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1. Introduction

Deposits of black shale ores worldwide contain considerable amounts of base, heavy, rare and precious metals (Pasava,
1993; Sawlowicz, 1993; Stribrny et al., 2000; Orberger et al., 2003; Vera et al., 2013).

Several black-shale hosted metal enrichments offering significant economic interest are among the world largest base
metal reserves like the Ni-Cu bearing black-shales in Talvivaara, Finland (Luokola-Ruskeeniemi and Heino, 1996). Most
of the elements of interest in black shales are typically in metal sulfides or silicate minerals, but also in organometallic
compounds including the metallo-porphyrins. For example, the Late Permian black shales widely distributed over Central
Europe and known as Kupferschiefer contain 5%-14% organic matter of marine origin (type II kerogen) (Gouin et al,,
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Abbreviations

813C (V-PDB) Carbon isotope composition relative to the V-PDB (Vienna Belemnitella Americana, Peedee
Formation, Cretaceous Period, South Carolina) standard

CELMS Collection of non-medical environmental and laboratory microbial strains at the Institute of

Molecular and Cell Biology, University of Tartu
EEUTARGCON5 Methane generating microbial community isolated from graptolite argillite
GA Graptolite argillite

NC Negative control

NCBI SRA National Centre of Biotechnology Information Sequence Read Archive

PCR Polymerase chain reaction

R2A Reasoner medium, suitable for isolation of microorganisms from the environment
SRB Sulfate reducing bacteria

SULFAMMOX Sulfate reducing ammonium oxidation.

2007; Kamradt et al., 2012), and are rich in Ni, Pb, Co, Cu, Mg, Zn, V, Al, Cr as well as Sn, Te, W, Pt and Zr that form
a range of metallo-porphyrins and metallo-porphyrin-derivatives (Orberger et al., 2003). Similarly, the Ordovician black
shale (called as graptolite argillite — GA) in Estonia and NW Russia containing 10%-20% of organic matter (kerogen) in
feldspar, quartz and clay mineral matrix (Maremade, 1988) is significantly enriched with U, Mo and V, and occasionally Zn
(Voolma et al., 2013). These high concentrations of certain metals may be potentially useful and hazardous at the same
time. During the Soviet Occupation of Baltic countries, the GA was mined in Estonia for uranium production. Between 1964
and 1991, approximately 73 million tons of graptolite argillite was mined and piled into waste heaps from a covering layer
of phosphorite ore at Maardu, near Tallinn (Soesoo et al., 2020).

Commonly different pyrometallurgical processes are used to extract useful components from black shales. In last
decades, however, hydrometallurgical processes have been advocated as less environmentally harmful and economic
methods (Kaksonen et al., 2018; Vind and Tamm, 2021). Metals can be leached from organic rich shales with acids,
oxidation and hydrogenation; (Lippmaa et al., 2009, 2011).

Alternatively, the microbially induced (bio-)leaching has been successfully used to retrieve the metals of interest
(Mishra and Rhee, 2010; Watling, 2015; Kaksonen et al., 2020). Microbial technology offers an economic substitute for
the mining industry, at a time when high grade mineral resources are being exhausted (Poulin and Lawrence, 1996).
While the role of pyrite oxidizing microorganisms in bioleaching of metals is well described (Cockell et al., 2011; Esnault
et al.,, 2013; Vera et al., 2013; Li et al., 2014; Dumett and Keener, 2014; Crundwell, 2014), much less is known about the
microbial decomposition of organometallic complexes.

Black shales are known as habitat for diverse microorganisms (Esnault et al., 2013; Mesle et al., 2013), and number of
studies have detailed the diversity of culturable species in mineral material (Watling, 2015). Two strains of heterotrophic
bacteria, Bacillus cereus and Bacillus amyloliqueficiens, were isolated and used to extract metals (at pH 7) from the
organometallic component of Kupferschiefer black shale ore (Farbiszewska-Kiczma et al., 2004). Isolates of heterotrophic
bacteria degrading organometallic components included Pseudomonas, Acinetobacter, Aeromonas, Brevibacillus, Microbac-
terium and Bacillus species (Brombacher et al., 1998; Farbiszewska-Kiczma and Farbiszewska, 2005; Matlakowska et al.,
2007; Matlakowska and Sklodowska, 2009). Based on metagenome and metaproteome studies, these microbial processes
have now been described (Wlodarczyk et al., 2018).

Although biodegradation of geopolymers has been reported in several studies (Widdel and Rabus, 2001; Strapoc
et al, 2011; Schlegel et al, 2013; Kutschke et al., 2015; Ritter et al., 2015; Rabus et al., 2016) the mechanisms of
biotransformation of such polymers, incl. geo-porphyrins to natural gas were not fully understood. Recent studies by
(Stasiuk and Matlakowska, 2021a) have shed light to these processes presenting the key metabolic pathways. In line with
other substrates for methanogens (Jones et al., 2008; Harris et al., 2008; Strapoc et al., 2011; Urios et al., 2012; Mesle
et al.,, 2013; Schlegel et al., 2013; Urios et al., 2013), methanol and trimethylamine (Pfeiffer and Ulrich, 2010; Wuchter
et al,, 2013) as methylotrophic substrates have been used to stimulate methanogenesis. However, to our knowledge, no
reports on the use of betaine for this task could be found. Methanogens, consuming betaine directly have nevertheless
been described (Watkins et al., 2014; Ticak et al., 2015).

The degradation of N-containing porphyrin geopolymers can be compared with similar processes in anaerobic
treatment of high-level nitrogen and sulfur containing wastewaters. Favorable coexistence of sulfate reducing bacteria
(SRB) and methanogens has been observed, explained by the metabolism of trimethylamine — a degradation product of
betaine (Formula (1)) (Koplimaa et al., 2010). Thus, the observation of (Fdz-Polanco et al., 2001) confirms sulfate reducing
ammonium oxidation (SULFAMMOX) and simultaneous methanogenesis in a reactor containing betaine (Eq. (1)).
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Formula (1). Chemical structure of betaine (N, N, N-trimethyl glycine).
2NH; " 4+ S04%~ — Ny + Sp 4+ 4H,0, AGy = —46 k] reaction™" (1)

In the presence of sulfate more NH4" is consumed than the stoichiometric ratio would predict (Rikmann et al., 2012;
Kong et al., 2021). Similar processes have been observed in sediments (King, 1983; Schrum et al., 2009). Microorganisms
responsible for SULFAMMOX (sulfate reduction dependent ammonium oxidation) were not typical anammox organisms
- Planctomycetes — but rather other phyla, e.g. Verrucomicrobia (Rikmann et al., 2014). Betaine is degraded stepwise
(Eq. (2)) (Naumann et al., 1983; Zumbusch et al., 1994; Moune et al., 1999), and in the final steps methylated amines
are consumed by methylotrophic archaeans (methanogens) resulting in production of ammonium and gaseous methane
(Eq. (3)) (Tschobanoglous et al., 2003). Thus, methanogens gain advantage over sulfate reducing microorganisms, avoiding
generation of H,S.

betaine + 1.32 serine + H,O — (CH3)3N + 2 CH3COOH + 1.32CO, + 1.32 NH; (2)
4(CH3)3N + 12H,0 — 9CH4 + 3CO, + 6 H,0 + 4 NH3 (3)

The aim of this study is to describe the microbial diversity of methane producing and metal leaching community enriched
from Estonian graptolite argillite. An attempt was also made to obtain implications on the mechanism of these processes.

2. Materials and methods
2.1. Substrates and media

Graptolite argillite samples from a drill core provided by Ashtree Ltd, Estonia (Laagri, Harju County, Estonia, 59°20'57"N,
24°35'32"E, depth of 32,5 m) were used as substrate in cultivation experiments. The outer weathered layer of the drill
core (approx. 3—-4 cm thick) was removed and about 500 g of argillite taken from the drill core was crushed (pieces
with dimensions of 0.5 to 1 cm). The crushed argillite samples were kept in mini grip bags at +4 °C. The resulting
argillite samples served both as an inoculum (source of facultative and obligatory anaerobic bacteria and methanogenic
archaeans) as well as a substrate (source of nutrients). The organic matter content of the sample was 11.4% and sulfur
content 2.3%. R2A, a suitable medium for isolation of microorganisms from the environment was used as the main
medium (Reasoner and Geldreich, 1985). Various carbon sources (glucose, ethanol), substrates favoring methanogenesis
(Na-acetate, methanol, betaine, vinasse), buffer components (NaHCO3) and reducing agents (cysteine, Na,S) were added
to the main medium of R2A (Fig. 1, Appendix A, MMC S1).

2.2. Inoculum

In enrichment experiments, no specific inoculum was used, all the microbial consortia originated from the GA samples
themselves and were used in the experiments without prior sterilization, autoclaving or any other thermal treatment. In
cultivation experiments of the microbial community (named as EEUTARGCONS5) with graptolite argillite (native or gamma
sterilized at 50 kGy), glycerol stock cultures stored at —80 °C were used, with inoculation into 15 ml of liquid medium
R2A, growing anaerobically for 2-4 days under argon and then adding to the experiment with the ratio 1:20 at an optical
density of 0.05.

2.3. Cultivation experiments

2.3.1. Serum bottles

For enrichment a methane-producing microbial community from argillite, 6 parallel experiments at 36 °C and 2 parallel
experiments at 25 °C in serum bottles were started with glucose, ethanol, butyric acid, propionic acid and whey as
additional carbonaceous substrates, and acetate, methanol, betaine and vinasse as methanogenic substrates in addition
to the main medium R2A (Fig. 1). 55 ml of medium was measured into each serum bottle and 7 g argillite was added.
Before closing, the serum bottles were flushed with the mixture of CO;: N, (20:80) for 15 s. The production of biogas was
monitored. For liquid sampling, one serum bottle at 36 °C was opened every two weeks and one serum bottle at 25 °C
every 4 weeks. Immediately after sampling, the cell cultures were filtered using 0.2 wm Whatman syringe filter. DNA
was extracted using PowerSoil® DNA Isolation Kit. Additionally, negative controls (NC) were used to verify integrity of
extraction method. Extracted DNA concentrations were measured with Appliskan in plate format or with Qubit in tube
format. This was followed by PCR analysis with primers specific for acetogens (primer pair Fhs1-FTHFSr) or methanogens
(primer pairs MLf-MLr, MCRf-MCRr, ME1-ME2) and preparation of amplicons with a pyrosequencing label by PCR (with
primer pairs BSF8-BSR357 and Arch349F-A934b) and pyrosequencing.
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Fig. 1. Scheme for preparation of media for various experiments and analysis performed; NaHCO; buffer was added to all media variants.

