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Microbial extracellular electron uptake (EEU) is central to bioelectrochemical processes and biocorro-

sion, yet its underlying mechanisms are not fully understood under microbially influenced iron corrosion.
Here, we investigate how excess Fe?* modulates EEU in Desulfovibrio ferrophilus 1S5, a strain that
causes severe anaerobic iron corrosion via outer-membrane cytochromes (OMCs)-mediated electron
uptake. We show that IS5 grown with elevated Fe?* exhibits substantially enhanced EEU. This enhance-
ment arises through two complementary mechanisms: (i) increased abundance of functional OMCs via
the upregulation of a cytochrome assembly protein, and (i) an additional electron transfer route
mediated by FeS nanoparticles precipitated on the IS5 outer membrane. This indicates that, during iron
corrosion, when IS5 cells are found within thick layers of corrosion products and biofilms, they simulta-
neously utilize both OMCs and FeS nanoparticles to sustain high-rate EEU from iron under conditions of
high Fe?* concentrations and limited organic substrates. This study advances the mechanistic under-
standing of EEU-driven iron corrosion and highlights a potential avenue for manipulating bioelectro-
chemical systems.

KEY WORDS: microbially influenced corrosion; sulfate-reducing bacteria; iron sulfide nanoparticles; outer—

membrane cytochrome; electrochemical analyses; transmission electron microscopy; transcriptome.

1. Introduction

The anaerobic corrosion of iron, which occurs in buried
pipelines and storage tanks, presents serious challenges
to energy infrastructure and results in enormous eco-
nomic losses, estimated at hundreds of billions of dollars
annually."? This type of corrosion is largely accelerated
by microbial metabolic activity, particularly that of sul-
fate-reducing bacteria (SRB),*¥ and is therefore termed
microbially influenced corrosion (MIC). SRB produce
corrosive hydrogen sulfide and consume hydrogen that
accumulates on the iron to accelerate anaerobic iron dissolu-
tion.” In addition, certain sediment—derived SRB, including
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Desulfovibrio ferrophilus 1S5, are proposed to corrode iron
through direct extracellular electron uptake (EEU).® These
SRB exhibit distinct corrosion capabilities compared to
conventional SRB—they can grow using iron granules as
the sole electron donor and can continuously corrode iron
at high rates on thick, electrically conductive corrosion
crusts.” This indicates that microbial electron uptake—driven
corrosion poses especially severe threats and high risks.”
Therefore, understanding the EEU mechanism in SRB has
become a key focus in the MIC field.

Given that the bacterial outer membrane (OM) represents
the barrier for EEU from solids, identifying electron con-
duits spanning the OM is crucial. Two pathways have been
described in SRB: outer—-membrane cytochromes (OMCs)
containing multi-heme redox centers,” and electrically con-
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ductive iron sulfide (FeS) nanoparticles biosynthesized on
the OM.'? For instance, D. ferrophilus 1S5, when deprived
of soluble organic electron donors, produces OMCs to
mediate EEU from electrodes,” whereas D. vulgaris Hilden-
borough, which does not possess OMCs, makes use of FeS
nanoparticles deposited on its OM to facilitate EEU.'”

Although IS5 may precipitate FeS nanoparticles on its
OM through the reaction of sulfide with iron ions bound
to the negatively charged cell surface,'” this potential EEU
route has not been tested. Notably, previous transmission
electron microscopy (TEM) of IS5 cross—sections revealed
the cell surface densely covered with OMCs but no obvi-
ous OM-associated FeS nanoparticles.” This absence can
be attributed to the low Fe?* concentration (7.6 uM) in the
growth medium, which was sufficient for heme synthesis but
inadequate for substantial FeS precipitation, a process that
typically requires millimolar iron levels.'""'? Such millimolar
concentrations, however, are common during active MIC."»
Thus, a comprehensive understanding of IS5 corrosion
requires investigating how high iron availability affects EEU.

This study examines how high—iron growth conditions
influence the establishment of EEU pathways in IS5, focus-
ing on OMCs expression and the potential formation of
OM-associated FeS nanoparticles as an additional electron
uptake route.

