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Hydrogen-independent CO2 reduction dominates methanogenesis in five temperate lakes 2 

that differ in trophic states 3 
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Supplementary Methods 7 

Additional information on H2 quantification method 8 

The quantification of H2 concentrations in anoxic sediments using the incubation method requires 9 

that samples remain fully anoxic throughout the incubation period, and that equilibrium H2 10 

concentrations between sediment and overlying N2 headspace are established prior to H2 11 

measurement. To ensure both prerequisites were met, we performed the following precautions. 12 

O2 contamination was kept to a minimum by only using previously unpierced butyl septa. Moreover, 13 

immediately after sampling using cut-off syringes, sediments were transferred to sterile 20-mL 14 

headspace incubation vials, that were – to remove any O2 - instantly flushed for ≥1 minute using N2 15 

prior to sealing with septa and crimping. Lastly, since butyl rubber septa have previously been shown 16 

to contain significant concentrations of O2, which can then leak into anoxic incubation vials and cause 17 

significant O2 contamination [41], we ensured that all butyl septa were anoxic prior to incubation. To 18 

remove O2, we pre-incubated autoclaved butyl septa in gas-tight glass containers under an N2 19 

atmosphere in the presence of O2-consuming AnaeroGen bags for a duration of at least 5 days prior 20 

to sampling. We also checked for H2 release from septa after AnaeroGen treatment and found this 21 

to be insignificant. 22 

To ensure that equilibrium H2 concentrations between sediment and headspace were established 23 

prior to H2 measurement, we performed preliminary tests at elevated temporal sampling resolution 24 

(0h, 5h, 10h, 24h, 48h). Using anoxic sediments from 4-6 and 24-28 cm sediment depth at the deep 25 

station in Lake Lucerne, we were able to demonstrate that after rapid initial increases, H2 26 

concentrations had stabilized after 10 h, and remaining stable throughout the remainder of the tests. 27 

Despite removing 2 mL of headspace gas from each 20-mL vial for each measurement, and 28 

replacing this 2 mL with N2 gas, the headspace [H2] remained stable. This further, confirmed the 29 

establishment and subsequent maintenance of equilibrium H2 concentrations between sediment and 30 

the overlying headspace. 31 
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Metagenomic sequence analysis 32 

Extracted DNA was shipped to the Joint Genome Institute (JGI), Walnut Creek, CA, USA, where it 33 

was sequenced and assembled according to the standard JGI pipeline. Briefly the raw Illumina reads 34 

were corrected using BBtools [1] program bbcms v. 38.34 with the following command line options: 35 

mincount=2 highcountfraction=0.6. The error-corrected readsets were assembled using 36 

metaSPAdes assembler v. 3.13.0. [2] without error-correction step, since the reads were error-37 

corrected before, and with iteration through k-mer sizes of 33, 55, 77, 99, 127. The assembled 38 

sequences were annotated with IMGAP annotation pipeline (v. 5.0.11) [3]. Genes were identified 39 

using a combination of following gene callers: CRT v.1.8.2, GeneMark.hmm-2 v.1.05, INFERNAL 40 

v.1.1.2, Prodigal v.2.6.3, tRNAscan-SE v.2.0.5 and functional annotations using by lastal v.983 and 41 

HMMER v.3.1b2 using following reference databases: Rfam v.13.0, IMG-NR (07-06.2019); SMART 42 

(01.06.2016); COG (2003 version), TIGRFAM v.15.0, SuperFamily v1.75, Pfam v.30, Cath-Funfam 43 

v.4.2.0. Additionally a separate annotation of carbohydrate-active enzymes was performed using 44 

dbCAN v. 2.0.11 [4] and the CAZY database [5]. Decaheme cytochromes potentially involved in 45 

extracellular electron transfer were annotated with FeGenie v. 1.2 [6] and searched manually based 46 

on heme-site detection (For details see Metagenome function search and analysis). 47 

Metagenome binning  48 

Each of the 25 metagenome assemblies annotated by the JGI were subjected to differential-49 

coverage and tetranucleotide-frequencies based binning. For this purpose, error-corrected reads 50 

from 25 metagenomes sequenced by the JGI and additional 10 metagenomes sequenced at the 51 

FGCZ were mapped to each of the 25 annotated assemblies to collect coverage information. Reads 52 

were mapped with bbmap v. 38.49 and an identity cut-off of 95%. Each assembly was binned into 53 

putative population genomes by MetaBAT v. 2.12.1 [7], MaxBin v.2.2.4 [8] and CONCOCT v. 0.4.1 54 

