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Arsenic groundwater contamination threatens the health of millions of people worldwide,
particularly in South and Southeast Asia. In most cases, the release of arsenic from sediment
was caused by microbial reductive dissolution of arsenic-bearing iron(III) minerals with
organic carbon being used as microbial electron donor. Although in many arseniccontaminated aquifers high concentrations of methane were observed, its role in arsenic
mobilization is unknown. Here, using microcosms experiments and hydrogeochemical and
microbial community analyses, we demonstrate that methane functions as electron donor for
methanotrophs, triggering the reductive dissolution of arsenic-bearing iron(III) minerals,
increasing the abundance of genes related to methane oxidation, and ultimately mobilizing
arsenic into the water. Our ﬁndings provide evidence for a methane-mediated mechanism for
arsenic mobilization that is distinct from previously described pathways. Taking this together
with the common presence of methane in arsenic-contaminated aquifers, we suggest that
this methane-driven arsenic mobilization may contribute to arsenic contamination of
groundwater on a global scale.
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xposure to groundwater contaminated with arsenic (As) is a
worldwide problem. Arsenical skin lesions are the hallmark
of chronic arsenic poisoning appearing within a few years of
exposure often leading to skin cancer1. These symptoms are
prevalent in populations living along river ﬂoodplains of South
and Southeast Asia that rely on shallow groundwater wells for
drinking water and irrigation2,3. Arsenic enrichment in shallow
groundwater4 has resulted in the so-called “worst mass poisoning
of human population in history”5. Generally, Fe(III) (oxyhydr)
oxides are common constituents of As-bearing aquifer sediments6.
Various mechanisms of As release to the groundwater have been
suggested including abiotic dissolution and transformation of Ascontaining Fe minerals including oxidation of arsenic-bearing
sulﬁdes and changes in sorption capacity of Fe(III) (oxyhydr)oxide
minerals as well as As desorption due to pH variations or by
competition with phosphate7. Yet, the most commonly accepted
mechanism is microbial reductive dissolution of As-bearing Fe
(III) (oxyhydr)oxides8–10. Fe(III)-reducing bacteria such as Geobacter, however, require bioavailable carbon (C) for their
activity11,12. Previous studies focused on the identity and source of
organic compounds used for microbial As mobilization13–16;
however, the role of methane (CH4) remained unexplored. Here
we investigated whether CH4, which is abundant in these aquifers,
can also be a potential energy source and drive microbially
mediated Fe(III)-mineral reduction leading to As mobilization.
Results and discussion
Van Phuc, a village 15 km SE from Hanoi, is known for severe As
groundwater contamination (Fig. 1a), sometimes 60-fold higher

than the World Health Organization (WHO) drinking water limit
of 10 µg/L17. Arsenic-bearing Fe(III) minerals18,19 and groundwater containing high As, Fe, and CH4, low SO42−, and no NO3−
were reported (Fig. 1b)20. In situ gas measurements demonstrated
that the Total dissolved gas pressure (TDGP) correlates with As
concentrations and CH4 accounts for the majority of detected
gases in the groundwater (Fig. 1c). This makes Van Phuc an ideal
location to study Fe(III)-dependent anaerobic methane oxidation
and its relevance for As mobilization. Analysis of the in situ
microbial community composition by 16S rRNA gene amplicon
sequencing in aquifer sediments and groundwater (Fig. 2) showed
that fermenting, methanogenic, and methanotrophic microorganisms dominated sediments and groundwater, suggesting
that CH4 cycling occurs in this aquifer. Moreover, in some of the
groundwater wells we found high abundances (up to 4%) of
sequences afﬁliated to Candidatus Methanoperedens, a known Fe
(III)-reducing CH4 oxidizer21,22.
Using As- and Fe-bearing sediments (Supplementary Fig. 1)
(~40 m depth), we investigated whether CH4 can induce microbially driven Fe(III) mineral reduction and As mobilization.
Microbially active sediments were amended with artiﬁcial
groundwater and ﬁeld-relevant CH4 concentrations (~45 mg
CH4/L) and compared to abiotic controls (including CH4) and
biotic controls (without CH4). Fe redox speciation in water and
sediments (quantiﬁed using the spectrophotometric Ferrozine
assay), dissolved and solid-phase arsenic (analyzed by inductively
coupled plasma mass spectrometry (ICP-MS) and by
synchrotron-based X-ray absorption near-edge structure
(XANES) spectroscopy), as well as major ions (determined by

Fig. 1 Main information about sampling sites in Van Phuc village. a Distribution of monitoring wells and b concentrations of CH4, Fe, and As in
groundwater. Wells with high CH4 are also characterized by high dissolved Fe and As (in bold red). c Total dissolved gas pressure of which the majority
accounts for CH4 correlates with As in groundwater. Groundwater data from Stopelli et al. (2020) (ref. 20). Satellite image: Google, Maxar Technologies.
