
high-quality reads, depending on the sample (Supplementary Table 2). Taxonomic analysis of MAGs
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revealed that most of them belonged to the phyla Proteobacteria (n = 69) and Bacteroidetes (n = 49). This
finding is corroborated by previous studies performed on Deception Island (Bendia et al., 2020, Bendia et
al., 2018a; Bendia et al., 2018b; Centurion et al., 2019; Centurion et al., 2021). The number of MAGs
associated to other phyla was lower and included Actinobacteria (n = 27), Firmicutes (n = 17),
Verrucomicrobia (n = 4), Cyanobacteria (n = 3), Acidobacteria (n = 3), Gemmatimonadetes (n = 3), and
Chloroflexi (n = 1) (Fig. 2). Classification at deeper taxonomic ranks revealed that the MAGs were
distributed in 91 genera and 40 families, allowing a better characterization of the bacterial diversity in the
biofilms. Only two MAGs were not classified at a taxonomic rank higher than Kingdom level. Of all MAGs
recovered, only one was identified at the species level, namely the psychrotrophic and chitin-utilizing
Arthrobacter psychrochitiniphilus (Wang et al., 2009). This finding clearly evidenced the high level of
novelty in the genomes recovered and confirmed that most of the species residing in the environmental
biofilms in Antarctica are still completely unknown. Despite the low percentage of organic matter present
in the sediment samples (0.20–0.30%), the taxonomic assignment at genus level suggested that 70
MAGs are heterotrophic. Only six MAGs were considered oligotrophic and seven autotrophic. Members of
the phylum Cyanobacteria (n = 3) are responsible for carbon fixation. Moreover, MAGs of the genus

Pseudanabaena (family Oscillatoriaceae; phylum Cyanobacteria) are probably involved in the production
of cryoconite granules (Uetake et al., 2016; Buda et al., 2020). These granules have organic matter
sources in the outer part and minerals in the inner part, and thus can support the growth of heterotrophic
organisms. Because of the characteristics of WB samples (melting water and darkish sediment), it is
likely that the biofilm was associated with cryoconite granules.
According to literature, most of the microorganisms found in WB are related to samples of marine origin.
For example, Psychrobacter and Flavobacterium, the most abundant genera found in several
metagenomic datasets (Centurion et al., 2019; Centurion et al., 2021), include strains that are known fish
pathogens (González et al., 2000; Chen et al., 2017) and others that were isolated from marine algae and
water (Onishchenko and Kiprianova, 2004; Miyashita et al., 2010; Park et al., 2015). For this reason, the
WB MAGs (n = 180) were compared with those recently recovered from the TARA-Ocean project (n = 2,683;
Delmont et al., 2018). None of the TARA-Ocean MAGs were similar to the WB MAGs (95% ANI cutoff),
revealing that there are no common species between these samples. Most of the WB MAGs showed ~
75% ANI to the TARA-Ocean MAGs (Supplementary Fig. 1). Additionally, an extensive pairwise
comparison among the WB MAGs revealed that they are not closely associated, and ANI values were
always lower than 80% even between MAGs of the same genus, indicating that the species are not even
closely related. This finding suggests that, despite the recovered MAGs are of marine origin, the enormous
number of species in the ocean environment, which are still unknown at genome level, deserves a larger
effort to gain a comprehensive knowledge on the global marine microbiome.

Metabolic Potential of Whalers Bay Microbial Biofilms
Functional annotation revealed that, in general, the most abundant metabolisms associated to carbon
sources in MAGs were “chitin backbone and oligo cleavage” and “polyphenolics cleavage”
(Supplementary Fig. 2). Chitin is the second most abundant biopolymer in nature, and it is present in
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fungi, algae, and in the exoskeletons of insects and crustaceans (Lonhienne et al., 2001). In Antarctica,
the primary sources of chitin are crustaceans and algae, and a minor fraction derives from fungi
associated with lichens and wood, introduced in Deception Island by human activity (Duarte et al., 2019).
Previous study reported that chitinases identified in some Antarctic species of the Arthrobacter genus can
efficiently operate at low temperatures (Lonhienne et al., 2001).
