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Abstract 

Background In anoxic coastal and marine sediments, degradation of methylated compounds is the major route 
to the production of methane, a powerful greenhouse gas. Dimethylsulphide (DMS) is the most abundant biogenic 
organic sulphur compound in the environment and an abundant methylated compound leading to methane 
production in anoxic sediments. However, understanding of the microbial diversity driving DMS-dependent metha-
nogenesis is limited, and the metabolic pathways underlying this process in the environment remain unexplored. To 
address this, we used anoxic incubations, amplicon sequencing, genome-centric metagenomics and metatranscrip-
tomics of brackish sediments collected along the depth profile of the Baltic Sea with varying sulphate concentrations.

Results We identified Methanolobus as the dominant methylotrophic methanogens in all our DMS-amended sedi-
ment incubations (61–99%) regardless of their sulphate concentrations. We also showed that the mtt and mta genes 
(trimethylamine- and methanol-methyltransferases) from Methanolobus were highly expressed when the sediment 
samples were incubated with DMS. Furthermore, we did not find mtsA and mtsB (methylsulphide-methyltransferases) 
in metatranscriptomes, metagenomes or in the Methanolobus MAGs, whilst mtsD and mtsF were found 2–3 orders 
of magnitude lower in selected samples.

Conclusions Our study demonstrated that the Methanolobus genus is likely the key player in anaerobic DMS degra-
dation in brackish Baltic Sea sediments. This is also the first study analysing the metabolic pathways of anaerobic DMS 
degradation in the environment and showing that methylotrophic methane production from DMS may not require 
a substrate-specific methyltransferase as was previously accepted. This highlights the versatility of the key enzymes 
in methane production in anoxic sediments, which would have significant implications for the global greenhouse gas 
budget and the methane cycle.
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Introduction
Dimethylsulphide (DMS) is one of the most abundant 
volatile organic sulphur compounds with an estimated 
global production of over 300 million tons each year [1]. 
DMS is also the largest source of biogenic sulphur in the 
atmosphere, where its oxidation products aid in cloud 
condensation and influence the atmospheric chemistry 
and potentially the Earth’s climate [2].

The main precursor of DMS in the environment is 
dimethylsulfoniopropionate (DMSP), an abundant 
osmolyte (~  109 tonnes annually) produced by marine 
algae, phytoplankton and plants such as Spartina and 
sugar cane [3]. Recent studies have shown that bacteria 
form significant quantities of DMSP in both oxic and 
anoxic coastal and marine sediments [4, 5], suggesting 
these ecosystems to be important environments for DMS 
production. Other key sources of DMS in sediments are 
the degradation of sulphur-containing amino acids and 
methoxylated aromatic compounds, reduction of dime-
thyl sulfoxide as well as the methylation of hydrogen sul-
phide and methanethiol (MT) [6, 7].

In anoxic sediments, DMS can be degraded to potent 
greenhouse gases methane and carbon dioxide  (CO2) by 
methylotrophic methanogens, further highlighting the 
significance of DMS [8]. Cultivation-based studies on 
DMS-dependent methanogenesis showed that this pro-
cess is carried out by certain methanogens of the genera 
Methanomethylovorans, Methanolobus, Methanosarcina 
and Methanohalophilus [9–12]. In sulphate-containing 
environments, sulphate-reducing bacteria (SRB) of the 
genera Desulfotomaculum and Desulfosarcina can also 
use DMS as a carbon source [13, 14].

Despite the environmental significance of DMS and 
its degradation products (methane and  CO2), the meta-
bolic pathways of DMS-dependent methanogenesis have 
received little research interest. Generally, during methyl-
otrophic methanogenesis, the methyl group from methyl-
ated compounds is transferred to a corrinoid protein via 
methyltransferases (MT1). Then, the corrinoid protein is 
demethylated and coenzyme M (CoM) is methylated by 
the methylcorrinoid:CoM methyltransferases (MT2) [15, 
16]. The accepted view is that specific methyltransferases 
are used for each methylated compound (e.g. DMS, tri-
methylamine, methanol) although their substrate spe-
cificities have not been studied extensively. It was shown 
that the genes encoding TMA- and DMA-methyltrans-
ferase (MttB and MttC) can be co-transcribed in Meth-
anosarcina barkeri [17]. There are only a few studies on 
the metabolic pathways of DMS-dependent methanogen-
esis, which used pure cultures of Methanosarcina barkeri 
and Methanosarcina acetivorans, and suggest that metha-
nogenesis from DMS is catalysed by methylthiol-CoM 
methyltransferase composed of two subunits (MtsA and 

MtsB) [16, 18]. Later, fused methylsulphide-specific cor-
rinoid/methyltransfer proteins designated as MtsD, MtsF 
and MtsH were purified from M. acetivorans with major 
roles of MtsF and MtsH for producing methane from 
DMS [19]. Conversely, Fu and Metcalf (2015) showed 
that M. acetivorans strains require the mtsD gene to carry 
out DMS-dependent methanogenesis, whilst mtsF and 
mtsH were not critical for growth on DMS [18]. Nev-
ertheless, the metabolic pathways of DMS-dependent 
methanogenesis in the environment are undocumented.

Here, we studied the microbial diversity and metabolic 
pathways underpinning DMS-dependent methanogen-
esis in anoxic sediments from the Baltic Sea. Permanently 
hypoxic or anoxic conditions as well as the brackish 
nature of the Baltic Sea sediments provide an ideal eco-
system to study anaerobic DMS degradation [20]. Our 
approach combining anoxic sediment incubations, 
amplicon sequencing, genome-centric metagenomics 
and metatranscriptomics provides new insight into the 
sediment depth profile of the methanogen diversity and 
key enzymes in DMS-dependent methanogenesis.

Materials and methods
Study area and sampling
The study sites were located in Himmerfjärden, Baltic 
Sea, Sweden (Supplementary Fig. 1). The bay has a salin-
ity between 5 and 7‰, and consists of a series of small 
depositional basins with maximum water depths between 
25 and 50 m that accumulated fine-grained organic-rich 
sediment. Organic carbon concentrations in the investi-
gated sediments vary between 3 and 4% dry weight [21]. 
The depth of the sulphate-containing sediments varies 
between 25 and 40 cm depending on season [22]. Below 
this depth, sediments show high rates of methanogen-
esis leading to the accumulation of methane [21]. Bot-
tom waters in the lowermost metre of the bay are oxic or 
hypoxic throughout the year with concentrations gener-
ally above 60 µmol  L−1. However, oxygen uptake rates are 
high so that oxygen penetration depths are only between 
0.24 and 0.63 cm [23].

Three sites were sampled using the research vessel R/V 
Limanda: Station H2 (N 58° 50′ 55, E 17° 47′ 42), H3 
(N 58° 56′ 04, E 17° 43′ 81) and H5 (N 59° 02′ 21, E 17° 
43′ 59). Duplicated sediment cores were collected using 
a multicorer (40  cm) and a small Rumohr-type gravity 
corer (140 cm). The sediment cores were transported to 
the Askö Laboratory of the Stockholm University Bal-
tic Sea Centre and sliced into seven layers according to 
the sulphate concentrations of the sediment pore water 
(0 and 4.5  mM; Table  1) [21]. The sediment slices were 
vacuum-sealed into gas-tight bags and transported to 
Queen Mary University of London the next day in a cool 
box kept below 8  °C. Incubations were set up the same 
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day and a portion of each sediment layer was placed 
at − 20 °C for DNA extraction.

