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ABSTRACT 20 
Biological nitrogen fixation, which converts atmospheric dinitrogen to ammonia, is catalyzed 21 
mostly by Mo-nitrogenase and is a primary contributor to bioavailable nitrogen on early 22 
Earth. Mo-nitrogenase is believed to have evolved during the Archean, despite the extremely 23 
low concentration of dissolved Mo. However, it remains unclear whether Mo minerals could 24 
serve as a source of Mo to support the prevalence of Mo-nitrogenase on early Earth. Here 25 
we investigated the bioavailability of molybdenite by incubating it with a metabolically 26 
ancient anoxygenic phototroph (Rhodopseudomonas palustris) under anoxic conditions. In 27 
the laboratory, R. palustris utilized molybdenum from molybdenite as a cofactor for nitrogen 28 
fixation. This bacterium extracted Mo from molybdenite by secreting molybdophores 29 
rhodopetrobactin A and B and by expressing Mo transport proteins. Surface-sensitive 30 
techniques demonstrated significant changes in surface chemistry of molybdenite after its 31 
interaction with cells. These findings provide novel explanations for the prevalence of Mo-32 
nitrogenase on early Earth, with significant implications for nitrogen fixation in modern Mo-33 
deficient environments. 34 

Keywords: Archean ocean, Mo bioavailability, molybdenite, nitrogen fixation, 35 
Rhodopseudomonas palustris 36 
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1. Introduction 38 

Bioavailable nitrogen was believed to be one of limiting nutrients on early Earth 39 
(Canfield et al. 2010). Abiotic nitrogen fixation, mainly via lightning, meteor impacts, 40 
photocatalysis by Fe-S minerals, or hydrothermal reduction (Stüeken et al. 2016), was 41 
considered insufficient to meet the increasing nitrogen requirement of the early biosphere 42 
(Canfield et al. 2010; Yang et al. 2019). Biological nitrogen fixation, performed by a group of 43 
specialized prokaryotes known as diazotrophs (Boyd et al. 2011), was an essential process to 44 
supply bioavailable nitrogen to the expanding biosphere (Rucker and Kacar 2023). This 45 
process is catalyzed by a metalloenzyme called nitrogenase, which is categorized into three 46 
forms based on the metal cofactor in its active site: Mo-nitrogenase, V-nitrogenase, and Fe-47 
nitrogenase. Most nitrogenases use Mo as their metal cofactor due to its highest energetic 48 
efficiency (Demtroder et al. 2019). Therefore, Mo availability is essential to global biological 49 
nitrogen fixation (Barron et al. 2008; Ward 2012).  50 

Before the Great Oxidation Event (GOE) approximately 2.3-2.5 billion years ago, 51 
dissolved Mo was scarce in Archean ocean (< 2-3 nM) (Anbar 2008; Johnson et al. 2021), 52 
mostly from submarine hydrothermal vents (Evans et al. 2023; Huston et al. 2001) and 53 
limited weathering of sulfidic minerals (Helz et al. 2011; Johnson et al. 2021). At this Mo level, 54 
biological nitrogen fixation is significantly inhibited (Nishizawa et al. 2014; Sheng et al. 2023; 55 
Zerkle et al. 2006; Glass et al., 2012). After the GOE, oxidative weathering increased 56 
dissolved Mo levels, making it one of the most abundant trace metals in modern oceans 57 
(~100 nM) (Anbar 2008). Therefore, it was traditionally believed that Mo-nitrogenase 58 
evolved after the GOE, later than the Fe-nitrogenase because of abundant aqueous Fe in 59 
Archean ocean (Canfield et al. 2010; Garcia et al. 2020). However, nitrogen isotope ratios in 60 
Archean sediments suggested that Mo-nitrogenase originated nearly 3.2 billion years ago 61 
(Stueken et al. 2015). Interestingly, phylogenetic analysis of all nitrogenases independently 62 
confirmed that Mo-nitrogenase was the earliest evolved nitrogenase (Boyd et al. 2011; 63 
Garcia et al. 2020), dating back to the Mesoarchean (Parsons et al. 2021). All these studies 64 
suggest that Mo-nitrogenase emerged in an aqueous Mo-depleted environment (Mus et al. 65 
2019). Therefore, a possible scenario to reconcile this apparent paradox is that early 66 
microorganisms may be able to acquire Mo from minerals and rocks. 67 

Indeed, throughout the long geological history, microorganisms have developed 68 
strategies to obtain nutrients from minerals and rocks to support their growth and 69 
metabolism (Dong et al. 2022; Uroz et al. 2009). Strategies of metal acquisition from solids 70 
include redox reactions, acidification, and/or secretion of metal-chelating ligands such as 71 
metallophores (Dong et al. 2022). For instance, to compensate for the iron (Fe) scarcity in 72 
oxic and neutral pH conditions, certain microorganisms can secrete siderophores to obtain Fe 73 
from minerals (Kraemer et al. 2014; Manck et al. 2022). Metal acquisition by these high-74 
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affinity ligands extends to other metals such as Cu [i.e., methanobactin (Mb)] (Knapp et al. 75 
2007) and Mo (Kraemer et al. 2014).  76 

An aerobic diazotroph, Azotobacter vinelandii, uses Mo from Mo-rich synthetic silicate 77 
glass and molybdenite (MoS2) for nitrogen fixation, likely through secretion of siderophores 78 
(also termed molybdophore) that are capable of binding both Fe and Mo (Liermann et al. 79 
2005; Srivastava et al. 2023). However, under oxic conditions, molybdenite can be partially 80 
oxidized to form more soluble Mo oxides (Rickard 2012). In contrast, under anoxic conditions, 81 
molybdenite is believed to be insoluble (Greber et al. 2015), rendering it unavailable to 82 
support diazotrophic growth. At present, only one anaerobic diazotroph Clostridium kluyveri 83 
has been identified that can utilize Mo from molybdenite for nitrogen fixation, with the help 84 
of metal-chelating metabolites while the specific types of these metabolites remain 85 
unknown (Sheng et al. 2023).  86 

