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A B S T R A C T

This study investigated the long-term potential of low-temperature serpentinization of dunite to support the 
growth of the hydrogenotrophic methanogen Methanoculleus bourgensis strain MAB1. Incubation experiments 
were conducted for over 800 days, using dunite powder as the sole energy source, with and without the addition 
of nickel, an essential cofactor for methanogenesis. The results indicated that hydrogen released from dunite was 
sufficient to sustain methanogen growth, but the process was slow, with methane production beginning only 
after approximately 300 days. The release of toxic metals from dunite, particularly zinc, appeared to inhibit 
methanogen growth over time, leading to the cessation of methane production after 528 days and likely the 
lysing of the methanogenic cells. The study suggests that hydrogen availability, rather than nickel, is the limiting 
factor for methanogen growth in these conditions.

1. Introduction

In the deep subsurface, the process of serpentinization (Reaction 1) 
plays a key role in supporting the growth of hydrogenotrophic metha-
nogens that use the serpentinization products as an energy source (Re-
action 2). Serpentinization occurs when water reacts with ultramafic 
rocks such as dunite, leading to the production of hydrogen (H2). Dunite 
is an ultramafic (<45 % silica) rock common in the Earth’s mantle and is 
mainly composed of olivine ((Mg2+, Fe2+)2SiO4) and minor amounts of 
other minerals common in ultramafic rocks, such as magnetite (Fe3O4), 
chromite (FeCr2O4), and pyroxene ((NaCa)(Mg,Fe,Al)(Al,Si)2O6) and 
rich in Ni. 

6 (Mg,Fe)2SiO4 + 7 H2O → 3 (Mg,Fe)3Si2O5(OH)4 + Fe3O4 + H2 (Re-
action 1)                                                                                            

CO2 +4H2 →CH4 +2H2O (Reaction 2)                                                 

Due to the simplicity of the energy-generating CO2-H2 reaction 
(Reaction 2) of hydrogenotrophic methanogens, it is considered an 
ancient metabolic pathway [1] likely evolving in marine hydrothermal 
vent systems where CO2, H2, and acetate are abundant [2]. However, the 

way serpentinization supports methanogen activity is deeply influenced 
by temperature variations and the migration of gases like H2 and CO2 
through the subsurface. Serpentinization typically takes place at 
elevated temperatures of around 200 ◦C–300 ◦C, deep in the Earth’s 
crust [3]. At these high temperatures, the reaction between water and 
the mineral olivine found in dunite generates serpentine minerals, 
magnetite, and H2(gas). While this H2 is vital for methanogen survival, 
these microorganisms cannot thrive in such extreme heat, as they 
generally grow best in much cooler environments, between 20 ◦C and 
60 ◦C [4]. For this reason, the H2 produced at depth migrate to cooler 
regions and indirectly fuel methanogenic growth in close vicinity to the 
serpentinization. Direct H2 fueling of methanogens in cooler serpenti-
nization regions is less studied [5] partly due to the slow rate of dunite 
alteration at low temperatures and partly due to the lack of knowledge 
on methanogens-mineral interactions.

Methanogens play a crucial role in the biogeochemical cycling of 
essential elements [6]. Recent studies have shown that methanogens are 
capable of extracting Fe and S from iron-rich minerals like pyrite (FeS2) 
through reductive dissolution [7]. Pyrite, being conductive, serves as an 
energy transport bridge for methanogens. Another conductive mineral, 
magnetite (Fe3O4), which is commonly formed as a product of 

* Corresponding author.
E-mail address: anna.neubeck@geo.uu.se (A. Neubeck). 
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serpentinization (Reaction 1), may also facilitate energy transport for 
methanogens [8]. This means that methanogens can potentially use 
conducting minerals as electron donors to reduce CO2 to CH4, bypassing 
the need for H2 in this process [9]. Thus, minerals in the deep subsurface 
with a limited supply of energy, may be used as direct electron trans-
ferrer maybe even when the amount of H2 is limited, such in a low 
temperature ultramafic system, where the serpentinization reaction may 
be too slow for an efficient abiotic formation of H2. Utilization of elec-
trons or H2 (through oxidation) by methanogens is mainly performed by 
enzymes with nickel (Ni) and iron (Fe) as their active site metal center 
(so-called [NiFe]-hydrogenases) highlighting the need for Fe and Ni [6,
10,11]. Methanogens require Fe and Ni for their survival, but the 
requirement varies depending on genus [12,13]. They contain three of 
the seven known Ni-containing enzymes [14] 1) CO 
dehydrogenase/acetyl-CoA synthase (CODH/ACS), an enzyme for car-
bon fixation, 2) hydrogenase, an enzyme for oxidation of H2, and 3) 
cofactor F430 in the enzyme methyl-coenzyme M reductase (MCR), 
which is involved in the formation of CH4 in all methanogens [15]. 
Other than H2 and CO2, methanogens have a high demand for metals 
such as Fe and Ni, due to the diverse abundance of metalloproteins 
involved in the formation of CH4 from H2 and CO2.

The primary objective of this study to provide insights into the 
viability of methanogenic activity in ultramafic rock environments and 
the geochemical factors that limit or promote CH4 production in such 
settings. More specifically the study aims to investigate the long-term 
potential of low-temperature serpentinization of dunite to support the 
growth and survival of hydrogenotrophic methanogens. Additionally, 
the study seeks to evaluate the influence of nickel supplementation, an 
essential cofactor for methanogenesis, on and CH4 production rates. For 
the study the Methanoculleus strain MAB1, was selected. This metha-
nogens has been shown to be able to grow at very low H2 concentrations 
[12] and Methanoculleus have been identified in various deep subsurface 
environments [16,17].

