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Molybdoenzymes are essential in global nitrogen, carbon, and sulfur cycling. To date, the only known
bioavailable source of molybdenum (Mo) is molybdate. However, in the sulfidic and anoxic (euxinic)
habitats that predominate inmodern subsurface environments and thatwere pervasive prior to Earth’s
widespread oxygenation, Mo occurs as soluble tetrathiomolybdate ion and molybdenite mineral that
is not known to be bioavailable. This presents a paradox for how organisms obtain Mo to support
molybdoenzymes in these environments. Here, we show that tetrathiomolybdate and molybdenite
sustain the high Mo demand of a model anaerobic methanogen,Methanococcus maripaludis, grown
via Mo-dependent formate dehydrogenase, formylmethanofuran dehydrogenase, and nitrogenase.
Cells grown with tetrathiomolybdate and molybdenite have similar growth kinetics, Mo content, and
transcript levels of proteins involved in Mo transport and cofactor biosynthesis when compared to
those grown with molybdate, implying similar mechanisms of transport and cofactor biosynthesis.
These results help to reconcile the paradox of how Mo is acquired in modern and ancient anaerobes
and provide new insight into how molybdoenzymes could have evolved prior to Earth’s oxygenation.

Metals are the catalytic components of many enzymes, including those
requiring iron (Fe), nickel (Ni), and/or molybdenum (Mo), among others1.
Currently, Mo is the most abundant trace element in modern oceans
(~100 nM) asmolybdate ion (MoO4

2−)2,3 due to the oxygen (O2)-dependent
oxidative weathering of molybdenite (MoS2) and other Mo-bearing
minerals in the Earth’s crust4. As such, prior to the Great Oxidation Event
(GOE) ~ 2.4 Gya, the delivery of MoO4

2− to aquatic environments would
have been limited5 and it has been suggested that Mo-dependent enzymes
are unlikely to have evolved prior to the advent of oxygenic photosynthesis6.
Many biological nitrogen cycling activities are dependent onMo-dependent
enzymes andMoO4

2− limitation prior to theGOE is thought to have limited
these activities that, in turn, would have constrained the productivity of
microbial ecosystems3,5,7. Yet, several studies implicate the Last Universal
Common Ancestor as being Mo-dependent8. The origin and function of
Mo-dependent enzymes during the Archean whenMoO4

2− was limiting in
aquatic environments is enigmatic and is referred to as the “Moparadox”9,10.

Two groups ofMo-dependentmetalloenzymes have been described: i)
molybdenum nitrogenase (Nif) that hosts a Mo-containing cofactor that

comprises Fe, sulfur (S), carbon, and homocitrate11, also known as FeMo-
co12, and ii), all other “molybdoenzymes” where Mo is bound to a pterin
cofactor (molybdopterin or Mo-co)13,14. Homologs of both types of
molybdoenzymes have been identified in Archaea and Bacteria, including
aerobes, anaerobes, chemotrophs, and phototrophs15,16. Methanogens are
obligate anaerobes that can require both FeMo-co and Mo-co, contingent
on growth conditions. For example, the activity of formylmethanofuran
dehydrogenase (Fmd), which catalyzes the first step of hydrogenotrophic
methanogenesis and theWood-Ljungdahl (WL)pathway ofCO2fixation, is
dependent on Mo-co although it has been shown that tungsten (W) can
substitute during Mo limitation14,17,18. Similarly, the activity of formate
dehydrogenase (Fdh), which catalyzes the oxidation of formate to CO2 and
hydrogen (H2) during formate-dependent methanogenesis, is also depen-
dent on Mo-co19,20. In addition to Mo-co-containing enzymes, many
methanogens encodeNif that catalyzes the reduction of dinitrogen (N2) into
bioavailable ammonia (NH3), with substrate reduction occurring at FeMo-
co21,22. WL-encoding hydrogenotrophic methanogens evolved early in
Earth's history23–25 and are the likely lineage where Nif first originated1,26.
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As such,methanogens are idealmodel organisms to studyMoacquisition in
modern anaerobeswith implications for howMowas acquired for use in the
biosynthesis of early evolving molybdoenzyme cofactors.

The typical source of Mo used to cultivate methanogens is MoO4
2−,

whereas the typical source of S to cultivate methanogens is sulfide (HS−),
presumably because these organisms often inhabit sulfidic or euxinic
environments27,28. However, HS− readily reacts with MoO4

2−, resulting in
the progressive replacement of oxygen atoms with S atoms, finally resulting
in the formation of soluble tetrathiomolybdate (MoS4

2−)29.MoS4
2− can then

adsorb to organic matter or iron-sulfide mineral phases (i.e., mackinawite
(FeSmack) and pyrite (FeS2)) that can lead to incorporation of Mo as a
heterometal in those minerals (Fig. 1)29–33. Indeed, it has previously been
shown that the 2mM concentration of HS− typically used to cultivate
methanogens reacted quickly with MoO4

2− to form MoS4
2−28. Despite the

high levels of HS− used to cultivate methanogens, many studies have
demonstrated methanogen growth under conditions requiring Fdh, Fmd,
and Nif when provided with MoO4

2− as the sole Mo source 28,34.
Recently, Methanococcus maripaludis S2 was grown with formate as

methanogenesis substrate under nitrogen-fixing (diazotrophic) conditions
to impart a high Mo demand on cells28. Cells were grown in cultivation
medium amended with either excess ferrous iron (Fe(II)) or excess HS− to
mimic ferruginous conditions on early Earth or the euxinic conditions that
likely predominated in the early Proterozoic, respectively. Euxinic condi-
tions inhibited diazotrophic growth relative to ferruginous conditions, and
far less MoO4

2− was required to meet cell demands in ferruginous condi-
tions. This suggests that HS−was influencing the speciation and availability
of Mo and raises the question as to whether thiolated forms of Mo can
support growth of methanogens (and other anaerobes). Here, we tested
whether the anaerobe M. maripaludis S2 can grow formatotrophically
(requires Fdh, Fmd) and diazotrophically (requires Nif) with soluble
MoS4

2− and MoS2 mineral by quantifying growth kinetics, transcriptional
responses, and biomassMo content in cells when compared to those grown
with MoO4

2−. The results are used to reconcile the paradox of how Mo is
acquired in modern and ancient anaerobes and their implications for how
molybdoenzymes could have evolved prior to Earth’s oxygenation.

Results
Growth ofM. maripaludiswith alternative soluble molybdenum
sources
To test growth ofM.maripaludiswith alternativeMo sources, a source(s) of
S (other than HS−) was first identified that can support growth and that
avoided confounding experimental outcomes due to thiolation of MoO4

2−.
L-cysteine alone (2mM) or a combination of L-cysteine and thiosulfate at
1mM concentration each supported growth and, importantly, did not
support growth in the absence of N2 orNH3 indicating they cannot serve as
sole nitrogen source (Supplementary Results; Figs. S1–S3). In addition,
other components of the growth medium (e.g., source of Fe, trace metal
concentrations) affected the availability of the supplied Mo source as
determined by UV-Vis spectroscopy (Supplementary Figs. 4 and 5). As
such, experiments were performed to optimize medium conditions to
promote the availability and stability ofMoS4

2−. Cultures provided with 10-

fold less trace metals maintained robust growth (relative to those provided
with canonical concentrations of trace metals) and cultures provided with
FeSmack grew as well as those grown with ferrous chloride (FeCl2). Both of
these conditions (0.1 X trace elements and replacement of FeCl2 with
FeSmack) allowedMoS4

2− to stay in solution longer (described inmore detail
below).We performed a catechol assay, which is specific toMoO4

[2–28, in the
MoS4

2− reactors and foundno evidence ofMoO4
2− indicating that it was not

oxidized under these conditions.
M. maripaludis was therefore passaged several times in medium with

L-cysteine and thiosulfate (CT conditions; 1 mMof each) as S sources, 0.1 X
the concentration of trace elements typically used to cultivate M.
maripaludis28, and with FeSmack as the Fe source under N2 fixing conditions
with formate as methanogenesis substrate. No Mo was provided to CT-
grown cells to generate Mo-limited cells. However, despite attempts to
reduce background Mo in cultivation medium, including preparing med-
ium with nitric acid-washed plastic utensils/containers and using trace
metal grade water, cultures never reached full Mo limitation to the extent
that no growthwas observed.Nonetheless, a significant reduction in growth
rate was observed in cultures not provided with Mo compared to those
provided with Mo (as in ref. 28, which is further assessed through much
more robust experimentation reported below. This provided a phenotype
that allowed for experiments comparing the influence of Mo source on cell
growth and activity to proceed.

