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A B S T R A C T

Banded iron formations (BIFs) are iron (Fe)- and silica (SiO2)-rich marine chemical sediments that formed be
tween 3.8 and 1.85 Ga, recording early ocean geochemistry and the rise of oxygen during the Great Oxidation 
Event (GOE, ~2.45 Ga). Cyanobacterial oxygen (O2) production led to iron mineral precipitation, with subse
quent Fe(III) reduction by dissimilatory Fe(III)-reducing bacteria (DIRB). However, the remobilization and roles 
of essential dissolved nutrients (phosphate, PO4

3− ) and micronutrients that also function as potential toxins 
(nickel, Ni), remain unclear. We conducted batch experiments with two consecutive Fe(II) oxidation and Fe(III) 
reduction cycles with the marine cyanobacterium Synechococcus sp. PCC7002 and the DIRB Shewanella col
welliana under simulated Archean ocean conditions (0.5 mM Fe2+

aq, 0.67 mM SiO2 aq) with varying concen
trations of PO4

3− (3.67 and 367 μM) and Ni (0.4, 4 and 40 μM). High Ni (4, 40 μM) inhibited growth, except at 
high PO4

3− (365 μM) with 4 μM Ni, whereas total cell counts temporarily increased from 2 × 107 cells/mL at day 
60 to 6 × 107 cells/mL at day 135, followed by a decline to 4 × 107 cells/mL by day 195. Low PO4

3− concen
trations (3.67 μM) limited growth except at low Ni (0.4 μM), rising from 2 × 107 cells/mL on day 60 to 8 × 107 

cells/mL by day 82. These results suggest that first, the combined stress of high Ni toxicity and low PO4
3−

availability likely constrained cyanobacterial proliferation, possibly delaying the onset of the GOE. Second, DIRB 
could remobilize PO4

3− during Fe(III) reduction, thereby sustaining microbial activity and maintaining iron 
cycling in the early ocean.

1. Introduction

Banded iron formations (BIF) constitute the worlds' largest iron ore 
deposits (Beukes, 1973; Trendall, 2002) and occur on nearly every 
continent (Bekker et al., 2004; Konhauser et al., 2017). Owing to their 
antiquity and prolonged deposition, BIFs serve as critical archives of 
ancient seawater chemistry and early microbial life. The earliest primary 
iron mineral precipitation is attributed to biological activity in the 
photic zone over continental shelves (see (Konhauser et al., 2017) for 
review), including anoxygenic photosynthesizers (the so-called photo
ferrotrophs) that used dissolved Fe(II) (instead of water) as the electron 
donor for photosynthesis. The Fe(II) oxidation formed Fe(III), which 
precipitated out of the seawater as a ferric oxyhydroxide such as ferri
hydrite, Fe(OH)3 (reaction 1), often with adsorbed silica or forming 
aggregates composed of Fe(III), Fe(II), and silica (Dreher et al., 2025; 
Percak-Dennett et al., 2011; Wu et al., 2012). Later, cyanobacteria 

evolved oxygenic photosynthesis, producing free O2 from water (reac
tion 2), which then abiotically oxidized Fe(II) in seawater to form fer
rihydrite (reaction 3). The massive deposition of BIF between 2.6 and 
2.45 Ga has been attributed to the diversification of cyanobacteria 
immediately preceding the GOE (Cloud, 1973, Cloud, 1965; Dreher 
et al., 2026; Li et al., 2024). These Fe(III) minerals subsequently un
derwent reduction, potentially in deeper anoxic water layers and, ulti
mately, on the seafloor, mediated by DIRB ((Lovley and Phillips, 1988) 
(reaction 4)). Li et al., 2017 further proposed that the poorly crystalline 
Fe(III) (oxyhydr)oxides reacted with Fe(II) from hydrothermal vents 
(Kump and Barley, 2007), leading to the formation of magnetite. These 
processes can partially account for the direct formation of minerals like 
siderite, magnetite or Fe(II)-silicates, which then underwent further 
diagenesis and transformation into today's BIF minerals like siderite, 
magnetite hematite or greenalite (Halama et al., 2016; Köhler et al., 
2013; Konhauser et al., 2005; Posth et al., 2013). 
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4Fe2+ +CO2 +11H2O→4Fe(OH)3 +CH2O+8H+ (R1) 

H2O+CO2→O2 +CH2O (R2) 

4Fe2+ +O2 +10H2O→4Fe(OH)3 +8H+ (R3) 

8H+ +4Fe(OH)3 +C3H5O−
3 →4Fe2+ +10H2O+C2H4O2 +HCO−

3 (R4) 

Although cyanobacteria likely originated around more than 3.0 
billion years ago (Sánchez-Baracaldo et al., 2022), their ecological and 
biogeochemical impact became more pronounced much later, during 
the Neoarchean. Recent geochemical evidence—including nitrogen 
isotopes in BIFs (Liang et al., 2025) and thallium isotopes in shales (Chen 
et al., 2025)—reveals the presence of dynamic, regionally extensive 
marine oxygen oases by ~2.65–2.5 billion years ago. These data suggest 
that oxygenic photosynthesis by cyanobacteria created transient but 
significant oxygenated environments well before the GOE at 2.45 Ga 
(Poulton et al., 2021; Sánchez-Baracaldo et al., 2022). The delayed 
ecological dominance of cyanobacteria likely reflects a combination of 
factors, including the evolution of filamentous morphologies, limited 
habitable space (Ozaki et al., 2019), and nutrient availability, with PO4

3−

being the most probable limiting factor (Reinhard et al., 2017). How
ever, the exact concentration of PO4

3− in Neoarchean seawater, and 
whether it was abundant or limiting, remains a matter of debate 
(Bjerrum and Canfield, 2002; Bruland and Lohan, 2003; Jones et al., 
2015; Konhauser et al., 2007; Li et al., 2011; Planavsky et al., 2010). 
Moreover, it is important to note that under limiting (low) PO4

3− con
centrations, it is not only the total concentration, but also the amount of 
PO4

3− that can be recycled back into solution by DIRB that controls the 
survival of early bacteria.