2. Materials and methods

2.1. Methanogen

The hydrogenotrophic methanogen Methanoculleus bourgensis strain 
MAB1 (hereafter ‘MAB1’) was used for the growth experiments. This 
organism is an hydogenotrophic methanogen growing with H2 and CO2 
or formate and using small levels of acetate as extra carbon source [18]. 
MAB1, in similar to other species of genus Methanoculleus, does not use 
acetate as an energy source for CH4 production [18]. This methanogen 
was chosen for the experiment due to its ability to grow at very low pH2 
[12]. MAB1 was provided by the Department of Molecular Sciences, 
Swedish University of Agricultural Sciences, Uppsala.

2.2. Preparation of cultivation bottles

Prior to the experiments, all borosilicate glass bottles, black butyl- 
rubber stoppers (Gotlands gummifabrik), and plastic disposables used 
in the experiment were acid-washed to remove metal contaminants by 
soaking in 20 % HCl for 24 h, followed by soaking in pure Milli-Q water 
(resistivity: 18.2 M Ω cm− 1) for another 24 h. The bottles were then 
covered with perforated plastic film and dried overnight at 70 ◦C before 
use. All acid washed disposables and rubber septa were also dried 
overnight at 70 ◦C before use.

2.3. Preparation of dunite

Natural forsteritic dunite (forsterite 92 (Fo92) artificially crushed 
dunite) was obtained from North Cape Minerals in Åheim, Norway. 
Contaminants, such as steel fragments (from crushing the dunite) and 
magnetic accessory minerals that could affect the results of the experi-
ments because of their strong reducing capacity, were removed using a 

Frantz magnetic separator. The dunite was cleaned with water (pure 
Milli-Q water) until all fine particles (<63 μm) and dust were removed 
(~15 times). Thereafter, the dunite was cleaned with acetone (Merck, 
SupraSolv) in an ultrasonic bath, 3 times for 15 min and dried (100 ◦C) 
overnight. When dry, dunite was hand-milled in an ethanol-cleaned 
agate mortar and pestle to a fine powder (grain size <63 μm). Approx-
imately 1 g of dunite powder was added to acid-washed cultivation 
bottles. The bottles were closed with acid washes butyl-rubber stoppers 
and aluminum caps and then dry-sterilized (125 ◦C, 8h) to remove 
possible bacterial contaminants.

2.4. Preparation of anaerobic medium

For cultivation of the methanogen a bicarbonate-buffered basal 
medium (BM) was prepared as previously described [12,19]. To mini-
mize possible uncontrolled sources of carbon and Ni, yeast extract and 
resazurin was omitted from the growth medium. In short, phosphate 
buffer and water were mixed and boiled for approx. 20 min and there-
after cooled under flushing with N2 to reduce levels of oxygen. After 
cooling, the medium was supplemented with sodium acetate (0.42 g L-1) 
to support biosynthesis of the methanogen. Subsequently, the medium 
(18 ml) was distributed into serum bottles (118) under flushing with N2. 
The bottles were closed with butyl rubber stoppers and aluminum rings 
and the gas phase in the bottles were exchanged three times and finally 
pressurized to 0.2 atm with N2 and autoclaved for 20 min at 121 ◦C. 
After cooling, the medium in each bottle were supplemented with C1 (1 
ml), containing vitamins, salts, and trace metals and C2 (1 ml), con-
taining bicarbonate and reducing agents. The solutions C1 and C2 were 
prepared as described before [12] and sterile-filtered (0.2 μm) into 
closed autoclaved vials filled with N2. The final pH of the final medium 
was 7.3.

For incubations without Ni, C1 solution was also prepared without 
addition of this trace metal. However, the Milli-Q water used for prep-
aration of the medium contained some Ni and, consequently, traces of Ni 
were present at the onset of the experiments. The average concentration 
of Ni in the final “Ni-free” medium was approximately 2.5 μg L− 1, 
analyzed using an Inductively Coupled Plasma Atomic Emission Spec-
troscopy (ICP-AES) instrument, calibrated using standard solutions 
(Multi-element standard solutions, LGC-Promochem, chromatography 
grade) and a blank (Milli-Q water). The analytical error was approxi-
mately 4 %.

2.5. Experiment design

The experiment was set up according to Table 1. In short three 
replicates (A, B, C) were prepared for each set of biotic and abiotic in-
cubation. For one set up (MAB1-Ni + Du) in total 6 replicates were 
prepared. For the biotic set up, actively growing MAB1 (2 ml) was added 
to the cultivation medium (20 ml), with and without Ni and dunite, 
using a sterile syringe. Before inoculation the methanogen was pre- 
grown in the bicarbonate-buffered basal medium (BM) prepared as 

Table 1 
Experiment set-up, where Ni = nickel, Du = dunite, and A, B, C are replicate 
incubation bottles.

