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ABSTRACT Fe-organic matter (Fe-OM) complexes are abundant in the environment
and, due to their mobility, reactivity, and bioavailability, play a significant role in the
biogeochemical Fe cycle. In photic zones of aquatic environments, Fe-OM complexes
can potentially be reduced and oxidized, and thus cycled, by light-dependent pro-
cesses, including abiotic photoreduction of Fe(III)-OM complexes and microbial oxi-
dation of Fe(II)-OM complexes, by anoxygenic phototrophic bacteria. This could lead
to a cryptic iron cycle in which continuous oxidation and rereduction of Fe could re-
sult in a low and steady-state Fe(II) concentration despite rapid Fe turnover. How-
ever, the coupling of these processes has never been demonstrated experimentally.
In this study, we grew a model anoxygenic phototrophic Fe(II) oxidizer, Rhodobacter
ferrooxidans SW2, with either citrate, Fe(II)-citrate, or Fe(III)-citrate. We found that
strain SW2 was capable of reoxidizing Fe(II)-citrate produced by photochemical re-
duction of Fe(III)-citrate, which kept the dissolved Fe(II)-citrate concentration at low
(�10 �M) and stable concentrations, with a concomitant increase in cell numbers.
Cell suspension incubations with strain SW2 showed that it can also oxidize Fe(II)-
EDTA, Fe(II)-humic acid, and Fe(II)-fulvic acid complexes. This work demonstrates the
potential for active cryptic Fe cycling in the photic zone of anoxic aquatic environ-
ments, despite low measurable Fe(II) concentrations which are controlled by the rate
of microbial Fe(II) oxidation and the identity of the Fe-OM complexes.

IMPORTANCE Iron cycling, including reduction of Fe(III) and oxidation of Fe(II), in-
volves the formation, transformation, and dissolution of minerals and dissolved iron-
organic matter compounds. It has been shown previously that Fe can be cycled so
rapidly that no measurable changes in Fe(II) and Fe(III) concentrations occur, leading
to a so-called cryptic cycle. Cryptic Fe cycles have been shown to be driven either
abiotically by a combination of photochemical reduction of Fe(III)-OM complexes
and reoxidation of Fe(II) by O2, or microbially by a combination of Fe(III)-reducing
and Fe(II)-oxidizing bacteria. Our study demonstrates a new type of light-driven
cryptic Fe cycle that is relevant for the photic zone of aquatic habitats involving abi-
otic photochemical reduction of Fe(III)-OM complexes and microbial phototrophic
Fe(II) oxidation. This new type of cryptic Fe cycle has important implications for bio-
geochemical cycling of iron, carbon, nutrients, and heavy metals and can also influ-
ence the composition and activity of microbial communities.

KEYWORDS geomicrobiology, iron cycling, iron oxidation

The biogeochemical cycling of elements plays an important role in shaping the
modern environment and has contributed to the evolution of the Earth system

throughout its history (1, 2). However, many important microbial element cycles are
said to be “cryptic” due to the fact that rapid production and consumption rates of the
relevant compounds maintain extremely low and stable concentrations despite rapid
turnover (3). In the last decade, several studies have identified cryptic cycles in different
environments, illustrating that cryptic elemental cycles are widely distributed and can
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influence, or even drive, the cycling of other elements (4–8). So far, the majority of
studies on cryptic elemental cycles have focused on sulfur and carbon (7). Cryptic
cycling of Fe has only been observed in a few aqueous environments and can involve
combinations of abiotic or biotic reactions. For example, it was suggested that abiotic
cryptic Fe cycling in the oxic surface ocean was driven by the simultaneous photo-
chemical reduction of Fe(III)-OM complexes, followed by the abiotic reoxidation of Fe(II)
by oxygen/reactive oxygen species (9–13).

