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ABSTRACT Microorganisms that carry out Fe(II) oxidation play a major role in biogeo-
chemical cycling of iron in environments with low oxygen. Fe(II) oxidation has been
largely studied in the context of autotrophy. Here, we show that the anoxygenic photo-
troph, Rhodopseudomonas palustris CGA010, carries out Fe(II) oxidation during photohe-
terotrophic growth with an oxidized carbon source, malate, leading to an increase in
cell yield and allowing more carbon to be directed to cell biomass. We probed the reg-
ulatory basis for this by transcriptome sequencing (RNA-seq) and found that the expres-
sion levels of the known pioABC Fe(II) oxidation genes in R. palustris depended on the
redox-sensing two-component system, RegSR, and the oxidation state of the carbon
source provided to cells. This provides the first mechanistic demonstration of mixotro-
phic growth involving reducing power generated from both Fe(II) oxidation and carbon
assimilation.

IMPORTANCE The simultaneous use of carbon and reduced metals such as Fe(II) by
bacteria is thought to be widespread in aquatic environments, and a mechanistic
description of this process could improve our understanding of biogeochemical cycles.
Anoxygenic phototrophic bacteria like Rhodopseudomonas palustris typically use light
for energy and organic compounds as both a carbon and an electron source. They
can also use CO2 for carbon by carbon dioxide fixation when electron-rich compounds
like H2, thiosulfate, and Fe(II) are provided as electron donors. Here, we show that Fe
(II) oxidation can be used in another context to promote higher growth yields of
R. palustris when the oxidized carbon compound malate is provided. We further estab-
lished the regulatory mechanism underpinning this observation.

KEYWORDS Fe(II) oxidation, anoxygenic photosynthesis, Rhodopseudomonas palustris,
Fe(II) oxidation

Bacterial metabolism is often studied in the context of a single nutritional mode,
which does not reflect the spectrum that can exist between different metabolic

strategies such as autotrophy versus heterotrophy. Mixotrophy often refers to an
organism’s ability to use, sometimes simultaneously, different trophic modes for acqui-
sition of carbon or energy. Although mixotrophy is thought to predominate in certain
environments (1–4), little is understood about its contribution to biogeochemical
cycles. This is particularly true for iron cycling since microorganisms that harness the
one-electron cycling between Fe(II) and Fe(III) play a major role in global biogeochemi-
cal cycling of iron, particularly in microoxic and anoxic environments in which Fe(II) is
stable (5–10). Mixotrophy in which electrons are derived from Fe(II) oxidation and an
organic source has been proposed for nitrate-reducing and phototrophic Fe(II) oxidiz-
ers, but abiotic factors that affect Fe(II) oxidation have raised questions about the role
of Fe(II) oxidation in mixotrophic growth (9–17). Recently, Fe(II) oxidation during
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heterotrophic nitrate reduction by the Fe(II) oxidizer Acidovorax strain BoFeN1 was
linked to biotic rather than abiotic reactions, suggesting that enzymatically driven Fe
(II) oxidation could contribute to mixotrophic growth (18).

Mixotrophic growth using Fe(II) oxidation may be particularly prevalent in Fe(II)-
oxidizing anoxygenic phototrophs, which are widely distributed in both freshwater
and marine environments (9). This group of Fe(II) oxidizers uses anoxygenic photosyn-
thesis to obtain energy from light and can carry out photoautotrophic growth using Fe
(II) as an electron donor for carbon dioxide (CO2) fixation (19, 20). All isolated Fe(II)-
oxidizing anoxygenic phototrophs are metabolically versatile, capable of growing pho-
toautotrophically or photoheterotrophically (15, 19–26). Although Fe(II) oxidation is
largely thought to be involved in photoautotrophic growth, some anoxygenic photo-
trophs oxidize Fe(II) in the presence of an organic carbon substrate, while others can
oxidize Fe(II) but cannot use Fe(II) as the sole electron donor for growth (12, 15, 17).
Additionally, microbial oxidation of Fe(II) chelated to organic matter (Fe(II)-OM) and
subsequent photoreduction of Fe(III)-OM complexes is thought to contribute to cryptic
cycling of iron in photic zones of aquatic environments and may aid in carbon assimila-
tion by some anoxygenic phototrophs (10, 13, 17, 27). A role for Fe(II) oxidation as a
detoxification mechanism has also been proposed (25).