Phosphorus (P), alongside with trace metals, played a critical role in 
regulating early ocean productivity. Bioavailable PO4

3− , essential for 
ATP generation, nucleic acids and membranes, directly constrains mi
crobial growth; making the reconstruction of ancient seawater PO4

3−

concentrations a key objective (Bjerrum and Canfield, 2002; Kipp and 
Stüeken, 2017). Low P/Fe ratios (<0.1 at ~3.0 Ga) have been used to 
suggest a ‘phosphate crisis’, with seawater PO4

3− estimated at 0.15–0.6 
μM, which is 10 times lower than modern levels (Bjerrum and Canfield, 
2002; Bruland and Lohan, 2003; Rego et al., 2023). However, high 
dissolved SiO2 in the Archean oceans likely reduced PO4

3− sorption onto 
ferrihydrite (Konhauser et al., 2007), potentially allowing concentra
tions to remain stable or even reach four times modern levels (Planavsky 
et al., 2010). Competition for sorption sites with organic matter (Li et al., 
2011; Sundman et al., 2016; Yan et al., 2016) also further supports 
elevated PO4

3- availability. Additionally, the co-occurrence of apatite 
with greenalite in BIFs implies hydrothermal PO4

3− inputs (Rasmussen 
et al., 2021). Conversely, Mg2+ and Ca2+ may negate silica's inhibition 
of PO4

3− sorption, lowering estimates to 0.04–0.13 μM (Jones et al., 
2015), approaching the growth limit of Synechococcus sp. PCC 7002 
(~0.1 μM; (Selão et al., 2019). Overall, it thus remains possible that 
phosphate was a severely limiting nutrient in the Archean. Sustaining 
life under such conditions likely required efficient P recycling or mi
crobial release from Fe(III) minerals, with DIRB mobilizing 3–25% of Fe- 
bound PO4

3− (Roden and Edmonds, 1997). However, it remains to be 
studied how much PO4

3− DIRB can recycle back into solution during 
highly dynamic microbial iron cycling, mimicking BIF deposition in the 
early ocean water column, in comparison to pure minerals. As described 
in Konhauser et al. (2007), the presence of silica during Fe(II) oxidation 
can influence the amount of PO4

3− sorbed to or co-precipitated with iron 
minerals. Similar, as indicated in previous studies (Dreher et al., 2025; 
Schad et al., 2022) during microbial cycling in the presence of silica, 
some Fe(II) aggregated with silica, most likely influencing the amount of 
scavenged PO4

3− during mineral precipitation. One factor that has not 
been considered in explaining the temporal gap between cyanobacterial 
evolution and the onset of the GOE is the role of trace metals, particu
larly Ni. It critically influences nutrient cycling and microbial 

metabolism in the early ocean, serving as a critical cofactor for enzymes 
that mediate ureolysis, methanogenesis, hydrogenotrophy, and aceto
genesis. In methanogens, Ni-bearing enzymes such as methane hy
drogenases and methyl-coenzyme M reductase, the latter containing the 
distinctive Ni-bearing cofactor F430 (Hausinger, 1987), are indispens
able. Experimental studies have demonstrated that methanogen growth 
becomes severely limited at Ni concentrations <200 nM (Kida et al., 
2001; Schönheit et al., 1979). Coupled with geochemical evidence of 
elevated pre-GOE Ni availability, these findings support the hypothesis 
that vigorous methanogenesis sustained high atmospheric methane 
(CH4), consuming free O2 and delaying the onset of the GOE (Konhauser 
et al., 2009; Eickhoff et al., 2014; Robbins et al., 2016). Interestingly, 
cyanobacteria also exhibit variable Ni requirements and tolerances: 
Synechococcus sp. PCC 7002 requires ~5 μM Ni for effective urea utili
zation (Sakamoto and Bryant, 2001), Anabaena doliolum tolerates up to 
10 μM Ni (Shukla et al., 2009), whereas Anacystis nidulans and Spirulina 
platensis are capable of growth at much lower concentrations, down to 
~1.7 μM Ni (Azeez and Banerjee, 1991).

The influence of microbial Fe cycling by cyanobacteria and DIRB on 
the fate of Ni and P under Archean-like conditions remains uncon
strained. It also remains unclear how the microorganisms implicated in 
BIF deposition responded to elevated Ni but low P concentrations. This 
study investigates how microbial abundance (cell density) and activity 
(O2 production by cyanobacteria and Fe(III) reduction by DIRB) were 
affected under these conditions. To address this, we conducted 
controlled microcosm experiments co-culturing the cyanobacterium 
Synechococcus sp. PCC 7002 with the DIRB Shewanella colwelliana. 
Simulating early ocean geochemistry, the experiments contained 0.5 
mM Fe(II) and 0.67 mM SiO2, with variable Ni concentrations (0.4, 4, 
and 40 μM) and PO4

3− concentrations (3.67 μM and 367 μM). We 
monitored cell density, dissolved O2, total and dissolved Fe(II), total Fe, 
as well as dissolved SiO2, PO4

3− , and Ni concentrations over successive 
redox cycles.

2. Material and methods

2.1. Cultivation of microorganisms and growth conditions

The cyanobacterium Synechococcus sp. PCC 7002, obtained from Gen 
Enomoto (University of Freiburg), was cultivated in oxic A+ medium, 
prepared from five stock solutions. Stock 1 (1:2 dilution) contained 3.89 
g FeCl3⋅6H2O, 34.3 g H3BO3, 4.3 g MgCl2⋅4H2O, 0.315 g ZnCl2, 0.03 g 
MoO3, 0.003 g CuSO4⋅5H2O, and 0.0122 g CoCl2⋅6H2O in Milli-Q water 
(1 L total). Stock 2 consisted of 100 g Trizma base adjusted to pH 8.2 
with HCl and diluted to 1 L with Milli-Q water. Stock 3 included 0.5 g 
KH2PO4, 10 g NaNO3, 24.4 g MgSO4, 180 g NaCl, and 6 g KCl in 1 L Milli- 
Q water. Stock 4 contained 0.3 g Na2EDTA in 100 mL Milli-Q water, and 
stock 5 contained 2.8 g CaCl2 in 100 mL Milli-Q water. To prepare 1 L of 
A+ medium, 4 mL of stock 1, 20 mL of stock 2, 200 mL of stock 3, and 4 
mL each of stocks 4 and 5 were combined and diluted to volume with 
Milli-Q water. Cultures were grown at 25 ◦C in Erlenmeyer flasks on a 
shaker (60 rpm) for aeration and CO₂ exchange, under a 40-watt halogen 
bulb providing 300–500 lx on an 18/6 h light–dark cycle. Cultures were 
maintained until reaching a cell density of ~108 cells/mL.