Polyphenolic compounds have multiple phenolic functionalities and are secondary metabolites with
antioxidant properties, known to be produced by plants. They are also components of fossil fuels and
common anthropogenic pollutants. Although Antarctica is known as a pristine continent, bacteria
isolated from this environment were found to have the ability to degrade phenol (Lee et al., 2017;
Subramaniam et al., 2020). As an example, bacteria (particularly Polaromonas) associated to diesel spill
in Carlini Station, Antarctica, have showed the potential to metabolize pollutants (Vásquez et al., 2017). In
fact, Polaromonas has been reported in several studies as a species involved in hydrocarbon degradation
(Jeon et al., 2004; Saul et al., 2005; Mattes et al., 2008). Characterization of the bacterial resistome in
Deception Island ranked the biocide resistance genes (those counteracting the negative effects of
phenolic compounds) as the second most abundant class of resistance genes, both in Polaromonas and
Psychrobacter (Centurion et al., 2019). These two genera are dominant members of the Deception
sediments (Centurion et al., 2019; Centurion et al., 2021) and in the present work 5 and 1 MAG have been
associated to Polaromonas and Psychrobacter, respectively. Furthermore, the arsC gene for arsenate
reduction and arsenic resistance (Pal et al., 2014), already reported in a resistome study (Centurion et al.,
2019), was found as a common function in the MAGs.
Regarding nitrogen metabolism, most of the MAGs are nitrite-oxidizing bacteria (NOB) and denitrifiers.
More specifically, all enzymes involved in denitrification process are encoded in the genomes of MAGs
Bacteroidetes WB_211, Methylotenera spp. (WB_221, and WB_229) and Oblitimonas WB_231.
Interestingly, all MAGs of the genus Methylotenera, which has been previously associated to
methylotrophic, ammonia nitrification, and denitrification metabolisms (Schramm et al., 1998), did not
show genes for ammonia metabolism. Moreover, the microbiome of Deception sediments includes
members of autotrophic (e.g. Pseudonabaena and Rodhoferax), heterotrophic (e.g. Hydrogenophaga and
Polaromonas) and diazotrophic genera (Centurion et al., 2021). However, in this study annotation did not
allow to identify the nitrogen fixation nifH gene (nitrogenase iron protein) in any of the MAGs. Previous
sequenced-based studies from Antarctic metagenomic samples reported the absence of known proteins
involved in nitrogen fixation, and suggested the existence of processes using alternative nitrogen sources
(Van Goethem and Cowan, 2019).
The Cyanobacteria Pseudonabaena MAGs (n = 2) showed two different photosynthetic systems, one
encoded by psaA-F and psbA genes and the other by psbD. Furthermore, one MAG of the genus
Flavobacterium contained genes for photosynthesis. To the best of our knowledge, this is the first report
describing autotrophic species within the Flavobacterium genus. One previous study from Lami et al.
(2009) reported the presence of the protein proteorhodopsin in the class Flavobacteriia, a transmembrane
light-driven proton pump using light and organic compounds as energy sources. Horizontal gene transfer
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events (HGT) from blue-green algae to non-phototrophic bacteria are a natural occurring process, and it is
also possible in biofilms (Lee, 2019). In fact, Flavobacterium strains have been found in association with
algae (Miyashita et al., 2010; Park et al., 2015).
To show not only the MAGs functional potential to degrade compounds, but also the metabolic exchange
and interaction, the flux balance analysis was applied. The results of flux balance analysis
(Supplementary Table 3) showed a cross-feeding interaction mainly based on Cu, Fe+ 2 and Fe+ 3, the
most abundant heavy metals in the volcanic environment (Fig. 1d). Another important compound
undergoing cross-feeding was the undecaprenyl-diphospho-N-acetylmuramoyl-(N-acetylglucosamine)-Lalanyl-D-glutamyl-meso-2,6-diaminopimeloyl-D-alanyl-D-alanine (uaagmda), which has an important role
in peptidoglycan biosynthesis (KEGG ID C05898). The “uaagmda” showed a higher exchange rate in BR
(0.79 % vs 0.07 %), indicating greater cell wall biosynthesis in bacteria at low temperature. Studies of
bacteria growing at low temperature revealed an increase amount of peptidoglycan (Mykytczuk et al.,
2016; Tribelli and López, 2018), corroborating the results obtained herein based on flux balance analysis.

Dynamicity and metabolic cooperation in the microbiome
The correlation degree existing among abundance profiles of microbial species was calculated with
methods suitable to analyze compositional data, followed by a network visualization approach (Fig. 3).