Before the evolution of oxygenic photosynthesis (Sánchez‐Baracaldo and Cardona 2019), 87 
anoxygenic phototrophic bacteria may have been the primary nitrogen fixers on early Earth 88 
(Cardona 2019; Planavsky et al. 2021), suggesting that they could fix nitrogen under Mo-89 
depleted conditions. In an analog environment of Proterozoic ocean with low Mo (<10 nM), 90 
nitrogen fixation was exclusively catalyzed by anoxygenic phototrophs using Mo-91 
nitrogenase (Philippi et al. 2021). Therefore, these organisms may have developed 92 
strategies to use other sources of Mo, yet the processes and underlying mechanisms 93 
remain unknown. Among anoxygenic phototrophs, Rhodopseudomonas palustris is known 94 
to produce metallophores under metal-depleted conditions (Baars et al. 2018). 95 

The overarching goal of this study was therefore to test whether Mo-bearing minerals 96 
could serve as a source of Mo for nitrogen fixation by an anoxygenic phototroph. Our 97 
experimental approach was to incubate a model bacterium R. palustris with molybdenite 98 
under diazotrophic conditions. The N2 fixation rate was measured by acetylene reduction 99 
assay (ARA) and 15N labeled methods. Trace metal mobilization, cellular uptake, and 100 
metallophore production were analyzed, along with proteomics analysis, microscopic 101 
imaging, and mineral surface chemistry, to uncover the potential mechanisms of microbial 102 
acquisition of Mo from minerals. The results provide important insights into the 103 
bioavailability of solid-source Mo to drive the nitrogen cycling on early Earth as well as in 104 
modern Mo-deficient environments. 105 

 106 

2. Materials and methods 107 

2.1 Bacterial strain and growth medium 108 

R. palustris is one of a few bacteria that have all three nitrogenases (Mo-, V-, and Fe-) 109 
(Larimer et al. 2004; Oda et al. 2005). Metal availability usually dictates the type of 110 
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nitrogenase expressed in this bacterium ( Oda et al. 2005). Because Mo-nitrogenase contains 111 
Fe, i.e., FeMo-co, aqueous Fe is still needed in medium when solid-source Mo is supplied as 112 
the only source of Mo (Sheng et al. 2023; Srivastava et al. 2023). However, this creates an 113 
ambiguity, if solid source Mo is not bioavailable, the organism may switch to Fe-nitrogenase 114 
(FeFe-co) and still performs nitrogen fixation (Oda et al. 2005). To eliminate this ambiguity, a 115 
mutant was created, where the Fe-nitrogenase gene (anfA) in wildtype R. palustris CGA009 116 
was knocked out to obtain R.palustris CGA009-∆anfA. This mutant expresses Mo-nitrogenase 117 
and V-nitrogenase, but not Fe-nitrogenase (Table S1). To check whether the background V 118 
supported V-nitrogenase expression, R. palustris CGA766 (only express V-nitrogenase) was 119 
constructed. The details for CGA009-ΔanfA mutant and CGA766 mutant construction can be 120 
found in Supporting Information (SI) Section S1. 121 

Prior to experiments, glassware was soaked in HNO3 (5% v/v) for 24 hours and washed 122 
with deionized H2O to remove any potential metal contamination. A normal medium used to 123 
grow cell cultures was modified from a previous study (Oda et al. 2005) by removing EDTA 124 
and NTA in SI Section S2.  125 

To evaluate the effect of molybdenite on nitrogen fixation, it is essential to minimize Mo 126 
levels from all chemicals used to make the growth medium. To achieve this, 8-127 
hydroxyquintoline (8-HQ) was used as a Mo scavenging reagent (SI Section S2). The resulting 128 
Mo-depleted medium [2 nM, as determined by inductively coupled plasma mass 129 
spectrometry (ICP-MS, PerkinElmre Nex10N 300X)] was used for subsequent nitrogen-130 
fixation experiments. Vanadium (V) remained undetected (<0.5 nM). 131 

R. palustris CGA009-∆anfA strain was initially grown under anoxic and light conditions in 132 
the normal growth medium at 30 °C to yield the maximum growth (Oda et al. 2005). Details 133 
for growth medium was included in SI Section S2. Afterwards, nitrogen-fixing (diazotrophic) 134 
mode was established using the same medium but with aqueous and solid-source Mo 135 
instead of (NH4)2SO4. 136 

 137 

2.2 Preparation of mineral 138 

Molybdenite (MoS2), which was the primary Mo mineral on early Earth (maximum age 139 
4.568 Ga) (Hazen et al. 2014), was used as a model mineral. Molybdenite was size-140 
fractionated to obtain 0.075-0.16 mm size fraction. Nanoparticles smaller than 2 μm were 141 
removed via centrifugation (4,000 g for 7 mins). This size fraction was washed three times 142 
with deionized water and once with fresh metal-depleted medium to remove any 143 
molybdenum oxides possibly present on the surface. Minerals were then autoclaved and 144 
preserved in a COY anoxic chamber (98% N2 and 2% H2, Coy Laboratory Products, Grass Lake, 145 
Michigan).  146 
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 147 

2.3 Experimental setup  148 

Normally grown R. palustris CGA009-∆anfA was initially transferred to Mo-depleted 149 
medium for at least 3 times to exhaust any residual cell-associated Mo and Fe. After the last 150 
transfer, 0.4 mL cell culture (by volume) was inoculated into 20 mL medium in 50-mL anoxic 151 
vials containing two forms of Mo (Na2MoO4 and mineral) and 2.5 μM FeSO4∙7H2O. 152 

To evaluate the effect of aqueous Mo on growth of R. palustris CGA009-∆anfA, a Mo 153 
concentration gradient, ranging from 2 nM (measured in Mo-depleted medium) to 10 μM, 154 
was used. This range brackets those in natural environments: ~2 nM in Archean ocean, 0.01 155 
μM in  euxinic conditions, 0.1 μM in the modern open ocean, 1 μM in geothermal 156 
groundwater, and 10 μM in mining/mineralized aquifers (Smedley and Kinniburgh 2017). 157 

To ascertain the bioavailability of Mo in minerals, aqueous Mo was replaced with 158 
molybdenite at two concentrations: 16 mg/L and 160 mg/L. These two concentrations were 159 
chosen because preliminary experiments revealed abiotic molybdenite dissolution at time 160 
zero to generate an aqueous Mo concentration of 0.01 μM (typical in euxinic environments) 161 
and 0.1 μM (typical in the open ocean), respectively. The normal diazotrophic medium with 162 
0.1 μM aqueous Mo served as a positive control, and the negative control did not contain 163 
any additional aqueous Mo (but with background Mo of 2 nM).  164 