Fe-OM complexes, including both Fe(II)-OM and Fe(III)-OM complexes, are wide-
spread in the environment (10, 14–19). For example, almost all of the dissolved Fe
(�99%) in seawater was shown to be associated with organics, according to modeling
and speciation analysis (11, 20, 21). Additionally, organic matter and the formation of
OM-metal complexes were shown to determine the speciation, concentration, and
distribution of Fe in soils and seawater (10, 22–25). In photic zones, Fe(III)-OM com-
plexes can be photochemically reduced, forming Fe(II), a process which was suggested
to be one of the reasons for the higher-than-expected abundance of Fe(II) in many oxic
natural aquatic environments (20, 26, 27). Depending on the conditions, e.g., the
wavelength of the light and type of organic ligands (28), photochemical Fe(III) reduc-
tion can happen either directly or indirectly (20). In the direct photochemical Fe(III)
reduction, an electron is directly transferred from the photoexcited organic ligand to
Fe(III) (29), whereas in the indirect photochemical Fe(III) reduction, Fe(III) is reduced by
reactive radical species that are produced photochemically by ligands, e.g., the super-
oxide radical (O2

�) (30). Independent of whether photochemical Fe(III) reduction occurs
directly or indirectly, both processes are accompanied by the transformation or loss of
functional groups of the organic matter (20). Therefore, photochemical Fe(III) reduction
was also suggested to play an important role in the degradation of organic matter (11,
31–33).

Fe can also be oxidized or reduced by bacteria, but biotically catalyzed cryptic Fe
cycling is much less well characterized. In photic environments, phototrophic Fe(II)-
oxidizing bacteria can anaerobically oxidize Fe(II) and use the electrons for carbon
fixation. Together with Fe(III)-reducing bacteria, which reduce Fe(III) using organic or
inorganic compounds as electron donors, phototrophic Fe(II)-oxidizing bacteria were
suggested to be one of the key players in cryptic Fe cycling in a few redox-stratified
lakes by reoxidation of the Fe(II) produced from microbial Fe(III) reduction (4, 34).
However, it is currently unknown whether cryptic Fe cycling could also occur from the
combined action of phototrophic Fe(II)-oxidizing bacteria and photochemical reduction
of Fe(III)-OM complexes.

In this study, we therefore used a model anoxygenic phototrophic Fe(II) oxidizer
(Rhodobacter ferrooxidans SW2) to determine whether these bacteria can oxidize
different Fe(II)-OM complexes and whether they can reoxidize the Fe(II) species pro-
duced from abiotic photochemical reduction of Fe(III)-OM, thus closing a cryptic iron
cycle under photic conditions.

RESULTS
Oxidation of Fe(II)-OM complexes by Rhodobacter ferrooxidans strain SW2. In

order to better understand the role of microorganisms in the cryptic Fe cycle and to
evaluate whether cryptic light-dependent Fe cycling could occur with different
Fe(II)-OM complexes, we performed cell suspension experiments with the phototrophic
Fe(II) oxidizer R. ferrooxidans strain SW2. We incubated 1.5 � 108 cells/ml of strain SW2
with either Fe(II)-citrate, Fe(II)-EDTA, Fe(II)-PPHA [Fe(II)-Pahokee peat humic acid], or
Fe(II)-SRFA [Fe(II)-Suwannee River fulvic acid] complexes. This nongrowth medium
contains only those Fe(II)-OM complexes plus 1 mM NaHCO3, 20 mM piperazine-N,N=-
bis(2-ethanesulfonic acid) (PIPES), and NaCl, i.e., no other salts, nutrients, or vitamins.
This guarantees that cells are actively metabolizing but no cell growth is possible, and
that therefore, changing cell numbers does not influence the quantification of meta-
bolic rates.

Peng et al. Applied and Environmental Microbiology

April 2019 Volume 85 Issue 8 e02826-18 aem.asm.org 2

https://aem.asm.org


In these cell suspension experiments, we observed that all Fe(II)-OM complexes
tested were oxidized by strain SW2, while the Fe(II) oxidation rates varied for the
different Fe(II)-OM complexes (Fig. 1). The Fe(II)-EDTA complex showed the highest
oxidation rates (ca. 48 �M/h, or 32.1 fM/h per cell) followed by Fe(II)-citrate (ca.
31 �M/h, or 20.7 fM/h per cell), Fe(II)-SRFA (ca. 28 �M/h, or 18.6 fM/h per cell), and
Fe(II)-PPHA (ca. 14 �M/h, or 9.6 fM/h per cell). With the exception of Fe(II)-PPHA, the
Fe(II) oxidation rates for all Fe(II)-OM complexes were higher than the rate for non-
OM-bound free Fe(II) (ca.24 �M/h, or 15.8 fM/h per cell). Increased light intensities also
increased the oxidation rates of Fe(II)-PPHA (Fig. 4).