Incubation set‑up
Triplicate incubations were prepared in an anaerobic 
glove box (Belle Technology, UK) for each sampling loca-
tion and depth using 2.5 g of homogenised sediment and 
20 mL of artificial seawater (ASW). Two sets of replicated 
controls were also set up. One set contained no DMS, and 
the other contained DMS and triple autoclaved sediment 
to monitor any sediment adsorption of DMS. The ASW 
consisted of 0.32 M NaCl, 10 mM  MgSO4

.7H2O, 8.8 mM 
 NaNO3, 3.1  mM  CaCl2.2H2O, 10  mM  MgCl2.6H2O, 
9  mM Trizma base, 0.21  mM  K2HPO4

.3H2O, trace ele-
ments and vitamins [24]. The sulphate concentrations 
of the incubations were adjusted according to the in situ 
sulphate concentration of the sediment pore water at 
each depth (Table 1). The microcosms were incubated in 
the dark and at 8 °C to avoid the photochemical destruc-
tion of DMS [25].

Each sample was amended with DMS as the carbon 
and energy source. Initially, samples were amended with 
2  µmol   g−1 wet sediment DMS. After the initial DMS 
degradation, another 2  µmol   g−1 DMS were added. All 
subsequent additions were 4  µmol   g−1 DMS. The incu-
bations were terminated when cumulative methane con-
centrations became stable (between 82 and 128  days), 
which corresponded to the total DMS additions of 
9.7–51.9  µmol   g−1 DMS. After the incubation period, 
the supernatant and sediment were separated via cen-
trifugation at 1000 × g for 6  min and placed at − 20  °C 
and − 80 °C, respectively, until further analysis.

Analytical measurements
DMS in the headspace of the incubation bottles was 
measured on a gas chromatograph (GC; Agilent Tech-
nologies, 6890A Series, USA) fitted with a flame pho-
tometric detector (FPD) and a J&W DB-1 column 
(30  m × 0.32  mm Ø; Agilent Technologies, USA). The 

oven temperature was 180 °C, and zero grade  N2 (BOC, 
UK) was the carrier gas (26.7 mL  min−1). FPD was run 
at 250  °C with  H2 and air (BOC, UK) at a flow rate of 
40 and 60  mL   min−1, respectively. DMS standards 
(50 µM–10 mM) were prepared by diluting > 99% DMS 
(Sigma-Aldrich, USA) in distilled anoxic water previ-
ously prepared by flushing with oxygen-free  N2 (BOC, 
UK).

Methane and  CO2 were measured using GC (Agilent 
Technologies, USA, 6890N Series) fitted with a flame 
ionisation detector (FID), Porapak (Q 80/100) packed 
stainless steel column (1.83  m × 3.18  mm Ø; Supelco, 
USA) and hot-nickel catalyst which reduced  CO2 to 
methane (Agilent Technologies, USA). The oven tem-
perature was 30 °C, and zero grade  N2 (BOC, UK) was 
the carrier gas (14  mL   min−1). FID was run at 300  °C 
with  H2 and air (BOC, UK) at a flow rate of 40 and 
430  mL   min−1, respectively. The GC was calibrated 
against certified gas mixture standards (100 ppm meth-
ane, 3700  ppm  CO2, 100  ppm  N2O, balance  N2; BOC, 
UK). The total methane concentrations in the incuba-
tion bottles also included dissolved methane in ASW 
calculated using the atmospheric equilibrium solubil-
ity equation as a function of temperature, salinity and 
headspace concentration [26].

The total  CO2 production was the sum of the  CO2 
concentration in the headspace and the total dissolved 
inorganic carbon (DIC) in the water phase. The  CO2 
in the headspace was measured using a gas chromato-
graph as above. Total DIC was measured as  CO2 in the 
headspace after the supernatant of the slurry was fixed 
with 24 µL  ZnCl2 (50% w/v) and acidified with 100 µL 
35% HCl. An inorganic calibration series (0.1–8 mM) of 
 Na2CO3 was used as a standard (Sigma-Aldrich, USA).

Sulphate concentrations were measured at the end 
of incubation, using porewater filtered through 0.2 μm 
syringe filters (PTFE hydrophilic; Fisher Scientific, 
USA). An ICS-5000 Dual Gradient RFIC Ion Chroma-
tograph (Thermo Fisher Scientific, USA) equipped with 
a Dionex IonPac AS11-HC-4 μm column (2 × 250 mm) 
and a Dionex IonPac AG11-HC-4  μm guard column 
(2 × 50 mm) was used. A gradient of 1.5–22 mM KOH 

Table 1 Sulphate concentrations in sediment layers from the three sampling stations. These also represent the sulphate 
concentrations provided in the incubations

Sulfate concentration (mM)

Depth 0–1 cm 1–2 cm 2–5 cm 9–12 cm 19–22 cm 39–43 cm 60–65 cm

Station H2 4.5 4.5 3 1 0.05 0.05 0

Station H3 4.5 4.5 3 1 0.05 0.05 0

Station H5 4.5 4.5 3 1 0.05 0.05 0
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(Dionex EGC 500 KOH, with CR-ATC column) was 
applied as eluent.

DNA extraction, PCR and quantitative PCR
DNA was extracted from both the original and DMS-
incubated sediment samples using the DNeasy Powersoil 
kit (Qiagen, NL) following the manufacturer’s instruc-
tions using FastPrep96 (MP Biomedicals, USA) at maxi-
mum speed for 40 s. The mcrA gene, which encodes the 
α-subunit of the methylcoenzyme M reductase in all 
known methanogens, was amplified using the mcrIRD 
primer set [27]. The PCR solution contained 1 µL of DNA 
template, 1 µL of each primer (10 µM), 25 µL 2 × MyTaq 
HS Red Mix (Meridian Bioscience, USA) and 22 µL 
ultra-pure water. PCR conditions were 95  °C for 5  min 
and 39 cycles of 95 °C for 1 min, 51 °C for 1 min, 72 °C 
for 1 min and a final extension at 72  °C for 5 min. PCR 
products were cleaned using JetSeq Clean beads (1.4x; 
Meridian Bioscience, USA) following the manufacturer’s 
instructions.

Quantitative PCR (qPCR) of the mcrA gene was car-
ried out in triplicate using the primers mlas-mod-F and 
mcrA-rev-R, a CFX384 Touch Real-Time PCR Detec-
tion System (Bio-Rad Laboratories, USA) and a low vol-
ume liquid handling robot for automation (Mosquito 
HV, SPT Labtech, UK) [28, 29]. Each reaction contained 
4 ng/µL DNA, 10 µM of each primer, 2.5 µL SensiFAST 
SYBR (No-ROX; Meridian Bioscience, USA) and 1.8 µL 
ultra-pure water. The cycling conditions were 95  °C for 
3 min, followed by 40 cycles of 95 °C for 15 s, 65 °C for 
30  s and 72  °C for 20  s. A melt curve analysis was per-
formed by increasing the temperature from 65 to 95 °C in 
0.5 °C increments. Standard curves were produced using 
a serial tenfold dilution of clones containing the mcrA 
gene. The reaction efficiency was between 90 and 110%, 
and the R2 value for the standard curve was > 99%.