To delineate whether microorganisms facilitated molybdenite dissolution by secreting 165 
soluble metabolites, a separate experiment was conducted by using a supernatant collected 166 
from microbial incubation of molybdenite. The supernatant was collected via centrifugation 167 
(6,000 g for 10 mins) after the cell culture had reached the stationary phase. Fresh 168 
molybdenite was then added to the supernatant and allowed to react for 24 hours. 169 
Molybdenite concentration was kept the same as in the mineral experiments. A no-cell 170 
medium containing only molybdenite was used as a control.  171 

 172 

2.4 Determination of cell growth, nitrogenase activity, and trace metal concentrations 173 

Cell growth was monitored by measuring optical density at OD=600 nm. Total protein 174 
concentration was measured as an alternative method for monitoring time-course change of 175 
biomass (SI Section S3). 176 

Nitrogenase activity was measured using the acetylene reduction assay (ARA) and 15N2 177 
tracer method (Mohr et al. 2010). For the ARA determination, 10 mL cell suspensions were 178 
incubated in a 26 mL anoxic glass tube with a headspace containing 2% acetylene and 98% 179 
helium as previously described (Sheng et al. 2023). Ethylene concentration was measured by 180 
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using gas chromatography (GC, Agilent 7890A). N2 fixation rates were measured using a 181 
modified 15N2 tracer method (Mohr et al. 2010) (SI Section S4). 182 

Extracellular and cell-associated Mo concentrations were determined by using ICP-MS 183 
(Perkin Elm Nex10N 300X) (SI Section S5). For abiotic experiments, only dissolved Mo was 184 
measured.  185 

 186 

2.5 Characterization and quantification of metallophores  187 

To measure siderophore concentration as a microbial strategy for metal acquisition from 188 
minerals, supernatants were collected from cell-mineral incubation experiments, centrifuged 189 
(7,000 g for 10 mins), and extracted using solid phase extraction (SPE) cartridges at neutral 190 
pH (7.5) (Sheng et al. 2023). The SPE column was Bond Eult C18 (Agilent), known for its high 191 
retention of non-polar compounds. Compounds retained in SPE column were eluted 192 
sequentially with a mixture of 2 mL 30% and 4 mL 80% methanol. After freeze drying, the 193 
samples were reconstituted in 3% methanol and stored at -20 °C until analysis. Any 194 
hydrophilic compounds would flow through the column and separately collected.  195 

Total siderophore concentrations were determined by Chrome Azurol S (CAS) assay 196 
(Perez-Miranda et al. 2007). Deferoxamine mesylate was used as a standard. Two negative 197 
controls were prepared for siderophore measurement: 1) normal growth medium; 2) 3% 198 
methanol, matching its concentration in the reconstituted SPE samples. To quantify 199 
siderophore concentration, reconstituted extracts were analyzed by using high performance 200 
liquid chromatography (HPLC) (SI Section S6). 3,4-dihydroxybenzoic acid (DHBA) was used as 201 
a standard for determination of siderophore concentration (Baars et al. 2018). 202 

Chemical composition of any other microbial metabolites was analyzed by using 203 
Orbitrap liquid chromatography (LC-MS) (SI Section S6). Full-scan mass spectra were 204 
acquired in both positive ion and negative ion modes (m/z=200-2000). To determine 205 
concentrations of metal-chelating metabolites, liquid chromatography-inductively coupled 206 
plasma-mass spectrometry (LC-ICP-MS) was used (Supporting Information Section S6). 207 
Protochelin was used as a standard to complex Mo and Fe. Stock solutions were prepared by 208 
equimolar additions of Na2MoO4 and FeCl3 to protochelin (100 μM). 209 

 210 

2.6 Proteomic analysis 211 

To compare any differences in protein expression patterns between different forms of 212 
Mo, proteomic analysis was conducted. Protein from the end of exponential phase was 213 
extracted and purified (SI Section S7). Proteomic analysis was performed using LC-MS/MS 214 
with an Orbitrap mass spectrometer (Q-Exactive Plus, Thermo Fisher Scientific) connected to 215 
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a nano-electrospray ion source (Nanospray Flex, Proxeon Biosystems, Odense, Demark) (SI 216 
Section S8). All MS raw data were analyzed using MaxQuant and Perseus software (Cox et al. 217 
2011).  218 

 219 

2.7 Mineral characterization 220 

To investigate mineralogical changes of molybdenite after its incubation with cells, X-ray 221 
diffraction (XRD, Rigaku-D/MAX-PC 2500, Japan) was performed with a powder X-ray 222 
diffractometer using Cu Ka radiation with power of 1000W (40 kV and 25 mA). Samples were 223 
scanned in the 2-theta range from 4 to 40 stepping at 0.01 with a count time of 1 s per step. 224 

Scanning electron microscopy (SEM) was utilized to visualize any physical associations 225 
between cells and molybdenite using a Zeiss Supra 55 scanning electron microscope (SI 226 
Section S9). Elemental mapping was performed using a Zeiss Supra 55 SAPPHIRE SEM with a 227 
Gensis 2000 X-ray energy dispersive spectrometer (SEM-EDS). 228 

Mineral surface chemistry before and after interaction with cells was characterized by 229 
using X-ray photoelectron spectroscopy (XPS) (SI Section S10). To further characterize the 230 
molecular information on the mineral surface, Time of flight secondary ion mass 231 
spectrometry (TOF-SIMS) was used (SI Section S11). Pure molybdenite was also analyzed for 232 
comparison. 233 

 234 

3. Results 235 

3.1 Effects of dissolved Mo on nitrogen fixation  236 

V-nitrogenase-only R.palustris CGA766 did not grow in the experimental medium 237 
(data not shown), indicating that the background level of V (<0.5 nM) was inadequate to 238 
sustain V-based nitrogen fixation. Therefore, when using R.palustris CGA009-∆anfA, any 239 
detected nitrogen fixation should be solely attributed to activation of Mo-nitrogenase.  240 