Not only the rates but also the extent of Fe(II) oxidation varied in experiments with
these different Fe(II)-OM complexes (Fig. 1). Although initially, the oxidation of Fe(II)-
citrate was faster than that of the non-OM-bound free Fe(II), the decrease in Fe(II)
concentration virtually halted after 2 h, with a remaining 40% of Fe(II) after more than
8 h of incubation. In addition to Fe(II)-citrate, Fe(II)-PPHA and Fe(II)-SRFA showed a
lower extent of Fe(II) oxidation than did the non-OM-bound free Fe(II). About 30% and
15% of Fe(II) still remained in the treatments with Fe(II)-PPHA and Fe(II)-SRFA, respec-
tively. Only Fe(II)-EDTA showed a high extent of Fe(II) oxidation as the non-OM-bound
Fe(II) [with �5% remaining Fe(II)].

Abiotic photoreduction of Fe(III)-OM complexes. Photochemical Fe(II) reduction
represents the second half of the cryptic photic Fe cycle [i.e., Fe(II) formation]. To
quantify photochemical Fe(III) reduction in the presence of different OM, we incubated
non-OM-bound Fe(III), Fe(III)-citrate, Fe(III)-EDTA, Fe(III)-PPHA, and Fe(III)-SRFA under
the same conditions present in the cell suspension experiment (pH 7, light intensity of
550 lx) but in the absence of microbes. We found that the rates and extents of
photochemical Fe(III) reduction by OM vary for the four different types of OM (Fig. 2).
Fe(III)-citrate had the highest photochemical Fe(III) reduction rates among all the
Fe(III)-OM complexes. About 20% of the Fe(III) (ca. 20 �M) was reduced to Fe(II) within
8 h of incubation (ca. 2.5 �M/h), and Fe(III) photoreduction continued until all the Fe(III)
was reduced after 2 days. Fe(III)-EDTA had the second highest Fe(III) reduction rates,
with about 5.6% and 30% of the Fe(III) being reduced after 8 h and 2 days, respectively
(ca. 0.7 �M/h). From Fe(III)-PPHA and Fe(III)-SRFA complexes, ca. 12 and 14 �M Fe(II) [12
and 14% of the initial Fe(III)] was produced within 2 days (ca. 0.25 and 0.3 �M/h),
respectively. This was less Fe(II) than that formed from Fe(III)-citrate and Fe(III)-EDTA but
still more than in the OM-free controls that showed only 7 �M free Fe(II) within 2 days
(0.15 �M/h).

Cryptic cycling of Fe-citrate complexes by Rhodobacter ferrooxidans strain
SW2. In order to determine if Fe(II) and Fe(III) can be recycled by microbial pho-

FIG 1 Oxidation of Fe(II) by R. ferrooxidans SW2. Fe(II) was present in the form of either non-OM-bound
free Fe(II), Fe(II)-citrate, or Fe(II)-EDTA, Fe(II)-PPHA, or Fe(II)-SRFA complexes (yellow triangle). The results
are reported as an average, and error bars indicate standard errors calculated from two independent
parallel experiments. There was no Fe(II) oxidation in abiotic controls (Fig. S6).
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totrophic oxidation of Fe(II)-OM complexes and abiotic photoreduction of Fe(III)-OM
complexes, we incubated the phototrophic Fe(II)-oxidizing bacterium R. ferrooxidans
SW2 with either Fe(II)-citrate, Fe(III)-citrate, or citrate only and determined the concen-
trations of Fe(II) and cell numbers over time. We chose the Fe citrate system because
Fe(II)-citrate showed one of the two highest microbial Fe(II) oxidation rates (Fig. 1),
Fe(III)-citrate showed the highest photochemical reduction rate (Fig. 2), and citrate is an
important environmental ligand which is known to be produced and released in many
biotic systems, particularly by bacteria (35).