Much of our understanding of Fe(II) oxidation at the molecular level comes from
work with the purple nonsulfur bacterium (PNSB) Rhodopseudomonas palustris TIE-1.
Every described strain of R. palustris grows best as a photoheterotroph using energy
generated by cyclic photophosphorylation and carbon derived from organic acids, and
R. palustris is also known for its ability to fix nitrogen (28, 29). In addition to photohe-
terotrophic growth, some R. palustris strains can grow as photoautotrophs using Fe(II),
hydrogen, or thiosulfate as an electron donor (21, 30–32). Fe(II) oxidation in R. palustris
TIE-1 takes place in concert with carbon dioxide fixation and requires the pioABC op-
eron (20), which encodes PioA, a decaheme c-type cytochrome; PioB, an outer mem-
brane porin; and PioC, a periplasmic high-potential iron protein (HiPIP) (33, 34). These
proteins are thought to form a pathway that carries extracellular electrons from oxida-
tion of Fe(II) to the quinone pool in the inner membrane and are used to reduce NAD1

via reverse electron transfer (35).
In this study, we found that R. palustris CGA010 carries out Fe(II) oxidation under

photoheterotrophic conditions when grown with the oxidized carbon compound,
malate, but not when grown on the more electron-rich carbon source, acetate. Fe(II)
oxidation during growth on malate led to an increase in cell yield, and Fe(II) oxidation
and increased cell yield required intact pioABC, indicating that Fe(II) oxidation during
photoheterotrophic growth is mediated by a known pathway for Fe(II) oxidation and
not abiotic factors. We also found that Fe(II) oxidation was dependent on a redox-sens-
ing, two-component system, RegSR. Together, these data describe a role for Fe(II) oxi-
dation as an electron donor during photoheterotrophic growth on an oxidized carbon
source and the mechanistic underpinnings of this activity, which includes a regulator
of Fe(II) oxidation.

RESULTS
Growth of R. palustris on Fe(II) and malate. When R. palustris is grown on carbon

substrates like malate or fumarate that are more oxidized than biomass, some of the
carbon is not incorporated into biomass, and CO2 is produced as a way to maintain re-
dox balance (36, 37). We hypothesized that Fe(II) oxidation would provide R. palustris
with a source of electrons that could be used to promote the complete incorporation
of carbon from malate into biomass, leading to increased cell yields.

To test this hypothesis, we measured Fe(II) oxidation using a ferrozine assay with
R. palustris CGA010 grown with the oxidized carbon substrate malate and the more
reduced carbon substrate acetate in the presence of 2.5 mM Fe(II) and equimolar nitri-
loacetic acid (NTA). R. palustris CGA010 oxidizes Fe(II) but is unable to grow with Fe(II)
and NTA alone (38). Both malate and acetate were provided at a final concentration of
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20 mM total carbon (e.g., 5 mM malate and 10 mM acetate). As shown in Fig. 1A, cells
growing photoheterotrophically with acetate did not oxidize Fe(II), and Fe(II) oxidation
was comparable to an abiotic control. However, cells grown photoheterotrophically
with malate oxidized Fe(II) (Fig. 1B). Moreover, Fe(II) oxidation under these conditions
required pioABC, since in-frame deletion mutants in pioA and the pio operon (pioABC)
were unable to carry out Fe(II) oxidation (Fig. 1B).