[9] and summarized into a non-redundant set of bins by DASTool v. 1.1.0 [10] with a score threshold 55 

of 0.2. Metagenomic bins from all 25 metagenomes were analyzed for their size, completeness, 56 

redundancy, and contig length with CheckM v.1.1.3 [11] and dereplicated with dRep v.1.4.3 [12] 57 

keeping the bin with the best metrics for each set of replicate genomes stemming from different 58 

samples. The functional annotations of this dereplicated set of 986 bins were combined into one file 59 

(large table stored as an SQL database). The bins were further manually refined using Anvi’O v. 7 60 

[13] in order to reduce “contamination”, i.e. duplications of genes expected to appear as single-copy 61 

in a given microbial lineage. Contigs were removed from the bins based on divergent coverage 62 

profiles and tetranucleotide frequencies visualized in Anvi’O. After the refinement, the completeness 63 

and duplication of the bins were evaluated with CheckM once again and only bins with a 64 

completeness over 50% and contamination below 5% were considered for further analysis (434 65 

bins). 66 

The MAGs were taxonomically classified by GTDB-Tk [14] placing them into the Genome Taxonomy 67 

Database phylogenetic trees based on the concatenated alignment of protein sequences of 120 68 
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bacterial [15] and 53 archaeal [16] phylogenetic markers. Based on tree topology, relative 69 

evolutionary distance, and average nucleotide identity, GTDB-Tk classifies genomes as belonging 70 

to a certain taxonomic group or representing a distinct novel clade. For the MAGs belonging to the 71 

class Methanomicrobia, the classification was confirmed by calculating a de-novo phylogenetic tree 72 

based on amino-acid positions conserved in at least 25% of the sequences of concatenated 73 

alignments of 53 phylogenetic marker proteins [16]. Tree was calculated with FastTree v. 2.1.11 [17] 74 

utilizing the Le-Gascuel [18] substitution model, starting with a Bio-Neighbour-Joining tree [19], and 75 

rescaling the branch length to optimize Gamma20 likelihood. 76 

Metagenome function search and analysis 77 

Genes encoding functions indicative of specific metabolic pathways were searched in the combined 78 

annotation table of dereplicated genomic bins by means of SQL queries based on IMG-assigned 79 

gene product names, EC numbers, COG, and Pfam annotations. Carbohydrate degrading enzymes 80 

were searched based on CAZY database annotations. Criteria used for search of the reported genes 81 

can be found in File S1 (A log of SQL queries). Amino acid sequences of hydrogenase large subunits 82 

were uploaded to HydDB [20] for classification of the exact hydrogenase type. 83 

Proteins containing multiple heme domains that escaped FeGenie annotation were identified by 84 

searching for the CxxCH (cysteine, 2 x any amino acid, cysteine, histidine) patterns in the amino 85 

acid sequences indicating a heme-binding site. The proteins were analyzed with InterPro Scan [21] 86 

to confirm that they were multi-heme c-type cytochromes (InterPro superfamily IPR036280). 87 

Phylogenetic analyses were conducted to test if the identified multi-heme cytochromes were closely 88 

related to proteins with known functions such as ammonia-forming nitrite reductase NrfA. Amino acid 89 

sequences of the following selection of genes were used for the tree calculation: i) multi-heme 90 

cytochromes identified in the MAGs, ii) 10 closest sequences of i) from the Uniprot database, and iii) 91 

members of the multi-heme cytochrome superfamily (IPR036280) with reviewed functional 92 

annotation. The sequences were aligned with MAFFT (e-ins-i method) [22]. The phylogenetic tree 93 

was calculated based on sites that were conserved in ≥25% of the aligned sequences using FastTree 94 

with BioNJ starting tree, Le-Gascuel substitution model, and optimization of gamma likelihood. 95 

Potential conductivity of pili was estimated based on protein sequences encoded by pilA genes by 96 

determining the percentage of aromatic amino acids and the length of gaps between them. Pili were 97 

considered potentially conductive if the gaps between aromatic amino acids were shorter than 40 98 

amino acids and the percentages of aromatic amino acids were higher than 9% based on Geobacter 99 

and Syntrophus pilin analysis by Walker et al. [23, 24]. 100 

Proteins involved in flavin-dependent extracellular electron transfer (FLEET) are yet not well 101 

described and their annotation in genomes other than relatives of Listeria might be fuzzy. Therefore, 102 