2.3.2. OxiTop® system

Media containing additional carbon sources (glucose, whey) as well as media containing additional methanogenic
substrates (acetate, methanol, betaine, vinasse) were used; the experiments with the use of ethanol, propionate and
butyrate were omitted (Fig. 1). All the experiments were performed with two replicas. Experiments with the main medium
R2A and with supplements methanol and vinasse were performed twice. Cultivation experiments were performed with
the OxiTop® system (WTW/ Xylem Analytics) in hermetically sealed 250 ml, 500 ml or 1000 ml volume reactors with
manometric sensors, data acquisition device and Achat OC 3.2.0.0. software. The 250 ml and 1000 ml bottles have two
lateral connection hubs enabling liquid and gas sampling. The internal pressure in bottle and the composition of gas
mixture were analyzed. Biogas released by anaerobic degradation increases the pressure in the hermetical and calibrated
OxiTop® system, based on which the growth curve of microorganisms can be generated. The pressure is measured in
hectopascals (1 hPa = 102.1 Pa = 1 mbar). From pressure change, the amount of gas released can be calculated from
Eq. (4) (Pereira et al., 2012; Menert, 2015):

pV = nRT, where (4)

p — the pressure of the gas, N/m? or hPa;
V — the volume of the gas, m>;
R — the universal gas constant, J/mol*K; R = 8.314 J/mol*K;
T — the absolute temperature of the gas, K;
n — the amount of the substance of gas (number of moles) [mol]; the number of moles n = 1 corresponds to 22.4 | gas
under normal conditions.
Reactor bottles with the main medium (R2A) were autoclaved, labile media components (NaHCOs, betaine, cysteine,
Na,S) were added by filter sterilization (0.2 wm pore size Whatman syringe filter). Subsequently the samples of argillite
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and inoculum (in all the experiments, except the enrichment ones) were added and the OxiTop® reactors were assembled
with pressure sensors and sampling ports. As argillite indigenous microbial community supposedly contains obligatory
anaerobes, air in the headspace of reactor bottles was replaced by argon gas with flushing for 4 min before the beginning of
the experiments. The completed reactor bottles were placed into a thermostated shaker at t = 37 °C. The DNA extraction,
PCR analysis and pyrosequencing were performed as in the case of serum bottle experiments.

2.4. Analytical methods

2.4.1. Determination of the amount of gas
From the raw file data obtained from the OxiTop® data acquisition device, the cumulative pressure (hPa) in the reactor
was first calculated:

Psum,t =Psum,t—1 +Pt _Pt—l’ (5)

where Pg;, —1 — the total pressure in the previous test point, hPa;
P; — the current value of pressure at given test point, hPa;
P;_1 — the current value of pressure at the previous test point, hPa.
It was then possible to calculate the cumulative amount of biogas in millimoles:

Pbiogas : Vbiogas i (6)
R-T

where Ppiggas — the pressure of biogas in the reactor, hPa;

Vhiogas — the volume of biogas in the reactor, m?;

R — the universal gas constant, m> hPa/ (K-mol);

T — the temperature, K.
Before starting the experiments with the inoculum EEUTARGCONS, the cells were not washed, so the inoculum also
contained a small amount of nutrients that could be degraded into biogas. The amount of biogas (njy,.) originated from
the degradation of the nutrients derived from the inoculum was not determined. Instead, to find out the gas pressure
value (psups) for experiments, the gas pressure value in EEUTARCONS culture grown in the absence of argillite (pinoc)
was subtracted from the total gas pressure value (Ppiogas). The cumulative amount of biogas released only by substrate
decomposition in millimoles is calculated analogously:

Mpiogas =

Minoc in mixture
Nsubs = Mpiogas — Minoc * ———— > (7)
Minoc
where npjogas — the amount of biogas generated with EEUTARCONS culture during the decomposition of the substrate
(argillite) and cultivation medium, mmol;
Ninec — the amount of biogas released during the cultivation of EEUTARCON culture in the absence of argillite, mmol;
Minoc inmixture — the mass of the inoculum added to the substrate, g;
Minoc — the mass of inoculum in the blank experiment, g.
Using volume fractions of gas components, the cumulative amount of methane (or any other gas component) in biogas
can be calculated (mmol):

Mi,¢ = i, —1 + (Mbiogas, ¢ — NMbiogas. 1) * Vi, %/ Z(vi.%), (8)

where n;  — the cumulative amount of gas component i at given test point, mmol;
n; -1 — the cumulative amount of gas component i in the previous test point, mmol;
Nhiogas,t — the cumulative amount of biogas at given test point, mmol;
Npiogas, -—1 — the cumulative amount of biogas at previous test point, mmol;
vig/ Y (vig) — the volume fraction of gas component i at the given test point.
Cumulative amount of biomethane released by substrate degradation per mass of graptolite argillite (m?/t GA):
Nk, subs * 22.4 - 1000

Verga = , (9)
msample. GA

where ncya, sups — the cumulative amount of biomethane released by the substrate degradation, mol;

22.4 - the volume of one mole of gas under normal conditions, I;

Msample, ;4 — Mass of graptolite argillite, g;

1000 — for converting the result to tons (without the conversion the unit is /g or m3/kg). (Menert, 2015; Appendix
A, MMC S1).

2.4.2. Chromatographic analyses

The composition of the released gas mixture in all cultivation experiments was measured with the gas chromatograph
Shimadzu GC-2014 (methane determination range 10 ppb — 30%) and with a gas chromatograph Varian Inc. Model
CP-4900 (methane determination range 1%-100%). (Luna-delRisco et al., 2011).
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Table 1
Results of gas pressure, gas composition and analysis of acetogenic and methanogenic activity by functional genes analysis in the OxiTop enrichment
experiment at t = 37 °C%.

No Culture medium Day pH Gas CO,, % CHy, % N0, DNA PCR PCR PCR PCR
pressure, ppb conc, Fhs1- ML{- MCRf- ME1-
hPa ng/wl FTHFSr MLr MCRr ME2

1 R2A + GA, 1st experiment” 24 nd. 465 6.83 0.00060 355 n.d. n.d. n.d. n.d. n.d.

2 R2A + GA, 2nd experiment 31 69 454 n.d. n.d. n.d. 0.9 + - - -

3 R2A + Na-acetate + GA, 1st experiment 43 6.7 416 n.d. n.d. n.d. 2.2 + - - -

4 R2A + Na-acetate 4+ GA, 1st experiment 43 69 363 n.d. n.d. n.d. 0.8 + - - -

5 R2A + glucose + GA, 1st experiment 43 62 794 n.d. n.d. n.d. 1.1 - - - -

6 R2A + glucose + GA, 1st experiment 43 53 434 n.d. n.d. n.d. 33 + - - -

7 R2A 4 methanol + GA, 1st experiment 81 nd. 561 6.21 0.0051 79 n.d. n.d. n.d. n.d. n.d.

8 R2A + methanol + GA, 2nd experiment 24 nd. 633 £21 1094 0.00199 1908 n.d. n.d. n.d. n.d. n.d.

9 R2A + methanol + GA, 2nd experiment 31 7.7 625+ 6.0 n.d. n.d. n.d. 0.1 + - - -

10 R2A + methanol + GA, 2nd experiment 47 nd. 639 +27 0.06 0.00034 326 n.d. n.d. n.d. n.d. n.d.

11  R2A + vinasse + GA, 1st experiment 43 67 377 +95 nd. n.d. n.d. 6.4 + - - -

12 R2A + vinasse + GA, 2nd experiment 24 nd. 705 £ 15 7.61 0.00077 3226 n.d. n.d. n.d. n.d. n.d.

13 R2A + vinasse + GA, 2nd experiment 31 67 701+ 11 nd n.d. n.d. 2.2 + + - -

14 R2A + vinasse + GA, 2nd experiment 47 nd. 708 &£ 17 7.34 0.00026 4393 n.d. n.d. n.d. n.d. n.d.

15 R2A + GA + betaine®, 1st experiment 56 nd. 800 7.33 15.58 1443 nd. n.d. n.d. n.d. n.d.

16 R2A + GA + betaine, 1st experiment 63 nd. 1090 7.00 28.06 1010 n.d. n.d. n.d. n.d. n.d.

17 R2A + GA + betaine, 1st experiment 77 79 1202 6.26 27.18 413 6.8 + + + +

18 R2A + GA + betaine, 1st experiment 91 nd. 1601 5.11 18.96 252 n.d. n.d. n.d. n.d. n.d.

19 R2A + GA + betaine, 1st experiment 102 nd. 1957 5.25 33.00 181 n.d. n.d. n.d. n.d. n.d.

20 R2A + GA + betaine, 1st experiment 112 nd. 2275 12.60 27.10 n.d. n.d. n.d. n.d. n.d. n.d.

21 R2A + GA + betaine, 1st experiment 124 nd. 2574 1178 3745 8.79 n.d. n.d. n.d. n.d. n.d.

2NaHCO; buffer added to all combinations of media, additionally reducing agents Na,S (0.225 g/l) and cysteine (0.45 g/l) were added in the 2nd
series of experiments.

bBoth experiments with R2A + GA were performed with one replica.

‘Only the data for the methane producing replica are presented.

3. Results and discussion
3.1. Obtaining enrichment cultures in serum bottle experiments

Provided several metals in argillite could be combined with organic matter, a hypothesis was posed consisting in
initiating methanogenesis and releasing metals by disruption of porphyrin cycle rather than in simple stimulating it
with methanogenic substrates. The mechanism for degradation of organic component of argillite and the most efficient
combination of microbes conducting this process could thus be identified.

The effect of supplements at 36 °C was quite modest. More gas was released at higher pH values in the experiments
with vinasse, methanol, ethanol and acetate. Primer pairs binding to the methanogenesis marker gene mcrA, encoding the
methyl coenzyme M reductase (MCR) subunit A, were used to detect methanogenic archaeans. Primer pair binding to the
acetogenesis marker gene fhs encoding formyltetrahydrofolate synthetase (FTHES), was used to detect acetogenic bacteria.
Since vinasse was used without sterilization, growth of acetogens was also observed in control samples with vinasse.
Positive for gene specific to acetogens were culture media R2A, R2A + methanol, R2A + ethanol, R2A + vinasse and
R2A + reducing agents (Na,S and cysteine). Media supporting the growth of methanogens were R2A and R2A + reducing
agents. Thus, all the supplements, except organic acids propionate and butyrate promoted the growth of acetogens and/or
methanogens. For the first time, detectable amounts of both CO, and methane were observed with all the supplements
since day 56. The higher concentrations of methane were obtained with vinasse (44 ppm) and ethanol (53 ppm).

