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ABSTRACT 18 

Peatlands are considered the most efficient ecosystem for long-term storage of atmospheric carbon (C). 19 

However, reasons for variations in C accumulation within peatlands remain largely unexplained. Using a 20 

comprehensive multi-level approach combining soil-atmosphere C exchanges, microbial extracellular enzyme 21 

activities, and genome-resolved cellular and viral metagenomics, we endeavored to decipher the microbial 22 

determinants and their role in C dynamics in the bog and fen of a European peatland. Overall, the bog 23 
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exhibited a higher C content and dissolved organic carbon concentration. Despite contrasting geochemical 24 

conditions, these differences were not explained by environmental parameters nor the vegetation. 25 

Metagenomic analyses revealed varying microbial community composition, the bog being less diverse and 26 

dominated by Acidobacteriota and the fen comprising five predominant phyla (Crenarcheota, Chloroflexota, 27 

Proteobacteria, Desulfobacterota and Acidobacteriota). Both bog and fen microbial communities were stable 28 

between spring and summer. Yet, similar CO2 emissions were recorded in both bog and fen, along with similar 29 

organic matter (OM) decomposition microbial activities and potential. Ultimately, the bog harbored 30 

significantly more viruses than the fen. Most intriguingly, these viruses were predicted to target 31 

Acidobacteriota, the phyla displaying the highest OM-degrading capacity in the bog. By impairing the activity 32 

of the dominant players in OM degradation, viruses might have a significant role in C dynamics in the bog over 33 

time. In addition, we propose that low microbial diversity limited cross-feeding opportunities in the bog, 34 

further limiting C degradation. Taking together, this study deciphers the role of microbial communities driving 35 

C accumulation in peatlands and, consequently, peatland ecosystem functioning.  36 

 37 
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1. INTRODUCTION 42 

Peatlands are waterlogged and predominantly anoxic environments, in which plant production is favored over 43 

microbial degradation, leading to an accumulation of carbon over time (Rydin et al., 2006). Covering only 44 

4.632 million km2 of the total land mass (~3%), peatlands store about one third of the total carbon (C) 45 

contained in soils (Xu et al., 2018; Yu et al., 2011), making them the most efficient ecosystem for long-term 46 

storage of atmospheric carbon. However, C accumulation rates can vary greatly between peatland types. 47 

Evidence shows that bogs tend to accumulate more C than fens (Thormann et al., 1999; Turunen et al., 2002; 48 

Watmough et al., 2022). Fens and bogs are the two major forms of northern peatlands which represent 91% of 49 

peatlands worldwide (Yu et al., 2010). Bogs receive water and nutrients from rainfall, are nutrient poor, and 50 

acidic (pH<5.5). They are dominated by Sphagnum spp., which are slowly decomposed due to the presence of 51 

antimicrobial aromatic substances (e.g., polyphenols) (Bengtsson et al., 2018; Lang et al., 2009; Verhoeven 52 

and Liefveld, 1997). Fens are characterized by higher pH (pH>5.5), dominated by more easily decomposable 53 

litter from sedges, grasses, and shrubs, and fed by both precipitation and groundwater which, in turn, lead to 54 

higher nutrient concentrations (Joosten and Clarke, 2002).  55 

Ecological gradients, trophic status, vegetation cover and hydrology are associated with the variation in C 56 

dynamics between bogs and fens, in which microbial communities play a critical role. Bogs are commonly 57 

characterized by low microbial organic matter (OM) degradation rates (Bragazza et al., 2007; Lin et al., 2012; 58 

Preston et al., 2012), carbon dioxide (CO2) production and methane (CH4) emissions (Abdalla et al., 2016; 59 

Danevčič et al., 2010; Webster et al., 2018) compared to fens. However, recent findings (Hoyos-Santillan et 60 

al., 2018; McGivern et al., 2021; Turetsky, 2003; Urbanová and Hájek, 2021) have challenged the view that 61 

inhibitory compounds and low nutrient concentrations – two common features of bogs – hinder OM 62 

degradation in peatlands (Abdalla et al., 2016; Dorrepaal et al., 2005; Webster et al., 2018). Consequently, 63 

our understanding of how biotic interactions influence C accumulation rates in bogs and fens remains limited. 64 

In the context of climate change, which could impair C balance in peatlands (Loisel et al., 2021), the need to 65 

decipher the mechanisms underlying C accumulation in these ecosystems – including the microbial 66 

determinants and their role in belowground C dynamics – has become critical. A comprehensive overview of C 67 

dynamics in peatlands should also take into consideration the specificity of bogs and fens (Wu and Roulet, 68 

2014).  69 
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Given their contrasting environmental features, we first hypothesize that bogs and fens should exhibit 70 

different prokaryotic communities (Finn et al., 2020; Seward et al., 2020; St. James et al., 2021). We anticipate 71 

that the difference in C dynamics between bogs and fens should be reflected in varying capacities for OM 72 

degradation, including organic polymer hydrolysis, fermentation, methanogenesis and methanotrophy (Drake 73 

et al., 2009; Horn et al., 2003; Woodcroft et al., 2018; Ye et al., 2012). As wetland ecosystems harbor 74 

exceptional viral abundance (Williamson et al., 2017), we also hypothesize that viruses play a role in peatland C 75 

cycle. Viruses can negatively or positively influence OM degradation (Dalcin Martins et al., 2018) either by 76 

killing OM-recycling microorganisms or by manipulating the metabolisms of their hosts through the 77 

expression of auxiliary metabolic genes (AMGs) (Chen et al., 2020). To date, the role of viruses in C cycling in 78 

wetlands have mainly been examined in permafrost peatlands (Emerson et al., 2018; Trubl et al., 2021, 2018), 79 

despite representing less than half of the total peatland surface area (Hugelius et al., 2020). As permafrost 80 

soils differ in many aspects from temperate peatlands (Jansson and Taş, 2014), it is crucial to examine also 81 

their role in bogs and fens C cycling to gain a more comprehensive overview of microbial drivers of C dynamics 82 

in peatlands. 83 

Herein, we focus on a single mountainous peatland located in the Pyrenees (Bernadouze in Ariège, France) to 84 

disentangle microbial determinants over C dynamics along a bog to fen gradient. By comparing bog and fen 85 

within the same system, our study model overcomes the inherent confounding factors (e.g., temperature, 86 

precipitation, solar radiation) that could come into play when such a comparison is undertaken at large spatial 87 

scales. To obtain a representative picture of C dynamics of the peatland, we quantified dissolved organic 88 

carbon (DOC) and organic C concentrations, C densities and estimated CO2 and CH4 instantaneous flux in both 89 

bog and fen sites. A total of 24 samples were collected (bog and fen at three different depths) during two 90 

seasons (spring and summer). We have adopted a comprehensive multi-level approach to investigate the full 91 

range of microbiological processes involved in C dynamics.  We thus performed enzymatic assays of five key 92 

hydrolase enzymes to assess microbial OM degradation, identify the key players involved in this process by 93 

analyzing the metabolic capacity of 290 unique bacterial and archaeal metagenome-assembled genomes 94 

(MAGs). We studied environmental determinants (abiotic) on microbial diversity, composition, and activities 95 

(biotic). Lastly, the contribution of viruses to peatland functioning was assessed by ecogenomic approaches, in 96 
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which the distribution and dynamics of viruses were investigated, their hosts predicted and the putative AMGs 97 

encoded by the viruses characterized.  98 

Collectively, our results revealed varying microbial community composition between bog and fen, the former 99 

being less diverse and dominated by Acidobacteriota and the latter comprising five predominant phyla 100 

(Crenarcheota, Chloroflexota, Proteobacteria, Desulfobacterota and Acidobacteriota). The similar CO2 101 

emissions and microbial OM decomposition activities and potentials recorded in bogs and fens suggested 102 

similar instantaneous ecosystem functioning with regard to carbon cycles. However, the bog harbored 103 

significantly more viruses than the fen. Most intriguingly, these viruses were predicted to target 104 

Acidobacteriota, the phyla displaying the highest OM-degrading capacity in the bog. By impairing the activity 105 

of the dominant players in OM degradation, viruses might have a significant role in C dynamics in the bog over 106 

time. In addition, we propose that low microbial diversity limits cross-feeding opportunities in the bog, further 107 

limiting C degradation. Taking together, this study deciphers the role of microbial communities driving C 108 

accumulation in peatlands and, consequently, peatland ecosystem functioning.  109 

