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ABSTRACT

The classical approach for the cultivation of neutrophilic microaerophilic Fe(II)-oxidizing bacteria is agar-based gradient
tubes where these bacteria find optimal growth conditions in opposing gradients of oxygen (O2) and dissolved Fe(II) (Fe2+).
The goals of this study were to quantify the temporal development of O2 and Fe2+ concentrations over time, to compare
abiotic and microbially inoculated tubes and to test the suitability of different Fe(II)-sources for the cultivation of freshwater
and marine microaerophilic Fe(II)-oxidizers. O2 and Fe2+ gradients were monitored on a high spatial resolution as a
function of time applying amperometric and voltammetric microsensors. Fe(II)-oxidizers could be cultivated well with FeS
and zero-valent iron powder as Fe(II)-source, but FeCO3 and FeCl2 are extremely sensitive for this application. Fe(III)
minerals accumulated in inoculated tubes within the first days in regions with an O2 concentration of 20–40 μM and were
confirmed to be related to bacterial growth. Microbial Fe(II) oxidation could compete only for the first days with the abiotic
reaction after which heterogeneous Fe(II) oxidation, catalyzed by Fe(III) minerals, dominated. Our results imply that transfer
of cultures to fresh tubes within 48–72 h is crucial to provide optimal growth conditions for microaerophilic Fe(II)-oxidizers,
particularly for the isolation of new strains.
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INTRODUCTION

Iron is one of the most dominant chemical elements in the con-
tinental crust (Taylor 1964), and it is an important component
of several geological, mineralogical, environmental and micro-
bial processes. As an essential micronutrient, iron is integrated
in many cellular compounds and has high relevance in mod-

ern and ancient, as well as in extraterrestrial environments. In
the environment, iron is often involved in biotic and abiotic re-
dox processes (Melton et al. 2014) and mainly occurs in two re-
dox states: as oxidized ferric iron (Fe(III)) or as reduced ferrous
iron (Fe(II)). At circumneutral pH, Fe(III) is poorly soluble (Cor-
nell and Schwertmann 2003) and normally occurs as solid Fe(III)
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minerals; soluble Fe(III) (Fe3+), either, freely dissolved, or more
often complexed with organic molecules, is only present at very
low concentration in the range of 10−6–10−9 M (Taillefert Bono
and Luther 2000; Kappler and Straub 2005). In contrast, Fe(II)
is more soluble and therefore more bioavailable for organisms
(Melton et al. 2014); however, at neutral pH, it is rapidly chemi-
cally oxidized in the presence of oxygen (O2) (Davison and Seed
1983; Stumm and Morgan 1996). During homogenous abiotic
Fe(II) oxidation, dissolved Fe(II) (Fe2+) is oxidized by dissolved
O2 and other intermediate oxygen species that are formed
during the stepwise reduction of O2 (Melton et al. 2014). The
formed Fe3+ will instantaneously react with water and precipi-
tate as the Fe(III) oxyhydroxidemineralwith a rusty-orange color
(Emerson and Weiss 2004). These mineral precipitates serve as
catalyst for further chemical Fe(II) oxidation, an autocatalysis re-
action also called heterogeneous Fe(II) oxidation (Tamura Goto
and Nagayama 1976; Rentz et al. 2007). Both, heterogeneous and
homogeneous Fe(II) oxidation run in parallel; however, hetero-
geneous Fe(II) oxidation is faster so that homogeneous Fe(II) ox-
idation becomes of minor importance (Stumm and Sulzberger
1992; Park and Dempsey 2005) once sufficient iron oxyhydrox-
ides are formed. Besides the chemical redox transformations,
microbes contribute to a large extent to the cycling between
the redox states of iron (Weber Achenbach and Coates 2006;
Konhauser Kappler and Roden 2011). Fe(III)-reducing bacteria
can reduce Fe(III) to Fe(II) under anoxic conditions using elec-
tron donors such as hydrogen (H2), acetate or lactate (Kashefi
and Lovley 2000; Lovley et al. 2011). On the other hand, Fe(II) can
be oxidized enzymatically by photoautotrophic Fe(II)-oxidizers
using light energy with bicarbonate as electron acceptor and
carbon source (Widdel et al. 1993; Hegler et al. 2008). Other mi-
croorganisms couple Fe(II) oxidation to nitrate (NO3