Fe(II) oxidation also affected cell yield of wild-type R. palustris grown with malate
but not acetate as a carbon source. When provided with 2.5 mM Fe(II), cells grown
with malate reached a higher optical density and had a higher total protein yield than
cells grown in medium with a low concentration of Fe(II) (2.5 mM) (Fig. 2; Fig. S1).
However, this difference, although significant, was small when cells were grown under
non-nitrogen-fixing conditions, and this difference increased under nitrogen-fixing
conditions, resulting in an almost 1.5-fold increase in total protein yield (Fig. 2A). The
difference in cell density and protein yield was not observed when cells were grown
with acetate (Fig. 2B). R. palustris cells containing a deletion in pioA or the entire
pioABC operon did not show a significant change in protein yield, indicating that the
increase in cell yield requires Fe(II) oxidation by PioABC (Fig. 2C). We did not see a sig-

FIG 1 Fe(II) oxidation by R. palustris during photoheterotrophic growth is dependent on the carbon
substrate provided. The figure show Fe(II) quantification over time for wild-type (WT) R. palustris,
growing in minimal medium lacking ammonium sulfate with 2.5 mM Fe(II) and either 10 mM acetate
(A) or 5 mM malate (B) (20 mM carbon total). Fe(II) was also quantified over time for samples without
R. palustris cells (abiotic) (A, B) and R. palustris DpioABC, R. palustris DpioA, and R. palustris DregSR (B).
The data represent the averages of three replicates, and the error bars represent standard deviation.

FIG 2 R. palustris cell yield increases under Fe(II)-oxidizing conditions. (A) Total protein was determined for
stationary-phase wild-type R. palustris grown in minimal medium with (non-N2-fix.) or without (N2-fix.) ammonium
sulfate and with 5 mM malate (Mal). (B) Total protein was determined for stationary-phase wild-type R. palustris
grown in minimal medium without ammonium sulfate and with 5 mM malate or 10 mM acetate (Ace) (20 mM
total carbon). (C) Total protein was determined for stationary-phase wild-type R. palustris, R. palustris DpioABC,
R. palustris DpioA, and R. palustris DregSR grown in minimal medium without ammonium sulfate and with 5 mM
malate. Panels A to C show the ratio of total protein determined for cultures with 2.5 mM Fe(II) versus the total
protein for culture without added Fe(II). The data represent the averages of three replicates, and the error bars
represent standard deviation. Significance was determined using a two-tailed paired t test. *, P , 0.05.
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nificant impact on the growth rate of R. palustris DpioA and R. palustris DpioABC when
cells were grown with 2.5 mM Fe(II) (Fig. S1), indicating that Fe(II) oxidation does not
play a role in mitigating Fe(II) toxicity at the concentration supplied.

Photochemical reduction of Fe(III) complexed to an organic ligand can lead to the
release of organic compounds that can be assimilated by PNSB (17, 39). To test
whether R. palustris benefits from increased reducing power generated by Fe(II) oxida-
tion or release of organic compounds by photochemical reduction of chelated Fe(III),
we measured photoheterotrophic growth of wild-type R. palustris and R. palustris
DpioA on malate with either NTA alone or Fe(III)-NTA. As shown in Fig. 3A, wild-type R.
palustris grew to a higher optical density when grown with Fe(III)-NTA than with NTA
alone. However, no difference in optical density was observed for R. palustris DpioA
grown in the presence of NTA or Fe(III)-NTA, indicating that Fe(II) oxidation by PioABC
is required for the increase in growth yield observed on malate (Fig. 3A).

This also suggested that cryptic iron cycling is occurring under these conditions.
Using a ferrozine assay, Fe(II) concentrations were measured from stationary-phase cul-
tures of R. palustris and R. palustris DpioA and a sample with no cells incubated with
malate and either NTA alone or Fe(III)-NTA. As shown in Fig. 3B, in the sample lacking
cells, 83% of the Fe(III)-NTA is reduced to Fe(II)-NTA after 100 h. In the presence of
wild-type R. palustris, the Fe(II) concentration was only 4% of the Fe(II) concentration
found in samples without cells (Fig. 3B). This decrease in Fe(II) concentration was
largely dependent on Fe(II) oxidation by PioABC since the Fe(II) concentration in R. pal-
ustris DpioA cultures was 60% of the Fe(II) concentration measured in samples without
cells (Fig. 3B). However, R. palustris DpioA cultures still contained less Fe(II) than sam-
ples without cells, suggesting that another mechanism may be contributing to Fe(II)
oxidation. These data show that cryptic iron cycling is occurring, but the increase in
cell yield on malate is only due to the increased reducing power generated by Fe(II) ox-
idation mediated by PioABC.