Biotic Components Notes

1 (A, B, C) MAB1+Ni + Du 
2, 6 (A, B, C, A, B, C) MAB1-Ni + Du 
4 (A, B, C) MAB1+Ni-Du 
8 (A, B, C) MAB1-Ni-Du 

Abiotic controls Setup 

3 (A, B, C) Ni + Du 
5 (A, B, C) Ni 
9 (A, B, C) +Du 
10 (A, B, C)  Only growth medium without Ni
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previously described, using H2/CO2 (1 atm, 80:20) and sodium acetate 
(0.42 g/L) as energy and carbon source, respectively. Yeast extract and 
resazurin was excluded from the medium to minimize the level of non- 
defined carbon sources. The pre-cultivation was made in 430 ml medium 
in a 1L serum bottle. This means that all the inoculations in the exper-
imental set up was made using the same batch of methanogenic culture. 
For incubation with dunite, 18 ml sterile and reduced medium was 
transferred with a syringe to the mineral supplemented bottles. The 
abiotic controls were prepared in the same way with the difference that 
no methanogen was added. The dissolved element concentrations at the 
start and end of the experiment were measured in 5 mL aliquots of liquid 
extracted from the bottles using a sterile needle. An estimation of redox 
conditions was evaluated at the end of the experiment by addition of the 
redox indicator resazurin, which turns pink at − 60 mV. The experiment 
was run for more than 800 days and at the end (day 829) methanogenic 
survival and activity was evaluated by addition of external H2-CO2 
(80:20) to an overpressure of 1 atm followed by analysis of CH4 and H2.

2.6. Microscopic analyses (SEM)

A subsets of cell samples from the cultivation bottles were optically 
investigated using a Scanning Electron Microscope (SEM) coupled to an 
energy dispersive spectrometer (EDS) on an FEI QUANTA FEG 650 
(Oxford Instruments, UK). The instrument was calibrated using a cobalt 
standard. Peak and element analyses were performed using INCA Suite 
4.11 software. For the analysis by EDS, an Oxford T-Max 80 detector was 
used. The samples were first fixed in 2 % glutaraldehyde in 0.1 M sodium 
phosphate (pH 7.4) and filtered through a 1000 kDa PES membrane 
(Pall Corporation). The filtered membrane was subjected to stepwise 
ethanol dehydration, followed by critical point drying using an EM 
CPD030 (Leica Microsystems). The dried membrane was finally sputter- 
coated using a Q150T ES (Quorum Technologies) and SEM images were 
acquired using a Zeiss Ultra 55 FE-SEM microscope (Zeiss) with an in- 
lens detector at 3 kV. The samples were gold-coated and kept under 
low-vacuum conditions and a low acceleration voltage of 20 or 15 kV, to 
minimize surface charging effects.

2.7. Analytical methods

Before and after the experiments, subsets of powdered dunite sam-
ples were investigated using a Powder X-Ray Diffractometer Panalytical 
X’Pert alpha1 at the Department of Material and Environmental 
Chemistry at Stockholm University, with the purpose of identifying 
presence of serpentine minerals. The samples (powdered) were analyzed 
by placing the sample on a zero-background silicon wafer. The software 
HighScore Plus was used to identify peaks and minerals. The metal 
concentrations in the cultivation bottles were analyzed by withdrawing 
10 mL of fluid from each bottle for analyses using ICP-AES analysis. 
Before analysis the samples were acidified with nitric acid (65 %, p.a, 
Merck). Multi-element calibration standards were prepared by dilution 
of appropriate element stock solutions (Teknolab A/S, Drobak, Norway; 
Referensmaterial AB, Ulricehamn, Sweden and BDH Chemicals Ltd., 
Pool, England) in 80 mM HNO3. A Spectro Ciros CCD ICP-AES (Spectro, 
Germany) was used for the determination of element concentration. A 
standard solution and blank solution were regularly measured to check 
for drift and contamination.

Acetate concentration was quantified after termination of the ex-
periments using High Performance Liquid Chromatograph (HPLC) ana-
lyses. The HPLC (Aligent 1100) was equipped with an ion exchange 
column (Rezex-ROA-Organic Acid H+) and a refractive index detector. 
The column was operated at 60 ◦C and 5 mM H2SO4 was used as the 
eluent at a flow rate of 0.6 mL min− 1 [13].

Hydrogen (H2) and carbon monoxide (CO) partial pressure (pH2, 
pCO) were analyzed by PP1 (Peak Performer 1, reduced gas analyzer) by 
direct injection of 1 mL withdrawn from the headspace gas. Methane 
(CH4) samples (2 mL) were withdrawn at the same time, injected into 

glass vials, and stored at +2 ◦C until analysis (within a maximum of 5 
days) by gas chromatography (GC) (PerkinElmer Ariel, Clarus 500 Gas 
Chromatograph equipped with a TurboMatrix 110 Headspace sampler) 
[19].

2.8. DNA extraction and microbial analysis

Total DNA was extracted from culture liquid withdrawn at the 
endpoint of the experiment from all experimental bottles, including both 
inoculated cultures and controls. A total of 4 mL of liquid was collected 
using a syringe and used for triplicate extractions with the DNeasy Blood 
and Tissue Kit (QIAGEN), following the manufacturer’s instructions.