Nodes in the network having a high correlation degree were investigated in more details since they can
represent the most important interactions in complex systems (Pavlopoulos et al., 2011; Roume et al.,
2015).
The reconstructed network includes two main clusters connected by a middle part (middle network
section); a higher abundance of MAGs derived from BR in the left cluster, and of BG in the right one
(Fig. 3a). Most MAGs (91%) were positively correlated with at least another microbe. All Cyanobacteria
were associated to the right cluster (3 MAGs), however only the two Pseudanabeana species showed a
preferential association to BG (Fig. 3c). Previous studies performed with metagenomics or amplicon
sequencing (16S rRNA) on biofilms reported low abundance of Cyanobacteria, despite the remarkable
biological role this taxon has in the environment (Alvarenga et al., 2017; Anesio et al., 2017). It has to be
considered that abundance is not always a good proxy for defining the importance of taxa in
microbiomes, for this reason other methods, such as the identification of positive correlations or analysis
of metabolic exchanges, are needed. For example, MAGs assigned to the Psychrobacter genus, one of the
most abundant taxa found in previous metagenomic studies performed in Whalers Bay (Centurion et al.,
2019; Centurion et al., 2021), did not show strong positive correlation with other MAGs and was excluded
from this analysis.
Differently from Psychrobacter, the other two most abundant genera, Flavobacterium and Polaromonas
(n = 5 each), showed a positive correlation with another MAG. Furthermore, 3 Flavobacterium spp.
(WB_006, WB_121, WB_265) presented higher abundance in BR, while 2 of the Flavobacterium and
Polaromonas genera were more abundant in BG (Fig. 3c), highlighting the high diverse taxonomic
composition between the two clusters. Besides Flavobacterium, only the genera Lysobacter and
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Salinibacterium and the family Akkermansiaceae showed to have members in both clusters, all the others
had preference for one of the two type of biofilm. This finding proves the marked effect of temperature
and other physicochemical factors in shaping the microbiome composition on Whalers Bay sediments.
For example, the mesophilic/thermophilic genus Porphyrobacter and the diazotrophic genus
Hydrogenophaga were preferentially associated to the BG biofilm. This is corroborated by the BioEnv
analysis (Best Subset of Environmental Variables with Maximum Rank), showing that the abiotic factors
Pb, temperature and nitrogen strongly influenced the microbiomes in WB biofilms (correlation of 0.31).
However, only 45 out of 180 MAGs showed significant differences between the two types of biofilms,
suggesting that 75% of MAGs display a different response to environmental stressors.
Because of the importance of nodes having multiple edges (defined as network “hubs”) (Roume et al.,
2015), MAGs have been selected according to their degree of interaction by using 20 edges as threshold.
According to this, only seven MAGs for each cluster were selected for further consideration (Fig. 3b). All
MAGs of the middle network section (n = 7) were also retained since they represent the connection
between the two clusters. The MAGs identified as relevant were Alphaproteobacteria WB_595 (35
interactions) and Gemmatimonadaceae WB_43-12-0 (34 interactions) from the right cluster. These two
hubs, together with other three MAGs having a high degree of correlations (Gemmatimonadetes_WB_603,
Burkholderiales_WB_282 and Rhodobacterales_WB_585) formed a group of anoxygenic phototrophic
bacteria (APB). The annotation of proteins encoded by APB revealed the presence of anoxygenic
photosystem II genes (pufL and pufM) and the photosynthetic components of purple bacteria (puhA,
pufC, pufA, pufB). Moreover, these APB MAGs have all the genes to produce photosynthetic pigments of
phototrophic purple bacteria, the bacteriochlorophyll-A and B and chlorophyll-A from protoporphyrin IX
(data not shown) (Scheer, 2004; Senge et al., 2004). The purple bacteria play an important role in the
environment since they can degrade toxic compounds (mainly H2S), use non-fermentable organic
compounds and fix nitrogen. According to these characteristics they are among the most metabolically
versatile microorganisms (Madigan and Jung, 2009). Purple bacteria are able to grow in the absence of
light, and this can represent an advantage in Antarctic environments where, during winter, long dark
nights may last for weeks. Antarctic seasons can provide a key benefit for purple bacteria growth, which
can support the survival of other microorganisms in the biofilm resulting in a high number of positive
correlations among MAGs in the right cluster.
