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1. SUMMARY 

Within the framework of the MEFISTO project, microbial communities associated with methane 

(CH4) emissions were characterized at the Panarea hydrothermal vent area and the Northern Adriatic 

"Trezze". A total of 140 samples, encompassing seawater, hydrothermal fluids, interstitial water, 

sediments, and various biofilm structures, were collected and processed to define the taxonomic 

composition and community structure of the microbial community with a special focus on 

methanotrophic microorganisms. The methodological approach was based on a high-throughput 

metabarcoding strategy targeting the V4-V5 region of the 16S rRNA gene, which showed an optimal 

coverage for methanotrophs in both the Bacteria and Archaea domains. This report summarizes the 

sample management procedures, laboratory workflows, and bioinformatic strategies implemented to 

characterize the methanotrophic guilds across the investigated marine areas. 
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2. SCIENTIFIC FRAMEWORK 

2.1 Biological Methane Oxidation and Marine Methanotrophs 

In marine environments, methane-oxidizing microorganisms (a.k.a. methanotrophs) serve as biological 

sink for methane, acting like “biological filters” that prevent methane degassing from the seafloor to the 

atmosphere (Heintz et al., 2012). In marine sediments, these microorganisms can consume more than 90% 

of the methane produced locally before it can reach the water column (Knittel and Boetius, 2009; Nazaries 

et al., 2011). However, estimates support that methanotrophic bacteria may contribute to the oxidation of 

up to 50% of the dissolved CH4 in the water column (Mao et al., 2022), playing a relevant role in regulating 

the Earth's atmospheric composition. 

Methanotrophic microorganisms can grow on CH4 as a sole carbon and energy source. Microbial methane 

consumption is an ubiquitous ecosystemic function (Guerrero-Cruz et al., 2021; Reis et al., 2022). 

Methanotrophs represent a widespread and polyphyletic functional guild that encompasses the two 

domains of prokaryotes: aerobic methanotrophic bacteria, which utilize oxygen to oxidize methane via 

methane monooxygenase (MMO) enzyme, and anaerobic methanotrophic archaea, which typically drive 

methane oxidation through a syntrophic partnership with sulfate-reducing bacteria in anoxic sediments.  

2.1.1 Aerobic methane oxidation 

Aerobic methane oxidation is confined to the Bacteria domain. Methane-oxidizing bacteria (MOB) 

constitute a functional rather than a phylogenetic group, as the ability to oxidize methane has evolved 

independently in multiple, phylogenetically distant bacterial lineages. Some MOB are found to be and 

able to grow on a multitude of other carbon compounds (facultative methanotrophs). 

The aerobic oxidation of CH4 involves several enzymatic steps. In modern methanotrophic bacteria, CH4 

is converted to methanol (CH3OH) through a hydroxylation reaction catalyzed by the oxygen-dependent 

enzyme MMO. Methanol is subsequently oxidized by the methanol dehydrogenase to formaldehyde 

(HCHO), which is either assimilated into biomass or enters the catabolic pathway for energy conservation, 

with the consequent liberation of CO2. 

The MMO enzyme exists in two genetically unrelated forms: 

- Particulate MMO (pMMO): Cu-bearing and membrane bound, present in most 

known methanotrophs; 

- Soluble MMO (sMMO): Fe-containing and cytosolic, found only in a limited 

number of strains. 