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Fig. 2 Microbial community composition in the Van Phuc aquifer
sediments and groundwater. a Sedimentary microbial community from
different depths across the redox transition zone. The presence of
fermenters suggests organic carbon degradation across the aquifer and
microorganisms likely involved in CH4 cycling. b Groundwater microbial
community from monitoring wells. Relative abundance of microorganisms
likely involved in CH4 cycling compared to microorganisms potentially
involved in Fe cycling indicates the importance of CH4 as an electron donor
in this aquifer.

ICP-MS) were monitored over time (for more details see Supplementary Figs. 1–4). Due to the high CH4 and CO2 concentrations (simulating in situ ﬁeld conditions), we were unable
to monitor changes in their concentrations (Supplementary
Note 1). We characterized the microbial community and identiﬁed microorganisms mediating CH4 oxidation and Fe(III)
reduction after 125 days and 220 days of incubation. These time
points were chosen based on their obvious relevance regarding
the Fe(III) reduction process (Fig. 3). The results showed that
CH4 triggers Fe(III)-mineral reduction, induces changes in the
microbial community composition, increases the abundance of
methane-cycle mcrA and pmoA genes, and ultimately releases As
into the water. Our study therefore for the ﬁrst time provides
experimental evidence for As mobilization via CH4 oxidation
coupled to Fe(III) minerals reduction.
Speciﬁcally, we found that in the biotic microcosms with CH4,
up to 0.5 mg Fe/g (max. 6% of the total sedimentary Fe) was
reduced to Fe(II) until day 120 (Fig. 3a and Supplementary
Fig. 2), but no Fe2+ was released into the water (Fig. 3b). Despite
the low extent of Fe(III) reduction, As mobilization was observed,
reaching nearly 1.5 µg/L (Fig. 3c), ca. 2% of total sedimentary As.
This initial release of As suggests that this As was bound to the
easily bioavailable fraction of Fe(III) minerals such as poorly
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Fig. 3 Changes in Fe(II) and dissolved As in microcosms. a Sedimentary
Fe(II), b dissolved Fe2+, and c dissolved As over 220 days of incubation of
As-bearing sediments supplied with CH4 compared to biotic and abiotic
setups. Error bars represent standard deviation from six microcosms until
125 days and three microcosms from days 125 to 220. Each microcosm was
measured in triplicate. Please note that in panel b the red symbols cover the
black symbols (all concentrations are at a value of 0).

crystalline Fe(OH)3 (Supplementary Fig. 1). Bacterial 16S rRNA
gene copy numbers increased by four orders of magnitude during
these ﬁrst 125 days of incubation with CH4 (Fig. 4a). While in the
original sediment, 16S rRNA gene copy numbers for bacteria and
archaea were similar, after 125 days, bacteria dominated over
archaea by up to three orders of magnitude and pmoA genes were
abundant (particulate methane monooxygenase, used to target
aerobic methanotrophs23 as well as nitrite-dependent CH4 oxidation24). This suggests that, since our experiments were anoxic
and did not contain other electron acceptors (such as NOx),
microorganisms possessing this gene can reduce Fe(III). Furthermore, the mcrA gene, a marker gene commonly used for the
quantiﬁcation of anaerobic CH4-oxidizing archaea25 was present
in all CH4-amended microcosms (Fig. 4a).
While the original sediments were dominated by archaea
belonging to the phylum Thaumarchaeota (22%) and Bathyarchaeia (17%) (Fig. 4b), during the incubation of microcosms
supplied with CH4, microorganisms nearly identical (99%) to
Methylogaea oryzae jcm 16910 were highly enriched (30–75%
relative abundance). In the original sediments and in the biotic
and abiotic controls they showed very low abundance (<0.05%).
