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ArtiC{e history: Banded Iron Formations (BIFs) have long been considered a sedimentary record of seawater trace metal
Received 18 May 2022 composition during the Precambrian. However, recent work has suggested that much of the trace metal
Received in revised form 20 January 2023 composition of BIFs could have been derived from phytoplankton biomass, not seawater. In this model,
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phytoplankton biomass settles from the photic zone to the seafloor sediments, where it is then oxidized
by heterotrophic microbes, such as dissimilatory Fe(Ill) reducing (DIR) bacteria, for energy generation.
Remineralization of this biomass released the trace metals associated with organic molecules from

Keywords: phytoplankton (i.e., in metalloproteins), allowing these metals to be captured by Fe oxyhydroxides and
banded iron formations preserved in BIFs. While there is compelling evidence that the phytoplankton biomass served as a trace
trace metals metal shuttle to precursor BIF sediments, it is unclear whether the degradation of biomass by DIR bacteria
marine sediments would liberate the biogenic trace metals as the model proposes. This work tests this hypothesis by using
dissimilatory iron reducers anoxic incubations of a model DIR bacterium (Shewanella oneidensis MR-1) with phytoplankton biomass as

phytoplankton biomass

! h L energy and carbon sources and ferrihydrite, a poorly crystalline Fe(Ill) oxyhydroxide (Fe(OH)3), as electron
organic matter remineralization

acceptor. Our results show that while S. oneidensis MR-1 can consume some of the carbon substrates
found in phytoplankton biomass, there is no evidence that S. oneidensis MR-1 degraded metalloproteins
which would have liberated trace metals. In the context of the Precambrian, these data imply that other
heterotrophic bacteria, such as fermenters, may have had a larger role in the liberation of trace metals
from dead biomass during early BIF development.

© 2023 Elsevier B.V. All rights reserved.

1. Introduction Our understanding of trace metal contents in ancient oceans
) ) ) ) comes from various sedimentary deposits such as banded iron for-

All life requires bioessential trace metals that act as structural mations (BIFs), black shales, and authigenic pyrites (Robbins et al.,
components and reactive centers in metalloproteins (Jelen et al., 2016). Of these, BIFs are unique in that they precipitated directly

2016). Trends in trace metal concentrations in the sedimentary out of seawater throughout the Precambrian, making them par-
record through time reflect not only their availability in the oceans, ticularly useful archives to track secular changes in trace metal

but also their potential influence on the emergence or expansion of composition, and ultimately providing a window into the ancient
certain metabolisms (Robbins et al., 2016, and references therein). marine biosphere (Konhauser et al,, 2017). For example, a decline
Over the course of Earth’s history, shifts in global redox state have in nickel content in BIFs was used té) hypothesize a “nick'el famine”
greatly influenced the avqila_bility (.)f trace metals in. the ocean (e, at ~2.7 Ga in which biogenic methane production waned, allowing
iz\i/ecm(nze;_eé ; lﬂci? 1j:ﬁgrglsEﬁr&?;tIESﬁéiilizl;: jﬁgngcégﬁspg:gs: for the subsequent rise in atmospheric oxygenation at around 2.45

. T e Ga, ie., the Great Oxidation Event (GOE; Konhauser et al., 2009,
ally oxygenated, microbial life diversified, and eukaryotes evolved 2015). In a similar manner, chromium enrichments in BIFs at 2.45

(Lyons et al, 2014). Ga were used to argue for enhanced oxidative weathering, most
likely associated with the evolution of aerobic continental pyrite
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of critical nutrients (e.g., phosphorous; Bekker and Holland, 2012)
but also toxic chemical species such as arsenate that would have
added a new selective pressure on the survival of marine microbial
communities (Chi Fru et al., 2019).

Multiple mechanisms for BIF development have been pro-
posed (see Bekker et al, 2014; Konhauser et al, 2017; Maind
et al, 2022 for reviews). The general consensus is that the pri-
mary precipitates were some form of ferric oxyhydroxide, such as
ferrihydrite (Fe[OH]3). Although there have been arguments put
forth that BIF started out as a ferrous silicate, such as greenalite
([Fe2* Fe3+t],_3Si,05[OH]4; Rasmussen et al., 2017), it is unlikely
to have been the major contributing mineral for a number of rea-
sons that include the implausibility that dissolved Fe(Il) was not
oxidized in the water column where primary productivity (e.g.,
photoautotrophs) was present, the slightly acidic to circumneu-
tral pH conditions of an Archean to early Paleoproterozoic ocean
(Halevy and Bachan, 2017) and the low probability of basin-scale
secondary oxidation through post-depositional fluids (Robbins et
al,, 2019). In terms of Fe(Il) oxidizing mechanisms, while there is
some evidence that UV photo-oxidation could have abiotically oxi-
dized Fe(II) to Fe(Ill) oxyhydroxides in the Archean Eon (Anbar and
Holland, 1992; Nie et al, 2017), based on rates of reaction and
mass balance, photo-oxidation was not the primary mechanism for
BIF precipitation (Konhauser et al., 2007). Instead, it is most likely
that marine phytoplankton had critical a role in the oxidation of
Fe(Il) and subsequent deposition of Fe(Ill) oxyhydroxides (e.g., fer-
rihydrite) that eventually formed BIFs (see Posth et al., 2013 for
review).

