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Abstract
Photoferrotrophy allows anoxygenic phototrophs to use reduced iron as an electron donor for primary productivity. Recent
work shows that freshwater photoferrotrophs can use electrons from solid-phase conductive substances via phototrophic
extracellular electron uptake (pEEU), and the two processes share the underlying electron uptake mechanism. However, the
ability of marine phototrophs to perform photoferrotrophy and pEEU, and the contribution of these processes to primary
productivity is largely unknown. To fill this knowledge gap, we isolated 15 new strains of the marine anoxygenic phototroph
Rhodovulum sulfidophilum on electron donors such as acetate and thiosulfate. We observed that all of the R. sulfidophilum
strains isolated can perform photoferrotrophy. We chose strain AB26 as a representative strain to study further, and find that
it can also perform pEEU from poised electrodes. We show that during pEEU, AB26 transfers electrons to the
photosynthetic electron transport chain. Furthermore, systems biology-guided mutant analysis shows that R. sulfidophilum
AB26 uses a previously unknown diheme cytochrome c protein, which we call EeuP, for pEEU but not photoferrotrophy.
Homologs of EeuP occur in a range of widely distributed marine microbes. Overall, these results suggest that
photoferrotrophy and pEEU contribute to the biogeochemical cycling of iron and carbon in marine ecosystems.

Introduction

Marine sediments comprise the single largest ecosystem on
Earth’s surface in spatial coverage, and support nearly half
of global primary productivity [1]. Geochemical studies of
marine sediments have revealed that microbe-mineral
electron transfer reactions are linked to carbon, sulfur,
iron, and nitrogen cycling, and may play an important role
in microbial energy flow [2]. Anoxygenic phototrophs are
metabolically versatile and capable of utilizing both soluble
and mineral forms of Fe(II) as electron donors for photo-
synthesis, via a process called photoferrotrophy [3]. They
are known to coexist in sediments with neutrophilic iron-
oxidizing (chemoautotrophic) and iron-reducing (chemo-
heterotrophic) bacteria, and may exchange electrons with
insoluble/solid-phase substances [2] (e.g., mixed-valent iron
[4–6] and sulfide minerals [7, 8]). Phototrophs can also use
mineral proxies of solid-phase conductive substances (i.e.,
poised electrodes) by a process called phototrophic extra-
cellular electron uptake (pEEU) [9, 10].
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Recent bioelectrochemical studies have shown that pure
cultures of freshwater photoferrotrophs, including Rho-
dopseudomonas palustris TIE-1, link pEEU to microbial
energy generation and carbon dioxide (CO2) fixation,
suggesting that primary productivity may be attributed to
this process in the environment [9, 10]. Detailed bio-
chemical and molecular work by our group has revealed
electron uptake mechanisms in freshwater photo-
ferrotrophs capable of pEEU [9, 11]. Because only a
limited number of genetic markers are available to study
this process, the distribution and importance of this elec-
tron uptake mechanism in marine sediments remain
unclear [9, 11]. This is compounded by a lack of
genetically-tractable marine photoferrotrophs in culture,
which makes it challenging to understand electron uptake
processes. Two marine phototrophs previously known to
perform photoferrotrophy, namely Rhodovulum iodosum
and Rhodovulum robiginosum are fastidious [12], and we
have not been able to study them using genetic and
molecular approaches thus far. However, mineralogical
studies on the byproducts of photoferrotrophy produced by
these microbes have been reported [6, 12]. Minerals that
were produced by photoferrotrophy were identified as
goethite (α-FeOOH) with minor fractions of lepidocrocite
(γ-FeOOH) [6] and ferrihydrite with traces of magnetite
[12]. Because anoxygenic phototrophs are prevalent in
marine environments, both photoferrotrophy and pEEU
may be overlooked microbial growth and survival strate-
gies in these ecosystems.

To fill this knowledge gap, we isolated 15 related strains
of Rhodovulum sulfidophilum using acetate/thiosulfate as
electron donors, and further tested their ability to perform
photoferrotrophy and pEEU. Remarkably, all the isolated R.
sulfidophilum strains can perform photoferrotrophy. We
selected R. sulfidophilum AB26 (AB26) as a representative
strain to investigate further [13] using geochemical, elec-
trochemical, systems biology, and genetic approaches.
During photoferrotrophy, AB26 produces a variety of iron
minerals. Bioelectrochemical studies indicate that AB26 can
perform pEEU over a wide range of redox potentials
(−200 mV and +100 mV) that represent the potentials of
iron and iron-sulfur minerals found in marine environments.
Furthermore, we show that pEEU is connected to the pho-
tosynthetic electron transport chain (pETC), and that it leads
to an upregulation of genes involved in carbon dioxide
(CO2) fixation. Lastly, leveraging comparative proteomics
combined with mutant analysis, we identify a previously
uncharacterized diheme cytochrome c protein (named EeuP
here for extracellular electron uptake protein) that is
important for pEEU but not photoferrotrophy. EeuP
homologs can be found across bacteria including organisms

belonging to the ecologically important marine Roseobacter
group. These findings suggest that both photoferrotrophy
and pEEU might be more prevalent in marine ecosystems
than previously thought. Our results offer new opportunities
to understand these fundamental biological processes that
shape our planet.