In the left cluster, the node correlation degree varies from 20 to 29 and the MAG having the highest degree
is Pedobacter_WB_479 (29 interactions, ranking third among all MAGs). Differently from the marked
prevalence of Proteobacteria and Gemmatimonadetes in the right cluster, the left one was characterized
by a variety of different taxa cohexisting within the biofilm. Although Arthrobacter (Actinobacteria),
Dokdonella (Proteobacteria), Pedobacter (Bacteroidetes) and Tissierellaceae (Firmicutes) have been
previously reported as possibly involved in hydrocarbon degradation (Gutierrez et al., 2019; Prince et al.,
2019), the annotation of MAGs related to these taxonomic groups did not show the presence of genes
related to oil degradation process (e.g. alkB and nah) (Liu et al., 2015). The MAG WB_200 was assigned
to the order Myxococcales_(Proteobacteria), that encompasses microorganisms capable of forming a
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fruiting body, a sporulation type with a relevant role during starvation and critical to face harsh
environmental conditions (Huntley et al., 2010). The order Myxococcales comprises saprophytic
microbes, typically found in surface environments and involved in decomposition of polymers in biofilms
(Shimkets et al., 2006). Species belonging to Akkermansiaceae (Verrucomicrobia) were described in gut
microbiome studies (Marques et al., 2016; Moraes et al., 2019). The family has only one genus
(Akkermansia) and has not been previously reported in Antarctica or the Arctic. The MAGs assigned to
Akkermansiaceae (n = 4) encode enzymes involved in degradation of carbohydrates, as arabinose,
fucose, mixed-linkage glucans, rhamnose, starch, and xyloglucan (Supplementary Fig. 2).
All MAGs of the middle network section showed genes for obligatory or facultative anaerobic respiration.
Anaerobic microorganisms are commonly reported in biofilms and usually grow in the internal part, where
they are protected from the oxygen that is consumed by the aerobic microbes inhabiting the biofilm outer
layers (Davey and O’Toole, 2000). Among the middle network MAGs, only the MAG
Bacteriovoracaceae_WB_212 showed potential for aerobic respiration. Members of this family have been
previously reported as a predator of gram-negative bacteria (Davidov and Jurkevitch, 2004). Interestingly,
Bacteriovoracaceae_WB_212 showed positive correlation with the gram-negative MAGs
Paludibacter_WB_327 and Rhodoferax_WB_6.
In summary, the most abundant MAGs in the green biofilm (right cluster, Fig. 3b) included various
autotrophic bacteria that need light to grow, but they also showed heterotrophic machinery to grow in the
dark. On the other hand, the most abundant MAGs in the red biofilm (left cluster, Fig. 3a) included a group
of bacteria, mostly aerobic gram-negative microbes, capable of using various organic compounds to
grow at low temperatures. The middle network section, connecting the right and left clusters, included
species which are probably growing in the internal part of both biofilms under the protection of the
external aerobic bacteria.

Active microbial species and expressed functions in the
biofilms
RNA-seq reads obtained for the sample collected in 2017 have been mapped to the MAGs in order to
explore their functional activity. Genome-centric metatranscriptomics was performed only considering the
relevant MAGs selected from the interaction network. TopGO analysis (Alexa and Rahnenfuhrer, 2020)
queried all ORFs in the MAGs in order to visualize the Gene Ontology terms (GO; Ashburner et al., 2000;
The Gene Ontology Consortium, 2018) associated to the genes with highest transcriptional activity. Only
five MAGs of each cluster and the middle network section showed enrichment of GO terms with p-value
lower than 0.05 (Fig. 4a-c). Nonetheless, the terms “growth”, “translation” and other 28 terms associated
to “metabolic process” and “division” (~ 53% of GO terms) were enriched in clusters BR, BG and in the
middle cluster (Supplementary Table 4). These terms demonstrated that the selected MAGs are not
dormant but they are actively growing in the biofilms. Despite the low temperature measured at the time
of sampling, the activity is not surprising since the literature already reported that Antarctic bacteria can
grow at temperatures as low as -12oC (Breeze et al., 2004).
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In addition to the metabolic terms, 17 (32%) were related to the response to environmental stressors
(oxygen level, cold, and heat) and to toxic substances (chemical and reactive oxygen species - ROS).
