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Mechanisms utilized by Methanobacterium sp. YSL for growth on zero-valent iron

PUBLIC SUMMARY

= Strain YSL employs H, as an intermediary electron carrier to extract electrons from zero-valent iron.

= Mutations in key subunits of the Eha complex likely render it nonfunctional in strain YSL.

Cytoplasmic hydrogenases compensate for Eha's inactivity and enable slow H,-dependent growth of strain YSL.

The results emphasize the environmental importance of microbial reactions that seem slow in lab culture.
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Electrobiocorrosion (i.e. direct metal-to-microbe electron transfer) is a
recently recognized, highly aggressive form of microbial metal corrosion.
Methanobacterium subterraneum strain YSL grows as an electron accept-
ing partner in direct interspecies electron transfer, suggesting that it might
have the capacity for electrobiocorrosion. To evaluate this possibility, strain
YSL was grown with either pure Fe°, which abiotically generates H,, or 316L
stainless steel, which does not generate H,, as the sole potential electron
donor. There was a steady accumulation of H, in uninoculated controls
with Fe®. No H, was detected in strain YSL cultures with Fe’. Rather, strain
YSL produced methane at a rate consistent with conversion of the H,
abiotically generated from Fe’ to methane. Strain YSL did not produce
methane in incubations with stainless steel. These results indicated that
strain YSL relies on H, as an intermediary electron carrier between Fe® and
cells, a result in conflict with the previous report that strain YSL was inca-
pable of H, utilization. Further investigation revealed that strain YSL can
grow on H, but more than 50-fold slower than is typical for other
Methanobacterium strains. Genomic analysis revealed that mutations in
genes for seven subunits of Eha, the primary energy-converting hydroge-
nase of Methanobacterium species, likely disabled its function in strain
YSL. Proteomic analysis suggested that a compensatory high expression of
cytoplasmic hydrogenases enabled slow growth on H,. These studies high-
light the importance of analyzing slow metabolic capabilities, which are
difficult to detect with standard methods yet can have significant environ-
mental consequences.

INTRODUCTION

The mechanisms for microbial corrosion of ferrous metals are of interest
because of its substantial economic burden.'™ Methanogenic microorgan-
isms are often associated with corroding iron and may accelerate Fe° corro-
sion.”" There are two well-documented routes for Fe° corrosion under anaer-
obic conditions. One route is the oxidation of Fe° to Fe** with the production
of Hy:

Fe'+2H" — Fe™+H, m

Methanogens consume the H, produced from corroding Fe® reducing
carbon dioxide to methane.”*"" Hydrogenases that are either exported to the
outer cell surface or are released during cell lysis can accelerate this reaction
(1.5 Furthermore, formate dehydrogenases released from cells can
catalyze the production of formate from Fe® generating another electron

donor commonly utilized by H,-utilizing methanogens:*'”

Fe"+H'+CO, — Fe*+HCO0" 2

Some methanogens do not require H, or formate intermediary electron
carriers to obtain electrons from Fe®*'® They are capable of electrobiocorro-
sion, i.e. direct Fe’-to-microbe electron transfer:”

4Fe’+C0,+8H" 2% AFe™ +CH,+2H,0 (3)
it allows electrocorrosive

Electrobiocorrosion is of interest because

microbes to attack stainless steel alloys of iron that are normally resistant to
corrosion by microbes relying on Fe® oxidation through H, or formate inter-
mediaries.*'* Stainless steel contains chromium that forms a ‘passivation
layer' of chromium oxide on the outer surface of the alloy that prevents
abiotic electron transfer for the reduction of protons to H,.'” However, the
passivation layer does not prevent electrobiocorrosion.”'*'*

Microbes capable of electrobiocorrosion include  Geobacter,'™'"®
Shewanella,"'® Methanosarcina®"” and Methanothrix’ species. Optimal elec-
trobiocorrosion by Geobacter®'® and Shewanella'™'® species, as well as
Methanosarcina acetivorans” require outer-surface c-type cytochromes
previously identified as electrical contacts for electron transfer out of the cell
to extracellular electron acceptors. The mechanisms for electron uptake by
Methanosarcina vacuolata and Methanothrix soehngenii, which lack outer-
surface c-type cytochromes, are unknown.’ Although Geobacter™'® and
Shewanella' can grow with Fe® as the sole electron donor for electrobiocor-
rosion, all of the methanogens evaluated to date have required acetate as an
additional energy source in order to electrobiocorrode Fe®.*"*

All previously described electrobiocorrosive methanogens are also able to
serve as the electron-accepting partner in direct interspecies electron trans-
fer (DIET) with Geobacter metallireducens as the electron-donating
partner.'”?" Methanobacterium subterraneum strain YSL also grows via DIET
with G. metallireducens.” Therefore, determining whether strain YSL can
electrobiocorrode Fe® is important for better understanding the diversity of
methanogens that can accelerate corrosion with direct electron uptake.

