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2 

Abstract 32 

Active volcanoes in Antarctica, in contrast to the rest of the icy landscape, have remarkable 33 

temperature and geochemical gradients that could select for a wide variety of microbial adaptive 34 

mechanisms and metabolic pathways. Deception Island is a stratovolcano flooded by the sea, 35 

resulting in contrasting ecosystems such as permanent glaciers (<0 oC) and active fumaroles (up 36 

to 100 oC). Steep gradients in temperature, salinity and geochemistry over very short distances 37 

have been reported for Deception Island, and have been shown to effect microbial community 38 

structure and diversity.  However, little is known regarding how these gradients affect ecosystem 39 

functioning, for example due to inhibition of key metabolic enzymes or pathways. In this study, 40 

we used shotgun metagenomics and metagenome-assembled genomes to explore how microbial 41 

functional diversity is shaped by extreme geochemical, salinity and temperature gradients in 42 

fumarole and glacier sediments. We observed that microbial communities from a 98 oC fumarole 43 

harbor specific hyperthermophilic molecular strategies, as well as reductive and autotrophic 44 

pathways, while those from <80 oC fumaroles possess more diverse metabolic and survival 45 

strategies capable of responding to fluctuating redox and temperature conditions. In contrast, 46 

glacier communities showed less diverse metabolic potentials, comprising mainly heterotrophic 47 

and carbon pathways. Through the reconstruction of genomes, we were able to clarify putative 48 

novel lifestyles of underrepresented taxonomic groups, especially those related to Nanoarchaeota 49 

and thermophilic ammonia-oxidizing archaeal lineages. Our results enhance understanding of the 50 

metabolic and survival capabilities of different extremophilic lineages of Bacteria and Archaea.  51 

 52 
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Introduction 55 

The study of life in extreme environments has long fascinated biologists. Understanding how life 56 

persists at environmental extremes provides insight into how living systems function, as well as 57 

providing a unique window into the evolutionary history of life itself (Merino et al., 2019). The 58 

Deception Island volcano contains a unique combination of extreme temperatures and geochemical 59 

energy sources that together have the potential for selecting a wide variety of microbial adaptive 60 

mechanisms and metabolic pathways. Deception Island is located in the South Shetland Islands at 61 

the spreading center of the Bransfield Strait marginal basin, which harbors contrasting ecosystems 62 

of permanent glaciers and active fumaroles with continuous emissions of gases, mostly carbon 63 

dioxide and hydrogen sulfide (Somoza et al., 2004). This combination of glaciers and fumaroles 64 

is produced by the interaction between the cryosphere and water mass contact with hot ascending 65 

magmas (Geyer et al., 2019). Unlike Antarctic continental volcanoes, Deception Island fumaroles 66 

reach up to 100 oC and have direct marine influence, creating a remarkable combination of thermal, 67 

geochemical and salinity gradients (Bartolini et al., 2014; Herbold et al., 2014; Muñoz-Martín et 68 

al., 2005). 69 

 70 

While early research carried out on Deception focused primarily on obtaining bacterial isolates 71 

from hot or cold ecosystems (e.g. Carrión et al., 2011; Llarch et al., 1997; Stanley et al., 1967), a 72 

more recent study was able to recover both psychrophilic and thermophilic isolates among the 73 

steep temperature gradients (Bendia et al., 2018a). Previous molecular studies described microbial 74 

diversity on Deception fumaroles using DGGE (Amenábar et al., 2013; Muñoz et al., 2011) and 75 

shotgun metagenomics to characterize the resistome profiles in cold sediments from Whalers Bay 76 
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(Centurion et al., 2019).  These previous studies were limited with respect to sampling depth and 77 

extent since only fumaroles or cold sediments were analyzed. 78 

 79 

Two previous studies have focused on understanding the effect of Deception temperature gradients 80 

on microbial communities. The first, performed by our group, focused on determining taxonomic 81 

diversity through 16S rRNA gene sequencing (Bendia et al., 2018b), and a second study applied 82 

the Life Detector Chip (LDChip) to describe general functions of communities from Cerro Caliente 83 

(Lezcano et al., 2019). Our previous study showed that the steep gradients on Deception were able 84 

to select a unique combination of taxonomic groups found in deep and shallow hydrothermal vents 85 

(including hyperthermophilic Archaea, such as Pyrodictium spp.), geothermal systems and those 86 

typical from polar ecosystems (Bendia et al., 2018b). Also we reported that the bacterial 87 

community structure on Deception Island is strongly niche driven by a variety of environmental 88 

parameters (temperature, pH, salinity and volcanic geochemicals, such as sulfate), while archaeal 89 

diversity is mainly shaped by temperature (Bendia et al., 2018b). These previous studies, however, 90 

did not address the linkages between microbial structure and their adaptive and metabolic 91 

strategies over the particular environmental gradients found on Deception Island. 92 

 93 

Although several studies have demonstrated that temperature is a primary driver of microbial 94 

taxonomic diversity in different geothermal and hydrothermal ecosystems (e.g. Antranikian et al., 95 

2017; Price and Giovannelli, 2017; Sharp et al., 2014; Ward et al., 2017), it is still unclear to what 96 

extent temperature affects the functional processes of a microbial community, such as their 97 

adaptive mechanisms and metabolic pathways. The majority of these previous studies have 98 

focused on nonpolar thermal ecosystems, where the temperature range is narrower than in polar 99 
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volcanoes; the exception is a study of deep-sea hydrothermal vents, in which the contrasting 100 

temperatures are created by the contact of heat with the surrounding cold seawater (with 101 

temperatures 0-4 oC). Indeed, the Deception communities from fumaroles have similar members 102 

(Bendia et al., 2018b)  to those found in deep-sea hydrothermal vents (e.g. Dick, 2019; Nakagawa 103 

et al., 2006; Takai et al., 2001), which suggests that, regarding differences in pressure (and other 104 

environmental effects), the wide temperature range typical of polar volcanoes and deep-sea 105 

hydrothermal vents can act as a strong selective pressure that favors (hyper)thermophilic 106 

specialists capable of thriving in high temperatures but that can also tolerate the cold surroundings. 107 

 108 

Furthermore, there is controversy about the impact of extreme environments on microbe-microbe 109 

interactions. Although some studies have reported a decrease in the frequency of microbe-microbe 110 

interactions inferred from co-occurrence patterns (Cole et al., 2013; Merino et al., 2019; Sharp et 111 

al., 2014), others have observed the opposite trend (Lin et al., 2016; Mandakovic et al., 2018). The 112 

analysis of co-occurrence patterns is useful for examining the nature of the ecological 113 

rearrangements that take place in a microbial community facing contrasting environments (Freilich 114 

et al., 2010; Mandakovic et al., 2018).  115 

 116 

In the current study, we assessed the microbial functional profile in fumarole and glacier sediments 117 

from two geothermal sites on the Deception Island volcano, Antarctica. For this, we performed 118 

shotgun metagenomics to unveil functional diversity and reconstructed genomes to reveal the 119 

microbes` putative lifestyles and survival capabilities, combining the genomic information with 120 

community functional profiles. Here, we hypothesize that (i) similar to what has been reported for 121 

community diversity, survival and metabolic strategies are also influenced by the combination of 122 
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geochemical, salinity and extreme temperature gradients; (ii) these communities follow the 123 

redundancy of metabolic potential that was reported for deep-sea hydrothermal vent communities; 124 

and (iii) microbe-microbe interactions decrease with increasing temperature. This study adds 125 

important information regarding the ecological processes of microbial communities inhabiting a 126 

steep gradient of temperature, and addresses central questions regarding the functional adaptability 127 

of extremophiles in polar regions. 128 

 129 

 130 

Materials and methods 131 

Study site and sampling strategy  132 

Deception Island (62°58′ S, 60°39′ W) is a complex stratovolcano located in the South Shetland 133 