 110 

2. MATERIALS AND METHODS  111 

2.1. Study Site Description and Sample Collection  112 

Peat samples were collected at Bernadouze (42.80247 N, 1.42333 E), a mountainous peatland located at an 113 

altitude of 1,344 m in the central part of the Pyrenees (Fig. 1A). Bernadouze was formed from a postglacial 114 

lake, where a marsh existed for 10,000 years. This peatland covers an area of 4.7 ha, a 1.4 km2 watershed, 115 

mainly composed of limestone (Jalut et al., 1982; Reille, 1990). The mean annual temperature recorded for the 116 

years 2015 to 2018 was 7.9 ± 0.3 ◦C and the mean annual precipitation was 1,797 ± 265 mm. Sub-zero 117 

temperatures and snowfalls are frequently recorded at Bernadouze from mid-October to mid-May (Rosset et 118 

al., 2019). The Bernadouze peatland harbors a typical peatland vegetation cover, with bogs mainly dominated 119 

by sphagnum mosses and fens by vascular plants (Joosten and Clarke, 2002).  120 

The sampling campaigns dedicated to microbial ecogenomics were carried out during the growing season 121 

(June 12 and 13, 2018), and at the end of summer (September 4 and 5, 2018). As the fen is largely predominant 122 
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at Bernadouze (Fig. 1A), we over-sampled the fen compared to the bog. We collected samples from two sites 123 

in the fen and from one site in the bog. To better encompass the peatland's heterogeneity, we collected 124 

samples from both hummock and hollow at each site. For the hummocks, we used a 1 m2 quadrat and 125 

collected three one-meter-deep cores (triplicate) using a Russian-type peat corer (5 cm × 50 cm). As the corer 126 

was 50 cm long, each core was the result of two consecutive core samplings (one replicate) to reach the depth 127 

of one meter. Samples were collected from each core at three different depths: the surface (0 to 15 cm), the 128 

middle (35 to 50 cm) and the bottom of the core (85 to 100 cm). For the hollow, triplicates were collected at 129 

~30 cm from the edge of the hollow, maintaining a one meter distance between each core sampling. Only 130 

surface samples were collected for this microform. Each sample was subsampled in the field immediately after 131 

the core sampling and transferred directly to a liquid nitrogen container for molecular analysis. These 132 

subsamples were stored at -80°C in the lab. A second subsample was taken in the field immediately after the 133 

coring to measure the pH using Multiparameter MultiLine WTW® 3510 (Sentix 940 sensor). The remaining 134 

triplicates were pooled and mixed into a plastic bag (conserved at -20°C) for further biogeochemical analyses 135 

and enzyme activity assays. Finally, we used a piezometer to record the water table (WT) depth the following 136 

day at each sampling site. The WT depth varied between 0 and -26 cm on average, regardless of the season 137 

(Wilcoxon, p = 0.803). Considering that the average peat depth of Bernadouze has been estimated at 2 m 138 

(Jalut et al., 1982; Reille, 1990), this result indicated prevalent anoxic conditions in the peatland. 139 

 140 

2.2. Measuring Geochemical Parameters 141 

Peat organic carbon (C content), total nitrogen (N) and the C:N ratio of the peat samples were determined 142 

using a FLASH 2000 ThermoFisherTM elemental analyzer of water extract. Briefly, 30 g of peat were added to 143 

150 ml of Milli-Q ultra-pure water and agitated for one night at 150 rpm and 20°C. Using a filter unit, various 144 

filtrations were carried out, including one with a Ø 80 µm nylon filter cloth, a second with a GF/A filter, a third 145 

with a GF/F filter and a final one with a 0.22µm cellulose acetate filter. The DOC concentration was also 146 

analyzed in the filtered samples, acidified to pH 2, using a TOC-5000A analyzer (Shimadzu, Japan). The 147 

nutrients (i.e. NO2, NO3, SO4
2-, NH4

+, PO4
3-) were quantified by means of High-Performance Ion 148 

Chromatography (Dionex Ics-5000+ [anions]; Dionex DX-120 [cations]). Reference material included ION-915 149 

and ION 96.4 (Environment and Climate Change Canada, Canada). 150 
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Soluble polyphenols were also estimated from the water extracts. Briefly, 30 g of peat were added to 150 ml of 151 

Milli-Q ultra-pure water and agitated for 1 hour. Using a 96-well microplate, 200 μl of this extract were mixed 152 

with 10 μl of 2 M of Folin-Ciocalteu reagent and 30 μl of Na2CO3 (100 g/L). After 30 min of incubation at 40°C, 153 

the absorbance wavelength was measured at 765 nm using a Synergy HTX Multi-Mode Reader machine. The 154 

standard curve was calculated using gallic acid at concentrations of 0, 5, 10, 20, 30, 40, 50 and 60 mg.L-1. The 155 

phenolic content is expressed as a gallic acid equivalent, in mg/g of peat dry weight.  156 

Total polyphenols were also extracted. A solution composed of methanol, H2O and HCl (75/24.5/0.5) was 157 

added to fresh peat, maintaining a 1/100 ratio (w/v). Samples were agitated in the dark for 2 hours at 160 rpm 158 

and 35°C and further centrifuged at 5000 rpm for 10 min at 20 °C. Then, the peat extract was diluted with 159 

water, maintaining a 1/10 ratio (v/v), and added to 10 μl of 2 M Folin-Ciocalteu reagent mixed and incubate for 160 

2 min. Next, 30 μl of Na2CO3 (100 g/L) were added and incubated for 2 hours at 20°C. The absorbance 161 

wavelength was measured at 765 nm using a Synergy HTX Multi-Mode Reader machine. The standard curve 162 

was calculated using gallic acid at concentrations of 0, 50, 100, 150, 250 and 500 mg.L-1 diluted at 1/80. The 163 

phenolic content is expressed as a gallic acid equivalent, in mg/g of peat dry weight.  164 

 165 

2.3. Measuring Fluxes Using Static Chambers 166 

During snow-free periods, soil to atmosphere greenhouse gas (GHG) exchanges were measured monthly using 167 

static chambers. Collars had been installed 1 month prior to the first measurements in May 2016. For each 168 

station, measurements were first performed using a transparent acrylic chamber (30 cm diameter and 30 cm 169 

high) to measure the NEE (net ecosystem exchange). The measurement was then repeated in the dark by 170 

covering the chamber with an opaque aluminum cover to measure the ER (ecosystem respiration). Changes in 171 

CO2 and CH4 concentrations within the chamber headspace were monitored respectively using a CARBOCAP® 172 

GMP 343 CO2 probe (VAISALA) placed at the top of the chamber for CO2 and a LI-COR LI-7810 analyzer 173 

connected to the chamber for CH4. 174 

CO2 and CH4 fluxes were then calculated from the linear regression of the concentrations within the chamber 175 

over time, using the following equation: 176 

 177 
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 179 

where F is the CO2 or CH4 flux (µmol·m-2·s-1); dCO2, CH4/dt is the variation in gas concentrations within the 180 

chamber as a function of time (ppm s-1); h is the total headspace height (chamber + soil collar; mm); Pa is the 181 

atmospheric pressure (J m-3); R is the ideal gas constant of 8.3144621 (J K-1 mol-1); and Ta is the air temperature 182 

in the chamber (K). Finally, the gross primary production (GPP) was calculated as GPP = ER - 1*NEE. 183 

 184 

2.4. Enzymatic Activity Assays 185 

Microbial depolymerization activities of phenolic and lignin-type compounds were quantified through phenol 186 

oxidase (laccase) and peroxidase enzymatic activities, respectively, using 2,2’-Azino-bis(3-187 

Ethylbenzthiazoline-6-Sulfonic Acid) (ABTS) as a substrate. Briefly, 50 ml of acetate buffer (0.1 M, pH = 4) 188 

were mixed with 0.5 g of fresh peat. In a 96-well microplate, 200 μl of solution were mixed with 50 μl of ABTS 189 

(0.1 M), incubated in the dark for 15 min at 21°C and agitated at 150 rpm. The peroxidase enzymatic activity 190 

was estimated using the same protocol, adding 10 μl of H2O2 (0.3%) to the reaction. The reaction was stopped 191 

by centrifugation at 5700 rpm for 5 min at 21°C. Fluorescence was measured at 420 nm in 150 μl of solution 192 

using a Synergy HTX Multi-Mode Reader machine. Both phenol oxidase and peroxidase are expressed in 193 

μmol.min-1.g-1 of peat dry weight. Acid phosphate (phosphatase), chitinase and B-glucosidase enzymatic 194 

activities were quantified following the BSI Standards Publication DD ISO TS 22939:2010.  195 

 196 

2.5. DNA Extraction, Sequencing, Assembly and Read Analysis 197 

Triplicates of the subsamples were pooled and homogenized in a mortar using a pestle under liquid nitrogen. 198 

The DNA extraction of the 24 subsamples was performed using the DNeasy PowerSoil kit following the 199 

manufacturer's instructions (MoBio Laboratories, UK). Library preparation (PCR-free libraries) and sequencing 200 

was performed using an Illumina NovaSeq 6000 platform producing 150 bp paired-end reads, at the University 201 

of Maryland School of Medicine (USA). A total of 0.6 Tb of metagenomic reads data (from 18 to 47 Gb per 202 

sample) were obtained. Two of the 24 metagenomes (hummock surface in bog and fen of summer sampling 203 
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campaign) were also sequenced using Pacbio Sequel II 8M SMRT Cell Run (30-hour movie). The library 204 

preparation (with size selection) and the sequencing were also performed at the University of Maryland School 205 

of Medicine (USA). For PacBio sequencing, DNA extraction was performed using the DNeasy PowerSoil Pro kit 206 

with slight optimization to avoid DNA shearing (no vortex, gentle homogenizations).  207 