Cells grown inCT conditions werewashed to remove carryovermetals
and were then used as inoculum for medium containing either 5 µM
Na2MoO4

2− as a positive control (abbreviated as “MoO4
2−”), 5 µM

ammonium tetrathiomolybdate ((NH4)2MoS4) as the experimental treat-
ment (abbreviated as “MoS4

2−”), or with no Mo added (abbreviated as “no
Mo”) as a negative control to account for contaminantMo under nitrogen-
fixing conditions with formate as methanogenesis substrate. A control
culture amended with 10 µM NH4Cl but without Mo was also included to
account for any stimulatory effect that ammonium in the (NH4)2MoS4 stock
could have when provided to cells. Production of cells and CH4 were
observed in all culture conditions (Fig. 2A and B). Cultures provided with
MoS4

2− exhibited the shortest lag phase and reached slightly higher cell
densities than cultures provided with MoO4

2−. Cultures not provided with
Mo either with or without 10 µM NH4Cl grew significantly slower than
cultures provided with MoO4

2− or MoS4
2− (Fig. 2C), and the addition of

10 µMNH4Clhad aminute stimulatory effect on cultures not providedwith
a Mo source (Fig. 2A and B). The stronger growth response in cultures
provided with 5 µM Mo, regardless of source, versus no Mo controls indi-
cates that Mo is not toxic at these levels, consistent with past reports28.

UV-vis spectroscopywasused toqualitatively assessMoS4
2− stability in

the cultures providedwithMoO4
2−, MoS4

2−, or noMo (Fig. 2D). In cultures
provided with MoS4

2−, the intensity of MoS4
2− peaks (318 and 468 nm)

diminished by ~50% in the first 20 h. of incubation and by 70% after 40 h. of
incubation. There was no evidence of conversion ofMoS4

2− to intermediate
thiomolybdate species (MoO(4-n)Sn

2−; absorbance peaks at ~396 nm29,35),
which would be expected if MoS4

2− was being oxidized. Similarly, UV-vis
spectroscopy of cultures amended with MoO4

2− or no Mo did not show
evidence for the presence ofMoO(4-n)Sn

2− species (Fig. 2D). Together, these

Fig. 1 | The sources, sinks, and speciation of
molybdenum (Mo) in oxic and euxinic aquatic
environments. In oxic aquatic environments, oxi-
dative weathering of Mo in crustal minerals such as
molybdenite (MoS2) can lead to the release of solu-
ble molybdate (MoO4

2−) ions. Molybdate that is
introduced to anoxic aquatic environments is gen-
erally stable unless sufficient sulfide (HS−) is present
to react and form thiomolybdate species (MoO(4-

n)Sn
2−) such as tetrathiomolybdate (MoS4

2−) that
can adsorb onto organic matter or the surfaces of
iron-sulfideminerals such asmackinawite (FeS) and
pyrite (FeS2) (as reviewed in ref. 30).
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data indicate that the decrease in the MoS4
2− signal in reactors is due to its

assimilation into biomass and/or adsorption or complexation with FeSmack

or other components of the medium including copper, consistent with its
well-known affinity towards such compounds33,35, rather than due to
oxidation.

The effect of 1mM HS− on cultures of M. maripaludis grown with
MoS4

2− was examined and was found to support higher growth efficiencies
than the no Mo negative control (Supplementary Fig. 6). The sulfidic
conditions tested are expected to favor thiolated MoS4

2− species28,29, pro-
viding additional support for its use by M. maripaludis. Together, these
results indicate that the speciation of theMo sources tested remained largely
unchanged during the incubation and that the Mo sources provided
remained soluble and available during growth. These data, combined with

the differences in growth rates (Fig. 2C) and maximum cell densities
(Fig. 2A) between no Mo control cultures and the MoO4

2− and MoS4
2−-

amended cultures, provide clear indication thatM. maripaludis can utilize
MoS4

2− as well, if not better, than MoO4
2−.

Mo content of cell biomass
To further investigate the bioavailability and use of MoS4

2− by nitrogen-
fixing and formate-grownM. maripaludis cells, cultures grown on the dif-
ferentMosourceswereharvested at late-logphase todeterminebiomassMo
content. Harvested cells were washed to remove metals loosely associated
with biomass as well as to remove residual metal in the supernatant. The
resulting cell pellets were dried and subsequently dissolved in trace metal
grade nitric acid and the metal content was determined by inductively

Fig. 2 | Growth of Methanococcus maripaludis S2 on soluble sources of molyb-
denum (Mo) under nitrogen-fixing cultivation conditions. The production of
cells (A) andmethane (CH4;B) were tracked over time in cultures grownwith 1 mM
each L-cysteine and thiosulfate as the sulfur source and formate as the methano-
genesis substrate. Cells were provided with 5 µMmolybdate (MoO4

2−; blue circles),
5 µM ammonium tetrathiomolybdate ((NH4)2MoS4; red triangles), or no Mo with
10 µM ammonium chloride (NH4

+; closed purple diamonds; added to account for
NH4

+ in (NH4)2MoS4) or without NH4Cl (open purple diamonds). Maximum

growth rates were calculated for each condition (C). UV-vis spectroscopy was used
to track MoS4

2− concentration and speciation over time in 0.2 µm-filtered samples,
with a vertical dashed line denoting where intermediate thiomolybdate species
(MoOxS(4-x)) absorbance would occur (D). A standard curve forMoS4

2− absorbance
at 468 nm is shown in Supplementary Fig. 5. Data shown are the mean and standard
deviation of three biological replicates; a single abiotic reactor (black traces) was used
for (D). p-values are the result of two-tailed Student’s t-tests.
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coupled plasma mass spectrometry (ICP-MS). The Mo content per mg
biomass in MoO4

2−- and MoS4
2−-grown cells was similar whereas cells

provided with noMo (negative control) had ~80% lessMo per mg biomass
(Fig. 3). Thus, the defect in the kinetics of cell production in cultures not
provided with Mo (no Mo; Fig. 2A, C) is attributed to a deficiency in
available Mo. The similar Mo content of cells grown with MoO4

2− versus
MoS4

2− implies similar bioavailability and/or similar efficiency in acquiring
and trafficking these anionic forms of Mo inM. maripaludis cells.