Under both Fe(II)- and non-Fe(II)-oxidizing conditions, malate was below our limit
of detection in stationary-phase cultures of wild-type R. palustris and R. palustris DpioA
(Fig. S2), indicating that the increase in cell yield was not due to more malate being
consumed under Fe(II)-oxidizing conditions. The organic substrates were the only car-
bon source provided, and no CO2 or bicarbonate was added. Since the organic sub-
strates were the only carbon source, we calculated how much of the organic substrate
was converted to biomass (40, 41). We found that only 81% of the malate provided is
converted into biomass in the absence of Fe(II) oxidation, but under Fe(II)-oxidizing
conditions, all of the malate provided is converted to biomass. In contrast, 94% of the
acetate without added Fe(II) and 98% of the acetate under Fe(II)-oxidizing conditions is

FIG 3 Oxidation of Fe(II) produced by photochemical reduction of Fe(III)-nitriloacetic acid (NTA) leads to
an increase in cell yield. (A) Growth of wild-type (WT) R. palustris and R. palustris DpioA (DpioA) with
2.5 mM NTA or 2.5 mM Fe(III) chelated to NTA (Fe(III)-NTA] in minimal medium without ammonium
sulfate and with 5 mM malate. (B) Fe(II) was quantified at 100 h from cultures grown with 2.5 mM Fe(III)-
NTA in panel A. Fe(II) was also quantified from samples without cells (no cells) incubated concurrently.
The data represent the averages of two replicates, and the error bars represent standard error around the
mean.
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converted to biomass. This indicates that R. palustris cells grown on an oxidized carbon
substrate can direct more carbon to biomass when carrying out Fe(II) oxidation.

RegSR regulates expression of pioABC in R. palustris CGA010. We next wanted
to determine the mechanism by which R. palustris controls Fe(II) oxidation in response
to the oxidation state of the carbon source provided. The transcription regulator, FixK,
is an activator of pioABC expression during the transition from oxic to anoxic condi-
tions (42, 43). However, under anoxic conditions, deletion of fixK led to an increase in
expression of pioABC, suggesting that other regulators are likely controlling pioABC
expression as well (42). We hypothesized that pioABC expression could be regulated by
the two-component system, RegSR. Homologues of RegSR have been well studied in
other species of PNSB and are known to sense redox (44, 45). As shown in Fig. 1B, cells
containing a deletion in regSR were unable to oxidize Fe(II), and R. palustris DregSR did
not show a significant increase in cell density or protein yield when grown with Fe(II)
and malate (Fig. 2C; Fig. S1). Unlike R. palustris TIE-1, R. palustris CGA010 is not able to
grow photoautotrophically using Fe(II), but when grown photoautotrophically with thi-
osulfate or H2, R. palustris CGA010 can oxidize Fe(II) (38). Using the ferrozine assay to
measure Fe(II) oxidation by cell suspensions of wild-type R. palustris and R. palustris
DregSR grown photoautotrophically with thiosulfate, we found that R. palustris DregSR
was significantly defective in its ability to carry out Fe(II) oxidation compared to wild-
type R. palustris (P = 0.0003 by two-tailed t test, n = 3) (Fig. 4). Complementation of
regSR in trans in R. palustris DregSR showed a significant increase in the rate of Fe(II)
oxidation compared to R. palustris DregSR with the vector alone (Fig. 4) (P = 0.01 by
two-tailed t test, n = 3). This indicates that RegSR regulates Fe(II) oxidation under both
photoautotrophic and photoheterotrophic conditions.