MATERIALS AND METHODS
Strains and growth conditions

Methanobacterium subterraneum strain YSL, whose genome™ is 97.85%
similar to Methanobacterium subterraneum A8p, was obtained from the
laboratory culture collection. Methanobacterium formicicum MF (CCAM
4=DSM 1535) was obtained from the China Collection of Anaerobic Microor-
ganisms (CCAM). Strains YSL and MF were cultured in MA medium' in an
oxygen-free N,/CO, atmosphere (80/20, v/v, 101 kPa) at 30°C. As previously
described, the basic MA medium consisted of the following additions per liter:
0.35 g K,HPO,, 0.23 g KH,PO,, 0.5 g NH,CI, 1 g NaCl, 0.002 g FeSO,7H,0,
1 mL trace element solution SL-10 (medium DSM320); 10 mmol L™' NaHCOs,,
and 10 mL Wolin's vitamin solution (medium DSM141). The following solu-
tions were added from sterile anoxic stocks after the basic medium was
autoclaved (per liter): 0.3 mmol L™ L-cysteine-HCI, T mL 2.7% CaCl,-2H,0,
and 1T mL 4.5% MgSQ,7H,0. For continuous cultivation of cultures, sodium
formate (60 mmol L) or H,/CO, (80/20, 152 kPa) was provided as the elec-
tron donor. Prior to growth on Fe° granules, both strains YSL and MF were
grown with H,/CO, (80/20, 152 kPa) provided as the electron donor for
methanogenesis.

Growth on Fe°

For growth on Fe® strains YSL and MF were incubated in 156 mL anaero-
bic bottles containing 50 mL of MA medium under a N,/CO, (80/20, v/v)
atmosphere at 30°C. Ten grams of pure Fe° granules (1-2 mm, 99.98% purity
metals basis; Alfa Aesar, Shanghai, China) were provided as the sole electron
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donor. Prior to use, Fe® granules were pre-sterilized with pure ethanol for
5 min and then exposed to UV irradiation for 30 min. The medium was inocu-
lated with 5 mL of strain YSL or MF cells that were grown with H,/CO, as the
sole substrate for methanogenesis. Growth on H,/CO, ensured that there
was no carryover when cells were inoculated into medium for corrosion stud-
ies. In addition, cells were passed three times on medium with Fe® granules
as the sole source of electrons for methanogenesis before any corrosion data
was collected.

To determine whether cells released soluble redox enzymes, cell-free
supernatants were prepared from grown cultures as previously described®
using syringe filters (0.2 um pore size; Pall Corporation, USA) in an anaerobic
chamber. 10 mL of cell filtrate was added to a 30 mL anaerobic tube contain-
ing 2 g Fe° granules, and flushed with a N,/CO, (80/20, v/v) gas mixture to
remove any residual H, and CH,.

Analytical techniques

Methane and hydrogen were analyzed with a gas chromatograph (Agilent
Technologies, USA; Model 7820A) equipped with a flame ionization detector
(FID) and a thermal conductivity detector (TCD), and the carrier gas was
nitrogen. Carbon monoxide was analyzed with a gas chromatograph (Thermo
scientific, USA; Model Trace 1300) equipped with a TCD and the carrier gas
was argon. The detection limits of hydrogen and carbon monoxide were
1 umol L™ and 40.86 umol L™, respectively.

The concentration of formate was monitored over time using high-perfor-
mance liquid chromatography (HPLC, Agilent Technologies, USA; Model
1260 Infinity) with a Hi-plexH column equipped with a refractive index detec-
tor. The concentration of HCl-extractable Fe(ll) was determined with the
ferrozine assay as previously described.” Protein concentrations were deter-
mined by the bicinchoninic acid (BCA) method according to the manufac-
turer's protocol (Solarbio, China).