Methanogenic abundance was determined by quantitative real-time 
PCR (qPCR) using the CFX Connect™ Real-Time System (Bio-Rad). Each 
PCR reaction contained 10 μL of 2 × iQ SYBR Green Supermix (Bio-Rad), 
5 μL of nuclease-free water, 3 μL of template DNA (~7 ng μL− 1), and 1 μL 
of each methanogen-specific primer Met630F/Met803R (10 pmol μL− 1) 
[20]. The qPCR program consisted of an initial denaturation at 95 ◦C for 
7 min, followed by 40 cycles of 95 ◦C for 40 s, 60 ◦C for 60 s, and 72 ◦C 
for 40 s. A melt curve analysis (55–95 ◦C, ΔT = 0.1 ◦C s− 1) was per-
formed to assess specificity.

A standard curve was constructed according to Ref. [20], using the 
amplicon obtained from MAB1 genomic DNA with the primers and PCR 
conditions described above (30 cycles). The qPCR achieved an efficiency 
of 96.5 % with a linear correlation coefficient (r2) of 0.984.

To identify possible contaminating bacterial components in the 
samples, PCR was performed targeting the bacterial 16S rRNA gene 
using the primers E8F (5′-AGAGTTTGATCATGGTCAG-3′) and U907R 
(5′-CCGTCAATTCMTTTGAGTTT-3′) [21]. The analysis was conducted 
on the same DNA samples used for the qPCR analysis of methanogens. 
PCR products were verified by gel electrophoresis, purified, and 
sequenced at Macrogen (Korea). The obtained sequences were analyzed 
using the BLAST nucleotide search program through the National Center 
for Biotechnology Information (NCBI,http://www.ncbi.nlm.nih. 
gov/BLAST). In total, five samples (4A, 4B, 4C, 8A, and 8C) yielded a 
PCR signal. Forward and reverse sequences were aligned to generate a 
consensus sequence (1332–1441 bp). The aligned sequences were 
taxonomically identified by BLAST using the NCBInr database, showing 
96.8–98.1 % similarity with Limnochorda pilosa (strain HC 45, whole 
genome, accession number AP014924.1) [22]. Sequences are deposited 
in the GenBank nucleotide sequence database under accession numbers 
MN816749–MN816753.

2.9. Statistical analyses

One-way multivariate analysis of variance (MANOVA), using Wilks’ 
lambda test, was performed on the entire experiment (from beginning to 
the end), to test the similarity between replicate experiments and 
determine whether biotic and abiotic pairs incubated under the same 
conditions were similar or different in terms of CH4 production and H2 
and CO concentration through the experiment. Values of P < 0.05 were 
considered statistically significant.

The biotic and abiotic pairs tested were: inoculated and non- 
inoculated experiment with Ni and with dunite (batch 1 against 3); 
inoculated and non-inoculated experiment with Ni and without dunite 
(batch 4 against 5); inoculated and non-inoculated experiment without 
Ni and with dunite (batch 2 + 6 against 9); and inoculated and non- 
inoculated experiment without Ni and without dunite (batch 8 against 
10). Principal component analysis (PCA) was conducted to examine 
correlations between CH4, H2, and CO concentration in the presence or 
absence of Ni and dunite in both biotic and abiotic experiments, for the 
whole duration of the experiment.

To test similarity in CH4 production between the different biotic 
incubation conditions (with or without Ni and dunite), we performed 
one-way ANOVA using Tukey’s test. Conditions tested were: presence of 
dunite with or without Ni (batch 1 against batch 2 + 6); absence of 
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dunite with or without Ni (batch 4 against 8); presence of Ni with or 
without dunite (batch 1 against 4); and absence of Ni with or without 
dunite (batch 2 + 6 against 8). Values of P < 0.05 were considered 
statistically significant. In addition, to examine the correlation between 
CH4 production and presence or absence of Ni and dunite in the biotic 
experiments, PCA analyses was conducted. All statistical analyses were 
performed using XLSTAT (Addinsoft), a statistics tool appended to 
Microsoft Excel.

3. Results

3.1. Hydrogen and CO consumption and production

The initial H2 level at the beginning of the experiment was approx-
imately 9 mmol L− 1 in all samples inoculated with the methanogen and 
around 2 mmol L− 1 in non-inoculated controls. The starting level of H2 
was higher in the inoculated samples as small amounts of H2 was 
included with the transferred portion of the pre-grown methanogenic 
culture. Thereafter, a clear decrease in the amount of H2 in the gas phase 
was seen in the biotic samples until day 528–600, reaching a level of 
approximately 0.5–5 mmol L− 1, corresponding to ca 0.1–1.5 Pa (Fig. 1, 
Table 2).

After 600 days of incubation, the concentration of H2 in the inocu-
lated bottles with dunite started to increase steadily until day 829 and at 
that time reaching 13.3 ± 6.9 mmol L− 1. For the rest of the bottles the 
average amount of H2 over the whole experimental period was signifi-
cantly lower (<1.9 mmol L− 1) as compare to the bottles with dunite.

A clear statistically significant difference in CO levels was observed 
between abiotic controls and biotic samples, with the inoculated sam-
ples generally having a lower concentration of CO (Fig. 2). Moreover, 
the biotic experiments with added Ni had a higher initial CO content 
than the experiments without added Ni. At termination, the biotic ex-
periments with added dunite had a higher amount of CO than the ex-
periments without dunite. In the abiotic control experiments the 
opposite trend was observed, with the experiments with added dunite 
having a lower amount of CO than the experiments without added 
dunite.