High‑throughput sequencing and sequence analysis
For the sequencing library preparation, a second PCR 
was carried out to attach overhang adapters to the 
cleaned-up PCR products using mcrA primers contain-
ing 5′ overhang adapters (10  µM). The PCR conditions 
were 95  °C for 3 min, 15 cycles of 95  °C for 20  s, 55  °C 
for 15 s, 72 °C for 15 s and a final extension step at 72 °C 
for 5 min. After clean-up, the PCR products were further 
amplified for the addition of dual indices using 2 µL of 
the clean barcoded PCR products, 1 µL of each primer 
(5 µM), 12.5 µL 2 × Q5 Hot-start Ready mix (NEB, USA) 
and 8.5 µL ultra-pure water. The PCR conditions were 
as above. All PCR products were normalised using the 
SequalPrep Normalization Plate kit (Invitrogen, USA) 
and sequenced on a MiSeq Next Generation sequencing 
platform (2 × 300 bp; Illumina; USA).

The amplicon sequences were analysed using QIIME2 
2021.11 on Queen Mary University of London’s Apocrita 
HPC facility, supported by QMUL Research-IT [30, 31]. 
Taxonomy was assigned to Amplicon Sequence Vari-
ants using Naive Bayes classifiers, trained using a custom 
mcrA database compiled using FunGenes, Python 3.10.8 
and the RESCRIPt package in QIIME2 [32, 33].

Statistical analysis
All statistical analyses including the calculations of 
the Shannon index, permutation tests of multivariate 
homogeneity of group dispersions (999 permutations), 
ANOVA, pairwise PERMANOVA (9999 permutations) 
and the principal coordinate analyses (PCoA) with Bray–
Curtis dissimilarity were carried out and visualised using 
microeco and ggplot2 in RStudio (2022.07.1) [34–36]. 
Spearman’s correlation analysis  (rs) between the first 
three PCoA coordinates and the consumed DMS, pro-
duced methane and  CO2 and sulphate concentrations 
was conducted using PAST 4.2 [37].

Metagenomics analysis
Paired-end (2 × 150  bp) metagenomics sequencing of 
the DMS-incubated sediments from 19 to 22  cm depth 
from the three stations was conducted on the Illumina 
NovaSeq 6000 platform at US Department of Energy 
(DOE) Joint Genome Institute (JGI). The quality of the 
DNA was analysed using Nanodrop One (Thermo Scien-
tific, USA) and Qubit 2.0 Fluorometer (Invitrogen, USA). 
The  A260/280 ratio of the samples was between 1.6 and 2.0, 
whereas the  A260/230 ratio was between 1.8 and 2.2. The 
DNA concentrations were between 10 and 15 ng/µL.

In total, 154  Gb of sequencing data corresponding to 
64.5 Gb from station H2, 41.7 Gb from H3 and 47.9 Gb 
from H5 were obtained. The data analysis was performed 
by JGI following the well-established JGI workflow, 
including assembly, feature prediction, annotation and 
binning (Supplementary Information) [38].

Metagenome-assembled genomes (MAGs) were 
recovered using MetaBAT 2.12.1 [39]. Genome comple-
tion and contamination were estimated using CheckM 
1.0.12 [40]. The genome bins were assigned as high (HQ) 
or medium quality (MQ) according to the Minimum 
Information about a Metagenome-Assembled Genome 
(MIMAG) standards [41]. Integrated Microbial Genome 
(IMG) and GTDB-tk (0.2.2) databases were used to infer 
taxonomic affiliations [42, 43].

A list of 78 genes involved in methanogenesis (15 genes 
specific to methylotrophic methanogenesis) was com-
piled using the MetaCyc and KEGG databases (Supple-
mentary Table  2) and quantified in the metagenomics 
datasets and metagenome assembled genomes (MAGs) 
[44, 45]. All absolute abundance counts were normalised 
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using the CPM (copies per million) normalisation 
method and log-transformed. R (4.2.1) and ggplot2 were 
used to make a heatmap showing the  log10(CPM) values 
for each gene [34, 36, 46].

Metatranscriptomics analysis
Metatranscriptomics were conducted on the DMS-incu-
bated sediments (19–22  cm depth) from the three sta-
tions. Total RNA was extracted using the ZymoBIOMICS 
RNA miniprep Kit (Zymo Research, USA) according to 
the manufacturer’s instructions. The quality was checked 
using a Tapestation 2200 (Agilent Technologies, USA) 
and the absorbance was measured using a Nanodrop One 
(Thermo Scientific, USA). The  A260/280 ratio was greater 
than 1.8 in all samples. The concentration of total RNA 
ranged between 17 and 88 ng/µL (Qubit 2.0; Invitrogen, 
CA, USA). DOE JGI performed the metatranscriptom-
ics sequencing (2 × 150 bp) on the Illumina NovaSeq S4 
platform and analysed the sequences following a well-
established JGI-created workflow (Supplementary Infor-
mation). Metatranscriptomics sequencing of the sample 
from station H2 was not successful. In total, 98.1 Gb of 
sequencing data corresponding to 44.4 Gb for the H3 and 
53.7 Gb for the H5 sample were obtained.

A total of 78 methanogenesis-related genes (Supple-
mentary Table  2) were screened within the metatran-
scriptomes. Pyrrolysine, an in-frame amber codon 
(UAG), which does not act as a stop codon during syn-
thesis, was searched within the methyltransferase gene 
fragments using JGI’s Chromosome Viewer [47]. If one 
fragment contained pyrrolysine, the two fragments were 
merged. Then, the absolute abundance of the genes was 
calculated, normalised and log-transformed. Fragments 
per kilobase of transcript per million fragments mapped 
reads (FPKM) were calculated and a heatmap was created 
using ggplot2 [36, 48].

Methanolobus genome analysis for the mts genes
A total of 16 complete Methanolobus genomes were col-
lected from NCBI and JGI IMG/MER databases [42, 49]. 
Using protein Basic Local Alignment Search Tool, these 
genomes were screened for the presence of the Mts 
proteins (Q48924, Q8PUA8, Q8PUA7, AAM04298.1, 
WP_048180685.1, AAM07726, WP_048180700.1, 
AAM07897.1, WP_048177073.1) downloaded from the 
Uniprot and NCBI databases [49, 50].

Phylogenetic analysis
The PhyloFunDB pipeline was used for the construc-
tion of the phylogenetic tree of the mcrA gene. The mcrA 
sequences from uncultured methanogens were manu-
ally removed and those from Methanolobus oregonensis, 
Methanolobus taylorii and Methanolobus tindarius were 

added. IQ-TREE (1.6.12) was used to create the phylo-
genetic tree using Methanopyrales as the out-group with 
1000 bootstrap replications [51]. ModelFinder was used 
to find the best-fit model (mtZOA + F + G4) [52].

Phylogenetic analyses of methyltransferase and cor-
rinoid proteins were performed in MEGA7 using the 
neighbour-joining method with 100 bootstrap replica-
tions and the Poisson correction method [53].

Results
Sediment depth profiles of DMS, methane and CO2
We terminated the incubations between day 82 and 128, 
when cumulative methane concentrations became sta-
ble (Supplementary Fig.  2). We observed a lag phase in 
all incubations before methane production was detected 
although the DMS degradation began within the first 
couple of days, suggesting that SRB started to consume 
DMS before methanogens. We observed DMS degrada-
tion and accompanying methane and  CO2 productions in 
all sediment incubations except for the 60–65  cm (bot-
tom) sediment layer from the H2 station, where no meth-
ane production was observed despite DMS degradation.