Biological mechanisms for BIF development necessitate that fer-
rihydrite was precipitated in the photic zone overlying the conti-
nental shelf directly by either anoxygenic photosynthetic bacteria
(the so-called photoferrotrophs) that use Fe(Il) as their electron
donor (Kappler et al., 2005; Posth et al., 2013), or indirectly via
the abiogenic reaction of dissolved Fe?t with O, generated by
primitive cyanobacteria (Cloud, 1965; Li et al., 2021). Upon phyto-
plankton death, some fraction of the cellular remains would have
settled through the water column to the seafloor along with the
biogenic ferrihydrite. In the sediment pile, the biomass would then
have undergone oxidation either during diagenesis via dissimila-
tory Fe(Ill)-reduction (DIR; as evidenced by Fe isotopes; Johnson
et al., 2008) or during later metamorphism (Halama et al., 2016).
Simultaneously, the ferrihydrite would have been reduced to dis-
solved Fe2* that would have accumulated in the sediment porewa-
ters and ultimately re-precipitated as an authigenic Fe phase, such
as magnetite (Fe304), siderite (FeCO3) or some form of Fe-silicate
phase (Li et al,, 2013a; Schad et al., 2022). The trace metals previ-
ously sorbed to the ferrihydrite would also have been solubilized
and reincorporated into these authigenic mineral phases (Robbins
et al,, 2015).

The utility of BIFs as a paleo-marine proxy for trace metals is
predicated on the notion that the precipitation of precursor fer-
rihydrite captured trace metals in a predictable manner based on
their partitioning coefficients in seawater. This rather straightfor-
ward model, however, has generally glossed over the fact that the
same phytoplankton that oxidized Fe(Il) also contained a suite of
trace metals in their biomass through assimilation for growth. In-
deed, a recent modeling study demonstrated similarities in trace
element stoichiometry (P, Mn, Co, Ni, Cu, Zn, Mo, Cd) between BIFs
and photoferrotroph biomass, suggesting that phytoplankton were
a major contributor to the trace elements incorporated into BIFs
(Konhauser et al., 2018). Similar to the ferrihydrite, the decompo-
sition of this phytoplankton biomass in sediments by DIR bacteria
would have resulted in the release of the trace elements origi-
nally associated with biomass back into pore waters where they
were captured by secondary Fe minerals (e.g., magnetite, siderite)
and ultimately recorded in BIFs. In summary, there likely were
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two major vectors for transferring metals from seawater into the
sediment pile—sinking particles of ferrihydrite and dead plankton
biomass—where the influence of DIR on the latter has not yet been
experimentally confirmed.

A biogenic source of trace elements to BIFs puts constraints on
the use of BIFs as a paleo-marine proxy for seawater chemistry.
Thus, it is important to evaluate whether the microbial degrada-
tion of phytoplankton biomass would have liberated trace metals
for them to be incorporated into authigenic mineral phases and
preserved in BIFs. In this work, we incubated a model DIR bac-
terium (Shewanella oneidensis MR-1) under conditions that simu-
late Archean oceans (i.e., anoxic and silica-rich) with lysed phyto-
plankton biomass and ferrihydrite as a proxy for biogenic Fe(III)
oxyhydroxides. We collected subsamples for HCl-extractable Fe(lI)
and trace metal analyses to measure the reduction of Fe(Ill) and
changes in dissolved trace metal concentrations, respectively, as
S. oneidensis MR-1 degraded the biomass and reduced the ferri-
hydrite. Although photoferrotrophs are presumed to be the ma-
jor contributor of biomass and thus trace metals to BIFs prior to
the GOE, cyanobacteria appeared as early as in the Paleoarchean
(3.6-3.3 Ga; Boden et al., 2021), and were another potential source
of biomass to BIFs (Konhauser et al., 2018). Thus, we carried out
parallel incubations using both photoferrotrophs and cyanobacte-
ria as a source of phytoplankton biomass. Our results show that S.
oneidensis MR-1 reduced Fe(Ill) when incubated with both photo-
ferrotroph and cyanobacteria biomass, implying that this DIR bac-
terium is capable of consuming a small fraction of the carbon
substrates from these biomass sources. However, trace metals as-
sociated with the biomass were not liberated into solution during
this process. Thus, our broad interpretation is that the degradation
of phytoplankton biomass by DIR bacteria would not have led to
the release of trace metals into sediment porewaters where they
could have potentially been captured by Fe minerals in the sedi-
ment and ultimately preserved in BIFs. Instead, other heterotrophic
microbes would have been needed to degrade the metal-bearing
compounds in phytoplankton biomass prior to the capture of these
metals in precursor BIF sediments.