The DIRB Shewanella colwelliana, obtained from the German Collec
tion of Microorganisms and Cell Cultures (DSMZ), was cultivated on 
DSM 514 agar plates. The medium was prepared using premixed Bacto™ 
Marine Broth (DIFCO 2216) and included 15 g/L agar, 5 g/L Bacto™ 
peptone, 1 g/L Bacto™ yeast extract, and 0.1 g/L Fe(III) citrate, along 
with a defined seawater salt mixture: 19.45 g/L NaCl, 5.90 g/L MgCl2, 
3.24 g/L Na2SO4, 1.80 g/L CaCl2, 0.55 g/L KCl, 0.16 g/L NaHCO3, 0.08 
g/L KBr, 0.34 g/L SrCl2, 22 mg/L H3BO3, 0.04 g/L sodium silicate, 0.024 
g/L NaF, 1.60 g/L (NH4)NO3, and 8 mg/L Na2HPO4. The pH was 
adjusted to 7.14 using HCl prior to autoclaving. Cultures were incubated 
at 25 ◦C to promote bacterial growth. Co-culturing S. colwelliana with 
Synechococcus sp. PCC 7002 enabled simulation of microbial 
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interactions under redox cycling. The rationale for including 
S. colwelliana lies in its metabolic versatility: it can utilize oxygen when 
available and switch to fermentation or dissimilatory Fe(III) reduction 
under anoxic conditions, as would have occurred in the lower water 
column of Archean ferruginous oceans.

2.2. Setup of iron cycling experiments

We co-cultivated the planktonic cyanobacterium Synechococcus sp. 
PCC 7002 and the Fe(III)-reducing bacterium Shewanella colwelliana in 
anoxic artificial seawater (ASW) medium containing 500 μM dissolved 
Fe2+ and 670 μM monomeric silica. Two phosphate regimes were used: a 
‘high-phosphate’ condition (367 μM, between 0.3 and 60 μM left in 
solution after first Fe(II) oxidation period) and a ‘low-phosphate’ con
dition (3.67 μM, between 0.3 and 4 μM left in solution after the first Fe 
(II) oxidation period, none left in solution after the second Fe(II) 
oxidation period). The high-phosphate ASW was prepared using Milli-Q 
water and the following salt composition: 17.3 g/L NaCl, 8.6 g/L 
MgCl2⋅6H2O, 0.025 g/L MgSO4⋅7H₂O, 0.99 g/L CaCl2⋅2H2O, 0.39 g/L 
KCl, 0.059 g/L KBr, 0.05 g/L KH2PO4, 0.25 g/L NH4Cl, and 2 g/L 
NaHCO3. For the low-phosphate condition, KH2PO4 was reduced to 0.5 
mg/L (3.67 μM).

All salts, the bicarbonate buffer (30 mM), and the monomeric silica 
stock solution (Na2O3Si⋅9H2O) were purged with N2 (or N2/CO2 at a 
90:10 ratio for the buffer) and autoclaved separately to maintain anoxic 
conditions. The ASW medium was autoclaved in a Widdel flask and 
cooled to room temperature (~20 ◦C) before sterile addition of the bi
carbonate buffer and silica stock. The pH was adjusted to 7.0 using 1 M 
anoxic HCl under sterile conditions while maintaining an anoxic head
space. Vitamin and trace element solutions were then added to the 
filtered medium, and the pH was readjusted if necessary.

The prepared medium was dispensed in 100 mL aliquots into sterile 
250 mL Schott bottles under a continuous stream of N2/CO2 gas. Dis
solved O2 concentrations were monitored throughout the experiments, 
and any bottles exceeding 3 μM O2 were flushed with N2/CO2 to restore 
anoxia. Nickel was added from an anoxic, sterile NiCl2 stock solution to 
final concentrations of 0.4, 4, or 40 μM Ni. The rationale for choosing 
these Ni concentrations is provided in the SI file.

To initiate Fe cycling experiments, an anoxic, sterile FeCl2 x 4 H2O 
stock solution (100 mM or 1 M) was aseptically added to each bottle. The 
pH remained circumneutral (7.0 ± 0.05) after Fe(II) addition and 
remained between 7.0 and 7.5 throughout the experiment. Bottles were 
then subjected to alternating light and dark conditions to simulate two 
full redox cycles, promoting microbial Fe(II) oxidation during light 
phases and Fe(III) reduction during dark phases. All experiments were 
conducted in triplicates.

PCC 7002 stock cultures were washed three times with artificial 
seawater (ASW) and inoculated into Schott bottles to achieve a final cell 
density of 106 cells/mL. Following the termination of the first oxidation 
half-cycle, the bottles were wrapped in aluminum foil to inhibit photo
synthetic activity and purged with a 10/90 N₂/CO₂ mixture until dis
solved oxygen concentrations dropped below 3 μM. Separately, cultured 
S. colwelliana cells were suspended, washed three times with ASW, and 
introduced into the system to the same final cell density (106 cells/mL). 
To initiate Fe(III) reduction, sodium lactate (NaC₃H₅O₃) was added as an 
electron donor and carbon source, with its concentration aimed to 
achieve 70% Fe(III) reduction (Konhauser et al., 2005). Once this 
reduction threshold was reached, the bottles were unwrapped and re- 
exposed to light to reactivate photosynthesis.