Fe(II) oxidation is light dependent in R. palustris, and one plausible explanation for why
R. palustris DregSR is unable to carry out Fe(II) oxidation is that it regulates photosynthesis,
as it does in Rhodobacter species (44–48). However, we found that R. palustris DregSR cells
showed only a slight defect in growth compared to wild-type R. palustris when grown
photoheterotrophically, and no significant change in growth was detected when cells
were grown photoautotrophically or under nitrogen-fixing conditions (Fig. S3). This sug-
gests that RegSR does not regulate photosynthesis in R. palustris.

Using transcriptome sequencing (RNA-seq), we compared gene expression changes
between wild-type R. palustris and R. palustris DregSR under photoheterotrophic condi-
tions with either malate or acetate provided as a carbon substrate (Data Set S1 and
S2). When gene expression changes between wild-type and DregSR strains were com-
pared, we found that expression of most genes in the photosynthetic gene cluster
(rpa1505–rpa1554) were not significantly altered in R. palustris DregSR (Data Set S1 and
S2). However, levels of pioABC were approximately 10-fold higher in wild-type R.

FIG 4 RegSR is required for Fe(II) oxidation by R. palustris CGA010. The figure shows Fe(II) quantification
over time for wild-type (WT) R. palustris, R. palustris DregSR, R. palustris DregSR containing the expression
vector pBBPgdh, and R. palustris DregSR with regSR expressed in trans (p-regSR) cell suspensions. The cells
were grown photoautotrophically with thiosulfate, and CO2. Fe(II) was also quantified over time for
samples without R. palustris cells (abiotic). The data represent the averages of three replicates, and the
error bars represent standard deviation.
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palustris than in the DregSR mutant grown with malate (Table 1). Expression of this op-
eron decreased when acetate was provided, and the difference in transcript levels
between wild-type R. palustris and R. palustris DregSR was not significant or did not
meet a threshold of a 2-fold change in expression (Table 1). This indicates that expres-
sion of pioABC is dependent on the carbon substrate provided, and RegSR is required
for increased pioABC expression under these conditions.

DISCUSSION

Fe(II) oxidation has been shown to play a role in carbon assimilation during photo-
heterotrophic growth. The PNSB Rhodobacter capsulatus SB1003 is unable to grow on ci-
trate, but oxidation of Fe(II)-citrate followed by photoreduction of Fe(III)-citrate releases
organic compounds that can be metabolized, allowing these organisms to assimilate a
formerly recalcitrant carbon source (17). Here, we show another role for Fe(II) oxidation
during photoheterotrophic growth. R. palustris CGA010 oxidizes Fe(II) when provided
with the oxidized substrate malate but is unable to carry out Fe(II) oxidation when grow-
ing photoheterotrophically with the more reduced carbon substrate acetate. We found
that Fe(II) oxidation during photoheterotrophic growth on malate leads to an increase in
growth yield. While cryptic cycling between Fe(II) oxidation and photochemical reduc-
tion of Fe(III) is occurring, we found that Fe(II) oxidation by PioABC is required to see the
increase in cell yield on malate. Unlike for R. capsulatus SB1003, photochemical reduction
of Fe(III) is not required for R. palustris to assimilate malate, but it can provide Fe(II) for
oxidation by PioABC. To our knowledge, this is the first evidence directly linking mixotro-
phic growth and cryptic iron cycling to a known Fe(II) oxidation pathway.

These findings indicate that Fe(II) oxidation plays a role as an electron donor during
photoheterotrophic growth on malate, allowing more carbon to be incorporated into
biomass. This type of mixotrophy may not be restricted to Fe(II) oxidation since oxida-
tion of inorganic electron donors such as thiosulfate and hydrogen have also been
shown to increase R. palustris cell yields during photoheterotrophic growth with an
oxidized carbon substrate (30, 32). Even on oxidized carbon substrates, R. palustris
must use some of the carbon substrate to produce reducing equivalents and CO2