2. Methods

2.1. Dissimilatory Fe(Ill)-reducing (DIR) bacterium and culture
conditions

Shewanella oneidensis MR-1 was used as a model DIR bacte-
rial strain for this study. S. oneidensis MR-1 is facultative anaerobe
with the capacity to reduce Fe(Ill) oxyhydroxides (Myers and Neal-
son, 1989). S. oneidensis MR-1 was inoculated from a frozen glyc-
erol stock into 15 mL of liquid Luria Bertani (LB) medium (Difco
#244620) and incubated aerobically at 30 °C while shaking at 140
rpm. When cultures reached an optical density at 600 nm (ODggg)
of 0.6 to 0.8 (mid-log phase; 6 h), 500 pL of culture was trans-
ferred to 50 mL of minimal (M1) medium (Kostka and Nealson,
1998) with 20 mM lactate as the electron donor. Cultures were
grown aerobically at 30°C for 18 h while shaking at 140 rpm to
an ODggp of 0.8 to 0.9 (late-log phase) before incubation with phy-
toplankton biomass.

2.2. Growth medium and ferrihydrite synthesis

Experiments were conducted using M1 basal medium with the
following modifications: amorphous silica (14.21 g L~! Na,SiOs-
9H,0) was added to simulate Archean seawater silica concentra-
tions (final concentration: 2 mM; Maliva et al,, 2005), and dis-
odium anthraquinone-2,6 disulfonate (AQDS) was added to medi-
ate the electron transfer between S. oneidensis MR-1 and ferrihy-
drite (final concentration 0.1 mM). The final modified M1 medium
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(pH 7.0) contained 3.3 mM KH;PO4, 5.7 mM KyHPO4, 9.9 pM
NaCl, 45 uM H3BOs3, 1.0 mM MgSO4-7H,0, 0.49 mM CaCl,-2H;0,
5.4 pM FeSO4-7H50, 0.11 mM L-arginine, 0.19 mM L-serine, 0.14
mM L-glutamic acid, 11.5 uM NaySeOy4, 2.0 mM NaHCOs3, 2 mM
Na,Si03-9H,0, and 0.1 mM AQDS.

Ferrihydrite was synthesized according to Schwertmann and
Cornell (2000) using a 200 mM solution of Fe(NO3)3-9H,0 neu-
tralized with 1 M KOH to a final pH of 7.5. After centrifugation
of the suspension for 10 min at 5000 g (Beckman Coulter Allegra
X30-R Centrifuge), the supernatant was decanted and the wet solid
was washed four times (resuspended in autoclaved MilliQ water,
centrifuged, and decanted) to remove excess salts. Lastly, the wet
solid was resuspended in 40 mL of autoclaved MilliQ water to a
final concentration of 0.5 M. The formation of poorly crystalline 2-
line ferrihydrite was confirmed by X-ray diffraction (XRD) using a
Proto AXRD benchtop powder X-ray diffractometer at the Univer-
sity of Nevada, Las Vegas.

2.3. Preparation of phytoplankton biomass

Photoferrotroph (Chlorobium ferroxidans strain KoFox) and cy-
anobacteria (Anabaena flos-aquae and Synechocystis sp. PCC 6803)
biomass served as carbon substrates during incubation of S. onei-
densis MR-1. In the ocean, phytoplankton death leads to cell lysis
and release of cellular contents, such that DIR in sediments would
be primarily exposed to lysed biomass (e.g., Kirchman, 1999). Son-
ication is a commonly used laboratory method that uses sound
waves to physically disrupt cell membranes and release cellular
contents (e.g., proteins, nucleic acids, carbohydrates, etc.) for down-
stream analyses. Thus, photoferrotroph and cyanobacteria biomass
were placed in an ultrasonic bath for 10 min to lyse cells (as
confirmed via microscopic analysis) prior to incubation with fer-
rihydrite and S. oneidensis MR-1.

C. ferrooxidans strain KoFox was cultivated on modified fresh-
water medium containing 0.6 g L~! KH,PO4, 0.3 g L~ NH4CI, 0.5
g L1 MgS04-7H,0 and 0.1 g L1 CaCl,-2H,0 with a 22 mM bi-
carbonate buffer at pH 6.8-6.9 under an initial N,/CO, headspace
(90/10, v/v) as described in Hegler et al. (2008). The cultures
were inoculated with 2% inoculum (v/v), the headspace exchanged
for Hy/CO2 (80/20, v/v) and the cultures incubated at 20°C in
light (40 W incandescent light bulb) under static conditions. The
headspace was exchanged every other day to consistently pro-
vide growth substrate (H,). Once the cultures reached stationary
phase (determined by ODggg) they were harvested by centrifu-
gation (7000 g), washed three times with trace metal-free M1
medium to remove any trace metals adsorbed on cell walls, and
freeze-dried.