Methanotrophs can express i) both forms of MMOs, ii) only pMMO or iii) only sMMO. In methanotrophs 

possessing both forms, expression is regulated by copper availability. sMMO is expressed under low 

copper conditions, while increased Cu concentrations induce the production of pMMO, which is also 

associated to higher growth yields (Rani et al., 2024). As a consequence, the environmental dynamics of 

metal species significantly influence the CH4 metabolism and, ultimately, the community structure 

(Fenibo et al., 2023; Steinle et al., 2016). 

pMMO and sMMO are encoded by two distinct operons (i.e., pmoCAB and mmoXYBZDC, respectively) 

which carry the genes encoding for the protein subunits building the two enzymes. Molecular analysis 

showed that genes pmoA and mmoX (encoding for α- subunits of pMMO and sMMO, respectively) can 
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be used as reliable phylogenetic markers for MOB. Moreover, the phylogenetic profiles produced by the 

analyses of these two genes are largely congruent with those based on the 16S rRNA gene, allowing for 

simultaneous functional and taxonomic identification (Ahmadi and Lackner, 2024; Saunois et al., 2020). 

While the enzymatic machinery for initial steps of CH4 oxidation is strongly conserved, methanotrophic 

bacteria exhibit significant diversity in their energy conservation and carbon assimilation strategies. These 

metabolic differences are reflected in their phylogenetic distribution across three main phyla: 

- Proteobacteria: further divided into Gammaproteobacteria (Type I and Type X 

methanotrophs) and Alphaproteobacteria (Type II methanotrophs) 

- Verrucomicrobia: Type III methanotrophs 

- NC10: a candidate phylum, discovered about 20 years ago 

 

These groups differ by cell morphology, physiology, and specific environmental preferences 

(Kalyuzhnaya et al., 2019). Three distinct metabolic pathways for the incorporation of C1 compounds 

into biomass are, currently, recognized (Fenibo et al., 2023): 

1. The Ribulose Monophosphate (RuMP) pathway: typical of Type I methanotrophs 

(Gammaproteobacteria) and the NC10 phylum; 

2. The Serine pathway: characteristic of Type II methanotrophs (Alphaproteobacteria); 

3. The Calvin-Benson-Bassham (CBB) cycle: utilized by Verrucomicrobia and some Type X 

strains. 

From an ecological point of view, the niche differentiation in methanotrophs seems to be driven by the 

variability of several environmental factors, such as methane concentration, oxygen, pH and temperature. 

Although MOB typically oxidize CH4 in the presence of O2, some groups can thrive under oxygen 

limitation due to an array of high-affinity O2-binding proteins, such as cytochromes and hemerythrins 

(Guerrero-Cruz et al., 2021; Smith and Wrighton, 2019). 

MOB distributed among three main phyla often show distinct physiological traits and environmental 

preferences. Type I and X methanotrophs (Gammaproteobacteria) generally dominate in CH4-rich, 

hypoxic aquatic regions and exhibit high stress tolerance. Type II methanotrophs (Alphaproteobacteria) 

often prevail with low CH4 concentrations and oxic surface waters (Kalyuzhnaya et al., 2019). However, 

the  differential environmental  regulation of the abundance and activity of  type I and type II 

methanotrophs is still under debate, since experimental and environmental studies have yielded 

ambiguous and sometimes  contrasting results (Crevecoeur et al., 2019). 

The discovery of methanotrophs in the Verrucomicrobia phylum (Type III) in 2005 challenged the 

previous assumption that all aerobic methanotrophs were restricted to Proteobacteria. These bacteria are 

often extremophiles, capable of metabolizing H2 and CH4 in volcanic and highly acidic geothermal 

ecosystems. Their oxygen tolerance varies, with some strains preferring microoxic conditions (Schmitz 

et al., 2021). 

Methanotrophs belonging to the NC10 phylum produce oxygen required for pMMO activity on their own 

(intra-aerobic metabolism) by dismutation of nitric oxide. This unique capability allows them to perform 

aerobic methane oxidation even in strictly anoxic environments (Ettwig et al., 2010; Fenibo et al., 2023). 
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2.1.2 Anaerobic methane oxidation 

In marine environments, the anaerobic oxidation of CH4 occurs mainly in the sediment and it is performed 

by microorganisms belonging to the Archaea domain, known as anaerobic methanotrophs (ANME). 