The greatest DMS consumption and methane produc-
tion was recorded in the incubations with the 1–2  cm 
sediment layer (D2) from the H3 station (Fig. 1) although 
these incubations had the highest initial sulphate con-
centration (5 mM; Supplementary Fig. 3). The DMS con-
sumption was 48.5 ± 2  μmol   g−1 wet sediment, whilst 
the net methane production was 62.9 ± 1.8  μmol meth-
ane  g−1 wet sediment, respectively, which correspond to 
86% of the theoretical methane yield (72.7 ± 3  μmol   g−1 
wet sediment) assuming 1  mol of DMS yields 1.5  mol 
of methane [54]. This indicates that ~ 41 μmol DMS  g−1 
wet sediment was converted to methane in these sam-
ples, suggesting that the rest of the DMS (~ 7.5  μmol 
DMS  g−1, respectively) was degraded by SRB. Supporting 
this, ~ 77% of the sulphate amended to these incubations 
was consumed, decreasing the sulphate concentration to 
9 ± 0.2 μmol  g−1 wet sediment (Supplementary Fig. 3).

DMS degradation and net methane production were 
comparatively low in H2 sediment incubations, where 
the maximum methane production (13 ± 2.6  μmol   g−1) 
was observed in sediments from 9 to 12 cm (D4), 19 to 
22 cm (D5) and 39 to 43 cm (D6) of depth. Stoichiometri-
cally, this corresponds to ~ 8.5 μmol DMS  g−1 consump-
tion, however, the actual concentrations of degraded 
DMS were 20.3 ± 2.5, 18.1 ± 2.5 and 16.6 ± 2.3 μmol DMS 
 g−1, respectively (Fig.  1). Similarly, the highest methane 
production was 31.4 ± 0.4  μmol   g−1 in the H5 sediment 
incubations of the 1–2 cm depth interval. This methane 
production corresponds to ~ 21  μmol DMS  g−1 degra-
dation, however, a total of 35.9 ± 0.9 μmol DMS  g−1 was 
degraded in these incubations. These results indicate that 
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part of the DMS was degraded via the sulphate reduction 
route in these incubations. Intriguingly, the sulphate con-
centrations in the sediments below 9  cm from all three 
sites increased significantly compared to the initial con-
centrations (Supplementary Fig.  3). This suggests that 
hydrogen sulphide produced as one of the end products 
of DMS degradation was converted to sulphate, which 
led to cryptic sulphur cycling in these incubations [8].

We also measured  CO2 in the incubations as it is one 
of the metabolic end products of anaerobic DMS degra-
dation via both methanogenesis and sulphate reduction 
(Fig. 1). In general, the total amount of  CO2 was signifi-
cantly lower than the theoretical  CO2 amounts assuming 
only methanogenesis or sulphate reduction took place 
(2 mol and 0.5 mol per mol of DMS, respectively), imply-
ing that  CO2 was simultaneously consumed in our incu-
bations [13, 54].

Depth profiles of methanogen diversity and abundance
We characterised the depth profiles of methanogen diver-
sity and abundance in our original and DMS-amended 
sediment samples via sequencing and quantifying the 
mcrA gene.

There was a statistically significant difference in metha-
nogen diversity between the original and DMS-amended 
sediment samples (PERMANOVA; p < 0.01), whilst there 
was no difference between the control incubations with-
out DMS and the original sediments, indicating that the 
shift in methanogen diversity was due to DMS addition.

All original Baltic Sea sediment samples from the sur-
face down to the bottom of the sulphate-methane transi-
tion zone (SMTZ) at 19 cm (D5) had strong dominance 
of Methanolobus with 47–80% of relative abundance 
(Fig.  2a). Below this depth, the methanogen diversity in 
the original sediments becomes more varied with Metha-
noculleus (37–75%), unclassified Archaea (1–36%) and 

Candidatus Methanomethylophilus (3–42%) in addition 
to Methanolobus (3–37%), highlighting a shift in metha-
nogen populations below the SMTZ.

All DMS-amended samples, except for the H2 and H5 
top and H2 bottom layers, where low or no methane pro-
duction was observed, had a sharp increase in the rela-
tive abundance of Methanolobus to 61–99% regardless of 
the sulphate concentration in the incubations (Fig.  2a). 
In the H2 and H5 top sediment incubations, unclassi-
fied Methanomicrobia increased to 24 ± 3% and 22 ± 5%, 
respectively, although this taxon was not detected in the 
original sediment samples. To assess the factors influ-
encing the methanogen diversity in the original and 
DMS-amended sediments, we conducted a principal 
coordinate analysis, which clearly separated the original 
and DMS-amended sediment samples (Fig.  2c). Spear-
man’s correlation analysis of the first principal coordinate 
(explaining 24.5% of the total variation in methanogen 
community composition) correlated positively with DMS 
degradation, methane and  CO2 production (Supplemen-
tary Table 1; p < 0.001).

The abundance of methanogens increased significantly 
in DMS-amended incubations, where methane produc-
tion was observed compared to the original sediment 
samples (Supplementary Fig.  4, p < 0.05). However, the 
correlation between the mcrA abundance and the meth-
ane production was not linear.

Taxonomic analysis of metagenomes from DMS‑amended 
incubations
To gain further insight into the microbial populations 
degrading DMS, we conducted metagenomic sequencing 
of the DMS-incubated sediments from all three stations 
at the SMTZ (19–22 cm; D5), where both DMS-depend-
ent methane production and sulphate reduction are likely 
to happen in situ.

Fig. 1 Average of total amount of degraded DMS, methane and  CO2 per gramme of DMS-amended sediment after 82–128 days of incubation. D1 
0–1 cm; D2 1–2 cm; D3 2–5 cm; D4 9–12 cm; D5 19–22 cm; D6 39–43 cm; D7 60–65 cm
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Taxonomic classification of the metagenomes showed 
that Methanolobus were the dominant methanogen 
(69–87% of all Archaea; 34–63% of all rRNA genes) in 
all DMS-incubated samples, whilst the abundance of 
SRB was at 0.5% of all rRNA genes in all three samples. 
We also analysed the mcrA sequences retrieved from the 
assembled metagenomes, which indicated that 35% of 
the sequences were most closely affiliated with Metha-
nolobus (89.6 to 98.8% similarity; Fig.  3). Furthermore, 
we successfully constructed 44 MAGs from the metage-
nomes (Supplementary Table  3). Four of these MAGs 
were methanogens recovered from the three stations. 
These medium quality MAGs have completeness ranging 
between 62.5 and 92.8% and contamination < 2%, but they 
do not contain all three rRNA genes [41]. We retrieved 
one mcrA sequence from the methanogen MAG (92% 
completeness) obtained from the H2 sample (19–22 cm; 

D5) and it was most similar to the mcrA sequence from 
Methanolobus vulcani (WP_091708234; 94.6% amino 
acid similarity). The phylogenetic analysis shows all mcrA 
sequences in the metagenome datasets and the MAG 
clustered together with mcrA sequences from cultured 
Methanolobus species (Fig. 3).