The cyanobacteria biomass used in this experiment included
two model planktonic species: 63% A. flos-aquae and 27% Syne-
chocystis sp. PCC 6803. Biomass from both cultures were com-
bined to have sufficient material for incubations. However, given
that the general macromolecular composition of cyanobacteria is
similar across species (proteins > carbohydrates > lipids > nu-
cleic acids; Finkel et al., 2016), combining biomass from these two
species should not affect our results. Both cyanobacterial strains
were grown in batch culture in liquid BG-11 medium (Rippka et al.,
1979). Cultures were grown under cool white fluorescent lights, at
30°C, with gentle shaking to facilitate gas exchange and prevent
cells from settling to the bottom of flasks. Cultures were grown
under a 16:8 h light:dark cycle, and culture density was monitored
using optical density measured at 730 nm (OD730). When cultures
reached late log phase, cells were harvested by centrifugation at
3000 g for 5 min. Cell pellets were washed three times by resus-
pending in growth media and centrifuging in between washes. Cell
pellets were then stored at -80°, until freeze-drying prior to incor-
poration in experiments.
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2.4. Anoxic incubations with phytoplankton biomass

Modified M1 medium (12 mL) was aliquoted to sterile, acid-
washed 25 mL glass serum bottles along with ferrihydrite (20 mM)
and 12 mg of photoferrotroph or cyanobacteria biomass (42 mM
organic carbon). Bottles were sealed with thick butyl rubber stop-
pers (Chemglass Life Sciences LLC; Vineland, NJ, USA) and crimped
with aluminum seals. Subsequently, each bottle was purged with
>99.998% N, for 15 min. The serum bottles were then injected
with 240 pL of S. oneidensis MR-1 log phase culture (2% inocula-
tion, v/v) using a 22-gauge needle (BD PrecisionGlide™) and 1
mL syringe. All bottles were incubated in the dark at room tem-
perature (22 °C).

Several controls were included to track changes in Fe(lll) reduc-
tion or trace metal concentrations in the absence of the S. onei-
densis MR-1: (1) modified M1 medium, ferrihydrite, and photofer-
rotroph biomass; (2) modified M1 medium, ferrihydrite, cyanobac-
teria biomass; (3) modified M1 medium, ferrihydrite. In addition,
controls with live S. oneidensis MR-1 in the absence of phytoplank-
ton biomass were included to attribute any trends in Fe(IIl) reduc-
tion or trace metal concentrations to degradation of biomass: (1)
modified M1 medium, ferrihydrite, 2% inoculation of S. oneidensis
MR-1, and 10 mM lactate; (2) modified M1 medium, ferrihydrite,
and a 2% inoculation of S. oneidensis MR-1 with no added carbon
source. Experiments included two bottles of incubations of S. onei-
densis MR-1 with ferrihydrite and photoferrotroph biomass, two
bottles of incubations of S. oneidensis MR-1 with ferrihydrite and
cyanobacteria biomass, and one bottle of each experimental con-
trol.

2.5. HCl-extractable Fe(II)

In the presence of ferrihydrite, S. oneidensis MR-1 reduces the
Fe(Ill) oxyhydroxide and produces Fe(ll), making HCl-extractable
Fe(Il) a reliable proxy for the activity of this isolate (Lovley et
al., 1989). Daily samples were taken for HCl-extractable Fe(Il) from
each bottle in replicate in an anoxic chamber (95% N, and 5% Hj;
Coy Laboratory Products, Grass Lake, MI, USA) using a 23-gauge
needle (BD PrecisionGlide™) and 1 mL plastic syringe. For HCI-
extractable Fe(Il) analyses (measured as dissolved Fe?t), 100 L of
shaken culture was extracted in replicate and placing it in 900 pL
of 1 N HCI in the dark for 1 hr. Subsequently, the samples were
centrifuged at 10000 rpm for 1 min, and 25 pL of supernatant
was transferred into 975 pL of FerroZine reagent (buffered to pH
7.0 with 50 mM HEPES). Absorbance was measured within 5 min
at 562 nm by UV-visible spectroscopy (Stookey, 1970). Iron con-
centrations were determined via comparison to a standard curve
generated with ferrous ammonium sulfate. Reported values are an
average of the two replicate measurements per bottle.

2.6. Inductively coupled plasma mass spectrometry (ICP-MS)

Changes in trace metal composition over the course of the ex-
periment were evaluated via total dissolved trace metal concentra-
tions. Bottles were sampled for trace metal analyses at the start
(day 0), middle (day 5 for photoferrotroph biomass and day 6 for
cyanobacteria biomass), and end (day 12) of each incubation. Sam-
ples were taken from each bottle in an anoxic chamber (95% N
and 5% Hj; Grass Lake, MI, USA) using a 23-gauge needle (BD
PrecisionGlide™) and acid-washed 1 mL plastic syringe. To mea-
sure dissolved trace metal contents, sub-samples were filtered with
0.2 pm nylon filters (Basix™). All samples were placed into 4% v/v
high purity HNO3 (Optima; Fisher Scientific Company; Nepean, ON,
CA) in acid-washed 15 mL polypropylene tubes. Trace metal con-
tents were measured on a Thermo Scientific iCAP Q ICP- MS at
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McGill University using yttrium as an internal standard. The in-
strument was calibrated with multi-element standards, and results
were verified against AQUA-1 standard (National Research Coun-
cil). Precision (calculated as relative standard deviation) based on
the repeated analysis of standards was 1-9%, and based on techni-
cal replicates of samples was 1-5%. Reported values for incubations
of S. oneidensis MR-1 with ferrihydrite and either photoferrotroph
or cyanobacteria biomass are an average of two replicate bottles.