These organisms often operate through a syntrophic partnership with sulfate-reducing bacteria, utilizing 

the reverse-methanogenesis pathway.  

Recent phylogenomic reclassifications have relocated ANME lineages into the Halobacteriota phylum, 

which also encompasses most methanogens. ANME sharing a homologous enzymatic machinery with 

methanogenic Halobacteriota, that they use for methane oxidation in the reversed methanogenesis 

pathway (Guerrero-Cruz et al., 2021). This methanotrophy pathway is thermodynamically unfavorable 

and yields very little energy, leading to the need of a strict association with other anaerobic 

microorganisms (syntrophy) for the efficient removal of metabolic intermediates (e.g. H2), thus 

maintaining a negative ΔG – the thermodynamic condition necessary for methane oxidation to proceed. 

The mcrA gene, that encode for the methyl coenzyme reductase (MCR) is used to separate ANME from 

related methanogens (Smith and Wrighton, 2019).  

ANME mainly occurs at the Sulfate Methane Transition Zone, where CH4 and SO4
2-overlap. According 

to Knittel and Boetius, 2009, in marine environments ANME are responsible for the oxidation of 90% of 

CH4 produced by methanogens. In marine environments, the anaerobic oxidation of methane is mediated 

by three distinct groups of ANME, which belong to different orders or families with similar physiological 

features: 

- ANME 1 (divided into the subclusters a and b) 

- ANME 2 (divided into the subclusters a, b, and c) 

- ANME-3 

As for the aerobic methanotrophs, ANME exhibit a clear niche partitioning in the sediment, with: ANME-

2a and 2b dominating upper layers, ANME-2c and/or ANME-1 increasing in deeper zones, and ANME-

3 mainly found in mud volcanoes and in some seep sediments (Timmers et al., 2017). Interestingly, marine 

hydrothermal vent ecosystems do not offer many niches for ANME communities, due to lack of a real 

sediment cover, thus ANME are confined to small anoxic zones within vent chimneys (Knittel and 

Boetius, 2009). 

 

2.2 Target Selection and Methodological Rationale 

Functional markers such as pmoA and mmoX are well-established tools for high-resolution profiling of 

most methanotrophic guilds, as they target the key enzymes directly responsible for methane oxidation. 

However, they do not capture some lineages (e.g. ANME) and primers targeting them often suffer from 

coverage gaps due to divergency in the gene sequences. A multitarget approach is, thus, needed for a full 

description of the methanotrophic community. At the same time, targeting function genes does not allow 

for the identification of methanotrophs within their ecological context. 

The 16S rRNA gene provides a robust phylogeny for methanotrophs, as it largely mirrors the taxonomic 

divergence found targeting methane-specific functional genes (Ahmadi and Lackner, 2024; Horz et al., 

2001; Nagler et al., 2021; Saunois et al., 2020). In particular, the Next Generation Sequencing (NGS) of 

the 16S rRNA gene allows to target the of the microbial community as whole, providing both taxonomical 

information and insights in the community structure. While this enables capturing the microbial diversity 
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in high-throughput, making rare taxa visible, the choice of primers can introduce amplification bias, 

potentially underrepresenting certain methanotrophic groups. 

In the MEFISTO project, we deployed a metabarcoding strategy targeting the V4-V5 region of the 16S 

rRNA gene. In spite of a small loss in taxonomic resolution, this approach allows for the simultaneous 

identification of aerobic methanotrophs and anaerobic methanotrophic archaea (ANME), providing a 

comprehensive snapshot of the 'biological methane filter' across the sampling sites, and placing the 

methanotrophic groups within the context of their local microbial community. The 16S gene target region 

was selected based on in silico coverage simulations testing the main universal primer pairs (Caporaso et 

al., 2012; Parada et al., 2016; Walters et al., 2016). We tested the primer set coverage for methanotrophs 

against the SILVA reference database (SSU r138.2 RefNR, (Quast et al., 2013). One mismatch was 

allowed, excluding the last 3 nucleotides at the 3' end, to ensure high taxonomic coverage while 

accounting for PCR stringency. The universal primers targeting the V4-V5 region (Parada et al., 2016) 

outperformed in detecting the ANME taxa and provided the best compromise, as shown in Table 2.1. 