2. Experimental Conditions

2.1. Cultivation of ISS

Desulfovibrio ferrophilus 1S5 was precultivated for 3
days in 60 mL of DSMZ medium 195¢'? in 100 mL glass
vials at 28°C under an anoxic headspace of CO,/N; (20:80,
v/v). An inoculum of 2% (v/v) was transferred to 60 mL of
DSMZ medium 195c¢ (containing 7.6 uM Fe**) or an Fe**—
enriched artificial seawater (EASW) medium (containing
3.6 mM Fe?*) previously reported.'"” The EASW contained
(g/L): NaCl 23.5, Na,SO4 3.9, NaHCOs 0.2, MgCl, 5.0,
CaClLx2H,O 1.5, CaSO4x2H,O 0.1, SrCl,x6H,0 0.04,
KC10.7, KBr 0.1, H;BO; 0.03, trisodium citrate 0.5, sodium
lactate 3.5, yeast extract 1.0, NH4Cl 0.1, MgSO4x7H,0O
0.7, Fe(NH4)2(S04)>x6H,0 1.4, K,HPO, 0.05, L—cysteine
0.1. For further cultivation, an inoculum of 2% (v/v) was
transferred into fresh medium and grown for an additional
four days.

2.2. TEM

IS5 cells grown for 4 days in DSMZ medium 195¢c
or EASW medium were harvested by centrifugation at
7 800 x g for 10 min and immediately fixed in precooled
fixation solution (2.5% glutaraldehyde and 4% paraformal-
dehyde prepared in phosphate buffer) for 12 h at 4°C in
the dark without agitation. The cells were then washed five
times with sodium—HEPES buffer (50 mM, pH 7.4, con-
taining 35 g/L NaCl). The pellet was dehydrated through
an ethanol gradient (25%, 50%, 75%, and 100%, 10 min
each) with gentle rotation, followed by centrifugation at
10 000 x g for 5 min. The 100% ethanol wash was repeated
three times. Dehydrated cells were infiltrated with 50% LR
White resin (prepared in 100% ethanol) for 30 min at 4°C
with gentle rotation, then centrifuged (6 000 X g, 5 min).
The pellet was subsequently incubated in 100% LR White
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resin for 60 min at 4°C with rotation, centrifuged again
(6 000 x g, 5 min), and the resin was replaced with fresh
100% LR White. Polymerization was carried out at 60°C for
48 h. The hardened LR White blocks were thin—sectioned
at 60 nm using a microtome (Leica, Germany), and the sec-
tions were mounted on copper grids and examined by an
electron microscope Themis Z (Thermo Fisher Scientific
Inc., USA) at 300 kV. For bright field (BF) TEM imaging,
a direct electron detection camera K2 IS (Gatan Inc., USA)
was used. For high—angle annular dark field (HAADF)
imaging in a scanning mode, the convergence semi—angle
and collection semi—angle range were set as 18 mrad and
78-200 mrad. For energy dispersive x—ray spectroscopy
(EDS) in a scanning mode, the probe current, dwell time and
scan step were 1.0-1.4 nA, 50 us and 0.8-3.5 nm, respec-
tively. A 3—pix average filter was used to obtain EDS net—
intensity maps. BF-TEM was conducted prior to HAADF
and EDS. An electron microscope JEM—ARM200F (Jeol,
Japan) was also used at 80 kV for BF imaging.

2.3. Electrochemical Analyses

A single—chamber, three—electrode electrochemical reac-
tor was used to investigate the EEU capability of IS5
cells in the presence or absence of FeS nanoparticles.
An indium-tin—doped oxide (ITO) electrode (resistance,
5 Q/square; thickness, 1.1 mm; surface area, 3.1 cm?®) was
placed at the bottom of the reactor and served as the work-
ing electrode. Ag/AgCl (saturated KCl) and Pt wire were
used as the reference and counter electrodes, respectively.
The electrolyte was prepared as reported previously”
and contained 457 mM NaCl, 47 mM MgCl,x6H,0,
7 mM KCI, 30 mM NaHCOs, | mM CaCl,x2H,0, 1 mM
K,HPO,, 1 mM NH4Cl, 25 mM sodium HEPES (pH 7.4),
1 mL selenite—tungstate solution, 1 mL SL—-10 trace metal
solution, 1 mM sodium acetate as the carbon source, and
20 mM Na,SO; as the electron acceptor. The electrolyte
was sterilized by autoclaving and made anoxic by vigorous
nitrogen purging. Four—day—old IS5 cells grown in DSMZ
medium 195¢ or EASW medium were harvested by cen-
trifugation at 7 800 X g for 10 min inside a COY anaerobic
chamber under 100% N, and resuspended in 0.5 mL of
the same electrolyte. Cells were introduced into each reac-
tor to a final ODggo of 0.8. Single—potential amperometry
was performed at —0.4 V versus SHE. Differential pulse
voltammetry (DPV) was conducted using an automatic
polarization system (VMP3; Bio—Logic SAS, Paris, France)
with the following parameters: pulse height, 50 mV; pulse
width, 300 ms; step height, =5 mV; and step time, 2 s. The
potential was scanned from positive to negative. Baseline
subtraction of differential pulse (DP) voltammograms was
performed using QSoas.'®