Total trace metal concentrations of phytoplankton biomass were
measured to constrain the starting pool of metals available to S.
oneidensis MR-1 and are reported in Supplemental Table 1. Approx-
imately 12 mg of freeze-dried phytoplankton and cyanobacteria
biomass were each digested in 69% v/v high purity HNO3 (Op-
tima; Fisher Scientific Company; Nepean, ON, CA) in capped 10 mL
Teflon vessels (Savillex Purillex®; Eden Prairie, MN, USA) overnight
(>12 h) at 120°C. The digestant was diluted into 2% v/v high pu-
rity HNO3 (Optima; Fisher Scientific Company; Nepean, ON, CA) in
acid-washed 15 mL polypropylene tubes. For the photoferrotroph
biomass, Mn, Co, Ni, Zn, and Mo were found to be above the de-
tection limit while all other metals were below the detection limit
(Supplemental Table 1). For the cyanobacteria biomass incubations,
Mn, Cu, Zn, and Mo were above the detection limit (Supplemental
Table 1).

While we took precautions to reduce the contribution of trace
metals to our incubations (i.e., acid-washing glassware, removing
trace metal solutions from the M1 medium), some of the materials
(e.g., chemicals used to make M1 media) contained trace metals.
To further constrain the background inputs of trace metals in our
incubations, we measured trace metal concentrations in the modi-
fied M1 media and ferrihydrite. Modified M1 medium and 20 mM
ferrihydrite were each diluted in 4% v/v high purity HNO3 (Op-
tima; Fisher Scientific Company; Nepean, ON, CA) in acid-washed
15 mL polypropylene tubes. The modified M1 medium and ferrihy-
drite had measurable concentrations of Mn and Mo, with all other
metals below detection limit (Supplemental Table 1); however,
these concentrations were several orders of magnitude lower than
the photoferrotroph biomass (Supplemental Table 1). In contrast,
the ferrihydrite had similar Mo concentrations to the cyanobac-
teria biomass (141 & 0.94 nmol L~! and 203 + 90 nmol L7,
respectively; Supplemental Table 1); therefore, we do not con-
sider changes in Mo contents when evaluating incubations with
cyanobacteria biomass.

3. Results
3.1. Dissimilatory Fe(IlI) reduction

During the 15 days of incubation of ferrihydrite (20 mM) with
S. oneidensis MR-1 and the photoferrotroph and cyanobacterial
biomass, dissolved Fe2* concentrations increased to an average of
11 £ 0.3 mM and 1.8 + 0.6 mM, respectively (Fig. 1). Impor-
tantly, DIR with phytoplankton biomass is significantly less than
in incubations of S. oneidensis MR-1 and lactate (6.6 + 0.2 mM
maximum; Supplemental Fig. 1), implying that Fe(Ill) reduction
is limited by the forms of carbon in the phytoplankton biomass.
Minimal increases in Fe?* (< 0.3 mM) were measured for the abi-
otic controls containing modified M1 medium, ferrihydrite, and ei-
ther photoferrotroph or cyanobacteria biomass. Evidence of abiotic
Fe(Ill) reduction in our experiments is not surprising given that
previous work has demonstrated that organic ligands—especially
humic substances—can serve as electron donors in the reduction
of Fe(Ill) (Kappler et al., 2021). While it remains unclear which or-
ganic ligands in the phytoplankton biomass were capable of reduc-
ing ferrihydrite, several organic molecules found in biomass, such
as amino acids, have been shown to reduce Fe(Ill) (Bhattacharyya
et al., 2019). Regardless, our data imply that the increased Fet
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Fig. 1. Reduction of ferrihydrite (20 mM) to Fe?t by S. oneidensis MR-1 during in-
cubation with photoferrotroph biomass (circles; ca. 42 mM of organic carbon) and
cyanobacteria biomass (triangles; ca. 42 mM of organic carbon) as a carbon source.
Black symbols represent biotic replicates. Gray symbols represent abiotic controls
with modified M1 medium, ferrihydrite and biomass. Data shown are the mean
from duplicate measurements + 1 standard deviation; bars not visible are smaller
than the symbols.

observed during incubation of S. oneidensis MR-1 and biomass is
primarily attributable to DIR, and hence the metabolic activity of
S. oneidensis MR-1.

3.2. Trace metal composition

Although we were successful in eliminating most trace metals
from background sources (e.g., M1 media, glassware, etc.), we an-
ticipated that the S. oneidensis MR-1 cells themselves would intro-
duce trace metals to the background pool. Thus, we measured trace
metal concentrations in live controls with modified M1 medium,
ferrihydrite, and a 2% inoculation of S. oneidensis MR-1 with no
added carbon source (Figs. 2 and 3). By comparing these controls
to our established background of trace metals in the modified M1
medium and ferrihydrite (Supplemental Table 1), we were able to
confirm that some dissolved metals (Co, Ni, Zn, and Cu) were intro-
duced by the inoculation of S. oneidensis MR-1. Therefore, trends in
trace metal concentrations during incubation of S. oneidensis MR-1
with phytoplankton biomass were carefully considered in the con-
text of the live control containing a 2% inoculation of S. oneidensis
MR-1 (Figs. 2 and 3; patterned bars) and abiotic controls contain-
ing modified M1 medium, ferrihydrite, and biomass (Figs. 2 and 3;
gray bars).