Table 2.1 – Parada et al. (2016) primer coverage analysis for methanotrophs. The performance of taxonomic 

assignments is based on total accessions in the SILVA reference database (SSU 138.2 nr). Coverage (%) is weighted 

to the total accessions per taxon in order to account for the uneven distribution of sequences within the database. Data 

are aggregated by methanotrophic functional guild. 

Methanotroph functional group 

Total 

accessions Mismatched Not matchable 

Weighted 

Coverage (%) 

Archaea     

ANME 499 40 5 91.9 

Bacteria     

Aerobic Methanotrophs (Type I) 647 27 0 95.8 

Aerobic Methanotrophs (Type II) 360 19 0 94.7 

Anaerobic MOB (former Candidate 

Phylum NC10) 
108 1 0 99.1 

Verrucomicrobiota extremophilic 

methanotrophs 
101 24 0 76.2 

 

 

3. Sample management and processing 

Within the MEFISTO project, the microbial communities associated with methane emissions were 

characterized across multiple environmental matrices. Collected samples included aliquots of seawater, 

hydrothermal fluid, interstitial water, sediment (including sandy substrates), and various types of biofilm 

structures (e.g. flocculant material, thin mats). Details about the sampling design and the sampling 

procedures are given in Deliverable 3. 

A total of 140 samples were collected for the WP4 activities and processed. Table 3.1 shows the sample 

counts by matrix type and study area, while a description of sample pre-processing procedures is given in 

this section by sample type. 

To avoid intrinsic biases, samples of the same type were processed using procedures as similar as possible, 

regardless of the collection site, sampling season, or study area. 
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Table 3.1. Detailed summary of samples collected for microbial community profiling, organized by sample type 

and study area. 

Sample Type Trezze Panarea Total 

Biofilm    

Flocs 4 11 15 

Flocs with sediment 3 1 4 

Rock scrapings  2 2 

Stone swab samples  9 9 

Hydrothermal fluid  8 8 

Interstitial water 6 11 17 

Sediment    

Sediment 8 11 19 

Sediment&Biofilm  6 6 

Water column    

Surface 8 16 24 

Intermediate 8 4 12 

Bottom 8 16 24 

Total 45 95 140 

 

 

3.1 Water samples 

In the MEFISTO project three types of water samples were collected: i) seawater samples (collected at 

two or three depth levels, depending on the water column height), ii) interstitial water samples, and iii) – 

exclusively for the Panarea’s study area – samples of hydrothermal fluids, taken directly from scuba divers 

at the venting points. Water sample aliquots underwent filtration onto sterile 0.20 µm PES membrane 

filters that were then immediately frozen, until further processing. For long-term storage, the membrane 

were stored at -80°C. 

For the Panarea’s sampling campaigns, it was not possible to filter water samples on board. Thus, water 

samples were stored in the dark and cool soon after collection, and then taken to the ECCSEL Natlab 

facilities by 2 hours after collection. The filtration of the water column samples (water sample type i) was 

performed using reusable filtration devices mounting sterile 47 mm diameter PES membranes. The 

filtration apparatus were autoclaved prior each campaign, while between sample filtrations they were 

incubated with 1N HCl to prevent DNA cross-contamination. Instead, samples of hydrothermal fluid and 

interstitial water (water sample type ii and iii) were filtered onto single-use sterile filtration systems 

(ThermoScientific Nalgene Rapid-flow Filter Units) in order to prevent any possible form of 

contamination, given the low-DNA-input nature of these samples. Filtered volumes are shown in Table 

3.1.  