Methyl viologen-dependent hydrogenase activity assay

Cultures of strain YSL and MF grown in the presence or absence of Fe°
granules (10 mL) were pelleted by centrifugation at 5,000 rpm for 10 min at
4°C. Pellets were then suspended in a TE-sucrose buffer (100 mmol L™ Tris-
HCI, T mmol L™" EDTA, pH 7.5; 6.7% (w/v) sucrose). Extracts were prepared by
lysing cells with sonication in an ice-water bath with parameters set at
20 kHz, 1 s/1 s intervals, 2 min and 80 W power. After sonication, extracts
were centrifuged at 12,000 rpm for 10 min at 4°C to remove insoluble parti-
cles. The crude extracts of strain YSL, strain MF, strain YSL with Fe” and
strain MF with Fe® were quantified with the BCA method and used as sources
of hydrogenase.

The hydrogenase assay was performed according to the previously
reported method.” In a Coy anaerobic chamber, 2 mL reaction mixtures were
prepared in 17 mL anaerobic tubes (prefilled with N,) containing 0.2 mL crude
extracts quantified with the BCA method, 0.2 mL 1 mol L™ Tris-HCI (pH 7),
0.2 mL 50 mmol L™ reduced methyl viologen solution, which was freshly
prepared by mixing 50 mmol L™ methyl viologen (MV#, Sigma-Aldrich, USA)
250 mmol L™ sodium dithionite (Na,S,0,), and 1.4 mL sterile deionized water.
Every 30 min after incubation at 37°C, H, in the headspace was monitored by
gas chromatography. After 4 hours of incubation, hydrogenase activity was
calculated from the amount of H, produced from reduced methyl viologen
according to the following equation:

Hydrogenase activity (umol h™ mgq protein™) =

Amount of H, produced
Time x amount of protein added

4D-direct data independent acquisition (DIA)-based proteomic analyses
Triplicate cultures (50 mL each) of strain YSL or strain MF cells grown on
Fe® granules were pelleted by centrifugation at 5000 rpm for 10 min at 4°C,
and then transferred into 2 mL tubes. Total proteins were extracted accord-
ing to standard procedures. Briefly, the pellets (about 0.2 mL) in each tube
were dissolved in 800 pL of extraction buffer (0.7 mol L™ sucrose, 0.1 mol L™
NaCl, 50 mmol L' EDTA, 13 mmol L' DTT, 0.5 mol L™ 4 x Tris-HCI pH 6.8,
1.5 mol L™ 4 x Tris-HCI pH 8.8) with the addition of the phosphatase inhibitor
cocktail A (50 %), phenylmethylsulfonyl fluoride (PMSF) at a final concentra-
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tion of 1 mmol L™, and steel beads, and then thoroughly ground by a grinder
at -35°C, 60 Hz, 120 s for 16 repetitions. After that, 800 pL of Tris-saturated
phenol (pH 7.8) was added and samples were mixed for 40 min at 4°C. The
supernatant was collected and 5 times the volume of pre-cooled 0.1 mol L™
ammonium acetate-methanol solution was added and samples were precipi-
tated at -40°C overnight. The precipitate was then washed with 5 times the
volume of pre-cooled methanol and acetone, respectively. After the washing
step, the precipitate was dried and dissolved in 100 L of SDS lysis buffer
(50 mmol L™ Tris pH 8.1, 1% (w/v) SDS, 50xphosphatase inhibitor cocktail A)
supplemented with T mmol L™ PMSF. Finally, the supernatant was collected
by centrifugation and this step was repeated once.

Total protein was quantified with the BCA assay and its integrity was visu-
alized with SDS polyacrylamide gel electrophoresis (SDS-PAGE) prior to
trypsin enzymolysis. Prior to trypsin digestion, protein (50 pg) samples were
denatured with DTT (final concentration 5 mmol L™') by incubation at 55°C for
60 min followed by cooling on ice. lodoacetamide (final concentration
10 mmol L") and 6 times the volume of pre-cooled acetone were then added
to the solution and proteins were precipitated overnight at -20°C. The precipi-
tate was collected by centrifugation at 8,000 rpm for 10 min at 4°C and
dissolved in 100 pL 50 mmol L™ NH,HCOj, solution. Tmg mL™" Trypsin-TPCK
was added to the solution to digest the proteins with a protein: trypsin ratio of
50: T (w/w) at 37°C for 12 h. The enzymatic reaction was stopped by pH
adjustment to 3 using phosphoric acid.