Characterization of the trace metals associated with the photo-
ferrotroph biomass revealed that Mn, Co, Ni, Zn, and Mo were
above the limit of detection (Supplemental Table 1), indicating that
these metals were enriched in the biomass and could be poten-
tially released during degradation of the biomass. For Mn and Zn,
dissolved trace metal concentrations decreased substantially dur-
ing incubation of S. oneidensis MR-1 with photoferrotroph biomass,
suggesting no release of these metals over time. Specifically, dis-
solved Mn decreased by 23 4 4 nmol L~! (46% decrease; Fig. 2A),
and dissolved Zn decreased by 340 + 65 nmol L~! within 12 days
(100% decrease; Fig. 2B). For the other metals, such as dissolved Co
(Fig. 2C) and Mo (Fig. 2D), their concentrations did not change over
time and were consistent during incubation of S. oneidensis MR-1
with photoferrotroph biomass, as well as both the abiotic and live
controls. Lastly, although a slight increase (by 39.5 + 0.5 nmol L~ !;
22% increase) in dissolved Ni concentrations was observed from
day 0 to 5 in bottles with S. oneidensis MR-1 and photoferrotroph
biomass, increases were also observed in the live control (61 nmol
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Fig. 2. Dissolved concentrations of (A) manganese, (B) zinc, (C) cobalt, (D) molybdenum, and (E) nickel for days 0, 5, and 12 during incubation of S. oneidensis MR-1 with
photoferrotroph biomass, modified M1 medium and ferrihydrite (black bars). Data shown include an abiotic control containing modified M1 medium, ferrihydrite and
photoferrotroph biomass (gray bars), and a live control containing modified M1 medium, ferrihydrite and a 2% inoculation of S. oneidensis MR-1 (patterned bars). For the
incubations with photoferrotroph biomass and S. oneidensis MR-1, data are the mean from duplicate measurements + 1 standard deviation. Data marked “bd!l” are below the

limit of detection.

L~1; 41% increase; Fig. 2E), indicating that this increase is likely
due to release of this metal from the S. oneidensis MR-1 cells as
opposed to the degradation of biomass. Although there are no pa-
pers that have investigated the intracellular Ni concentrations of
S. oneidensis MR-1, the genome for S. oneidensis MR-1 (Heidelberg
et al,, 2002) encodes for [Ni-Fe]-hydrogenase (hyaB). S.oneidensis
MR-1 uses hyaB to catalyze the oxidation of H, and the reduc-
tion of the metal technetium (e.g., Marshall et al., 2008; Shi et al,,
2011). Therefore, a pool of intracellular Ni associated with S. onei-
densis MR-1 cells is a plausible source of the observed increase in
dissolved Ni concentrations.

For the cyanobacteria biomass, trace metal analyses showed
that Mn, Cu, Zn, and Mo were above the detection limit and
could be released from the biomass. However, Mo concentrations
were low in the cyanobacterial biomass and comparable to back-

ground concentrations of Mo (Supplemental Table 1), thus changes
in Mo were not considered during incubations with cyanobacteria
biomass. Similar to incubations with photoferrotroph biomass, de-
creases in dissolved Mn and Zn concentrations were observed dur-
ing incubation of S. oneidensis MR-1 with cyanobacteria biomass.
Specifically, dissolved Mn and Zn concentrations decreased in bot-
tles with S. oneidensis MR-1 and cyanobacteria biomass by 120 +
16 nmol L~ (86% decrease; Fig. 3A) and 145 + 26 nmol L~! (69%
decrease; Fig. 3B), respectively, over the course of the incubation.
These decreases in Mn and Zn in incubations with S. oneidensis MR-
1 and phytoplankton biomass are paralleled by similar decreases
in the live control with S. oneidensis MR-1 and no carbon source
(a 41% and 100% decrease for Mn and Zn, respectively; Fig. 3; pat-
terned bars). There is no such trend present in incubations with
biomass alone (abiotic controls; Fig. 3), implying that Mn and Zn
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Fig. 3. Dissolved concentrations of (A) manganese, (B) zinc, and (C) copper for days 0, 6, and 12 during incubation of S. oneidensis MR-1 with cyanobacteria biomass, modified
M1 medium and ferrihydrite (black bars). Data shown include an abiotic control containing modified M1 medium, ferrihydrite and cyanobacteria biomass (gray bars), and a
live control containing modified M1 medium, ferrihydrite and a 2% inoculation of S. oneidensis MR-1 (patterned bars). For the incubations with cyanobacteria biomass and S.
oneidensis MR-1, data are the mean from duplicate measurements + 1 standard deviation. Data marked “bdI” are below the limit of detection. Note: the midpoint trace metal

measurement for the live control (day 5) differed from the incubations with cyanobacteria biomass (day 6).

were likely removed from the dissolved phase by adsorption onto
S. oneidensis MR-1 cell walls with and without active Fe(Ill) reduc-
tion.