RNA-based analysis (Fig. 4c) showed that M. oryzae was also
dominating the active microbial community (30–80%), suggesting its capacity to use CH4 as an electron donor and probably Fe
(III) as an electron acceptor. Although M. oryzae was characterized previously as aerobic methane oxidizer26, in our
experiment it oxidized methane under Fe(III)-reducing
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Fig. 4 Changes in the microbial community composition and gene abundance in microcosms over 220 days of incubation with CH4. a Quantitative PCR
of bacterial and archaeal 16S rRNA genes, as well as mcrA and pmoA genes before the incubation (Sed T0) and after 125 and 220 days of six parallel
incubations with CH4. b Abundance based on DNA-based 16S rRNA gene sequencing. c Active taxa based on RNA-based 16S rRNA sequencing. The
presented taxa were analyzed at genus level (and labeled with highest descriptive taxonomic level) and minimum abundance level of 0.5%.

conditions. In its genome (IMG ID: 2675903437), we found over
30 protein-coding genes involved in cytochrome c synthesis and
19 protein-coding genes for Fe-complex membrane receptors and
Fe-transport systems (Supplementary Table 2). The genome of M.
oryzae jcm 16910 contains a pulE gene and its homolog ferE,
which were shown to be involved in Fe(III) reduction in Geobacter metallireducens and Shewanella putrefaciens (Supplementary Table 3). These ﬁndings suggest that M. oryzae jcm 16910
and the closely related methanotrophs enriched in our microcosms have the genetic potential to use Fe(III) as an electron
acceptor for CH4 oxidation.
Between days 125 and 220, the Fe(III) reduction extent
increased signiﬁcantly (up to 26%) in the CH4-amended microcosms (ANOVA, p < 0.005) (Supplementary Fig. 2). More than
1.5 mg Fe(II)/g sediment was produced (Fig. 3a) and 26 mg/L Fe2
+ was released into solution (Fig. 3b). No or only minor (2%) Fe
(III) reduction was observed in abiotic CH4-amended and biotic
non-CH4-amended microcosms (Supplementary Fig. 2), conﬁrming that in active CH4-amended microcosms, Fe(III) was
reduced microbially with CH4 as an electron donor. Dissolved As
increased signiﬁcantly (ANOVA, p < 0.005) to ~3 µg/L (4% of
total As). Considering the lower water/sediment ratio in the
aquifer (1:8 wt/wt) and a porosity of 0.25 (with a sediment density
equal to quartz)7 compared to our microcosms (water/sediment
= 3.3:1 wt/wt and porosity of 1), the As concentration in our
experiment (3 µg/L) corresponds to 80 µg/L in the ﬁeld. This
suggests that in wells with abundant CH4 (61–509 µg As/L,
Fig. 1), substantial amounts of As could be released as a consequence of CH4 oxidation. The calculated CH4 oxidation rate
(3.16 × 10−6 mol CH4 cm−3 yr−1) (Supplementary Note 2) is
comparable to those measured in other environments (Supplementary Table 4).
4

Sequences related to M. oryzae that were abundant after
125 days (>30%), decreased in two out of three microcosms after
220 days (to only 0.15 and 1.5% of the total microbial community). Only in one microcosm, M. oryzae-related sequences
represented still ~30%. However, in all three CH4-amended
microbially active microcosms, another taxon, classiﬁed as an
archaeon afﬁliating to Ca. Methanoperedens, became dominant.
While its relative abundance before the incubation was only
0.16% and after 125 days it was detected only in one CH4amended microcosm (0.3%), after 220 days its relative abundance
increased to 41–64% in all three CH4-amended microcosms. An
increase in archaea was also conﬁrmed by qPCR (Fig. 4a): while
bacterial 16S rRNA gene copy numbers, which dominated at day
125, decreased, the archaeal gene copy numbers increased at day
220 by two orders of magnitude compared to bacteria and four
orders of magnitude compared to the initial archaeal population.
Furthermore, the mcrA gene abundance also increased in all CH4amended biotic microcosms correlating with the archaeal 16S
rRNA gene copy number and implying that the majority of
archaea in our microcosms are capable of CH4 oxidation. In
contrast, pmoA gene copy numbers decreased, mirroring the
disappearance of M. oryzae carrying the pmoA gene. RNA-based
sequencing showed that Ca. Methanoperedens was also the most
abundant taxon among the active microbial community at day
220 (Fig. 4c), suggesting that it overgrew the initially dominating
bacteria related to M. oryzae and that Ca. Methanoperedens was
responsible for the increased Fe(III) reduction between days 125
and 220.