Metabolic pathways of DMS degradation in the sediment 
incubations
We analysed the metabolic pathways of anaerobic DMS 
degradation via metagenome and metatranscriptome 
analyses of the samples from DMS-amended incubations 
with sediments at 19–22  cm (D5). We screened for 78 
genes involved in methane production in the metagen-
omics and metatranscriptomics datasets, and the con-
structed methanogen MAGs (Supplementary Tables  2 
and 3).

Fig. 2 a Relative abundance of methanogens at genus level based on mcrA sequencing. Methanolobus dominated in all original sediment 
down to 19 cm (D1–D4) and DMS-amended sediment except for sample H2D7 where methane production was minimal. b The mcrA gene copy 
numbers in original and DMS-amended sediment incubations as determined by qPCR. All reactions were set up in triplicate and the average 
abundance and standard error are shown. c PCoA plot of the mcrA sequences based on Bray–Curtis dissimilarity metrics. Ellipses indicate 95% 
confidence intervals according to treatment data. Colour indicates treatment (red untreated; green DMS-amended). Shapes indicate sampling site. 
D1 0–1 cm; D2 1–2 cm; D3 2–5 cm; D4 9–12 cm; D5 19–22 cm; D6 39–43 cm; D7 60–65 cm
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Notably, the relative expressions of the mtsA, mtsB 
and mtsH genes encoding for MT- and DMS-methyl-
transferases characterised in M. barkeri and M. ace-
tivorans were low (< 0.01%) or even undetectable in the 
metatranscriptomics datasets (Fig.  4a). mtsD and mtsF 
had higher abundances than the other mts genes (0.3% 
and 0.1%, respectively); however, they were identified as 
Methanosarcina, Methanolobus, Methanomethylovorans 
and Methanococcoides with similarities between 82 and 
98%. Only 0.1% and 0.055% of the mtsD sequences were 
affiliated with Methanolobus in H3 and H5 sediment 
samples, respectively, whilst mtsF was not assigned to 

Methanolobus in any of the samples. Similarly, the mts 
genes were absent or in low abundance (< 0.03%) in the 
metagenomes, and were affiliated with Methanomethy-
lovorans (Fig.  4b). Furthermore, we did not find these 
genes in the four methanogen MAGs (Supplementary 
Fig.  5). However, it should be kept in mind that two of 
the MAGs were less than 70% complete. Surprisingly, 
the expression of the genes encoding for archaeal tri-
methylamine (TMA)- and methanol-corrinoid protein 
co-methyltransferases (mttB and mtaB, respectively) 
were dramatically high. The relative abundance of mttB 
was 5.8 and 5% whilst, for mtaB, it was 10.2% and 7.7% in 
H3 and H5 samples, respectively. Moreover, the relative 
expressions of the whole gene clusters encoding dimeth-
ylamine TMA- and methanol-methyltransferases (mttBC 
and mtaABC, respectively) were higher (3 and 3.5% and 
3.5–4.2%, respectively) than that of the mts gene clus-
ter (< 0.002%; Fig. 4). The genes encoding for TMA- and 
methanol-methyltransferases were also present in all 
the metagenomes, where mttB was the most abundantly 
found gene (~ 6%) involved in methylotrophic methano-
genesis (Fig.  4b). This was significantly higher than all 
other methylotrophic methanogenesis genes searched 
(p < 0.001; Fig. 4b).

The taxonomic profiling of the genes encoding for 
TMA and methanol methyltransferases and corrinoid 
proteins (MtaB, MtaC, MttB, MttC) from the metatran-
scriptome datasets assigned them to Methanolobus 
(Fig. 5). In line with this and the metagenomics sequence 
analysis, the entire gene clusters encoding for DMA-, 
TMA- and methanol-methyltransferases (mtbABC, 
mttABC and mtaABC, respectively) were also present 
in the two most complete Methanolobus MAGs (H2D5-
Methanolobus and H5D5-Methanolobus; Supplementary 
Fig. 5).

We also searched for genes encoding for key enzymes 
common to all methanogenic pathways (Supplementary 
Table 2). We found that all the genes in the mcrABCDG 
operon had a relative expression of > 1% in metatran-
scriptomics datasets (Supplementary Fig. 6a).

We further showed that the transcripts of several other 
gene clusters in central methanogenic pathway (e.g. 
mtrA-H, hdrA-D, mvdADG, frhABDG; Supplementary 
Table  2) were found at levels 0.26%, 1.75% and 0.84%, 
respectively. hdrA was found at strikingly high level 
(6.65%) compared to others, which is likely because this 
gene is conserved across all methanogens [55]. On the 
other hand, fpo and vho genes catalysing coenzyme B/
coenzyme M regeneration were not transcribed in our 
sediment incubations. These genes were also absent in 
the metagenomics datasets (Supplementary Fig. 6b).

To understand whether acetoclastic and hydrogeno-
trophic methanogenesis pathways were active in our 

Fig. 3 Maximum likelihood phylogenetic tree of the mcrA gene 
from the cultured methanogens. The tree also contains the mcrA 
sequences (marked in bold) from the metagenomes and the MAGs 
obtained within this study. ModelFinder was used to find the best-fit 
model for the data [52]. Bootstrap values (1000 replicates) were 
shown as black dots (> 80%) and grey dots (< 80%). The tree is drawn 
to scale, with branch lengths accounting for substitutions per site. 
The genus Methanopyrales was used as the outgroup
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DMS incubations, we searched for genes specific to 
these methanogenesis pathways (ack, acs, coo, cdh, pta 
for acetoclastic and fmd, ftr, mch, mer for hydrogeno-
trophic methanogenesis). All genes except for acs were 
expressed at < 0.1%, whilst acs was expressed at 4.9% 
(Supplementary Fig.  7a). It should, however, be kept in 
mind that methylotrophic methanogens also possess the 
acs gene [56].

Discussion
Despite the environmental importance of DMS as a 
methane precursor in anoxic sediments, limited infor-
mation concerning the microbial diversity and metabo-
lism of DMS-dependent methanogenesis is available. 
Here, we conducted the first study on the depth profile 
of the microbial populations and metabolic pathways 
underlying DMS-dependent methanogenesis in anoxic 
sediments.

Our sediment incubations have shown that DMS deg-
radation proceeds via both methanogenesis and sulphate-
reduction throughout the sediment sampled at the three 
stations in the Baltic Sea. Higher methane yields from 
DMS degradation were observed in H3 and H5 stations. 

This may be due to higher inputs of organic carbon and 
nutrient from the discharge of an upstream sewage treat-
ment plant, leading to higher rates of carbon mineralisa-
tion allowing ultimately methanogenesis to occur [21].

Multiple lines of evidence obtained from the ampli-
con sequencing, genome-centric metagenomics and 
metatranscriptomics data pointed that Methanolobus 
were the dominant DMS-degrading methanogens in 
our sediment incubations despite varying sulphate con-
centrations. This methanogen genus was also dominant 
in the original sediment samples, which suggests that 
halotolerant Methanolobus carry out methylotrophic 
methanogenesis in sulphate-bearing sediments of the 
Baltic Sea and potentially degrade DMS when it is 
available.