Islands, Bransfield Strait, near the Antarctic Peninsula. A past eruption occurring approximately 134 

10,000 years ago collapsed the central part of the island giving rise to a flooded caldera called Port 135 

Foster Bay, 9 km in diameter (Baker et al., 1975). Fumaroles are found mainly at Fumarole Bay 136 

(FB), Whalers Bay (WB), and Pendulum Cove (Fermani et al., 2007; Geyer et al., 2019), and they 137 

are distributed mostly in submerged and partially submerged regions (intertidal zones), with 138 

temperatures varying from 40-60°C in WB and 80-100°C in FB (Rey et al., 1995; Somoza et al., 139 

2004). Carbon dioxide and hydrogen sulfide gases are emitted by fumaroles and are oxidized to 140 

products such as sulfite and sulfate (Somoza et al., 2004; Zhang and Millero, 1993). 141 

 142 

Sampling was performed during the XXXII Brazilian Antarctic Expedition (December 2013 to 143 

January 2014), with logistical support from the polar vessel NPo. Almirante Maximiano. We 144 

collected surface sediment samples (ca. 5 cm) in fumaroles and glaciers at geothermally active 145 
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sites in FB (62°58’02.7” S, 60°42’ 36.4” W) and WB (62°58’45.1” S, 60°33’27.3” W) (Figure 1a 146 

and 1b), with temperatures between 0 and 98 oC. At each site, we obtained samples from three 147 

different points within the temperature gradient, and triplicates were performed for each collected 148 

point, totaling 18 sediment samples. Points A and B were defined as samples collected in 149 

fumaroles, while point C samples were collected from the glacier, few cm below the glacier’s edge 150 

(Figure 1c and 1d). The point FBA was the hottest fumarole, measuring 98 oC at the sediment 151 

surface (ca. 20 cm). Distances between fumaroles and glaciers at each site were approximately 15 152 

m, and the WB and FB transects were approximately 10 km apart. All fumaroles were in the 153 

intertidal zone, except for point B from FB, which was in the subtidal zone (submerged at 50 cm 154 

depth in the water column). Samples were stored at -20 °C until arrival at the University of São 155 

Paulo, Brazil in April 2014. 156 

 157 

DNA Extraction and metagenomic sequencing 158 

To compare our results with the study performed by Bendia et al. (2018b), we used the same 159 

dataset and DNA extractions as a template for the metagenomics. Due to low DNA mass even 160 

after several concentration efforts, extracted DNA was subjected to multiple displacement 161 

amplification (MDA) using the illustra GenomiPhi V2 DNA amplification kit (GE Healthcare, 162 

Piscataway, NJ, USA), following the manufacturer’s instructions. Three amplification reactions 163 

per sample were pooled to obtain sufficient DNA for sequencing. DNA was then purified using 164 

AMPure XP beads kit (Beckman Coulter) following the manufacturer’s instructions. Library 165 

constructions and shotgun metagenomic sequencing were conducted at “Laboratório Central de 166 

Tecnologias de Alto Desempenho em Ciências da Vida” (LaCTAD), Universidade Estadual de 167 
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Campinas State (UNICAMP), on the Illumina Hiseq 2000 platform using 2x100 bp paired-end 168 

system.  169 

 170 

Physical-chemical parameters 171 

To correlate biological and environmental data, we used the physical-chemical parameters for 172 

sediments measured by Bendia et al. (2018b), which included granulometry, electrical 173 

conductivity, humidity, micronutrients (B, Cu, Fe, Mn, and Zn), organic matter, organic carbon, 174 

pH, P, Si, Na, K, Ca, Mg, Al, total nitrogen, nitrate, ammonia, and sulfate.  175 

 176 

Taxonomic and functional inference of metagenomic reads  177 

Reads were quality trimmed using Sickle (Joshi and Fass, 2011) with phred >30 and then uploaded 178 

to MG-RAST (Keegan et al., 2016). Functional and taxonomic profiles of reads were generated 179 

through subsystem and best hit classifications using the SEED subsystem, M5NR (non-redundant 180 

protein database) and KEGG, available in MG-RAST (Aziz et al., 2008; Kanehisa and Goto, 2000; 181 

Keegan et al., 2016; Wilke et al., 2012), with the following parameters: 1x10-5 e-value, minimum 182 

50 bp alignment, and 60% identity. Data generated by MG-RAST were statistically analyzed using 183 

Statistical Analysis of Metagenomic Profiles (STAMP) software (Parks et al., 2014) and R 184 

software (R Development Core Team), using the packages vegan (Oksanen, 2007) and ggplot 185 

(Wickham, 2011). The p values were calculated using Fisher's exact two-sided test and the 186 

confidence intervals were calculated using the method of Newcombe-Wilson. Statistical 187 

comparisons were performed by grouping the samples according to environmental temperatures: 188 

glaciers, fumaroles up to 80 oC and fumarole at 98 oC. Principal component analysis (PCA) 189 

ordination was performed by using level 3 functions of SEED subsystems and then visualized in 190 
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STAMP software. Values were normalized to relative abundance for comparison of taxonomic 191 

composition across samples. In addition, Spearman correlations were performed to determine 192 

relationships between taxonomic and functional profiles and the environmental parameters. 193 

Genetic data are available in MG-RAST under the project ID mgp15628. MG-RAST IDs for each 194 

sample are described in Supplementary Table 2.  195 

 196 

To investigate the complexity of community interactions at each sampling site, we used co-197 

occurrence network analysis. For this, non-random co-occurrence analyses were performed using 198 

the Python module ‘SparCC’ (Friedman and Alm, 2012). A table of frequency of hits affiliated to 199 

the genus level was used for analysis. For each network, we considered only strong (SparCC > 0.9 200 

or < -0.9) and highly significant (p < 0.01) correlations between microbial taxa. The nodes in the 201 

reconstructed network represent taxa at the genus level, whereas the edges represent significantly 202 

positive or negative correlation between nodes. The analysis of network complexity was based on 203 

a set of measures, such as the number of nodes and edges, modularity, the number of communities, 204 

average node connectivity, average path length, diameter, and cumulative degree distribution 205 

(Newman, 2003). Network visualization and property measurements were calculated with the 206 

software Gephi (Bastian et al., 2009). 207 

 208 

      209 

Metagenomic assembly and genome reconstruction      210 

We used two different strategies for metagenomic assembly and genomic binning of the eighteen 211 

metagenomic datasets from Deception Island volcano. First, reads were assembled using IDBA-212 

ud (Peng et al., 2012) (-mink 50, -maxk 92, -tep 4, -min_contig 1000) and then genomic binning 213 

was performed through MaxBin 2.0 (Wu et al., 2016). Contigs were annotated using the Integrated 214 
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Microbial Genomes & Microbiomes (IMG/M) system (Markowitz et al., 2009) and archived on 215 

the JGI/IMG server under Project ID Gs0141992. IMG accession numbers for each sample are 216 

described in Supplementary Table 2. 217 

 218 

Furthermore, reads were co-assembled using MEGAHIT v. 1.0.2. (Li et al., 2015), discarding 219 

contigs smaller than 1000 bp. Then contigs were binned using anvi’o v. 5 following the workflow 220 

described by Eren et al. (2015). Reads for each metagenome were mapped to the co-assembly 221 

using bowtie2 with default parameters (Langmead and Salzberg, 2012). A contig database was 222 

generated using the ‘anvi-gen-contigs-database’. Prodigal (Hyatt et al., 2010) was used to predict 223 

open reading frames (ORFs). Single-copy bacterial and archaeal genes were identified using 224 