To eliminate sequencing errors from the metagenomic raw reads, we use Trimmomatic (v0.36) (Bolger et al., 208 

2014) with the following parameters: PE, -phred33, ILLUMINACLIP:adapters.fa:2:30:10, LEADING:3, 209 

TRAILING:3, SLIDINGWINDOW:4:15, MINLEN:50. This process involved either removing reads with errors or 210 

trimming specific regions within the read sequences, such as low-quality regions or adapters. Next, the 211 

metagenomes were assembled independently using IDBA-UD (v1.1.1) (Peng et al., 2012) with the following 212 

parameters: mink, 60; maxk, 120; step, 10 -pre-correction. We obtained 14 Gbp of contiguous sequences, of 213 

which 3 Gbp (21.4%) were > 5 kb. Long reads were assembled using hybrid SPADes (v3.13.1) (Prjibelski et al., 214 

2020), using the corresponding paired-end Illumina metagenomes with the following parameters: only 215 

assembler -k 71,81,91,101,111,121. We obtained approximately 10 million reads per sample, with an average 216 

length of 7 kb. More than 14000 sequences were > 10kb in length, with an average length of 23 kb (Table S1). 217 

The Pacbio data were used to assemble additional high-quality genomes. 218 

Unassembled 16S rRNA and 18S rRNA read fragments were obtained using USEARCH (v9.2) (Edgar, 2010) 219 

with RefSeq 16S and 18S rRNA genes as databases from December 2019 respectively, and then confirmed 220 

using ssu-align (v0.1.1) (Nawrocki and Eddy, 2010). To provide a taxonomic classification (Cabello‐Yeves et al., 221 

2020), reads were mapped using BLASTn (v2.9.0) (Altschul et al., 1990) against the SILVA database v138 from 222 

December 2019 (Quast et al., 2012) using a maximum e-value of 1 × 10-5. In total, we identified 44012 16S 223 

rRNA and 2252 18S rRNA sequences representing 1,834 ± 382 and 94 ± 95 sequences per sample respectively. 224 

Among the 18S rRNA sequences identified, 72 were fungal sequences, representing 3 ± 4 sequences per 225 

sample.  226 

 227 

2.6. Estimating microbial abundance 228 

qPCR was employed to estimate total prokaryote and fungal abundances. For prokaryotes, the 16S rRNA gene 229 

was amplified using the primer pairs 341F (5´-CCTACGGGAGGCAGCAG-3) and 514R (5´-230 
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ATTCCGCGGCTGGCA-3´), and a standardized commercial plasmid of E. coli (pk3) 16S rRNA gene (X80731.1) 231 

was used as a standard. For fungi, the 18S rRNA gene was amplified using the primer pairs nu-SSU-1196F (5'-232 

GGAAACTCACCAGGTCCAGA-3) and nu-SSU-1536R (5'-ATTGCAATGCYCTATCCCCA-3'). The primer set was 233 

validated on the peatland DNA extractions. An 18S standard was built from one of those PCR products after it 234 

has been purified using illustra GFXTM PCR DNA and a Gel Band Purification Kit (GE Healthcare) following the 235 

manufacturer’s instructions and cloned using pGEM®-T Easy vector ligation (Promega). Transformation of the 236 

recombinant plasmid was performed using One ShotTM TOP10 Chemically Competent E. coli (Invitrogen) 237 

according to the manufacturer's protocol. After overnight incubation in LB Agar (Conda Pronadisa) 238 

supplemented with ampicillin (100 mg.ml-1), X-gal (20 mg.ml-1) and IPTG (200 mg.ml-1), colonies possessing 239 

the insert were replicated in an LB Broth medium (Conda Pronadisa) under the same ampicillin condition and 240 

incubated overnight. Plasmids were extracted using the QIAprep Spin Miniprep Kit (QIAGEN) according to the 241 

manufacturer’s protocol and verified in agarose 1% gel. The linearization of the final plasmid product was 242 

performed by enzymatic digestion with the PstI enzyme (New England Biolabs) and then quantified using the 243 

Quant-iTTM PicoGreenTM dsDNA Assay Kit (Invitrogen). The plasmid insert was sequenced and analyzed using 244 

the NCBI "BLAST" analysis tool and matched at 99.70% of identity (e-value: 2e- 163) with fungal sp. strain 245 

2P1CQ1 (MH429421.1).  246 

Each PCR reaction was set up in a 96-well plate using 10 μl TakyonTM No Rox SYBR® MasterMix dTTP Blue 247 

(Eurogentec)1x, 2 μl Forward/Revers primers, 1 μl of DNA sample and 4 μl of water (20 μl of total volume). 248 

qPCR was performed on a LightCycler® 480 96-Multiwell Plates instrument (Roche Diagnostics), with an initial 249 

denaturation and TakyonTM activation at 95 °C for 3 min, followed by 40 cycles of denaturation at 95 °C for 3 250 

min, annealing at 60 °C for 30 s and extension time at 72 °c during 20 s for the 16S primer set and 40 s for the 251 

18S primer set. The samples were run in triplicates, and qPCR plates included standard curves in duplicate and 252 

a negative control. Absolute copy number quantification was calculated by plotting Cycle threshold (Ct) values 253 

against the standard curve of a 10-fold dilution series of the plasmid copy number concentration. Microbial 254 

abundance was corrected by soil dry weight to normalize the copy number data set.  255 

 256 

2.7. Genome Binning, MAG Quality Assessment and Annotation 257 
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MAGs were obtained using MetaBAT2 (v2.12.1) (Kang et al., 2019) and manual curation. Briefly, contigs longer 258 

than 5 kb (Illumina) and 10kb (PacBio) were indexed aligned to short read sequences. Next, SAMtools (v1.10) 259 

was used to sort BAM files and each contig coverage depth was calculated using Bowtie2 (2.3.5) (Langmead 260 

and Salzberg, 2012). This information was used to apply binning by coverage (Metabat2). CheckM (v1.0.18) 261 

was used to assess completeness and contamination of each bin (Parks et al., 2015). We recovered a total of 262 

515 genomic bins filtered by completeness (> 50%) and contamination (< 5%). To identify redundant genomes 263 

(dereplication), the average nucleotide identity (ANI) score was calculated using a cutoff ≥ 95% and only non-264 

redundant genomes with the highest quality scores or greatest overall sizes were kept. The taxonomic 265 

assignment of the MAGs as well as the phylogenomic reconstruction were performed using GTDB-TK (v0.3.3, 266 

release R89) (Chaumeil et al., 2019), classifying 99.6% of the MAGs as new species, 43.1% as new genera and 267 

0.1% as new families. We retained 290 unique genomes, 50 belonging to the Archaea domain and 240 to the 268 

Bacteria domain. Two MAGs assembled from Pacbio were not recovered in the Illumina binning. We recovered 269 

75 high-quality genomes (>95% estimated completeness) across 13 of the 27 archaeal and bacterial phyla 270 

detected. 271 

Genome abundances across samples were calculated as reads per kilobase of genome per gigabase of 272 

metagenome (RPKGs). Raw reads were mapped against MAGs using BLASTn with the following cutoffs: 273 

minimum alignment length of 50 bp, minimum identity of 95%, maximum e-value of 1 × 10-5. We also 274 

estimated the binning efficiency of our datasets. This was determined by mapping raw reads from the 275 

metagenomes against all the dereplicated MAGs with Bowtie2. Next, the sum of the mapped reads divided by 276 

the total number of reads (i.e. a subsampling of 10 million reads) was used to obtain the average MAG 277 

representation. 278 

To establish a robust annotation of the predicted proteins involved in the OM recycling, Carbohydrate-Active 279 

enZYmes annotation was performed using run_dbcan (v2.0.11) (Zhang et al., 2018), screened using HMMER 280 

(Eddy, 1998), DIAMOND (Buchfink et al., 2015) and Hotpep (Busk et al., 2017) against dbcan, CAZy and PPR 281 

database respectively. Only identical predictions by at least two tools were retained. MAGs metabolic 282 

pathways annotation was performed using DRAM (v1.0.0) (Shaffer et al., 2020). Genes were first annotated 283 

using Pfam, KOfam, UniProt and MEROPS database, then classified into functional categories. 284 

 285 
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2.8. Abundance-weighted Co-occurrence Network Analysis 286 

A correlation-based network analysis was performed to evaluate abundance-weighted co-occurrences 287 

between the 290 MAGs. Co-occurrences were quantified using Spearman’s rank correlations calculated 288 

between all pairs of MAGs using the RPKG values across the 24 samples, and corrected using the Benjamini-289 