Methanolobus are known DMS degraders with several 
strains isolated from an oil well, marine, lake and estua-
rine sediments [10, 11]. We also recently showed Metha-
nolobus to be the dominant DMS-degrading methanogen 
genus in brackish sediments from the Medway Estuary, 
UK [8]. Furthermore, a psychrotolerant Methanolobus 
strain has been isolated from a saline lake sediment in 
Siberia, indicating that this genus has members that can 

Fig. 4 Heatmaps showing expression and abundance of genes involved in methylotrophic methane production. a Metatranscriptomics datasets; b 
metagenomics datasets. FPKM fragments per kilobase of gene per million reads, CPM copies per million reads

Fig. 5 Phylogenetic tree of (a) MT1 methyltransferase and (b) corrinoid proteins including sequences from metatranscriptomics and MAGs 
recovered from the metagenomics datasets. The evolutionary history was inferred using the neighbour-joining method. The optimal trees 
with the sum of branch length of 11.7 and 11.1 are shown for methyltransferase and corrinoid proteins, respectively. Bootstrap values 
(100 replicates) are shown as black (> 50) and grey (< 50%) dots. The tree is drawn to scale, with branch lengths in the same units as those 
of the evolutionary distances used to infer the phylogenetic tree. All ambiguous positions were removed for each sequence pair. There was a total 
of 637 positions for methyltransferases and 217 positions for the corrinoid proteins in the final dataset

(See figure on next page.)
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Fig. 5 (See legend on previous page.)
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grow in low temperatures, as were measured in Baltic Sea 
sediments [57].

An important result of this study was the lack or very 
low detection (< 0.3%) of the genes encoding for methyl-
sulphide-methyltransferases (mts) in both metagenom-
ics and metatranscriptomics sequences retrieved from 
incubations, where DMS-dependent methane production 
was observed. On the contrary, the transcriptional pro-
files of genes encoding for enzymes related to TMA- and 
methanol-methyltransferases (mttB and mtaB) showed 
much higher levels of gene transcription (5.4% and 9%, 
respectively) in DMS-amended incubations. These highly 
expressed methyltransferase genes were taxonomically 
affiliated with Methanolobus, supporting our findings via 
mcrA sequencing and taxonomic analysis of the metage-
nomes. We searched for the mts genes in all publicly 
available Methanolobus genomes and found that they 
do not contain the mtsA, mtsB and mtsF genes, whilst 
seven Methanolobus genomes contain the mtsD (identity 
between 78 and 81%) and mtsH (identity between 66 and 
69%) genes (Supplementary Table  4). This, together with 
our findings, suggests that isolated Methanolobus strains 
and those in our sediment samples do not use MtsAB 
when degrading DMS to methane. Nevertheless, it remains 
possible that certain low-abundance Methanolobus strains 
in Baltic Sea sediments might degrade DMS via MtsD 
activity. Intriguingly, previous studies have shown that the 
transcription of the MttB-family methyltransferases can be 
induced by non-cognate substrates [17]. Thus, although we 
cannot rule out the involvement of mtsD genes in DMS-
dependent methanogenesis in these sediments, it is more 
likely that TMA- and methanol-methyltransferases are 
responsible for DMS degradation.

Our results contradict previous studies, which pro-
posed that each methylotrophic substrate requires a 
specific enzyme to methylate a corrinoid protein [16, 
18]. In addition, Tallant et  al. (2001) showed that the 
methylamine-specific methylcobalamin:CoM meth-
lytransferase, MtbA, did not catalyse the methylation of 
cobalamine with DMS in Methanosarcina barkeri [58]. 
However, a recent survey analysing the presence of genes 
involved in methylotrophic methanogenesis within 465 
metagenomes from wetlands, ocean and hypersaline 
sediments showed a significantly low abundance of the 
mtsA compared to the mttC and mtaA that encode for 
TMA- and methanol-dependent methanogenesis genes, 
respectively [59]. Given the high concentrations of DMS 
and its ubiquitous precursor DMSP in the environment, 
it is intriguing to count low levels of mtsA in environ-
mental metagenomes. Hence, we propose that the mtt 
and mta genes, encoding for TMA- and methanol-
methyltransferases, are versatile methyltransferases that 
can catalyse the transfer of the methyl moity of DMS to 

a corrinoid protein. This, however, does not exclude the 
possibility that there are novel methylsulphide-specific 
methyltransferases yet to be discovered.

Conclusions
In this work, we showed that the genus Methanolobus is 
the key DMS-degrading methanogens in anoxic brack-
ish sediments. Our study also provided the first evidence 
that DMS can be anaerobically degraded to methane via 
the activity of TMA and methanol methyltransferases in 
some Methanolobus strains. This finding challenges the 
accepted view that substrate-specific methyltransferases 
are used in methylotrophic methanogenesis. In light of 
the significance of this methanogenesis route in coastal 
and marine ecosystems, it is vital that the metabolic 
pathways underlying methylotrophic methanogenesis 
and the regulation of these pathways are unearthed.
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bation period in the samples D1: 0-1 cm; D2: 1-2 cm; D3: 2-5 cm; D4: 9-12 
cm; D5: 19-22 cm; D6: 39-43 cm; D7: 60-65 cm. Supplementary Figure 4. 
Mean copy number of the mcrA gene per gram of wet sediment in the 
original and DMS-amended sediments. Error bars represent standard error 
above and below the average of three replicates. Supplementary Fig‑
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and methylotrophic methanogenesis pathways; (b) Genes common to all 
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of gene per million reads. Supplementary Figure 7. Heatmap showing 
the normalised copy numbers of the genes involved in acetoclastic and 
hydrogenotrophic methanogenesis pathways. (a) Metatranscriptomics 
datasets; (B) Metagenomics datasets. FPKM: fragments per kilobase of 
gene per million reads. CPM: Copies per million reads. Supplementary 
Table 1. Spearman’s rank correlation coefficients (rs) between total DMS 
consumed, total methane and CO2 produced, depth, initial and end 
point sulfate amounts and the first two principal coordinates obtained 
by the mcrA sequence analysis. Statistically significant values are in bold. 
***: p<0.001; **: p<0.01; *: p<0.05.  Supplementary Table 2. The list of 
78 methanogenesis-related genes searched within metagenomes and 
metatranscriptomes. Supplementary Table 3. Metagenome assem-
bled genomes (MAGs) constructed from metagenome datasets from 
each sampling station at 19-22 cm of depth. Quality is based on the 
MIMAG (Bowers et al., 2017). Comp: Completeness; Cont: Contamination. 
Methanogen MAGs are in bold. Supplementary Table 4. Analysis of the 
mtsgenes within the whole genome sequences of Methanolobus strains 
available on JGI and NCBI databases. mtsA and mtsB have < %38 identity, 
whilst mtsF had < %56 identity at the amino acid level.

https://doi.org/10.1186/s40168-023-01720-w
https://doi.org/10.1186/s40168-023-01720-w


Page 12 of 13Tsola et al. Microbiome            (2024) 12:3 

Authors’ contributions
Ö.E. and V.B. conceived the study and designed the experiments. Ö.E., V.B. 
and I.A.S. conducted the field sampling. S.L.T, Y.Z. and C.K.E. carried out the 
experiments. Ö.E., V.B., Y.C., S.L.T. and Y.Z. analysed the data and interpreted the 
results. Ö.E. and S.L. wrote the manuscript with contributions from all authors.

Funding
This study was financially supported by the UK Natural Environment 
Research Council (NE/S007725/1) and Queen Mary University of Lon-
don with a postgraduate scholarship to S.L.T. The work (proposal: 
10.46936/10.25585/60001216) conducted by the US Department of Energy 
Joint Genome Institute (https://ror.org/04xm1d337), a DOE Office of Science 
User Facility, is supported by the Office of Science of the US Department of 
Energy operated under Contract No. DE-AC02-05CH11231.