HMMER v. 3.1b2 (Finn et al., 2011).  The program ‘anvi-run-ncbi-cogs’ was used to annotate 225 

genes with functions by searching for them against the December 2014 release of the Clusters of 226 

Orthologous Groups (COGs) database (Galperin et al., 2015) using blastp v2.10.0+ (Altschul et 227 

al., 1990). Predicted protein sequences were functionally and taxonomically annotated against 228 

KEGG with GhostKOALA  (genus_prokaryotes) (Kanehisa et al., 2016). Individual BAM files 229 

were profiled using the program ‘anvi-profile’ with a minimum contig length of 4 kbp. Genome 230 

binning was performed using CONCOCT (Alneberg et al., 2013) through the ‘anvi-merge’ 231 

program with default parameters. We used ‘anvi-interactive’ to visualize the merged data and 232 

identify genome bins. Bins were then manually refined using ‘anvi-refine’, and completeness and 233 

contamination were estimated using ‘anvi-summarize’. 234 

 235 

Bins generated by the assembly and co-assembly approaches were quality checked through 236 

CheckM v. 1.0.7 (Parks et al., 2015), which is based on the representation of lineage-specific 237 
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marker gene sets. Bins were taxonomically classified based on genome phylogeny using GTDB-238 

Tk (Chaumeil et al., 2020).  239 

 240 

Taxonomic and functional annotation of metagenome-assembled genomes (MAGs) 241 

Bins were defined as a high-quality draft (>90% complete, <5% contamination), medium-quality 242 

draft (>50% complete, <10% contamination) or low-quality draft (<50% complete, <10% 243 

contamination) metagenome assembled-genome (MAG), according to genome quality standards 244 

suggested by Bowers et al. (2017). We selected 11 MAGs based on their medium or high-quality 245 

and taxonomy, preferably selecting groups related to extremophiles or associated to sulfur and 246 

nitrogen metabolisms. Annotation of all predicted ORFs in MAGs was performed using prokka 247 

v.14.5 (Seemann, 2014). Further, proteins were compared to sequences in the KEGG Database 248 

through GhostKOALA (genus_prokaryotes) (Kanehisa et al., 2016) and in the SEED Subsystem 249 

through RASTtk (Brettin et al., 2015). Phenotypes were predicted using the PICA framework 250 

(Feldbauer et al., 2015) and PhenDB (https://phendb.csb.univie.ac.at/).  251 

 252 

Results 253 

To investigate links between metabolic potential and genes associated with survival strategies 254 

across extreme temperature and geochemical gradients of the Deception Island volcano, we 255 

analyzed the metagenomes of a total of eighteen samples, comprising fumaroles with temperatures 256 

of 98 oC, 80 oC, 50 oC, and 10 oC, and glaciers with temperatures around 0 oC. Shotgun sequencing 257 

of community genomic DNA on 3 lanes of Illumina HiSeq2000 produced a total of 567,410,264 258 

paired-end reads, within which 475,895,996 were filtered by quality (Q>30) for further analyses. 259 

A total of 162,755,88 reads were taxonomically annotated as Bacteria, 3,680,020 as Archaea, 260 
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2,094,916 as Eukarya and 79,111 as viruses (Supplementary Table 2). The total number of proteins 261 

predicted in reads were 296,818,692 (62.3%). Relative abundances of the detected genes were 262 

used to compare the metabolic potential and genes related to survival strategies under 263 

environmental extremes among fumaroles and glaciers samples. 264 

    265 

De novo assemblies of the quality-filtered reads generated a total of 543,945 contigs. The 266 

prediction of ORFs resulted in 1,396,820 putative genes, 353,731 assigned within Bacteria, 12,034 267 

within Archaea, and 1,557 and 1,534 within Eukarya and viruses, respectively. We used different 268 

databases for assembly annotation through JGI/IMG that resulted in 487 putative 16S rRNA genes, 269 

842,798 genes based on the COG database and 304,173 genes based on KEGG (Supplementary 270 

Table 2).  271 

 272 

Taxonomic profile of microbial communities on the Deception Island volcano 273 

Through the annotation of reads, we observed that the taxonomic composition in the 98 oC 274 

fumarole was distinct in comparison with other fumaroles and glaciers. Archaea were dominant in 275 

samples from the 98 oC fumarole (relative abundance between 31.5 and 87.3%), with the most 276 

abundant archaeal phyla classified as Crenarchaeota (23.8-79.3%), followed by Euryarchaeota 277 

(2.5-7.5%) and Korarchaeota (0.1-0.4%). Firmicutes (3.1-22.4%), Bacteroidetes (0.6-15.3%), 278 

Aquificae (0.3-4.6%), and Thermotogae (0.3-1.0%) were also detected in minor proportions in the 279 

98 oC fumarole. Looking at the class level, Thermoprotei, Thermococci, Methanococci, 280 

Archaeoglobi, Methanobacteria, Methanopyri, and Methanomicrobia represented the most 281 

abundant archaeal classes (>0.1%) in the 98 oC site, and Bacilli, Gammaproteobacteria, 282 
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Betaproteobacteria, Fusobacteria, Flavobacteria, Aquificae (order Aquificales) and Thermotogae 283 

(order Thermotogales) were the dominant classes within Bacteria (Figure 2a). 284 

 285 

Archaea were less dominant in the other samples, with a relative abundance of 0.7-2% in fumaroles 286 

<80 oC and 0.4-0.6% in glaciers. Although some dominant phyla were common between <80 oC 287 

fumaroles and glaciers (e.g. Bacteroidetes, Proteobacteria, and Firmicutes), less dominant phyla 288 

were uniquely distributed according to temperature. For example, Thaumarchaeota was 289 

predominantly found in <80 oC fumaroles (0.8-1% for Whalers Bay and 0.2-0.3% in Fumarole 290 

Bay). Verrucomicrobia and Acidobacteria were only detected in glaciers (1.2-3.1% and 1-1.6%, 291 

respectively) (Figure 2a). The main classes affiliated within the Bacteroidetes phylum were 292 

Cytophagia, Flavobacteria and Sphingobacteria, whereas Gamma- and Alphaproteobacteria were 293 

the most represented classes within Proteobacteria, followed by Beta-, Delta- and Epsilonbacteria 294 

(Figure 2b). Solibacteres was the abundant class within Acidobacteria, and Verrucumicrobiaea 295 

within Verrucomicrobia. Thaumarchaeota assignments were not classified at the class level using 296 

reads annotation in MG-RAST. The taxonomic annotation of contigs through the IMG/M system 297 

showed similar patterns when compared to reads annotation (Supplementary Figure 1).  298 

 299 

We then used co-occurrence network analysis to explore the complexity of interactions within the 300 

microbial communities in each treatment (Figure 2c). For this, we calculated SparCC correlations 301 

between microbial taxa at the genus level based on metagenome reads annotated in MG-RAST. In 302 

general, the complexity of the community increased with the temperature. We also noted that 303 

communities of Fumarole Bay were more complex than Whalers Bay. The FBA (98 ºC) site 304 

showed the highest level of complexity and a modular structure, whereas the WBC (0 ºC) site had 305 
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the least complex network. Interestingly, the proportion of positive/negative correlations also 306 

changed according to the temperature; at higher temperatures, the proportion is even, while in 307 

lower temperatures there was an increase in the number of positive correlations.  308 