The diazotrophic growth of R.palustris CGA009-∆anfA was dependent on the 241 
concentrations of aqueous Mo (Fig. 1a). When neither Mo nor Fe was added, the nitrogen 242 
fixation rate, as indicated by ethylene production rate, was minimal. Addition of Fe resulted 243 
in a small increase in nitrogen fixation rate, suggesting that there may be some residual Mo 244 
(~2 nM) either in the medium or associated with cells. Upon addition of Mo, the nitrogen 245 
fixation rate increased, with the extent of increase depending on Mo concentration (Fig.1a). 246 
There was a logarithmic correlation between nitrogen fixation rate and Mo concentration 247 
(Fig. 1b), suggesting greater Mo concentration resulted in a higher nitrogen fixation rate.  248 
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Consistently, with cell growth, Mo was consumed, leading to a decrease in its 249 
concentration over the course of the experiments (Fig. 1c). A higher concentration of initial 250 
aqueous Mo resulted in more cell-associated Mo (Figs. 1d and S1a). There was a 251 
stoichiometric mass balance between loss of aqueous Mo and association of Mo with cells 252 
(Fig. S1b). These data suggested that Mo was either assimilated into the cells, or adhered to 253 
their external surface. At the highest Mo concentration of 10 μM, the cell-associated Mo 254 
level reached approximately 36.0 μmol mg protein-1 (Fig. 1d). A significant positive 255 
correlation was observed between nitrogen fixation rate and cell-associated Mo 256 
concentration (Fig. 1b), suggesting that Mo was a key determinant for nitrogen fixation. 257 

 258 

3.2 Effects of molybdenite on nitrogen fixation  259 

The effect of solid-source Mo on nitrogen fixation was evaluated by replacing dissolved 260 
Mo with molybdenite. The growth and nitrogen fixation rate of R. palustris CGA009-∆anfA 261 
varied with molybdenite concentration (Fig. 2). Growth was negligible in the negative control 262 
(-Fe -Mo) but maximal in the positive control (+Fe +Mo, 0.1 μM aqueous Mo) (Fig.2a). At a 263 
mineral concentration of 16 mg/L, R.palustris cells exhibited a substantial growth, albeit at a 264 
slower rate than that in the positive control  (Fig. 2a). The fastest growth rate occurred at a 265 
mineral concentration of 160 mg/L, even surpassing that of the positive control.  266 

Consistent with the cell growth curves, the negative control showed the lowest nitrogen 267 
fixation rates of 148.0 nmol h-1 mg protein-1 (ARA) and 5.5 μmol h-1 mg protein-1 (15N tracer 268 
method) (Fig. 2b). Addition of aqueous Mo and Fe increased the rate by 133.5% and 193.6%, 269 
as measured by ARA and 15N tracer method, respectively. With molybdenite as the sole Mo 270 
source, nitrogen fixation rate further increased. The highest nitrogen fixation rate was 271 
measured at the highest mineral concentration of 160 mg/L, i.e., 746.2 nmol h-1 mg protein-1 272 
(ARA) and 29.0 μmol h-1 mg protein-1 (15N tracer) (Fig. 2b). This result suggested that mineral-273 
bound Mo was bioavailable and significantly enhanced the nitrogen fixation rate.  274 

Upon interaction with cells, extracellular aqueous Mo concentration displayed time-275 
dependent changes (Fig. 2c). Expectedly, only 2 nM Mo (background concentration) was 276 
observed in the negative control. In the positive control (0.1 μM Mo), Mo concentration 277 
declined overtime, and was completely consumed by 140 hours. In the presence of 16 mg/L 278 
molybdenite, aqueous Mo concentration increased in the first 50 hours (Fig. 2c), which 279 
corresponded to little cell growth (Fig. 2a). During this period, the rate of Mo consumption 280 
was likely lower than that of Mo dissolution, resulting in a net Mo accumulation. From 48 to 281 
96 hours, aqueous Mo concentration declined to below the detection limit (< 0.5 nM) (Fig. 282 
2c), likely because the rate of consumption exceeded the rate of dissolution (Fig. 2a). When 283 
the molybdenite concentration increased to 160 mg/L, aqueous Mo concentration 284 
significantly increased over the entire experimental duration, despite active cell growth, 285 
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suggesting that the amount of Mo released from molybdenite dissolution exceeded the 286 
cellular demand of Mo to result in a net Mo accumulation in solution. 287 

Expectedly, cell-associated Mo concentration was highest in the 160 mg/L mineral 288 
experiment, followed by the lower mineral concentration group (16 mg/L) and the positive 289 
control (Fig. 2d). Similar to the aqueous Mo case, a significant positive correlation was 290 
observed between nitrogen fixation rate and cell-associated Mo concentration (Fig. S2).  291 

 292 

3.3 Metallophore production in response to varying Mo conditions 293 

A pH decline induced by microbially produced organic acids could possibly enhance 294 
mineral dissolution (Dong et al. 2022) and nitrogen fixation. However, during the cell-mineral 295 
incubation, the pH increased from 6.8 to 8, which was unlikely to dissolve molybdenite. A 296 
separate abiotic control experiment confirmed negligible Mo dissolution when pH increased 297 
from 6.8 to 8 under anoxic conditions (data not shown), consistent with molybdenite 298 
stability within this pH range (Hao et al. 2019). Therefore, cells must have employed other 299 
strategies to access Mo from molybdenite to support its nitrogen fixation. 300 

R. palustris is known to secrete metal-chelating siderophores (Baars et al. 2018), which 301 
can dissolve molybdenite. Indeed, a yellow color was observed in the positive and mineral 302 
groups (Fig. S3), which was expected when the catechol group of siderophores was chelated 303 
with Mo (Doydora et al. 2022). Such color was not observed in the negative control, likely 304 
because there was no Mo in this control, not because of lack of siderophores in this group. 305 

To determine whether such siderophores facilitated molybdenite dissolution, a separate 306 
control experiment was conducted by incubating molybdenite with the supernatants 307 
collected from the negative control and mineral groups (positive control was not included). 308 
Indeed, significantly more aqueous Mo was measured after incubation of molybdenite with 309 
the supernatants from both groups, reaching ~0.55 μM after 24 hours, approximately 40% 310 
higher than that in the abiotic control (Fig. 3a).  311 