through the tricarboxylic acid (TCA) cycle instead of incorporating carbon into biomass
(36, 37). As a source of reducing equivalents, Fe(II) oxidation may give the cell access
to an additional source of electrons, allowing the cell to incorporate more of the car-
bon substrate into biomass. However, the cell would still be limited by its ability to oxi-
dize the reducing equivalents it generates. This may explain why a higher cell yield
was observed under nitrogen-fixing conditions. Neither bicarbonate nor CO2 was pro-
vided to the cultures, which means the ability of the cells to oxidize reducing equiva-
lents using CO2 fixation was likely limited. Nitrogen fixation can also be used to recycle
electron carriers, and H2 production by nitrogenase can replace CO2 fixation to

TABLE 1 Transcript levels of pioABC in wild-type R. palustris and R. palustris DregSR grown on
different carbon sources

Carbon
sourcea

Transcript levels (mean RPKM)b
Fold change in transcript
(WT: DregSR)Gene WT DregSR

Malate pioA 8,223c 696 12.2
pioB 20,300 1,820 11.2
pioC 12,090 1,324 9.1

Acetate pioA 175 98 NSd

pioB 451 289 1.6
pioC 175 86 NS

aThe cells were grown in minimal medium with ammonium sulfate and 5 mMmalate or 10 mM acetate.
bRPKM, reads per kilobase per million uniquely mapped reads.
cThe values shown are the averages of two replicates. All raw read counts can be found in Data Sets S1 and S2.
dNS, not significantly different as determined by DESeq2 (57).
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maintain redox balance in R. palustris (36, 37). By growing the cells under nitrogen-fix-
ing conditions, the cells can recycle electron carriers without the need to fix CO2.

We also found that regulation of Fe(II) oxidation during photoheterotrophic growth
occurs at the level of transcription. Increased expression of pioABC during photoheterotro-
phic growth on malate required the two-component system RegSR, which means that reg-
ulation of pioABC is likely dependent on a cellular redox signal. Under oxic conditions, the
RegS homologue RegB senses intracellular redox status using a conserved cytoplasmic cys-
teine residue. This cysteine can either form an intramolecular disulfide bond or can be
modified by sulfenic acid, repressing kinase activity of RegB (49, 50). RegB also interacts
with quinones in the cytoplasmic membrane through a conserved quinone-binding site to
monitor the redox state of the quinone pool and alter gene expression in response (47,
51). Since pioABC is only expressed under microoxic or anoxic conditions, we believe that
RegSR is regulating pioABC expression in response to changes in the redox state of the qui-
none pool. Changes in the redox state of the quinone pool could explain how pioABC
expression is regulated by the carbon substrate provided. Acetate utilization through the
glyoxylate shunt involves flux through succinate, which leads to the reduction of the qui-
none pool by succinate dehydrogenase. Malate utilization would lead to less flux through
succinate, potentially resulting in a more oxidized quinone pool. We also found that RegSR
is required for Fe(II) oxidation under photoautotrophic conditions (Fig. 4). Regulation of
pioABC expression by the redox state of the quinone pool may explain why a lower rate of
Fe(II) oxidation was observed for R. palustris TIE-1 when both Fe(II) and H2 are present
under photoautotrophic conditions versus Fe(II) alone (52).

It is still unclear whether the transcription regulator RegR can bind to the promoter
of pioABC and what role phosphorylation of RegR plays in regulating expression of
pioABC. Since regSR is found in all sequenced strains of R. palustris, we think it likely that
pioABC expression is regulated by RegSR in other R. palustris strains such as TIE-1. RegBA
homologues have also been implicated in regulating Fe(II) oxidation in the acidophilic
Fe(II)-oxidizer, Acidithiobacillus ferrooxidans, which suggests that this redox-sensing path-
way may have been co-opted to regulate other Fe(II)-oxidizing systems (53).