2.3. Quantification of Fe redox species using the spectrophotometric 
Ferrozine assay

We followed the protocol of Hegler et al. (2008) to quantify Fe2+

concentrations via spectrophotometry. For Fe2+ analysis, samples were 
dissolved and diluted in 1 M HCl to ensure iron concentrations ≤1 mM. 

In a 96-well plate, 80 μL of 1 M HCl was combined with 20 μL of sample, 
followed by a 15-min incubation to stabilize the solution. Next, 100 μL of 
ferrozine reagent was added, forming a light-sensitive purple complex 
with Fe2+ that absorbs at 562 nm. After a 5-min complexation period in 
the dark, absorbance was measured using a Multiskan™ GO Microplate 
Spectrophotometer (Thermo Fisher Scientific, USA).

For total iron (Fe(tot)) quantification, the protocol was adjusted: 1 M 
HCl was replaced with 80 μL of 10% (v/v) hydroxylammonium hydro
chloride (HAHCl) to reduce Fe3+ to Fe2+. This step required a 30-min 
incubation to ensure complete reduction before adding ferrozine. To 
prevent photodegradation, both ferrozine and HAHCl solutions were 
stored and handled in the dark. Calibration was performed using iron 
standards (0–1000 μM) to generate a standard curve for concentration 
calculations.

2.4. Quantification of dissolved silica using the Molybdenum Blue method

Dissolved silica, including monomeric silica and colloidal silicic acid 
(Si-Si-colloids), was quantified using the Molybdenum Blue method 
(Fanning and Pilson, 1973). Samples were first filtered through 0.22 μm 
PES membranes and diluted with Milli-Q water to a final volume of 1 
mL. To initiate the reaction, 40 μL of ammonium heptamolybdate tet
rahydrate solution (prepared by dissolving 6.33 g in 50 mL of 4.5 M 
H₂SO₄) was added, forming a blue silica-molybdate complex within 15 
min incubation time. To eliminate phosphate interference, 40 μL of 
oxalic acid dihydrate (10 g/100 mL Milli-Q water) was introduced. 
Finally, 20 μL of ascorbic acid was added as a reducing agent to stabilize 
the complex. After 30–60 min of incubation in the dark, absorbance was 
measured at 810 nm using a spectrophotometer. Measured values were 
calibrated against a calibration curve consisting of silica standards 
(1–100 μM).

2.5. Oxygen quantification by optode sensors

Dissolved O2 was quantified using a luminophore optode foil from 
PreSens (Regensburg, Germany), which operates based on dynamic 
luminescence quenching. Small 3 × 3 mm pieces of foil were affixed 
with silicone glue within the lower 2 cm of experimental bottles to 
ensure direct contact with the liquid phase. The interaction between the 
optode foil (luminophore) and oxygen molecules (quencher) results in 
an energy transfer that reduces the luminescence signal of the foil. Ox
ygen concentration in the liquid phase was calculated using the Stern- 
Volmer equation, which relates luminescence intensity to oxygen 
levels. To account for temperature variations, a temperature sensor was 
placed in a co-incubated Schott bottle under identical experimental 
conditions. Each bottle and optode foil setup underwent a fresh two- 
point calibration before measurements. The calibration included one 
point at full O2 saturation and another under oxygen-free conditions. For 
the first calibration point, 100 mL of pure artificial seawater (ASW) was 
added to a 250 mL Schott bottle containing the optode foil and stirred 
vigorously until complete O2 saturation was achieved. For the second 
calibration point, 10% w/v sodium dithionite (Na₂S₂O₄) was added to the 
same bottle to eliminate all remaining dissolved oxygen, creating an 
oxygen-free environment.

2.6. ICP-MS measurements of Ni and P

Dissolved Ni and P were quantified using an Agilent 7900 ICP-MS 
(Santa Clara, USA) with a helium flow of 1–3 mL/min. Ni and P single 
element standards (1000 μg/L) from Agilent Technologies were com
bined and diluted in ASW matrix to serve as 10 standards ranging from 
0.05 to 1000 ppb. Internal rhodium standards were used for corrections 
of instrumental shifts. The samples were filtered with 0.22 μM PES fil
ters, diluted in 1% HCl and stored at 4 ◦C until measurement.
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2.7. Cell counts by hemocytometry

Cell density was determined using a Leica CTR 5500 microscope and 
a Neubauer-improved hemocytometer by Hirschmann (Eberstadt, Ger
many). A 10 μL sample was pipetted between the sample holder and 
coverslip of the hemocytometer. At 400× magnification, cells were 
counted within the smallest grid squares until a total of 100 cells was 
reached. The cell count per small square was then multiplied by the 
dilution factor and a volume factor of 2.5 × 107 to calculate the actual 
cell density in cells/mL. Theoretically, the cyanobacteria used can be 
differentiated from the DIRB based on their morphology, size, and 
autofluorescence. Additionally, cyanobacteria displayed natural auto
fluorescence, which facilitated their identification under the micro
scope. However, due to toxicity effects occurring over the course of the 
experiments changing the cell morphology, we were unable to visually 
distinguish both cell types. We, therefore, only provide absolute cell 
numbers.

2.8. Mineral analysis by μ-X-ray diffraction (μXRD)

The methodology for μXRD can be found in the supporting 
information.

3. Results

We conducted microbial iron cycling experiments using 0.5 mM 
dissolved Fe2+ and 0.67 mM SiO2, under varying PO4

3− and Ni concen
trations. Phosphate was adjusted to either low (3.67 μM) or high (367 
μM) levels, while Ni was varied across low (0.4 μM), medium (4 μM), 
and high (40 μM) treatments. Throughout the experiments, we moni
tored bacterial growth, metabolic activity, and the distribution of dis
solved Ni and PO4

3− . Differences in microbial growth became apparent 
during the second oxidation period, as reflected by distinct colour 
changes in the cultures: green indicated dense, healthy cyanobacterial 
growth, whereas orange signaled Fe(III) (oxyhydr)oxide precipitation 
and reduced biomass. Two clear trends emerged—higher PO4

3− and/or 
lower Ni concentrations promoted greener, more robust cultures 
(Fig. 1).