The changes in pH and gas generation in serum bottle experiments at 25 °C were similar. The following media were
tested positive for specific to acetogens: R2A, R2A + acetate, R2A + methanol, R2A + ethanol, R2A + betaine, R2A
+ vinasse, R2A + butyrate. Only R2A + ethanol was tested positive for methanogens. Detectable amounts of biogas
components were observed only since day 56. All the data concerned are presented in Appendix A, MMC S1.

3.2. Obtaining enrichment cultures with the OxiTop system

Only the experimental conditions with positive results on acetogen and/or methanogen marker gene detection in serum
bottle enrichment experiments were selected for gas generation monitoring with the OxiTop® system (Fig. 2). In both
experiments, gas generation results with the media R2A and with R2A + methanol were rather similar. Vinasse gave
some increase in gas pressure, however the methane content in gas phase remained insignificant (77 ppm, Table 1).
Acetate addition had no effect on gas production as compared to R2A as main medium. Slightly higher gas generation
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Fig. 2. Pressure changes in microcosm OxiTop experiments of argillite samples (8.3% suspension) with various supplements added to R2A base
medium as compared to medium R2A without supplements, t = 37 °C. In the experiments with the media R2A, R2A + methanol, R2A + vinasse
and R2A + whey, also reducing agents Na,S and cysteine were added to culture medium. a. — Na-acetate; b. — glucose; c. — methanol; d.
— betaine; e. — vinasse; f. — whey.

was achieved with glucose, methanol, vinasse and whey (Fig. 2c, e, f). The best supplement to sustain higher pH and thus
promote methanogenesis was again vinasse, and additionally betaine (Table 1). In the experiments with the media R2A,
R2A 4 methanol, R2A + vinasse and R2A + whey, also reducing agents Na,S and cysteine were added to culture medium,
as this combination had been previously shown to promote acetogenesis and methanogenesis in t = 36 °C serum bottle
experiments.
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Fig. 3. The amounts of total biogenic gas and its components methane and CO, released from argillite with an indigenous microbiological consortium
and with medium R2A + NaHCO; + betaine, calculated by cumulative gas pressure and volume fractions of gas components.

With the medium R2A + betaine, the presence of methanogenesis pathway gene mcrA was in good correlation with
the actual appearance of methane into the gas phase (16% on day 56, Table 1). The taxonomic composition of the microbial
community based on the 16S ribosomal RNA gene sequence is described in Sections 3.3 and 3.4. When cultivating
methanogens in a mixed culture, the buffering capacity of the medium is of utmost importance because metabolites from
fermentative microorganisms acidify the environment rapidly while methanogens prefer solely alkaline region (pH 6.8-
7.5). Availability of microelements and vitamins is important; supplement of metabolic intermediates and methanogenic
substrates also facilitates the growth of methanogens. All these conditions were fulfilled solely in one of the replicas with
the cultivation medium R2A + betaine, obviously promoting gas generation at the expense of degradation of argillite
organic matter (Fig. 2d).

Based on the measurements with the OxiTop device, the changes in cumulative gas pressure (hPa) in the reactor were
first calculated (Eq. (5)). Further the cumulative amount of biogas in millimoles was calculated from Egs. (6), (7) and
finally, using the volume fractions of gas components, the cumulative amounts of methane and other gas components
(mmol) in biogas were found by Eq. (8). The volume of biomethane evolved can be calculated and expressed also as per
mass of argillite (Eq. (9)). Using 25 g of crushed argillite as a substrate (with particle dimensions of 0.5-1 cm) with 300 ml
medium R2A + NaHCO3 + betaine, within 90 days 417 ml of biogenic gas with methane content from 15 to 28%, with
a yield of 3.1 L of methane per 1 kg of argillite was obtained (Fig. 3). 671 ml of biogenic gas with methane content of
up to 37.5% was evolved as a maximum within 124 days, which means a yield of 6.4 liters methane per 1 kg of mineral
(argillite) (Appendix A, MMC S1).

3.3. Taxa identification of microbial communities from enrichments

From the samples of microbial communities enriched from argillite in OxiTop experiments with various cultivation
media (Fig. 1), microbial DNA was extracted, amplicons with a pyrosequencing label were prepared by PCR and sequenced.
According to the results of pyrosequencing, the medium stimulating methane generation - R2A + betaine was dominated
by the class Bacilli - the genus Ureibacillus; by 16S rRNA gene-specific primers Arch349F-A934b the genus Bacillus was
present (consortium EEUTARGCONS5, Fig. 4a, b). The Ni-enzyme urease containing genus Ureibacillus accounted for 85.41%
of total reads (Appendix A, MMC S2).

The detailed list of all taxa identified in indigenous communities from the enrichment experiments of graptolite argillite
in various growth media in both serum bottle and OxiTop experiments with primer pair BSF8-BSR357 are presented in
Appendix A, MMC S2.

The genus Methanosarcina belonging to domain Archaea, accounted for 10.46% of total taxa of EEUTARGCONS5 (Fig. 4b,
Appendix A. MMC S3). These archaeans contain Co- and Ni-enzymes and are capable for methane generation by three
different metabolic pathways — hydrogenotrophic, aceticlastic and methylotrophic ones (Glass and Orphan, 2012;
Vinson et al,, 2017). The overall diversity of microorganisms of this microbial community was higher than that of
with base medium R2A. Taxa identified from this community can be functionally divided into organic matter degraders
(genus Bacillus), sulfur metabolism-related taxa (class Desulfotomaculia), and methanogenesis-related archaeans (genus
Methanosarcina). By contrast, the cultivation media R2A and R2A + methanol, were dominated by the representatives of
class Desulfotomaculia (formerly Clostridia Parks et al., 2018; Chakraborty et al., 2022), mainly genus Desulfotomaculum re-
lated to sulfur metabolism, which accounted correspondingly for 49 and 75% of all taxa assigned (Fig. 4a). Similar response
of dormant microbial communities to organic substrate amendments has been observed in marine sediments (Chakraborty
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Fabrice and Didier, 2009) (Table 2, Appendix A. MMC S2); b. — with archaeal 16S ribosomal RNA V3-V5 genes region using primers Arch349F-A934b
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Table 2

NCBI SRA Accession numbers for the indigenous communities from the enrichment experiments of graptolite argillite.
Medium Sample code Primers NCBI SRA Sample code Primers NCBI SRA

Accession number Accession number

R2A B_A12 BSF8-BSR357 SRR23179999 A_A12 Arch349F-A934b SRR23498591
R2A + Na - acetate B_A236C BSF8-BSR357 SRR23179998 n.d. n.d. n.d.
R2A + glucose B_A3A BSF8-BSR357 SRR23179994 n.d. n.d. n.d.
R2A + methanol B_A13 BSF8-BSR357 SRR23179993 A_A13 Arch349F-A934b SRR23498590
R2A + betaine B_A4A BSF8-BSR357 SRR23179992 A_A4A Arch349F-A934b SRR23498589
R2A + vinasse B_A14 BSF8-BSR357 SRR23179991 A_Al4 Arch349F-A934b SRR23498588

et al,, 2022). Strict anaerobes from the class Clostridia (order Clostridiales) dominated in serum bottle experiments with
medium R2A + ethanol (64 and 83%). In both, serum bottle and OxiTop experiments with medium R2A + vinasse, the
most abundant was also class Clostridia but order Oscillospirales (65 and 79%). A higher proportion of facultative anaerobes
from class Bacilli and lower proportion of strict anaerobes from class Clostridia (order Lachnospirales) was observed in
serum bottle experiments with media R2A, R2A + methanol and R2A + reducing agents. The list of all taxa identified
in indigenous communities from the enrichment experiments of graptolite argillite in both serum bottle and OxiTop
experiments with primer pair Arch349F-A934b is presented in Appendix A, MMC S3. In line with methanogens also
bacterial taxa, e.g., genus Tepidanaerobacter, genus Bacillus, order Desulfotomaculales, order Ammonifexales were identified
(Fig. 4b). As primer pair Arch349F-A934b has been designed for detection of archaeans, incl. methanogenic archaeans,
only 29%-47% of bacterial taxa could be identified on order/ genus level. In Oxitop experiments, methanogenic archaeans
were detected neither with other supplements than betaine, nor they were detected in serum bottle experiments.

3.4. Changes in community structure during cultivation of methane generating consortium on graptolite argillite

3.4.1. Changes in the concentrations of gaseous metabolites

It is probable that during the first weeks with modest biogas generation, only the first two phases of anaerobic
decomposition of organic matter — hydrolysis and fermentation take place, and the pressurizing gases produced are
CO,, Hy, NH3 and water vapor (Angelidaki et al., 2011). This assumption was tested by gas chromatographic analysis
(Fig. 5a). Using freshly ground argillite and growth medium R2A plus supplements, a new experiment was launched with
the inoculum EEUTARGCONS in a 250 mL OxiTop® system with 150 ml culture medium at a temperature of 37 °C and
at pH 7.5. Using the volume fractions of gas components, the cumulative amount of methane and other gas components
(nwmol) in biogas was found by Eq. (8) and the amount of methane evolved was calculated and expressed as per mass
argillite (Eq. (9)).

Indeed, considerable amounts of methane were produced only since day fifteen, indicating the start of later phases of
anaerobic decomposition — acetogenesis and methanogenesis. Considerable amounts of N, indicate on the possibility of
heterotrophic denitrification (Dominika et al., 2021) and minor amounts of O, on the possible decomposition of reactive
oxygen species (ROS) (Sabumon, 2007).

3.4.2. Changes in the microbial community in cultivation experiments

In addition to gas composition measurements, we sampled three time points for microbial community determination.
The data on microbial community composition correspond to the same cultivation experiment as in Fig. 5a. Depending
on the time of the sampling, on day 0, 16 or 44, the composition of consortium was very different. Analogously
to the enriched cultures (Fig. 4a, b), taxa, identified from the communities can be functionally divided into organic
matter degraders (genus Bacillus), sulfur metabolism-related taxa (genus Desulfotomaculum), and methanogenesis-related
archaeans (genus Methanosarcina) (Fig. 5b, Appendix A, MMC S4). The genus Methanosarcina was detectable in all three
sampling points, being most numerous in the middle sampling point, in accordance with methane generation. Strict
anaerobes dominated in all sampling points, order Clostridiales in the inoculum and in the middle sampling point and order
Thermoanaerobacteriales in the end sampling point. Diversity was the highest in the middle sampling point (Appendix A,
MMC S4).