The presence of bacteria had a significant impact on the Fe(II) concentration over
time in the treatments with Fe(III)-citrate (Fig. 3). We found that in the absence of
phototrophic Fe(II)-oxidizing bacteria, i.e., in the abiotic controls, almost all of the Fe(III)
present as an Fe(III)-OM complex was photochemically reduced to Fe(II) within 3 days
of incubation. After these 3 days, the concentration of Fe(II) remained constant at ca.
1.8 mM (Fig. 3A). In contrast, when Fe(II)-oxidizing bacteria were present initially, there
was no significant accumulation of Fe(II) during the incubation, and Fe(II) stayed
constant at a very low concentration (10 to 30 �M). When strain SW2 was incubated
with Fe(II)-citrate, Fe(II) was oxidized to Fe(III) within 3 days of incubation, and then

FIG 2 Abiotic photochemical reduction of Fe(III). Fe(III) was photochemically reduced to Fe(II) in the
absence of organic chelators or in the presence of citrate, EDTA, Fe(II)-PPHA complexes, or Fe(II)-SRFA
complexes. Error bars indicate standard errors calculated from two independent parallel experiments.

FIG 3 Fe(II) concentrations and cell abundances in R. ferrooxidans SW2 growth experiments (20°C, light incubation). (A)
Concentration of Fe(II) over time in the presence of either Fe(III)-citrate or Fe(II)-citrate. The gray symbols represent abiotic
controls with Fe(III)-citrate without R. ferrooxidans SW2. (B) Cell abundance of R. ferrooxidans SW2 in the growth experiment with
Fe(III)-citrate, Fe(II)-citrate, and only citrate without Fe(II). The data are shown as averages of duplicate flow cytometry
measurements. Error bars indicate standard errors calculated from two independent parallel experiments. There was no Fe(II)
oxidation in abiotic controls with Fe(II)-citrate (Fig. S6).
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Fe(II) remained constant at a low-micromolar concentration, similar to the treatments
with Fe(III)-citrate and strain SW2.

Although the steady-state concentration of Fe(II) was low, we observed significant
growth of strain SW2 cells independent of whether the growth medium was initially
amended with Fe(III)-citrate or with Fe(II)-citrate (Fig. 3B). In both cases, the cell
abundances increased 24- and 23-fold within 14 days of incubation and reached their
maximum numbers of 6 � 108 and 9 � 108 cells/ml in the treatments with Fe(III)-citrate
and Fe(II)-citrate, respectively. In addition to the slightly different maximum cell num-
bers, the growth rates and the length of the lag phases were also different depending
on whether Fe(II)-citrate or Fe(III)-citrate was provided. Growth of strain SW2 in the
treatment with Fe(III)-citrate started much earlier (within 3 days of incubation) than in
the treatments with Fe(II)-citrate, where an obvious increase in cell numbers was
observed only after 3 days (Fig. 3B). However, despite the longer lag phase of cell
growth in the treatment with Fe(II)-citrate, during the exponential-phase strain SW2
grew significantly faster than in the treatment with Fe(III)-citrate. The doubling time of
strain SW2 in the treatment with Fe(II)-citrate was about 2.9 days in the exponential
phase, which is more than 2-fold faster than the doubling time of SW2 in the treatment
with Fe(III)-citrate (ca. 6.5 days).

In the absence of Fe(II) or Fe(III) (citrate only), strain SW2 did not show any growth,
demonstrating that growth in the Fe(II)-/Fe(III)-citrate-amended treatments was due to
enzymatic Fe(II) oxidation and not based on utilization of the citrate (Fig. 3B).