3.1. Low phosphate scenarios

Under low PO4
3− conditions, cell growth showed distinct responses 

across the different Ni concentrations (Fig. 2A). In the ‘low Ni’ setup, cell 

densities remained unchanged during the initial oxidation period, then 
increased from 2 × 107 to 6 × 107 cells/mL following the second 
oxidation phase and subsequently plateaued during the reduction 
period. In contrast, no detectable cell growth occurred in either the 
‘medium Ni’ or ‘high Ni’ setups throughout the entire experiment.

Dissolved O2 measurements (Fig. 2B) revealed distinct trends across 
Ni treatments. In the ‘low Ni’ setup, O2 concentrations rose to 80 μM 
during the first oxidation period and further increased to 150 μM during 
the second. In contrast, the ‘medium Ni’ setup accumulated more O2 
(250 μM) in the first oxidation phase but only 20 μM in the second. No 
free O2 was detected at any point in the ‘high Ni’ setup. The production 
of O2 led to the abiotic oxidation of Fe(II) to Fe(III), followed by mi
crobial re-reduction of Fe(III) to Fe(II) during the dark (reducing) pe
riods (Fig. 2F). Throughout the experiment, total dissolved Fe 
concentrations remained stable across all setups, ranging between 400 
and 500 μM.

The behavior of dissolved Fe2+ (Fig. 2D) is particularly informative 
for understanding the subsequent dynamics of Ni and PO4

3− . During the 
first oxidation period (days 0–8), Fe2+ was completely removed in all 
treatments due to oxidation. Thereafter, Fe redox cycling became 
strongly dependant on Ni concentrations. In the ‘low Ni’ setup, 200 μM 
Fe2+ accumulated during the first dark period, was fully re-oxidized 
during the second oxidation phase, and partially re-reduced (120 μM 
Fe2+) during the second dark period. The ‘medium Ni’ setup showed 
more limited reduction, with 80 μM Fe2+ generated in the first dark 
phase, followed by complete oxidation and no additional reduction 
thereafter. In the ‘high Ni’ setup, 100 μM Fe2+ was produced during the 
first reduction period and remained unchanged, with no further redox 
cycling during the second Fe cycle (days 76–195).

Dissolved SiO2 concentrations declined from 600 to 500 μM during 
the first oxidation period across all experimental setups (Fig. 2C). Levels 
remained stable at 500 μM during the first reduction phase, then rose to 
550 μM during the second oxidation period (days 76–82). Silica 
continued to increase during the subsequent reduction phase (days 
82–195), reaching initial values of 600 μM by the end of the experiment.

In the ‘low Ni’ setup, dissolved Ni remained consistently at or below 
the limit of quantification (0.04 μM; Fig. 2G). In the ‘medium Ni’ 
treatment, Ni concentrations stayed steady at approximately 1 μM 
throughout the experiment. In contrast, the ‘high Ni’ setup showed 
pronounced fluctuations: dissolved Ni decreased from 14 to 10 μM 
during the first oxidation period, increased to 13 μM during the subse
quent reduction phase, decreased again to 8 μM during the second 
oxidation period, and then stabilized at that level.

Fig. 1. Photos of experimental bottles after 0 days and 82 days (second oxidation period). The bottles contain cyanobacteria (green colored), Shewanella (colorless), 
Fe(III) (oxyhydr)oxide minerals (orange colored) and SiO2 (colorless or white colored). (For interpretation of the references to colour in this figure legend, the reader 
is referred to the web version of this article.)
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Dissolved PO4
3− concentrations across all setups initially ranged from 

4 to 6 μM, decreased to 0.5–2 μM during the first oxidation period, and 
rose again to 2–4 μM just before the second oxidation phase (Fig. 2H). 
However, during the second reduction phase (days 82–195), PO4

3− was 
completely removed from solution, with concentrations falling below 
the detection limit (0.02 μM).

3.2. High phosphate scenario

Cell growth, dissolved O2, and key chemical species were monitored 
throughout the experiment across all three Ni treatments. In the ‘low Ni’ 
setup, no cell growth was observed initially despite detectable metabolic 
activity (Fig. 3A). However, by day 195—immediately prior to the 
second oxidation period—cell density increased from 2 × 107 to 8 × 107 

cells/mL. In the ‘medium Ni’ setup, growth was only detected during the 
second oxidation phase, reaching a maximum of 5 × 107 cells/mL. No 
detectable cell growth occurred in the ‘high Ni’ setup at any point during 
the experiment.

Dissolved O2 followed a similar trend, with concentrations 

decreasing as Ni increased (Fig. 3B). The ‘low Ni’ setup accumulated 
~100 μM O2 during the first oxidation period and ~ 350 μM during the 
second. In the ‘medium Ni’ treatment, O2 accumulation was limited to 
~150 μM during the second oxidation phase. No free O2 was detected in 
the ‘high Ni’ setup.

The calculated Fe(III) concentrations remained comparable across all 
setups, increasing from 0 μM to then ranging between 400 and 600 μM 
(Fig. 3F). Total Fe(II) broadly mirrored the trends in dissolved Fe2+

(Fig. 3E). In the ‘low Ni’ setup, Fe2+ reached 200 μM at the end of both 
reduction phases. In the ‘medium Ni’ treatment, Fe2+ peaked at 150 μM 
before the second oxidation and decreased to 100 μM by its end. In the 
‘high Ni’ setup, Fe2+ concentrations reached 160 μM by day 70 and 200 
μM by day 150. All setups exhibited complete Fe2+ oxidation during the 
first oxidation period (Fig. 3D). In the ‘low Ni’ setup, Fe(III) was reduced 
to ~80 μM Fe2+ by day 76 and further to ~100 μM by the end of the 
experiment. The ‘medium Ni’ setup showed more limited reduction, 
with ~50 μM Fe2+ by day 70 and 20 μM by day 195. In the ‘high Ni’ 
setup, 100 μM Fe2+ was generated by day 100, with no evidence of 
subsequent re-oxidation.