 309 

Comparative functional profile of microbial communities on Deception Island volcano 310 

Functional profiles of metagenomes were compared using a multivariate method and hypothesis 311 

test, and significant variations in all functional levels were observed between the 98 oC fumarole, 312 

<80 oC fumaroles and glaciers. Clear differences between these three distinct sample groups were 313 

observed through both the SEED Level 1 profile (Figure 3a) and SEED functional level through 314 

PCA ordination (Figure 3b). Further, a distinct pattern between samples from the highest 315 

temperature was observed. The prevalent core of functions among Deception samples were 316 

“clustering-based subsystems”, “carbohydrates”, “amino acids and derivatives”, “protein 317 

metabolism”, “RNA metabolism”, “DNA metabolism” and “cofactors, vitamins, prosthetic groups 318 

and pigments”. Significant differences between sample groups and functions from level 1 of 319 

SEED, calculated using Fisher's exact two-sided test and the Newcombe-Wilson method, showed 320 

the highest abundance of genes belonging to the categories “DNA metabolism” (p = 0.046), 321 

“protein metabolism” (p = 0.049), and “phages, prophages, transposable elements and plasmids” 322 

(p = 3.97e-3) in the 98 oC fumarole in comparison with other fumaroles and glaciers. The 323 

categories “nitrogen metabolism” (p = 1.07e-4), “photosynthesis” (p = 5.07e-3), “sulfur 324 

metabolism” (p = 0.015), and “metabolism of aromatic compounds” (p = 0.036) exhibited the 325 

highest significant values in <80 oC fumaroles when compared to the 98 oC fumarole, and “motility 326 

and chemotaxis” (p = 2.71e-8), “RNA metabolism” (p = 0.01), and “protein metabolism” (p = 327 

0.023) when compared to glaciers. In contrast, observations for glaciers showed more genes 328 
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associated with “carbohydrates” and “virulence, disease and defense” categories in comparison 329 

with the 98 oC fumarole (p = 0.049 and p = 0.036, respectively) and <80 oC fumaroles (p = 1.68e-330 

6 and p = 0.012, respectively) (Figure 3c). 331 

 332 

Patterns of metabolic partitioning among extreme temperatures 333 

We observed different partitioning patterns of metabolic diversity according to environmental 334 

temperatures (Figure 4). The fumarole with the highest temperature (98 oC) exhibited metabolic 335 

potential significantly higher for functions associated with sulfate reduction (p < 0.001), 336 

dissimilatory nitrite reduction (p < 0.001) and carbon dioxide fixation (p < 0.001) when compared 337 

to other fumaroles and glaciers. Although sulfur metabolism was abundant among all 338 

temperatures, different metabolic pathways related to sulfur were observed according to the 339 

temperature. While sulfate reduction was prevalent in the highest temperature fumarole, a high 340 

number of genes related to inorganic sulfur assimilation (p < 0.001) and sulfur oxidation (p value 341 

was not significant, p < 0.1) were detected in <80 oC fumaroles.  In general, nitrogen metabolism 342 

was dominant in <80 oC fumaroles when compared to other samples, with nitrate and nitrite 343 

ammonification (p < 0.02), denitrification (p < 0.01), nitrogen fixation (p < 0.05) and ammonia 344 

assimilation (p < 0.001) as the prevalent metabolic nitrogen pathways. All fumaroles showed a 345 

similar abundance of genes belonging to sulfur oxidation, nitrate and nitrite ammonification, and 346 

dissimilatory nitrite reduction. The genetic potential for carbon fixation was much higher in the 98 347 

oC fumarole (p < 0.01), whereas photosynthesis was mainly detected in the <80 oC fumaroles and 348 

glaciers. In glaciers, the genes identified within carbon metabolism were mainly associated with 349 

heterotrophy and central carbon pathways, such as the pentose phosphate pathway and glycolysis, 350 

as were respiration and fermentation. The function of carbon storage regulators was significantly 351 
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higher in <80 oC fumaroles, in addition to the observation of other carbon-related processes, such 352 

as photosynthesis, fermentation, and carbon fixation (Figure 4).   353 

 354 

Community survival strategies under environmental extremes 355 

To understand community survival strategies under extreme temperature and geochemical 356 

gradients, we selected genes in our metagenomes that are involved with stress response, DNA 357 

repair, protein biosynthesis, and transport and chemotaxis. Although communities from all 358 

samples were equally abundant in genes related to stress response, very distinct patterns of specific 359 

responses were observed accordingly environmental temperature (Figure 4). The oxidative stress 360 

response was markedly higher in the fumarole at 98 oC, mainly represented by glutaredoxins, 361 

glutathione (redox cycle) and rubrerythrin functions (all with p < 0.001 in comparison with other 362 

samples). Contrastingly, osmotic stress genes were prevalent in glaciers samples, represented 363 

mainly by functions such as osmoregulation (p < 0.001), osmoprotectant (yehX) (p = 0.01), 364 

aquaporin Z (p = 0.05) and synthesis of osmoregulated periplasmatic glucans (p < 0.001). The 365 

abundance of genes related to heat and cold responses (thermal response) was distinctly distributed 366 

among fumaroles and glaciers. General function of heat-shock proteins (including hsp70/dnaK) 367 

were prevalent in glaciers and  <80 oC fumaroles (p < 0.001), whereas specific archaeal thermal 368 

responses dominated the 98 oC fumarole, such as thermosome chaperonin (p < 0.001, 0.7% of total 369 

relative abundance), as were bacterial and archaeal heat-shocks groEL/groES (p < 0.001). The 370 

relative abundance of cold shock cspA was higher in <80 oC fumaroles, followed by glaciers (p < 371 

0.001). Glaciers and <80 oC fumaroles exhibited the highest abundance of dormancy and 372 

sporulation function (p < 0.01) and all fumaroles had a prevalence of the universal stress protein 373 

family (p < 0.01) (Figure 4). 374 
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 375 

Differences in abundance patterns of DNA repair, protein biosynthesis, transport and chemotaxis 376 

were also observed across environmental temperatures (Supplementary Figure 2). Base excision 377 

repair, recombination through recU and reverse gyrase (all with p < 0.01) were the main strategies 378 

of DNA positive supercoiling and repair notably found in communities of the highest temperature 379 

fumarole (98 oC). Strategies of DNA repair using uvrABC complex, recombination through recA 380 

and photolyase were dominant in <80 oC fumaroles and glaciers (all with p < 0.001). Protein 381 

biosynthesis genes were dominant in the highest temperature fumarole (98 oC); functions such as 382 

universal GTPases (p < 0.01) and translation elongation factors in Archaea (p < 0.001) were 383 

significantly higher when compared to the other samples. Chemotaxis genes were also prevalent 384 

in the highest temperature fumarole (98 oC) (p < 0.001), as were several transport systems 385 

(transport of Ni, Co, and Zn) and ABC transporters (e.g. branched-chain amino acid, oligopeptide 386 

and tungstate) (all with at least p < 0.05). Mn transport and the ABC transporters of iron and 387 

peptides were significantly higher in <80 oC fumaroles (all with at least p < 0.05) (Supplementary 388 