In the two sampling campaigns at the Trezze of the North Adriatic site, filtration was performed on-board, 

right after the sample collection. All samples were filtered using Sterivex filters mounting sterile 0.2 µm 

PES membranes, by drawing directly from the Niskin bottles through sterile silicone tubings and with the 
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aid of a portable peristaltic pump. On-board, the Sterivex filters were stored on dry-ice, then moved at -

80°C until processing. Filtered volumes are shown in Table 3.2. 

Table 3.1. Summary of volumes processed for the DNA isolation from samples collected at the Panarea’s study 

area and the relative DNA extraction yields. 

 Filtered volume (ml) Extracted DNA (ng/µl) 

Water sample type Range Median Range Average 

Water column 2500 – 9500 5000 9.07 – 39.30 21.64 

Interstitial water 67 – 577 500 0.44 – 21.20 10.22 

Hydrothermal fluid 270 – 600 500 0.03 – 14.10 3.51 

 

Due to the fine grain size and the geochemical nature of the sediment at the N-Adriatic’s sampling stations, 

the interstitial water samples were highly contaminated with fine sediment particle. Prefiltration to remove 

particles was not possible due to the contextual removal of prokaryotic cells. 

Table 3.2. Summary of volumes processed for the DNA isolation from water samples collected at the N-

Adriatic’s study area and the relative DNA extraction yields. 

 Filtered volume (ml) Extracted DNA (ng/µl) 

Water sample type Range Median Range Average 

Water column 1050 – 2650 2250 6.07 – 43.70 27.81 

Interstitial water 170 – 310 270 4.03 – 52.00 29.05 

 

Genomic DNA was isolated from filters using the DNeasy PowerWater Kit (Qiagen) with a few 

modifications to the manufacturer’s protocol aimed at increasing the extraction yield (Fonti et al., 2021): 

after adding the lysing buffer provided by the manufacturer, samples underwent three cycles of incubation 

at 70°C for 5 min followed by 2 min vortexing at the maximum speed. We then proceeded as described 

in the kit handbook. Elution was performed twice to maximize DNA recovery from the silica buffer. 

Extraction blanks were included to asses potential contamination. DNA concentration was measured using 

a Qubit Fluorometer (ThermoFisher). Quality was inspected both visually by gel agarose electrophoresis 

and by Nanodrop spectroscopy. DNA extracts were stored at -80°C until further processing. DNA 

extraction yields are shown in Tables 3.1 and 3.2. 

 

3.2 Sediment samples 

Surface sediment samples, when present, were collected at each site by scuba divers using 50 ml 

polycarbonate tubes. On board, samples were either stored in the dark and cool and taken to the ECCSEL 

Natlab facilities within 2 hours after collection (for the sampling activities in Panarea), or placed on dry-

ice in the dark (in the North-Adriatic sampling campaigns). The grain size of most sediment samples 

collected in the Panarea required the removal of excess water by centrifugation at 4.500 × g for 10 minutes. 

In some cases, the sediment was coarse sandy material with precipitates and featuring an incoherent 

flocculant biofilm that could not be separated (see Table 3.1). In the case of the two reference stations 
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(i.e. Zimmari and Blank OutCrop) sediment was collected by a 6L van Veen grab. Aliquots of surface 

layers were then collected by using 50 ml sterile polycarbonate tubes. All samples were stored at -80°C 

until processing. 

For the DNA extraction, sediment samples were thawed, homogenized and sub-aliquoted. 

Genomic DNA was isolated using the DNeasy PowerSoil Pro Kit (Qiagen) following the manufacturer’s 

protocol with a few modifications aimed at increasing the extraction yield: each sediment aliquot was split 

into three subaliquots to maximize the bead beating efficiency and the contaminant removal (e.g. 

exopolysaccharides, humic and fulvic acids, iron precipitates). After adding the lysis buffer, samples 

underwent three cycles of incubation at 70°C for 5 min followed by 3 min vortexing at the maximum 

speed. An addition 1-minute vortexing step was performed at the end. We then continued as described in 

the kit handbook. Elution was performed twice to maximize DNA recovery from the silica buffer. 