Fig. 2. Geochemical data of the ‘low phosphate’ experiments containing 0.4 μM Ni (‘low nickel’) shown in green, 4 μM Ni (‘medium Ni’) shown in purple, and 40 μM 
Ni (‘high Ni’) shown in blue. Cell numbers (sum) of Synechococcus sp. PCC 7002 and S. colwelliana (A), dissolved O2 (B), dissolved SiO2 (C), dissolved Fe2+ (D), total 
Fe(II) (E), Fe(III) calculated as difference from the mean values of the 1 M HCl extractable total Fe and Fe(II)(F), dissolved Ni (G), and dissolved PO4

3− (H). All data is 
presented as mean of triplicates ± standard deviation. Grey shaded areas mark microbial Fe(III) reduction in dark while light areas mark times of active O2 pro
duction in light. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Dissolved SiO2 remained stable at ~600 μM across all setups until the 
second reduction phase, during which it increased to 700 μM and 
remained constant thereafter (Fig. 3C).

In the ‘low Ni’ setup, dissolved Ni remained below the detection limit 
throughout the experiment (Fig. 3G). In the ‘medium Ni’ setup, Ni 
concentrations remained stable at approximately 2 μM. In the ‘high Ni’ 
setup, concentrations began at 13 μM, declined to 10 μM during the first 
oxidation phase (days 0–8), further decreased to 8 μM by day 50 during 
the reduction phase, and then stabilized around 10 μM for the remainder 
of the experiment.

Phosphate dynamics followed a similar pattern across all setups 
(Fig. 3H). Starting at approximately 300 μM, PO4

3− was fully removed 
from solution during the first oxidation period. During the subsequent 
reduction phase, PO4

3− was partially remobilized, with concentrations 
reaching ~30 μM in the ‘low Ni’ and ‘medium Ni’ setups and ~ 60 μM in 
the ‘high Ni’ setup. This was followed by complete re-precipitation 
during the second oxidation phase. Only the ‘low Ni’ setup showed an 
additional release of PO4

3− (~40 μM) by the end of the experiment.

4. Discussion

Our results suggest that high Ni concentrations (added 4 and 40 μM, 
with 1 μM to 8–14 μM in solution, respectively) combined with low PO4

3−

availability (3.67 μM, with 0–4 μM in solution) would have posed a 
significant constraint on bacterial growth in early oceans, affecting both 
cyanobacteria (Synechococcus sp. PCC 7002) and DIRB (Shewanella col
welliana). Two key findings emerged. First, under geochemical condi
tions realistic for ancient oceans—characterized by low PO4

3− (3.67 μM) 
and low total Ni (0.4 μM, with ~0.2 μM in solution)—bacterial growth 
was limited. Second, the toxic effects of the lowest Ni concentrations 
(0.4 μM) were mitigated when PO4

3− concentrations were high (367 μM, 
with 0–60 μM in solution), highlighting the protective role of phos
phorus under metal stress conditions.

4.1. Nickel dynamics

Nickel is a well-known bacterial toxicant at elevated concentrations, 
primarily due to its ability to substitute for essential metals in 

Fig. 3. Geochemical data of the ‘high phosphate’ experiments containing 0.4 μM Ni (‘low nickel’) in green, 4 μM Ni (‘medium Ni’) in purple, 40 μM Ni (‘high Ni’) in 
blue. Cell counts of Synechococcus sp. PCC 7002 and S. colwelliana (A), dissolved O2 concentrations (B), dissolved SiO2 (C), dissolved Fe2+ (D), total Fe(II) (E), Fe(III) 
calculated as difference from the mean values of the 1 M HCl extractable total Fe and Fe(II) (F), dissolved Ni (G), and dissolved PO4

3− (H). All data is presented as 
mean of triplicates ± standard deviation. Grey shaded areas mark microbial Fe(III) reduction in dark while light areas mark times of active O2 production in light. 
(For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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metalloproteins, thereby disrupting their function (Macomber and 
Hausinger, 2011). This effect is particularly significant in cyanobacteria 
such as Synechococcus sp. PCC 7002, where metalloproteins are central 
to both photosynthesis and nutrient metabolism. For example, ferre
doxin-NADP+ oxidoreductase—a key enzyme in the photosynthetic 
electron transport chain—relies on precise metal coordination for 
proper function (Schluchter and Bryant, 1992), while other metal
loproteins are involved in cobalamin transport (Pérez et al., 2016). 
Similarly, in Shewanella species, metalloproteins are critical for Fe 
acquisition and Fe(III) reduction (Trindade et al., 2024).

Ni toxicity extends beyond disruption of metalloproteins; it can also 
bind to the catalytic sites of non-metalloproteins, inhibiting their func
tion (Macomber and Hausinger, 2011). In addition, Ni interactions with 
cellular biomolecules can induce oxidative stress (Huang et al., 2021; 
Macomber and Hausinger, 2011). Although oxidative stress is often 
cited as a key mechanism of Ni toxicity, recent studies suggest its role 
may be overstated, as Ni can impair microbial physiology even under 
anoxic conditions (Macomber and Hausinger, 2011).

The impact of Ni on cyanobacterial growth is highly concentration- 
dependent, with both deficiency and excess leading to adverse effects. 
For instance, Spirulina platensis exhibited reduced growth at Ni con
centrations as low as 0.1 μM (Azeez and Banerjee, 1991), while Ana
baena doliolum tolerated up to 10 μM before exhibiting toxic effects 
(Shukla et al., 2009). Synechococcus sp. PCC 7002 requires at least 5 μM 
Ni for optimal growth with urea as N-source (Sakamoto and Bryant, 
2001), highlighting the considerable species-specific variation in Ni 
requirements and tolerance among cyanobacteria. In contrast, Shewa
nella species display significantly higher Ni tolerance. For example, 
S. oneidensis can withstand Ni concentrations up to 100 μM before 
showing signs of toxicity (Buchman et al., 2020). This elevated tolerance 
is attributed to efficient detoxification mechanisms such as complexa
tion by chelating agents, like EDTA, or binding to the surface of bacterial 
cell walls, as shown for cadmium in Flynn et al. (2014), mitigation of 
oxidative stress via catalase and superoxide dismutase (Abuladze et al., 
2023), and specialized efflux systems, such as RcnA and NreB, which 
actively export Ni from the cell and are widespread among prokaryotes 
(Macomber and Hausinger, 2011).