To explore the form of Mo-siderophore complexes in the supernatant samples, the SPE 312 
extracted samples were separated into two parts: flowthrough (part I) and SPE-extracted 313 
(part II) samples. Substances with ionic or hydrophilic groups should flow through the 314 
column (i.e., in part I), while Part II should contain hydrophobic compounds. The 315 
concentration of Mo in part II was higher than that in part I, suggesting that Mo was mainly 316 
chelated with hydrophobic substances in the supernatant. However, for the 160 mg/L 317 
mineral group with the highest Mo concentration, a significant fraction was in ionic or 318 
hydrophilic form (Fig. 3b).  319 

CAS assay was run to qualitatively explore the presence of siderophores in flow-through 320 
and SPE-extracted fractions. Siderophores were not present in the flow-through fraction but 321 
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were detected in the SPE-extracted fraction, as indicated by the blue-orange color in all 322 
biotic experimental groups (Fig. S4). These results indicated the presence of siderophores in 323 
the negative and positive controls, and mineral group that were capable of binding both Fe 324 
and Mo. 325 

To identify and quantify these siderophores in the SPE-extracted supernatant samples, a 326 
combination of Orbitrap LC-MS, HPLC, and LC-ICP-MS was used. Orbitrap LC-MS analysis 327 
revealed two siderophores with the m/z values of 789.40 and 831.41, which were identified 328 
as rhodopetrobactins A and B, respectively (Fig. S5) and have been shown to be capable of 329 
binding both Fe and Mo (Baars et al. 2018). With DHBA as a standard, HPLC analysis 330 
quantified the concentrations of these two siderophores. In the positive control, both 331 
siderophores were at a low level (Fig.3c). In their absence (i.e., negative control), the 332 
concentrations of rhodopetrobactin A and B significantly increased, reaching 32.2 μM and 333 
8.6 μM, respectively (Fig. 3c). When 160 mg/L molybdenite was used as the sole Mo source, 334 
the concentrations of rhodopetrobactin A and B were close to those in the negative control, 335 
reaching 31.0 μM and 7.9 μM respectively. In the lower mineral concentration group, the 336 
siderophore concentrations were over 70% lower.  337 

Supporting these findings, LC-ICP-MS results showed a peak around 584 s in the 160 338 
mg/L molybdenite group (Fig. S6a), slightly shifted relative to the Mo-protochelin standard at 339 
630 s, suggesting the presence of Mo-chelating siderophore or metabolite (Sheng et al. 340 
2023). Using protochelin as a standard, LC-ICP-MS estimated the concentration of Mo-341 
chelating metabolite to be 0.2 μM in the 160 mg/L mineral group (Fig. 3d). This value was 342 
close to the Mo concentration in the SPE-extracted hydrophobic fraction (~0.2 μM) (Fig. 3b), 343 
demonstrating a consistency between the two independent methods. No Mo-chelating 344 
complex was observed in other groups (Fig. 3d), likely due to limited Mo release (Fig. 3b) or 345 
siderophore production (Fig. 3c). These results together suggested that when anoxygenic 346 
phototroph experienced scarcity of aqueous Mo, they secreted siderophores/metallophores 347 
to facilitate Mo uptake from alternative sources such as mineral.  348 

 349 

3.4 Change in mineral surface chemistry after cell incubation 350 

No secondary mineral was detected after interaction of molybdenite with cells, 351 
indicating that its mineral structure remained unchanged (Fig. S7). SEM images revealed 352 
significant cell adherence to the surface of molybdenite (Fig. 4a). Bacterial secretions tended 353 
to form network-like structures at the edge of the molybdenite (Fig. 4a). Elemental maps 354 
showed that while there were no significant changes in Mo and S after interaction of 355 
molybdenite with cells (Fig. 4b), Fe, C, and P were enriched (Fig. S8), likely due to attachment 356 
of dissolved Fe, cells and their exudates to molybdenite surface.  357 
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To explore deeper into any chemical changes of molybdenite surface as a result of cell 358 
interaction, surface-sensitive XPS and TOF-SIMS techniques were employed. The peaks of 359 
Mo3d and S2s in XPS profiles of pure molybdenite (Fig. S9) were consistent with a previous 360 
study (Amin et al. 2018). While no significant new peaks emerged after microbial incubation, 361 
intensities of Mo and S peaks significantly decreased (Fig. S9b-1), suggesting that the 362 
molybdenite surface was covered by cells or exudates (Sheng et al. 2023), thus diluting the 363 
Mo and S signals. This was further supported by increases of the relative peak intensities of 364 
C=O and C-O-C (Fig. S9b-2), suggesting adsorption of organic compounds on the molybdenite 365 
surface.  366 

ToF-SIMS results offered more detailed insights (Figs. 5, S10-S11). Consistent with the XPS 367 
results, the intensities of Mo and S maps notably decreased after interaction with cells, 368 
accompanied by a concomitant increase of the C intensity (Fig. 5). Due to the high molecular 369 
weight (789.40 / 831.41), detection of rhodopetrobactins by TOF-SIMS was challenging 370 
(Körsgen et al. 2016). Nonetheless, rhodopetrobactin fragments (e.g., C7H6O3

-, C11N2H16O3
+) 371 

were identified on molybdenite surface after cell incubation (Figs. 5 and S10). Moreover, 372 
peak intensities of other organic compounds (e.g., C3H5

+, C4H7
+, C3H8N+) significantly 373 

increased on microbially reacted molybdenite surface relative to the pure molybdenite (Fig. 374 
S11). These results underpinned the importance of microbial secretion in acquiring metals 375 
from minerals by direct contact. 376 

 377 

3.5 Protein expression in response to molybdenite as the sole Mo source 378 

To further explore the effects of different Mo sources on nitrogen fixation at the 379 
molecular level, proteomic analysis was performed on the treatments including negative 380 
control, positive control, and molybdenite group (160 mg/L). (Fig. 6). Gene clusters for 381 
rhodopetrobactins (RPA2386-2390), ABC transporter (RPA2382 and 2385), Mo-nitrogenase 382 
(NifDKH), and Mo transport system (ModA RPA4717, RPA4719) were the major focus (Fig. 6a 383 
and 6b). 384 