Proteomic analyses were conducted on triplicate YSL and MF samples.
Digested peptides were desalted on SOLA™ SPE and iRT peptides (Biognosys,
ThermoFisher) were added. All proteomic analyses were performed by
Shanghai Luming Biological Technology Co., LTD (Shanghai, China). Both
shotgun proteomics and data independent acquisition (DIA) experiments
used a TimsTOF Pro2 mass spectrometer (Bruker Daltonics) and a nanoE-
lute liquid chromatography system (Bruker Daltonics). Spectronaut Pulsar
17.5 software (Quasar) was used to search all of the raw DIA data against the
protein databases of strain MF (GenBank accession no. GCA_000953115.1)
and strain YSL (GenBank accession no. GCA_019351055.1). Main parame-
ters of the software were set as follows: Precursor Qvalue cutoff and Protein
Qvalue cutoff were set as 0.01, Normalization Strategy was set as Local
Normalization, and MS2 was used as the Quantity MS-Level.

The missing value problem with the proteomics data was overcome in
accordance with https://datascienceplus.com/proteomics-data-analysis-2-3-
data-filtering-and-missing-value-imputation/. A log, transformation of the
raw data was performed and then the proteins quantified in at least two out
of three replicates were retained. After the data was cleaned and filtered, a
global median normalization was performed on the filtered proteins. Data
imputation on filtered and normalized proteins was then conducted accord-
ing to previously described methods.”

A log, (Fold change) = 1 and a P value < 0.05 were used as thresholds to
identify differentially expressed proteins (DEPS) by comparing protein expres-
sion levels from strain YSL and strain MF cells grown with Fe®.

The proteomics data in this study have been deposited in the ProteomeX-
change Consortium (https://proteomecentral.proteomexchange.org) via the
iProX partner repository””* with the dataset identifier PXD050072.

RESULTS AND DISCUSSION
Evaluation of growth on Fe® and stainless steel

Strain YSL was grown with either pure Fe® or 316L stainless steel as the
potential electron donor to evaluate its ability to accept electrons from Fe’. As
expected from previous studies,'®'’ H, accumulated over time in uninocu-
lated controls with pure Fe® (Figure TA). Although strain YSL was previously
reported to be unable to grow with H, as the electron donor,”” there was no
accumulation of H, in the presence of cells with a steady production of
methane over time. The slope of the line for H, generation in the uninocu-
lated control was 3.9-fold higher than the slope of the line for methane
production in the strain YSL incubation (Figure 1A), corresponding well with
the expected 4:1 stoichiometry of H, consumption to methane production.
Thus, these results suggest that strain YSL was consuming the H, that was
being generated from Fe®.

Analysis of filtrates from cultures growing on Fe® indicated that YSL was
not releasing factors promoting formation of H,, or other potential intermedi-
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Figure 1. Growth of YSL with Fe(0) granules or stainless steel provided as an electron donor for methanogenesis (A) Methane and H, production by YSL cultures grown in the
presence of Fe(0) granules. Data are represented as mean values + standard deviation based on triplicate cultures. Equations represent the linear relationship between
hydrogen/methane concentration and incubation time. (B) Methane production by YSL cultures grown in the presence of stainless steel with or without formate (4 mmol L™). All

points represent averages and standard deviations from triplicate cultures.
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Figure 2. Growth of strain YSL with formate or H,/CO, provided as substrates for methanogenesis (A) Methane and formate concentrations measured in cultures grown with
formate (60 mmol L") as the sole substrate; (B) Methane and H, concentrations measured in cultures grown with H,/CO, as the electron donor. All points represent averages

and standard deviations from triplicate cultures.

ary electron carriers such as formate or carbon monoxide (Figure ST).