The ability to obtain electrons from both inorganic and organic electron donors
could provide an advantage to anoxygenic phototrophs—and potentially other Fe
(II) oxidizers—in heterogenous environments. Our findings suggest that Fe(II) oxi-
dation in aquatic environments is influenced not only by the amount of Fe(II) pres-
ent but also likely by organic substrate and fixed nitrogen availability. More work is
needed to understand how prevalent mixotrophy is with Fe(II) oxidizers and where
this type of metabolism is likely to occur in order to fully understand iron cycling in
anoxic environments.

MATERIALS ANDMETHODS
Reagents, strains, and culture methods. R. palustris strains were grown anoxically in sealed Hungate

tubes with a headspace of nitrogen gas, and carbon sources were added after autoclaving from sterile,
anoxic stock solutions. Each tube contained 10 mL of either defined mineral minimal medium (PM) or
nitrogen-fixing medium (NFM), which is PM without ammonium sulfate added (54). All liquid growth me-
dium was deaerated by bubbling argon gas through the medium and dispensing the liquid into Hungate
tubes in an anoxic glove box. All R. palustris cultures were grown at 30°C under high light (30 mmol pho-
tons/m2/s) provided by a 60 W incandescent light bulb (General Electric, Boston, MA, USA). The strains
were initially grown in PM supplemented with 20 mM acetate and 0.1% yeast extract and then diluted
into either PM or NFM, including the stated carbon sources, which were added to a final concentration of
40 mM carbon or 20 mM where stated. These cultures were used to inoculate cultures in triplicate for sub-
sequent growth analysis. To grow R. palustris using hydrogen gas as an electron donor, PM was prepared
as before; however, the headspace of each tube was flushed with 100% H2 for 45 s after autoclaving. For
photoautotrophic conditions, sodium bicarbonate was added to final concentrations of 10 mM. Fe(II) oxi-
dation conditions were created by the addition of 2.5 mM ferrous chloride to the medium, which formed a
precipitate that could be removed with the addition of 2.5 mM NTA. Protein yields were similar with or
without the NTA. To test for photochemical reduction of Fe(III), 2.5 mM ferric chloride was added with
2.5 mM NTA. Optical density readings were taken using a Genesys 50 UV-visible spectrophotometer, and
the total protein concentrations were determined using the Bio-Rad protein assay kit. Optical density read-
ings were recorded by sampling one milliliter of culture at each time point. Escherichia coli strains were
grown in lysogeny broth (LB) medium at 37°C. When necessary, R. palustris and E. coli cultures were sup-
plemented with gentamicin (Gm) at concentrations of 100 and 20mg/mL, respectively.
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Genetic manipulation of R. palustris. All strains and plasmids are listed in Table 2. The details of
strain and plasmid construction can be found in the supplemental Materials and Methods section.

RNA extraction, sequencing, and gene expression analysis. R. palustris strains were grown to an
optical density at 660 nm (OD600) of 0.45 to 0.47, at which point 10 mL of cells were incubated on ice for
10 min and then harvested from each replicate by centrifugation at 4,000 � g for 10 min at 4°C. The super-
natant was removed, and the cells were immediately frozen using liquid nitrogen followed by storage at
280°C until further analysis. Additional details on RNA extraction, sequencing, and gene expression analy-
sis can be found in the supplemental Materials and Methods section.

Determining biomass yields and electron content. The R. palustris biomass molecular formula of
CH1.8N0.18O0.38 (40) yields five available electrons per carbon (41) and has a molecular weight of 22.426 g/mol
(36, 37). Using the conversion factor 625 mg dry cell weight (DCW) liter21 OD660

21 (41), moles of biomass in
a 10-mL culture were determined from the average OD660 value reached by R. palustris grown with malate or
acetate under non-Fe(II)-oxidizing conditions (no added FeCl2) and Fe(II)-oxidizing conditions (2.5 mM FeCl2).
Moles of biomass were used to determine the electron content of biomass. According to Gottschalk (55), the
electron content of the carbon substrate can be determined by using a balanced chemical equation in which
the carbon substrate is completely oxidized with water to CO2, protons, and electrons. For malate, the follow-
ing equation was used:

C4H6O5 1 3H2O ! 4CO2112H1112e2

For acetate, the following equation was used:

C2H4O2 1 2H2O ! 2CO218H118e2

Using these equations and the electron content of the achieved biomass, the number of moles of
carbon substrate needed to achieve the calculated moles of biomass was determined. This was
expressed as a percentage of the moles of carbon substrate added to a 10-mL culture. Details on these
calculations can be found in the supplemental Materials and Methods section.