3.2. Methane production

Accumulation of CH4 proceeded slowly in all bottles inoculated with 
MAB1 during the first ~300 days and reached a cumulative level of 
approx. 3.1 ± 1.6 μmol L− 1 after 305 days (Fig. 3). In the abiotic control 

the levels were approx. 1.6 ± 0.6 μmol L− 1 after 305 days. Thereafter, 
CH4 production in the inoculated bottles increased rapidly to a 
maximum average level between 1.5 ± 0.1–4.2 ± 0.3 mmol L− 1 after 
approx. 528 days, after which production levelled off (Fig. 3). The final 
CH4 level differed slightly in the bottles and levels decreased in the order 
MAB1-Ni + du > MAB1+Ni + du > MAB1+Ni-du > MAB1-Ni-du. The 
abiotic controls, independent of presence of Ni or dunite or not, had a 
very low CH4 level, ranging from approximately 0–0.04 mmol L− 1 

(accumulated values) after day 305. At the end of the experimental 
period (day 950 H2 was added (H2-CO2 (80:20) to an overpressure of 1 
atm) to investigate methanogenic activity. This resulted in a significant 
increase of methane in the inoculated bottles without dunite, reaching 
4.6 ± 0.5 CH4 mmol/L (data not shown). In contrast, no response was 
seen in the dunite supplemented bottles with MAB1 or for the abiotic 
controls.

3.3. Major element concentration and acetate measurements

The concentrations of Si, Mg, Ni, Fe, and Zn in all bottles after 
termination of the experiments revealed comparably higher concentra-
tions of all elements in the dunite supplemented bottles compared to 
non-supplemented bottles (Table 3). The inoculated bottles supple-
mented with dunite had a comparably higher concentrations of Si and 
Zn. In the bottles without dunite, Ni, Fe and Zn were below detection 
limit (Table 3). For acetate, added as carbon source for the methanogen, 
concentration declined to almost zero in the inoculated samples without 
added dunite, while the concentration in the non-inoculated bottles was 
similar to initial levels (0.3 g/L) (Table 3).

3.4. Microscopic analyses

Microscopical evaluation of the dunite grain surface at the end of the 
experiment using optical microscopy revealed as expected presence of 
an irregular cocci, the morphology of Methanoculleus, but also as well 
some filamentous cells, indicating bacterial contamination (Fig. 4a). In 
addition, a large amount of very small (<0.1 μm) sphere shape struc-
tures were observed (Fig. 4b). Precipitates (secondary minerals and/or 
evaporites) were also detected through visual and analytical measure-
ments using SEM (Fig. 4c).

3.5. Microbial analyses

Samples were taken from all bottles (except 2a which was used for 

Fig. 1. Average (of three replicates) H2 level (mmol L− 1) in the inoculated bottles and abiotic controls. Error bars values presented in Table 2, below. Open symbols 
represent experiments with added dunite, filled symbols without added dunite. Dashed lines represent control samples.
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Table 2 
Mean amount of H2 (mmol L− 1) and partial pressure of H2 (pH2 in bold, calculated from the average H2 value) in the experimental bottles. GM = non inoculated growth 
medium.

Experiment setup Time (days)

52 305 427 528 600 738 829

MAB1þNi þ Du 10.3 ± 0.9 3 9.6 ± 0.8 2.8 6.5 ± 1.5 1.9 3.2 ± 1.7 0.9 2.5 ± 1.7 0.6 8.3 ± 6.4 2.1 5.3 ± 3.3 1.5
MAB1+Du 9.2 ± 0.5 2.8 8.5 ± 0.8 2.6 5.6 ± 2.8 1.7 4.2 ± 0.3 1.2 4.3 ± 2.3 1.1 11.9 ± 3.9 3.1 13.3 ± 6.9 3.7
MAB1+Ni 7.5 ± 0.3 1.9 8.3 ± 2.3 2.1 1.4 ± 0.7 0.4 3.1 ± 2.2 0.8 2.5 ± 3.7 0.6 1.5 ± 1.6 0.3 3.3 ± 2.7 1
MAB1 7.9 ± 0.7 2 2.6 ± 1.2 0.7 1.4 ± 1.0 0.3 0.5 ± 0.3 0.1 0.5 ± 0.4 0.1 0.8 ± 0.7 0.2 1.4 ± 1.0 0.3
Control (+Ni + Du) 2.4 ± 2.2 0.4 0.9 ± 2.5 0.2 0.8 ± 2.3 0.4 0.7 ± 1.4 0.2 0.6 ± 2.0 0.2 1.0 ± 4.6 0.3 1.1 ± 4.5 0.5
Control (+Ni) 2.0 ± 1.0 0.5 1.1 ± 0.4 0.3 1.7 ± 0.6 0.4 0.9 ± 0.3 0.2 1.0 ± 0.1 0.2 1.4 ± 0.3 0.3 1.5 ± 0.2 0.5
Control (+Du) 1.5 ± 0.3 0.4 0.7 ± 0.1 0.2 1.2 ± 0.7 0.4 0.8 ± 0.1 0.2 0.6 ± 0.2 0.2 1.9 ± 0.8 0.5 1.6 ± 0.4 0.5
Control 1.3 ± 0.6 0.6 0.6 ± 0.3 0.2 1.5 ± 0.8 0.2 0.6 ± 0.4 0.2 0.6 ± 0.3 0.1 1.1 ± 0.6 0.2 1.6 ± 0.9 0.4

Fig. 2. Average (of three replicates) levels of carbon monoxide (CO, mmol L− 1) in the inoculated bottles and abiotic controls. For treatment abbreviations, see 
Table 1. Open symbols represent experiments with added dunite, filled symbols without added dunite. Dashed lines represent control samples.