3.5. Determination of the origin of the methane by isotopic analysis

The origin of methane was tested by §'3C isotopic analysis in a separate experiment using a sample from the first
enrichment experiment with betaine on day 129 (8.3% GA suspension) with two different betaine concentrations (1.35
g/l and 0.675 g/l) and with and without argillite. The average values for §'3C (%.V-PDB) for methane from the samples
containing graptolite argillite and medium and from the samples without argillite, containing only medium (blank
samples) were —51.99 £ 4.60 %o and —72.86 & 5.35 %, respectively (Table 3). The typical §'3C value for methane
originating from kerogen matter generated by aceticlastic pathway is known to be -50%o (Whiticar, 1999; Ashley et al.,
2021). In the samples with adapted consortium solely in the medium (R2A plus betaine, 1.35 g/L or 0.675 g/L) the
813C (V-PDB) values are much more negative (§'3C (V-PDB) = —72.86 + 5.35%), indicating methane originating from
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Fig. 5. Changes in community structure during cultivation of methane generating consortium EEUTARGCON5 on graptolite argillite (1% suspension)
with OxiTop system and medium R2A + NaHCO; + betaine + Na,S + cysteine. a. — changes in the concentrations of gaseous metabolites; b. —
taxa identified in various growth phases with primer pair 515F-926R targeting 16S ribosomal RNA v4-v5 genes regions (Parada et al,, 2016). Green
— the main taxa in the inoculum (day 0), NCBI SRA Accession number SRR23193069; blue — the main taxa in the middle sampling point (day 16),
NCBI SRA Accession number SRR23193068; red — the main taxa in the end sampling point (day 44), NCBI SRA Accession number SRR23193067;
NCBI taxonomy (Parks et al., 2018) (Appendix A. MMC S4). . (For interpretation of the references to color in this figure legend, the reader is referred
to the web version of this article.)

hydrogenotrophic methanogenesis. Thus, betaine was not used for methane generation directly in either case, but methane
originated more likely from the organic part of graptolite argillite. There is also a noticeable positive trend between
methane isotopic composition and the proportion of methane in gas phase. The §'3C (V-PDB) in the solid samples of
GA and growth medium were also measured (—31.87 &+ 0.31 and —28.87 + 0.05, respectively) but showed no significant
difference (p = 0.64). On the other hand, the average values of §'3C (V-PDB) in methane gas from the samples with GA
and medium and from the samples without GA had a significant difference (p = 0.0001) (see Table 3).
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Table 3
Determination of the origin of the methane by isotopic analysis (§'>C method).
No. Sample Content of growth medium §13C (VPDB), %o CHy4 in gas phase, %
1 Adapted argillite, R2A (3.0 g/L) plus betaine (1.35 g/L) —49.40 + 243 40.70 £ 4.62
consortium argillite, R2A (1.5 g/L) plus betaine (0.675 g/L) —53.93 + 5.17 15.78 £+ 5.10
Average —51.99 + 4.60 26.45 + 14.04
2 Adapted R2A (3.0 g/L) plus betaine (1.35 g/L) —71.47 + 3.30 13.16 £+ 9.04
consortium R2A (1.5 g/L) plus betaine (0.675 g/L) —74.95 + 8.84 573 + 1.34
Average —72.86 + 5.35 10.19 £+ 7.61

3.6. Leaching of metals from graptolite argillite

Leakages are a major problem with black shales deposits and mines (Parviainen and Loukola-Ruskeeniemi, 2019). The
analysis of the supernatant from the enrichment experiment samples showed solubilization of several metal ions (Ni,
Co). With the growth medium R2A (3.0 g/L) plus betaine (1.35 g/L) without any microbial inoculum added, 23.1% cobalt
and 14.4% nickel of the maximum concentration of these metals in argillite was leached into the growth medium under
anaerobic conditions in argon atmosphere (Fig. 6a). Both elements are necessary as cofactors of bacterial and archaeal
enzymes (Glass and Orphan, 2012). Betaine is known to promote the synthesis of vitamin B12 (cobalamin), which is
required for the growth of microorganisms. The structures of cobalamin (the central atom is cobalt) and porphyrin in
argillite (central atoms are different metals) are similar. It is possible that microorganisms naturally present in argillite
can take the microelements (Ni, Co) required for the synthesis of vitamin B12 from argillite and thereby cleave the
porphyrin structure to some extent (Wlodarczyk et al., 2018; Stasiuk et al., 2021). As the pH was in the neutral region
where most of the metal sulfides of interest (Zn, Cu, Mo, Ni, Co, Fe) are insoluble, they were precipitated. Metal extraction
efficiency/release was affected by the addition of betaine to the growth medium. Leaching of Co was smaller in the case
of both betaine (promoter of methanogenesis in the present study) and methanol (known methanogenic substrate) but
was not at all affected in the case of R2A and glucose (Fig. 6a). In cultivation experiments with graptolite argillite and
EEUTARGCONS, the concentrations of Co and Ni, however, decreased during the experiment (Fig. 6b), as opposed to the
increase of their concentrations in the experiment without the inoculum added (Fig. 6¢). Addition of microbes also affects
metal leaching when comparing different time points with and without inoculum for Mo and U, as well as for Co, Ni
and As (day 13). It is possible that Ni and Co were precipitated as some metal sulfides under neutral conditions of the
experiment, as sulfidogenic species (genus Desulfotomaculum) were present.

In the current study, the effect of betaine in this decomposition process is noticeable only starting from a certain
concentration (1.35 g/L). As methane-producing microorganisms prefer a neutral or slightly alkaline growth medium (pH
6.8-7.5), the success of methane production lies in maintaining a neutral pH for as long as possible. Betaine allows the
pH to be maintained by occasionally releasing some NH4* ions, thereby buffering the environment. NH4 ™ is also a source
of nitrogen for microorganisms and the products of anaerobic digestion of betaine - acetate and methylamines - are
substrates for methanogenesis, which accelerate methanogenesis in argillite giving methanogens a growth advantage over
sulfate-reducing bacteria (Egs. (2), (3), (10), (11)) (Moune et al., 1999; Kotelnikova, 2002; Tschobanoglous et al., 2003).

2.5 betaine + 4.04 H, — 2-propanol + 2.5(CH3)3N + 0.95 CH3COOH + 0.1CO; + 1.9H, (10)
CH3COOH — CH4 + CO, (11)

This indicates that the role of betaine might be propagation of methanogenesis through providing substrate for methy-
lotrophic organisms and facilitating the synthesis of enzyme cofactors (B12) (Asakawa et al., 1998; Ticak et al., 2015). Ni
is a central atom in coenzyme F430 (Holliday et al., 2007). Cobalt and nickel needed for the synthesis of the cofactors
and coenzymes could be taken from argillite after the porphyrin structure has been cleaved (Stasiuk and Matlakowska,
2021b). The average content of cobalt in Estonian argillite is 15 mg/kg (Petesell, 2014) and the content of nickel varies
between 85-185 mg/kg (Petersell, 1997). Methanogenesis is one of the most metal-rich enzymatic pathways in biology
(Gartner et al., 1993; Thauer, 1998; Zerkle et al., 2005; Hagemeier et al., 2006; Glass and Orphan, 2012).

Recent studies by Stasiuk et al. (2021) have shown that bacteria degrade or cleave aliphatic and aromatic substituents
of nickel and vanadyl geoporphyrins, also the tetrapyrrole ring. Shale rock bacteria may use geoporphyrins as a carbon or
nitrogen source even though simpler compounds are present. The authors also propose that bacteria originating from black
shale may use other sources of heme. Based on metagenomic and metaproteomic analyses the authors further suggest the
possibility of utilizing fossil primary or modified sedimentary porphyrins, as well as their bacterial degradation products,
as precursors of tetrapyrrole cofactors.

As the analysis of the communities in anaerobic culture of microorganisms on graptolite argillite showed a large pro-
portion of taxa involved in sulfur metabolism, we hypothesized that the removal and recovery of metals from the growth
medium can proceed by sulfidogenesis, i.e., by oxidation of simple organic compounds or H, under anaerobic conditions
where sulfur compounds are converted to H,S or hydrogen sulfide and form sulfides with metals released (Florentino et al.,
2016). The presence of sulfate reducing bacteria in black shale Kupferschiefer has been documented (Wlodarczyk et al.,
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Fig. 6. Dissolution of metals from graptolite argillite. Y-axis represents the cumulative extraction efficiency of metals (%) relative to the metal
concentration in argillite. a. — native GA (8.3%) with various growth media (without microbial inoculum addition); b. — sterilized GA (1%) +
culture medium with R2A + inoculum EEUTARGCONS, c. — sterilized GA (1%) + culture medium with R2A (Appendix A. MMC S5).

2018). Metals can be dissolved from sulfides afterwards by acidophilic microorganisms, e.g., Acidithiobacillus ferrooxidans,
Acidithiobacillus thiooxidans.

In argillite, the organic matter for methane production is in a finely dispersed state, unevenly distributed and bound
to the trace elements by organometallic compounds. Therefore, metals (Mo, Ni, Re, U, V) forming porphyrin rings, or in
silica minerals or primary sulfides are not easy to leach (Breit and Wanty, 1991; Voolma et al., 2013). Recent studies have
shown that the situation might be even more complex, e.g. (Lu et al., 2021) have demonstrated for V, that authigenic V
in ancient black shales is hosted mainly by clay-organic nanocomposites.
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4. Conclusions

For enrichment of a microbial consortium decomposing organometallic complexes in graptolite argillite, a liquid
cultivation medium suitable to use is R2A, supplemented with betaine, and cultivation in anaerobic batch reactor (under
argon atmosphere) at a temperature of 37 °C. The pH of culture medium 7.0-7.5 should be maintained until the end of
cultivation. Detection of the methanogenesis marker gene mcrA encoding the subunit A of methyl coenzyme M reductase
(MCR) in the studied microbial consortium indicated the presence of methanogenic archaeans. Media R2A and R2A +
reducing agents (Na,S and cysteine) had also a positive result in PCR-analysis with a primer pair specific for methanogens,
ML{-MLr.