Figure 2). 389 

 390 

Physical-chemical influence on taxonomic and functional diversity  391 

To identify key environmental drivers of community taxonomy (at phylum level) and function 392 

(SEED level 1), Spearman correlations were calculated; then only significant (p < 0.05) and strong 393 

correlations (r > −0.6 or 0.6) were considered. In general, the phyla that positively correlated with 394 

temperature were Euryarchaeota, Crenarchaeota, Korarchaeota, Nanoarchaeota, Thermotogae, and 395 

Aquificae, whereas several phyla were negatively correlated with temperature (e.g. Acidobacteria, 396 

Bacteroidetes, Spirochaetes, Actinobacteria, Verrucumicrobia, Nitrospirae, Deinococcus-397 
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Thermus, and Gemmatimonadetes, among others) (Figure 5a). The phyla that negatively correlated 398 

with ammonia were Proteobacteria, Thaumarchaeota, Euryarchaeota, and Deferribacteres; those 399 

positively correlated were Firmicutes, Acidobacteria, Cyanobacteria, and Spirochaetes, among 400 

others. All significant nitrate correlations were positive, including phyla such as Firmicutes, 401 

Nitrospirae, Thermotogae, etc. Sulfate showed significant positive correlations with 402 

Proteobacteria, Thaumarchaeota, Euryarchaeota, Deferribacteres and Crenarchaeota, and negative 403 

correlations with phyla such as Acidobacteria, Cyanobacteria, Actinobacteria, and 404 

Verrucomicrobia, among others. Other parameters exhibited positive and negative correlations 405 

with several phyla, such as organic matter, organic carbon, B, Cu (uniquely negative correlations), 406 

Fe (uniquely negative correlations), Na, K, Ca, Mg and Al (Figure 5a, Supplementary Table 3). 407 

 408 

The functional categories (SEED level 1) which presented positive correlations with temperature 409 

were “DNA metabolism”, “nucleosides and nucleotides” and “RNA metabolism”, and those which 410 

exhibited negative correlations were “fatty acids, lipids and isoprenoids”, “iron acquisition”, 411 

“metabolism of aromatic compounds”, “phosphorus metabolism”, “photosynthesis”, “secondary 412 

metabolism”, “stress response”, and “sulfur metabolism” (Figure 5b). Ammonia was negatively 413 

correlated with functions such as “carbohydrates”, “motility and chemotaxis”, “respiration” and 414 

“RNA metabolism”, whereas positive correlations comprised functions as “amino acids and 415 

derivatives” and “cofactors, vitamins, prosthetic groups and pigments”. Nitrate also presented 416 

negative correlations with “carbohydrates”, “dormancy and sporulation” and “phages, prophages, 417 

transposable elements and plasmids”. In contrast, sulfate was positively correlated with 418 

“carbohydrates”, “DNA metabolism”, “motility and chemotaxis”, “respiration” and “RNA 419 

metabolism”. Other parameters exhibited positive and negative correlations with several functions, 420 
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such as organic matter, organic carbon, B, Cu, Fe, Si, Na, K, Ca, Mg and Al (Figure 5b, 421 

Supplementary Table 3). 422 

   423 

Metabolic potential and survival strategies in MAGs 424 

In general, the anvi’o pipeline using co-assembly showed the best binning results for our eighteen 425 

metagenomes, generating a total of 158 MAGs. We included in our analyses only 1 MAG produced 426 

through the idba-ud assembler and MaxBin binning since this MAG belonged to a taxon 427 

(Calditrichia) which was not achieved through the anvi’o pipeline (Supplementary Figure 3, 428 

Supplementary Table 4). From the 159 MAGs, 12 were assigned as Archaea through GTDB-Tk 429 

and GhostKoala, belonging to Nitrososphaerales (Candidatus Nitrosocaldus according with 430 

GhostKoala taxonomy) (2), Nitrosoarchaeum (1), Nitrosotenius (1), Nitrospumilus (1), 431 

Desulfurococcales (Aeropyrum according with GhostKoala taxonomy) (1), Acidilobaceae (1), 432 

Pyrodictiaceae (2) and Woesearchaeia (Nanoarchaeota) (3). The bacterial MAGs were classified 433 

through GTDB-Tk and GhostKoala as the following phyla: Acidobacteriota (1), Aquificota (2), 434 

Bacteroidota (92), Calditrichota (5), Campylobacterota (1), Chloroflexota (3), Cyanobacteriota 435 

(1), Firmicutes (1), Nitrospirota (2), Patescibacteria (4) and Proteobacteria (35) (Supplementary 436 

Figure 4, Supplementary Table 4). A total of 13 MAGs were considered as high quality and 82 as 437 

medium quality drafts.  438 

 439 

The MAGs were selected for functional annotation by their quality and based on groups related to 440 

extremophiles and associated to sulfur and nitrogen metabolisms. These 11 selected MAGs were 441 

assigned as DI_MAG_00003 (Sulfurimonas), DI_MAG_00004 442 

(Hydrogenothermaceae/Persephonella), DI_MAG_00006 (Promineofilaceae/Candidatus 443 
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Promineofilum), DI_MAG_00010 (Caldilineaceae/Caldilinea), DI_MAG_00011 444 

(Thermonemataceae), DI_MAG_00019 (Chitinophagaceae), DI_MAG_00020 445 

(Pyrodictiaceae/Pyrodictium), DI_MAG_00021 (Dojkabacteria), DI_MAG_00022 446 

(Woesearchaeia/archaeon GW2011_AR20), DI_MAG_00049 (Nitrososphaerales/Candidatus 447 

Nitrosocaldus) and DI_MAG_FBB2_12 (Calditrichia) (Table 1). 448 

 449 

We identified in the high-quality DI_MAG_00004 (Hydrogenothermaceae/Persephonella, ~ 97% 450 

completeness) genes for nitrate reduction (narGHI and nirA), denitrification (narGHI), 451 

nitrification (narGH), sulfate reduction (sat, cysH, sir), sulfur and thiosulfate oxidation 452 

(soxAXBYZ), and incomplete pathways for carbon fixation (Figure 6a). This MAG had several 453 

genes associated with stress response, especially oxidative stress (e.g. superoxide reductase and 454 

dismutase, rubrerythrin and rubredoxin) and thermal response (e.g. groES, hsp20 and hspR), as 455 

different DNA repair mechanisms, including photolyase repair (Figure 6b). In general, genes 456 

involved with the nitrogen cycle were identified in almost all selected MAGs, except for MAGs 457 

DI_MAG_00020, DI_MAG_00021, and DI_MAG_00022. Sulfate reduction genes were also 458 

detected in different selected MAGs, except for MAGs DI_MAG_00020, DI_MAG_00021, 459 

DI_MAG_00022 and DI_MAG_FBB2_12. All MAGs had incomplete pathways for carbon 460 

fixation, except for DI_MAG_00004 and DI_MAG_00021 (Figure 6a).  461 

 462 

Different cold-shock genes were detected among MAGs; DI_MAG_00006 was the one which 463 

presented more csp genes. We did not find any csp genes in archaeal MAGs (DI_MAG_00020, 464 

DI_MAG_00022, and DI_MAG_00049). However, we observed genes in all selected MAGs that 465 

were related to different heat-shock responses, including groEL/groES genes in DI_MAG_00004, 466 
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DI_MAG_00020, and DI_MAG_00021. Thermosome (thsA) and reverse gyrase genes were 467 

identified in all the selected MAGs assigned as Archaea (DI_MAG_00020, DI_MAG_00022, and 468 