Hochberg standard false discovery rate correction. Only co-occurrences corresponding to correlations with a 290 

coefficient (rho) > 0.6 and a p-value < 0.001 were considered to build the network. Modules (i.e., clusters) were 291 

computed using the R package igraph (Pons and Latapy, 2005), which identifies densely connected 292 

communities via random walks. The network visualization was performed using Gephi software (Bastian et al., 293 

2009) with the nodes representing the MAGs and the edges representing the correlations (rho >0.6 and p-294 

value < 0.001) between MAGs.  295 

A random forest analysis was used to test the correct assignment of MAGs to their actual module based on 296 

their environmental preferences (i.e., expressed as their individual weighting mean calculated for each 297 

environment variable using RPKG data as abundance). This analysis was performed using a set of 10,000 298 

trees and the importance of individual variables (i.e., weighting means) in predicting the module assignment 299 

was calculated. Models were fitted using the R package randomForest (Liaw and Wiener, 2002). 300 

 301 

2.9. Virus Identification, Host Prediction and putative AMG Annotation 302 

Viral sequences were identified and annotated (AMG) by analyzing all assembled contigs through VIBRANT 303 

(v1.0.1) ⁠ (Kieft et al., 2020) with default parameters. Quality (i.e., completeness and contamination) of viral 304 

sequences was estimated with CheckV (v0.6) (Nayfach et al., 2021), revealing 55 complete and high-quality 305 

genomes (completeness >= 90%). Viral sequences were clustered into 11,524 viral populations based on ANI 306 

(>= 95%) and shared genes (>= 80%). Computational viral host prediction was performed as previously 307 

described (Coutinho et al., 2020, 2019; Malki et al., 2021) ⁠. The Bernadouze bacterial and archaeal MAGs were 308 

used as a set of potential host genomes against which the viral genomes were queried. Before performing this 309 

analysis, BLAST ⁠ was used to identify and remove any viral sequences incorrectly binned together with the 310 

archaeal and bacterial MAGs. Three signals of virus-host association were analyzed for host prediction: shared 311 

tRNAs, homology matches, and CRISPR spacers. Viral sequences were scanned for tRNA genes through 312 
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tRNAScan-SE (v1.23) ⁠(Lowe and Chan, 2016) using the bacterial models. Viral tRNAs were then queried 313 

against the Bernadouze MAGs through BLASTn. These searches were performed with the following cutoffs: 314 

minimum alignment length of 60 bp, minimum identity of 100%, minimum query coverage of 95%, maximum 315 

of 0 mismatches and maximum e-value of 1 × 10-3. Homology matches were performed by directly querying 316 

viral sequences against the Bernadouze MAGs through BLASTn. For these searches, the following cutoffs 317 

were used: minimum alignment length of 1,000 bp, minimum identity of 85% and maximum e-value of 1 × 10-3. 318 

Finally, CRISPR spacers were identified among Bernadouze MAGs using CRISPRDetect (v2.2) (Biswas et al., 319 

2016). The obtained spacers were queried against the viral sequences using BLASTn. The following cutoffs 320 

were defined for these searches: minimum identity of 100%, minimum query coverage of 100%, maximum of 321 

0 mismatches and maximum e-value of 1. For each virus-taxon association signal detected (i.e. homology, 322 

tRNA or CRISPR), 3 points were added to the taxon if it was a CRISPR match, 2 points if it was a homology 323 

match, and 1 point if it was a shared tRNA. The taxon that displayed the highest score was defined as the host 324 

of the viral genome.  325 

 326 

2.10. Statistical Analyses 327 

All the following statistical analyses were implemented within the R programming environment (RStudio 328 

Team, 2020). 329 

The map representing the location of Bernadouze was produced using the R package sf (Pebesma, 2018). The 330 

influence of the season on the WT depth was analyzed using a Wilcoxon signed-rank test. The difference of C 331 

content, N, C:N ratio, DOC, polyphenols (total and soluble), nutrients (SO4
2-, NO3

-, NH4
+ and PO4

3-), C 332 

accumulation (C content and C density) and soil-atmosphere C exchanges (GPP, ER, NEE) between bog and 333 

fen was tested using Wilcoxon signed-rank test. The effect of the environmental parameters on the enzyme 334 

activities was tested using an analysis of variance (ANOVA) and compared between bog and fen with a 335 

Wilcoxon signed-rank test. The link between these activities on C content was evaluated using Spearman 336 

correlations.  337 

The difference of the 16S and 18S gene copy numbers between bog and fen was evaluated using a Wilcoxon 338 

signed-rank test. The Bray-Curtis distance was then calculated between all pairs of samples based on 16S 339 
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rRNA and viral population to study the structure of the microbial communities, and the results were visualized 340 

using non-metric multidimensional scaling ordinations (NMDS) using the function metaMDS in the package 341 

vegan (Oksanen, 2020). To identify the influence of the environmental variables on the community structure, a 342 

dissimilarity matrix was calculated based on Euclidean distances from the 16S rRNA gene or viral population 343 

abundance estimated in each sample. A first permutational multivariate analysis of variance tests 344 

(PerMANOVA) with 9,999 iterations (Anderson, 2001) was performed to test the influence of the experimental 345 

design namely season, sites, microforms (hummocks and hollows) and depth, including all double interactions 346 

using the function adonis2() in vegan. A second PerMANOVA was performed to evaluate the influence of 347 

environmental parameters (pH, distance to WT, DOC, org C, total N, total phenols, and nutrients). To avoid 348 

the presence of strong multicollinearity between the environmental variables, soluble phenols were removed 349 

from this analysis since they were strongly correlated with total phenols (Spearman’s rank correlation, r = 0.83, 350 

p > 0.01) and a principal component analysis (PCA) was performed between the highly correlated nutrient 351 

variables (SO4
2-, NO3

-, NH4
+ and PO4

3-). Only the first principal component (accounting for 64%) was kept as a 352 

new composite nutrient variable. The metagenome archaeal and bacterial diversity were estimated using the 353 

16S rRNA gene recovered in each metagenome at the species level. The exponential of Shannon (eH’) was 354 

calculated as alpha diversity metric (Haegeman et al., 2013) using the package vegan. These indices were 355 

compared between metagenomes using a Wilcoxon signed-rank test.  356 

Finally, an indicator analysis (Dufrêne and Legendre, 1997) was conducted to identify whether the genes 357 

involved in OM degradation (plant, fungal and bacterial biomass), polyphenol degradation, fermentation 358 

processes (alcohol production, butyrate, propionate, acetate and lactate), methanogenesis and 359 

methanotrophy were preferentially associated to either the bog or the fen. This association was assessed 360 

using the indicator value (Point-biserial correlation) method (Cáceres and Legendre, 2009) using the package 361 

indicspecies. This method combines information on the ecological specificity and fidelity of each gene 362 

calculated with its respective RPKG distribution across the 24 samples. A permutation test (N = 9,999) was 363 

used to determine whether a particular gene was significantly associated to either the bog or fen under the 364 

null hypothesis of no association. 365 

 366 
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3. RESULTS  367 

3.1. Geochemical Context of the Bernadouze Peatland 368 

Given the predominance of the fen at Bernadouze (Fig. 1A), we collected 16 samples in the fen and 8 samples 369 

in the bog. The average WT depth in the bog was -10.5 cm and -13.1 cm in the fen, indicating prevalent anoxic 370 

conditions (see methods). The pH ranged from 6.4 in the fen to 4.6 in the bog. This is consistent with a shift in 371 

vegetation cover: while forbs, sedges and other bushes dominate in the fen, Sphagnum mosses are 372 

predominant in the bog (Fig. 1A). These variations are congruent with higher concentrations of soluble 373 

polyphenols (Wilcoxon, p < 0.045, Table S2), and total polyphenols (p < 0.01) in the bog while nutrients and N 374 

concentrations (p = 0.569, p = 0.976 respectively) were not significantly different between bog and fen. The 375 

C:N ratio did not differ between the bog and the fen (p = 0.093, Table S2), suggesting an overall similar peat 376 

decomposition.  377 

 378 

3.2. Carbon Fluxes in Bog and Fen 379 

We also compared the C dynamics in each peatland type by quantifying DOC, C concentration (mass of C per 380 

gram of peat) and C density (C concentration multiplied by peat bulk density) which, taken together, 381 

evidenced C accumulation. Two-sample Wilcoxon tests (Table S3) revealed a higher DOC concentration (p = 382 

0.027) in the bog and C content (p < 0.01) whereas we did not observe a difference in C density (p = 0.881, Fig. 383 