The results of the DNA sequencing analysis were confirmed by data from gas chromatography. The release of methane
was significantly above the atmospheric baseline with media components that gave a positive result with specific
primers to acetogens and/ or methanogens. As argillite organic material is a recalcitrant carbon source, its decomposition
takes longer than, for example, biomethane production from traditional substrates (biomass). Cultivation of the adapted
consortium EEUTARGCONS in the presence of 1% graptolite argillite suspension in R2A plus NaHCO3 plus betaine plus
Na,S plus cysteine medium enabled to generate 14.5 L of methane per kg argillite (645 mol/g) in 38 days.

Despite modest metal leaching, the joint action of methanogens and sulfidogens contributes to precipitation of metals
decreasing their concentration and adverse effect to microorganisms in the liquid phase, thereby facilitating the growth of
all microorganisms, incl. the methanogens as pointed out earlier by (Paulo et al., 2017). Thus, using betaine as a substrate
for methanogenic archaeans allows them to thrive within sulfate reduction zone. The solid residue from this anaerobic
process can be used as starting material for traditional, acidophilic bioleaching, e.g., with Acidithiobacillus ferrooxidans,
Acidithiobacillus thiooxidans.

As it is not yet clear into which part of mineral (organic or silica) the metals in graptolite argillite are bound,
the decomposition of organic material was obviously not sufficient to facilitate leaching of all the metals of interest.
Furthermore, for most of the metal ions the pH was out of the range of solubility. However, for the first time, the two
goals for using black shale (graptolite argillite) as a raw material were combined — first as a source for methane generation
and second as an ore for several metals. Further optimization of post treatment of the residue of this process is needed.

CRediT authorship contribution statement

Anne Menert: Conceptualization, Methodology, Investigation, Writing - original draft, Writing - review & editing,
Visualization, Funding acquisition. Triin Korb: Investigation. Kaja Orupdld: Investigation. Alar Teemusk: Investigation.
Holar Sepp: Investigation. Ulo Mander: Resources, Funding acquisition, Writing - review & editing. Tanel Ilmjirv: Formal
analysis, Data curation. Jaak Truu: Formal analysis, Data curation, Funding acquisition, Writing - review & editing. Pddrn
Paiste: Investigation. Kalle Kirsimde: Investigation, Resources, Writing - review & editing, Funding acquisition. Terje
Menert: Methodology. Inna Kamenev: Methodology. Eeva Heinaru: Methodology. Ain Heinaru: Conceptualization. Sirli
Sipp Kulli: Conceptualization, Methodology, Resources, Writing - review & editing, Funding acquisition. Maia Kivisaar:
Conceptualization, Methodology, Resources, Writing — review & editing, Supervision, Funding acquisition.

Declaration of competing interest

The authors declare that they have no known competing financial interests or personal relationships that could have
appeared to influence the work reported in this paper.

Data availability

I have shared my data as attached files
Acknowledgments

This study was supported by research grants ETF9370, RH147195 4.3-2.14.420, 1IUT20-19, RITA1/01-02, PRG352,
PRG548, PRG707 and Estonian Centre of Analytical Chemistry. AM is grateful to Villem Aruoja and Tonu Kurissoo for
inspiring discussions leading to this study. The authors would like to thank Mihkel Kaljurand for modifying the OxiTop®
reactors, Angela Peeb for technical assistance and two anonymous reviewers for valuable remarks. Microbial consortium
No EEUTARGCONS5 is deposited in CELMS available at https://eemb.ut.ee/eng/celms_english_introduction_list.php.
Appendix A. Supplementary data

Supplementary material related to this article can be found online at https://doi.org/10.1016/j.eti.2023.103139.

14


https://eemb.ut.ee/eng/celms_english_introduction_list.php
https://doi.org/10.1016/j.eti.2023.103139

A. Menert, T. Korb, K. Orupéld et al. Environmental Technology & Innovation 31 (2023) 103139

References

Angelidaki, I., Karakashev, D., Batstone, D.J., Plugge, C.M., Stams, AJ.M., 2011. Biomethanation and its potential. Methods Enzymol.: Methods Methane
Metab. A 494, 327-351. http://dx.doi.org/10.1016/B978-0-12-385112-3.00016-0.

Asakawa, S., Sauer, K., Liesack, W., Thauer, RK., 1998. Tetramethylammonium : coenzyme M methyltransferase system from Methanococcoides sp.
Arch. Microbiol. 170 (4), 220-226. http://dx.doi.org/10.1007/s002030050636.

Ashley, K., Davis, KJ., Martini, A., Vinson, D.S., Gerlach, R., Fields, M.W., McIntosh, J., 2021. Deuterium as a quantitative tracer of enhanced microbial
methane production. Fuel 289, 119959. http://dx.doi.org/10.1016/j.fuel.2020.119959.

Breit, G.N., Wanty, R.B., 1991. Vanadium accumulation in carbonaceous rocks - a review of geochemical controls during deposition and diagenesis.
Chem. Geol. 91 (2), 83-97. http://dx.doi.org/10.1016/0009-2541(91)90083-4.

Brombacher, C., Bachofen, R., Brandl, H., 1998. Development of a laboratory-scale leaching plant for metal extraction from fly ash by Thiobacillus
strains. Appl. Environ. Microbiol. 64 (4), 1237-1241. http://dx.doi.org/10.1128/AEM.64.4.1237-1241.1998.

Chakraborty, A., Rattray, J.E., Drake, S.S., Matthews, S, Li, C., Jorgensen, B.B., Hubert, C.RJ., 2022. Metabolic responses of thermophilic endospores to
sudden heat-induced perturbation in marine sediment samples. Front. Microbiol. 13, 958417. http://dx.doi.org/10.3389/fmicb.2022.958417.

Cockell, CS., Pybus, D., Olsson-Francis, K., Kelly, L., Petley, D., Rosser, N., Howard, K., Mosselmans, F., 2011. Molecular characterization and geological
microenvironment of a microbial community inhabiting weathered receding shale cliffs. Microb. Ecol. 61 (1), 166-181. http://dx.doi.org/10.1007/
500248-010-9730-6.

Crundwell, F.K.,, 2014. The mechanism of dissolution of minerals in acidic and alkaline solutions: Part IIl. application to oxide, hydroxide and sulfide
minerals. Hydrometallurgy 149, 71-81. http://dx.doi.org/10.1016/j.hydromet.2014.06.008.

Dominika, G., Joanna, M., Jacek, M., 2021. Sulfate reducing ammonium oxidation (SULFAMMOX) process under anaerobic conditions. Environ. Technol.
Innov. 22, 101416. http://dx.doi.org/10.1016/j.eti.2021.101416.

Dumett, M.A., Keener, ]J.P., 2014. The pyrite iron cycle catalyzed by Acidithiobacillus ferrooxidans. J. Math. Biol. 69 (2), 449-467. http://dx.doi.org/10.
1007/s00285-013-0708-0.

Esnault, L., Libert, M., Bildstein, O., Mustin, C., Marsal, F., Jullien, M., 2013. Impact of iron-reducing bacteria on the properties of argillites in the
context of radioactive waste geological disposal. Appl. Clay Sci. 83-84, 42-49. http://dx.doi.org/10.1016/j.clay.2013.08.018.

Fabrice, A., Didier, R., 2009. Exploring microbial diversity using 16S rRNA high-throughput methods. ]J. Comput. Sci. Syst. Biol. 2 (1), 74-92.
http://dx.doi.org/10.4172/jcsb.1000019.

Farbiszewska-Kiczma, J., Farbiszewska, T., 2005. Isolation of bacteria that degrade organometallic compounds from metallic wastes. Physicochem.
Probl. Miner. Process. (39), 263-267.

Farbiszewska-Kiczma, J., Farbiszewska, T., Bak, M., 2004. Bioleaching of metals from polish black shale in neutral medium. Physicochem. Probl. Miner.
Process. 38, 273-280.

Fdz-Polanco, F., Fdz-Polanco, M., Fernandez, N., Uruena, M.A., Garcia, P.A., Villaverde, S., 2001. New process for simultaneous removal of nitrogen
and sulphur under anaerobic conditions. Water Res. 35 (4), 1111-1114. http://dx.doi.org/10.1016/S0043-1354(00)00474-7.

Florentino, A.P., Weijma, J., Stams, AJ.M., Sanchez-Andrea, L., 2016. Ecophysiology and application of acidophilic sulfur-reducing microorganisms.
Biotechnol. Extrem.: Adv. Chall. 1, 141-175. http://dx.doi.org/10.1007/978-3-319-13521-2_5.

Gartner, P., Ecker, A. Fischer, R, Linder, D., Fuchs, G., Thauer, RK., 1993. Purification and properties of N(5)-methyltetrahydromethanopterin
coenzyme-M methyltransferase from Methanobacterium Thermoautotrophicum. Eur. J. Biochem. 213 (1), 537-545. http://dx.doi.org/10.1111/j.1432-
1033.1993.tb17792.x.

Glass, ].B., Orphan, V., 2012. Trace metal requirements for microbial enzymes involved in the production and consumption of methane and nitrous
oxide. Front. Microbiol. 3 (00061), http://dx.doi.org/10.3389/fmicb.2012.00061.

Gouin, J., Auge, T., Bailly, L., D'Hugues, P., Disnar, J.R., Keravis, D., 2007. Organic and mineral characteristics of Kupferschiefer ore from Lubin mine
(Poland): implications for bioleaching of the ore. Digging Deep. Vols. 1 and 2, 269-272.

Grosskopf, R., Janssen, P.H., Liesack, W., 1998. Diversity and structure of the methanogenic community in anoxic rice paddy soil microcosms as
examined by cultivation and direct 16S rRNA gene sequence retrieval. Appl. Environ. Microbiol. 64 (3), 960-969. http://dx.doi.org/10.1128/aem.
64.3.960-969.1998.

Hagemeier, C.H., Kruer, M., Thauer, RK., Warkentin, E., Ermler, U., 2006. Insight into the mechanism of biological methanol activation based
on the crystal structure of the methanol-cobalamin methyltransferase complex. Proc. Natl. Acad. Sci. USA 103 (50), 18917-18922. http:
//dx.doi.org/10.1073/pnas.0603650103.

Harris, S.H., Smith, R.L, Barker, C.E., 2008. Microbial and chemical factors influencing methane production in laboratory incubations of low-rank
subsurface coals. Int. J. Coal Geol. 76 (1-2), 46-51. http://dx.doi.org/10.1016/j.coal.2008.05.019.

Holliday, G.L., Thornton, J.M., Marquet, A., Smith, A.G., Rebeille, F., Mendel, R., Schubert, H.L., Lawrence, A.D., Warren, M.J., 2007. Evolution of enzymes
and pathways for the biosynthesis of cofactors. Nat. Prod. Rep. 24 (5), 972-987. http://dx.doi.org/10.1039/b703107f.