Differential gene expression of cells grown on soluble Mo
sources
Patterns of gene expression inM.maripaludis cultures grownwithMoO4

2−

versus MoS4
2−, as well as cultures not provided with a Mo source (no Mo;

negative control), were compared using RNA-seq. Cells exhibitedmarkedly
different transcriptional profiles when provided with MoO4

2−, MoS4
2−, or

withnoMosource as indicated by clusteringof transcriptomesof eachof the
three conditions in a principal coordinate ordination (PCO; Fig. 4A).
Transcriptomes of MoO4

2−- versus MoS4
2−-grown M. maripaludis cells

separated along PCO Axis 1 (33% of variance explained) while those of
MoO4

2−- and MoS4
2−-grown cells separated from cells not provided with

Mo (no Mo) along PCO Axis 2 (25% of variance explained). When com-
pared to cultures not provided with a Mo source (no Mo), 979 genes of the
1,793 annotated genes in the M. maripaludis genome (~55%) were differ-
entially regulated (p < 0.05, Wald test) in MoO4

2−- or MoS4
2−-grown cul-

tures (Fig. 4B; Supplementary Fig. 7)). Specifically, 599 genes were
differentially regulated in cells providedwithMoO4

2− versus those provided
with no Mo, 673 genes were differentially regulated in cells provided with
MoS4

2− versus those providedwith noMo, and 293 geneswere differentially
regulated in cells provided with either MoO4

2−- or MoS4
2− versus those

providedwith noMo.A comparison of these genes shows significant spread
and opposing regulation (deviation from 1:1 line) based on the Mo source
provided (Fig. 4B, Supplementary Fig. 8). Notably, genes encoding flagella
were found to be among themost up-regulated genes in cells providedwith
either MoO4

2− or MoS4
2− relative to cells provided with no Mo, indicating

that Mo availability impacts the regulation of motility. Many of the other
genes that were differentially regulated inMoO4

2−- andMoS4
2−-grown cells

relative to the control (no Mo) encoded hypothetical proteins (n = 144),
whichmade it difficult to further assess their importance toM.maripaludis
physiology as they relate to Mo availability and source. Several of the pro-
teins are hypotheticals with predictedmetal binding domains, and these are
presented in Supplementary Fig. 9.

Expression ofM. maripaludis core metabolism genes, including those
encoding proteins involved in themethanogenesis pathway (Fmd, Fwd, Ftr,
Mch, Hmd, Mer, Mtd, Mtr, Mcr, Hdr; log2FC range of −0.41 to 0.97 in
MoS4

2− vs MoO4
2− cells), formate dehydrogenases involved in formate

metabolism (Fdh isoforms 1 and 2; log2FC range of−0.47 to 0.06 inMoS4
2−

vs MoO4
2− cells), and various [NiFe]-hydrogenases involved in H2 meta-

bolism (Frc/Frh, Vhc/Vhu, and Eha/Ehb; log2FC range of−0.65 to 0.45 in

Fig. 3 | Molybdenum (Mo) content ofMethanococcus maripaludis S2 cells grown
on different Mo sources under nitrogen-fixing cultivation conditions. M. mar-
ipaludiswasgrownwith5 µMmolybdate (MoO4

2−), 5 µMtetrathiomolybdate (MoS4
2−),

or noMo (noMo). Cells were washed three times with nitriloacetic acid prior to whole-
cell metal analysis by inductively coupled plasma emission-mass spectrometry. Data
shown are the mean and standard deviation of three biological replicates for each con-
dition. Bars above the plot indicate statistical significance at p < 0.05 in a two-tailed
Student’s t-test; the absence of a bar indicates a p-value of > 0.05.

Fig. 4 | Transcriptomic profiles forMethanococcus maripaludis S2 cells grown on
different molybdenum (Mo) sources under nitrogen-fixing cultivation condi-
tions. Principal component analysis of M. maripaludis transcriptomic profiles of
cells grown withmolybdate (MoO4

2−, blue circles), tetrathiomolybdate (MoS4
2−, red

triangles), or no Mo provided (purple diamonds) (A). The variance loadings (as a
percentage) on each of the first two principal component axes (PCA) are indicated.
Significant differential gene expression (p < 0.05, Wald test) relative to no Mo
controls are shown for cells provided withMoO4

2− (x-axis) andMoS4
2− (y-axis) with

each point representing an individual gene (B). Transcriptional profiles in B are the
mean expression of three replicate cultures. A volcano plot of expression profiles for
cells grownwithMoO4

2− versusMoS4
2−, with locus tags of significantly differentially

expressed genes, is presented in Supplementary Fig. 7. Fold-induction (log2fold
change) values for pairwise treatment comparisons or normalized gene expression
(rlog) and variance stabilizing transformation (vst) values for each individual
treatment are presented in Supplementary Dataset 1.
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MoS4
2− vsMoO4

2− cells) generally showedminimal and variable regulation
based on theMo source provided (Supplementary Fig. 10A). This indicated
thatMo source did not generally alter the transcriptional regulation of genes
involved in cellular energy metabolism. For example, several protein-
encoding genes were slightly up-regulated on MoO4

2− (Hmd, Mch), some
were slightly up-regulated on MoS4

2− (Fwd, Hdr), and others were slightly
up-regulated when no Mo was provided (Mer, Fmd, Mtd) relative to the
other conditions, although not necessarily for genes encoding all subunits of
a given protein complex. Interestingly, transcription of genes encodingMo-
dependent formylmethanofuran dehydrogenase (Fmd) in cells provided
with no Mo was up-regulated relative to cells provided with MoO4

2− or
MoS4

2− (whichhad similar levels of expression). In contrast, transcriptionof
genes encoding the tungsten (W)-dependent formylmethanofuran dehy-
drogenase (Fwd) was similar in cells provided with MoO4

2− or no Mo but
was higher in cells provided with MoS4

2−, suggesting the possibility that W
may substitute for Mo in Fwd in MoS4

2−-grown cells. Meanwhile, genes
encoding methyl-coenzyme M reductase (Mcr), which catalyzes the final
step of methanogenesis, were slightly down-regulated in MoS4

2−-grown
cells (log2FC range of −0.27 to−0.11 in MoS4

2− vs MoO4
2− cells), despite

these cultures having the fastest CH4 production rates.
The expression of genes encoding various [NiFe]-hydrogenases

(Frc/Frh, Vhc/Vhu, and Eha/Ehb) was generally similar among the three
conditions, although expression of several individual subunits and the entire
gene cluster for Ehb showed down expression in cells grown with MoS4

2−

relative to those grown with MoO4
2− or no Mo (Supplementary Fig. 10A).

Expression of genes encoding Fdh was similar for one isoform (Fdh1;
MMP_RS00795-MMP_RS00800) among all culture conditions while
expression of genes encoding a second isoform (Fdh2; MMP_RS06680-
MMP_RS06685) that is a part of the core methanogenesis gene cluster was
higher in MoO4

2−-than MoS4
2−-grown cells (Supplementary Fig. 10B).

Interestingly, expression of a gene encoding a formate transporter (FdhC)
was higher (log2FC of 0.21 and 0.50 in MoO4

2−- and MoS4
2−grown cells,

respectively) in the noMo relative to the other conditions potentially due to
low growth efficiencies in the noMo control cells. Genes encoding proteins
involved in molybdopterin biosynthesis (Moe and Mog systems36) showed
little variation in their expression between MoO4

2− and MoS4
2− growth

conditions (Supplementary Fig. 11).

Unlike genes encoding components of the M. maripaludis energy
metabolism that showed minimal regulation based on Mo source, the
expression of genes encoding various components of Nif showed more
consistent and significant regulation with respect to Mo source (Fig. 5A).
For example, differences in the expression of genes encoding the core
structural proteins (NifHDK), scaffold proteins (NifEN), and transferase
protein (NifX) were among those that most contributed to differences in
clustering of transcriptomes along PCO Axis 1. nifHDKENX were up-
regulated in cells grown with MoO4

2− relative to those grown with MoS4
2−

or no Mo. More specifically, expression of nifH (log2fold change =−0.50),
nifD (−0.52), nifK (−0.59), nifE (−0.55), nifN (−0.51), and nifX (−0.39)
was down-regulated in MoS4

2−- versus MoO4
2−-grown cells. Genes

encoding the radical SAM enzyme, NifB, regulatory proteins (NrpR,
NifI1I2), and glutamine synthetase (GlnA) that is involved in NH3 assim-
ilation were not differentially regulated in any of the growth conditions
tested herein.