Materials and methods

Microbial isolation and cultivation conditions

Rhodovulum sulfidophilum strains (including AB26
(AB26)) were isolated in July 2014 from independent
microbial mat samples from the Trunk River estuary in
Woods Hole, MA. Enrichments were cultivated photo-
heterotrophically in anoxic artificial seawater (SW) med-
ium supplemented with 20 mM acetate or 10 mM sodium
thiosulfate. Enrichments were cultivated with ∼850-nm
light at 30 °C and passaged six times. To isolate colonies,
cultures from the anaerobic enrichments were streaked
aerobically on Bacto agar with Difco marine broth (MB)
2216 (BD Diagnostic Systems, Cockeysville, MD, USA).
The individual colonies were passaged six more times by
streaking on MB-agar plates and used for further char-
acterization. Further details can be found in the supple-
mental materials.

Cell suspension assay

The cell suspension assay was performed in an anaerobic
chamber (80% N2, 15% CO2, and 5% H2, Coy Laboratory,
Grass Lake, MI, USA) at room temperature using photo-
autotrophically grown R. sulfidophilum strains with hydro-
gen as previously described [14]. Further details can be
found in the supplemental materials.

Bulk BES setup and conditions

Bioelectrochemical systems (BESs) were configured as
previously described [10, 15]. Further details can be found
in the supplemental materials.

Next-generation microfluidic bioelectrochemical cell
(µ-BEC) and conditions

µ-BEC arrays were miniaturized BESs consisting of 2 × 6
fluidically connected microchambers (~1 µL each) that
enabled electrochemical measurements in continuous flow
or batch mode of operation. Further details can be found in
the supplemental materials.
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Construction of ΔeeuP (BV509_10070) AB26 mutant
strain

To develop a eeuP deletion mutant of AB26, pJP5603-DG1,
a suicide vector, was constructed from pJP5603 [16, 17].
Further details can be found in the supplemental materials.

Results

Multiple isolates of the marine bacterium
Rhodovulum sulfidophilum can perform
photoferrotrophy

To expand our understanding of microbe-mineral electron
transfer reactions, we isolated 15 phototrophic bacteria
from an estuarine microbial mat (Trunk River, Woods
Hole, MA, USA) using acetate/thiosulfate as electron
donors and sequenced their genomes (Supplementary
Fig. 1). The Trunk River isolates were ~99% related to the
type-strain of R. sulfidophilum (strain DSM 2351), a marine
phototroph, based on analysis of their photosynthetic
reaction center M (pufM) and 16 S rDNA gene sequences.
Fifteen R. sulfidophilum strains were isolated from micro-
bial mat enrichments from independent microbial mat
samples from Trunk River, and were capable of typical
purple nonsulfur bacterial growth modes, including anae-
robic (photoheterotrophy and photoautotrophy) and aerobic
(chemoheterotrophic) growth (Fig. 1a, Supplementary
Table 1). To screen the isolates for their ability to oxidize
Fe(II), we cultivated them under illuminated conditions
with Fe(II)-NTA (nitrilotriacetic acid) as the sole electron
donor. We observed complete oxidation of Fe(II)-NTA in
these incubations for all strains (Fig. 1b; Supplementary
Table 1). We chose to investigate R. sulfidophilum AB26
(AB26) further based on its ease of cultivation on liquid
and solid media, which makes it favorable for downstream
genetic and synthetic biological manipulation.

To investigate whether Fe(II) oxidation contributes to the
growth of AB26, we performed physiological growth
experiments using Fe(II)-NTA. AB26 completely oxidized
5 mM Fe(II)-NTA within 3.5 days with a corresponding
increase in optical cell density (OD660) and total protein
content (Fig. 2a, b and Supplementary Fig. 2), indicating
that phototrophic Fe(II)-oxidation is connected to cellular
growth. Scanning electron microscopy (SEM) coupled with
energy-dispersive X-ray spectroscopy (EDS) of samples
from these incubations revealed the formation of iron-
phosphate minerals closely associated with AB26 cells
(Fig. 2c). AB26 also oxidized Fe(II) in the absence of NTA,
but with a ~20-fold lower rate (~80 µM day−1) (Fig. 2a
and d). We observed an increase in total protein content in
these incubations (Fig. 2e), indicating that AB26 can use

non-chelated Fe(II) as its sole electron donor for photo-
autotrophic growth. X-ray diffraction (XRD) showed the
formation of divalent, mixed valent, and trivalent iron
minerals such as siderite (FeCO3), vivianite [(Fe3(PO4)2•8
(H2O)], green rust carbonate [GR(CO3

2−)], goethite
(FeOOH), and traces of akaganeite (FeOOH, Cl) (Fig. 2f).
Together, these results highlight the ability of the marine
bacterium R. sulfidophilum AB26 to perform Fe(II)-oxida-
tion and connect this process to photoautotrophic growth.

AB26 accepts electrons from a poised electrode

A fundamental knowledge gap is whether marine photo-
ferrotrophs can also access electrons from insoluble or
solid-phase conductive substances for cellular metabolism.
To investigate this question, we utilized bioelectrochemical
systems (BESs). BESs mimic microbial interactions with
insoluble minerals, wherein an electrode can operate as an
electron donor or acceptor for microbial metabolism [9, 10].