The rather low abundance (1–4%) of the known Fe(III)respiring microorganisms Geobacter sp. and Geothrix sp. (Fig. 4a)
suggests that they were only marginally involved in Fe(III)
reduction. The experiments were carried out under anoxic
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conditions, had no (NO3−) present, and accumulation of dissolved Mn2+ and S-species was not observed to a signiﬁcant
extent (Supplementary Fig. 4), which ruled out O2, NO3−, Mn
(IV), and oxidized S-compounds as electron acceptors (the pH
remained stable at 7.5 ± 0.3 throughout the incubations). This
observation sheds new light on the commonly accepted microbially mediated reductive dissolution of Fe(III) minerals and
underline importance of methanotrophic archaea in this process.
A co-occurrence of high As, Fe, and CH4 concentrations was
reported for many regions of Southeast Asia27. Analysis of >900
groundwater samples across Bengal-, Mekong-, and Red River
deltas revealed the highest As concentration in methanogenic
zones28 as well as at our ﬁeld site (Fig. 1). The relationship
between high CH4, Fe, and As was usually explained by degradation of organic material via fermentation and methanogenesis
creating reducing conditions that lead to reductive dissolution of
As rich-Fe(III)-bearing sediments. Our results demonstrated that
CH4 is omnipresent and can serve as an electron donor for
methanotrophic microorganisms promoting Fe(III)-mineral
reduction and dissolution and in consequence contribute to
mobilization of As bound to these minerals. In summary, our
data suggest that CH4-driven As mobilization can happen in
many environments similar to the studied aquifers in Vietnam,
where As-bearing Fe(III) minerals are available and CH4 is present. Our study therefore provides compelling new insights into
the puzzling mechanisms of As mobilization and groundwater
contamination.
Methods
Study area and sample collection. The sampling site is situated close to Van Phuc
village, about 15 km SE from Hanoi, on a meander of the Red River (20°55'18.7″N,
105°53'37.9″E) (Fig. 1a). The lithology, geology, mineralogy, characterization, and
distribution of organic carbon were described previously17–19,29,30,20. Brieﬂy, the
North-Western part is characterized by Pleistocene aquifer sands and the
groundwater is slightly reduced with As concentrations below the WHO guideline
(10 µg/L), whereas the South-Eastern part is of strongly reduced younger gray
Holocene sands and the groundwater exceeds the 10 µg/L limit by factors of 10–50
(ref. 19). The transition between the contaminated and uncontaminated zones is
characterized by changing redox conditions (redox transition zone) where elevated
concentrations of CH4 of up to 45 mg/L were reported20.
In October 2017, a ﬁrst sampling campaign took place during which we
collected a sediment core (ø10 cm; each individual piece ca. 1 m long) from 3.3 to
46.3 m below ground surface at the redox transition zone using rotary drilling (20°
55'18.8″ 105°53'38.3″). Samples from several depths along the core were collected
for DNA extraction. Groundwater was collected from ﬁve wells located in the
vicinity of the redox transition zone. Up to 5 L of water pumped directly from the
wells was ﬁltered sequentially through 0.8, 0.45, and 0.22 µm pore size ﬁlters using
ﬁltration holders (Sartorius™ Polycarbonate Filtration Holders). Sediment and
ﬁlters were kept on dry ice until transported to the laboratory where they were
immediately frozen.
In November 2018, a second sampling campaign took place during which
another rotary drilling was performed at the same location (3 m away from the
2017 drilling location). For the microcosm setups we chose orange sediments from
40 m depth. Our preliminary data showed that these sediments had high As and Fe
contents, and they were the most homogeneous regarding lithology and color
(which allowed for sufﬁcient quantities of the representative material for all parallel
microcosms). Moreover, these sediments are expected to be responsible for the As
release observed at that ﬁeld site. The sediment was stored anoxically (under N2
atmosphere) at 4 °C in the dark and used immediately after shipping to Germany
(ca. 1 week). The total Fe, As, and Mn contents of the sediment were determined by
XRF (Bruker, AXS S4 Explorer). The total S and C contents were quantiﬁed by a
Carbon-Sulphur-Analyzer (CSA 5003, Leybold Heraeus, Germany) and inorganic
carbon (TIC) was determined by a Carbon-Water-Analyzer (CWA 5003, Leybold
Heraeus, Germany). The organic carbon content (TOC) was calculated by
subtracting inorganic carbon from total C.