2.4. Scanning Electron Microscopy (SEM)

After electrochemical measurements, ITO electrodes
with cell attachment were immediately fixed by immers-
ing in 2.5% glutaraldehyde prepared in phosphate buffer
(0.1 M, pH 7.2) for 1 hour, under dark. After fixation, the
electrodes were washed with the phosphate buffer, followed
by dehydration in an ethanol gradient (25%, 50%, 75%, and
100%, 10 min each). The samples were exchanged twice
in 100% ethanol, then immersed in tert-BuOH, which was
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also replaced twice. The samples were frozen inside pure
tert—butanol at —20°C for 10 min then freeze—dried under a
vacuum. The dried samples were coated with platinum using
Quick Coater SC-701 (Sanyu Electron, Japan) and viewed
with a SU5000 SEM (Hitachi High—Tech Corporation,
Japan).
2.5. Transcriptome Analysis of IS5 under Trace—Fe**
and Fe**—enriched Growth Conditions

IS5 cells grown for 4 days in DSMZ medium 195¢c
or EASW were harvested by centrifugation at 7 800 X g
inside a COY anaerobic chamber. The cell pellets were
immediately preserved in NucleoProtect RNA (TaKaRa
Bio Inc., Japan) and processed for RNA extraction using
the NucleoSpin RNA Plus kit (TaKaRa Bio Inc., Japan).
Ribosomal RNA (rRNA) was removed from total RNA
using the TIANSeq rRNA Depletion Kit (TTANGEN
Biotech, China), and RNA-seq libraries were prepared
with the Fast RNA—seq Lib Prep Kit V2 (ABclonal, USA).
Sequencing was performed on a NovaSeq X Plus platform
(Illumina) using 150 bp paired—end reads, generating
approximately 4 Gb of data per sample. Quality—controlled
reads were mapped to the draft genome of D. ferrophilus

IS5 using STAR'” with a minimum mapping identity of
97.53%. To compare relative expression patterns of IS5
cells under trace-Fe®* and Fe**—enriched growth condi-
tions, gene expression levels were normalized as counts
per million (cpm).

3. Results and Discussion

3.1. Biosynthesis of FeS Nanoparticles on the OM of
IS5

To test whether IS5 biosynthesizes FeS nanoparticles
on its membrane, cells were cultivated in a Fe**—enriched
EASW medium containing 3.6 mM Fe?*. As a control, cells
were grown in the DSMZ 195¢ medium containing 7.6 M
Fe?*. After four days, the Fe?*—enriched culture had turned
completely black, whereas the control remained greyish and
turbid, indicating that FeS formation was strongly enhanced
by elevated Fe’* (Fig. S1). TEM with elemental mapping
of 60—nm-thick cross—sections revealed FeS nanoparticles
extracellularly, intracellularly and on the OM, with mark-
edly larger aggregates occurring extracellularly (Figs. 1B
and S2B). This size disparity is expected because Fe** and
extracellular biogenic sulfide diffuse freely in the chemi-

Fig. 1.
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TEM imaging of 60 nm-thick cross sections of IS5 precultivated for four days in DSMZ medium 195¢ contain-
ing 7.6 uM Fe’* (A) or in Fe**-enriched EASW medium containing 3.6 mM Fe’* (B), using BF and HAADF
modes and EDS of Fe- and S-K lines. (Online version in color.)
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cally unconfined extracellular medium, which promotes
the formation of larger crystals. In contrast, steric confine-
ment and limited ion mobility on the OM and within the
cytoplasm—where exopolysaccharides and proteins are
abundant—restrict nucleation and yield numerous smaller
nanoparticles. Meanwhile, IS5 grown in DSMZ medium
195¢ exhibited minimal FeS biosynthesis associated with
the cells (Figs. 1A and S2A). These results confirm that
IS5 can biosynthesize FeS nanoparticles on its OM under
elevated Fe’* concentration.