M. maripaludis encodes three putative molybdate transport systems
(encodedbymodoperons) anddecreased expressionof twoof theseoperons
(log-2FC range of −0.51 to −0.31 for MMP_RS01135 to MMP_RS01145;
and a range of −1.41 to −0.90 for MMP_RS02670 to MMP_RS02685;
(Fig. 5B)) in MoS4

2−- versus MoO4
2−-grown cells contributed substantially

to differences in clustering of transcriptomes along PCO Axis 1 (Fig. 4A).
Expression of genes comprising the third mod operon (MMP_RS02720 to
MMP_RS02730) did not differ significantly betweenMoO4

2−- andMoS4
2−-

grown cells but was slightly up-regulated in cells not provided with Mo.
Other protein-encoding genes predicted to bind Mo, namely a permease
(MMP_RS08475) and anothermodA homolog (MMP_RS08480) were not
differentially regulated among the growth conditions.

Synthetic molybdenite as a source of Mo
M.maripaludiswas tested for its ability to associatewith andutilizeMo from
MoS2 to support formatotrophic and diazotrophic growth. Experiments
were conducted using 25 µM FeCl2 (rather than FeSmack) with CT or 1mM
HS− as the S source. Cells were provided with 100 µM synthetic MoS2
nanoparticles, 5 µM MoO4

2− (positive control), or no Mo added (negative
control). Cells grew with MoS2 as the sole provided Mo source with either
CT or with HS− as S source (Fig. 6A). Production of cells and CH4 with CT

Fig. 5 | Transcriptomic profiles forMethanococcus
maripaludis S2 cells grown on different molyb-
denum (Mo) sources under nitrogen-fixing culti-
vation conditions. Normalized expression values
(rlog) are shown for genes encoding proteins directly
related to nitrogen fixation or nitrogen metabolism
(A) or MoO4

2− uptake (mod genes) (B) in cells
provided with molybdate (MoO4

2−, blue bars), tet-
rathiomolybdate (MoS4

2−, red bars), or no Mo (gray
bars). Numbers in parentheses indicate the locus tag
(MMP_RSXXXXX) with the “MMP_RS” prefix
removed for space. Transcriptional profiles are the
average expression values of three replicate cultures.
Scale bars and color-coded functions for each gene
are shown below each panel. Black bars indicate
statistically significant pair-wise comparisons
(p < 0.05, Wald test).
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as an S source was similar when cultures were provided with MoS2 or with
MoO4

2− (Fig. 6A, Supplementary Fig. 12). Negative control cultures pro-
vided with CT but without Mo were able to grow but achieved lower cell
densities than those provided with MoS2 or MoO4

2−. In cultures provided
with HS− as S source, the lag phase was shorter in cultures provided with
MoS2 compared to MoO4

2− (Fig. 6A). Calculation of the number of cells
produced per mol of CH4 reveals that cells grown with CT were more
efficient at coupling methanogenesis to cell production than those grown
with HS− (Fig. 6B). The number of cells produced per mmol of CH4 pro-
duced in M. maripaludis cultures grown with MoS2 and MoO4

2− were
similar when provided with CT or HS−, both of which were significantly
higher than the no Mo control cultures. Taken together, these results
indicate thatM. maripaludis can acquire Mo from MoS2.

To better understand the requirement for physical contact with MoS2
to support growth of M. maripaludis, MoS2 was sequestered in dialysis
tubing (12–14 kDapore size) in thepresence of eitherCTorHS− as S source,
and growth kinetics were compared to cells provided with free access to
MoS2 or to those not provided with Mo. The kinetics of CH4 production
were faster in all CT conditions relative to HS−, regardless of how Mo was
provided to cells (Fig. 7A). However, the efficiency of coupling methano-
genesis to growth was highest in cultures allowed direct contact withMoS2.
When allowed direct contact with MoS2, CT-grown cultures had much
higher efficiencies of couplingmethanogenesis to cell production than those
grown with HS− (Fig. 7B, Supplementary Fig. 13). In sulfidic conditions
whereMoS2was sequestered, therewas a small yet significant stimulation of
growth over the no Mo control.

To assess the solubility of synthetic MoS2 in growth experiments with
M. maripaludis, 100 µM (0.0016% w/v) of synthetic MoS2 nanoparticles
were incubated in Tris-HCl buffered (pH 7.0) trace metal-free water in the
presence or absence of 1mM HS−. Subsamples were taken just after MoS2
addition and after 4 days incubation of the MoS2 nanoparticles at room
temperature (~23 °C). Samples were collected, filtered (0.22 µm, PTFE
membrane), and acidified while in an anaerobic glove box and were then
subjected to ICP-MS. Low levels ofMo (2 nM)were present in reactors that
contained only Tris buffer at the start of the experiment. Similarly, reactors

that were amended with HS− only, MoS2 only, and MoS2 plus HS
− con-

tained 3 nM, 25 nM, and 15 nM Mo, respectively, at the start of the
experiment (Supplementary Fig. 14). Following 4 days incubation, the
amount ofMo in solution increased to 4 nM, 43 nM, and 28 nM in reactors
containing HS− only, MoS2 only, and MoS2 plus HS

−, respectively. Thus,
HS− suppresses the abiotic dissolution of MoS2. Further, of the 100 µM
MoS2 provided, between 0.03% and 0.04% of the Mo was solubilized and
able to pass through the 0.22 µm filter over the course of the 4-day
incubation.

Natural (specimen) molybdenite as a source of Mo
Given the stimulatory effect of syntheticMoS2 nanoparticles (<2 µm sieved)
on growth of M. maripaludis, larger natural specimens of MoS2 were
examined for their ability to support growth. The specimen MoS2 that was
usedwas not sieved andwas ~0.5 cm in diameter. Thus, a greater amount of
mineral (0.1%w/v or ~6mM if it was completely dissolved)was provided to
cultures to account for the lower surface area relative to the synthetic MoS2
nanoparticles. Growth was compared in cultures provided with 5 µM
MoO4

2− as the positive control and cultures not provided with Mo as the
negative control with either 1mM CT or HS− as the provided S source(s).
UnderCTconditions, culturesprovidedwithMoS2 andMoO4

2−grewnearly
identically in terms ofCH4 and cell production (Supplementary Fig. 15A,C)
and both achieved higher cell densities than the negative control. In the
presence of HS−, the MoS2-grown cultures produced more cells and had
faster CH4 production than cultures provided with MoO4

2− or no Mo
(SupplementaryFig. 15B,D).These observationswere like those observed in
cultures provided with synthetic MoS2 (Fig. 6, Supplementary Fig. 12).

Field-emission scanning electron microscopy (FEM) of glutaraldehyde-
fixedM. maripaludis cells grown with direct access to MoS2 under CT or
HS− conditions was performed to observe the cell-mineral interface. CT-
grown cells provided with syntheticMoS2 were sometimes found attached
to mineral grains (Fig. 7C), whereas attachment to MoS2 was common in
cultures grown with HS− (Fig. 7D). Putative vesicles were also observed in
association with the MoS2 surface but were more abundant in the HS−

growth condition than the CT growth condition (Fig. 7D). Cells

Fig. 6 | Growth of Methanococcus maripaludis S2 under nitrogen-fixing culti-
vation conditions with different molybdenum (Mo) sources in the presence or
absence of sulfide. M. maripaludis was grown with formate under nitrogen-fixing
cultivation conditions with 1 mMeach of L-cysteine and thiosulfate (CT, blue series)
or 1 mM sulfide (HS−, red series) as sulfur source and 5 µM molybdate (MoO4

2−,
circles), 100 µM (0.0016% w/v) molybdenite (MoS2, squares), or no molybdenum
(no Mo, crosses) as Mo sources. The production of cells was tracked during

incubation (A). Growth efficiencies were determined using initial cell densities and
the number of total cells and the total amount of CH4 produced before cells reached
stationary phase (B). Data presented are the mean and standard deviation of three
biological replicates per condition. Bars in (B) represent statistically significant
differences (p < 0.05) as determined by two-tailed Student’s t-tests. The production
of CH4 in these cultures is presented in Supplementary Fig. 12.
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physically associated with specimen MoS2, with CH4 bubbles often
forming on MoS2 surfaces resulting in the flotation of the large mineral-
biofilm aggregates (Supplementary Fig. 16A, C; Supplementary Movie 1).
Electron microscopy of M. maripaludis cells grown with specimen MoS2
grains also showed clear evidence of biofilms associated with the mineral,
with more robust or extensive biofilms observed on the specimen MoS2
for both CT and HS− conditions in comparison to synthetic MoS2. Like
the synthetic MoS2, biofilm formation tended to be more extensive on
specimen MoS2 in HS−-grown cultures than CT-grown cultures (Fig. S16
B, D). Energy dispersive electron spectroscopy (EDS) showed increased C
and N content relative to the background of MoS2 in FEMs where cells
appeared to be present (Supplementary Fig. 17). Together, these data
confirm that cells directly interact with MoS2 surfaces and show that CT
and HS− conditions affect cellular phenotype with respect to biofilm
formation and potentially vesicle formation.