Interestingly, MAGs in the BR cluster and in the middle cluster seemed more actively involved in the
response to “heat” and “hypoxia”, while those in the BG seemed more responsive to “cold” and “heat”. The
responses to environmental stressors were related to the “growth and respiration” classification and
suggested that BR cluster included more psychrophilic and obligate aerobic MAGs, the middle network
section included more anaerobic and mesophilic/psychrophilic MAGs, while the BG cluster had more
mesophilic MAGs with versatile respiration. The remaining 9% of the GO terms were related to the
“transport of substances” (metal and proteins) and to the “locomotory” response to external stimuli; these
terms were mainly represented in MAGs of the middle network section.
To better understand the relevance of different GO/KEGG terms in the MAGs associated to the three
clusters, a differential binomial analysis with DESeq2 was made (p-value < 0.05). MAGs of the middle
network section did not show higher gene expression level in any of the biofilms, proving their versatility
and ability to grow in both conditions. Regarding MAGs specifically associated to the biofilms (BR and
BG clusters), those having the highest number of differentially expressed genes were:
Dokdonella_WB_456, representative of BR, and Alphaproteobacteria_WB_595, representative of BG. Apart
from the genes encoding metabolic enzymes, as previously mentioned, stress-related genes were also
found differentially expressed, and are reported in Fig. 4d. The only expressed genes not having a direct
connection with stress response, and representing the more striking difference between BG and BR MAGs,
were the ones related to anoxygenic photosystem of purple bacteria present in
Alphaproteobacteria_WB_595 of BG. This multimeric structure is composed by the light-harvesting core
antenna 1 (LH1; gene pufAB) and 2 (LH2; gene pucAB), and the reaction center (RC; gene pufCL). In the
pigments (chlorophyll and bacteriochlorophyll), the proteins of the antennas form a complex structure
which is able to harvest photons and perform the energy transfer to the RC complexes (Saga et al., 2019).
The main functional group of genes differentially expressed in the two MAGs was represented by
chaperons (beige color in Fig. 4d), which can transfer denatured proteins (HSP20, gene ibpA) to a folding
system (genes clpB, fkpA/fklB, prsA) or to a proteolysis system (genes clpA, clpC, lon). This process
avoids the irreversible folding and/or eliminates unfolded outer membrane proteins (degP/pepP). The
heat shock proteins (HSP), named the small HSP (HSP20; gene ibpA) and the HSP100 (gene clpABC),
were previously reported in the literature as a machinery of paramount importance during the stress
response in Antarctic environments (Campanaro et al., 2010; Centurion et al., 2021). The HSP100 are
essential proteases for the maintanance of the cell homeostasis (Noor, 2015). Nonetheless, the HSP are
not only linked with the response to the heat shock, but instead are a general system to cope with stress
response to various molecules (toxic substances, oxidative stress, heavy metals) (Maleky et al.,2016). In
this work, the sHSP and HSP100 were shown to have a central role in supporting the growth of Antarctic
bacteria, since they remain active also at low temperature (0oC) due to the stimulus operated by unfolded
proteins. The clpC-mediated (HSP100) response to low temperature was already reported in the literature,
demonstrating its crucial role in maintaining the growth and the photosynthetic activity in Synechococcus
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PCC 7942 (Porankiewicz and Clarke, 1997). Moreover, the sediments in WB have high concentrations of
heavy metals (Fig. 1d), and these are amongst the molecules stimulating the HSP response. Following
this additional selective pressure in WB, the resistance gene counteracting the negative effects of copper
and silver (cosB) are amongst the most expressed efflux pump systems in Alphaproteobacteria_WB_595.
As an additional mechanism to block the entrance of toxic compounds (antibiotic and small chemicals),

Dokdonella_WB_456 also expresses the ompAF-encoded porin channel (Chou and Lee, 2019). In
Alphaproteobacteria_WB_595, the multidrug efflux pump acrA exports antibiotics and biocides from the
cytoplasm to the external environment. Furthermore, the periplasmic defense enzyme cytochrome-C
peroxidase (ccp) can degrade toxic peroxides (H2O2) in the absence of oxygen (Khademian and Imlay,
2017).