Strain YSL did not produce methane with stainless steel as the sole elec-
tron donor (Figure 1B). Methanogens previously found to produce methane
with stainless steel as the electron donor required an electron donor in addi-
tion to stainless steel that was converted to methane concurrently with the
methane generation from the electrons from stainless steel.””® Therefore,
strain YSL was also incubated with both stainless steel and formate, an elec-
tron donor known to support growth.”” The methane produced with stainless
steel and formate was not more than with formate alone. In both instances,
the 4 mmol L™ formate added yielded slightly less than the T mmol L™ of
methane expected for conversion of formate to methane. These results
demonstrated that strain YSL was unable to obtain electrons from stainless
steel.

Strain YSL's apparent consumption of H, during growth on Fe° and its
inability to accept electrons from stainless steel suggest that it requires H, as

an intermediary electron carrier to obtain electrons from Fe®. This contrasts
with all other microbes that can serve as an electron-accepting partner for
DIET that have been evaluated, which are also capable of directly accepting
electrons from Fe® >'%141°

Hydrogenotrophic growth

The apparent utilization of H, during strain YSL growth on Fe® was surpris-
ing because it was previously reported to be unable to grow with H, as the
electron donor.” In those studies, cells were grown on an organic-rich
medium (MS medium) supplemented with peptone (0.5 g L™") and tryptone
(0.5 g L™).? In contrast, growth on Fe° (Figure 1) was conducted in a medium
devoid of complex organics to avoid the possibility of unknown organics
mediating electron transfer. This medium (MA medium,"® modified to contain
only 1 g L' NaCl) was optimized for YSL growth, and did not contain any
peptone or tryptone. To determine optimal conditions for YSL growth on MA
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Table 1. Mutations in hydrogenase related genes within the Methanobacterium strain YSL genome that would impact protein structure and function Polymorphisms were
identified by comparison to the M. subterraneum A8p genome. Only polymorphisms that changed amino acid groups, and that had variant frequencies > 95% and e-values <
0 are included in the table. Further information regarding these genetic variants and other variants in the YSL genome is available in Table S1.

Locus Tag Gene Annotation g(?ssition Cl:‘;i:geadd Amino acid grouping change

KTG15_06555 ehaA Transmembrane protein EhaA 38 Ala—Gly Hydrophobic to Neutral/nonpolar
KTG15_.06505 ehakK Transmembrane protein EhaK 78 Ser—Ala Polar uncharged to hydrophobic aliphatic
KTG15_06500 ehal Transmembrane protein Ehal 106 Asp—Lys Acidic to basic

KTG15.06495 ehaM  Cytoplasmic protein EhaM 374 GIn—Pro Polar uncharged to cyclic/rigid proline
KTG15.06495 ehaM  Cytoplasmic protein EhaM 247 Lys—Glu Basic to acidic

KTG15.06495 ehaM  Cytoplasmic protein EhaM 140 Gly—Glu Neutral/nonpolar to acidic

KTG15_.06490 ehaN Ni,Fe-hydrogenase Il small subunit 439 GIn—Lys Polar uncharged to basic

KTG15_.06490 ehaN Ni,Fe-hydrogenase Il small subunit 187 Pro—Ala Cyclic/rigid proline to hydrophobic aliphatic
KTG15_06470 ehaR Cytoplasmic protein EhaR 1000 Lys—Glu Basic to acidic

KTG15_06506 ehaJ Transmembrane protein EhaJ 639 Met—lle Thioether side group to branched side group
KTG15_11345 mvhAl Fs-non-reducing hydrogenase large subunit 1036 Ala—Thr Hydrophobic aliphatic to polar uncharged
KTG15_00440 hypF [NiFe] hydrogenase maturation protein 463 Glu—Lys Acidic to basic

KTG15_.00440 hypF [NiFe] hydrogenase maturation protein 235 Asp—Asn  Acidic to polar uncharged

KTG15_.00440 hypF [NiFe] hydrogenase maturation protein 349 lle—Phe Hydrophobic aliphatic to hydrophobic aromatic
KTG15.00440 hypF [NiFe] hydrogenase maturation protein 283 His—Asn Basic to polar uncharged

KTG15_.00440 hypF [NiFe] hydrogenase maturation protein 341 Asp—Ala Acidic to hydrophobic aliphatic
KTG15_.00440 hypF [NiFe] hydrogenase maturation protein 241 Lys—GlIn Basic to polar uncharged

KTG15_00440 hypF [NiFe] hydrogenase maturation protein 1876 Glu—Lys Acidic to basic