1A). Overall, the contrast in carbon properties between bog and fen suggests different biotic (decomposition) 384 

and/or abiotic (DOC hydrology and geochemistry) processes, which could affect the C dynamics in the two 385 

types of peatland. In addition, C properties varied along the peat profile with higher C density at depth in the 386 

bog (Fig. S1), consistent with higher C accumulations over time. 387 

Soil-atmosphere C exchanges in the peatland were estimated by measuring field instantaneous C fluxes over 388 

six years (2016-2022). The difference between GPP (photosynthetic CO2 uptake) and ER (autotrophic and 389 

heterotrophic CO2 production), provides an estimation of an ecosystem’s C gain and loss, summarized by the 390 

NEE. Instantaneous measurements of GPP were always higher than ER at Bernadouze, resulting in a negative 391 

NEE (Fig. 1B). However, neither GPP (Wilcoxon, p = 0.675), ER (p = 0.401) nor NEE (p = 0.063, Table S2) 392 
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showed significant variations between bog and fen, indicating a similar CO2 fixation and respiration of the two 393 

types of peatland. C exchanges were governed by seasonal dynamics, with GPP and ER increasing during the 394 

summer season compared to spring, evidencing the importance of temperature and solar radiation on 395 

aboveground C dynamics. Together with peat C estimates, these results suggest that the difference in C 396 

content between bog and fen at Bernadouze is not due to varying vegetation-related C dynamics. Instead, our 397 

findings suggest that differences in belowground C dynamics between bog and fen are sustained by a 398 

difference in the magnitude of microbial decomposition. 399 

 400 

3.3. Microbial Extracellular Enzyme Activities 401 

We estimated heterotrophic activities related to OM degradation by quantifying the depolymerization of 402 

phenolic and lignin-like compounds (phenol oxidase and peroxidase respectively), the degradation of cellulose 403 

(ß-1,4-glucosidase), the mineralization of organic phosphorus (acid phosphatase), and the hydrolysis of chitin-404 

derived oligomers (ß-1,4-N-acetyl-glucosaminidase). Enzyme assays revealed marginal variations between 405 

bog and fen (Wilcoxon, p > 0.05, Fig. 1C, Table S2), suggesting identical OM degradation. Regression analyses 406 

revealed a positive effect of nitrogen concentration on phenol oxidase (p < 0.001), peroxidase (p < 0.001) and 407 

ß-glucosidase (p = 0.01), a positive effect of the distance to WT on chitinase (p = 0.047) and phosphatase (p = 408 

0.003), and a positive effect of nutrient concentration on chitinase (p = 0.007) (Table S4). In contrast, we noted 409 

a negative effect of the distance to the WT on phenol oxidase (p < 0.001), indicating a possible phenol 410 

degradation under anaerobic conditions. Importantly, free phenolic compound and C content concentrations 411 

failed to predict microbial enzyme activities, suggesting (i) that polyphenols do not impede OM degradation 412 

and (ii) that C is not a limiting factor for OM degradation. Collectively, these results predict complex 413 

relationships between microorganisms and C dynamics. 414 

 415 

3.4. Structure and Functioning of Peatland Microbial Communities 416 

We first estimated the prokaryote and fungal abundances based on 16S and 18S gene abundances using qPCR, 417 

respectively. No significant difference in prokaryotes (Two-sample Wilcoxon test, p = 0.320) or fungal 418 

abundances – largely underrepresented – (p = 0.834, Table S2) was evidenced between bog and fen. 419 
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Hypostatizing that a high microbial diversity promotes C degradation and CO2 emission, we thus compared 420 

the prokaryotic diversity based on 16S (exponential of Shannon, eH’) with C content. A strong negative 421 

correlation (Spearman’s rank correlation, rho = -0.66, p < 0.01) suggests that higher microbial diversity 422 

promotes OM degradation at Bernadouze. 423 

Differences in microbial composition were not significant between spring and summer (PerManova: R2 = 0.01, 424 

p = 0.968) and between hummock and hollow (R2 = 0.03, p = 0.352) (Fig. 2A, Table S5). In contrast, we 425 

detected a strong turnover between bog and fen (R2 = 0.29, p = 0.001) and with depth (R2 = 0.17, p = 0.003), in 426 

relation to pH (R2 = 0.27, p = 0.001) and distance to the WT (R2 = 0.14, p = 0.001). The bog exhibited a lower 427 

microbial diversity (Wilcoxon, p < 0.01) compared to the fen, highlighting environmental filtering due to the 428 

acidic conditions in the bog. Acidobacteria (27.5% of 16S sequences), Crenarchaeota (14.4%), 429 

Thaumarchaeota (11.0%) and Euryarchaeota (8.4%) were identified as the dominant phyla in the bog while 430 

(Fig. 2B) Crenarchaeota (15.8%), Chloroflexi (13.5%), Proteobacteria (11.8%), Deltaproteobacteria (11.6%) and 431 

Acidobacteria (10.4%) were the most abundant phyla in the fen. 432 

To identify key microorganisms involved in OM degradation, we reconstructed 290 unique bacterial and 433 

archaeal metagenome assembled genomes (MAGs, Fig. 2C). MAG diversity showed a strong congruence with 434 

16S rRNA diversity, with an average number of raw-reads mapping with MAG of 32.5% in bog and 21.2% in 435 

fen. The ecological niches occupied by these MAGs were estimated through an abundance-weighted co-436 

occurrence network which distinguished four distinct modules (Fig. 2C). Using a random forest classification 437 

model, we identified the distance to the WT (0.23%), C content (0.19%) and the pH (0.17%) as the main 438 

environmental variables predicting module configuration (Fig. 2C). The similar contribution of pH and C 439 

content to module configuration was due to the higher amount of C at acidic pH (Table S2). Modules 1 (36 440 

MAGs) and 4 (81 MAGs) were comprised of MAGs abundant at low pH (pH 5 on average, corresponding to bog 441 

conditions) and assigned to deep peat layers for module 1 (-40 cm below the WT) and to the subsurface (-10 442 

cm below the WT) for module 4 (Fig. 2C). The prevalent MAGs (42.7 RPKG on average) were mainly affiliated 443 

to the Acidobacteriota and Crenarchaeota phyla. Modules 2 (116 MAGs) and 3 (55 MAGs) were composed of 444 

MAGs abundant at circumneutral pH (pH 6.4 on average, corresponding to fen conditions) and were also 445 

assigned to deep peat layers for module 2 and to the subsurface for module 3 (Fig. 2C). These MAGs were less 446 

abundant on average (26.7 RPKG) but more diverse, mainly belonging to the Crenarchaeota, Chloroflexota, 447 
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Acidobacteriota, Proteobacteria and Desulfobacterota (Deltaproteobacteria) phyla. Combined with the 16S 448 

rRNA based diversity, these results confirm that the structure of microbial communities in the Bernadouze 449 

peatland was driven by pH and depth.  450 

 451 

3.5. Role of Microorganisms in OM Degradation 452 

We examined the CAZYme genes involved in the degradation of OM compounds derived from plants, bacteria 453 

and fungi, as well as genes involved in fermentative, methanogenic and methanotrophic pathways (Fig. 3, 454 

Table S6). Overall, a large number of MAG-encoded genes involved in the first steps of OM degradation were 455 

recovered, highlighting the importance of these processes in peatland C cycling. Particularly, the high 456 

abundance of genes involved in the breakdown of cellulose and hemicellulose -which require multiple 457 

enzymes- indicated high plant degradation capability. Importantly, 38.3% of MAG encoded genes were 458 

involved in phenol degradation, suggesting that phenols can commonly be used as an energy source. In 459 

addition, we also found that some abundant groups in the fen such as Gammaproteobacteria, BSN033 460 

(Desulfobacterota) or UBA9217 (Nitrospirota), encoded more genes involved in bacterial than plant OM 461 

recycling, which may represent a strategic energy resource under limited OM supply. 462 

An indicator analysis testing the association between pathways and peatland types did not reveal any specific 463 

association between pathways and peatland types, indicating that most pathways were found both in fen and 464 

bog in similar abundance (Table S7). However, phyla contribution to each pathway (expressed here as % of 465 

RPKG) greatly varied between bog and fen. Importantly, primary functions involved in plant, fungal and 466 

bacterial biomass degradation were mostly harbored by the class of Acidobacteriae in the bog (ranging from 467 

61% for plant degradation to 68% for bacterial degradation Table S8), surpassing the degradation capacity of 468 

Bacteroidia (8% for plant and 14% for fungal) and other taxa (Fig. 3, Table S8). In contrast, phyla contribution 469 

to each pathway was more evenly distributed in the fen (Table S8). Acidobacterota appeared as a keystone 470 

taxa associated with OM degradation in the Bernadouze peatland and more particularly in the bog. 471 

Subsequent degradation can occur by multiple fermentation processes, including lactate and acetate, but the 472 

presence of Acidobacteriae significantly increases the capacity to produce propionate and alcohol in the bog, 473 

since they encoded 77% and 60% of this fermentative capacity respectively. Ethanol is an important precursor 474 
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of hydrogenotrophic methanogenesis in the acid bog, and can provide a substrate for the methanogen Bog-475 