Jones, EJ.P., Voytek, M.A., Warwick, P.D., Corum, M.D., Cohn, A., Bunnell, J.E., Clark, A.C., Orem, W.H., 2008. Bioassay for estimating the biogenic
methane-generating potential of coal samples. Int. J. Coal Geol. 76 (1-2), 138-150. http://dx.doi.org/10.1016/j.coal.2008.05.011.

Kaksonen, A.H., Boxall, N.J., Gumulya, Y., Khaleque, H.N., Morris, C., Bohu, T., Cheng, K.Y., Usher, KM., Lakaniemi, A.M., 2018. Recent progress in
biohydrometallurgy and microbial characterisation. Hydrometallurgy 180, 7-25. http://dx.doi.org/10.1016/j.hydromet.2018.06.018.

Kaksonen, A.H., Deng, X. Bohu, T. Zea, L., Khaleque, H.N.,, Gumulya, Y., Boxall, NJ., Morris, C., Cheng, K.Y., 2020. Prospective directions for
biohydrometallurgy. Hydrometallurgy 195, 105376. http://dx.doi.org/10.1016/j.hydromet.2020.105376.

Kamradt, A., Borg, G., Schaefer, ]., Kruse, S., Fiedler, M., Romm, P., Schippers, A., Gorny, R., Bois, M.du., Bieligl, C., Liebetrau, N., Nell, S., Friedricj, B.,
Morgenroth, H., Wotroba, H., Merkel, C., 2012. An integrated process for innovative extraction of metals from kupferschiefer mine dumps,
Germany. Chem. Ing. Tech. 84 (10), 1694-1703. http://dx.doi.org/10.1002/cite.201200070.

King, G.M., 1983. Utilization of hydrogen, acetate, and noncompetitive; substrates by methanogenic bacteria in marine sediments. Geomicrobiol. J. 3
(4), 275-306. http://dx.doi.org/10.1080/01490458409377807.

Kong, X.R., Castarede, D., Thomson, E.S., Boucly, A,, Artiglia, L., Ammann, M., Gladich, I, Pettersson, J.B.C., 2021. A surface-promoted redox reaction
occurs spontaneously on solvating inorganic aerosol surfaces. Science 374 (6568), 747-752. http://dx.doi.org/10.1126/science.abc5311.

Koplimaa, M., Menert, A., Blonskaja, V., Kurissoo, T., Zub, S., Saareleht, M., Vaarmets, E., Menert, T., 2010. Liquid and gas chromatographic studies
of the anaerobic degradation of baker’s yeast wastewater. In: 5th Symposium By Nordic Separation Science Society (NOSSS 2009), Vol. 2. pp.
120-129. http://dx.doi.org/10.1016/j.proche.2009.12.019, 1.

Kotelnikova, S., 2002. Microbial production and oxidation of methane in deep subsurface. Earth-Sci. Rev. 58 (3-4), 367-395. http://dx.doi.org/10.
1016/S0012-8252(01)00082-4.

Kutschke, S., Guézennec, A.G., Hedrich, S., Schippers, A., Borg, G.G., Kamradt, A., Gouin, ]., Giebner, F., Schopf, S., Schldmann, M., Rahfeld, A., Gutzmer, ].,
D’Hugues, P., Pollmann, K., Dirlich, s., Bodénan, F., 2015. Bioleaching of Kupferschiefer blackshale - A review including perspectives of the ecometals
project. Miner. Eng. 75, 116-125. http://dx.doi.org/10.1016/j.mineng.2014.09.015.

15


http://dx.doi.org/10.1016/B978-0-12-385112-3.00016-0
http://dx.doi.org/10.1007/s002030050636
http://dx.doi.org/10.1016/j.fuel.2020.119959
http://dx.doi.org/10.1016/0009-2541(91)90083-4
http://dx.doi.org/10.1128/AEM.64.4.1237-1241.1998
http://dx.doi.org/10.3389/fmicb.2022.958417
http://dx.doi.org/10.1007/s00248-010-9730-6
http://dx.doi.org/10.1007/s00248-010-9730-6
http://dx.doi.org/10.1007/s00248-010-9730-6
http://dx.doi.org/10.1016/j.hydromet.2014.06.008
http://dx.doi.org/10.1016/j.eti.2021.101416
http://dx.doi.org/10.1007/s00285-013-0708-0
http://dx.doi.org/10.1007/s00285-013-0708-0
http://dx.doi.org/10.1007/s00285-013-0708-0
http://dx.doi.org/10.1016/j.clay.2013.08.018
http://dx.doi.org/10.4172/jcsb.1000019
http://refhub.elsevier.com/S2352-1864(23)00135-9/sb13
http://refhub.elsevier.com/S2352-1864(23)00135-9/sb13
http://refhub.elsevier.com/S2352-1864(23)00135-9/sb13
http://refhub.elsevier.com/S2352-1864(23)00135-9/sb14
http://refhub.elsevier.com/S2352-1864(23)00135-9/sb14
http://refhub.elsevier.com/S2352-1864(23)00135-9/sb14
http://dx.doi.org/10.1016/S0043-1354(00)00474-7
http://dx.doi.org/10.1007/978-3-319-13521-2_5
http://dx.doi.org/10.1111/j.1432-1033.1993.tb17792.x
http://dx.doi.org/10.1111/j.1432-1033.1993.tb17792.x
http://dx.doi.org/10.1111/j.1432-1033.1993.tb17792.x
http://dx.doi.org/10.3389/fmicb.2012.00061
http://refhub.elsevier.com/S2352-1864(23)00135-9/sb19
http://refhub.elsevier.com/S2352-1864(23)00135-9/sb19
http://refhub.elsevier.com/S2352-1864(23)00135-9/sb19
http://dx.doi.org/10.1128/aem.64.3.960-969.1998
http://dx.doi.org/10.1128/aem.64.3.960-969.1998
http://dx.doi.org/10.1128/aem.64.3.960-969.1998
http://dx.doi.org/10.1073/pnas.0603650103
http://dx.doi.org/10.1073/pnas.0603650103
http://dx.doi.org/10.1073/pnas.0603650103
http://dx.doi.org/10.1016/j.coal.2008.05.019
http://dx.doi.org/10.1039/b703107f
http://dx.doi.org/10.1016/j.coal.2008.05.011
http://dx.doi.org/10.1016/j.hydromet.2018.06.018
http://dx.doi.org/10.1016/j.hydromet.2020.105376
http://dx.doi.org/10.1002/cite.201200070
http://dx.doi.org/10.1080/01490458409377807
http://dx.doi.org/10.1126/science.abc5311
http://dx.doi.org/10.1016/j.proche.2009.12.019
http://dx.doi.org/10.1016/S0012-8252(01)00082-4
http://dx.doi.org/10.1016/S0012-8252(01)00082-4
http://dx.doi.org/10.1016/S0012-8252(01)00082-4
http://dx.doi.org/10.1016/j.mineng.2014.09.015

A. Menert, T. Korb, K. Orupéld et al. Environmental Technology & Innovation 31 (2023) 103139

Li, JW.,, Sun, W.M,, Wang, S.M.,, Sun, Z.L,, Lin, S.X., Peng, X.T., 2014. Bacteria diversity, distribution and insight into their role in S and Fe biogeochemical
cycling during black shale weathering. Environ. Microbiol. 16 (11), 3533-3547. http://dx.doi.org/10.1111/1462-2920.12536.

Lippmaa, E., Maremae, E., Pihlak, A.T., 2011. Resources, production and processing of baltoscandian multimetal black shales. Oil Shale 28 (1), 68-77.
http://dx.doi.org/10.3176/0il.2011.1.08.

Lippmaa, E., Maremae, E., Pihlak, A.T., Aguraiuja, R., 2009. Estonian graptolitic argillites - ancient ores or future fuels? Oil Shale 26 (4), 530-539.
http://dx.doi.org/10.3176/0il.2009.4.08.

Lu, ZT., Hy, R.Z, Han, T., Wen, H.J., Mo, B., Algeo, TJ., 2021. Control of V accumulation in organic-rich shales by clay-organic nanocomposites. Chem.
Geol. 567, 120100. http://dx.doi.org/10.1016/j.chemge0.2021.120100.

Luna-delRisco, M., Orupold, K., Dubourguier, H.C., 2011. Particle-size effect of CuO and ZnO on biogas and methane production during anaerobic
digestion. ]. Hard Mater. 189 (1-2), 603-608. http://dx.doi.org/10.1016/j.jhazmat.2011.02.085.

Luokola-Ruskeeniemi, K., Heino, T., 1996. Geochemistry and genesis of the black shale-hosted Ni-Cu-Zn deposit at Talvivaara Finland. Econ. Geol. 91,
80-110. http://dx.doi.org/10.2113/gsecongeo.91.1.80.

Maremade, E., 1988. Utilization of estonian alum shale in the national economy. Oil Shale 5 (4), 407-417. http://dx.doi.org/10.3176/0il.1988.4.09.

Matlakowska, R., Hallberg, K.B., Sklodowsk, A., 2007. Isolation and characterisation of microorganisms from copper bearing black shale of Lubin mine
(Poland). Biohydrometall.: Single Cell Environ. 20-21, 580. http://dx.doi.org/10.4028/www.scientific.net/AMR.20-21.580.

Matlakowska, R., Sklodowska, A., 2009. The culturable bacteria isolated from organic-rich black shale potentially useful in biometallurgical procedures.
J. Appl. Microbiol. 107 (3), 858-866. http://dx.doi.org/10.1111/j.1365-2672.2009.04261.

McKenna, P., Hoffmann, C., Minkah, N., Aye, P.P., Lackner, A., Liu, Z.Z., Lozupone, C.A., Hamady, M., Knight, R., Bushman, F.D., 2008. The macaque gut
microbiome in health, lentiviral infection, and chronic enterocolitis. PLoS Pathog. 4 (2), e20. http://dx.doi.org/10.1371/journal.ppat.0040020.
Menert, T., 2015. Usage Options of Common Reed (Phragmites Australis) As Raw Material for Biogas Generation (Master Thesis). Tallinn University of

Technology, Tallinn, Retrieved from https://digikogu.taltech.ee/et/Item/83740ee7-76cd-4ed5-bcc3-d7427abf9870.

Mesle, M., Periot, C., Dromart, G., Oger, P., 2013. Biostimulation to identify microbial communities involved in methane generation in shallow,
kerogen-rich shales. ]J. Appl. Microbiol. 114 (1), 55-70. http://dx.doi.org/10.1111/jam.12015.