KTG15_.00440 hypF [NiFe] hydrogenase maturation protein 1490 Phe—Ser Hydrophobic aromatic to polar uncharged
KTG15_.00440 hypF [NiFe] hydrogenase maturation protein 238 Asp—Asn  Acidic to polar uncharged

KTG15_00440 hypF [NiFe] hydrogenase maturation protein 91 Asn—Asp  Polar uncharged to acidic

KTG15_.00440 hypF [NiFe] hydrogenase maturation protein 211 Ser—Arg Polar uncharged to basic

KTG15_.00440 hypF [NiFe] hydrogenase maturation protein 199 Ser—Ala Polar uncharged to hydrophobic aliphatic
KTG15.00440 hypF [NiFe] hydrogenase maturation protein 161 lle—Ser Hydrophobic aliphatic to polar uncharged
KTG15_.00440 hypF [NiFe] hydrogenase maturation protein 169 Asp—Tyr Acidic to hydrophobic aromatic

medium, different NaCl concentrations (0.5 to 3 g L"), temperature (25°C to
37°C), and pH values (pH 6.5 to pH 7.5) were tested. YSL grew best when it
was incubated at 30°C in medium adjusted to pH 7 with 1 g L™' NaCl. Cells
grew (Figure 2A) faster on formate in the MA medium (doubling time 17.1
hours) than previously described MS medium (doubling time 48.5 hours).

Strain YSL also slowly grew (doubling time 131.1 h) in MA medium with H,
as the electron donor (Figure 2B). This is more than 50-fold slower than the
2.5 h doubling time for the A8p strain of M. subterraneum sp.” and the 2.2 h
doubling time for the closely related M. formicicum MF.* Hydrogenase activ-
ity was detected in lysed strain YSL cells, but it was 2-fold lower than in
lysates of M. formicicum MF (Figure S2).

Genome analysis

The strain YSL genome was analyzed to further evaluate its potential for
growth on H,. This included a comparison with the genome of M. subterra-
neum strain A8p, which is 97.9% identical to the strain YSL genome, to iden-
tify nucleotide substitutions that could impact the function of hydrogenases.

Multiple genes encoding hydrogenases are present in the strain YSL
genome. One hydrogenase gene cluster encodes EhaA-T, which is the
primary membrane-bound [NiFe] hydrogenase for energy conservation from
H, oxidation by Methanobacteriales species.” " Deletion of Eha impairs the
growth of many hydrogenotrophic methanogens on H,/C0O,.”" It is thought to
be primarily involved in the reduction of CO, to formylmethanofuran through

reduction of ferrodoxin. Compared to the M. subterraneum strain A8p
genome, the YSL genome contained nucleotide polymorphisms that could
impact protein function in genes for seven different Eha subunits (ehaA, ehad,
ehaK, ehal, ehaM, ehaN, and ehaR), four of which are transmembrane
components (Tables 1 & S1, Figure S3A). None of these mutations were
synonymous and all of them would lead to major amino acid substitutions
(e.g. hydrophobic to neutral, polar to nonpolar, acidic to basic, nonpolar to
acidic, polar to basic) that are predicted to disrupt protein folding and enzy-
matic function.

Protein prediction software (AlpaFold Server (https://alphafoldserver.com/)
and JPred (https://www.compbio.dundee.ac.uk/jpred4)) indicated that these
mutations would alter both the secondary and tertiary structures of the Eha
subunits, thereby impairing their ability to assemble into the larger multi-
subunit hydrogenase complex (Figure S3). In addition, two missense muta-
tions were found in the critical EhaN subunit, which encodes the NiFe hydro-
genase small subunit. These mutations result in the replacement of a polar
uncharged amino acid with a basic one, as well as substitution of a cyclic,
structurally rigid proline with a smaller and more flexible alanine. Prediction
software indicates that EhaN in strain YSL contains four -strands and five
helices, compared to five beta strands and six a-helices in strain A8p, and
that the tertiary structure of EhaN in strain A8p is more globular. These struc-
tural differences in EhaN, together with substantial mutations in six addi-
tional Eha subunits, strongly suggest that the Eha hydrogenase complex in
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Figure 3. Proposed pathway for H, oxidation during growth on Fe(0) by strain YSL Up arrows represent fold-up regulation of proteins expressed by strain YSL compared to
strain MF during growth with Fe(0) as the sole electron donor. (1) Fwd: formylmethanofuran dehydrogenase; (2) Ftr: formylmethanofuran-tetrahydromethanopterin formyltrans-

ferase, Mch: methenyltetrahydromethanopterin  cyclohydrolase; (4)