Extraction blanks were included to asses potential contamination. DNA quantification and quality checks 

were performed as described in Section 3.1. DNA extracts were stored at -80°C until further processing. 

The amount of sediment material used for DNA isolation and the corresponding extraction yields are 

summarized in Table 3.3. 

Table 3.3. Summary of sediment amount processed for the DNA isolation and the relative DNA extraction yields. 

Sediment weight data refer to dry mass (calculated after full evaporation of the humidity at 60°C until weight 

stabilization). 

 Amount of processed sediment (g) Extracted DNA (ng/µl) 

Sampling site Range Median Range Average 

Panarea 0.65 – 1.77 1.14 0.17 – 22.30 8.30 

Trezze 0.55 – 3.42 2.13 10.50 – 58.00 38.39 

 

 

3.3 Biofilm samples  

In the MEFISTO project, additional seafloor samples (extended beyond standard sediment) were also 

collected by the scuba divers near the emissions, with the aim of analyzing the taxonomic composition of 

microbial benthic communities occurring as “biofilms” not directly associated with the sediment. These 

samples included: i) macroscopic mucilaginous flocs of varying consistency, sometimes containing 

inseparable sediment grains, ii) 10-15 cm size cobbles (10-15 cm) covered by a thin layer of 

polysaccharidic matrix, and iii)  smaller encrusting clasts. Mucilaginous flocs were collected by using 200 

ml long nosed syringe with wide bore nozzle, while the other sample type were collected using sterile 

plastic sample bags. On board, samples were stored in the dark and cool and the taken to the laboratory 

facilities by 6 hours after collection. Flocs-like samples were transferred into 50 ml sterile polycarbonate 

tubes and centrifuged at 4.500 × g for 5 minutes to remove the excess of water. The pelleted samples, 

gravels, and cobbles frozen were stored at -80°C until further processing. 

DNA extraction tests were performed on a small subset of samples in order to define the best processing 

strategy for each biofilm sample type. The choice was made comparing the DNA extraction yields, 

quantified by Qubit. For the scope of the present report we will describe only the selected procedures. 
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Genomic DNA was isolated from flocs-like samples and the encrusting clasts (biofilm sample type i and 

iii, respectively) using the DNeasy PowerBiofilm Kit (Qiagen), following the manufacturer's protocol, 

with a double elution to maximize DNA recovery. In preparation to DNA extraction procedures, 

encrusting clasts were pretreated (after thawing) by scraping the surface to recover potentially containing 

microbial mat material. Scarping was performed with the aid of autoclaved and disinfected stainless steel 

spatulas. The scraped material was collected on sterile Petri dishes and then transferred into sterile tubes. 

Sub-aliquots of about 1 g were transferred into the bead-tubes and immediately processed for DNA 

extraction. The left-overs were stored at -80°C for biobanking. 

The isolation of DNA from the cobbles (biofilm sample type ii) was performed adopting a different 

strategy. Cobbles were thawed at room temperature; the film covering the cobbles was collected by using 

sterile swabs that we, then, processed using the DNeasy PowerSoil Pro Kit (Qiagen) with the same 

modifications to the manufacturer’s protocol described for the sediment samples (see Section 3.2). Three 

unused swabs were also extracted to assess potential contamination.  

DNA quality checks and quantification were performed as described in Section 3.1. DNA extracts were 

stored at -80°C until further processing. The DNA extraction yields are shown in Table 3.4. 

Table 3.4. DNA extraction yields from biofilm samples. 