We cultivated AB26 photoautotrophically in artificial
seawater medium with indium tin oxide (ITO) as working
electrodes. Because photoferrotrophs have been previously
observed to perform pEEU at the midpoint potential of
insoluble iron minerals (~+100 mV) [18], we poised the
electrodes at +100 mV vs. Standard Hydrogen Electrode
(SHE). We observed current densities of ~−13.4 ± 0.5 nA
cm−2 under phototrophic conditions compared to abiotic
controls (Fig. 3a, Supplementary Table 2). In marine eco-
systems, high sulfate concentrations (~28 mM) favor the
formation of iron-sulfide minerals [19, 20] that generally
have lower redox potentials than soluble iron [21]. To
assess whether AB26 can accept electrons at lower redox
potentials, we poised electrodes at −200 mV vs. SHE. At
−200 mV, we observed current densities of ~−16.8 ±
0.6 nA cm−2 (Fig. 3a, Supplementary Table 2). These cur-
rent densities are ~25% higher when compared to current
densities observed at +100 mV, suggesting that −200 mV
may be a preferable potential for pEEU.

Cyclic voltammetry (CV) of the electrodes at both
+100 mV and −200 mV vs. SHE revealed two distinct
cathodic peaks at −50 and −430 mV (Fig. 3b, Supple-
mentary Fig. 3). These results suggest the presence of
redox-active components in the system indicative of
microbial redox activity. Consistent with current density
measurements, CV peaks are also higher for electrodes
poised at −200 mV vs. SHE. Confocal fluorescence
microscopy showed the presence of viable AB26 cells on
electrodes, suggesting AB26 can utilize poised electrodes
for cellular survival (Fig. 3c, Supplementary Fig. 3).
Together, these results suggest that AB26 can take up
electrons from electrodes poised over a range of potentials
that mimic the redox potentials of naturally abundant iron
and sulfur minerals.
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Fig. 2 AB26 grows by
photoferrotrophy. a Fe(II)-
NTA oxidation by AB26 and b
corresponding growth
determined as OD660 during
photoferrotrophy. Error bars are
means ± standard deviations of
three biological replicates. No
cell and heat-killed controls are
shown. c Scanning electron
micrograph (SEM) and energy-
dispersive X-ray spectroscopy
(EDS) of cell-associated iron
phosphate produced during Fe
(II)-NTA oxidation by AB26.
d Fe(II) oxidation without NTA
by AB26 and e corresponding
total protein content. Error bars
represent means ± standard
deviations of three biological
replicates. f X-ray diffraction
patterns of the oxidation
products obtained from Fe(II)
no-NTA oxidation. XRD
indicated the formation of
divalent, mixed valent, and
trivalent iron minerals such as
siderite (S), vivianite (V),
goethite (G), green rust (GR),
and akageneite (A) after the end
of incubation: (black: no cell
control; blue: with AB26). Inset:
SEM image showing the iron
minerals present in the reactor.

Fig. 1 AB26 is a metabolically versatile phototrophic Fe(II)-oxi-
dizing bacterium. a Aerobic chemoheterotrophic growth, anaerobic
photoheterotrophic growth (acetate), and photoautotrophic growth
(thiosulfate or H2 as the electron donor). Error bars are means ±

standard deviations of three biological replicates. b Fe(II)-NTA oxi-
dation by AB26 in cell suspension assays. Error bars represent means
± standard deviations of three biological replicates assayed in
duplicate.
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pEEU is connected to the photosynthetic electron
transport

To investigate whether pEEU is linked to the photosynthetic
electron transfer in AB26, we performed physiological
experiments using well-characterized inhibitors in micro-
fluidic BESs that were scaled for sensitive electrochemical
measurements, i.e., microfluidic bioelectrochemical cells
(µ-BECs). These systems have the advantage of a higher
signal-to-noise ratio than traditional bulk BESs and
allow the response of surface-attached cells to be isolated
because planktonic cells can be washed out with micro-
fluidic control [10].

We advanced an earlier µ-BEC prototype to create arrays
that can be scaled to 96-wells. The new platform is superior
to that reported previously regarding ease of assembly and
use, suitability for in situ microscopy, and throughput [10].
Surface micromachining was used to fabricate µ-BEC
electrodes, and fluidic channels were etched in glass
allowing for smaller reaction chambers and higher repro-
ducibility in the present study. The µ-BECs were used to
study pEEU by AB26 (Supplementary Fig. 4) (see Methods
section for a complete description of the µ-BEC design,

microfabrication, and assembly). Once current densities
(~−30 nA cm−2) were stabilized under constant illumina-
tion, the planktonic cells were washed out of the system
with microfluidic control. From surface-attached cells, we
observed similar current densities at −200 mV (~−30.2 ±
0.1 nA cm−2; Fig. 3d), and +100 mV (~−31.2 ± 0.7 nA
cm−2; Supplementary Fig. 3c), respectively. This observa-
tion was in contrast to the bulk-BESs, where we observed
increased current densities at −200 mV (Fig. 3a). This
difference might be due to the presence of planktonic cells
in bulk BESs and/or differential cell attachment in the two
systems. The current densities for AB26 were lower when
compared to those we observed in R. palustris TIE-1 using
the previous format of the µ-BEC [9, 10].