®

Mtd: methylenetetrahydromethanopterin - dehydrogenase; (5)

Mer:  5,10-methylenetetrahy-

dromethanopterin reductase; (6) Mtr: tetrahydromethanopterin S-methyltransferase; (7) Mcr/Mrt: methyl-coenzyme M reductase 1 /methyl-coenzyme M reductase 1I; (8) Hdr:
CoB-CoM heterodisulfide reductase; (9) Mvh: F,,0-non-reducing hydrogenase; (10) Frh: coenzyme F,,, hydrogenase. (11) Ehb: energy-converting hydrogenase B. Source data are

provided in Table S2.

strain YSL is functionally impaired. However, experimental studies will be
required to confirm this.

The strain YSL genome also has genes for EhbA-Q, a membrane-bound
[NiFe] hydrogenase thought to be primarily involved in autotrophic carbon
dioxide fixation,”**** and FrhABG, a cytoplasmic coenzyme F,,o-reducing
[NiFe]-hydrogenase.* In comparison with the M. subterraneum strain A8p
genome, there were no apparent mutations in the genes for these hydroge-
nases that would impair function.

Methanobacterium species utilize an electron bifurcating heterodisulfide
reductase (HdrABC)-[NiFe]-hydrogenase (MvhAGD) complex to intracellularly
oxidize H, and reduce ferredoxin and the heterodisulfide of coenzymes M and
B.™" The genome has two copies of both MvhAGD and HdrABC complexes.
Mutations were detected in one of the two MvhA subunits (Table 1). However,
no polymorphisms were found in the other copy of MvhA. Thus, MvhAGD-
HdrABC function is unlikely to be impaired.

Neither the YSL nor the A8p strain of M. subterraneum appears to encode
Hmd. This [Fe] hydrogenase is a component of the methylene tetrahy-
dromethanopterin dehydrogenase complex ([Fe]-hydrogenase), which is
present in many other cytochrome-deficient hydrogenotrophic methanogens,
including other Methanobacterium species.**

A functional HypABCDE [NiFe] hydrogenase maturation complex is required
for proper [NiFe] hydrogenase function in methanogens.” No mutations were
found in the HypA-E genes. However, fourteen base substitutions are present
in the gene for HypF (Tables 1 & S1). In bacteria,"”** and the hyperther-
mophilic archaeon, Thermococcus kodakarensis,” HypF is involved in
synthesizing cyanide ligands located in the active sites of [NiFe] hydroge-

nases. Analysis of the secondary and tertiary structure of HypF in YSL indi-
cates that this protein is structurally different from that found in A8p; HypF in
strain YSL is predicted to have 27 beta strands and 22 alpha helices
compared to 25 beta strands and 23 alpha helices in strain A8p (Figure S4).
The significance of HypF in hydrogenotrophic methanogens is not known.***
However, the finding that other NiFe hydrogenases were functional in YSL
indicates that HypF is either not required for assembly of the NiFe active site
in Methanobacterium species or its modified structure does not impact its
functionality.

Thus, the most likely possibility for the very poor growth of strain YSL on
H, is that the function of the Eha hydrogenase complex is disrupted. The
strain YSL genome has genes coding for a cytoplasmic formate dehydroge-
nase complex (FdhAB) that can couple the oxidation of formate with reduc-
tion of F,y and it can also interact with MvhD-HdrABC for the flavin-based
electron bifurcating reduction of ferredoxin and coenzymes M and B.**’ The
presence of these genes and the finding that none of these genes have
mutations explains how strain YSL can grow on formate.

Proteomic analysis of electron uptake by strain YSL from Fe°

To further explore potential mechanisms for electron uptake by strain YSL
from Fe’, 4D-direct DIA (data-independent acquisition) based proteomic
comparisons were made between Fe’-grown cells of strain YSL and the
closely related M. formicicum strain MF, which can efficiently grow on H,/CO,
and Fe’ granules at rates that are ~2.2 times faster than strain YSL
(Table S2). Principal component analysis (PCA) showed that there were
distinct differences in the proteomic profiles of the two strains (Figure S5).
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479 proteins were more highly expressed in strain YSL (P value < 0.05)
(Table S2A) and 223 different proteins were more highly expressed in strain
MF (Pvalue < 0.05) (Table S2B).