Fig. 3. Average (of three replicates) accumulation of methane (CH4, mM) over time in the incubation bottles and abiotic controls. Open symbols represent ex-
periments with added dunite, filled symbols without added dunite. Dashed lines represent control samples.
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SEM analyses) after termination of the experiment and used for 
extraction of DNA and qPCR analyses of methanogens. In all samples 
from the non-inoculated controls, methanogenic gene abundance was 
below detection limit (<103 copies mL− 1 growth medium), whereas all 
inoculated samples (except 2c) clearly showed presence of the metha-
nogen (Table 4). Melt point analyses illustrated a single melting point at 
expected temperature for all amplicons generated from the inoculated 
samples, confirming a specific PCR product. With one exception (2b), 
the qPCR results showed slightly higher gene copy abundance (gene 
copy/mL) in the dunite-free inoculates than in those containing dunite 
(Table 4).

As mentioned above, microscopy analysis showed indications of 
bacterial contamination and DNA was consequently also used for PCR 
analyses targeting bacteria. In this way bacterial contamination were 
found in the biological samples without added dunite (MAB1 + Ni and 
MAB1). The obtained PCR products were sequenced (Sanger) and the 

results illustrated that the amplified bacterial sequence affiliated to the 
Firmicutes phylum and were closely related (98 %) to Limnochorda pilosa 
strain HC45T (GenBank/EMBL/DDBJ accession number: AB992259).

3.6. Statistical analyses

One-way MANOVA showed that all experiments performed under 
the same conditions were similar, with P > 0.05, regarding CH4 pro-
duction and H2 and CO levels (Table 5). MANOVA between biotic and 
abiotic samples incubated under the same conditions showed that all 
sets of pairs were significantly different (P < 0.05) (Table 5).

PCA analysis using Pearson correlation (chosen for direct, linear 
trends between variables) coefficient revealed that abiotic controls 
clustered together, while the biotic experiments were distributed into 
two clusters: one comprised of experiments performed without dunite, 
with or without Ni (samples 8 and 4), and one comprised of experiments 
performed with dunite, with or without Ni (samples 6, 2, and 1), with 
the exception of one replicate of batch 1 (MAB1 incubated with Ni and 
dunite) (Fig. 5). The PCA thus suggested a significant effect of dunite in 

Table 3 
Mean concentration (μg L-1) of major elements and acetate in controls and 
inoculated experiments. <DL = below detection limit. Si = silicon (DL = 3.89 μg 
L-1), Mg = magnesium (DL = 0.08 μg L-1), Ni = nickel (DL = 10.3 μg L-1), Fe =
iron (DL = 2.96 μg L-1), Zn = zinc (DL = 3.81 μg L-1).

Experiment Si Mg Ni Fe Zn Acetate 
(g/L)

Non-dunite 
controls

45.26 
± 4.30

7.66 ±
4.78

<DL <DL <DL 0.27 ±
0.12

Dunite 
controls

54.02 
± 5.91

69.58 
± 30.39

0.96 
±

0.67

3.46 
±

4.24

182.29 
± 14.87

0.34 ±
0.08

Non-dunite 
inoculated

32.92 
± 13.72

5.56 ±
3.61

<DL <DL <DL 0.03 ±
0.01

Dunite 
inoculated

56.85 
± 5.65

23.75 
± 3.97

0.13 
±

0.11

<DL 201.72 
± 22.33

0.26 ±
0.11

Initial conc <DL <DL 50 2000 <DL 0.42

Fig. 4. Scanning electron microscope (SEM) images of dunite grain surface at the end of the experiment showing a) presence of filaments and irregular cocci, b) small 
spherical structures of approximately 0.1 μm in size, and c) alteration minerals covering the dunite grain surfaces.

Table 4 
Total methanogenic 16S rRNA gene abundance per mL of growth medium 
(average of three replicates) measured after termination of the experiments. 
Standard deviation represents the variance for three biological replicates. For 
treatment abbreviations, see Table 1.

Experiment Av. log. gen.ab. Stdev

MAB1 + Ni + Du 4.01E+06 3.58E+06
MAB1 + Du 1.27E+05 1.78E+04
MAB1 + Ni - Du 3.94E+07 1.22E+07
MAB1 7.49E+07 4.56E+07
Control + Ni + Du No signal No signal
Control + Ni + Du No signal No signal
Control + Du No signal No signal
Control No signal No signal
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the biotic experiments, while the presence or absence of Ni did not seem 
to be the main parameter impacting CH4 production and CO and H2 
consumption (Fig. 5).

One-way ANOVA analysis, comparing biotic CH4 production in the 
presence of dunite with or without Ni (batch 1 against batch 2 + 6) 
resulted in a P-value close to zero (0.0004) (Table 6), i.e., presence/ 
absence of Ni significantly affected CH4 production in the presence of 
dunite. A P-value close to zero was also found for CH4 production in the 
presence of Ni with or without dunite (batch 1 against 4), suggesting 
that Ni affected CH4 production. Moreover, CH4 production in the 
presence of Ni and dunite (batch 1) was significantly different (P =
0.0004) from CH4 production without Ni and without dunite (batch 8). 
Contrary to these significant trends, CH4 production in the absence of 
dunite with or without Ni (batch 4 against 8) did not differ (P > 0.05) 
from CH4 production in the absence of Ni with or without dunite (batch 
2 against 8).