Compared to the negative control, addition of Mo in both dissolved and mineral forms 385 
significantly increased the expression of Mo-nitrogenase (NifDKH) (Fig. 6c), consistent with 386 
the observed increase in nitrogen fixation rates (Figs. 1 and 2). Relative to the negative 387 
control and molybdenite group, proteins involved in rhodopetrobactin biosynthesis 388 
(RPA_2386) and an ABC transporter (RPA_2382, RPA_2385) were down regulated in the 389 
positive control (Fig. 6c), consistent with reduced production of siderophores when aqueous 390 
Mo and Fe were replete (Fig. 3c). Furthermore, Mo transport protein (ModA) was down 391 
regulated when Mo was present in either dissolved or molybdenite forms. Interestingly, TonB 392 
siderophore receptor systems were significantly down regulated in the positive control, while 393 
there was no difference between the molybdenite and negative groups. Thus, there was no 394 
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need for transporting Mo-siderophore complexes into cells in the positive control, but such 395 
mechanism may be important in the negative and molybdenite experiments. In addition, 396 
there was no significant difference in these protein expression levels between the dissolved 397 
and mineral forms of Mo, although the positive group showed overall higher expressions. 398 
These findings suggested that the mineral form of Mo was as bioavailable as soluble Mo in 399 
regulating nitrogen fixation.  400 

 401 

4. Discussion  402 

4.1 Impact of molybdenum on nitrogen fixation 403 

Bioavailable nitrogen, such as ammonium, is crucial for biosynthesis of proteins and 404 
nucleic acids in all life forms (Canfield et al. 2010). Over geological timescales, nitrogen 405 
fixation has been critical in supporting the Earth's expanding biosphere because this is the 406 
only process that converts inert N2 to bioavailable ammonium. Abiotic nitrogen fixation, 407 
resulting from processes like lightning and volcanic eruptions, was estimated to yield around 408 
2×108– 2×1010 mol N per year (Canfield et al. 2010). In contrast, today, the marine 409 
biosphere fixes approximately 1013 mol N per year (Ward 2012). Before the evolution of 410 
oxygenic photosynthesis, productivity on early Earth may have been smaller than today 411 
(Canfield et al. 2006). However, the presumed constancy of organic carbon burial since at 412 
least 3.5 Gyr suggests a high nitrogen demand, comparable to modern levels and far 413 
exceeding the amount of abiotically fixed nitrogen (Krissansen-Totton et al. 2015). Therefore, 414 
biological nitrogen fixation was perhaps the primary source of bioavailable nitrogen for both 415 
present-day and early biosphere (Canfield et al. 2010). 416 

In the modern ocean, phosphorus and iron are considered the primary limiting factors 417 
for nitrogen fixation, but not Mo, due to its abundance (~107 nM) in seawater (Mills et al. 418 
2004). However, Mo is limited in terrestrial environments due to its low concentration in the 419 
continental crust, natural fresh water, and high leaching rate (Barron et al. 2008; Smedley 420 
and Kinniburgh 2017). Evidence indicates that Mo availability restricts nitrogen fixation in 421 
modern terrestrial ecosystems, such as tropical and temperate soils (Barron et al. 2008). 422 
Similarly, in freshwater lakes such as Castle Lake in California (2-4 nM) and Esthwaite Lake in 423 
England (0.1-2.6 nM), Mo scarcity (below 20 nM) limits primary productivity (Glass et al. 424 
2012).  425 

By comparing different diazotrophs across geological time, regardless of whether they 426 
are early evolved anaerobic diazotrophs such as methanogens (e.g., Methanocaldococcus, 427 
Methanosarcina) and anoxygenic photosynthetic bacteria (e.g., Rhodopseudomonas 428 
palustris), or later evolved aerobic diazotrophs such as cyanobacteria (Anabaena variabilis) 429 
and aerobic diazotroph (e.g., Azotobacter vinelandii), their  diazotrophic growth was largely 430 
inhibited when dissolved Mo is below 10 nM (Table S2) (Bellenger et al. 2008; Nishizawa et al. 431 
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2014; Zerkle et al. 2006). However, ancient diazotrophs such as methanogens and anaerobic 432 
photosynthetic bacteria have lower nitrogen fixation rates than cyanobacteria and modern 433 
diazotrophs. In order to achieve a comparable rate of nitrogen fixation, these ancient 434 
diazotrophs have to acquire more Mo, because our finding (Fig. 1), along with others 435 
(Bellenger et al. 2011; Glass et al. 2010; Nishizawa et al. 2014), demonstrated that higher Mo 436 
level can increase the rate of nitrogen fixation.  437 

Both isotopic (Stueken et al. 2015) and phylogenetic evidence (Parsons et al. 2021) 438 
suggest that ancient nitrogen fixation (3.2-2.9 Ga) was performed by Mo-nitrogenase, 439 
despite low levels of soluble Mo in the ocean. Although hydrothermal vents and anoxic 440 
abiotic weathering in early marine environments were important in providing localized Mo, 441 
most of the released Mo in these environments likely remained in solid form (~90%) (Evans 442 
et al. 2023), keeping aqueous Mo concentrations relatively low on a global scale. Therefore, 443 
we argue that ancient diazotrophs may have had the ability to acquire Mo from solid rocks 444 
and minerals as an additional source to meet their high demand for Mo (Sheng et al. 2023; 445 
Srivastava et al. 2023).  446 

 447 

4.2 Mechanisms of microbial uptake of molybdenum as a cofactor for nitrogen fixation 448 

By using genetically modified mutant strain with Mo-nitrogenase only, we excluded the 449 
possibilities of Fe-only nitrogenase activation. Our findings suggested that in Mo-depleted 450 
environments, such as early Earth and modern terrestrial ecosystems, Mo-bearing minerals 451 
may have provided an additional Mo flux to promote biological nitrogen fixation. 452 
Diazotrophs develop specific strategies to acquire Mo from minerals. 453 

Microbes can extract nutrients from minerals through direct contact, acidification, redox 454 
reactions, and/or secretion of chelates (Dong et al. 2022; Uroz et al. 2009). In the current 455 
study, acidification and redox reaction were unlikely, as pH did not decline and no changes in 456 
Mo or S speciation were observed (Fig. S9). Therefore, direct contact and secretion of 457 
chelates should be the primary mechanisms at play.  458 