The TDGP was measured directly in the ﬁeld using miniRUEDI, a portable
mass spectrometer (MS) able to quantify dissolved gas concentrations in water
via a continuous ﬂow of the water sample through a membrane contractor. The
membrane allows for separation of the gas components in the (ground)water into a
surrounding pre-evacuated headspace, where the TDGP is measured prior to
separation and measurement of the individual gases. Complete details about the
functionality of this instrument can be found in ref. 31. In this campaign, the noble
gases He, Ar, Kr, in addition to reactive gases N2, CH4, O2, and CO2 were measured
using the miniRUEDI. Calibration for CH4 and CO2 was achieved by using a
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pre-mixed gas bag containing known quantities of CH4 (1%) and CO2 (1%) in
addition to N2 (97%) and H2 (1%).
Microcosm setup. Semi-sacriﬁcial microcosms were set up by mixing 30 g of
sediment from 40 m depth (orange sandy Fe- and As-bearing sediments that were
suggested to be susceptible to As mobilization) with 100 mL sterile synthetic
groundwater medium (modiﬁed from ref. 32 without As and Fe in the medium) in
glass serum bottles (total volume 250 mL). Prior to the preparation of the microcosms, the pH of the medium was adjusted to 7.3 by bubbling with CO2. The pH
was monitored along the experiment and it stayed in the range of 7.2–7.8. All
microcosms were prepared in an anoxic glovebox (100% N2), closed with rubber
stoppers and aluminum caps. Three different microcosm treatments were prepared: (1) abiotic control (CON−/CH4), i.e. microbial respiratory processes
inhibited by amendment with 160 mM sodium azide (NaN3) and headspace
exchanged with CH4/CO2 (ratio of 9:1 under the pressure of 1.5 bar); (2) biotic
control (CON+), i.e. microbially active but without any amendments and headspace exchanged with N2/CO2 mixture (ratio of 9:1); (3) biotic, i.e. microbially
active with the headspace exchanged with CH4/CO2 (ratio of 9:1; under the
pressure of 1.5 bar). It has to be noted that the amount of added CH4 was estimated
based on the highest observed ﬁeld concentration. In order to obtain the desired
concentration of CH4 in the liquid phase, the amount of necessary volume of the
CH4 gas in the headspace was calculated based on Henry’s law. At ﬁrst, vials were
ﬂushed with CH4 for 10 min and pressure equalized to 1 bar. Afterwards, one part
of the headspace was withdrawn and replaced with CO2 which gave 9:1 CH4/CO2
under 1 bar pressure. Subsequently, half of the initial CH4 and CO2 volume was
injected which resulted in mix of CH4/CO2 in the ratio of 9:1 under 1.5 bar
pressure (measured with a portable monometer). With this condition concentration of dissolved CH4 should represent ≈45 mg/L. The microcosms were kept at
26 °C in the dark until analysis (without shaking). At two time points (days 125 and
220), three bottles of each treatment were sacriﬁced for geochemical analysis and
molecular studies.
Geochemical analysis. At each time point (days 0, 8, 35, 50, 65, 80, 95, 110, 125,
165, 180, 195, 210, and 221), 2 mL of slurry and sediment were withdrawn using
the syringe and needle (ø 1.20 × 40 mm) under anoxic conditions. Samples were
centrifuged at 14,000 r.p.m. for 5 min. One hundred microliters of the supernatant
were stabilized in 1 M HCl (to avoid oxidation of Fe(II)) and diluted with HCl if
necessary for Fe(II) quantiﬁcation using the Ferrozine assay. Depending on the Fe
concentration the samples were diluted either in 400 or 900 µL of 1 M HCl,
resulting in a ﬁnal HCl concentration of 0.2 or 0.1 M). One milliliter of the
supernatant was ﬁltered (0.22 µm, PTFE membrane) and stabilized in 1% HNO3
for As and other elements analysis by ICP-MS (8900, Agilent Technologies, USA).
Sediment (0.14 ± 0.03 g wet weight) obtained after centrifugation was digested for
1 h with 1 mL of 6 M HCl. One milliliter of the digests was centrifuged (5 min,
14,000 r.p.m.) and 100 µL of the supernatant was diluted in 1 M HCl. Fe(II) was
quantiﬁed in triplicate using the Ferrozine Assay33. Statistical differences in As and
Fe concentration in the different microcosm setups were analyzed with single
factor ANOVA while those at selected time points between pairs of treatments
were determined using the Student’s t-test.