Mishra, D., Rhee, Y., 2010. Current research trend of microbiological leaching for metal recovery from industrial wastes. Curr. Res. Technol. Educ.
Top. Appl. Microbiol. Microb. Biotechnol. 1289-1296.

Moune, S., Manac’h, N., Hirschler, A., Caumette, P., Willison, J.C., Matheron, R., 1999. Haloanaerobacter salinarius sp. nov. a novel halophilic fermentative
bacterium that reduces glycine-betaine to trimethylamine with hydrogen or serine as electron donors; emendation of the genus haloanaerobacter.
Int. J. Syst. Bacteriol. 49, 103-112. http://dx.doi.org/10.1099/00207713-49-1-103.

Naumann, E., Hippe, H., Gottschalk, G., 1983. Betaine: new oxidant in the stickland reaction and methanogenesis from betaine and l-alanine by
a Clostridium sporogenes-Methanosarcina barkeri coculture. Appl. Environ. Microbiol. 45 (2), 474-483. http://dx.doi.org/10.1128/aem.45.2.474-
483.1983.

Orberger, B., Pasava, ]., Gallien, J.P., Daudin, L., Pinti, D.L., 2003. Biogenic and abiogenic hydrothermal sulfides: controls of rare metal distribution in
black shales (Yukon Territories, Canada). J. Geochem. Explor. 78-9, 559-563. http://dx.doi.org/10.1016/S0375-6742(03)00141-9.

Parada, AE., Needham, D.M., Fuhrman, J.A., 2016. Every base matters: assessing small subunit rRNA primers for marine microbiomes with mock
communities, time series and global field samples. Environ. Microbiol. 18 (5), 1403-1414. http://dx.doi.org/10.1111/1462-2920.13023.

Parks, D.H., Chuvochina, M., Waite, D.W., Rinke, C., Skarshewski, A., Chaumeil, P.A., Hugenholtz, P., 2018. A standardized bacterial taxonomy based
on genome phylogeny substantially revises the tree of life. Nature Biotechnol. 36 (10), 996-1009. http://dx.doi.org/10.1038/nbt.4229.

Parviainen, A., Loukola-Ruskeeniemi, K., 2019. Environmental impact of mineralised black shales. Earth-Sci. Rev. 192, 65-90. http://dx.doi.org/10.
1016/j.earscirev.2019.01.017.

Pasava, J., 1993. Anoxic sediments - an important environment for PGE; an overview. Ore Geol. Rev. 8 (5), 425-445. http://dx.doi.org/10.1016/0169-
1368(93)90037-Y.

Paulo, LM., Ramiro-Garcia, J., van Mourik, S., Stams, AJ.M., Sousa, D.Z., 2017. Effect of nickel and cobalt on methanogenic enrichment cultures and
role of biogenic sulfide in metal toxicity attenuation. Front. Microbiol. 8 (1341), http://dx.doi.org/10.3389/fmicb.2017.01341.

Pereira, C.P.P., Castanares, G., van Lier, ].B., 2012. An OxiTop (r) protocol for screening plant material for its biochemical methane potential (BMP).
Water Sci. Technol. 66 (7), 1416-1423. http://dx.doi.org/10.2166/wst.2012.305.

Petersell, V., 1997. Dictyonema argillite. In: Raukas, A., Teedumade, A. (Eds.), Geology and Mineral Resources of Estonia. Estonian Academy Publishers,
Tallinn, p. 436.

Petesell, V., 2014. [Personal communication].

Pfeiffer, R.S., Ulrich, G.A., 2010. Chemical amendments for the stimulation of biogenic gas gas generation in deposits of carbonaceous material. US
patent application US-75174510-A.

Poulin, R., Lawrence, RW., 1996. Economic and environmental niches of biohydrometallurgy. Miner. Eng. 9 (8), 799-810. http://dx.doi.org/10.1016/
0892-6875(96)00073-8.

Rabus, R, Boll, M., Heider, ]J., Meckenstock, R.U., Buckel, W., Einsle, O., Ermler, U., Golding, B.T., Gunsalus, R.P., Kroneck, P.M.H., Kriiger, M., Lueders, T.,
Martins, B.M., Musat, F., Richnow, H.H., Schink, B., Seifert, ]., Szaleniec, M., Treude, T., Ullmann, G.M., Vogt, C., von Bergen, M., Wilkes, H., 2016.
Anaerobic microbial degradation of hydrocarbons: from enzymatic reactions to the environment. J. Mol. Microbiol. Biotechnol. 26 (1-3), 5-28.
http://dx.doi.org/10.1159/000443997.

Reasoner, D.J., Geldreich, E.E., 1985. A new medium for the enumeration and subculture of bacteria from potable water. Appl. Environ. Microbiol. 49
(1), 1-7. http://dx.doi.org/10.1128/aem.49.1.1-7.1985.

Rikmann, E., Zekker, 1., Tomingas, M., Tenno, T., Menert, A., Loorits, L., Tenno, T., 2012. Sulfate-reducing anaerobic ammonium oxidation as a potential
treatment method for high nitrogen-content wastewater. Biodegradation 23 (4), 509-524. http://dx.doi.org/10.1007/s10532-011-9529-2.

Rikmann, E., Zekker, I, Tomingas, M., Vabamae, P. Kroon, K., Saluste, A., Tenno, T., Menert, A., Loorits, L, dC Rubin, S.S.C., Tenno, T., 2014.
Comparison of sulfate-reducing and conventional Anammox upflow anaerobic sludge blanket reactors. J. Biosci. Bioeng. 118 (4), 426-433.
http://dx.doi.org/10.1016/j.jbiosc.2014.03.012.

Ritter, D., Vinson, D., Barnhart, E., Akob, D.M., Fields, M.\W., Cunningham, A., Orem, W., McIntosh, J.C., 2015. Enhanced microbial coalbed methane
generation: A review of research, commercial activity, and remaining challenges. Int. ]. Coal Geol. 146, 28-41. http://dx.doi.org/10.1016/j.coal.
2015.04.013.

Sabumon, P.C., 2007. Anaerobic ammonia removal in presence of organic matter: A novel route. J. Hard Mater. 149 (1), 49-59. http://dx.doi.org/10.
1016/j.jhazmat.2007.03.052.

Sawlowicz, Z., 1993. Organic matter and its significance for the genesis of the copper-bearing shales (Kupferschiefer) from the Fore-Sudetic monocline
(Poland). In: Bitumens in Ore Deposits. Springer Berlin Heidelberg, pp. 431-446.

Schlegel, M.E., McIntosh, ].C., Petsch, S.T., Orem, W.H., Jones, EJ.P., Martini, A.M., 2013. Extent and limits of biodegradation by in situ methanogenic
consortia in shale and formation fluids. Appl. Geochem. 28, 172-184. http://dx.doi.org/10.1016/j.apgeochem.2012.10.008.

Schrum, H.N., Spivack, AJ., Kastner, M., D’'Hondt, S., 2009. Sulfate-reducing ammonium oxidation: A thermodynamically feasible metabolic pathway
in subseafloor sediment. Geology 37 (10), 939-942. http://dx.doi.org/10.1130/G30238a.1.

Soesoo, A., Vind, J., Hade, S., 2020. Review uranium and thorium resources of Estonia. Minerals 10 (798), http://dx.doi.org/10.3390/min10090798.

16


http://dx.doi.org/10.1111/1462-2920.12536
http://dx.doi.org/10.3176/oil.2011.1.08
http://dx.doi.org/10.3176/oil.2009.4.08
http://dx.doi.org/10.1016/j.chemgeo.2021.120100
http://dx.doi.org/10.1016/j.jhazmat.2011.02.085
http://dx.doi.org/10.2113/gsecongeo.91.1.80
http://dx.doi.org/10.3176/oil.1988.4.09
http://dx.doi.org/10.4028/www.scientific.net/AMR.20-21.580
http://dx.doi.org/10.1111/j.1365-2672.2009.04261
http://dx.doi.org/10.1371/journal.ppat.0040020
https://digikogu.taltech.ee/et/Item/83740ee7-76cd-4ed5-bcc3-d7427abf9870
http://dx.doi.org/10.1111/jam.12015
http://refhub.elsevier.com/S2352-1864(23)00135-9/sb45
http://refhub.elsevier.com/S2352-1864(23)00135-9/sb45
http://refhub.elsevier.com/S2352-1864(23)00135-9/sb45
http://dx.doi.org/10.1099/00207713-49-1-103
http://dx.doi.org/10.1128/aem.45.2.474-483.1983
http://dx.doi.org/10.1128/aem.45.2.474-483.1983
http://dx.doi.org/10.1128/aem.45.2.474-483.1983
http://dx.doi.org/10.1016/S0375-6742(03)00141-9
http://dx.doi.org/10.1111/1462-2920.13023
http://dx.doi.org/10.1038/nbt.4229
http://dx.doi.org/10.1016/j.earscirev.2019.01.017
http://dx.doi.org/10.1016/j.earscirev.2019.01.017
http://dx.doi.org/10.1016/j.earscirev.2019.01.017
http://dx.doi.org/10.1016/0169-1368(93)90037-Y
http://dx.doi.org/10.1016/0169-1368(93)90037-Y
http://dx.doi.org/10.1016/0169-1368(93)90037-Y
http://dx.doi.org/10.3389/fmicb.2017.01341
http://dx.doi.org/10.2166/wst.2012.305
http://refhub.elsevier.com/S2352-1864(23)00135-9/sb55
http://refhub.elsevier.com/S2352-1864(23)00135-9/sb55
http://refhub.elsevier.com/S2352-1864(23)00135-9/sb55
http://refhub.elsevier.com/S2352-1864(23)00135-9/sb57
http://refhub.elsevier.com/S2352-1864(23)00135-9/sb57
http://refhub.elsevier.com/S2352-1864(23)00135-9/sb57
http://dx.doi.org/10.1016/0892-6875(96)00073-8
http://dx.doi.org/10.1016/0892-6875(96)00073-8
http://dx.doi.org/10.1016/0892-6875(96)00073-8
http://dx.doi.org/10.1159/000443997
http://dx.doi.org/10.1128/aem.49.1.1-7.1985
http://dx.doi.org/10.1007/s10532-011-9529-2
http://dx.doi.org/10.1016/j.jbiosc.2014.03.012
http://dx.doi.org/10.1016/j.coal.2015.04.013
http://dx.doi.org/10.1016/j.coal.2015.04.013
http://dx.doi.org/10.1016/j.coal.2015.04.013
http://dx.doi.org/10.1016/j.jhazmat.2007.03.052
http://dx.doi.org/10.1016/j.jhazmat.2007.03.052
http://dx.doi.org/10.1016/j.jhazmat.2007.03.052
http://refhub.elsevier.com/S2352-1864(23)00135-9/sb65
http://refhub.elsevier.com/S2352-1864(23)00135-9/sb65
http://refhub.elsevier.com/S2352-1864(23)00135-9/sb65
http://dx.doi.org/10.1016/j.apgeochem.2012.10.008
http://dx.doi.org/10.1130/G30238a.1
http://dx.doi.org/10.3390/min10090798

A. Menert, T. Korb, K. Orupéld et al. Environmental Technology & Innovation 31 (2023) 103139

Stasiuk, R., Krucon, T., Matlakowska, R., 2021. Biosynthesis of tetrapyrrole cofactors by bacterial community inhabiting porphyrine-containing shale
rock (Fore-Sudetic monocline). Molecules 26 (21), 6746. http://dx.doi.org/10.3390/molecules26216746.