38, the most abundant genome assembled at Bernadouze (cumulative abundance of Bog-38 = 338 RPKG, 476 

means of 290 MAGs = 33 RPKG, Table S9 and Fig. S2) and predominantly recovered in the bog. Similarly to 477 

other MAG methanogens, Bog-38 is hydrogenotrophic methanogen (Table S10). Interestingly, CH4 emissions 478 

were lower in the bog than in the fen (p < 0.01, Table S2), likely related to the presence of Binataceae 479 

(Binatota) and Methylocapsa (Pseudomonadota) methanotrophs that might participate in CO2 recycling. 480 

Overall, these results reveal a similar capacity for OM degradation in the bog and in the fen, consistent with 481 

the similar microbial degradation activity and microbial abundances recorded in the two peatland types. 482 

Taken together, these results are intriguing given the marked differences in C dynamics (C content and DOC) 483 

evidenced between the bog and fen, suggesting that additional regulating processes may drive the differences 484 

in C accumulation observed between bog and fen. 485 

 486 

3.6. Ecological Role of Viruses 487 

We identified 14,578 virus sequences in Bernadouze, which clustered into 11,524 viral populations. As with 488 

prokaryotic diversity, viral diversity was mainly structured according to the pH (Permanova, R2 = 0.29, p = 489 

0.001) and the distance to WT (R2 = 0.21, p = 0.002), and was stable over time (p= 0.594, Fig. 4A). Importantly, 490 

viruses were 2.6 times more abundant in the bog than in the fen on average (Fig. 4B), and viral populations for 491 

which a host was predicted (24.3%) were consistently 3 time more in the bog than in the fen (Fig. 4C). Across 492 

the 24 peat samples, virus abundance was strongly correlated with host abundance at the phylum level, except 493 

for poorly represented phyla (Fig. S3). Nevertheless, the bog and the fen exhibited contrasting patterns in 494 

terms of viral infection dynamics. In both peatland types, the virus-to-host abundance ratio was positive for 495 

most phyla, underscoring an overall high level of infection potential at Bernadouze (mean ratio: 6.6 and 9.2 in 496 

the bog and the fen respectively). However, this ratio varied greatly between phyla, ranging from 0.72 (WOR-497 

3) to 42.66 (Fibrobacterota) in the bog, and from 0.81 (Asgardarchaeota) to 28.38 (Halobacterota) in the fen. 498 

High potential viral infections were recorded for both rare and dominant phyla (Fig. 4D). However, in the case 499 

of some phyla, viral infections differed widely between the bog and the fen. Notably, Acidobacteriota – which 500 

had the highest potential for OM degradation and was among the most dominant lineages in both peatland 501 
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types – showed a higher level of infection in the bog (mean virus-to-host abundance ratio of 17.65 in the bog 502 

and 6.02 in the fen).  503 

Putative AMGs involved in OM degradation were retrieved in 11.4% of the viral sequences annotated. The 504 

most common one, galE, which encodes UDP-glucose 4-epimerase, was recovered 33 times (Table S11). This 505 

gene is involved in miscellaneous pathways, as it catalyzes the interconversion of UDP-galactose and UDP-506 

glucose as part of the catabolism of galactose. Although rarely recovered at Bernadouze, putative AMGs 507 

involved in the degradation of organic cell compounds (exo-α-sialidase), pectin (pectate lyase) and aromatic 508 

compounds (mhpC, carboxymethylenebutenolidase) were also identified, as well as family 18 (chitinase) and 509 

family 20 (hexosaminidase) glycosyl hydrolases. Viruses encoding putative AMGs involved in OM degradation 510 

were significantly more abundant in the bog than in the fen (p < 0.001, Table S11). Overall, we concluded that 511 

viruses were more likely to influence the functioning of the bog than the fen. 512 

 513 

4. DISCUSSION 514 

We employed a multi-level approach to explain the role of microbial communities in C dynamics in bog and 515 

fen, two peatland types recognized to exhibit different C accumulation rates. Carbon accumulation is a long-516 

term process that can take thousands of years (Yu et al., 2011, 2010). We thus investigated contemporary C 517 

dynamics through C content, DOC concentration and C density. Contemporary flux exchanges were similar 518 

between bog and fen over 6 years of record. Considering that Sphagnum mosses produce less biomass than 519 

vascular plants (Hobbie and Chapin, 1998), it is unlikely that the higher C content in the bog would be related 520 

to a higher OM production. These results were supported by the heterotrophic activity involved in OM 521 

degradation, also found to be similar between bog and fen. Considering that these activities are correlated 522 

with nutrient concentrations, a nutrient limitation may contribute to the C accumulation process at the 523 

peatland scale (Dorrepaal et al., 2005; Turetsky, 2003). However, nutrients cannot be considered the source of 524 

differences in C content at Bernadouze given that their concentration was determined to be similar in the bog 525 

and in the fen. Also, contrary to the "enzyme latch theory" (Fenner and Freeman, 2011; Freeman et al., 2001), 526 

which suggests that phenolic compounds can act as a "latch" to stabilize C in the peat, we did not identify any 527 

significant relationship linking polyphenols (total and soluble) and microbial extracellular enzymatic activities. 528 
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Moreover, 38.3% of MAGs possessed the metabolic capacity to use phenolic compounds as an energy source, 529 

which thus may represent a sustainable source of OM for microorganisms, mainly under anaerobic conditions, 530 

as recently demonstrated (McGivern et al., 2021).  531 

The present work confirmed that Acidobacteriota, the predominant lineage in the Bernadouze peatland, 532 

exhibited a high metabolic capacity for OM degradation. They encoded the largest repertoire of CAZymes in 533 

the peatland, a consistent feature observed in cultivable Acidobacteria (Eichorst et al., 2007; Pankratov and 534 

Dedysh, 2010; Whang et al., 2014), as well as in genomes assembled from natural environments (Diamond et 535 

al., 2019; Woodcroft et al., 2018). Acidobacteriota dominated the microbial community in the bog where 536 

environmental conditions fit their ecological niches (Kalam et al., 2020). Their high metabolic capacity in OM 537 

degradation contrasted therefore with the C dynamics in the bog, where higher C content and DOC 538 

concentration were recorded. Interestingly, we also established that the bog contained 2.6 times more viruses 539 

than the fen and that bog Acidobacteriota were probably subject to higher pressure of viral infection than 540 

their fen counterparts.  541 

The more substantial presence of viruses in the bog , which aligns with Emerson et al. (2018) findings, might 542 

be due to higher viral adsorption to soil surfaces at acidic pH (Gerba, 1984). However, not all host taxa in the 543 

Bernadouze bog exhibit higher virus/host ratio.  Moreover, while a higher number of virus predicted to infect 544 

Acidobacteriota were also found in Stordalen, the Acidobacteriota virus/host ratio was subsequently higher in 545 

Bernadouze bog (17.65) compared the thawing permafrost (0.1 to 1) (Emerson et al., 2018). These results are in 546 

line to the Kill the Winner model, in which viruses exert a top-down control over microbial community by 547 

targeting the most abundant taxa (Thingstad, 2000). The high abundance of virus predicted to infect 548 

Acidobacteriota might contribute to constrain their metabolic rate (Feiner et al., 2015; Paul, 2008) and impair 549 

their efficiency in degrading OM in the bog. Moreover, although we cannot evidence a difference in the viral 550 

infection dynamics across the two seasons, viral shunts, that result in host-selective viral lysis and death, 551 

further exacerbates their role in bog C dynamics by altering C degradation capacity. Interestingly, the release 552 

of carbon and nutrients into the milieu as a consequence of cells bursting might contribute to explain the 553 

higher DOC concentration we evidenced in the Bernadouze bog, a process previously suggested in the 554 

Stordalen frozen peatland (Emerson et al., 2018). Consequently, we propose that the role of bog viruses may 555 

be underestimated, as they impair OM degradation by primary degraders, thereby enhancing C accumulation 556 
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over time. However, we are aware that additional factors such as slow growth (Campanharo et al., 2016; Davis 557 

et al., 2011, 2005; George et al., 2011) and slower degradation rates (Pankratov et al., 2011) in Acidobacteria 558 

might also contribute to impair OM degradation in the bog.  559 

We have also evidenced negative associations between microbial diversity and C content at Bernadouze. 560 

Consistent with previous studies (Finn et al., 2020; Seward et al., 2020; St. James et al., 2021), the bog has 561 

been characterized as having a low microbial diversity, dominated by a few lineages belonging to 562 

Acidobacteria, whereas the fen exhibits more diverse microbial communities, mainly composed of 563 

Proteobacteria, Crenarchaeota, Acidobacteria, Deltaproteobacteria and Chloroflexi. It has been demonstrated 564 

that a high microbial diversity promotes organic matter decomposition in soils (Maron et al., 2018). Therefore, 565 

the lower bog microbial diversity could also be a factor in reduced OM decomposition. It has been recognized 566 

that high microbial diversity might improve cross-feeding (Hoek and Merks, 2017), minimizing enzyme and 567 

intermediate concentrations in a pathway, maximizing ATP production within the community, and stimulating 568 