DI_MAG_00049). Although all MAGs showed the potential presence of oxidative stress response 469 

(except DI_MAG_00049), rubrerythrin and rubredoxin genes were only observed in 470 

DI_MAG_00004 and DI_MAG_00003. Different DNA repair mechanisms were identified in 471 

selected MAGs, such as several recombination genes (rec genes), DNA mismatch repair (mut 472 

genes), nucleotide excision repair (uvr genes), double-strand break repair (herA, only in archaeal-473 

selected MAGs) and photolyase repair (only in DI_MAG_00004) (Figure 6b).  474 

 475 

Discussion 476 

The primary goal of our study was to unveil how communities functionally respond to the 477 

combination of environmental factors typical of polar marine volcanoes.  Our results show that 478 

regardless of proximity between fumaroles and glaciers on Deception Island, the community 479 

function is strongly driven by the combination of contrasting environmental factors, as occurred 480 

similar to what we previously observed for community composition and diversity (Bendia et al., 481 

2018b).   We detected some bacterial groups present in both glacier and fumarole sediments (most 482 

notably the phyla Proteobacteria, Firmicutes, and Bacteroidetes), despite the strong gradients in 483 

temperature, geochemistry and salinity. In addition, we observed specific groups that varied 484 

according to the environmental temperature: the hyperthermophilic members belonging to 485 

Crenarchaeota/Thermoprotei, Aquificae and Thermotoga phyla in the 98 oC fumarole, 486 

Thaumarchaeota in <80 oC fumaroles, and Acidobacteria and Verrucomicrobia in glaciers. These 487 

patterns are consistent with previous work carried out on Deception Island using the same sample 488 

set for diversity analysis (16S rRNA gene sequencing) (Bendia et al., 2018b), except for the 489 
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Aquificae and Thermotogae phyla, which were not detected by that method. Furthermore, our 490 

taxonomic patterns were also consistent with a previous report that observed similar members 491 

along a temperature gradient ranging from 7.5 to 99 oC in geothermal areas in Canada and New 492 

Zealand (Sharp et al., 2014).  493 

 494 

Surprisingly, our network analysis showed that the community interaction in the hottest fumarole 495 

(98 oC) was more complex and presented fewer positive interactions when compared to the lowest 496 

temperatures, in contrast to previous studies that showed that community complexity decreases 497 

with temperature increase (Cole et al., 2013; Merino et al., 2019; Sharp et al., 2014). Our results 498 

suggest that hyperthermophilic temperatures on Deception probably trigger ecological interactions 499 

between community members to modulate their resistance and resilience when facing strong 500 

environmental stressors. Similar patterns of community interaction have been previously observed 501 

in stressful conditions in the Atacama Desert (Mandakovic et al., 2018) and with increasing 502 

temperature in anaerobic digestion (Lin et al., 2016), although these environmental conditions are 503 

different from those found on Deception Island.  504 

 505 

Correlation with environmental drivers varied among both taxonomic and functional groups. For 506 

example, groups positively influenced by temperature, sulfate, and sodium were those mainly 507 

abundant in fumaroles, while groups and functions prevalent in glaciers were positively correlated 508 

with ammonia. These results indicate that the mosaic of environmental parameters shapes both 509 

taxonomic and functional diversity of microbial communities. Indeed, we observed a partition of 510 

metabolic diversity among the steep environmental gradients on Deception Island. Unlike previous 511 

studies carried out at hydrothermal vents which pointed to metabolic functional redundancy at the 512 
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community level (Galambos et al., 2019; Reveillaud et al., 2016), Deception communities showed 513 

metabolic heterogeneity across the sharp temperature gradient. The observation of functional 514 

redundancy despite the taxonomic variation has been observed in several environments such as 515 

venting fluids from the Mariana back-arc, cold subseafloor ecosystems, freshwater and gut 516 

microbiomes (Louca et al., 2016; Trembath-Reichert et al., 2019; Tully et al., 2018; Turnbaugh 517 

and Gordon, 2009; Várbíró et al., 2017). The metabolic heterogeneity observed in our results 518 

indicates that microbial communities on Deception harbor a remarkably diverse genetic content 519 

that reflects the strong selective pressures caused by a remarkable interaction between the volcanic 520 

activity, the marine environment, and the cryosphere. 521 

 522 

The functional pattern clustered the samples by temperature, rather than by geographic location, 523 

and showed that microbial communities on Deception Island are grouped by 98 oC fumarole, <80 524 

oC fumaroles and glaciers. The predominant metabolic potential in the hottest fumarole (98 oC) 525 

was mostly associated with reductive pathways, such as sulfate reduction, ammonification, and 526 

dissimilatory nitrite reduction, and carbon fixation. We suggest that the hydrogen sulfide emissions 527 

and hyperthermophilic conditions of this fumarole (98 oC) (Somoza et al., 2004) may decrease the 528 

dissolved oxygen even in the superficial sediment layers, creating a steep redox gradient and 529 

preferably selecting microorganisms with reductive and autotrophic pathways. In addition, 530 

communities from the hottest fumarole (98 oC) exhibited several genes related to different adaptive 531 

strategies, such as those associated with oxidative stress, specific archaeal heat-shock responses, 532 

base excision repair, recombination (recU), reverse gyrase, protein biosynthesis, chemotaxis, and 533 

ABC transporters. This reflects its primaries stress factors, including the fumarolic production of 534 

hydrogen sulfide, which has a strong reductive power capable of causing oxidative stress, and 535 
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hyperthermophilic temperature that induces disturbance to metabolic processes and cell-536 

component denaturation (Hedlund et al., 2015; Merino et al., 2019). Enrichment in genes involved 537 

with chemotaxis was also observed in metagenomes from hydrothermal vents at Juan de Fuca 538 

Ridge (Xie et al., 2011), but different DNA repair mechanisms were found when compared to 539 

Deception metagenomes. Different types of ABC transporters were also detected in Ilheya 540 

hydrothermal fields (Wang and Sun, 2017); reverse gyrase and thermosome mechanisms have 541 

often been described in several groups of hyper(thermophilic) Archaea (Forterre et al., 2000; 542 

Lemmens et al., 2018; Lulchev and Klostermeier, 2014).  543 

 544 

In contrast, <80 oC fumaroles were dominated by genes involved with different energetic and 545 

chemolithotrophic pathways: sulfur oxidation, ammonification, denitrification, nitrogen fixation, 546 

and dissimilatory nitrite reduction. This suggests a trend for both reductive and oxidative 547 

pathways, as well as metabolic versatility and complex biogeochemical processes at the local 548 

community level. Although genes related to sulfur and nitrogen pathways were detected in 549 

glaciers, the majority of potential pathways for glacier communities were related to carbon 550 

metabolism and heterotrophy. This lowest metabolic diversity can be explained by the decrease of 551 

marine and volcanic geochemicals (e.g. sulfate) towards glaciers (Supplementary Table 1), making 552 

these substrates unavailable for exploiting different energy sources, as occurs in fumaroles. The 553 