Our experimental data revealed that dissolved Ni concentrations 
were consistently lower than expected based on the initial dosing. In the 
‘low Ni’ setup, only 0.04 μM dissolved Ni was measured on day 0, 
despite an initial addition of 0.4 μM. In the ‘medium Ni’ and ‘high Ni’ 
setups, initially dosed with 4 μM and 40 μM Ni, measured dissolved Ni 
was 1 μM and 14 μM, respectively. This indicates that approximately 3 
μM and 26 μM of Ni were removed from solution, likely through a 
combination of bacterial uptake, adsorption to the glass bottle walls, and 
association with solid phases, primarily Fe- and Si-containing minerals. 
Initial measurements (day 0) prior to Fe2+ oxidation confirmed the 
presence of 500–600 μM Fe2+, 600 μM dissolved SiO2, standard medium 
salts, and approximately 5 × 107 cyanobacterial cells/ml, with no 
detectable Fe(III) or O2. In the ‘high P' setup, ~300 μM dissolved PO4

3−

remained in solution, indicating that 70 μM had been precipitated or 
adsorbed. This raises questions about Ni removal mechanisms. Nickel 
can form various complexes in seawater with chloride (Niu et al., 2026), 
carbonate (Hunter et al., 2016), and phosphate (Han et al., 2025), all 
influencing solubility and mobility.

Microbial cells can also represent a significant sink for Ni in our 
system. The cyanobacterium Anacystis nidulans has been shown to effi
ciently adsorb Ni, with adsorption efficiency peaking near pH 8. 
Although our experiments were conducted at pH 7, surface functional 
groups on the cells remain capable of binding Ni2+ (Awasthi and Chand 
Rai, 2004; Wang and Wood, 1984). Despite Ni’s potential toxicity, this 
adsorption ability highlights a complex interplay between cellular metal 
demand, environmental conditions, and toxicity thresholds (Azeez and 
Banerjee, 1991; Nohomovich et al., 2013). Bishop et al. (2019) per
formed adsorption experiments at pH 8 using Synechococcus sp. PCC 
7002 at a density of 105 cells/mL and measured 63 μmol of Ni adsorbed 

in a 10 mL setup. Scaling this to our experiments with 5 × 107 cells/mL, 
and ignoring the pH difference, this corresponds to a theoretical Ni 
adsorption capacity of approximately 0.0315 mol/L Ni. Since the Ni 
concentrations we added ranged from 0.4 to 40 μM, this suggests that all 
Ni added in our experiments could theoretically be adsorbed onto cells.

Dissolved Ni concentrations remained stable in the ‘low Ni’ and 
‘medium Ni’ setups throughout the experiment, whereas the ‘high Ni’ 
setup showed progressive Ni removal associated with repeated Fe(II) 
oxidation and Fe(III) (oxyhydr)oxide precipitation. Specifically, in the 
‘low P' treatment, up to 6 μM of Ni was removed from solution by day 87, 
following the second oxidation period, while in the ‘high P' treatment, 
up to 5 μM Ni was lost by day 40, during the first reduction phase, 
highlighting the influence of both redox cycling and PO4

3− availability on 
Ni partitioning.

In the ‘high P' experimental setup, the transient formation of viv
ianite (Fe3(PO4)2⋅8H2O) or poorly crystalline Fe(II)-phosphate minerals 
likely explains the observed PO4

3− removal and may also have acted as a 
Ni sink via co-precipitation or sorption. Optimal Ni adsorption onto 
vivianite occurs within a pH range of 6–8, consistent with the experi
mental pH (~7). At lower pH, competition with protons reduces Ni 
uptake, while at higher pH, fewer reactive surface sites limit adsorption 
capacity (Vakili et al., 2021). Although μXRD analyses (see Fig. S1) did 
not detect crystalline vivianite at the end of the experiments, it is 
plausible that vivianite (or a poorly crystalline or even amorphous type 
of Fe(II)-phosphate mineral) formed immediately following Fe(II) 
addition to the PO4

3− -containing system.
As the experiments progressed, Fe(III) minerals formed during Fe(II) 

oxidation. Although most Fe(II) was oxidized during the first and second 
oxidation phases, subsequent Fe(III) reduction was incomplete, leaving 
Fe(III) (oxyhydr)oxide minerals present throughout the experiment. 
Nickel interacts with Fe(III) minerals due to similar ionic radius and 
charge, competing for binding sites in both minerals (Eickhoff et al., 
2014; Pantke et al., 2012; Xu et al., 2007) and biomolecules (Zambelli 
et al., 2011). Previous studies have demonstrated that in the presence of 
both Fe(III) (oxyhydr)oxides and bacterial cells, Ni preferentially ad
sorbs to Fe(III)-bearing minerals rather than to the cells themselves, 
irrespective of SiO2 presence (Eickhoff et al., 2014). This suggests that in 
Archean-like oceans, microbial precipitation of Fe(III) (oxyhydr)oxi
des—particularly ferrihydrite-like phases—would have effectively 
scavenged much of the dissolved Ni from seawater.

4.2. Phosphorus Dynamics

Multiple studies have been discussing the early ocean seawater 
concentrations of PO4

3− ranging from severely limiting 0.15 μM (Bjerrum 
and Canfield, 2002) to concentrations similar to modern oceans 
(Konhauser et al., 2007). Here, we focus on the impact of limiting PO4

3−

concentrations on bacterial survival and iron cycling. The minimum 
PO4

3− requirement for Synechococcus sp. PCC 7002 has not yet been 
established. However, other Synechococcus species have been shown to 
survive at PO4

3− concentrations as low as 50 nM (Scanlan et al., 1997), 
and in extreme cases, even at 3 nM (Kretz et al., 2015). These findings 
support our observation that the ‘low P' concentration of 3.67 μM in our 
experimental system was not growth-limiting for Synechococcus sp. PCC 
7002. Nevertheless, growth was slower under low PO4

3− conditions, with 
cultures reaching approximately 8 × 107 cells/mL after 195 days, 
compared to 2 × 108 cells/mL in the ‘high P' setup over the same period.