To test whether the electron flow during pEEU is linked
to photosynthesis in AB26, we selectively inhibited key-
steps in cyclic pETC (Fig. 4a, Supplementary Fig. 5a) using
a chemical probe-based approach [10]. To determine whe-
ther the photosynthetic reaction center (RC) is essential for
pEEU, we first exposed AB26 to terbutryn (2-tert-butyla-
mino-4-ethylamino6-methylthio-1,3,5-triazine), an inhibitor
that blocks electron transfer from QA to QB in RCs of purple
bacteria, cyanobacteria, and higher plants [22–28]. We

Fig. 3 AB26 performs phototrophic extracellular electron uptake.
a Electron uptake (represented as current density) by wild-type AB26
compared to abiotic controls in the BES under illuminated conditions.
The data shown are representative of three experiments. b Cyclic
voltammograms (CV) after 108 h of electrochemical incubations
compared to an abiotic control at −200 mV versus SHE. c LIVE/

DEAD staining of the ITO-electrode after electrochemical incubation
in BES at −200 mV versus SHE. Green indicates live cells. d Electron
uptake by wild-type AB26 at −200 mV versus SHE in the µ-BEC
under light-dark cycle (shaded region represents dark condition)
compared to abiotic controls. The data shown are representative of
three experiments. For the source data, refer to Supplementary Table 2.
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observed an ~80% decrease in current density under illu-
minated conditions upon terbutryn treatment at both
−200 mV (−7.3 ± 0.08 nA cm−2) and +100 mV (−6.2 ±
0.9 nA cm−2) (Fig. 4b, Supplementary Fig. 5b, Supple-
mentary Tables 3 and 4). There were no differences in
current densities between treated and untreated controls
under dark conditions (Fig. 4b). These results demonstrate
that the RC of AB26 is critical for pEEU.

Cyclic electron flow by the pETC generates a proton
motive force (PMF) that is necessary to drive ATP production
in anoxygenic phototrophs [29]. To investigate whether a
proton gradient is important for pEEU, we treated biofilms
with carbonyl cyanide m-chlorophenyl hydrazine (CCCP).
CCCP is a protonophore that dissipates the proton gradient
and uncouples it from ATP synthesis [10, 29, 30]. We
observed ~80% and ~90% decreases in current densities under
illuminated conditions upon CCCP treatment at −200 mV
(−5.9 ± 0.1 nA cm−2) and +100mV (−3.3 ± 0.1 nA cm−2),
respectively (Fig. 4c, Supplementary Fig. 5c, Supplementary
Tables 3 and 4). Similar to terbutryn treatment, CCCP treat-
ment did not affect current density under dark conditions
(Fig. 4c). These results demonstrate that establishing a PMF
across the inner membrane is important for pEEU.

The energy-transducing (proton-translocating) NADH
dehydrogenase (complex I) generates a PMF for ATP pro-
duction by oxidizing NADH. NADH dehydrogenase can
also dissipate the PMF to couple electrons from the ubi-
quinone pool to NAD+ reduction using a process called
reverse electron flow [10, 31, 32]. To determine whether
NADH dehydrogenase is important for pEEU, we treated
biofilms with the NADH dehydrogenase inhibitor rotenone
[33]. Rotenone works by blocking electron transfer from
the iron-sulfur clusters in NADH dehydrogenase to ubi-
quinone [34]. We observed a ~70% decrease in current
uptake in rotenone-treated biofilms under illuminated con-
ditions at both −200 mV (−9.9 ± 0.05 nA cm−2) and +100
mV (−9.2 ± 0.07 nA cm−2) (Fig. 4d, Supplementary
Fig. 5d, Supplementary Tables 3 and 4). These results
suggest that electrons are cycled to NADH dehydrogenase
and may be important for the generation of cellular reducing
equivalents.

The proton-translocating cytochrome bc1 is a key com-
ponent of the pETC. To investigate whether cytochrome bc1
has a role in pEEU, we treated AB26 with antimycin A
which inhibits electron transfer from ubiquinol to cyto-
chrome b [35, 36]. We observed a ~25% decrease in current

Fig. 4 Photosynthetic electron transfer is required for extracellular
electron uptake. a Schematic diagram of the site of inhibition (indi-
cated by a red halo) in the electron path of the photosynthetic ETC
(pETC). P870 (photosystem), P870* (excited photosystem), UQ (ubi-
quinone), bc1 (cytochrome bc1), c2 (cytochrome c2), NADH-DH
(NADH dehydrogenase), Δp (proton gradient), H+ (protons), hν
(light),? (currently unknown), PMF (proton motive force) and ATP
(adenosine triphosphate). Letters b-e in parenthesis indicate inhibition

sites of different inhibitors used. Electron uptake (represented as cur-
rent density) by WT AB26 in the μ-BEC under a light-dark cycle
(shaded region) with (red) and without (blue) exposure to pETC
inhibitors, b terbutryn, c carbonyl cyanide m-chlorophenyl CCCP),
d rotenone, and e antimycin A, respectively. The electrode was poised
at −200 mV versus SHE in these experiments. Data shown are
representative of three experiments. For the source data, refer to
Supplementary Table 3.
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uptake upon antimycin A treatment in treated biofilms
compared to untreated controls at both −200 mV (−22.2 ±
0.1 nA cm−2) and+100mV (−23.3 ± 1.3 nA cm−2) (Fig. 4e,
Supplementary Fig. 5e, Supplementary Tables 3 and 4).
Notably, the magnitude of the decrease in current uptake
increased in each consecutive light-dark cycle (Fig. 4e).
DMSO (dimethyl sulfoxide) was used as the solvent for all
the chemical inhibitors used in these physiological experi-
ments, and we did not observe any effect on current uptake
by DMSO treatment alone (Supplementary Fig. 6 and
Supplementary Table 5). These results indicate that cyto-
chrome bc1 is important for pEEU.