A few of the Eha subunits were somewhat more highly expressed in strain
YSL (EhaQ, EhaP, and EhaC; 2.4, 4.3, and 5.4 times more highly expressed,
respectively), but none of these subunits are involved in H, oxidation
(Table S2A). Multiple Ehb subunits (EhbA, EhbK, EhbL, EhbN, EhbM, and
EhbO) were more highly expressed by strain YSL than strain MF (Figure 3 &
Table S2A). Notably, EhbN, the catalytic subunit of the Ehb complex, was 25.2
times (P value < 0.0003) more abundant in strain YSL.

Cytoplasmic hydrogenase subunits were much more highly expressed in
strain YSL (Figure 3 & Table S2A). FrhABG was 4.8 to 7.4 times (P values <
0.02) more highly expressed, and the functional MvhABGD subunits were
408.8,98.9,12.8, and 35.2 times (P values < 0.0002) more highly expressed in
strain YSL. HdrABC subunits were 31.3, 2.3, and 362.1 times (P values < 0.07)
more highly expressed. In contrast, there was no differential expression of
formate dehydrogenase proteins between the two strains. These results
suggest that the mutations in the Eha complex genes negatively affect Eha
function and that, in order to compensate, cytoplasmic hydrogenases and, to
some extent, Ehb hydrogenase are more highly expressed, enabling slow
growth on H,.

CONCLUSION

The results demonstrate that in contrast to an earlier report, strain YSL can
grow, albeit slowly, with H, as the electron donor. Although strain YSL's rate
of H, consumption is much lower than that of the hydrogenotrophic
methanogens that have been investigated most extensively in laboratory
culture, it is more than sufficient to match the slow release of H, that is asso-
ciated with Fe® corrosion. This finding emphasizes the potential environmen-
tal importance of microbial reactions that are slow by traditional laboratory
standards.

Unlike the closely related M. formicicum, which did not grow via DIET,”
strain YSL appears to directly receive electrons during DIET-based growth
with G. metallireducens.”” Strain YSL's ability to use H, and formate is not
considered to be a factor in its DIET-based co-culture with G. metallire-
ducens because G. metallireducens does not generate H, or formate during
the metabolism of ethanol, the substrate used for these DIET studies.*™'

However, strain YSL's ability to slowly consume H, appeared to be an
important factor in its growth with Fe® as the electron donor. No H, accumu-
lated over time and the rate of methane production matched the amount of
methane production possible from the slow abiotic production of H, from Fe°
in the uninoculated controls. These results and the finding that strain YSL did
not produce methane with stainless steel as the electron donor suggest that
strain YSL is not capable of electrobiocorrosion. This finding is surprising,
as all other microbes tested that act as electron-accepting partners for DIET
can also directly utilize electrons from Fe’ without H, as an intermediary
Cal’l’ier. 9,1315,16

The full range of mechanisms for electrotrophy during DIET and electro-
biocorrosion are unknown. Although outer-surface c-type cytochromes have
often been implicated as electrical contacts for both DIET and electrobiocor-
rosion,*'”""** a number of electrotrophs involved in these processes lack
outer-surface cytochrome electrical connects.”““**** Their mechanisms for
electron uptake are unknown.

Although strain YSL was not capable of electrobiocorrosion, it employed a
unique mechanism for H,-based corrosion. Unlike other hydrogenotrophic
methanogens such as strain MF, strain YSL did not highly express
membrane-bound hydrogenase complexes during growth on Fe® granules.
Instead, it relied primarily on cytoplasmic hydrogenases to support
hydrogenotrophic growth. While the genomes of strains MF and YSL are
similar, and both have comparable growth rates on formate, their differing
hydrogenase profiles significantly influenced H,-corrosion rates. As a result,
strain YSL grew more than two-fold slower than strain MF when Fe® gran-
ules were provided as the electron donor.

The results presented here demonstrate that strain YSL will not be a useful
model for electrobiocorrosion. However, further comparisons of strain YSL
and closely related Methanobacterium strains that do not grow via DIET
could provide insights into DIET electron uptake mechanisms that do not rely
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on cytochromes.
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