DISCUSSION
Cryptic Fe cycling composed of photochemical reduction of Fe(III)-OM com-

plexes and phototrophic Fe(II)-oxidizing bacteria. Redox cycling of Fe plays an
important role for many other biogeochemical cycles and can strongly influence the
fate of pollutants and nutrients (2, 36). However, Fe cycling may be masked by balanced
oxidation/reduction rates, which lead to low and stable iron concentrations which can
be difficult to measure. Two types of cryptic Fe cycles have been identified before. First,
a purely abiotic Fe cycle consisting of photochemical reduction of Fe(III)-OM and
chemical Fe(II) oxidation by O2 has been proposed (11). Second, a biotic cryptic Fe cycle
combining Fe(III)-reducing and Fe(II)-oxidizing bacteria has been observed in a strati-
fied lake (4). Based on the results of the present study, we propose a new type of cryptic
Fe cycle where Fe is cycled in photic zones by photochemical reduction of Fe(III)-OM
complexes and microbial phototrophic Fe(II) oxidation (Fig. 4). The potential for this
cryptic Fe cycle is demonstrated by the fact that multiple Fe(III)-OM complexes can be
photochemically reduced to Fe(II) (Fig. 2), and the corresponding Fe(II)-OM complexes
can be oxidized by phototrophic Fe(II)-oxidizing bacteria (Fig. 1). In our experiments,
the Fe(II)-/Fe(III)-citrate system showed the highest Fe turnover rates, in which the

FIG 4 Oxidation of Fe(II)-PPHA complexes by R. ferrooxidans SW2 at different light intensities of ca. 1,800
lx, 500 lx, and 200 lx. For comparison, at 500 lx, duplicate treatments were amended with FeCl2 without
PPHA. Error bars indicate standard errors calculated from two independent parallel experiments.
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phototrophic Fe(II) oxidizer R. ferrooxidans strain SW2 showed significant cell growth,
while the steady-state concentration of Fe(II) remained stable in the low-micromolar
range (Fig. 3). Additionally, we were also able to confirm growth by cryptic Fe cycling
when both Fe(II)-citrate and Fe(III)-citrate complexes were initially present together in
the medium (see Fig. S1 in the supplemental material).

Consequences of photochemical reduction of Fe(III)-OM. Several abiotic and
biotic reactions are involved in the photic cryptic Fe cycle with OM and bacteria. First
of all, abiotic photochemical Fe(III) reduction drives the reductive side of the cryptic Fe
cycle. In our study, different Fe(III)-OM complexes showed different rates of photo-
chemical Fe(III) reduction (Fig. 2), supporting previous findings that different Fe(III)-OM
complexes have different half-life times in light (13, 37, 38). These different photo-
chemical reduction rates for different Fe(III)-OM complexes could be due to several
reasons, such as the type and abundance of different functional groups, as well as the
structure of the Fe-OM complexes (20). For example, the abundance of highly reactive
alpha-hydroxyl carboxylate groups (28, 39) present in citrate could explain why Fe(III)-
citrate had higher photochemical reduction rates than those of the other Fe(III)-OM
complexes in our experiments.

Regardless of how fast the reduction of different Fe(III)-OM was, Fe(III) reduction
reactions are accompanied with the transformation or loss of functional groups of the
organic matter (20). For example, during the reduction of Fe(III)-citrate to Fe(II), citrate
is oxidized, forming acetone and carbon dioxide via several intermediates, e.g.,
�-ketoglutarate (40–42). The general reaction could be represented as

C�OH��COOH��CH2COOH�2 � 2Fe3� � h� → CH3COCH3 � 2Fe2� � 3CO2 � 2H�

where h is Planck’s constant and � is the light frequency.
These organic compounds formed as the products of OM photolysis could also serve

as a carbon and electron source for bacteria, as was previously demonstrated in
Rhodobacter capsulatus SB1003, a bacterium which could not oxidize dissolved non-
OM-complexed Fe(II) (43) but could grow on Fe(III)-citrate utilizing the products of
Fe(III)-citrate photochemical reactions (44). However, control experiments showed that
R. ferrooxidans SW2 did not grow on 1 mM acetone (Fig. S2), the product of photo-
chemical citrate degradation. Therefore, it is not possible that the cells grow by
oxidizing only the OM without microbial oxidation of Fe(II). If the microbes did not
reoxidize Fe(II) to Fe(III), there would be Fe(II) accumulation as shown in our abiotic
controls with Fe(III)-citrate without cells (Fig. 3). This clearly showed that the Fe(II) is
microbially reoxidized, thus closing the cryptic iron cycle. Overall, those organic com-
pounds formed by photochemical Fe(III) reduction may also have stimulated the
growth of some other heterotrophic bacteria in the environment, but it did not prevent
the phototrophic Fe(II) oxidation microbes from oxidizing Fe(II) (Fig. 3A).