Transcriptomic analysis of potential electron sinks
during pEEU

To assess whether carbon metabolism is activated during
pEEU, and to identify the potential electron sinks in
AB26, we performed genome-wide transcriptome analy-
sis compared to aerobic growth. We observed an upre-
gulation of form I ruBisCO (~2-fold; P < 0.05), but not
form II ruBisCO during pEEU (Fig. 5a, Supplementary
Table 6). We also observed the upregulation of the
putative LysR-family transcriptional regulator, CbbR
[37] (BV509_05530 and BV509_15210). We observed
that the cbbR homolog adjacent to form I ruBisCO is
highly expressed during pEEU, even when compared to
other phototrophic growth conditions (Fig. 5a). CbbR is
known to activate the transcription of form I ruBisCO in
response to the redox, energy, and carbon status of the
cell [38–40]. This data suggests that AB26 may utilize
the Calvin–Benson–Bassham (CBB) cycle (that uses

RuBisCO) as an electron sink for pEEU and that CbbR
may play a role in regulating CBB cycle activity.

We also observed the upregulation of a gene cluster that
encodes a putative formate dehydrogenase (BV509_15145-
BV509_15165) under pEEU compared to photo-
autotrophically grown cells with hydrogen (H2) (i.e., the
inoculum for pEEU experiments). Formate dehydrogenase
catalyzes formate oxidation to CO2 and H+ but can also
function in reverse to catalyze CO2 fixation to produce
formate [41, 42]. CO2 fixation via formate dehydrogenase
has been observed in Rhodobacter capsulatus [41] and
other microbes [43]. Studies have also shown that formate
dehydrogenase is an electrochemically active enzyme that
can participate in direct electron uptake from electrodes
[44, 45]. The AB26 formate dehydrogenase cluster shows
high similarity to the fdsGBACD operon that encodes the
cytoplasmic molybdenum-containing formate dehy-
drogenases in Rhodobacter species (Supplementary Fig. 7).
All five genes of this cluster were highly upregulated (~4-
fold; P < 0.0001) during pEEU (Supplementary Table 7).

Because of their role in the microbial carbon cycle, we
identified putative carbon storage pathways and assessed
their expression. The polyhydroxybutyrate (PHB) bio-
synthesis enzymes, including a PhaC homolog responsible
for PHB polymerization, were expressed but typically
downregulated during pEEU (Fig. 5b). A polyhydroxyalk-
anoate (PHA) synthesis repressor phaR homolog
(BV509_06285) and a PHA depolymerase phaZ homolog
(BV509_06270) were upregulated during pEEU (Fig. 5b).
In addition, a phasin-like protein was highly upregulated
during pEEU (~4-fold; P < 0.0001) (Fig. 5b). Phasins
localize to the surface of PHB granules and are synthesized

Fig. 5 Expression analysis of carbon fixation and storage path-
ways. a Expression analysis of genes encoding the Calvin-Benson-
Bassham cycle and b potential carbon storage pathways in the genome
compared to aerobic growth. RuBP (Ribulose 1,5-bisphosphate), 1,3
BPG (1,3-bisphosphoglycerate), G3P (Glyceraldehyde 3-phosphate),

FBP (Fructose 1,6-bisphosphate), F6P (Fructose 6-phosphate), X5P
(Xylulose 5-phosphate), Ru5P (Ribulose 5-phosphate) and R5P
(Ribose 5-phosphate). Source data (and reactions not mentioned in the
text) are provided as a Source Data File.
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under conditions favorable for PHB production [46]. Lastly,
a putative glycogen biosynthetic gene cluster was identified.
The glycogen biosynthesis pathway was expressed at low
levels under all phototrophic growth conditions (Fig. 5b).

We screened the transcriptome for additional electron-
consuming pathways, in particular, putative terminal oxidases
that could be important in the oxygen-limiting conditions
phototrophs are exposed to in marine sediments [47, 48]. We
observed the upregulation of a gene cluster (BV509_18680-
BV18695) encoding a cbb3-type oxidase (2–3.5-fold; P <
0.0001) under pEEU compared to H2-grown cells. The activity
of these enzymes might explain the partial decrease in pEEU
upon cytochrome bc1 inhibition. We also observed upregula-
tion of cytochrome c peroxidases (BV509_14915, ~6-fold;
P < 0.0001) (Supplementary Table 7), a common cellular
stress response in bacteria [49]. Together, these results show
that alternative ubiquinone oxidases are upregulated during
pEEU, which may provide additional electron sinks in
oxygen-limited environments.

AB26 uses a diheme cytochrome c protein, EeuP, for
pEEU but not photoferrotrophy

Microbes exchange electrons with insoluble/solid-phase
electron donors and acceptors via both direct and indirect
means. EET pathways typically involve c-type cytochromes
[50] or iron–sulfur cluster containing electron transfer pro-
teins to mediate iron oxidation [51, 52] and/or EEU [53]. To
better understand the underlying EEU mechanisms in
AB26, we used systems biology approaches to identify
potential electron transfer proteins involved in pEEU for
downstream biochemical and molecular genetic analysis.