FLEET proteins of Listeria monocytogenes, as described by [25] were identified in Uniprot 103 

knowledge base in order to obtain information on the COG orthologous groups they are assigned to 104 
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and Pfam functional domains of these proteins. Genes encoding proteins belonging to the same 105 

COG orthologous groups and exhibiting same Pfam functional domains were searched in the MAGs 106 

to identify potential homologues of the Listeria FLEET genes. 107 

Supplementary Results and Discussion 108 

Multi-heme cytochrome and conductive pilin genes identification in MAGs 109 

The majority of the potentially syntrophic MAGs was classified as Deltaproteobacteriota, of which 110 

most belong to uncultured families of Syntrophales. Cultured representatives of the genus 111 

Syntrophus form syntrophic associations with methanogens in cultures and anaerobic digesters (e.g. 112 

[26–28]). Moreover, the pili of Syntrophus aciditrophicus were recently shown to be conductive and 113 

it was suggested that DIET might be its preferred mode of syntrophic interaction over hydrogen or 114 

formate exchange [24]. 115 

Investigating this possibility based on 35 environmental metagenomes, we found genes that could 116 

be indicative of EET in the MAGs of potentially syntrophic species. These include genes for multi-117 

heme cytochromes of yet unknown functions and genes encoding potentially conductive pili. While 118 

[24] suggested that Syntrophus aciditrophicus does not encode multi-heme cytochromes, we were 119 

able to find several c-type cytochromes with three to eight heme domains encoded in our 120 

Syntrophales MAGs, as well as a published genome of Syntrophus aciditrophicus [29]. These genes 121 

escaped the annotation by the Fe-genie tool used by Walker et al. [24] and were only detected by 122 

manual searches for sequences with multiple heme binding motifs. In other cases these sequences 123 

were annotated as nitrite reductase, a multi-heme cytochrome protein itself. 124 

The presence of a nitrite reductase gene in the genome of Syntrophus aciditrophicus, which is not 125 

known to be capable of denitrification [26], was reported previously [29]. In this context, it is worth 126 

noting that nitrite reductase is closely related to other multi-heme cytochromes [30] and a weak nitrite 127 

reducing activity of iron-reducing multi-heme cytochromes was observed in e.g. the thermophilic 128 

iron-reducer Thermincola potens [31]. Hence Syntrophales might use multi-heme cytochromes for 129 

EET after all, in addition to conductive pili. We have found pilus assembly genes in all potentially 130 

syntrophic bacterial MAGs. However, the majority of the MAGs with genes for pilus assembly are 131 

missing the gene for the pilin monomer itself, most likely due to MAG incompleteness. According to 132 

criteria suggested by [24] the pilin genes found in our MAGs fulfill the criterion of short gaps between 133 

aromatic amino acids to enable electron hopping, but do not fulfill the criterion of total proportion of 134 

aromatic amino acids in the protein. Pilin genes fulfilling the sequence-based conductivity criteria 135 

and assigned to Syntrophales were found in the unbinned fraction of the metagenome. High 136 

conservation of the sequences might have led to several Syntrophales populations sharing almost 137 

identical pilin sequences, which has led to difficulties of assigning the DNA sequence to a specific 138 
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MAG. Additionally, we found genes homologous to the ones involved in EET mediated by 139 

extracellular flavin shuttles in Gram-positive anaerobic fermenter Listeria monocytogenes [25] in the 140 

MAGs of potential syntrophs. 141 

Identifying potential extracellular electron uptake gene in the archaeal MAGs is even more 142 

challenging due to the lack of good molecular understanding and genetic markers [32, 33]. Most 143 

Archaea do not have multi-heme cytochromes, which are used by bacteria to take up electrons from 144 

an extracellular surface. Furthermore, Methanosarcina barkeri has been shown to not require such 145 

cytochromes for EET [34]. As for conductive pili, only one conductive archaellin has been described 146 

so far and the criteria for determining conductivity are not yet well established [35]. Just as in case 147 

with bacterial pili, the archaellin genes found in our MAGs fulfill the short gaps between aromatic 148 

amino acids, but not the total aromatic amino acid proportion criterion. 149 
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Supplementary Tables and Figures 150 

 151 

Table S1:  Thermodynamic constants of aqueous educts and products under standard conditions. 152 
∆Gf

°, ∆Hf°, and ∆Vf° refer to standard Gibbs energies, enthalpies, and molal volumes of formation, 153 
respectively. 154 

Compound 
∆Gf° (kJ 
mol-1) 