Microbial oxidation of Fe(II) in the presence of OM. So far, it was unknown
whether phototrophic Fe(II)-oxidizing bacteria, e.g., those that can oxidize and grow on
non-OM-complexed Fe(II), are also capable of oxidizing Fe(II)-OM complexes. The
results of this study (Fig. 1 and 3) demonstrated that Fe(II)-OM complexes can be
oxidized by the phototrophic Fe(II)-oxidizing bacterium R. ferrooxidans strain SW2. This
is interesting because strain SW2 was proposed to oxidize Fe(II) intracellularly with a
putative iron oxidase FoxE embedded in the periplasm of the cell (43, 45). The observed
oxidation of large Fe(II)-OM complexes, such as the Fe(II)-PPHA and Fe(II)-SRFA com-
plexes, which were determined to be in the colloidal size range (46), suggests that
strain SW2 may also be able to oxidize Fe(II) extracellularly, similar to many other
bacteria with enzymatic Fe(II) oxidation pathways (47), since the large Fe(II)-PPHA and
Fe(II)-SRFA complexes may not be easily transported into the periplasm.

The slightly slower oxidation of Fe(II)-PPHA is probably due to the dark color of the
Fe(II)-PPHA complex, which absorbs light, thus lowering the light intensity that is
available for the phototrophic microorganisms (Fig. 4). The different rates of Fe(II)
oxidation for the different Fe(II) complexes [compared to free Fe(II)] may also have
several other explanations. For example, the reactivity of Fe(II) and Fe(II)-OM complexes
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with the Fe(II)-oxidizing proteins may be different (48), or complexation of Fe(II) by OM
may be beneficial for other microbial processes involved in Fe(II) oxidation as well. A
possible benefit of the presence of organic ligands for the bacteria could be that
complexation of the product of Fe(II) oxidation, i.e., the Fe(III), by the OM keeps the
Fe(III) in solution and thus may negate the need to protect the cell from Fe(III) mineral
encrustation. The cells thus may not need to synthesize organic polymer fibers which
keep the Fe(III) minerals away from the membrane (49), as the Fe(III)-OM complexes are
water soluble.

In addition to the rates, also the extents of microbial Fe(II) oxidation were different
for the different Fe(II)-OM complexes (Fig. 1). This can have several reasons, since many
parameters change when Fe(II) is complexed by different types of OM and at different
concentrations of Fe(II)-OM and Fe(III)-OM complexes. These parameters include po-
tential differences in Fe speciation and/or in the structure and size of the Fe(II)-OM
complexes (46), varied redox potentials, different availability of Fe(II)- and Fe(III)-
binding functional groups of the humic and fulvic acids (50), and different Fe(III)-OM
photoreduction rates (26). All these differences are expected to influence not only the
rates but also the extent of microbial Fe(II) oxidation, as also shown in an experiment
with different concentrations of Fe(II)-OM complexes (Fig. S3).

Environmental/geochemical implications. It is likely that the photic cryptic Fe
cycle we describe here also exists and is widespread in many natural habitats. First,
microbial Fe(II) oxidation is widespread, and phototrophic Fe(II)-oxidizing bacteria were
commonly found in many environments, including lakes, soils, and freshwater and
marine sediments (36, 51–54). Second, Fe-OM complexes are abundant in the environ-
ment, and many biologically produced Fe-chelating siderophores contain alpha-
hydroxy carboxylate groups which can reduce Fe(III) to Fe(II) in the light (11, 28, 55–58).
While in our batch growth experiment, Fe cycling is limited by the amount of initially
present citrate [that allows photoreduction and thus, the regeneration of Fe(II) as the
substrate for the Fe(II)-oxidizing microorganisms], in the environment, the organic
ligands (e.g., citrate) are constantly produced and therefore would allow continuous Fe
cycling (59, 60). Future studies determining the concentration of organic ligands
needed for maintaining photochemical Fe(III) reduction are required to evaluate the
relevance of cryptic cycling of Fe(III)-OM in different environments.