We analyzed the annotated genome of AB26 for the
presence of potential electron transfer proteins, specifically
cytochrome c and iron-sulfur proteins, and assessed their
expression. Cytochrome c proteins ranging from monoheme
(Cyc2), diheme (FoxE), and decaheme (PioA/MtoA) have
been implicated in pEEU [50, 54]. The AB26 genome
encodes several putative cytochrome c and iron-sulfur
proteins based on the identification of canonical protein
motifs (Supplementary Tables 8 and 9). However, its gen-
ome does not encode homologs of electron transfer proteins
that have been characterized in known iron oxidation/
reduction [55] and/or extracellular electron transfer (EET)
pathways [50, 54]. We identified a total of 40 putative
cytochrome c-like proteins utilizing the signature CXXCH
motif (heme-binding site) as a query [56] (Supplementary
Table 8). Among these proteins, only 22 are predicted to
contain Sec signal peptides or transmembrane helices by
PredTat [57]. Many of the cytochrome c-like proteins
identified are homologs of well-characterized c-type cyto-
chromes, such as those involved in sulfur oxidation (soxA,
soxX) [58], cellular detoxification (cytochrome c peroxidase

family) [59], or respiratory electron transfer (cytochrome
cbb3-type and cytochrome bd). We also identified 13 genes
encoding putative iron-sulfur proteins in the genome of
AB26 (Supplementary Table 9).

We next assessed the genome-wide expression of the
putative electron transfer proteins identified using differ-
ential expression analysis. We observed an upregulation of
at least five putative c-type cytochromes with a log2-fold
increase of >2 under pEEU compared to photoautotrophic
growth with H2. This included subunits of a putative cbb3-
type oxidase (BV509_18680, ~2-fold; P < 0.0001 and
BV509_18690, ~3-fold; P < 0.0001), one cytochrome c
peroxidase (BV509_14915, ~6-fold; P < 0.0001), and two
monoheme cytochrome c proteins (BV509_18570, ~2-fold;
P < 0.0001 and BV509_04560, ~2-fold; P < 0.0001). In
additional, several diheme c-type cytochromes near gene
clusters encoding metal transport function were upregulated
under pEEU compared to H2-growth. This includes
BV509_10070, which is a diheme cytochrome c near gene
clusters encoding molybdenum, nickel, and cobalt transport
systems (~2-fold; P < 0.0001).

One common feature of EET pathways in Gram-negative
bacteria is that they require c-type cytochromes to facilitate
electron transfer across the outer membrane [50, 54]. Sub-
sequently, we investigated the protein expression of cyto-
chrome c proteins in AB26 during photoferrotrophy and
pEEU using heme-staining followed by protein mass
spectrometry. We observed at least three heme-stainable
protein bands that were enriched during both photo-
ferrotrophy and pEEU, compared to H2-grown cells
(Fig. 6). Corresponding heme-stainable bands were excised
from the Coomassie-stained gel. Proteins were in-gel
digested with trypsin and analyzed by mass spectrometry.
Mass spectrometry analysis of these heme-stainable bands
revealed multiple putative cytochrome c proteins (Table 1).
Based on the abundance and the molecular size of these
heme stainable protein bands, we identified two top hits:
a putative diheme (BV509_10070) and a triheme
(BV509_00325) cytochrome c. BV509_00325 has 94%
identity to a well-characterized photosynthetic reaction
center cytochrome c subunit PufC [60], whereas the diheme
cytochrome c-like gene BV509_10070 has no characterized
homolog.

We chose to characterize BV509_10070 at the genetic
level due to its unknown function and increased protein
expression during photoferrotrophy and pEEU.
BV509_10070, hereafter named EeuP is a 573 amino acid
diheme cytochrome c with a putative Sec signal peptide
(Fig. 7a). To better understand the role of EeuP, we
developed a genetic system de novo in AB26 and generated
an eeuP deletion mutant (ΔeeuP). The ΔeeuP mutant had
no growth defects under either aerobic (chemohetero-
trophic), or anaerobic conditions such as photoheterotrophy
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on acetate and photoautotrophy using H2/thiosulfate com-
pared to the wild-type (WT) (Supplementary Fig. 8, Sup-
plementary Table 10). The mutant was also confirmed to
not contain EeuP by analyzing total protein using heme
staining and mass spectrometry analysis (Supplementary
Fig. 9, Supplementary Table 11). We also did not detect a
defect in phototrophic Fe(II)-NTA oxidation either in cell
suspension assays or during physiological growth experi-
ments, when compared to the WT (Supplementary
Fig. 10a–c).

We next tested whether EeuP is important for pEEU in µ-
BECs (Fig. 7b, c). Interestingly, we observed a ~76%
decrease in current uptake for the ΔeeuP mutant (−7.29 ±
1.87 nA cm−2) under illuminated conditions at −200 mV
vs. SHE, when compared to the WT (−30.66 ± 0.82 nA
cm−2) (Fig. 7c, Supplementary Table 12). A similar
decrease in current density was observed in bulk BESs
(~68%; Supplementary Fig. 11 and Supplementary
Table 13). The defect in current uptake in the ΔeeuP mutant
was restored by complementation of eeuP in trans from a
plasmid (Supplementary Fig. 12 and Supplementary
Table 14). These results indicate that the diheme cyto-
chrome c, EeuP, is important for pEEU but that its activity
is not required for Fe(II) oxidation.