Discussion
Archean oceans were anoxic and limited in Mo, with concentrations in
oceans estimated to be as low as 1 nM 3. Yet, the Last Universal Common
Ancestor of Bacteria and Archaea is inferred to have beenMo-dependent37.
However, the only form of Mo known to be bioavailable is MoO4

2− gen-
erated by the O2-dependent oxidative weathering of MoS2 and other Mo-
bearingminerals in the Earth’s crust4. The unique redox properties ofMo to
catalyze two-electron and oxygen transfer reactions by cycling through
Mo(IV) andMo(VI) redox states enables the oxidation (or reduction) of key
substrates13, such as geologically produced formate38. This raises the ques-
tion, how did early-evolving Mo-dependent cells during the Archean
acquireMowhen the availability ofMo (asMoO4

2−)wouldhavebeenhighly
limited?

Initial clues to reconcile this paradox came from a previous study of
nitrogen-fixing, formate-grown M. maripaludis cultures, conditions that

Fig. 7 | Growth ofMethanococcus maripaludis S2 with or without direct contact
to synthetic molybdenite (MoS2) in the presence or absence of sulfide. M. mar-
ipaludis was grown with formate under nitrogen-fixing cultivation conditions with
1 mM each of L-cysteine and thiosulfate (CT, blue series) or 1 mM sulfide (HS−, red
series) as sulfur source. MoS2 was provided free in solution (free, circles), was
sequestered in dialysis tubing (seq, squares), or was not provided (no Mo, crosses).
The production of cells (Supplementary Fig. 13) andmethane (CH4) (A) was tracked
during incubation and cells were quantified to determine growth efficiencies (B).

Field-emission scanning electron micrographs for cells grown with direct contact
with MoS2 and provided with CT (C) or HS− (D) show cells and putative vesicles
associated with the mineral. White arrows in (C) depict M. maripaludis cells while
white arrows in (D) highlight putative vesicles. Data presented are the mean and
standard deviation of three replicate cultures per condition. Bars in (B) denote
statistically significant (p < 0.05) pairwise comparisons as determined by two-tailed
Student t-tests.
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increased the cellular demand for Mo.M. maripaludis was shown to grow
better and to require less MoO4

2− when grown with FeS2 than with Fe(II)
andHS− as Fe and S sources28. HS− has a high affinity forMo and drives the
progressive replacement of oxygen atoms in MoO4

2− with S atoms (from
HS−) to formMoS4

2− but only at highHS− toMo ratios29,31,39. This has been
referred to as the “geochemical switch” where Mo exists as MoO4

2− in oxic
and low HS− (<10 µM) environments and MoS4

2− in anoxic and high HS−

(>10 µM) environments31,40. However, this geochemical switch is not only
applicable to Mo, it also affects the speciation and solubility of a variety of
thiophilicmetals of relevance tomethanogens, including iron, cobalt, nickel,
and zinc among others40–42. With this in mind, three explanations were put
forth to explain the slower growth and higher MoO4

2− requirements ofM.
maripaludis when grown with Fe(II)/HS− versus FeS2: (i) low (nM) con-
centrations of MoO4

2− remain present even in conditions with excess HS−

that are sufficient for growth, (ii)MoS4
2− canmeet theModemands of cells,

or (iii) decreased growth in euxinic conditions is due to HS− toxicity and/or
its effects on the availability of other metals. In the present study, we aimed
to test these hypotheses without the confounding influence of HS− on
MoO4

2− speciation with the intent of reconciling the Mo paradox for
anaerobes.

Previous studies have shown that M. maripaludis can grow with
L-cysteine or thiosulfate as S source but only when small amounts of either
HS− (70 µM) or 2-mercaptoethanol are also provided43. Consistent with an
ability to growwith cysteine, cell lysates ofM.maripaludis have been shown
to exhibit cysteine desulfurase activity despite the genome not encoding
homologs of canonical cysteine desulfurase enzymes (i.e., SufS, IscS,
NifS)44,45. To the authors’ knowledge, M. maripaludis has not been pre-
viously reported to reduce thiosulfate. Nonetheless, here, it was shown that
M.maripaludis could growwith a combination of L-cysteine and thiosulfate
(CT) as S sources. The use of washed cells discounted the likelihood of
carryover effects of S sources from the inoculum. Further, very little HS−

(<8 µM) was detected during the CT-dependent growth ofM. maripaludis
(SupplementaryFig. 2C), allowingMoO4

2− to remain stablewhich enabled a
reliable comparison between MoO4

2− and MoS4
2− provided cells.

M. maripaludis cultures were provided with formate as methanogen-
esis substrate and were required to fix nitrogen with Nif, the only nitro-
genase encoded in the genome34,46. Together, these growth conditions were
sought to force a highModemandon cells.WithCTas the S source, cultures
ofM. maripaludis were shown to grow as well or better with MoS4

2− when
compared to MoO4

2− and UV-Vis spectroscopy confirmed that these Mo
species remained stable and in solution during the course of the incubation.
Importantly, the amount of Mo per unit biomass was similar among
MoS4

2−- andMoO4
2−-grown cells andwas significantly (p < 0.03) greater in

these cells when compared to cells not provided with a Mo source. These
observations are consistent with previous studies that have shown Mo
limitation to decrease theMo content of cyanobacterial cultures and to limit
nitrogen fixation activity47. The faster growth kinetics and similar amounts
of Mo in biomass seen here in cultures provided with MoS4

2− relative to
MoO4

2− support the use of MoS4
2− by M. maripaludis (discounts option i

and supports option ii above) and suggest that the negative effect of HS− on
nitrogen-fixing, formate-grown M. maripaludis cells is beyond MoO4

2−

thiolation alone (option iii above). Collectively, these results are consistent
with geochemical arguments indicating that MoS4

2− should be the pre-
dominant form of soluble Mo in the sulfidic environments29,31,40 typically
inhabited bymethanogens and suggest thatMoS4

2− is bioavailable to cells in
these environments.