∆Hf° (kJ 
mol-1) 

∆Vf° 
(cm3 
mol-1) Source 

proton (H+) 0.0 0.0 0.0 [36] 
hydrogen (H2) (aq) 17.6 -4.2 25.2 [37, 38] 
water  -237.2 -285.8 18.0 [39] 
bicarbonate -586.9 -692.0 24.6 [36] 
formate -351.0 -425.7 26.2 [38] 
acetate -369.4 -486.4 40.5 [38] 
methanol -175.39 -246.48 38.17 [38] 
methane -34.47 -87.96 37.30 [38] 
 155 
 156 
 157 
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Table S2:  Metagenome-assembled genome metrics. ‘L50’ values indicate assembly quality. Half of the sequence information is on contigs longer than 
the L50 length. ‘Completeness’ is the percentage of genes present in all other genomes of the lineage present in the MAG. ‘Contamination’ indicates 
the percentage of lineage-specific single-copy genes present in multiple, divergent copies. ‘Strain heterogeneity’ refers to the percentage of lineage-
specific single-copy genes present in multiple, yet highly similar copies (> 90% amino acid identity). ‘ANI’ refers to average nucleotide identity, whereas 
‘RED’ is the relative evolutionary distance [15]. 
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Table S3:  MAGs with a Spearman’s correlation coefficient of ⍴>0.75 and p<0.05 to at least one 
methanogen MAG. The red box marks correlations of methanogenic MAGs with MAGs of potential 
bacterial syntrophs. All six methanogenic MAGs that passed the threshold of >0.5x genome 
coverage and presence in >20% of the samples belonged to putatively CO2-reducing 
Methanoregulaceae. 
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Figure S1: Gibbs energies (ΔGr’; in kJ mol-1) of methylotrophic methanogenesis reactions involving 
methanol as the energy substrate, and assuming an in situ methanol concentration of 1 nM. Red 
dashed lines indicate the biological energy quantum (-10 kJ mol-1). Note: depth profiles of calculated 
Gibbs energies were nearly identical for all three stations per lake.  
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Figure S2: (a) Neighbour-joining phylogenetic tree of all detected mcrA gene clusters. On following 
page: (b) Neighbour-joining phylogenetic tree of mcrA gene sequences of Methanomicrobiales. To 
ensure legibility, only representative OTU and metagenomic sequences are shown.  
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Figure S3: Relative abundances of mcrA gene sequences in 35 lake sediment metagenomes. mcrA 
genes of assembled metagenomic contigs were dereplicated and classified by placement in the 
mcrA phylogenetic tree. Relative abundances were determined by mapping raw sequence reads to 
the contigs encoding the mcrA genes. 
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Figure S4: Diversity indices of different lakes and lake stations based on OTUs of mcrA gene 
amplicons. Note, that trophic status of the lake does not appear to affect diversity or richness of 
methane-cycling archaea. 
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Figure S5: Phylogenomic placement of Methanomicrobiales MAGs in the GTDB genome tree [15]. Genomes are placed into the tree based on 
concatenated alignment of 120 single-copy marker proteins for classification purposes as described in [14]. Note that MAG Methanomicrobiales01 
represents a first genome of a previously uncultured family corresponding to the ‘Methanomicrobiales environmental cluster I’ of mcrA genes (Fig. S2B).
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Figure S6: Genes indicative of selected metabolisms (rows) found within the MAGs of methanogens 
and potentially syntrophic microorganisms (columns). Numbers in the table stand for differently 
annotated genes within each category, e.g. encoding different subunits of the same enzyme (e.g. 
methyl-CoM reductase), or different enzymes involved in the same pathway (e.g. mixed-acid 
fermentation). For the full list of annotations see File S2.  
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Figure S7: Phylogenetic tree of Acetyl-CoA synthetase Group VII (according to [39]). A phylogenetic 
tree was calculated with FastTree using the Le-Gascuel substitution model based on amino-acid 
positions conserved in at least 25% of the sequences according to MAFFT E-INS-I alignment. 
Reference sequences were obtained from UniprotKB. Note, that although genomes of 
hydrogenotrophic methanogens also encode an Acetyl-CoA synthetase, their version of the enzyme 
falls into a clade distinct from the Acetyl-CoA synthetase of aceticlastic methanogens. 
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Figure S8: Gibbs energies (ΔGr’) of anaerobic acetate oxidation (in kJ mol-1). Red dashed lines 
indicate the biological energy quantum (-10 kJ mol-1). 
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