4. Discussion

Hydrous alteration of ultramafic rocks, such as dunite, can lead to the 
reduction of water to H2 as Fe(II) in dunite is oxidized to Fe(III) in 
secondary serpentine or magnetite minerals. Formation of serpentine 
minerals is known to release H2, serving as an indicator of mineral 

alteration processes. This serpentinization reaction, and the associated 
H2 production, is most significant around 300 ◦C and is extremely slow 
at temperatures below 100 ◦C [23]. Our experiments confirm that 
abiotic H2 formation is very low under low-temperature conditions 
(Fig. 1). Abiotic H2 production was minimal, consistent with previous 
reports on low-temperature olivine and dunite alteration [12]. Still, H2 

Table 5 
P-values obtained in MANOVA (Wilks’ lambda test) for each replicate of the same batch of experiments and between abiotic and biotic experiments performed under 
the same conditions. Bold values indicate significance (P < 0.05).

Conditions Abiotic experiments P-value Biotic experiments P-value Abiotic versus biotic experiments P-value

With Ni and with dunite 3 0.364 1 0.073 3 vs 1 <0,0001
Without Ni and with dunite 9 0.983 2 + 6 0.916 9 vs 2 + 6 <0,0001
With Ni and without dunite 5 0.533 4 0.788 5 vs 4 <0,0001
Without Ni and without dunite 10 0.102 8 0.210 10 vs 8 <0,0001

Fig. 5. Principal component analysis plot of samples used in this study. The two main axes explain 84.54 % of the variance in CH4 production and CO and H2 levels. 
Points 3, 5, 9, and 10 represent the abiotic controls (3: with Ni and with dunite; 5: with Ni and without dunite; 9: without Ni and with dunite; 10: without Ni and 
without dunite), while points 1, 2, 4, 6, and 8 represent the experiments inoculated with MAB1 (1: with Ni and with dunite; 2, 6: without Ni and with dunite; 4 with 
Ni and without dunite; 8: without Ni and without dunite).

Table 6 
P-values obtained in ANOVA for methane (CH4) production in biotic experi-
ments. Bold values indicate significance (P < 0.05).

Condition Experiment P value

With Ni and with dunite 1 0.0004
Without Ni and with dunite 2 + 6
With Ni and with dunite 1 0.0004
With Ni and without dunite 4
With Ni and with dunite 1 0.0004
Without Ni and without dunite 8
Without Ni and with dunite 2 + 6 0.0004
With Ni and without dunite 4
Without Ni and with dunite 2 + 6 0.201
Without Ni and without dunite 8
With Ni and without dunite 4 0.292
Without Ni and without dunite 8
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production reached levels previously shown to support growth of the 
investigated Methanocullues strain [12]. However, even though the re-
sults showed methane production, the H2 release was apparently not 
sufficient for sustained methanogenic growth. Interestingly, H2 pro-
duction increased in the presence of methanogens (Fig. 1). The H2 levels 
in the inoculated dunite bottles were higher compared to abiotic con-
trols, where no significant difference in H2 levels was observed with or 
without added dunite. These results suggest that the methanogenic ac-
tivity somehow increased H2 production from dunite, while some H2 
might also have been released from the decomposition of dead cells 
[24]. Abiotic degradation of organic litter (plant material) in the 
absence of O2 and at temperatures similar to those used in our study 
have been shown to produce H2 at a rate of approximately 0.2 nmol m− 2 

s− 1 [24]. Another source of H2 except from the dunite or degradation of 
cells, could have been by the breakdown of acetate. Abiotic acetate 
oxidation is not favorable under our experimental conditions, even with 
a strong catalyst, however the process can be biologically catalyzed, also 
under methanogenic conditions [25]. Oxidation of acetate is highly 
unfavorable energetically (ΔG0’ = +94.9 kJ/mol) but can proceed if H2 
is removed by a hydrogenotrophic consuming methanogens, like MAB1 
(ΔG0’ = − 135.6 kJ/mol) [26,27]. The oxidation of acetate could have 
been performed by a contaminating bacterium. Microscopic analysis 
revealed the presence of the irregular coccoid-shaped methanogen but 
also a filamentous bacterium, indicating bacterial contamination, also 
supported by DNA analysis. Sequence analysis illustrated that the 
contaminant, likely present in low abundance in the methanogenic 
inoculum, was closely related to Limnochorda pilosa, a facultative 
anaerobe known to form filaments and membrane vesicles, as observed 
in SEM images. This bacterium primarily ferments carbohydrates, but its 
weak growth on acetate may explain its presence in the experiment [22]. 
Inoculated bottles without dunite showed comparably lower acetate 
levels, suggesting acetate utilization. In contrast, bottles with dunite had 
higher acetate levels, indicating that the bacterium did not thrive in the 
dunite-altered environment, where higher H2 levels also were detected 
(Table 3). Partial pressures of H2 needs to be approximately 4 μM or 
lower for acetate oxidation [24,25] and the pH2 values in the dunite 
bottles did not fall below 0.5 mM (Table 2), which would prevent any 
acetate oxidation.