Stasiuk, R., Matlakowska, R., 2021a. Postdiagenetic bacterial transformation of nickel and vanadyl sedimentary porphyrins of organic-rich shale rock
(Fore-Sudetic monocline, Poland). Front. Microbiol. 12, 772007. http://dx.doi.org/10.3389/fmicb.2021.772007.

Stasiuk, R., Matlakowska, R., 2021b. Sedimentary cobalt protoporphyrin as a potential precursor of prosthetic heme group for bacteria inhabiting
fossil organic matter-rich shale rock. Biomolecules 11 (12), 1913. http://dx.doi.org/10.3390/biom11121913.

Strapoc, D., Mastalerz, M., Dawson, K., Macalady, ]., Callaghan, A.V., Wawrik, B., Turich, C., Ashby, M., 2011. Biogeochemistry of microbial coal-bed
methane. Ann. Rev. Earth Planet. Sci. 39, 617-656. http://dx.doi.org/10.1146/annurev-earth-040610-133343.

Stribrny, B., Wellmer, F.W., Burgath, K.P., Oberthur, T., Tarkian, M., Pfeiffer, T., 2000. Unconventional PGE occurrences and PGE mineralization in the
great dyke: metallogenic and economic aspects. Miner. Depos. 35 (2-3), 260-281. http://dx.doi.org/10.1007/s001260050019.

Takai, K., Horikoshi, K., 2000. Rapid detection and quantification of members of the archaeal community by quantitative PCR using fluorogenic probes.
Appl. Environ. Microbiol. 66 (11), 5066-5072. http://dx.doi.org/10.1128/Aem.66.11.5066-5072.2000.

Thauer, RK,, 1998. Biochemistry of methanogenesis: a tribute to marjory stephenson. Microbiol.-Uk 144, 2377-2406. http://dx.doi.org/10.1099/
00221287-144-9-2377.

Ticak, T., Hariraju, D., Arcelay, M.B., Arivett, B.A,, Fiester, S.E., Ferguson, D.J., 2015. Isolation and characterization of a tetramethylammonium-degrading
Methanococcoides strain and a novel glycine betaine-utilizing Methanolobus strain. Arch. Microbiol. 197 (2), 197-209. http://dx.doi.org/10.1007/
s00203-014-1043-6.

Tschobanoglous, G., Burton, F.L., Stensel, H.D., 2003. Wastewater Engineering, Treatment and Reuse, fourth ed. Metcalf and Eddie, Inc, pp. 629-644.

Urios, L., Marsal, F., Pellegrini, D., Magot, M., 2012. Microbial diversity of the 180 million-year-old toarcian argillite from Tournemire, France. Appl.
Geochem. 27 (7), 1442-1450. http://dx.doi.org/10.1016/j.apgeochem.2011.09.022.

Urios, L., Marsal, F., Pellegrini, D., Magot, M., 2013. Microbial diversity at iron-clay interfaces after 10 years of interaction inside a deep argillite
geological formation (Tournemire France). Geomicrobiol. J. 30 (5), 442-453. http://dx.doi.org/10.1080/01490451.2012.705227.

Vera, M., Schippers, A., Sand, W., 2013. Progress in bioleaching: fundamentals and mechanisms of bacterial metal sulfide oxidation - part A. Appl.
Microbiol. Biotechnol. 97 (17), 7529-7541. http://dx.doi.org/10.1007/s00253-013-4954-2.

Vind, J., Tamm, K., 2021. Review of the extraction of key metallic values from black shales in relation to their geological and mineralogical properties.
Miner. Eng. 174, 107271. http://dx.doi.org/10.1016/j.mineng.2021.107271.

Vinson, D.S., Blair, N.E., Martini, A.M., Larter, S., Orem, W.H., McIntosh, ].C., 2017. Microbial methane from in situ biodegradation of coal and shale: A
review and reevaluation of hydrogen and carbon isotope signatures. Chem. Geol. 453, 128-145. http://dx.doi.org/10.1016/j.chemge0.2017.01.027.

Voolma, M., Soesoo, A., Hade, S., Hints, R., Kallaste, T., 2013. Geochemical heterogeneity of estonian graptolite argillite. Oil Shale 30 (3), 377-401.
http://dx.doi.org/10.3176/0il.2013.3.02.

Watkins, AJ., Roussel, E.G., Parkes, R]., Sass, H., 2014. Glycine betaine as a direct substrate for methanogens (Methanococcoides spp.). Appl. Environ.
Microbiol. 80 (1), 289-293. http://dx.doi.org/10.1128/Aem.03076-13.

Watling, H.R., 2015. Review of biohydrometallurgical metals extraction from polymetallic mineral resources. Minerals 5 (1), 1-60. http://dx.doi.org/
10.3390/min5010001.

Whiticar, MJ., 1999. Carbon and hydrogen isotope systematics of bacterial formation and oxidation of methane. Chem. Geol. 161 (1-3), 291-314.
http://dx.doi.org/10.1016/S0009-2541(99)00092- 3.

Widdel, F., Rabus, R, 2001. Anaerobic biodegradation of saturated and aromatic hydrocarbons. Curr. Opin. Biotechnol. 12 (3), 259-276. http:
//dx.doi.org/10.1016/S0958- 1669(00)00209- 3.

Wilodarczyk, A., Lirski, M., Fogtman, A., Koblowska, M., Bidzinski, G., Matlakowska, R., 2018. The oxidative metabolism of fossil hydrocarbons and
sulfide minerals by the lithobiontic microbial community inhabiting deep subterrestrial Kupferschiefer black shale. Front. Microbiol. 9 (972),
http://dx.doi.org/10.3389/fmicb.2018.00972.

Wuchter, C., Banning, E., Mincer, T.J., Drenzek, NJ.,, Coolen, MJ.L, 2013. Microbial diversity and methanogenic activity of antrim shale formation
waters from recently fractured wells. Front. Microbiol. 4 (367), http://dx.doi.org/10.3389/fmich.2013.00367.

Zerkle, AL, House, C.H., Brantley, S.L., 2005. Biogeochemical signatures through time as inferred from whole microbial genomes. Am. J. Sci. 305
(6-8), 467-502. http://dx.doi.org/10.2475/ajs.305.6-8.467.

Zumbusch, P.V., Meyerjens, T., Brunner, G., Markl, H., 1994. Online monitoring of organic-substances with high-pressure liquid-chromatography (HPLC)
during the anaerobic fermentation of waste-water. Appl. Microbiol. Biotechnol. 42 (1), 140-146. http://dx.doi.org/10.1007/Bf00170237.

17


http://dx.doi.org/10.3390/molecules26216746
http://dx.doi.org/10.3389/fmicb.2021.772007
http://dx.doi.org/10.3390/biom11121913
http://dx.doi.org/10.1146/annurev-earth-040610-133343
http://dx.doi.org/10.1007/s001260050019
http://dx.doi.org/10.1128/Aem.66.11.5066-5072.2000
http://dx.doi.org/10.1099/00221287-144-9-2377
http://dx.doi.org/10.1099/00221287-144-9-2377
http://dx.doi.org/10.1099/00221287-144-9-2377
http://dx.doi.org/10.1007/s00203-014-1043-6
http://dx.doi.org/10.1007/s00203-014-1043-6
http://dx.doi.org/10.1007/s00203-014-1043-6
http://refhub.elsevier.com/S2352-1864(23)00135-9/sb77
http://dx.doi.org/10.1016/j.apgeochem.2011.09.022
http://dx.doi.org/10.1080/01490451.2012.705227
http://dx.doi.org/10.1007/s00253-013-4954-2
http://dx.doi.org/10.1016/j.mineng.2021.107271
http://dx.doi.org/10.1016/j.chemgeo.2017.01.027
http://dx.doi.org/10.3176/oil.2013.3.02
http://dx.doi.org/10.1128/Aem.03076-13
http://dx.doi.org/10.3390/min5010001
http://dx.doi.org/10.3390/min5010001
http://dx.doi.org/10.3390/min5010001
http://dx.doi.org/10.1016/S0009-2541(99)00092-3
http://dx.doi.org/10.1016/S0958-1669(00)00209-3
http://dx.doi.org/10.1016/S0958-1669(00)00209-3
http://dx.doi.org/10.1016/S0958-1669(00)00209-3
http://dx.doi.org/10.3389/fmicb.2018.00972
http://dx.doi.org/10.3389/fmicb.2013.00367
http://dx.doi.org/10.2475/ajs.305.6-8.467
http://dx.doi.org/10.1007/Bf00170237

	Methanogenesis and metal leaching on anaerobic decomposition of graptolite argillite
	Introduction
	Materials and methods
	Substrates and media
	Inoculum
	Cultivation experiments
	Serum bottles
	OxiTop system

	Analytical methods
	Determination of the amount of gas
	Chromatographic analyses


	Results and discussion
	Obtaining enrichment cultures in serum bottle experiments
	Obtaining enrichment cultures with the OxiTop system
	Taxa identification of microbial communities from enrichments
	Changes in community structure during cultivation of methane generating consortium on graptolite argillite
	Changes in the concentrations of gaseous metabolites
	Changes in the microbial community in cultivation experiments

	Determination of the origin of the methane by isotopic analysis
	Leaching of metals from graptolite argillite

	Conclusions
	CRediT authorship contribution statement
	Declaration of Competing Interest
	Data availability
	Acknowledgments
	Appendix A. Supplementary data
	References