Direct contact between minerals and microorganisms is essential for microbial uptake of 459 
nutrients from minerals (Ahmed and Holmström 2015). Our previous studies showed that 460 
growth of aerobic and anaerobic diazotrophs (Azotobacter vinelandii and Clostridium kluyveri) 461 
was inhibited when cells and molybdenite were physically separated by a dialysis bag (Sheng 462 
et al. 2023; Srivastava et al. 2023), underscoring the importance of direct contact for metal 463 
uptakes. Comparably, R. palustris demonstrated a high affinity for molybdenite surface (Fig. 464 
4), despite both molybdenite and R. palustris surfaces are negatively charged. Such a tight 465 
physical contact would be difficult even with electrostatic attraction between mineral 466 
surfaces and cells (Sheng et al. 2021), unless the mineral could provide a growth benefit. 467 
Therefore, R. palustris may have overcome electrostatic repulsion to tightly adhere to 468 
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molybdenite surface, because of the strong need for Mo. Indeed, R. palustris has a greater 469 
preference for anionic metals over cationic ones (Pokrovsky et al. 2014), underpinning its 470 
strong nutritional needs regardless of the surface charge. This preference also suggested its 471 
preponderance on early Earth, wherein the majority of trace metals exist as anionic sulfuric 472 
species (Phillips and Xu 2021).  473 

Secretion of chelates is another possible mechanism for Mo uptake. While R. palustris 474 
has been shown to secrete siderophores when iron is limited (Baars et al. 2018), our results 475 
showed that siderophores were secreted when molybdenite was the sole Mo source, even 476 
when iron was abundant. This indicated a molybdenite-dependent siderophore secretion 477 
system, as evidenced by increased rhodopetrobactin levels in the presence of high mineral 478 
concentration (Fig. 3c). One possible explanation is that as the concentration of molybdenite 479 
increased, more molybdenite surface became available for R. palustris cells, to acquire Mo 480 
through secretion of rhodopetrobactin. This result, when combined with evidence of 481 
microbial attachment, suggested that microbial attachment to mineral surface increased 482 
siderophore secretion (Ahmed and Holmström 2015) and mineral dissolution. Aerobic 483 
diazotrophs like Azotobacter vinelandii use similar strategies to acquire limiting metals, 484 
controlling metal speciation and maintaining optimal cell-associated metal concentrations 485 
for nitrogen fixation (McRose et al. 2017).  486 

Secretion of siderophores results in the formation of Mo-siderophore complexes, but 487 
they are too large to pass directly through porin channels on cell surface, and as a result, 488 
specific transportation pathways are required to deliver the complexes into the cytoplasm 489 
(Wiener and Horanyi 2011). The genome of R. plaustris encodes outer membrane 490 
siderophore receptor systems such as transperiplasmic TonB (Larimer et al. 2004), which may 491 
be required for transporting siderophores and metal-siderophore complexes into cells (Mirus 492 
et al. 2009). Indeed, a significantly higher expression of TonB siderophore receptor proteins 493 
was observed in the negative and mineral groups relative to the positive control (Fig. 6c), 494 
consistent with the high siderophore production in the negative control (Fig. 3c) and Mo-495 
siderophore complex in the presence of molybdenite (Fig. 3d). This is consistent with the 496 
finding that Fe-siderophore/Cu-methanobactin complexes could be transported into the cell 497 
as a unit (Balasubramanian et al. 2011; Stintzi et al. 2000). 498 

Alternatively, Mo may be assimilated into the cells by the periplasmic binding protein 499 
ModA (Duhme‐Klair 2009) when Mo is dissociated from the Mo-siderophore complexes. In R. 500 
palustris, Mo ion uptake is regulated by transcription factor (ModE), which represses ModA 501 
expression at micromolar Mo concentrations or higher, indicating that the ModA transporter 502 
is synthesized only under low Mo conditions (Demtroder et al. 2019), such as the Mo-503 
depleted negative control in this study. Indeed, whether Mo was supplied in dissolved or 504 
mineral forms, the expression of ModA for Mo ion transport was suppressed (Fig. 6), 505 
because of adequate supplies of aqueous Mo (>0.1 µM) (Fig. 2).  506 
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 507 

4.3 Implication of bioavailability of Mo-bearing minerals on early Earth  508 

The conditions that gave rise to nitrogen fixation and sustained its evolutionary 509 
development remain a subject of debate. It has been suggested that the first nitrogenase in 510 
the early biosphere was “proto-nitrogenase”, ancestral to the current forms and not so 511 
specific to nitrogen fixation (Mus et al. 2019). With the increase of ammonia demand by the 512 
expanding biosphere, more efficient Mo-nitrogenase evolved, which provides a survival 513 
advantage for life under the conditions of nitrogen limitation. At the same time, a high 514 
affinity Mo uptake system may have evolved to support the activity of Mo-nitrogenase (Lee 515 
et al. 2024). Therefore, despite the scarcity of dissolved Mo prior to the GOE, the kinetic 516 
advantage of Mo-nitrogenase may have favored its use as a cofactor over more abundant but 517 
less efficient alternatives like later evolved V and Fe nitrogenases. Our results provide a 518 
plausible explanation that mineral-associated Mo was bioavailable to early diazotrophs to 519 
sustain nitrogen demand and biosphere expansion. 520 

Anoxygenic photosynthetic bacteria may have dominated the ocean’s primary 521 
productivity throughout much of the Archean (Planavsky et al. 2021). Prior to the emergence 522 
of oxygen-producing photosynthesis, anaerobic phototrophs likely dominated the entire 523 
photosynthetic niche (Ozaki et al. 2019). These bacteria may have played a crucial role in the 524 
early carbon and nitrogen cycles, populating in ecological niches located deep within the 525 
eutrophic zone (Johnston et al. 2009). They can thrive in low light conditions and utilize 526 
upwelling nutrients such as hydrogen, hydrogen sulfide, and ferrous iron (Kappler et al. 2005). 527 
Given the lower atmospheric thickness on early Earth (Catling and Zahnle 2020), the 528 
eutrophic zone was likely deeper than it is today. Our results highlight that in these early 529 
photic environments rich in Mo-bearing minerals and anoxygenic phototrophs, such as land, 530 
ocean basin boundaries, marginal basins (shallow seas) (Siebert et al. 2006), and continental 531 
margins (continental shelves) (McManus et al. 2006), Mo-bearing minerals would have 532 
provided an additional flux for primary productivity.  533 