<80 oC fumaroles and glacier communities harbored mechanisms for both heat and cold-shock 554 

genes, dormancy and sporulation functions, and DNA repair mechanisms through uvrABC 555 

complex, recA, and photolyase. Diverse survival strategies in <80 oC fumaroles and glaciers might 556 

be explained by community exposure to fluctuating temperatures and redox conditions that are 557 

more variable when compared to the stability of hottest fumarole, which maintains the 558 
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hyperthermophilic temperatures and hydrogen sulfide emissions for long periods. Further, glacier 559 

communities exhibited more genes associated with osmotic stress, which reflects the low liquid 560 

water availability due to the predominant freezing conditions of the Antarctic ecosystems (Wei et 561 

al., 2016).  562 

 563 

Although several studies have shown a quantitative decrease in microbial diversity as temperature 564 

increases in both geothermal and hydrothermal ecosystems (Cole et al., 2013; Sharp et al., 2014), 565 

little is known about how temperature affects ecosystem functioning due to inhibition of key 566 

metabolic enzymes or pathways (Hedlund et al., 2015). Despite the limitation of metagenomics in 567 

revealing the truly active microbial metabolic pathways, our results increase understanding of the 568 

potential temperature limits on different microbial metabolism at the community level and 569 

encourage more studies to elucidate the direct effect of temperature extremes on specific 570 

biogeochemical processes in Antarctic volcanic ecosystems. 571 

 572 

The 159 MAGs recovered from the Deception Island volcano comprised a broad phylogenetic 573 

range of archaeal and bacterial phyla. The 11 MAGs selected for annotation included 574 

hyperthermophilic and thermophilic lineages, as well as lineages containing homologs of different 575 

predicted sulfur and nitrogen pathways, and archaeal groups underrepresented in genome data, 576 

such as Ca. Nitrosocaldus and Nanoarchaeota/Woesearchaeia. Since Ca. Nitrosocaldus was 577 

previously reported only in terrestrial geothermal environments (Abby et al., 2018; Daebeler et al., 578 

2018; Torre et al., 2008), their presence on Deception fumaroles represents a novel outcome for 579 

the ecological distribution of thermophilic ammonia-oxidizing Archaea and encourages further 580 

investigation to better understand their role in marine volcanic ecosystems. Furthermore, the 581 
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majority of our selected MAGs are equipped with gene-encoding proteins that protect cells against 582 

several stressful conditions, including cold and heat-shock, carbon starvation, oxidative and 583 

periplasmic stress, and DNA damage, likely enabling survival and adaptation of these 584 

microorganisms to a broad combination of extreme parameters. One of our MAGs was closely 585 

related to archaeon GW2011_AR20, which is an uncultivated and underrepresented 586 

Nanoarchaeota/Woesearchaeia member described previously in aquifer samples and appears to 587 

have a symbiotic or pathogenic lifestyle due to the small genome size and lack of some 588 

biosynthesis pathways (Castelle et al., 2015). The genome analysis of our Woesearchaeia MAG 589 

(archaeon GW2011_AR20, DI_MAG_00022) suggests a novel putative thermophilic lifestyle or 590 

at least a potential heat tolerance for this lineage due to the (i) lack of cold-shock genes, (these 591 

genes are mostly absent in the genomes of thermophilic archaea, while usually present in 592 

psychrophilic/mesophilic archaeal members (Cavicchioli, 2006; Giaquinto et al., 2007), and (ii) 593 

the presence of reverse gyrase, thermosome and other heat-shock genes (e.g. groES) that are 594 

essentially related to (hyper)thermophiles and heat response. Although these heat-shock genes 595 

were also detected in some mesophilic archaeal lineages within Halobacteria, Thaumarchaeota, 596 

and Methanosarcina spp. (Lemmens et al., 2018), reverse gyrase is the only protein found 597 

ubiquitously in hyperthermophilic organisms, but absent in mesophiles (Catchpole and Forterre, 598 

2019), pointing to this Woesearchaeia member as a likely thermophile or hyperthermophile. 599 

 600 

Conclusion 601 

By combining the annotation of reads and contigs together with genome reconstruction from 602 

metagenomic data, we provide the first genetic and genomic evidence that microorganisms 603 

inhabiting the Deception Island volcano possess a variety of adaptive strategies and metabolic 604 
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processes that are shaped by steep environmental gradients. We observed that hyperthermophilic 605 

temperatures (98 oC) preferably select microorganisms with reductive and autotrophic pathways, 606 

while communities from fumaroles <80 oC show a high metabolic versatility with both reductive 607 

and oxidative pathways, and glaciers harbor communities with metabolic processes especially 608 

related to carbon metabolism and heterotrophy. Survival strategies of microorganisms from the 609 

hottest fumarole are very specialized in responding to the hyperthermophilic temperatures and 610 

oxidative stress, while <80 oC fumaroles and glacier communities possesses a variety of strategies 611 

that are capable of responding to fluctuating redox and temperature conditions. We found more 612 

complex and negative interactions among the communities from the hottest fumarole (98 oC), 613 

which indicate that the strong environmental stressors probably trigger competitive associations 614 

among community members. Furthermore, through the reconstruction of MAGs, we were able to 615 

clarify a putative novel thermophilic lifestyle for a Woesearchaeia member and a marine lifestyle 616 

for a Ca. Nitrosocaldus lineage. Our work represents, as far as we know, the first study to reveal 617 

through shotgun metagenomics the response of microbial functional diversity to the extreme 618 

temperature gradient (0 to 98oC) of an Antarctic volcano. Furthermore, our study was one of the 619 

first to recover MAGs from these ecosystems and it provides new insights regarding the metabolic 620 

and survival capabilities of different extremophiles inhabiting the Antarctic volcanoes. 621 

 622 

 623 

 624 

 625 

 626 

 627 
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 930 
Figures legends 931 

 932 
 933 

Figure 1. The sampling map with the location of Antarctic Peninsula (A) and Deception Island, 934 

with Fumarole Bay and Whalers Bay geothermal sites highlighted (B).  Distribution of collected 935 

samples across environmental gradients at studied geothermal sites are described in C for Fumarole 936 

Bay and D for Whalers Bay. In situ temperatures are represented in blue (glaciers) and orange 937 

(fumaroles). The arrow indicates the direction of low and high values of temperature, salinity and 938 

volcanic compounds, such as sulfate. Figure was retrieved from Bendia et al., 2018b. 939 

 940 

Figure 2. Relative abundances of microbial community taxonomy based on annotation of reads 941 

from shotgun metagenomics, represented at phylum (A) and class (B) levels. Environmental 942 

temperatures and geothermal sites of each sample are represented. Taxonomy assignments were 943 

performed based on best hit classifications and M5NR (non-redundant protein database), with an 944 

e-value of <1x10-5, minimum 50 bp alignment, and 60% identity. Co-occurrence network analysis 945 

at the genus level are represented in (C), grouping triplicates of each sampling point and 946 

highlighting the increases of environmental temperatures and complexity. Complexity was 947 

calculated based on a set of measures, such as the number of nodes and edges, modularity, the 948 

number of communities, average node connectivity, average path length, diameter, and cumulative 949 

degree distribution. 950 

 951 

Figure 3.  Extended error plots for functional general profiles of microbial communities generated 952 

through annotation of metagenomic reads, visualized through STAMP based on SEED 953 

subsystems, are represented in (A). The p values were calculated using Fisher's exact two-sided 954 

test and the confidence intervals were calculated by the method from Newcombe-Wilson. 955 

Differences were considered significant at p< 0.05. PCA ordination was performed based on 956 

functions at level 3 of the SEED subsystem (B). Heatmap is representing relative abundances of 957 

level 1 functions (C). Samples are clustered and colored according to environmental temperature, 958 

following the three different groups: 98 oC fumarole, <80 oC fumaroles and glaciers. 959 