Dissolved Cu was the only metal to have increased from days
0 to 12 (by 70 £ 26 nmol L1, 82% increase) during incuba-
tion of S. oneidensis MR-1 and cyanobacteria biomass (Fig. 3C; black
bars). However, this trend mirrors that of the abiotic control (mod-
ified M1 media, ferrihydrite and cyanobacteria biomass), in which
dissolved Cu concentrations also increased by 96% (by 40 nmol
L=1: Fig. 3C; gray bars). Altogether, trends in trace metal con-
centrations between incubations of S. oneidensis MR-1 with phyto-
plankton biomass and experimental controls suggest no discernible
trend in trace metal concentration that can be attributed to the
degradation of biomass by S. oneidensis MR-1.

It is important to note that the trace metal composition of the
photoferrotroph and cyanobacteria biomass is substantially differ-
ent from one another (Supplemental Table 1), likely leading to
some of the differences in trace metal trends observed between
incubations. For example, the cyanobacteria biomass has substan-
tially higher Mn and Cu contents than photoferrotroph biomass.
These relative enrichments could be caused by the use of these
metals in oxygenic photosynthesis—Mn in the O-evolving complex
of photosystem II and Cu in plastocyanin to aid in electron trans-
port (Twining and Baines, 2013). Further, these trace metal com-
positions are different than those observed for the photoferrotroph
Rhodovulum iodosum (as reported in Konhauser et al. (2018)). These
findings are consistent with laboratory and field observations that
show a vast range of the trace metal stoichiometries of phyto-
plankton, attributable both to environmental conditions and phys-
iological needs (Twining and Baines, 2013).

4. Discussion

In Archean oceans, an estimated 3-15% of phytoplankton
biomass from the photic zone was buried in BIF precursor sed-
iments, although this burial rate efficiency was temporally and
spatially variable (Konhauser et al., 2005; Li et al., 2013b; Thomp-
son et al., 2019). This organic material would have been a source of
energy and carbon for microbes in ancient seafloor sediments and
would have driven the transformation of ferrihydrite into minerals
such as magnetite and siderite (e.g., Johnson et al., 2008; Kon-
hauser et al., 2017), both major minerals in BIFs. In addition, if
we assume that phytoplankton biomass served as a trace metal
shuttle to sediments, microbial remineralization of biomass with
ferrihydrite as the electron acceptor would have released signifi-
cant quantities of trace metals back into the porewaters, eventually
leading to the sequestration of these metals in precursor BIF sedi-
ments (Konhauser et al., 2018).

The Fe(Ill) reduction observed during our incubation exper-
iments with phytoplankton biomass indicates that S. oneidensis
MR-1 was able to access and consume carbon substrates needed
for cellular growth and activity from both photoferrotroph and
cyanobacteria biomass. However, Fe(Ill) reduction observed in in-
cubations of S. oneidensis MR-1 with phytoplankton biomass was
limited in comparison to controls with lactate. This limitation can-
not be attributed to the amount of ferrihydrite present in all in-
cubations (20 mM), nor the amount of organic carbon present
(30 mM in the lactate experiments, 42 mM in the incubations
with biomass). Instead, the Fe(Ill) reduction in our experiments
must have been limited by the bioavailability of organic macro-
molecules present in the phytoplankton biomass. A recent estimate
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compiled from 222 marine and freshwater species found that the
median macromolecular composition of phytoplankton (based on
dry weight) is 32% protein, 17% lipids, 15% carbohydrates, 7% nu-
cleic acids (Finkel et al., 2016). In our incubation experiments,
phytoplankton biomass was sonicated which would have lysed the
cells and released some of these biomolecules into the surrounding
medium. Microbes generally cannot take up these macromolecules
directly, so they rely on extracellular degradative enzymes to break
down these molecules to less than ~600 Da prior to uptake into
the cytoplasm (Arnosti, 2011). The genome for S. oneidensis MR-1
has been well studied and does not encode for any known extra-
cellular peptidases that would be required to initiate the degrada-
tion of metalloproteins (Heidelberg et al., 2002). Likewise, S. onei-
densis MR-1 does not appear to have the metabolic capability to
secrete glucosidases and lipases which would be needed to cleave
complex carbohydrates and lipids, respectively, into oligomers and
monomers. Interestingly, S. oneidensis MR-1 encodes for three dif-
ferent extracellular endonucleases that enable it to access nucleic
acids (Godeke et al., 2011; Heun et al, 2012). This is consis-
tent with laboratory experiments which have demonstrated that
S oneidensis MR-1 can consume extracellular DNA as a sole car-
bon and energy source under anoxic conditions (Pinchuk et al.,
2008). Additional laboratory studies have shown that S. oneiden-
sis MR-1 consumes simple substrates such as pyruvate (Lovley et
al., 1989) and monosaccharides (Hunt et al., 2010) — both of which
are found in phytoplankton cells. Although we cannot identify the
specific biomolecules, it is likely that S. oneidensis MR-1 consumed
a combination of some biomolecules as a source of carbon dur-
ing our incubations. These observations are consistent with other
well-known DIR bacteria found in aquatic sediments (e.g., Geobac-
ter metallireducens; Desulfuromonas acetoxidans; Shewanella arctica)
whose genomes do not encode for degradative enzymes; instead,
they rely on small carbon substrates (Roden and Lovley, 1993; Lov-
ley et al,, 1997, and references therein; Aklujkar et al., 2009; Kim
et al.,, 2012).