3.2. Enhancement of EEU by Biosynthesized FeS in ISS

To assess the EEU capability of IS5 with FeS biosyn-
thesis, cathodic current production was compared between
cells precultivated in DSMZ medium and those grown
in Fe**—enriched medium. After four days of cultivation,
cells were harvested by centrifugation and introduced onto
ITO electrodes poised at —0.4 V (vs. SHE), serving as
the sole electron donor. Consistent with previous studies,
DSMZ—-grown IS5, which depletes lactate and overex-
presses OMCs,” continuously increased cathodic currents
to —0.23 gA cm ? within 20 h and maintained this level
until 45 h (Fig. 2A). In contrast, IS5 containing biosynthe-
sized FeS exhibited a more rapid and pronounced response,
with currents rising to —0.4 A cm 2 within 30 min and
maintained at approximately —0.3 gA cm ? for the next
30 h. It should be noted that the amounts of OMCs and
FeS nanoparticles are unlikely to increase during the elec-
trochemical current measurement, as IS5 remains in a non—
growing and metabolically slow state when ITO electrodes
are the sole electron donor.' During EEU, the trace con-
centration of ferrous iron in the electrolyte and the minimal
sulfide production associated with this low metabolic activ-
ity would not support appreciable FeS nanoparticle synthe-
sis. Consequently, the gradual increase in cathodic current
is most likely attributed to progressive cell attachment to
the electrode and physiologic adaptation toward EEU. The
pronounced difference in cathodic current production indi-
cates that IS5 precultivated under the FeS—biosynthesizing
condition exhibits enhanced EEU capability.

Microscopy suggested that the enhanced EEU was due
not to increased cell attachment but rather to an enhanced

>

Cells

|

§ B
g -0.1-v \\
< '
2-0.21 M IS5
(0] N e T -e — o
C
&
£ 031 1S5 with FeS
o
G -0.41

0 10 20 30 40

Time (h)

EEU capacity per IS5 cell. SEM imaging of electrode sur-
faces showed similar cell attachment in IS5 with and with-
out biosynthesized FeS and revealed no evidence of thick
biofilm or aggregate formation induced by FeS nanopar-
ticles (Figs. 2B, 2C). Thus, the higher current production
arose from enhanced EEU capability in IS5 cells with FeS
biosynthesis.

3.3. High-intensity Redox Signals Detected in IS5 Cells
with FeS Biosynthesis

To further investigate the basis of enhanced EEU in IS5
with FeS biosynthesis, DP voltammetry was performed on
cells after current production. IS5 without FeS showed a
negative peak at —0.48 V, attributed to OMCs,”'” whereas
IS5 with biosynthesized FeS displayed a large new peak
at —0.08 V (previously reported for biosynthesized FeS
in D. vulgaris Hildenborough)'® and an OMC peak at
—0.45 V (Figs. 3A, 3B). In the DP voltammogram of IS5
with biogenic FeS (red trace in Fig. 3A), the baseline—
corrected FeS peak intensity (~280 pA) exceeds that of the
OMCs—associated peak (~22 uA). However, the FeS signal
represents the combined contribution of extracellular and
cell-surface—associated FeS in contact with the electrode
and therefore cannot resolve the fraction directly involved
in EEU at the cell surface. As a result, the present data do
not allow a quantitative determination of whether OMCs
or FeS nanoparticles constitute the dominant EEU pathway
when both are present. Meanwhile, the ~30 mV positive
shift in the OMCs redox potential indicates that the heme
groups in the OMCs of IS5 with biogenic FeS are slightly
more oxidized, likely due to FeS—induced changes in the
local electrochemical microenvironment of the hemes or
weak oxidative interactions between FeS nanoparticles and
the heme groups. Notably, the OMCs peak height increased
nearly sixfold, suggesting that IS5 expressed more OMCs
during the elevated Fe?* precultivation.

3.4. Cytochrome Assembly Protein was Highly Upregu-
lated during Fe’*—enriched Growth

We next investigated whether cells grown under Fe?*—

enriched conditions upregulate OMCs expression and bio-

synthesize FeS as an additional EEU pathway. Due to the

Fig. 2. Enhancement of cathodic current production in IS5 by FeS biosynthesis. (A) Cathodic current production by IS5
cells without or with biogenic FeS. (B, C) SEM images of electrode surfaces after electrochemical measure-
ments with IS5 cells without (B) or with (C) biogenic FeS. (Online version in color.)
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Fig. 3. Differential pulse (DP) voltammograms of IS5 cells, without or with biogenic FeS after current production
shown in Fig. 2A. (A) DP voltammograms depicting the full scanned potential range (0.2 to —0.6 V). Negative
peaks assignable to FeS (—0.08 V) and OMCs (—0.45 V) were denoted with short bars. (B, C) Enlarged base-
line-subtracted voltammograms highlighting the OMCs region. (Online version in color.)