Phosphate dynamics in our system were closely tied to Fe redox 
cycling. During Fe(III) reduction in the ‘low P' setups, we observed 
remobilization into solution of up to 4 μM PO4

3− . In the ‘high P' setups, 
phosphate remobilization was substantially greater, reaching up to 30 
μM in the ‘low’ and ‘medium Ni’ experiments, and up to 60 μM in the 
‘high Ni’ treatment. These findings suggest that a significant fraction of 
PO4

3− was initially co-precipitated with or adsorbed onto Fe(III) (oxy
hydr)oxides, consistent with previous observations by Hemmingsson 
et al. (2018). Our μXRD analyses (Fig. S1) indicate that all Fe minerals 
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remained poorly crystalline throughout the experiment, pointing to 
ferrihydrite-like phases as the predominant Fe(III) mineral. We further 
hypothesize that some PO4

3− precipitated prior to Fe(II) oxidation may 
have been associated with Fe(II), possibly as poorly crystalline vivianite 
or vivianite-like Fe(II)-phosphate phases.

We further observed that Ni toxicity in the ‘medium Ni’ setups was 
significantly more pronounced under ‘low P' conditions, as indicated by 
lower dissolved O2 accumulation (20 μM during the second oxidation (at 
day 82) and reduced cell density (8 × 107 cells/mL) compared to the 
‘high P' condition (130 μM O2, 2.5 × 108 cells/mL). These data suggest a 
protective, or ‘rescue’, effect of PO4

3− against Ni toxicity. Such a pro
tective role aligns with previous findings showing that cyanobacteria 
like Anabaena variabilis benefit from PO4

3− availability when recovering 
from arsenic toxicity (Thiel, 1988). Moreover, multiple studies have 
demonstrated that elevated PO4

3− concentrations enhance microbial 
growth rates, implying that it may mitigate metal toxicity indirectly by 
promoting faster cell growth rather than via a direct detoxification 
mechanism (Kuffner and Paul, 2001; Lehtimaki et al., 1997; Sabour 
et al., 2009). The critical role of PO4

3− in modulating metal toxicity is 
further supported by evidence from cyanobacteria showing that PO4

3−

availability positively influenced the expression of metal transporters 
and detoxification pathways (Huertas et al., 2014).

4.3. The role of Ni and P in the Precambrian Ocean

Estimates for early Earth seawater PO4
3− concentrations suggest 

levels as low as 0.15–0.6 μM (Bjerrum and Canfield, 2002), although 
other studies propose that PO4

3− could have been higher than present- 
day values (Konhauser et al., 2007). Our experiments demonstrate 
that, in the presence of ‘low Ni’ (~0.06 μM dissolved Ni), bacterial 
growth was sustained, however limited, even at dissolved PO4

3− con
centrations between 0.1 and 1.2 μM, with cell densities increasing from 
4 × 107 to 8 × 107 cells/mL. This implies that any increase in PO4

3−

availability in the early ocean would have further enhanced bacterial 
proliferation. However, dissolved Ni likely imposed significant con
straints on early microbial life. Estimates of dissolved Ni concentrations 
in ancient seawater range from 40 to 400 nM (0.04–0.4 μM) (Eickhoff 
et al., 2014; Konhauser et al., 2009). Our data show that bacterial 
growth can occur around 0.1 μM dissolved Ni, even under ‘low P' con
ditions (4 μM total P added, ≤ 4 μM in solution). Elevated Ni concen
trations, however, are also known to favor methanogenic bacteria 
(Konhauser et al., 2015; Konhauser et al., 2009), potentially intensifying 
competition for nutrients and altering ocean-atmosphere chemistry 
through methane and oxygen cycling.

We observed that in the low P setup, the majority of PO4
3− (80% after 

the first oxidation step, 100% after the second cycle) was scavenged by 
the Fe(III) minerals produced by Fe(II) oxidation driven by cyano
bacterial O2 production. However, during Fe(III) reduction by DIRB, up 
to 100% of the PO4

3− was re-mobilized in the first reduction cycle in the 
low P setup. In contrast, during the second reduction period—when 
more crystalline and less reducible Fe(III) minerals had formed—all 
PO4

3− remained bound in the solid phase. These results highlight the 
critical importance of DIRB in the Archean water column: PO4

3− initially 
bound to poorly crystalline Fe(III) BIF precursor minerals could be 
efficiently re-mobilized by DIRB, a process that was especially crucial 
given the potential for low estimated PO4

3− concentrations of the early 
ocean. The re-mobilized PO4

3− in solution therefore was most likely one 
of the main reasons for the observed bacterial growth in the presence of 
0.4 μM Ni.

Our results suggest that low PO4
3− availability (~4 μM) was a key 

factor constraining cyanobacterial expansion prior to the GOE. While 
cyanobacteria tolerated dissolved Ni concentrations up to 0.2 μM, with 
the tolerance facilitated by effective PO4

3− re-mobilization by DIRB, 
exposure to 1 μM Ni led to strongly reduced cell densities and lower 
metabolic activity. Even though the typical average ranges for Ni 
seawater concentrations are stated as 0.04–0.4 μM the early ocean, 

bacteria might encounter elevated Ni concentrations in upwelling areas 
or in zones with effective Fe(III) reduction where, Ni is cycled back into 
the seawater. Thus, with a low PO4

3− concentrations in the seawater, Ni 
toxicity may have posed a critical barrier to the proliferation of oxygenic 
phototrophs at concentrations comparable to those Ni concentrations 
estimated for the Archean ocean (0.04–0.4 μM). Only after the secular 
decline in oceanic Ni concentrations around 2.7 Ga, together with 
increasing PO4

3− concentrations (Robbins et al., 2016), would these 
inhibitory effects have eased, facilitating the ecological expansion of 
cyanobacteria and the subsequent rise of atmospheric O2.
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