Availability of data and materials
All sequence data produced in this study are publicly available. The mcrA gene 
sequences are deposited at the National Center for Biotechnology Information 
(NCBI) Read Archive (PRJNA962783). Metagenomics and metatranscriptom-
ics datasets are available at JGI GOLD database (Project IDs: Gp0507771, 
Gp0507772, Gp0507773, Gp0507777 and Gp0507778).

Declarations

Ethics approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Competing interests
The authors declare no competing interests.

Author details
1 School of Biological and Behavioural Sciences, Queen Mary University of Lon-
don, London, UK. 2 School of Life Sciences, University of Warwick, Coventry, 
UK. 3 Department of Geological Sciences, Stockholm University, Stockholm, 
Sweden. 4 Bolin Centre for Climate Research, Stockholm University, Stockholm, 
Sweden. 

Received: 20 July 2023   Accepted: 14 November 2023

References
 1. Watts SF. The mass budgets of carbonyl sulfide, dimethyl sulfide, carbon 

disulfide and hydrogen sulfide. Atmos Environ. 2000;34(5):761–79.
 2. Charlson RJ, Lovelock JE, Andreae MO, Warren SG. Oceanic phyto-

plankton, atmospheric sulphur, cloud albedo and climate. Nature. 
1987;326:655–61.

 3. Curson ARJ, Todd JD, Sullivan MJ, Johnston AWB. Catabolism of dimethyl-
sulphoniopropionate: microorganisms, enzymes and genes. Nat Rev 
Microbiol. 2011;9:849–59.

 4. Williams BT, et al. Bacteria are important dimethylsulfoniopropionate 
producers in coastal sediments. Nat Microbiol. 2019;4:1815–25.

 5. Zheng Y, et al. Bacteria are important dimethylsulfoniopropionate pro-
ducers in marine aphotic and high-pressure environments. Nat Commun. 
2020;11:4658.

 6. Schäfer H, Myronova N, Boden R. Microbial degradation of dimethyl-
sulphide and related C1-sulphur compounds: organisms and 
pathways controlling fluxes of sulphur in the biosphere. J Exp Bot. 
2010;61:315–34.

 7. Carrión O, et al. A novel pathway producing dimethylsulphide in bacteria 
is widespread in soil environments. Nat Commun. 2015;6:6579.

 8. Tsola SL, Zhu Y, Ghurnee O, Economou CK, Trimmer M, Eyice Ö. Diversity 
of dimethylsulfide-degrading methanogens and sulfate-reducing 

bacteria in anoxic sediments along the Medway Estuary. UK Environ 
Microbiol. 2021;23:4434–49.

 9. Mathrani IM, Boone DR, Mah RA, Fox GE, Lau PPY. Methanohalophilus 
zhilinae sp. nov., an alkaliphilic, halophilic, methylotrophic methanogen. 
Int J Syst Evol Microbiol. 1988;38:139–42.

 10. Ni SS, Boone DR. Isolation and characterization of a dimethyl sulfide-
degrading methanogen, Methanolobus siciliae HI350, from an oil well, 
characterization of M. siciliae T4/MT, and emendation of M. siciliae. Int J 
Syst Bacteriol. 1991;41:410–6.

 11. Oremland RS, Kiene RP, Mathrani I, Whiticar MJ, Boone DR. Description 
of an estuarine methylotrophic methanogen which grows on dimethyl 
sulfide. Appl Environ Microbiol. 1989;55:994–1002.

 12. Lomans BP, et al. Isolation and characterization of Methanomethylo-
vorans hollandica gen. nov., sp. nov., isolated from freshwater sediment, 
a methylotrophic methanogen able to grow on dimethyl sulfide and 
methanethiol. Appl Environ Microbiol. 1999;65:3641–50.

 13. Tanimoto Y, Bak F. Anaerobic degradation of methylmercaptan and dime-
thyl sulfide by newly isolated thermophilic sulfate-reducing bacteria. 
Appl Environ Microbiol. 1994;60:2450–5.

 14. Lyimo TJ, Pol A, Harhangi HR, Jetten MSM, Op den Camp H J M. Anaerobic 
oxidation of dimethylsulfide and methanethiol in mangrove sedi-
ments is dominated by sulfate-reducing bacteria. FEMS Microbiol Ecol. 
2009;70:483–92.

 15. Fu H, Goettge MN, Metcalf WW. Biochemical characterization of the 
methylmercaptopropionate:cob(I)alamin methyltransferase from Metha-
nosarcina acetivorans. J Bacteriol. 2019;201(12):e00130-19.

 16. Tallant TC, Krzycki JA. Methylthiol:coenzyme M methyltransferase from 
Methanosarcina barkeri, an enzyme of methanogenesis from dimethyl-
sulfide and methylmercaptopropionate. J Bacteriol. 1997;179:6902–11.

 17. Paul L, Ferguson DJ, Krzycki JA. The trimethylamine methyltransferase 
gene and multiple dimethylamine methyltransferase genes of Metha-
nosarcina barkeri contain in-frame and read-through amber codons. J 
Bacteriol. 2000;182:2520–9.

 18. Fu H, Metcalf WW. Genetic basis for metabolism of methylated sulfur 
compounds in Methanosarcina species. J Bacteriol. 2015;197:1515–24.

 19. Oelgeschläger E, Rother M. In vivo role of three fused corrinoid/
methyl transfer proteins in Methanosarcina acetivorans. Mol Microbiol. 
2009;72:1260–72.

 20. Conley DJ, et al. Hypoxia is increasing in the coastal zone of the Baltic Sea. 
Environ Sci Technol. 2011;45:6777–83.

 21. Thang NM, et al. The impact of sediment and carbon fluxes on the 
biogeochemistry of methane and sulfur in littoral Baltic Sea sediments 
(Himmerfjärden, Sweden). Estuaries Coasts. 2013;36:98–115.

 22. Sawicka JE, Brüchert V. Annual variability and regulation of methane 
and sulfate fluxes in Baltic Sea estuarine sediments. Biogeosciences. 
2017;14:325–39.

 23. Bonaglia S, Deutsch B, Bartoli M, Marchant HK, Brüchert V. Seasonal 
oxygen, nitrogen and phosphorus benthic cycling along an impacted 
Baltic Sea estuary: regulation and spatial patterns. Biogeochemistry. 
2014;119:139–60.

 24. Wyman M, Gregory RPF, Carr NG. Novel role for phycoerythrin in a marine 
cyanobacterium, Synechococcus strain DC2. Science. 1985;230:818–20.

 25. Brimblecombe P, Shooter D. Photo-oxidation of dimethylsulphide in 
aqueous solution. Mar Chem. 1986;19:343–53.

 26. Wiesenburg DA, Guinasso NL Jr. Equilibrium solubilities of methane, car-
bon monoxide, and hydrogen in water and sea water. J Chem Eng Data. 
1979;24:356–60.

 27. Lever MA, Teske AP. Diversity of methane-cycling archaea in hydrother-
mal sediment investigated by general and group-specific PCR primers. 
Appl Environ Microbiol. 2015;81:1426–41.