The overall similarity in the growth kinetics of M. maripaludis when
provided with MoS4

2− versus MoO4
2− prompted a transcriptomic analysis

to identify potential differences in the acquisition and trafficking of these
forms ofMo in cells. Transcriptomes ofM.maripaludis grown with soluble
MoO4

2−, MoS4
2−, or no added Mo revealed distinct physiological states at

the transcriptional level, with two mod transporter operons (ModABC)
putatively involved in MoO4

2− acquisition48 among the most differentially
expressed genes between MoO4

2−- and MoS4
2−-grown cells. It should be

noted, however, that while significant (p < 0.05), the changes were subtle,

with only 22 genes in the whole genome of M. maripaludis showing large
log2FCs between conditions in their RNAabundances (log2FC > 1or <−1).
This is potentially consistent with previous investigations of Mod trans-
porter regulation that have shown that the expression of these systems is
generally constitutive with regulation occurring primarily post-
transcriptionally49. However, in many nitrogen-fixing Bacteria (e.g., Azo-
tobacter vinelandii50), mod transcription can be coordinated with tran-
scription of Nif genes and impairment of mod significantly decreases
nitrogen fixation in other Bacteria (e.g.,Anabaena variabilis51) (as reviewed
in ref. 52). In themethanogen,Methanosarcina acetivorans, Mo transport is
post-translationally regulated by trans-inhibition of theModBC transporter
through allosteric control by the metal oxyanion49,53. Previous tran-
scriptomesofM.maripaludis cells providedwithMoO4

2− and either FeS2 or
Fe(II)/HS− as Fe and S source showed that all three of themod gene clusters
were strongly up-regulated (log2FC 2 > X < 6) under nitrogen-fixing con-
ditions relative to those amended with NH3

28. In the present study, the
log2FC of significantly differentially regulatedMod genes ranged from only
0.23–1.4 between cells fromMoO4

2− and MoS4
2− conditions. This suggests

that the primary cue for regulation of these genes is fixed nitrogen avail-
ability, with the source of Mo (MoO4

2− versus MoS4
2−) adding a secondary

(albeit small) level of regulation on the first two mod gene clusters
(MMP_RS01135-MMP_RS01145 and MMP_RS02670-MMP_RS02685).

The differential regulation of Mod transporters in cells grown with
MoO4

2− versus MoS4
2−, combined with similar Mo content in biomass,

suggests potential overlap in mechanisms of acquiring these anions. Mod
has been shown to function in the acquisition of MoO4

2− and the structu-
rally similar anion WO4

[2–49, and the allosteric regulation of Mod in M.
acetivorans can be modulated by either MoO4

2− or WO4
[2–53. It is worth

noting that the size of MoS4
2− anions is estimated to be only ~20% larger

than MoO4
2− due to S forming longer bonds with Mo than oxygen,

potentially suggesting that Mod can also transport MoS4
2−. It is also

important to note thatmechanisms other thanModmust be involved inMo
acquisition in Bacteria and Archaea since ~11% of Mo-utilizing micro-
organisms (as determined by their genomes encoding Mo-co-dependent
enzymes or Nif) are predicted to not encode homologs of the Mod
system15,54. In our data set, 144 hypothetical proteins were among the most
differentially expressed, suggesting some of these genes could be involved in
Mo uptake andmetallocluster biosynthesis. Thus, it is possible, if not likely,
that alternative MoO4

2− and/or MoS4
2− transport systems have yet to be

discovered.
Transcriptomes of MoO4

2−-grown cells revealed slight up-regulation
of nifHENX that encode proteins involved in maturation of the Fe8S9C
double cubane (NifB-co) core precursor to FeMo-co, enabling nitrogen
fixation via Nif 12,55. This may suggest that MoO4

2− provided cells have a
higher demand for FeMo-co maturation proteins thanMoS4

2− cells, which
may be due toMoS4

2− readily binding Fe-S clusters. Support for this comes
from abiotic experiments where MoS4

2−, Fe(II), and HS− were mixed,
resulting in the formation of aqueous Fe-Mo-S cuboidal clusters56. These
reactions can also occur to produce Mo-Fe-S cubanes on FeS2

32. Recent
work has begun to show that Fe-Mo-S clusters are able to bind and activate
N2 when supported by organic ligands57. Interestingly, the gene encoding
the radical SAM enzyme, NifB, which generates NifB-co58,59, was not dif-
ferentially regulated in any of the growth conditions tested herein. Thismay
be consistent with NifB having a role in methanogens in addition to its role
in FeMo-co biosynthesis, as has been recently reported60.

NifEN is the scaffold where Mo is added to form the Fe7MoS9C pre-
cursor to FeMo-co55. In Bacteria, NifQ is thought to be the Mo carrier for
addition to the Fe7MoS9C precursor, however, high concentrations of
cysteine in growth medium (a source of HS− via the activity of cysteine
desulfurase) can restore activity in mutant nifQ cells61. This suggests that
MoO4

2− undergoes sulfidation (conversion to a MoO(4-n)Sn
2− or even

MoS4
2−) either enzymatically (e.g., via cysteine desulfurase in combination

with NifQ) or non-enzymatically (e.g., abiotic chemistry) prior to its addi-
tion to the Fe7MoS9C precursor. Indeed, electron paramagnetic resonance
spectroscopy of NifQ indicates that it carries a [Mo-Fe3-S4] cluster, and that

https://doi.org/10.1038/s42003-024-07049-w Article

Communications Biology |          (2024) 7:1337 8

www.nature.com/commsbio


it is likely transferred to the Fe7MoS9C precursor on a NifHEN complex62

prior to addition of homocitrate63 via the activity of homocitrate synthase
(NifV). M. maripaludis does not encode NifQ or NifV16 and thus it is
possible thatMoO4

2− sulfidation is accomplished abiotically via endogenous
HS− (e.g., cysteine desulfurase activity) or via exogenous HS− that equili-
brates with the intracellular environment64,65. Importantly, a HS− con-
centration of only >10 µM is needed to drive sulfidation of MoO4

29. In
contrast, MoS4

2− is already fully coordinated by S2− and therefore is more
similar to the coordination environment of Mo in FeMo-co (three S, two
oxygen, and one nitrogen ligand)13. Indeed, decomposition of FeMo-co has
been shown to yield tetrathiomolybdate66. While spectroscopic studies of
FeMo-co inmethanogens have yet to be conducted to confirm the presence
of homocitrate, homocitrate can be replaced by citrate yielding an enzyme
with no N2 reduction activity in nifV mutant Bacteria67. Further, other
organic acids can substitute for homocitrate in FeMo-co but with decreased
N2 reduction activity

68. The mechanism of sulfidation of Mo during FeMo-
co biosynthesis and the presence and identity of the organic ligand coor-
dinating FeMo-co in methanogens are open and intriguing questions.

Genes encoding components of the molybdopterin cofactor bio-
synthesis pathway were also not significantly differentially regulated in cells
grown with MoS4

2− or MoO4
2−. The molybdo(tungsto)pterin cofactors in

Fdh and Fmd/Fwd from methanogens are likely coordinated by 4 cis-
dithiolene S atoms of themolybdopterin guanine dinucleotide cofactor and
by selenocysteine14,69. Like FeMo-co, this makes the coordination environ-
ment of Mo in Fdh/Fmd/Fwd molybdopterin (Mo-co) cofactors more
similar to that of MoS4

2− than MoO4
2− and indicates that MoO4

2− must be
sulfidated prior to its incorporation into Mo-co inM. maripaludis. To the
authors’ knowledge, current pathways for molybdopterin cofactor bio-
synthesis do not invoke enzymatic sulfidation and it is possible that this
process is driven by abiotic chemical reactions with HS− in Mo-co as well
FeMo-co.

M.maripaludiswas shown to also be capable of usingMo ions, clusters,
or complexes solubilized fromMoS2 to meet its Mo demands. This was not
entirely surprising given recent reports that the anaerobe Clostridium
kluyveri could use MoS2 as its sole source of Mo to support dinitrogen-
dependent growth10. However, in addition to Nif, C. kluyveri encodes the
iron (Anf) and vanadium (Vnf) forms of nitrogenase70. Thus, it is possible
that C. kluyveri decreased its demand for Mo by switching to Anf or Vnf,
which is common duringMo limitation71–73. Thus, the high dependence on
Mo for Fdh, Fmd, and Nif function inM. maripaludis without alternative
enzyme systems (exception being Fmd/Fwd isoforms) provides additional
evidence that solubilizedMo ions, clusters, or complexes from the surface of
MoS2 can be used to meet the Mo demand of methanogens and other
anaerobes. While MoS2 is effectively insoluble, it is possible that surface
defects or imperfections allow for increased dissolution. Abiotic dissolution
of synthetic MoS2 showed low amounts (15–43 nM) of Mo could be solu-
bilized from themineral. However, HS− suppressed dissolution ofMo from
MoS2, which is consistent with other studies that have shown that the
solubility of MoS2 is inversely correlated with HS− concentration74–76. This
suggests the possibility that the Mo that was solubilized from the surface of
the synthetic Mo used here (and possibly with C. kluyveri) was partially
oxidized or contained defects that increased its solubility. While it is not
clear what form of Mo is dissolving from the surface of MoS2, growth data
presented here suggests that it is assimilated by M. maripaludis and is
shifting the equilibrium towards further mineral dissolution. Indeed,
binding ofMo by siderophores has been shown to influenceMo dissolution
from silicates through a similar effect77.