In the environment, cryptic cycling of Fe could also greatly influence other biogeo-
chemical cycles (61), such as cycling of Mn species and As species which cooccur with
Fe in many anoxic environments (62, 63). The cryptic cycling of Fe may also influence
the transport of toxic metals in the form of Fe-OM-metal complexes, as the Fe(III)-/
Fe(II)-OM complexes may have different binding capacities and binding mechanisms to
heavy metals (64, 65). The reoxidation of Fe(II)-OM by phototrophic Fe(II)-oxidizing
bacteria could not only increase the extent of Fe(III) photochemical reduction but also

FIG 5 Proposed mechanism of cryptic Fe cycling by R. ferrooxidans SW2. Fe(III) is photochemically
reduced to Fe(II) in the presence of OM-producing Fe(II)-OM complexes and labile OM. The Fe(II)
produced, including free Fe(II) and Fe(II)-OM complexes, can be reoxidized to Fe(III) by microbial
phototrophic Fe(II) oxidation. The electrons from microbial Fe(II) oxidation are used to fix CO2, therefore
potentially further increasing the content of OM and thus stimulating further photochemical Fe(III)
reduction. During Fe(III) photochemical reduction of Fe(III)-OM complexes, part of the photolyzed OM
may become labile and can serve as a source of carbon and energy for the growth of bacteria.
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result in a larger extent of photolysis of OM and generation of labile OM for the growth
of heterotrophic bacteria (Fig. 5). This could potentially influence microbial community
composition as a whole, since the cryptic cycling of Fe could not only support the
growth and carbon fixation of Fe(II)-oxidizing bacteria in habitats with low Fe(II)
concentration but also continuously promote the release of labile carbon for a hetero-
trophic bacterial community. Overall, the results of this study suggest that, despite low
steady-state concentrations of Fe, Fe cycling in photic zones of aqueous and terrestrial
habitats could be more prominent and have a larger influence on carbon cycling than
expected based on the low Fe concentrations alone.

MATERIALS AND METHODS
Bacterial strain and precultivation. The phototrophic Fe(II)-oxidizing bacterium R. ferrooxidans SW2

was isolated from a freshwater pond (52) and routinely cultivated in the author’s lab with 10 mM FeCl2
in a basal medium which was prepared anoxically, as described previously (66). In order to remove
remaining Fe(III) minerals from the inoculum prior to the experiment, strain SW2 was transferred 3 to 4
times in the basal medium with H2:CO2 (80:20) in the headspace as an electron donor instead of Fe(II).

Medium and chemicals. Different media were made for different experiments. In total, three
different types of medium were prepared. First, for the nongrowth cell suspension experiment, an anoxic
PIPES-buffered medium (pH 7) with Fe(II)-OM complexes was prepared following a slightly modified
method published previously (67). To guarantee complexation of most of the Fe(II) present by the
different sources of OM tested, the final concentrations of Fe(II), citrate, EDTA, PPHA, and SRFA were
0.1 mM, 0.2 mM, 0.12 mM, 0.2 mg/ml, and 0.2 mg/ml, respectively. Speciation calculation using an
Fe(II)-OM geochemical model (68) showed that more than 99% of the Fe(II) was present as Fe(II)-OM
complexes with these chosen concentrations. Medium was dispensed into 15-ml Hungate tubes with a
final volume of 5 ml and amended with 1 mM NaHCO3 and 0.5% CO2–99.5% N2 in the headspace.
Second, for photochemical Fe(III) reduction experiments, 0.1 mM FeCl3, instead of FeCl2, was added to
the anoxic PIPES medium with the same concentrations of OM, NaHCO3, and CO2. Third, for the growth
experiment, 25 ml anoxic basal medium (66) was dispensed into 50-ml serum bottles and was amended
with 4 mM HOC(COONa)(CH2COONa)2·2H2O (sodium citrate), either without Fe or with 2 mM FeCl2 or
FeCl3.