 Extracted DNA (ng/µl) 

Biofilm sample type Range Average 

Panarea   

Flocs-like 4.53 – 37.30 20.80 

Clast scrapings 5.70 – 16.30 11.00 

Cobble swabs 0.87 – 8.20 3.43 

Trezze   

Flocs-like 3.22 – 68.20 41.39 

 

 

3.4 Metagenomic library and sequencing 

The DNA extracts were diluted with nuclease-free water to a concentration of 5ng/µl and amplified with 

KAPA HiFi HotStart ReadyMix (Roche) using the universal primer pair 515F-Y/926R (Parada et al., 

2016)⁠ following the Illumina protocol (available online: https://emea.illumina.com/content/dam/illumina-

support/documents/documentation/chemistry_documentation/16s/16s-metagenomic-library-prep-guide-

15044223-b.pdf). Some samples suffered amplification inhibition, likely due to residual polysaccharides 

or refractory organic compounds. For these samples, we applied an additional dilution factor and, in the 

worst cases, added bovine serum albumin (NEB, New England Labs) to the reaction mix to a final 

concentration of 0.2 µg/µl. None of these strategies resolved the PCR inhibition in the interstitial water 

sample collected in July 2024 at the San Pietro outcrop station. For this sample, we performed the 

amplification PCR using the AccuStart II PCR ToughMix (QuantaBio). 

The PCR products were then sent to the sequencing facilities for the subsequent steps of the library 

preparation protocol, pooled in equal molar ratios, and sequenced on an Illumina NovaSeq 6000 platform 

(Illumina, San Diego, CA, USA) with a 2×250 bp strategy. Samples collected in the Panarea Island area 

https://emea.illumina.com/content/dam/illumina-support/documents/documentation/chemistry_documentation/16s/16s-metagenomic-library-prep-guide-15044223-b.pdf
https://emea.illumina.com/content/dam/illumina-support/documents/documentation/chemistry_documentation/16s/16s-metagenomic-library-prep-guide-15044223-b.pdf
https://emea.illumina.com/content/dam/illumina-support/documents/documentation/chemistry_documentation/16s/16s-metagenomic-library-prep-guide-15044223-b.pdf
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were sequenced at the ARGO Open Lab Platform (Area Science Park, Trieste, Italy), where the 

metagenetic libraries were prepared by enzymatic fragmentation followed by ligation of TruSeq adapters 

(Bentley et al., 2008). Samples collected in the Trezze of the North Adriatic Sea were sequenced by IGA 

Technology Services srl, where the metagenetic libraries were prepared by transposase-based 

tagmentation, with simultaneous ligation of Nextera adapters and DNA fragmentation (Adey et al., 2010). 

 

4. BIOINFORMATIC ELABORATIONS 

Quality inspection, sequence trimming, and filtering were performed locally. The remainder of the 

bioinformatic workflow was performed on the GALILEO100 HPC infrastructure of CINECA (Italian 

National Supercomputing Consortium), as part of the Partnership for Advanced Computing in Europe 

(PRACE). 

Visual inspection of the read quality profiles was performed using FastQC and  MultiQC. Primer removal 

was carried out with Cutadapt (v. 4.9, with Python v. 3.12.4) in a miniconda environment, using anchored 

primer trimming at both read ends, with the following settings: 15% maximum error rate, 10 bp minimum 

overlap and allowance for degenerate bases. Reads shorter than 50 bp, reads with terminal ambiguous 

bases (N), and reads not matching the primer sequence were discarded. The subsequent filtration and 

trimming steps were performed locally in a R environment (v. 4.5.1) using the DADA2 package (v. 1.36), 

based on quality profiles. The forward reads were trimmed at position 220, and the reverse at position 

215; shorter reads were discarded. Reads contining N bases were discarded. Reads were also truncated at 

the first instance of a quality score less than or equal to 2. After truncation, reads with sum of expected 

errors greater than 2 were filtered out. 