Conclusion
Observations presented here indicate thatM. maripaludis cells can acquire
Mo in thiolated forms (i.e., MoS4

2− and MoS2) that are geochemically
relevant to their environment. The use of MoS4

2− did not significantly shift
the energy metabolism of M. maripaludis nor did it significantly alter the
expression of Mo-containing enzymes (e.g., Nif, Fdh, Fmd). Methanogens
and other anaerobes characteristically inhabit anoxic and often sulfidic

(euxinic) environments and have done so since early in Earth's history23,24.
The limited availability of MoO4

2− in anoxic environments prior to oxi-
dative weathering of sulfide minerals (as reviewed3,5) has long been used to
suggest that Mo-dependent enzymes could not have originated at a time
prior to oxygenic photosynthesis. Despite this, various molybdoenzymes
including Fdh, Fmd, and Nif are thought to have evolved at a time prior to
the widespread oxygenation of Earth26,78–80. The enhanced growth kinetics,
equivalent amounts of Mo in biomass, and similar expression of known
pathways of Mo transport in M. maripaludis cultures grown with MoS4

2−

versus MoO4
2− suggests that MoS4

2− is likely to be the preferred source of
Mo formethanogens and other anaerobes. Thesefindings shed new light on
the origin and evolution of these molybdoenzymes and help to resolve the
Mo paradox, wherein sources ofMo other thanMoO4

2−were likely used by
the first molybdoenzyme-encoding anaerobes, and also help explain how
modern organisms access Mo in anoxic, sulfidic conditions.

Materials and methods
Mineral preparation and characterization
Molybdenite (MoS2) nanoparticles (<2 µm diameter, CAS: 1317-33-5,
Sigma-Aldrich) and specimen MoS2 (~0.1 to 1.5 cm flakes; Henderson
Mine, Colorado, U.S.A.) were transferred in an anaerobic chamber into a
50mL centrifuge tube andwerewashedby centrifugation (1000 × g; 10min,
4 °C) with N2−purged and anoxic solutions according to the following
series: Twowashes in18.2MΩMilliQ-treatedwater (MQH2O), twowashes
in 1MHCl, and threewashes in sterile, anoxicMQH2O.The resultingpellet
for synthetic MoS2 was resuspended in sterile, anoxic MQ H2O and the
slurrywas transferred to a sterile serumbottle,while the specimenMoS2was
stored dried. The headspace of the serum bottle was flushed with 0.2 µm-
filtered N2 for 15min to remove residual H2 from sealing the bottle in the
anaerobic chamber that had a < 5% H2 atmosphere. The concentration of
theMoS2 slurry (wt/v%) was determined by drying three aliquots under N2

gas and weighing the dried mineral. The dried minerals were then used for
XRD analysis with a Bruker D8 Advance Powder X-ray diffractometer to
determine the purity of both forms of the MoS2 (Supplementary Fig. 18).
XRD analysis was performed in the JADE software package (Materials
Data Inc.).

Cultivation ofM. maripaludis
M. maripaludis was grown under N2-fixing conditions in defined basal
mediumaspreviously described28. Tominimize backgroundMo inmedium
and culture assays, all glassware and utensils were acid-washed using 50%
tracemetal grade nitric acid in a chemical fume hood and rinsed three times
with MQ H2O. Optima-grade water was used for medium and stock
solution preparation, and PTFE plastic tubing pre-soaked in a 100mM
EDTA (room temperature, >24 h) was used to sparge medium and stock
solutions. All medium and stock solution preparation was performed in a
chemical (plastic-coated) fume hood that was pre-washed with a citranox
acid detergent (Alconox) and wiped with 10% HCl followed by MQ H2O
prior to use.

All solutions were sparged with N2 gas in sealed serum or medium
bottles using plastic tubing at a gas station. For reagents that were O2-
sensitive, solutions were prepared in an anaerobic chamber (95:5 N2:H2,
Coy) with anoxic Optima water (trace-metal grade for ICP-MS). This
included the preparation of ammonia tetrathiomolybdate ((NH4)2MoS4)
and L-cysteine HCl stock solutions. Growth was typically conducted in
75mL of media contained in 165mL serum bottles, or 20mL of media
contained in 70mL serumbottles. Serumbottles were sealed with newbutyl
rubber stoppers that were boiled three times in MQ H2O and were capped
within the anaerobic chamber. The headspaces of the serum bottles were
flushed with 80:20 N2:CO2 and serum bottles and their contents were then
autoclaved.

M. maripaludis was provided with 0.4% w/v sodium formate, 10mM
acetate, and Wolfe’s vitamins28. However, the composition of our trace
metals solution was modified to exclude molybdate and ferrous iron;
sodium molybdate or (NH4)2MoS4 was added separately to a final
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concentration of 5 µM. Ferrous iron was added in the form of synthetic
mackinawite (FeSmack), which has previously been shown to support
growth81 to afinal concentration of 10 µM. In the case ofMoS2 experiments,
Fewas provided as FeCl2 to afinal concentration of 25 µM.Where specified,
HS− was added to a final concentration of 1mM, or a mixture of sodium
thiosulfate and L-cysteine was added as S source to final concentrations of
1mM each. All cultures were incubated at 37 °C and over-pressurized with
2.04 atm of 80:20 N2:CO2.

M. maripaludis was passaged five times (2% v/v inoculum; ~3 × 108

total cells in 75mL) inmediumwithoutMo to induceMo limitationprior to
use as an inoculum. Prior to use as inoculum, cultures for use as inoculum
were washed by addition of 5mM nitriloacetic acid82 and by shaking at
~200 rpm on a rotor shaker (10min) before centrifugation at 4696 × g for
20min at room temperature. Culture supernatant was removed via a sterile
plastic serological pipette in an anaerobic chamber. The cell pellet was then
resuspended in basal medium lacking Mo and the cell density was deter-
mined immediately prior to inoculation (1% v/v for most experiments).

Quantification of growth
Activity and growth were determined by quantifying headspace CH4 con-
centration and cell density. CH4 concentrations were determined using an
SRI gas chromatograph as described previously81 or using a Shimadzu GC-
2014 instrument equipped with a Haysep Q column with ultra-high-purity
N2 as the carrier gas and a TCD detector. For cell concentration determi-
nations, subsamples of culture were fixed in 2.5% glutaraldehyde for 4 h. at
4 °C. Cells were then centrifuged at 15,000 x g for 20min at 4 °C and the
supernatant was removed. Cells were resuspended in basalmediumprior to
cell enumeration with a Petroff-Hausser cell counting chamber via bright-
field microscopy28.

Chemical analyses
Transformations of molybdate or tetrathiomolybdate were tracked using
UV-Visible spectroscopy in 20mLof basalmedium in a 70mL serumbottle
with stock additions as described in the main text. The reactors were
incubated and pressurized with N2:CO2. All samples and standards were
prepared by filtering onemL of sample using a 13mm0.2 µmPTFE syringe
filter into disposable methacrylate cuvettes with a 1 cm pathlength that was
capped with polyethylene cuvette stoppers within an anaerobic chamber.
Samples were then immediately placed into a Genesys 150 spectro-
photometer and assayed using the “scan” function from 280 to 520 nmwith
2 nm increments. Standards of molybdate and tetrathiomolybdate were
prepared fresh and added in cuvettes in an anaerobic chamber and were
sealed before removal from the chamber for analysis. All scans were run
against an MQ H2O blank.