The membrane proteins encoded by genes cirA/fhuA, exbB/tolQ and exbD/tolR are part of the TonBdependent transporters (TBDTs family), which are involved in the uptake of iron and nickel complexes,
vitamin B12, and carbohydrate to the cytoplasm (Noinaj et al., 2010). Nonetheless, the TBDTs are the
gateway of bacteriocins, more specifically the colicins A and B, produced by bacteria exposed to stressful
conditions (Buchanan et al., 2007). Thereby, results gathered in the present study demonstrated that
Antarctic bacteria are constantly exposed to environmental stressors. In fact, the genes identified as
differentially expressed are involved in resistance to ROS, heavy metals, and toxic compounds, and in the
maintenance of cellular homeostasis through the degradation of unfolded proteins or supporting protein
folding.

Conclusions
Both types of biofilms sampled from WB sediments, in Deception Island, are formed by a high complex
microbiome, with composition strongly influenced by light exposure and temperature. Despite the
recovered MAGs were related to taxa of marine origin, a small number was previously described revealing
a high degree of novelty in the genomes. This finding suggests that an enormous number of species
present in the oceanic environment remains still unknown at the genome level and they deserve a large
effort in the next future to allow a comprehensive understanding of the marine microbiome. The two
biofilms showed remarkable differences: because of the light exposure and the higher temperature, BG
harbors autotrophic microorganisms and other species that are not exclusively psychrophilic and
psychrotolerant, while microbes in BR are capable of growing at lower temperatures and are also involved
in the degradation of complex substrates. The analysis of the correlation degree measured between
MAGs provided a new perspective on complex microbiological systems and allowed the identification of
crucial members of the biofilm independently on their abundance. MAGs associated with purple bacteria
in BG presented the highest numbers of interactions with other species, in particular the
Alphaproteobacteria_WB_595, which seems to have a crucial metabolic role in the biofilm and deserves a
deeper investigation in future studies. The metatranscriptomic analysis allowed to gain insights on MAGs
activity at genome-centric level, revealing an active grow. Finally, the chaperon system and the resistance
genes counteracting the negative effect of ROS and toxic compounds are essential for maintaining the
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bacterial cell homeostasis in the extreme environment characterized by low temperature sediments, high
UV radiation and heavy metal concentrations of an Antarctic volcanic island.
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Figure 1
Biofilm characteristics. (a) Visual aspect of biofilms; (b) Sampling sites; (c) Falcon tubes containing
samples for DNA extraction; (d) Physicochemical information of the biofilms with the median and
standard deviation. The colors of t test represents the p values: yellow p <0.01; green p <0.05; blue p
<0.01. Corg: Organic Carbon; OM: Organic Matter; TempSe: Sediment Temperature (ºC); N total: Total
Nitrogen (mg/kg); NH+4: Ammonia (mg/kg); NO-3: Nitrate (mg/kg).
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Figure 2
MAGs taxonomy. Tree of Phylophlan results where different colors represent the distinct phyla, and
different shades of the same color represent the distinct classes. Black labeled-MAGs were classified only
at phyla or kingdom levels. The red labeled-MAG is in the wrong place in the tree according to the
taxonomic classification. The outer rings correspond to the abundance of BR and BG MAGs normalized
by DESeq2.
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Figure 3
Cytoscape model and differential abundance of MAGs. (a) Interaction network with 163 MAGs positive
correlated (p <0.01). Yellow nodes correspond to the MAGs with more edge correlations. Red and Green
nodes are the MAGs differentiated abundant of DESEq2 analyses and represent the biofilms BR and BG,
respectively. (b) Interaction network of selected nodes (Yellow nodes in “a”). Green nodes are the MAGs
differentiated abundant of DESEq2 analyses. (c) Heatmap based on the binomial differential analysis of
DESeq2 (p < 0.05).
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Figure 4
Metatranscriptomic Analysis. (a – c) Barplots of the enrichment analysis of topGO; (a) MAGs of the left
cluster (BR), (b) the middle network section and (c) MAGs of the right cluster (BG). The barplots have only
the terms of the “Biological Process” (BP) category, with p-value < 0.05. The Biological Process (BP)
terms “growth” (GO:0040007) and “translation” (GO:0006412) were excluded from the analysis to
facilitate the visualization of the remaining 53 GO categories. (d) Genes of binomial differential analysis
of DESeq2 (p < 0.05) of Dokdonella_WB_456 representing BR and Alphaproteobacteria_WB_595
representing BG. The protein colors represent the components of the cell, being: Beige, chaperons; purple,
membrane transporters; gray, enzymes; lime green, porins; green: photosynthetic system.
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