 28. Steinberg LM, Regan JM. mcrA-targeted real-time quantitative PCR 
method to examine methanogen communities. Appl Environ Microbiol. 
2009;75:4435–42.

 29. Angel R, Claus P, Conrad R. Methanogenic archaea are globally ubiquitous 
in aerated soils and become active under wet anoxic conditions. ISME J. 
2012;6:847–62.

 30. King, T., Butcher, S. & Zalewski, L. Apocrita - high performance com-
puting cluster for Queen Mary University of London. (2017) 10.5281/
zenodo.438045

https://ror.org/04xm1d337


Page 13 of 13Tsola et al. Microbiome            (2024) 12:3  

•
 
fast, convenient online submission

 •
  

thorough peer review by experienced researchers in your field

• 
 
rapid publication on acceptance

• 
 
support for research data, including large and complex data types

•
  

gold Open Access which fosters wider collaboration and increased citations 

 
maximum visibility for your research: over 100M website views per year •

  At BMC, research is always in progress.

Learn more biomedcentral.com/submissions

Ready to submit your researchReady to submit your research  ?  Choose BMC and benefit from: ?  Choose BMC and benefit from: 

 31. Bolyen E, et al. Reproducible, interactive, scalable and extensible microbi-
ome data science using QIIME 2. Nat Biotechnol. 2019;37:852–7.

 32. Fish JA, et al. FunGene: the functional gene pipeline and repository. Front 
Microbiol. 2013;4:291.

 33. Ii MSR, et al. RESCRIPt: Reproducible sequence taxonomy reference data-
base management. PLOS Comput Biol. 2021;17:e1009581.

 34. R Core. T. R: a language and environment for statistical computing. Vienna 
Austria: R Foundation for Statistical Computing; 2020.

 35. Liu C, Cui Y, Li X, Yao M. microeco : an R package for data mining in micro-
bial community ecology. FEMS Microbiol Ecol. 2021;97:fiaa255.

 36. Wickham H. ggplot2: elegant graphics for data analysis. New York: 
Springer; 2009.

 37. Hammer Ø, Harper DAT, Ryan PD. PAST: paleontological statistics software 
package for education and data analysis. Palaentol Electron. 2001;4:1–9.

 38. Clum A, et al. DOE JGI metagenome workflow. mSystems. 
2021;6:e00804-e820.

 39. Kang DD, Froula J, Egan R, Wang Z. MetaBAT, an efficient tool for accu-
rately reconstructing single genomes from complex microbial communi-
ties. PeerJ. 2015;3:e1165.

 40. Parks DH, Imelfort M, Skennerton CT, Hugenholtz P, Tyson GW. CheckM: 
assessing the quality of microbial genomes recovered from isolates, 
single cells, and metagenomes. Genome Res. 2015;25:1043–55.

 41. Bowers RM, et al. Minimum information about a single amplified genome 
(MISAG) and a metagenome-assembled genome (MIMAG) of bacteria 
and archaea. Nat Biotechnol. 2017;35:725–31.

 42. Chen I-MA, et al. The IMG/M data management and analysis system vol 7: 
content updates and new features. Nucleic Acids Res. 2023;51:D723–32.

 43. Chaumeil P-A, Mussig AJ, Hugenholtz P, Parks DH. GTDB-Tk: a toolkit to 
classify genomes with the Genome Taxonomy Database. Bioinformatics. 
2020;36:1925–7.

 44. Caspi R, et al. The MetaCyc database of metabolic pathways and enzymes 
- a 2019 update. Nucleic Acids Res. 2020;48:D445–53.

 45. Kanehisa M, Goto S. KEGG: Kyoto Encyclopedia of Genes and Genomes. 
Nucleic Acids Res. 2000;28:27–30.

 46. Robinson MD, Oshlack A. A scaling normalization method for differential 
expression analysis of RNA-seq data. Genome Biol. 2010;11:R25.

 47. Krzycki JA. The direct genetic encoding of pyrrolysine. Curr Opin Micro-
biol. 2005;8:706–12.

 48. Zhao Y, et al. TPM, FPKM, or normalized counts? A comparative study of 
quantification measures for the analysis of RNA-seq data from the NCI 
patient-derived models repository. J Transl Med. 2021;19:269.

 49. Federhen S. The NCBI Taxonomy database. Nucleic Acids Res. 
2012;40:D136–43.

 50. The UniProt Consortium. UniProt: the universal protein knowledgebase in 
2021. Nucleic Acids Res. 2021;49:D480–9.

 51. Nguyen L-T, Schmidt HA, von Haeseler A, Minh BQ. IQ-TREE: a fast and 
effective stochastic algorithm for estimating maximum-likelihood phy-
logenies. Mol Biol Evol. 2015;32:268–74.

 52. Kalyaanamoorthy S, Minh BQ, Wong TKF, von Haeseler A, Jermiin LS. 
ModelFinder: fast model selection for accurate phylogenetic estimates. 
Nat Methods. 2017;14:587–9.

 53. Kumar S, Stecher G, Tamura K. MEGA7: molecular evolutionary genetics 
analysis version 7.0 for bigger datasets. Mol Biol Evol. 2016;33:1870–4.

 54. Finster K, Tanimoto Y, Bak F. Fermentation of methanethiol and dimethyl-
sulfide by a newly isolated methanogenic bacterium. Arch Microbiol. 
1992;157:425–30.

 55. Kaster A-K, Moll J, Parey K, Thauer RK. Coupling of ferredoxin and 
heterodisulfide reduction via electron bifurcation in hydrogenotrophic 
methanogenic archaea. Proc Natl Acad Sci U S A. 2011;108:2981–6.

 56. Nagoya M, Kouzuma A, Watanabe K. Codh/Acs-deficient methanogens 
are prevalent in anaerobic digesters. Microorganisms. 2021;9:2248.

 57. Chen S-C, et al. Methanolobus psychrotolerans sp. nov., a psychrotolerant 
methanoarchaeon isolated from a saline meromictoc lake in Siberia. Int J 
Syst Evol Microbiol. 2018;68:1378–83.

 58. Tallant TC, Paul L, Krzycki JA. The MtsA subunit of the 
methylthiol:coenzyme M methyltransferase of Methanosarcina barkeri 
catalyses both half-reactions of corrinoid-dependent dimethylsulfide: 
coenzyme M methyl transfer *. J Biol Chem. 2001;276:4485–93.

 59. de BuenoMesquita C P, Wu D, Tringe S G. Methyl-based methano-
genesis: an ecological and genomic review. Microbiol Mol Biol Rev. 
2023;87:e00024-22.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.


	Methanolobus use unspecific methyltransferases to produce methane from dimethylsulphide in Baltic Sea sediments
	Abstract 
	Background 
	Results 
	Conclusions 

	Introduction
	Materials and methods
	Study area and sampling
	Incubation set-up
	Analytical measurements
	DNA extraction, PCR and quantitative PCR
	High-throughput sequencing and sequence analysis
	Statistical analysis
	Metagenomics analysis
	Metatranscriptomics analysis
	Methanolobus genome analysis for the mts genes
	Phylogenetic analysis

	Results
	Sediment depth profiles of DMS, methane and CO2
	Depth profiles of methanogen diversity and abundance
	Taxonomic analysis of metagenomes from DMS-amended incubations
	Metabolic pathways of DMS degradation in the sediment incubations

	Discussion
	Conclusions
	Anchor 25
	References