OM degradation (Pfeiffer and Bonhoeffer, 2004; Wei et al., 2009). The acidic pH prevailing in the bog would 569 

instead result in a specialization and metabolic capacity overlap (Hester et al., 2019), preventing efficient OM 570 

degradation.  571 

Overall, these results provide evidence that bog and fen are two distinct ecosystems that not only differ by 572 

their environmental conditions but also by the composition of their prokaryotic and viral communities. 573 

Consequently, we showed that the functioning of these ecosystems, and particularly their C dynamics, is not 574 

only driven by ecological gradients, trophic status, vegetation covers and hydrology but also by unique 575 

microbial communities that directly drive OM turnover. Hence, we highlighted that a higher C content and 576 

DOC concentration in the bog, reflecting a lower OM degradation capacity, might be the result of i) a 577 

disruption in the metabolic potential of Acidobacteriota key degraders due to their susceptibility to viral 578 

predation and ii) the high specialization and metabolic overlap within the bog microbial community. 579 

Understanding the extent to which each of these processes contributes to disrupting OM degradation in bog 580 

and fen is of paramount importance to quantify the ecological and biogeochemical outcomes of peatland 581 

functions and assess their impact on C accumulation over time in the context of climate change. 582 

 583 
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Figure legends 900 

Figure 1. Location of the Bernadouze peatland and carbon dynamics (peat organic carbon, dissolved 901 

organic carbon, atmospheric carbon fluxes and microbial enzymatic activities related to OM 902 

degradation). 903 

A. 1) Location of the Bernadouze peatland and sampling sites. The dots represent the locations of peat 904 

samplings and the stars the location of static chamber flux measurements. Purple and yellow color code 905 

indicates the bog and fen sites respectively. 2) Representative vegetation covers of the bog and the fen. 3) Box 906 

plots of peat organic carbon and dissolved organic carbon concentration, with n=8 for bog and n=16 for fen. 907 

Stars indicate the level of significance (** if p-value < 0.01 and *** if p-value < 0.001). 908 

B. Atmospheric carbon fluxes over six-year period. Gross Primary Production (GPP), Ecosystem Respiration (ER) 909 

and Net Ecosystem Exchange (NEE), measured in the bog (30 measures across 6 years) and the fen (57 910 

measures across 6 years) using a static chamber flux. 911 

C. Comparison of enzymatic activities involved in the degradation of organic matter between bog (n=8) and fen 912 

(n=16).  913 

 914 

Figure 2. Environmental drivers of the microbial communities, prokaryotic diversity based on 16S 915 

rRNA gene and characterization of the Bernadouze metagenome-assembled genomes (290 916 

dereplicated MAGs). 917 

A. Non-metric multidimensional scaling (NMDS) plot of 16S rRNA gene data based on  Bray-Curtis distance 918 

(stress: 0.10). Below the NMDS, analyses of variance testing the effect of experimental design (Exp. 919 

Design): campaign, peatland type, microform, depth, and all possible two-way interactions, and 920 

environmental variables (Env. Param.): pH, distance to WT, DOC, C content, N, polyphenols, nutrients, 921 

on microbial community structure (16S rRNA based data) using PerMANOVA. Black dots indicate 922 

significant correlations (if p-value < 0.05). 923 

B. Relative abundance of prokaryotic phyla in the bog and the fen, estimated by unassembled 16S rRNA 924 

gene reads. 925 
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C. Abundance-weighted co-occurrence network based on Spearman correlations calculated from the 926 

recruitment values of the 290 unique MAGs with > 50% of completeness and < 5% of contamination (top 927 

left). Only significant edges are shown (coefficient > 0.6, p-value < 0.001). The size of the nodes is 928 

proportional to the cumulative abundance of MAGs in the 24 metagenomes. The importance of 929 

environmental variables predicting module configuration, estimated by a random forest classification 930 

model, is shown in the bottom left. Spatial location of MAGs was estimated using individual weighted 931 

means calculated for each environmental variable (pH and distance to WT) using RPKG data as 932 

abundance (right). 933 

 934 

Figure 3. Predicted metabolic capacities of the Bernadouze MAGs. 935 

Heatmap showing the abundance (log (abundance +1)) of MAGs-encoded CAZyme involved in plant biomass 936 

degradation (cellulose: GH1, GH3, GH116, GH5, GH6, GH9, GH12, GH45, GH8, AA9, AA10, GH7, GH48, 937 

hemicellulose: GH36, GH51, GH54, GH62, GH95, CE1, CE2, CE3, CE4, CE5, CE6, CE7, CE12, CE15, CE16, GH2, 938 

GH52, GH120, GH39, GH43, GH26, GH10, GH11, GH30, GH131, GH67, GH115, GH74, GH16, GH44, AA6), fungal 939 

biomass degradation (chitin: GH18, GH19, AA11, GH20 and glucans: GH17, GH64, GH81, GH128, GH55), 940 

bacterial biomass degradation (peptidoglycan: GH22, GH24, GH25, GH108, GH23, GH73, GH102, GH103, GH104) 941 

and polyphenol compounds degradation (K05909, AA1, AA2, K00422) in yellow to purple. The abundances of 942 

fermentative (alcohol: K00001, K00121, K04072, K13951, K13952, K13953, K13954, K13980, K18857, butyrate: 943 

K00634, K00929, K01896, propionate: K19697, K01026, acetate: K00625, K00925, K01905, K01067, lactate: 944 

K00016, K00101, K03778, K03777), methanogenic (K00399, K00401, K00402) and methanotrophic (K10944, 945 

K10945, K10946) pathways recovered in MAGs are in light blue to red. The metabolic capacities of MAGs in bog 946 

are shown in the left panels (purple frame) and in the right panels (yellow frame) for the fen. These capacities are 947 

summed at class-level and log transformed +1. 948 

 949 

 950 

Figure 4. Environmental drivers and distribution of the viral populations at Bernadouze, predicted 951 

prokaryotic host and host-virus relationships in bog and fen  952 
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A. NMDS plot of the viral populations using Bray-Curtis distance (stress: 0.08). Below the NMDS, analyses 953 

of variance testing the effect of experimental design (Exp. Design): campaign, peatland type, microform, 954 

depth and all possible two-way interactions, and environmental variables (Env. Param.): pH, distance to 955 

WT, DOC, C content, N, polyphenols, nutrients, on viral composition using PerMANOVA. Black dots 956 

indicate significant correlation (if p-value < 0.05). 957 

B. Average viral population abundance in bog and fen samples (expressed in RPKG). 958 

C. Box plot representing the average abundance of the virus for which a putative host was identified 959 

(expressed in RPKG).    960 

D. Virus/host abundance ratios by host lineage. Abundances were calculated from read mapping to viral 961 

population and host genomes (both expressed in RPKG), respectively, in bog (top left panel) and in fen 962 

(bottom left panel). The dots indicate the mean ratio across samples (in bog n = 8, in fen n = 16), and the 963 

error bars indicate one standard deviation. The red line indicates the virus/host abundance ratio for the 964 

Acidobacteria phylum. The means host abundance in bog and fen are reported on the right panels. 965 

 966 

Figure S1. Carbon variations in bog and fens according to peat depth 967 

Heatmap showing the variations of carbon density (A), dissolved organic carbon (B) and peat organic carbon (C) in 968 

bog (n=8) and fen (n=16). 969 

 970 

Figure S2. Maximum likelihood phylogenomic tree of the MAGs recovered from the Bernadouze peatland 971 

and position of the Bernadouze methanogen lineages within the archaeal phylogenetic tree 972 

A. Maximum likelihood phylogenomic tree computed using GTDB-tk software, classifying each MAG 973 

according to its location in the reference tree, its relative evolutionary divergence and/or average 974 

nucleotide identity (ANI) with respect to the reference genomes. The tree was estimated based on the 975 

concatenated phylogeny of 120 bacterial single-copy marker genes or 122 archaeal single-copy marker 976 

genes. It includes 240 unique bacterial genomes and 50 unique archaeal genomes (> 50% of 977 

completeness and < 5% of contamination). Among them, Acidobacteriota (80 MAGs), Chloroflexota (44), 978 

Crenarchaeota (38), Proteobacteria (29), Bacteroidota (16) and Desulfobacterota (14) are the most 979 
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represented phyla in the assemblage. In addition, 25 genomes belonging to phyla with a relative 980 

abundance of less than 1% according to 16S rRNA gene data were assembled, among which 981 

Aenigmarchaeota and Micrarchaeota (DPANN), Asgardarchaeota, Armatimonadota, 982 

Gemmatimonadota or Krumholzibacteriota. 983 

B. Phylogenetic tree of archaea calculated using GTDB-tk software. Reference taxa were also plotted to 984 

identify the position of Bernadouze's methanogen lineages. To highlight the position of Bog-38 (in red), 985 

the branches are collapsed either at the phylum-level (in blue) or the class-level (in green). Four MAGs 986 

exhibiting capacity for hydrogenotrophic methanogenesis were recovered, two belonging to the Bog-38 987 

class and two to Methanomicrobia. The present tree revealed that Bog-38 is a sister taxon of the clade 988 