Microbial community analysis and quantitative PCR. The DNA from sediment
and groundwater samples collected during 2017 sampling campaign as well as the
microcosms sediments samples that were collected at the beginning of the
experiment, after 10 days (when maximum Fe(III) reduction and As release were
observed) and at the end of the experiment (100 days) was extracted following a
phenol–chloroform protocol from Lueders et al.34. The RNA was successfully
obtained and transcribed for three samples supplied with CH4 (CH4/2, CH4/3,
CH4/5). In these samples DNA was digested using the TURBO DNA-free™ Kit,
screening PCR and subsequent gel electrophoresis was performed in order to
conﬁrm complete removal of DNA. Afterwards, reverse transcription was performed using SuperScript™ III Reverse Transcriptase. Bacterial and archaeal 16S
rRNA genes were ampliﬁed from DNA and cDNA using universal primers 515f:
GTGYCAGCMGCCGCGGTAA35 and 806r: GGACTACNVGGGTWTCTAAT36
fused to Illumina adapters. Subsequent library preparation steps (Nextera, Illumina) and 250 bp paired-end sequencing with MiSeq (Illumina, San Diego, CA,
USA) using v2 chemistry were performed by Microsynth AG (Switzerland) and
between 45,000 and 242,000 read pairs were obtained for each sample.
16S rRNA (gene) sequence analysis. Sequencing data were analyzed with nf-core/
ampliseq v1.1.0 that wraps all analysis steps and software and is publicly available
at https://github.com/nf-core/ampliseq37. Brieﬂy, primers were trimmed and
untrimmed sequences were discarded (<4%) with Cutadapt v1.16 (ref. 38). Adapter
and primer-free sequences were imported into QIIME2 v2018.06 (ref. 39), quality
checked with demux (https://github.com/qiime2/q2-demux), and processed with
DADA2 v 1.6.0 (ref. 40) to remove PhiX contamination, trim reads (before median
quality drops below 35, that is forward 194, reverse 174), correct errors, merge read
pairs and remove PCR chimeras, and, ultimately, 6546 amplicon sequencing variants (ASVs) were obtained for groundwater, 2242 for core sediments from 2017,
and 4544 from microcosms sediments. Alpha-rarefaction curves were produced
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with the QIIME2 diversity alpha-rarefaction plugin which indicated that the
richness of the samples has been fully observed. A Naive Bayes classiﬁer was ﬁtted
with 16S rRNA gene sequences extracted from SILVA v132 (ref. 41) QIIME
compatible database 99% identity clustered sequences using the PCR primer
sequences. ASVs were classiﬁed by taxon using the ﬁtted classiﬁer (https://github.
com/qiime2/q2-feature-classiﬁer). ASVs classiﬁed as chloroplast or mitochondria
were removed. The number of removed ASVs was 70, 9, and 33 for groundwater,
core sediment, and microcosm sediments, respectively, totaling to <1% relative
abundance per sample and the remaining ASVs had their abundances extracted by
feature-table41.
Raw sequencing data have been deposited at DDBJ/ENA/GenBank under
BioProject accession number PRJNA593718.
Quantitative PCR. The qPCR speciﬁc for the 16S rRNA (genes) of bacteria and
archaea as well as for methyl-coenzyme M reductase subunit alpha (mcrA) and
particulate methane monooxygenase (pmoA) genes were performed. The qPCR
primer sequences, gene-speciﬁc plasmid standards, and details of the thermal
programs are given in Supplementary Table 1. Total numbers of bacteria and
archaea genes were estimated by quantitative PCR (qPCR) (Bio-Rad Laboratories
GmbH, Munich, Germany) based on the ampliﬁcation of the 16S rRNA genes.
Quantitative PCRs on DNA extracts obtained as described above were performed
in triplicates using SybrGreen® Supermix (Bio-Rad Laboratories GmbH, Munich,
Germany) on the C1000 Touch thermal cycler (CFX96TM real time system).
Plasmid vectors (pCR2.1®, Invitrogen, Darmstadt, Germany) containing a cloned
16S rRNA gene fragment from Thiomonas sp. and Halobacterium salinarum were
used as standards for the quantiﬁcation of total bacteria and archaea, respectively.
Each qPCR assay was repeated three times with triplicate measurements of each
sample per run. Data analysis was done using the Bio-Rad CFX Maestro 1.1,
software, version 4.1 (Bio-Rad, 2017). Due to low concentrations of extractable
DNA in CON+ and CON− sediments after 125 and 220 days, quantiﬁcation of
bacterial and archaeal 16S rRNA genes as well as mcrA and pmoA genes was not
successful for these samples.

Data availability
The 16s rRNA amplicon sequencing data is already deposited and publicly available at
the NCBI (https://www.ncbi.nlm.nih.gov/bioproject/PRJNA593718). The remaining data
are submitted to the publicly available repository (www.pangaea.de).
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