Iron-oxidation assay. To measure Fe(II) oxidation under photoheterotrophic conditions, 100 mL of
the samples were periodically collected anoxically during growth and added to 900 mL of 0.5 N HCl. Fe
(II) in the samples was quantified using the ferrozine assay (56). To measure Fe(II) oxidation using cell
suspensions grown photoautotrophically with thiosulfate as the electron donor, Fe(II) oxidation assays
were performed in 25-mL Balch tubes containing 5 mL Fe(II) oxidation medium consisting of (per liter)
0.46 g NaCl, 0.117 g MgSO4�7H2O, 0.42 g NaHCO3, 0.8 g Na3C6H5O7, and 20 g HEPES buffer. The pH of the
medium was adjusted to 7. The Balch tubes containing the medium were made anoxic by sparging with
N2:CO2 (80:20) gas mixture followed by sealing with butyl rubber stoppers and aluminum crimps. The
cells were pelleted by centrifuging at 16,000 � g for 3 min followed by washing with the Fe(II) oxidation
medium and resuspension in the same medium. The resuspended cells were added to the Balch tubes
anoxically to achieve final cell concentrations of 2 � 109 cells/mL. Filtered ferrous chloride solution was
added anoxically to achieve final Fe(II) concentrations of approximately 2.5 mM. Tubes were incubated
at room temperature in front of a 60 W incandescent bulb. The samples used to quantify Fe(II) using the
ferrozine assay were collected and treated with 0.5 N HCl as described above for cultures grown under
photoheterotrophic conditions.

Data availability. All transcriptomic data are available as raw sequencing reads deposited in the
NCBI Gene Expression Omnibus under the accession number GSE150608. Sequences for PioA, PioB, and
PioC, can be found under the GenBank accession numbers CAE26190.1, CAE26189.1, and CAE26188.1,

TABLE 2 Strains and plasmids used

Strain or plasmid Genotype or phenotype Reference, origin, or description
R. palustris strains
CGA010 hupV repaired derivative of CGA009; 4 bp inserted in hupV 30
CGA2023 DregSRmutant of CGA010 30
DpioA CGA010 with an in-frame deletion of pioA (rpa0746) This study
DpioABC CGA009 with an in-frame deletion of pioABC (rpa0744–rpa0746) This study

E. coli strains
DH5a fhuA2 (argF-lacZ)U169 phoA glnV44 80(lacZ)M15 gyrA96 recA1 relA1 endA1 thi-1 hsdR17 New England Biolabs
S17-1 thi pro hdsR hdsM1 recA; chromosomal insertion of RP4-2 (Tc::Mu Km::Tn7) 58

Plasmids
pJQ200SK GmR, sacB; mobilizable suicide vector 59
pBBPgdh GmR; pBBR1MCS-5 with rpa0944 promoter between KpnI and XhoI sites 36
pJQ-DpioA GmR; in-frame DpioA (rpa0746) cloned into PstI site of pJQ200SK This study
pJQ-DpioABC GmR; in-frame DpioABC (rpa0744–rpa0746) cloned into PstI site of pJQ200SK This study
p-regSR GmR; regSR cloned into pBBPgdh This study
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respectively. Sequences for RegS and RegR can be found under the GenBank accession numbers
CAE26016.1 and CAE26015.1.

SUPPLEMENTAL MATERIAL

Supplemental material is available online only.
SUPPLEMENTAL FILE 1, PDF file, 0.7 MB.
SUPPLEMENTAL FILE 2, XLSX file, 0.03 MB.
SUPPLEMENTAL FILE 3, XLSX file, 0.04 MB.
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