Methanomicrobia/Halobacteria. All these taxa share a common ancestor with the clade 989 

Methanosarcina/Methanocellia.  990 

 991 

Figure S3. Host virus relationships in bog and fen  992 

Positive relationships between virus abundance and host abundance at phylum level in the bog (n=8) and in the 993 

fen (n=16). Virus and host abundance were log-10 transformed. The dotted black line represents the 1:1 ratio, and 994 

the solid black line is the result of the linear regression. The bog samples are plotted in purple and the fen samples 995 

in yellow. 996 

 997 
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Figure 1. Location of the Bernadouze peatland and 
carbon dynamics (peat organic carbon, dissolved 
organic carbon, atmospheric carbon fluxes and 
microbial enzymatic activities related to OM 
degradation).
A. 1) Location of the Bernadouze peatland and 

sampling sites. The dots represent the locations 
of peat samplings and the stars the location of 
static chamber flux measurements. Purple and 
yellow color code indicates the bog and fen sites 
respectively. 2) Representative vegetation covers 
of the bog and the fen. 3) Box plots of peat 
organic carbon and dissolved organic carbon 
concentration, with n=8 for bog and n=16 for fen. 
Stars indicate the level of significance (** if p-
value < 0.01 and *** if p-value < 0.001).

B. Atmospheric carbon fluxes over six-year period. 
Gross Primary Production (GPP), Ecosystem 
Respiration (ER) and Net Ecosystem Exchange 
(NEE), measured in the bog (30 measures across 6 
years) and the fen (57 measures across 6 years) 
using a static chamber flux.

C. Comparison of enzymatic activities involved in the 
degradation of organic matter between bog (n=8) 
and fen (n=16). 



A

C

B

...

... .

5 6.4 

-10 

-40 

2

4 3

1

Figure 2. Environmental drivers of the microbial 
communities, prokaryotic diversity based on 16S rRNA gene 
and characterization of the Bernadouze metagenome-
assembled genomes (290 dereplicated MAGs).
A. Non-metric multidimensional scaling (NMDS) plot of 16S 

rRNA gene data based on  Bray-Curtis distance (stress: 
0.10). Below the NMDS, analyses of variance testing the 
effect of experimental design (Exp. Design): campaign, 
peatland type, microform, depth, and all possible two-way 
interactions, and environmental variables (Env. Param.): 
pH, distance to WT, DOC, C content, N, polyphenols, 
nutrients, on microbial community structure (16S rRNA 
based data) using PerMANOVA. Black dots indicate 
significant correlations (if p-value < 0.05).

B. Relative abundance of prokaryotic phyla in the bog and 
the fen, estimated by unassembled 16S rRNA gene reads.

C. Abundance-weighted co-occurrence network based on 
Spearman correlations calculated from the recruitment 
values of the 290 unique MAGs with > 50% of 
completeness and < 5% of contamination (top left). Only 
significant edges are shown (coefficient > 0.6, p-value < 
0.001). The size of the nodes is proportional to the 
cumulative abundance of MAGs in the 24 metagenomes. 
The importance of environmental variables predicting 
module configuration, estimated by a random forest 
classification model, is shown in the bottom left. Spatial 
location of MAGs was estimated using individual 
weighted means calculated for each environmental 
variable (pH and distance to WT) using RPKG data as 
abundance (right).
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Figure 3. Predicted metabolic capacities of the Bernadouze MAGs.
Heatmap showing the abundance (log (abundance +1)) of MAGs-encoded CAZyme
involved in plant biomass degradation (cellulose: GH1, GH3, GH116, GH5, GH6, 
GH9, GH12, GH45, GH8, AA9, AA10, GH7, GH48, hemicellulose: GH36, GH51, GH54, 
GH62, GH95, CE1, CE2, CE3, CE4, CE5, CE6, CE7, CE12, CE15, CE16, GH2, GH52, 
GH120, GH39, GH43, GH26, GH10, GH11, GH30, GH131, GH67, GH115, GH74, 
GH16, GH44, AA6), fungal biomass degradation (chitin: GH18, GH19, AA11, GH20 
and glucans: GH17, GH64, GH81, GH128, GH55), bacterial biomass degradation 
(peptidoglycan: GH22, GH24, GH25, GH108, GH23, GH73, GH102, GH103, GH104) 
and polyphenol compounds degradation (K05909, AA1, AA2, K00422) in yellow to 
purple. The abundances of fermentative (alcohol: K00001, K00121, K04072, 
K13951, K13952, K13953, K13954, K13980, K18857, butyrate: K00634, K00929, 
K01896, propionate: K19697, K01026, acetate: K00625, K00925, K01905, K01067, 
lactate: K00016, K00101, K03778, K03777), methanogenic (K00399, K00401, 
K00402) and methanotrophic (K10944, K10945, K10946) pathways recovered in 
MAGs are in light blue to red. The metabolic capacities of MAGs in bog are shown in 
the left panels (purple frame) and in the right panels (yellow frame) for the fen. 
These capacities are summed at class-level and log transformed +1.
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Figure 4. Environmental drivers and 
distribution of the viral populations at 
Bernadouze, predicted prokaryotic host 
and host-virus relationships in bog and fen 
NMDS plot of the viral populations using 
Bray-Curtis distance (stress: 0.08). Below the 
NMDS, analyses of variance testing the 
effect of experimental design (Exp. Design): 
campaign, peatland type, microform, depth 
and all possible two-way interactions, and 
environmental variables (Env. Param.): pH, 
distance to WT, DOC, C content, N, 
polyphenols, nutrients, on viral composition 
using PerMANOVA. Black dots indicate 
significant correlation (if p-value < 0.05).
Average viral population abundance in bog 
and fen samples (expressed in RPKG).
Box plot representing the average 
abundance of the virus for which a putative 
host was identified (expressed in RPKG).   
Virus/host abundance ratios by host lineage. 
Abundances were calculated from read 
mapping to viral population and host 
genomes (both expressed in RPKG), 
respectively, in bog (top left panel) and in 
fen (bottom left panel). The dots indicate 
the mean ratio across samples (in bog n = 8, 
in fen n = 16), and the error bars indicate 
one standard deviation. The red line 
indicates the virus/host abundance ratio for 
the Acidobacteria phylum. The means host 
abundance in bog and fen are reported on 
the right panels.
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Figure S1. Carbon variations in bog and fens according to peat 
depth
Heatmap showing the variations of carbon density (A), dissolved 
organic carbon (B) and peat organic carbon (C) in bog (n=8) and 
fen (n=16).
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Figure S2. Maximum likelihood phylogenomic tree of the MAGs recovered from the Bernadouze peatland and position of the Bernadouze methanogen lineages within the archaeal 
phylogenetic tree
Maximum likelihood phylogenomic tree computed using GTDB-tk software, classifying each MAG according to its location in the reference tree, its relative evolutionary divergence and/or average nucleotide identity 
(ANI) with respect to the reference genomes. The tree was estimated based on the concatenated phylogeny of 120 bacterial single-copy marker genes or 122 archaeal single-copy marker genes. It includes 240 unique 
bacterial genomes and 50 unique archaeal genomes (> 50% of completeness and < 5% of contamination). Among them, Acidobacteriota (80 MAGs), Chloroflexota (44), Crenarchaeota (38), Proteobacteria (29), 
Bacteroidota (16) and Desulfobacterota (14) are the most represented phyla in the assemblage. In addition, 25 genomes belonging to phyla with a relative abundance of less than 1% according to 16S rRNA gene data 
were assembled, among which Aenigmarchaeota and Micrarchaeota (DPANN), Asgardarchaeota, Armatimonadota, Gemmatimonadota or Krumholzibacteriota.
Phylogenetic tree of archaea calculated using GTDB-tk software. Reference taxa were also plotted to identify the position of Bernadouze's methanogen lineages. To highlight the position of Bog-38 (in red), the branches 
are collapsed either at the phylum-level (in blue) or the class-level (in green). Four MAGs exhibiting capacity for hydrogenotrophic methanogenesis were recovered, two belonging to the Bog-38 class and two to 
Methanomicrobia. The present tree revealed that Bog-38 is a sister taxon of the clade Methanomicrobia/Halobacteria. All these taxa share a common ancestor with the clade Methanosarcina/Methanocellia. 



Figure S3. Host virus relationships in bog and fen 
Positive relationships between virus abundance and host abundance at phylum level in 
the bog (n=8) and in the fen (n=16). Virus and host abundance were log-10 transformed. 
The dotted black line represents the 1:1 ratio, and the solid black line is the result of the 
linear regression. The bog samples are plotted in purple and the fen samples in yellow.