There is no direct evidence about the evolution of molybdophores (siderophores that 534 
bind molybdenum) on early Earth. However, we can infer some relevant information (Lee et 535 
al. 2024). The origin of siderophores may predate the GOE, as siderophore-synthesizing 536 
machineries are present across cyanobacteria (Wade et al. 2021), which originated at ~ 3.0 537 
Ga (Planavsky et al. 2014). Early life in the surface photic zone likely experienced fluctuating 538 
iron solubilities, including those environments where iron was concentrated in solid phases 539 
(Canfield et al. 2006). Therefore, banded iron formations (BIFs), resulting from the oxidation 540 
of ferrous iron by anoxygenic phototrophic precipitation or abiogenic photooxidation, are 541 
not limited to the GOE interval but occurred intermittently during the Archaean (Kappler et 542 
al. 2005; Ozaki et al. 2019). This suggests that life in ancient anoxic environments may have 543 
developed an ability to acquire Fe(III) in solid form (Lee et al. 2024). While cyanobacteria 544 
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mostly secrete hydroxamate siderophore, Mo would have been only complexed with 545 
catechol siderophores, such as the rhodopetrobactins produced by R. palustris. Therefore, 546 
our results demonstrate that the molybdophores may have evolved early in response to Mo 547 
scarcity. Anaerobes capable of secreting molybdophores may have had a competitive 548 
advantage in utilizing solid-bound Mo, enhancing their nitrogen fixation capacities. 549 

5. Conclusion 550 

To better understand whether Mo-bearing mineral could as a potential Mo source to 551 
support Mo-nitrogenase, we conducted an experiment with a model Precambrian 552 
anoxygenic phototroph R. palustris, under anaerobic diazotrophic conditions using 553 
molybdenite as the sole Mo source. Our findings demonstrate that molybdenite can indeed 554 
support nitrogen fixation by R. palustris, with the rate of nitrogen fixation increasing in 555 
correlation with the concentration of molybdenite. Notably, under conditions of 556 
molybdenum scarcity, R. palustris is capable of secreting metallophores to extract the 557 
required Mo from minerals. This discovery could potentially resolve the paradox of the 558 
widespread presence of Mo-nitrogenase enzymes despite scarcity of aqueous Mo on early 559 
Earth. 560 
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Figure Captions 793 

Fig.1. Relationship between nitrogen fixation rate and aqueous Mo concentration. (a) 794 
Biomass-normalized ethylene production rate (a proxy for nitrogen fixation rate) under 795 
varying aqueous Mo concentrations. (b) Correlations between ethylene production rate and 796 
supplied or cell-associated Mo concentrations. (c) Time-course change of aqueous Mo 797 
concentration across different Mo concentration groups. (d) Cell-associated Mo 798 
concentration across different Mo concentration groups. Error bars represent one standard 799 
deviation from triplicate experiments.  800 

 801 

Fig.2. Relationship between nitrogen fixation rate and solid-source Mo concentration. (a) 802 
Growth curve of R. palustris CGA009-∆anfA measured by OD600nm in the molybdenite 803 
experiments. (b) Biomass-normalized ethylene production rate (bar graph) and N2 fixation 804 
rate (curve). (c) Time-course change of extracellular aqueous Mo concentrations (defined as 805 
the difference in aqueous Mo between later time points and time zero). (d) Biomass-806 
normalized cell-associated Mo concentrations. Error bars represent one standard deviation 807 
from triplicate experiments. ND denotes no detection. 808 

 809 

Fig.3. Characterization and quantification of metallophores. (a) Mo release when 810 
molybdenite was incubated with supernatant samples for 24 hours under anoxic conditions. 811 
Negative control supernatant and mineral group supernatant collected from the negative 812 
control (-Fe -Mo) and molybdenite experiment (160 mg/L), respectively. (b) Mo 813 
concentrations in flow-through and SPE-extracted fractions after solid phase extraction (SPE) 814 
of the experimental supernatant samples. SPE-extracted samples were separated into two 815 
parts: flowthrough and SPE-extracted samples. (c) Concentrations of rhodopetrobactin A and 816 
rhodopetrobactin B in the SPE-extracted samples as determined by HPLC. (d) Concentrations 817 
of Mo-chelating metabolites in the SPE-extracted samples as determined by LC-ICP-MS. ND 818 
represents no detection. 819 

 820 

Fig.4. (a) SEM images showing attachment of R. palustris CGA009-∆anfA to molybdenite 821 
surface in the molybdenite experiments (160 mg/L). (b) SEM images and elemental maps 822 
showing the Mo, S, Fe, P, C, N enrichments on molybdenite surfaces after interaction with 823 
R.palustris CGA009-∆anfA cells.  824 

 825 

Fig.5. ToF-SIMS maps showing the intenisty of Mo (a, b), S (c, d), C (e, f), C7H6O3
- (g, h) on 826 

molybdenite surface before and after interaction with R.palustris cells. C7H6O3
- represents 827 



26 

 

the fragments of rhodopetrobactins A and B. The color gradient from black to yellow 828 
represents increased intensity. 829 

 830 

Fig.6. (a) Operon structures of siderophore biosynthesis genes (production: RPA2386-831 
RPA2390, ABC transport: RPA2382 and RPA2385), Mo-nitrogenase genes(nifDKH), Mo-832 
transport genes (modA, RPA4719), and TonB siderophore receptor systems (RPA2378, 833 
RPA2380) encoded in R. plausrtis CGA009-∆anfA. (b) Volcano plots revealing the significant 834 
difference in protein expression levels (Log2 fold change < -2 or >2, p<0.05) in the pairwise 835 
comparison between positive control (+Fe +Mo) vs. negative control (-Fe -Mo), positive 836 
control (+Fe +Mo) vs. molybdenite, molybdenite vs. negative control (-Fe -Mo). (c) Difference 837 
in protein expression (log2 fold change) between pairwise experimental groups. The color 838 
gradient from blue to red represents down-regulated to up-regulated protein expressions. 839 
The asterisk represents significant diffrerence (p < 0.05). 840 
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