Mass spectroscopy of biomass and supernatants
Quantitative analysis of Mo of digested biomass or supernatant filtrate of
abiotic reactors was done on an Agilent 7800 inductively coupled plasma
mass spectrometer (ICP-MS) in heliummode. To prepare cells for ICP-MS,
they were harvested anaerobically via centrifugation at 4696 × g for 20min
at 4 °C and washed three times in 5mMnitriloacetic acid dissolved in basal
medium. After the final wash, the supernatant was removed, and the cells
were resuspended in basal medium and transferred into pre-weighed
microcentrifuge tubes. The cells were then centrifuged (15,000 x g for
15mins, 4 °C) and the supernatant removed. The cell pelletswere thendried
overnight using aheat-block at 60 °Cwith the tubes open and coveredwith a
clean Kimwipe to prevent dust from contaminating the samples while
drying. After drying, the weight of the tubes was determined to quantify the
biomass. The biomass was then dissolved in 1mL of 15% trace-metal grade
HNO3 acid at 98 °C overnight with periodic mixing by vortex. After dis-
solving, the sample was diluted to 3%HNO3 with OptimaH2O and filtered
into a clean tube (0.22 µm, PTFE). For abiotic MoS2 reactors, supernatant
was sampled from the top of the reactors which was then filtered (0.22 µm,
PTFE) into 15mL centrifuge tubes and frozen. Prior to analysis the MoS2
filtrates were acidified to 3% HNO3.

Acidified filtrates were analyzed on an Agilent 7800 ICP-MS equipped
with a MicroMist nebulizer (Agilent), SPS4 autosampler (Agilent), and
x-lens (Agilent). The instrument operating conditions were as follows: RF
power, 1600W; RF matching, 1.8; nebulizer gas, 0.68 L/min; option gas,
0.0%; nebulizer pump speed, 0.10 rps; S/C temp, 2 °C; makeup gas,
0.27 L/min; extract 1 lens, 0.0 V; extract 2 lenses, −195V; omega bias,
−80V; omega lens, 8.8 V; cell entrance, −40 V; cell exit, −60V; deflect,
1.4 V, plate bias,−55V, helium flow rate, 5.0mL/min; octupole bias,−18V;
octupole RF, 200V; and energy discrimination, 5.0 V. Concentrations were
determined using an 8 point standard curve (Environmental calibration
standard, CPI International) ranging from 0.1 to 500 ppb using yttrium as
an internal standard (Internal Standard Mix, Agilent). Data acquisition and
analysis were done in Agilent MassHunter 4.6 (version C.01.06).

Transcriptomics
Cultures ofM. maripaludis were harvested during late log phase (24 h. for
MoO4

2− and MoS4
2− conditions, 30 h. for no Mo condition) of growth for

RNA extraction. Cultures were brought into an anaerobic chamber and
were vacuum-filtered over 0.2 µm Supor (Cytiva) membrane filters that
were then transferred into 2mLmicrocentrifuge tubes. The tubes and their
contents were immediately flash-frozen in liquid nitrogen and stored at
−80 °C.TotalRNAwas extracted from thefilters using theTrizolmethod as
described previously28. DNA contamination was checked by performing
PCR amplification using archaeal-specific 16S rRNA primers. The RNA
was sent to the University of Wisconsin’s Genome Expression Center for
quality control, rRNA depletion using custom Methanococcus-specific
oligonucleotides28, and sequencing on an Illumina NovaSeq 2 × 150 bp
(Illumina, SanDiego,CA).RNApaired-end readswereprocessed to remove
adapter sequences and filter reads using TrimGalore! (v.0.6.6) before reads
were aligned to the reference M. maripaludis genome with Bowtie2 to
generate transcriptional profiles as previously reported28. Briefly, the map-
ped reads to theM.maripaludis genomewere enumeratedwith theHT-Seq
and statistically analyzed using the DESeq2 package for R. A single outlier
transcriptome was removed from each treatment based on significant
deviation from the other three biological replicate profiles. The RNA-
sequencing data reported in this paper have been deposited in the NCBI
GEO database (GSE261517).

Dialysis experiments
To separate cells from MoS2, 12–14 kDa dialysis tubing (SpectraPor,
Repligen) was loaded (within an anaerobic chamber) with the equivalent
amount of synthetic MoS2 slurry used to grow cells that had direct contact.
Before use, the tubing was first cleaned by incubating it twice inMQH2O at
60 °C for 2 h. followed by a third incubation in 50%ethanol. The tubingwas
then rinsed with anoxicMQH2O in an anaerobic chamber and was loaded
with MoS2 via mechanical micropipette. The tubing was sealed with plastic
clips that had beenmodified to fit into serum bottles and the outside of the
tubes and clips were rinsed with anoxic MQ H2O. Pre-prepared growth
reactors containing medium were then opened in the anaerobic chamber
and the tubing was added and the reactors resealed. After all reactors had
either empty tubing (positive and negative controls) or filled tubing
(experimental condition) added, they were inoculated and the headspace of
the reactors was immediately flushed for 15min with 0.2 µm of 80:20
N2:CO2 to remove chamber H2. The reactors were then incubated statically
on their sides at 37 °C.

Electron microscopy
Field-emission scanning electron microscopy (FE-SEM) was used to
visualize M. maripaludis cells. The cells were first fixed in glutaraldehyde
(see above) and dehydrated for 5min at each concentration of an ethanol
series of 50%, 70%, 80%, 90%, 95%, and 100% using a microfiltration and
vacuum apparatus. For cells grown with specimen MoS2, 50% electron
microscopy-grade glutaraldehyde was injected into mid-log phase culture
bottles to a final concentration of 2.5 v/v%. The culture bottles were then
placed at 4 °C overnight. Themediumwas then carefully poured off, leaving
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the MoS2 grains in the bottle. Phosphate-buffered saline was then added to
the bottles, allowed to incubate for 15min at 4 °C, and then poured off to
remove residual glutaraldehyde. The cells orMoS2 grains were filtered onto
Au-sputtered 0.2 µm polycarbonate filters (Millipore, Sigma) and air-dried
within a petri dish. After drying, the filters (synthetic MoS2 cultures) or
specimen MoS2 grain were mounted onto FE-SEM sample pegs using
double-sided carbon (C) tape. For theMoS2 grains, clean forceps were used
to place the grains directly onto the C tape. Samples were then coated with
iridium via sputtering for 1min with a 20mA current. The cells were then
imaged at the Imaging and Chemical Analysis Laboratory atMontana State
University using a high-resolution Supra 55VP electron microscope (Zeiss,
Thornwood, NY) with a primary electron beam energy of 1 keV at different
magnifications. Elemental mapping was performed with a 15 keV beam
energy and an Ultim Max energy-dispersive x-ray spectrometer (Oxford
instruments) and analyzed in the AZtec software package.

Statistics and reproducibility
All data shown are mean values of at least three independent biological
replicates, with error bars denoting the standard deviation, unless indicated
otherwise in the figure caption. Statistical analyses for cell growth data were
performed in Microsoft Excel using the two-way t-test assuming unequal
variance,with the p-value for the two-way t-test reported as significantwhen
p < 0.05. For transcriptomics data, significance differences reported are the
adjusted p-value from the Wald test calculated in the DEseq2 package.

Reporting summary
Further information on research design is available in the Nature Portfolio
Reporting Summary linked to this article.

Data availability
All data generated or analyzed during this study are included in the text and
figures of this published article and its SupplementaryMaterials. Sequencing
data from transcriptomics experiments are available through the NCBI
Gene Expression Omnibus under the accession ID GSE261517. Addition-
ally, processed transcriptomic data can be found in Supplementary Data
File 1. Data from growth studies and abiotic experiments are provided
separately in SupplementaryDataFile 2.All otherdata are available fromthe
corresponding author upon reasonable request.
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