light opacity, redox activity, and high protein adsorption
affinity of FeS nanoparticles, direct OMCs quantification
by UV—Vis absorption, cellular histochemical redox stain-
ing, or membrane protein analysis was not feasible. Instead,
RNA expression analysis was performed for cells grown for
4 days under trace and Fe**—enriched conditions. Contrary
to our expectation, genes encoding OMCs (DFE 448-451,
DFE 461-465) showed no differential expression (+ 2—
fold). However, DFE 2049, encoding a cytochrome ¢ assem-
bly protein for incorporating heme into apocytochrome ¢ to
form functional cytochrome c,>” was upregulated 65—fold,
making it the second most up-regulated gene under the
Fe?*—enriched condition (Table 1). Given that the other
three cytochrome c assembly genes in IS5 (DFE 0907,
DFE 1642, and DFE 1646) showed little change or only
minor downregulation (< 3—fold), DFE 2049 may be pref-
erentially employed for the maturation of OMCs, providing
a possible explanation for the much stronger OMCs redox
signals detected by DP voltammetry.

The other most highly upregulated genes under Fe’*—
enriched growth are involved in stress response, oxidative
stress sensing (e.g., bacteriohemerythrin), redox balance,
and unknown functions, indicating that elevated Fe’*
imposed significant oxidative stress on IS5, likely via
Fenton—type reactions involving trace oxygen or intracel-
lular peroxides (Fe** + H,0, — Fe** + -OH + OH).2"
Meanwhile, the most strongly downregulated genes under
Fe**—enriched growth are associated with Fe’* uptake,
peptide transport, and cell motility. Notably, gene clus-
ters encoding the trans—inner—-membrane redox complex
HmcABCDEF (DFE_3360-3365), which transfers electrons
from the periplasm to cytoplasmic sulfate reduction,”” and
the sulfate reduction proteins (DFE 2054-2056) were sig-
nificantly downregulated, suggesting that sulfate reduction
is suppressed in stationary—phase cells that have accumu-
lated abundant FeS, possibly as a strategy to prevent further
FeS overproduction and cellular crowding. Additionally, the
downregulation of HmcABCDEF suggests that this complex
may be a significant source of oxidative species, such as
superoxide, via electron leakage to trace oxygen.*®

3.5. FeS Nanoparticles Enable EEU in IS5 before
OMC:s Induction
Given that biosynthesized FeS nanoparticles have been

reported as the EEU pathway in D. vulgaris Hildenborough,'”
we tested whether they also enable EEU in IS5 that has
low OMCs expression. Currently, no IS5 OMCs knockout
strains exist, and the only method known to downregulate
OMC:s expression is to precultivate cells with excess lac-
tate.” Therefore, we examined the effect of increasing lac-
tate concentration (presumably lowering OMCs expression),
with or without FeS biosynthesis, by precultivating cells
in modified DSMZ and EASW media containing 150 mM
lactate for a shortened period of two days to prevent lactate
depletion.

A much shorter timescale was used for electrochemical
measurements of lactate—sufficient cells compared with
lactate—starved cells (Fig. 2) to prevent OMCs produc-
tion driven by stored intracellular reductive energy in an
electrolyte lacking organic electron donors. Consistent
with previous observations,” IS5 cells with low OMCs
produced negligible cathodic current over 5 hours, indicat-
ing that little OMCs induction occurred within this short
timescale. In contrast, IS5 precultivated with excess lactate
while biosynthesizing FeS was still able to increase cathodic
currents (Fig. 4). Notably, because the increase in current
occurred immediately after cell introduction into the reac-
tors, FeS nanoparticles most likely enabled an acute shift
from organotrophic to electrotrophic metabolism in IS5. The
decrease in current between hour 1 and hour 3 following the
initial increase in FeS—containing cells (red curve in Fig. 4)
is attributable to cell addition during baseline stabilization,
which typically requires 2—3 hours to decline to a negligible
level (Fig. 2A). The current subsequently increased after
hour 3, indicating that EEU-associated current produc-
tion had surpassed the background current. Furthermore,
lactate-excess IS5 with FeS produced a higher current than
lactate-starved IS5 with FeS, as evidenced by current den-
sities measured 4.5 h after cell addition (—0.55 uA cm?
at hour 5 for lactate-excess cells in Fig. 4, compared with
—0.32 uA cm™? at hour 7.5 for lactate-starved cells in
Fig. 2). This difference suggests that a greater number of
FeS-mediated EEU pathways formed on the cell surface
under the lactate-excess growth condition. This is likely
attributable to reduced OMCs expression under excess
lactate, which may provide more surface availability for
FeS nanoparticle formation (note that the total amount of
biogenic FeS was constrained by the identical Fe** con-
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Table 1. Genes most significantly up- and downregulated under Fe**-enriched growth. Bold text indicates gene clusters.