 960 
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Figure 4. Extended error plots for functional profiles regarding metabolic pathways, including 961 

sulfur, nitrogen and carbon metabolisms, and stress response, including oxidative and osmotic, 962 

and heat/cold shock responses. Profiles were visualized through STAMP based on annotation of 963 

metagenomic reads using SEED subsystems. The p values are represented and were calculated 964 

using Fisher's exact two-sided test, with the confidence intervals calculated by the method from 965 

Newcombe-Wilson. Samples are clustered and colored according to environmental temperature, 966 

following the three different groups: 98 oC fumaroles, <80 oC fumaroles and glaciers. 967 

 968 

Figure 5. Spearman correlation between taxonomic profile (A) (phylum level) and functional 969 

profile (level 1 SEED subsystem) (B) and environmental parameters. Only parameters that 970 

exhibited p < 0.05 in a correlation analysis are represented. The environmental parameters are: 971 

Temp (temperature), pH, EC (electrical conductivity), B, Cu, Fe, Zn, OM (organic matter), OC 972 

(organic carbon), P, Si, Na, K, Ca, Mg, sulfate, nitrogen, ammonia, nitrate, sand, silt, and clay. 973 

 974 

Figure 6. Functional annotation of the 11 selected metagenome-assembled genomes (MAGs), 975 

including metabolic potential (A) and adaptive strategies (B). A black circle represents the 976 

presence of genes or complete gene cluster/pathway, and a yellow circle represents incomplete 977 

gene cluster or pathway. MAGs codes are represented on the upper side of figures, whereas their 978 

taxonomic classification based on GTDB-Tk and GhostKoala are at the bottom. Genes are 979 

presented here with identifiers of KEGG Orthology (KO), Clusters of Orthologous Groups (COG) 980 

or Enzyme Commission numbers (EC).  981 

 982 

Table legends 983 

 984 

Table 1. List of the 11 selected MAGs and their taxonomic classification based on GTDB-Tk and 985 

GhostKoala. Characteristics of total genome length, N50, GC content, redundancy and 986 

completeness (based on CheckM), and the genome quality status, are described.  987 

 988 

 989 

 990 

 991 
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Supplementary Figures and Tables 992 

 993 

Figure S1. Relative abundances of microbial community taxonomy based on annotation of contigs, 994 

represented at the phylum level. Contigs were constructed through IDBA-ud and annotated using 995 

the Integrated Microbial Genomes & Microbiomes (IMG/M) system.  996 

 997 

Figure S2. Extended error plots for functional profiles regarding DNA repair, helicase and 998 

topoisomerase, protein biosynthesis, and transport and chemotaxis. Profiles were visualized 999 

through STAMP based on annotation of metagenomic reads using SEED subsystems. The p values 1000 

are represented and were calculated using Fisher's exact two-sided test, with the confidence 1001 

intervals calculated by the method from Newcombe-Wilson. Samples are clustered and colored 1002 

according to environmental temperature, following the three different groups: 98 oC fumarole, <80 1003 

oC fumaroles and glaciers. 1004 

 1005 

Figure S3. A circular view of the 158 metagenome-assembled genomes (MAGs) that were 1006 

recovered through anvi’o v. 5 pipeline and are represented with the mean coverage of contigs, and 1007 

the MAGs redundancy, completeness, GC content, total reads mapped and number of SNVs 1008 

reported. The clustering dendrogram in the center shows the hierarchical clustering of contigs 1009 

based on their sequence composition, and their distribution across samples.  1010 

 1011 

Figure S4. Heatmap representing the 13 high quality and 82 medium quality MAGs based on read 1012 

mapping per sample with Z-score. Samples are clustered and colored according to environmental 1013 

temperature, following the three different groups: 98 oC fumarole, <80 oC fumaroles and glaciers. 1014 

 1015 

 1016 

Table S1. Physical-chemical parameters data per sample including temperature, pH, EC (electrical 1017 

conductivity), B, Cu, Fe, Zn, OM (organic matter), OC (organic carbon), P, Si, Na, K, Ca, Mg, 1018 

sulfate, nitrogen, ammonia, nitrate, sand, silt, and clay. 1019 

 1020 

Table S2. General information about reads and contigs annotation.  1021 

 1022 
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Table S3. P-values of Spearman correlations comparing taxonomic and functional profiles with 1023 

the environmental data.  1024 

 1025 

Table S4. A complete list of all reconstructed MAGs with their characteristics: taxonomic 1026 

classification based on GTDB-Tk and GhostKoala, the total genome length, N50, GC content, 1027 

redundancy and completeness, based on anvi’o and CheckM, and the genome quality status.1028 
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FIGURE 1 
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FIGURE 2 
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FIGURE 3 
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FIGURE 4 
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FIGURE 5 

 

 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted August 7, 2020. ; https://doi.org/10.1101/2020.08.07.241539doi: bioRxiv preprint 

https://doi.org/10.1101/2020.08.07.241539
http://creativecommons.org/licenses/by-nc-nd/4.0/


45 

FIGURE 6 
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TABLE 1 

 

MAG Code 

KEGG/Ghost 

Koala taxonomy GTDB-Tk taxonomy 

Total 

Length 

Contigs 

number N50 

GC 

content Completeness Redundancy 

Draft 

Quality 

DI_MAG_00003 Sulfurimonas 

Bacteria; Campylobacterota; 

Campylobacteria; 

Campylobacterales; Thiovulaceae; 

Sulfurimonas 1,912,170 94 32,276 39.42 97.95 0.41 High 

DI_MAG_00004 Persephonella 

Bacteria; Aquificota; Aquificae; 

Hydrogenothermales; 

Hydrogenothermaceae 1,682,998 67 44,923 30.32 98.37 0.22 High 

DI_MAG_00006 

Candidatus 

Promineofilum 

Bacteria; Chloroflexota; 

Anaerolineae; Promineofilales; 

Promineofilaceae 4,660,983 56 102,288 52.27 92.73 2.00 High 

DI_MAG_00010 Caldilinea 

Bacteria; Chloroflexota; 

Anaerolineae; Caldilineales; 

Caldilineaceae 4,473,267 92 90,197 57.82 96.36 0.91 High 

DI_MAG_00011 Unknown 

Bacteria; Bacteroidota; Bacteroidia; 

Cytophagales; Thermonemataceae 2,518,210 152 22,003 49.00 88.43 0.55 High 

DI_MAG_00019 Unknown 

Bacteria; Bacteroidota; Bacteroidia; 

Chitinophagales; Chitinophagaceae 3,082,789 324 10,795 37.53 62.85 7.88 Medium 

DI_MAG_00020 Pyrodictium 

Archaea; Crenarchaeota; 

Thermoprotei; Desulfurococcales; 

Pyrodictiaceae 1,071,537 28 68,816 47.76 75.27 0.47 Medium 

DI_MAG_00021 Unknown 

Bacteria; Patescibacteria; 

Dojkabacteria 734,971 8 176,471 31.53 77.27 1.72 Medium 

DI_MAG_00022 

archaeon 

GW2011_AR20 

Archaea; Nanoarchaeota; 

Woesearchaeia 1,155,662 40 83,443 44.63 79.44 0.00 Medium 

DI_MAG_00049 

Candidatus 

Nitrosocaldus 

Archaea; Crenarchaeota; 

Nitrososphaeria; Nitrososphaerales 982,006 145 6,877 32.09 60.52 1.94 Medium 

DI_MAG_FBB2_12 Caldithrix Bacteria; Calditrichota; Calditrichia 2,931,548 176 21,244 39.10 95.54 0.00 High 
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