Stoichiometrically, approximately equal amount of CH4 can be pro-
duced per acetate consumed [28], which in our case corresponded to 
approximately 1 mmol/L. This is close to the amounts of CH4 observed 
in the inoculated bottles without added dunite. However, CH4 produc-
tion was higher in the dunite containing bottles, why acetate could not 
have been the only source of CH4 formation in these bottles, specifically 
considering that most of the acetate was still not converted in these 
cultures. Thus, the higher levels of H2 in the inoculated bottles with 
dunite suggest that CH4 was still produced mainly from dunite-derived 
H2.

The initial growth medium and gas phase were strongly reduced (Eh 
< − 110 mV), which may convert CO2 to CO according to the standard 
reduction potential of − 104 mV in water following reaction 2 [29]. This 
could explain the presence of CO in the bottles. 

CO2(g) + 2e- + 2H+ = CO(g) + H2O (2)                                                

(2n + 1)H2 + nCO → CnH(2n+2) + nH2O                                          (3)

Under certain circumstances, CO2 or CO can be catalytically reduced 
to CH4 through the so-called Fischer-Tropsch reaction (FT, reaction 3) or 
the Fischer-Tropsch Type reaction (FTT, reaction 1, same as reaction for 
microbial methanogenesis). However, these reactions are most efficient 
at temperatures above 200 ◦C [30,31]. In the set-up used here, with an 
experimental temperature of 37 ◦C, formation of CH4 through such 
process would be a very a slow process, even in the presence of catalytic 
sites such as chromium spinels on the dunite surface. Also, the CH4 
production in the inoculated controls were higher as compared to the 
inoculated bottles, showing that CH4 could not only have been produced 

by such abiotic process.
Some methanogens can use CO as an energy source, though growth is 

slow and may be incompatible with methanogenesis due to CO toxicity 
or redox imbalances [32]. However, at CO concentrations below 10 %, 
some methanogens have been shown to utilize CO as the sole energy 
source after a 500-h lag phase, provided that sufficient H2 was available 
[33]. Several methanogenic strains have been shown to be able to utilize 
CO, but the research on methanogenic CO utilization is still scarce and 
no information on M. bourgensis and CO is available. Thus, it is only 
possible to speculate as to whether MAB1 can use CO or not.

Methane production was sustained in all but one inoculated bottle 
(exp. 2A) for nearly three years without external nutrient or energy 
input. CH4 production was faster and higher in bottles with dunite, 
suggesting sufficient H2 production from dunite to support methano-
genic growth. Also, previous studies have shown that the levels of H2 
measured here is sufficient for the growth of MAB1 [12]. However, CH4 
production in bottles without dunite indicates an additional H2 source, 
as discussed above. Despite sufficient H2 release from dunite, CH4 pro-
duction ceased after 528 days, likely due to trace element toxicity from 
dunite, as heavy metals like Zn can inhibit methanogen growth at con-
centrations observed in the experiments [34].

Quantification of the methanogen, using qPCR at the end of the 
experiment (day 829) showed a higher abundance in cultures without 
dunite (batches 4 and 8) compared to inoculates with added dunite 
(batches 2,6 and 1). An explanation to these somewhat contradictory 
results, considering the higher CH4 production in the dunite supple-
mented bottles, could be that dunite provide an initial supply of H2, 
leading to a methanogenic growth and CH4 production, but after some 
time, the toxicity of the dunite becomes too high and the methanogenic 
growth was inhibited. This inhibition effect was further supported by the 
inability of the methanogenic cells to respond to externally added H2 
while on the contrary a significant increase of CH4 was seen for the non- 
dunite supplemented bottles. Approximately 30 % of the added H2 was 
converted to CH4. The amount of Ni in the growth medium had minimal 
impact on CH4 levels, causing only a slight delay in CH4 formation. A 
previous study showed that H2 uptake was slightly more efficient with 
Ni, but Ni was not essential for growth [12]. In this study, H2 levels 
decreased slightly faster in Ni-containing bottles early on, but after one 
year, the differences became insignificant, indicating that only a small 
amount of Ni is needed and that Ni concentration was not a limiting 
factor.

5. Conclusions

Cultures supplemented with dunite produced more CH4 compared to 
those without, indicating a positive effect of dunite addition, likely 
because formation of H2 due to abiotic and/or biologic alteration of 
dunite. Methane production began slowly after approximately 300 days, 
aligning with a decrease in hydrogen levels. The H2 levels measured 
were within the range supporting the growth of Methanoculleus bour-
gensis, as shown in prior studies. Some CH4 was likely produced with 
indirect assistance from a bacterial contaminant closely related to 
L. pilosa, through acetate oxidation to H2 and CO2, which the metha-
nogen later utilized. However, this acetate-driven process was only 
observed in non-dunite cultures and could not account for the observed 
CH4 yields.

Methane production continued for about 528 days before ceasing, 
possibly due to inhibitory levels of trace metals released during dunite 
alteration, such as zinc, which likely inhibited methanogen growth. 
Addition of external energy source (H2) to investigate methanogenic 
survival supported the inhibitory effect of dunite as only cultures 
without dunite showed responded with methane production. Note-
worthy was that the methanogen survived and showed activity for over 
800 days.

In summary, the results suggest that low-temperature alteration of 
ultramafic rocks like dunite can support methanogen growth. However, 
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this growth is limited by the slow rate of H2 production and the accu-
mulation of toxic trace elements.
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