To determine the taxonomic distribution of EeuP, we
performed BLASTP analysis, and probed potential homo-
logs for the presence of diheme motifs (Fig. 7a). Diheme-
containing amino acid sequences identified were overlayed
onto a concatenated supergene tree, represented as yellow-
filled circles at the end of nodes (Fig. 7d, Supplementary
Fig. 13). Our phylogenetic analysis of EeuP identified 56
homologs present in two phyla: Proteobacteria and Acid-
obacteria (Supplementary Fig. 13). Only a single homo-
logous sequence was detected within the Acidobacteria in
the order Blastocatellales. Acidobacteria, although under-
represented in culture, are metabolically diverse and ubi-
quitous in the environment [61]. The majority of EeuP

homologs were in the Proteobacteria. There are multiple
orders represented in the Alphaproteobacteria, including
other members of the marine genus Rhodovulum [62, 63]
(to which AB26 belongs [13]), and various members of the
marine Leisingera species that belong to the Roseobacter
group (which account for >20% of marine phytoplankton
[64]). Homologs of EeuP were also present in soil methane-
oxidizing and nitrogen-fixing Rhizobiales. The Betapro-
teobacterial species containing EeuP homologs include the
chemolithoautotrophic Nitrosomonadaceae family [65].
Gammaproteobacterial species that possess EeuP homologs
include marine species such as Alteromonas ponticola, and
Nitrosococcus oceani, a gammaproteobacterial ammonia-
oxidizing bacterium (AOB). In additional, EeuP homologs
were identified in strains of the human pathogen Pseudo-
monas aeruginosa.

This analysis indicates that EeuP is widely distributed
among marine bacteria. Further studies are required to
evaluate the role of EeuP in these microbes. In addition,
further work is necessary to assess the role of the other
cytochrome c proteins identified in the mass spectrometry
analysis (Table 1). These analyses may provide insights into
the mechanism of pEEU in AB26 and other marine bacteria.

Discussion

Microbial iron oxidation is connected to carbon, sulfur, and
nitrogen biogeochemical cycling in marine sediment
environments [2]. These processes are catalyzed by neu-
trophilic Fe(II)-oxidizing chemoautotrophic and photo-
autotrophic bacteria. Recent studies have characterized
marine chemoautotrophic Fe(II)-oxidizers using molecular
genetic, physiological, and bioelectrochemical approaches
[54]. However, relatively little is known about the ecolo-
gical role of photoautotrophic Fe(II)-oxidizers or photo-
ferrotrophs in marine ecosystems, and whether these

Fig. 6 Cytochrome c proteins are upregulated under photo-
ferrotrophy and pEEU. Coomassie and Heme staining of total
soluble and membrane proteins of AB26 harvested under Fe(II) oxi-
dation (a) and pEEU (b). Asterisks represent upregulated heme protein
bands (black, 1; blue, 2; red, 3) in either Fe(II)-exposed or pEEU

conditions. These enriched heme bands were analyzed by mass
spectrometry (Table 1). Hydrogen grown cells were used as inoculum
and as a negative control. Near equal protein-loadings were confirmed
by Coomassie stain.
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organisms can also use solid-phase electron donors for
cellular metabolism.

Redox-active solid-phase substances such as iron and
iron-sulfur minerals are ubiquitous in natural environments.
Microbes that exchange electrons with these minerals play
an important role in the biogeochemical cycling of elements

in nature. Recent studies have shown that anoxygenic
phototrophs can use insoluble electron donors for CO2

fixation via phototrophic extracellular electron uptake
(pEEU). However, the ecological role of photoferrotrophy
and pEEU in marine ecosystems, and their possible con-
tribution to the biogeochemical cycling of iron and carbon

Fig. 7 Diheme cytochrome c is important for phototrophic extra-
cellular electron uptake by AB26. a Working schematic repre-
sentation of EeuP protein sequence inlcuding putative functional
domains: Sec signal peptide (purple), cytochrome c domain (red),
heme-binding motif (orange). b The site of inhibition in the electron
path of pETC is indicated by a red halo. P870 (photosystem), P870*
(excited photosystem), UQ (ubiquinone), bc1 (cytochrome bc1), c2
(cytochrome c2), NADH-DH (NADH dehydrogenase), Δp (proton
gradient), H+ (protons), hν (light),? (currently unknown), PMF (proton
motive force) and ATP (adenosine triphosphate). c Electron uptake
(represented as current density) by WT AB26 and the ΔeeuP mutant in

the μ-BEC under a light-dark cycle. The electrode was poised at −200
mV versus SHE in these experiments. Data shown are representative
of three experiments. For the source data, refer to Supplementary
Table 12. d Phylogenetic supergene tree consisting of concatenated
recA-rpoB-dnaK protein sequences of 206 bacteria and two archaea
sequences as the root (orange), consisting of four bacterial phyla. Bold
lines on the tree signify bootstrapping values >= 90. Species con-
taining BLASTP-identified homologous protein sequences of eeuP are
identified via yellow-filled circles at the ends of nodes. Homologs of
eeuP are identified in the Alpha-, Beta-, and Gammaproteobacteria
orders, and one homolog within the Acidobacteria.
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is poorly understood. To better understand the role of
photoferrotrophy and pEEU in natural environments, we
isolated 15 strains of marine purple nonsulfur bacteria,
Rhodovulum sulfidophilum. Using the representative strain
AB26, here we show that R. sulfidophilum is capable of
both photoferrotrophy and pEEU. AB26 uses a previously
uncharacterized diheme cytochrome c protein, EeuP, for
pEEU but not photoferrotrophy.