The remainder of the bioinformatic workflow was executed on the Galileo100 cluster, using resources 

allocated under the OGS23_PRACE_IT project. The analysis environment was managed via Conda 

(miniforge3) running R version 4.2. A customized local environment was built specifically for this 

workflow: all R packages and other dependencies were installed manually and managed within the user 

profile. Sequence data were processed using the DADA2 pipeline (v1.26), optimized for the HPC 

architecture. Multi-core parallelization was managed through RcppParallel, while job scheduling and 

resource allocation were handled by the SLURM workload manager.  

Error estimation and sequence denoising accounted for differences in error profiles between samples 

sequenced in different runs. The distribution of sequencing errors was modeled using LOESS regression, 

with weights proportional to data abundance. We forced monotonicity in the estimated error rates, based 

on the biological assumption that the probability of error should not increase with higher Q-scores. The 

error-learning function used in this study is an adaptation of the solution proposed by Jona Lin 

(loessErrfun_mod4, https://github.com/jonalim/loessErrfun) for binned Q-score data, typical of Illumina 

NovaSeq sequencing. The 16S rRNA gene amplicon sequence variants (ASVs) were inferred by denoising 

in pseudopooling mode after a dereplication step. Subsequently, the sequence tables from all the 

sequencing runs were unified into a single dataset and prepared for chimera removal, which was 

performed with the removeBimeraDenovo function of the DADA2 package in consensus mode. 

Sequences outside the expected length range (360–390 bp) and singletons (i.e. sequences with one read 

detected across all samples) were removed prior to downstream analyses. 

https://github.com/jonalim/loessErrfun
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For taxonomy assignment, we used the naive Bayesian classifier provided within the DADA2 package 

against the SILVA SSU r138.2 RefNR reference database (released on July 11, 2024), setting the 

minimum bootstrap confidence level at 60. 

Downstream analyses and data visualization were performed locally in the R environment (v. 4.5.1) using 

the phyloseq package (v. 1.52.0) for a unified sequence management, and other R packages, such as 

Biostrings (v. 2.76.0),  microbiome (v. 1.30.0), stringr (v. 1.5.2), and tidyverse (v. 2.0.0). Sequences 

assigned to eukaryotes, mitochondria, chloroplasts, or to no domain were removed. ASVs with fewer than 

5 reads were also removed. 

 

5. PRELIMINARY RESULTS 

Sample sequencing generated a total of 21.4 GB rawdata (fastq format). About the 25 % raw reads on a 

median were discharged over the bioinformatic analyses and post-processing filtration of unwanted 

sequences. A total number of  273,018 ASVs were resolved within the dataset, with 22,014 shared 

between the Panarea and the Trezze sampling sites. Other general statistics about the microbial 

community dataset are given in Tables 5.1. 

Table 5.1. Statistics on the microbial community dataset. ASVs: amplicon sequence 

variants. 

 Panarea Trezze 

Total reads 51453866 19162074 

ASVs 184498 107769 

Min reads 185068 270178 

Max reads 3843019 889642 

Sparsity index 0.95 0.89 

 

Methanotrophic bacteria and archaea were extracted from the general dataset on the base of their 

taxonomic affiliation. A total number of 288 methanotrophic ASVs were found, representing up to the 

2% of prokaryotic biodiversity within samples and belonging to the following families. ANME-2a-2b              

ANME-2c, Beijerinckiaceae, Hyphomicrobiaceae, Methanoperedenaceae, Methylacidiphilaceae, 

Methylococcaceae, Methylohalobiaceae, Methylomirabilaceae, Methylomonadaceae, Methylophagaceae 

and Methylophilaceae. 
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A preliminary exploration of the dataset showed a remarkable difference between the two sampling areas 

but an increased similarity between the seawater samples (Figure 5.1). 

 

 

 

Figure 5.1. Sample ordination by PCoA of the methanotrophic taxonomic groups. Count data were transformed into centered 

log-ratios (CLR). Shapes represent the two sampling areas, while colors differentiate the environmental matrices. 
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