We did not observe any accumulation of dissolved trace metal
concentrations in the liquid phase as a function of time, which
would provide evidence that S. oneidensis MR-1 was degrading the
metalloproteins associated with phytoplankton biomass, and sub-
sequently liberating these trace metals. Additionally, there does not
appear to be evidence of the incorporation of trace metals into S.
oneidensis MR-1 cells during growth (i.e., a decrease in dissolved
trace metal content that differs from the abiotic and live controls),
implying that other mechanisms caused the trends in trace metal
composition in our experiments. Interestingly, trace metal con-
centrations in our abiotic controls did not remain constant over
time (e.g, Zn and Cu; incubations with cyanobacteria biomass),
indicating that other processes or interactions can influence the
partitioning of trace metals between dissolved and particulate (e.g.,
ferrihydrite) fractions and would ultimately impact how trace met-
als are incorporated into precursor BIF sediments. Previous work
examining the release of trace metals during phytoplankton decay
has demonstrated that metals have different affinities for reten-
tion in biomass (e.g., Co is more conservative than Zn; Hollister
et al., 2020). The presence of ferrihydrite and silica in our incu-
bations complicates our interpretations of trace metal trends even
further because Fe(IIl) oxyhydroxides, like ferrihydrite, can strongly
bind trace metals, albeit with different binding affinities for dif-
ferent metals (Kappler et al., 2021). Adsorption of trace metals to
ferrihydrite may be stunted somewhat by amorphous silica, which
binds to adsorption sites on the ferrihydrite and can outcompete
other ions like phosphate, and, potentially, trace metals (Konhauser
et al,, 2009). Organic matter (e.g., phytoplankton biomass) would
also affect the extent to which metals are adsorbed to ferrihydrite,
because the organic matter simultaneously competes for metal ad-
sorption sites on the ferrihydrite while also providing additional
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binding sites itself (Engel et al., 2021). Thus, trace metal adsorp-
tion to ferrihydrite and dissolved phases differs when comparing
metal sorption to ferrihydrite alone and metal sorption to ferrihy-
drite in the presence of biomass, with some metals preferentially
associated with ferrihydrite (e.g., Ni; Eickhoff et al., 2014), and
other metals having a strong affinity for biomass (e.g., Cu; Moon
and Peacock, 2013). Lastly, secondary mineral phases (e.g., goethite,
Fe(lI/IIl)-silicates) could have been generated during these experi-
ments over the course of several days, attributable to the presence
of Si, organic matter, and/or the reduction of ferrihydrite by DIR
bacteria (Nims and Johnson, 2022; Schad et al., 2022). This, in
turn, would subsequently impact the adsorption and release of
trace metals from biomass and Fe minerals. Although the trace
metal concentrations evaluated in this work do not provide enough
resolution to identify the extent of trace metal release and adsorp-
tion to ferrihydrite, these adsorption pathways must be considered
when evaluating how biogenic trace metals are incorporated into
BIFs.

Our study provides a framework from which to evaluate the
role of DIR in the recycling of phytoplankton biomass in precur-
sor BIF sediments. The results strongly point to additional het-
erotrophic microorganisms as playing a key role in the release of
trace metals associated with phytoplankton biomass back into sed-
iment porewaters for their eventual preservation in BIFs. In mod-
ern anoxic marine sediments, organic matter is degraded through a
sequence of steps with different microorganisms involved (Arndt et
al., 2013). The first step is the extracellular degradation of complex
macromolecules by primary degraders followed by the fermenta-
tion of oligomers and monomers to alcohols, lactate, and volatile
fatty acids, which are then mineralized to CH4, CO, and/or Hy. It
remains unclear as to whether primary degraders and fermenters
are in fact two separate populations or if fermenters are both se-
creting degradative enzymes and fermenting the resulting degra-
dation products. The metabolic capability to produce extracellular
enzymes is widespread across taxa (Arnosti, 2011; Zimmerman et
al.,, 2013) and genomic reconstructions have revealed the presence
of these enzymes in non-fermenting microbes (Lloyd et al., 2013).
More recently, a study that investigated the anerobic degradation
of organic matter in marine sediments using '>C-labeled proteins
and lipids found primary degraders that also encoded pathways
to ferment the degradation products such as amino acids (Pelikan
et al., 2021). Given that trace metals within cells are typically as-
sociated with complex proteins (e.g., metalloproteins; Jelen et al.,
2016), the importance of primary degraders cannot be overstated
as they would have initiated the remineralization of metal-bearing
compounds in phytoplankton biomass which have led to the re-
lease of trace metals back into the water column or sediment
porewaters. Aside from DIR bacteria, methanogens and fermenters
are thought to have been present in ancient Archean sediments
(Konhauser et al., 2005; Posth et al., 2013). Regardless of whether
fermenters were the primary group to initiate the degradation of
macromolecules in Archean sediments, DIR bacteria would likely
rely on fermenters to produce small compounds that could be
readily assimilated as a carbon and energy such that the activity
DIR bacteria would be limited in the absence of fermenters. Fu-
ture studies focused on resolving the role and function of other
heterotrophic microbes in the remineralization of phytoplankton
biomass are crucial to advancing our understanding of BIFs and
their function as an ancient recorder of seawater chemistry.
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