Gene Product Log, FC Function
DFE 2459 universal stress protein 7.7  stress response
DFE 2049 cytochrome c assembly protein 6.0  heme attachment to apocytochrome ¢
DFE 2397 Nicotinamide riboside transporter PnuC 5.9  aid NAD" biosynthesis, redox balance
DFE 3032 hypothetical protein 5.6
DFE 2806 hypothetical protein 5.4
DFE 2822 bacteriohemerythrin 5.3  oxidative stress sensing
DFE 0838 hypothetical protein 53
DFE 0089 hypothetical protein 5.1
DFE 2695 bacteriohemerythrin 5.0  oxidative stress sensing
DFE_0048 universal stress protein 5.0  stress response
DFE 1865 ferrous iron transport protein A —6.4
Fe** uptake
DFE_1866 ferrous iron transport protein B -6.3
DFE 0117 carbon starvation protein CstA —5.8  peptide transporter
DFE 3360 sulfate respiration complex HmcF —4.0
DFE_3361 sulfate respiration complex HmcE =5.0
DFE 3362 sulfate respiration complex HmeD —5.8  Trans-inner-membrane electron
transfer complex for sulfate
DFE 3363 sulfate respiration complex HmceC —47  reduction
DFE_3364 sulfate respiration complex HmeB -53
DFE 3365 sulfate respiration complex HmcA —5.6
DFE 3284 HD-GYP domain-containing protein —4.7  biofilm formation, motility
DFE_1536  ABC-type Co’" transport system, periplasmic component —-4.6  iron pool increase’”
Converts sulfate to adenosine-5"-
DFE_2054 sulfate adenylyltransferase 4.0 phosphosulfate (APS)
DFE 2055 dissimilatory adenylylsulfate reductase beta subunit AprB -3.1
reduce APS to sulfite
DFE 2056 adenylylsulfate reductase subunit alpha AprA —2.6
0.0- Cells 1S5 (low OMCs) likely contributing to its metabolic robustness under fluctu-
. } mm ==L ating organic availability; however, definitive confirmation
‘\"E : ‘I J’ of this interpretation will require the construction and testing
Q 1 of IS5 OMCs knockout mutants.
<
=-0.54 |
- ! IS5 (low OMCs) 4 Conclusi
= . onclusions
@ +FeS
3 10 Our study demonstrates that cultivating IS5 under
‘g B excess Fe?* substantially enhances its EEU capability. This
= | effect arises from both increased OMCs abundance, likely
(&} : mediated by upregulation of the cytochrome ¢ assembly
154 i . , : . protein DFE 2049, and the formation of additional elec-

Time (h)

Fig. 4. Enhancement of cathodic current production in IS5 with
low OMCs expression by biosynthesized FeS. (Online ver-
sion in color.)

centration of 3.6 mM). Together, these results indicate that
FeS-biosynthesizing conditions enable IS5 to sustain EEU
even under conditions of reduced OMCs expression, thereby

© 2026 1S

tron uptake pathways through FeS nanoparticles. These
findings provide insights into the high-rate MIC behavior
of IS5: cells embedded within thick corrosion products
and biofilms are likely exposed to organic limitation and
elevated local Fe?* concentrations, conditions that promote
both OMCs overexpression and FeS biosynthesis. These
pathways may operate synergistically to enable high-rate
EEU from iron and confer metabolic robustness under
fluctuating organic availability.

Data Availability
Transcriptomic data for D. ferrophilus 1S5 incubated
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for four days in either the DSMZ medium 195c or the
Fe**-enriched EASW medium have been deposited in the
NCBI GEO database under accession number GSE313310.
Requests for data or information can be directed to the lead
contact and will be fulfilled accordingly.
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