Experimental design. To evaluate the possibility of cryptic Fe cycling with Fe-OM complexes, we
first performed independent SW2 cell suspension experiments with different Fe(II)-OM complexes and
photochemical Fe(III)-OM reduction experiments. For the cell suspension experiment, the bacteria were
first cultured to the late-exponential phase. Cells were harvested by centrifugation (7,000 � g, 20 min,
25°C), washed twice, and resuspended in 20 mM PIPES buffer containing 20 mM NaCl. An aliquot of the
cell suspension was added to the nongrowth medium in Hungate tubes containing different Fe(II)-OM
complexes, including Fe(II)-citrate, Fe(II)-EDTA, Fe(II)-PPHA, and Fe(II)-SRFA. The final cell number was ca.
1.5 � 108 cells/ml. The Hungate tubes with the cell suspension were placed horizontally under a 40-W
incandescent light bulb and incubated at 20°C and a light intensity of ca. 550 lx. Abiotic photochemical
Fe(III) reduction experiments were carried out in the same way as the cell suspension experiments but
without cells and with Fe(II) replaced by Fe(III) (added as FeCl3). Additionally, to evaluate the effect of the
dark color of humic acids on Fe(II) oxidation (humic acids may absorb part of the light and decrease light
intensity for the phototrophic bacteria; Fig. S4), we performed a cell suspension experiment to determine
the oxidation of Fe(II)-PPHA complexes by R. ferrooxidans SW2 at different light intensities of ca. 1,800 lx,
500 lx, and 200 lx (Fig. S5).

To determine if the anoxygenic phototrophic strain SW2 can grow by cryptic Fe-OM cycling, we
performed a growth experiment. Strain SW2 was inoculated in the anoxic basal medium containing
either citrate only, citrate with Fe(II), or citrate with Fe(III), using an initial cell number of ca. 3 � 107

cells/ml. The initial concentrations of Fe were about 2 mM for Fe(II) and Fe(III), and the initial concen-
tration of citrate was 4 mM. According to the stoichiometry of Fe(III) reduction to Fe(II) by citrate (40, 41),
1 mol citrate can reduce 2 mol Fe(III), meaning that Fe(III) can be cycled a maximum of 4 times in our
experiment with initial concentrations of 2 mM Fe and 4 mM citrate. This also implies that after each Fe
cycle, the remaining citrate could still form a complex with Fe(III). The cells in the serum bottles were
incubated at 25°C with a light intensity of ca. 1,000 lx generated by a 40-W light bulb.

Sample analysis. Samples were taken in an anoxic glove box (100% N2, UNIlab Plus; MBraun,
Germany) every 3 to 4 days for the growth experiment or every 1 to 2 h for cell suspension and abiotic
photochemical Fe(III) reduction experiments. Fe(II) concentrations were determined anoxically using the
ferrozine assay (69) modified as in Peng et al. (67). The quantification of Fe(II) in samples without PPHA
and SRFA was performed using 1 M anoxic HCl and anoxic ferrozine solution (0.1% [wt/vol]) dissolved in
ammonium acetate (C2H7NO2, 50% [wt/vol]). Samples with PPHA and SRFA were first diluted with anoxic
Milli-Q H2O and immediately mixed with ferrozine solutions without 1 M HCl to avoid potential redox
reactions of Fe with PPHA and SRFA during acidification. All ferrozine measurements were conducted in
triplicate and the results reported as an average. Maximum rates of Fe(II) oxidation for the individual
experiments were calculated from the slopes of the linear fits of Fe(II) concentrations at the steepest part
of the experiments; at least three data points were used in the calculation of the Fe(II) oxidation rates.
Cell numbers were quantified using an Attune NxT flow cytometer (Thermo Fisher Scientific) equipped
with a blue laser beam as an excitation source (488 nm). Prior to flow cytometry, an aliquot of the cells
was stained using BacLight green stain (Thermo Fisher Scientific). Cells were distinguished from debris
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by their properties in the side-scatter and fluorescence parameters. All measurements were conducted
in duplicate and the results reported as an average.
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