Our data show that AB26 is capable of photosynthetic
growth using both Fe(II) (NTA chelated or non-chelated)
(Fig. 2) and poised electrodes (Fig. 3). Studies suggest that
Gram-negative phototrophs oxidize soluble iron extra-
cellularly because the product of this process is insoluble,
which is lethal if accumulated in the periplasm [66–69]. We
observed that oxidation of chelated or non-chelated Fe(II)
by AB26 produced morphologically and chemically distinct
minerals (Fig. 2c, f). Oxidation of chelated Fe(II) produced
Fe(III)-phosphate minerals closely associated with AB26
cells (Fig. 2c). The presence of phosphate (1 mM) in the
seawater medium may have favored the formation of
poorly-crystalline Fe(III)-phosphate minerals. In contrast,
oxidation of non-chelated Fe(II) led to the precipitation of
divalent [Fe(II)], mixed valent [Fe(II)-Fe(III)], and trivalent
[Fe(III)] iron minerals including siderite, vivianite, goethite,
and green rust (Fig. 2f). The formation of Fe(II) minerals
such as siderite and vivianite could be the result of the
initial abiotic reaction of ferrous iron with bicarbonate or
phosphate in the medium, respectively. Green rust has been
shown to form as an intermediate phase during the oxida-
tion of Fe(II) to Fe(III) minerals by Acidovorax sp. BoFeN1
[70], Klebsiella mobilis [71], and Culture KS [72]. The
formation of this metastable mineral likely indicates a bio-
mineralization pathway via precipitation of green rust by
AB26 cells followed by solid-state transformation into Fe
(III) minerals such as goethite.

A previous Fe(II) oxidation study using the marine
phototroph R. iodosum also shows the formation of amor-
phous mineral phases followed by the precipitation of more
crystalline goethite minerals [6]. Interestingly, despite a
close association of AB26 cells with mineral aggregates, we
found that the cells do not become encrusted by the
minerals (Fig. 2c, f). It is possible that exopolymeric sub-
stances (EPS) may play a critical role in preventing cell
encrustation, likely by binding Fe(III), similar to the activity
observed by R. iodosum [6]. Although we identified path-
ways encoding EPS biosynthesis in the AB26 genome,
further studies will be required to confirm the role of EPS in
biomineralization. These observations highlight the pre-
valence and significance of this metabolism in marine
sediments. For example, direct enzymatic Fe(III) reduction
by iron-reducing bacteria has been shown to be substantial,
accounting for as much as 90% of the oxidation of organic
matter in marine sediments [73]. Thus, the microbially-

produced Fe(III) minerals could serve as electron sinks for
both chemical and biological processes, contributing to the
iron cycle in marine environments.

Inhibitor studies (Fig. 4 and Supplementary Fig. 5)
indicate that the pETC is important for pEEU, and that
electrons are likely utilized to reduce NAD+ via NADH
dehydrogenase. Interestingly, we observed only a partial
decrease in pEEU upon inhibition of the cytochrome bc1
complex. This result could be due to the following reason.
Cytochrome bc1 in AB26 may have a natural resistance to
antimycin A, which has been described in anoxygenic
phototrophs, such as Rubrivivax gelatinosus [74]. Amino
acid substitutions generally confer antimycin resistance in
the cytochrome b subunit of cytochrome bc1 (PetB) that
displaces quinone from the Qi site. Site-directed mutagen-
esis of the Qi sites of PetB has been previously shown to
contribute to antimycin resistance [75, 76]. Specifically,
substitutions in the amino acids I49F, A55M, and I254T in
the Qi pocket of PetB in R. gelatinosus compared to R.
sphaeroides have been implicated in antimycin resistance
[74]. We identified that the AB26 PetB homolog
(BV509_00830) contains at least two amino acid substitu-
tions (A55F and I254V) [74] (Supplementary Fig. 14).
These amino acid substitutions could be responsible for the
partial antimycin A-resistance we observe in AB26.

Similar to the genomes of other marine photoferrotrophs,
such as R. robiginosum [11], the AB26 genome does not
contain homologs of previously identified proteins that are
involved in either iron oxidation/reduction [55] and/or EET
[50, 54]. This result suggests that AB26 may utilize a dis-
tinct and new EEU pathway. We identified several cyto-
chrome c proteins that were enriched specifically during
photoferrotrophy and pEEU (Table 1). We tested the role of
one such protein, a diheme cytochrome c-like protein
(EeuP), by developing an eeuP gene deletion mutant. We
were able to successfully develop a genetic system for this
newly isolated marine photoferrotroph and show that EeuP
is important for pEEU in AB26 (Fig. 7c, Supplementary
Figs. 8–12). The ΔeeuP mutant showed a significant loss of
its ability to perform pEEU but did not show any defect in
photoferrotrophy. This result might suggest that, unlike
freshwater photoferrotrophs, AB26 contains distinct
mechanisms for these two metabolisms. It is plausible that
there is functional redundancy in iron oxidase or electron
transfer proteins used by AB26. Consistent with this
hypothesis, we observed upregulation of additional cyto-
chrome c proteins in the ΔeeuP mutant (Supplementary
Fig. 9 and Supplementary Table 11).

Using whole-genome transcriptome analysis, we provide
new insights into the molecular and bioenergetic pathways that
enable photoautotrophs to utilize insoluble/solid-phase elec-
tron donors for cellular survival. This work also expands the
known diversity of organisms capable of photoferrotrophy and
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pEEU, and provides a genetically-tractable bacterium for use
in future electrochemical and physiological studies. Because
AB26 utilizes electrodes poised at sufficiently more negative
potentials than purple nonsulfur bacteria previously char-
acterized, this microbe may have utility in applications
including energy storage, carbon capture, and microbial elec-
trosynthesis [77]. Future studies will characterize the photo-
ferrotrophy and pEEU pathways, and examine how this
process is connected to photosynthesis and CO2 fixation. In
sum, this study opens new doors for studies on EEU in marine
microbes more broadly.
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