−) reduction
under anoxic conditions (Straub et al. 1996). However, most
nitrate-reducing Fe(II)-oxidizers need an additional organic co-
substrate to continually oxidize Fe(II) to Fe(III) (Straub et al. 1996;
Klueglein et al. 2014). Microaerophilic Fe(II)-oxidizers can oxi-
dize Fe(II) as a sole electron donor using O2 as electron accep-
tor for lithotrophic growth (Emerson and Moyer 1997). Bacteria
that are capable of aerobic neutrophilic Fe(II) oxidation have to
compete with the abiotic reaction due to the short half-life of
Fe2+ in oxygenated water (Singer and Stumm 1970; Stumm and
Morgan 1996; Hegler et al. 2012). Undermicrooxic conditions, the
half-life of Fe(II) can be more than 300 times longer (Roden et al.
2004). It was shown that abiotic Fe(II) oxidation dominated at O2

concentrations of 275 μM, while at 50 μM and below, microbial
Fe(II) oxidation was faster than the abiotic reaction (Druschel et
al. 2008). As a result neutrophilic Fe(II)-oxidizers are often re-
stricted to live in areaswith a constant source of Fe(II) and lowO2

concentrations where the biotic oxidation rates can outcompete
the abiotic rates (Emerson and Weiss 2004).

The demands of microaerophilic Fe(II)-oxidizers in combi-
nation with the kinetics of abiotic Fe(II) oxidation make culti-
vation in laboratory setups difficult. The traditional technique
used is the cultivation ofmicroaerophilic Fe(II)-oxidizers in agar-
stabilized gradient tubes with opposing gradients of Fe2+ and
O2 (Emerson and Moyer 1997; Sobolev and Roden 2001; Emer-
son and Moyer 2002; Neubauer Emerson and Megonigal 2002;
Edwards et al. 2003; Weiss et al. 2003; Emerson and Floyd 2005;
Weiss et al. 2007; Druschel et al. 2008; Swanner Nell and Temple-
ton 2011; Lin et al. 2012; MacDonald et al. 2014; Laufer et al. 2016).
By analyzing Fe2+ and O2 concentrations at high spatial reso-
lution as well as the development of the competitive pressure
between biotic and abiotic Fe(II) oxidation, conclusions about
optimal substrate demands and habitat limitations by kinetic
constraints can be drawn. So far, the geochemical conditions in

gradient tubes were examined only in a few studies (Druschel
et al. 2008; Swanner Nell and Templeton 2011). However, spa-
tially highly resolved measurements as a function of time are
missing. These measurements are important to determine the
optimal time point for transfer of cultures, which is a critical
parameter for isolation and continuous cultivation. Also, dif-
ferent Fe(II)-sources (Emerson and Moyer 1997; Druschel et al.
2008; Swanner Nell and Templeton 2011; Emerson et al. 2013;
MacDonald et al. 2014) for gradient tubes are mentioned in
the literature, but they have not been compared systemati-
cally in terms of suitability for growth of microaerophilic Fe(II)-
oxidizers.

Therefore, the goals of this study were (i) to test and compare
iron sulfide (FeS), iron carbonate (FeCO3), zero-valent iron pow-
der (ZVI) and iron chloride (FeCl2) as Fe(II)-sources for the suit-
ability of growth of selected freshwater andmarine neutrophilic
microaerophilic Fe(II)-oxidizing bacteria, (ii) to quantify O2 and
Fe2+ profiles as a function of time at high spatial resolution us-
ing amperometric and voltammetric microsensors and (iii) to
identify exact physico-chemical conditions for optimal growth
to give recommendations and improve isolation and cultivation
of new microaerophilic Fe(II)-oxidizers.

MATERIAL AND METHODS
Cultivation of bacteria

Gradient tube preparation was based on Emerson and Floyd
(2005). Opposing gradients of Fe2+ and O2 in screw-cap vials
(8 ml, 61 × 16.6 mm) were established by adding 750 μl of a
1% (wt/vol) high-melt agarose containing a plug (height approx.
5 mm) of FeS, FeCO3, FeCl2 or by spreading ZVI (200 mesh; metal
basis; Alfa Aesar, Ward Hill, MA) at the bottom of the glass vial,
in this latter case, no high melt agarose was used. FeS was syn-
thesized in a modified way as described by Kucera and Wolfe
(1957) by reacting equimolar amounts of sulfide with Fe(II) using
Na2S× 9H2O and FeSO4 × 7H2O. After being separately dissolved
in 80◦C anoxic deionized water (Milli-Q Integral System, Merck
Millipore), the FeSO4 solution was quickly added to the Na2S so-
lution resulting in instantaneous precipitation of FeS. This pre-
cipitate was allowed to settle overnight. The supernatant of the
settled FeS was washed two to three times with each time 2 L
warmanoxic distilledwater (∼80–90◦C) until thewater above the
FeS looked clear and had a pH around neutrality.

FeCO3 was synthesized by reacting equimolar amounts of
Fe(II) chloride with sodium bicarbonate. The Fe(II)-source was
overlaid by 3.75 ml of a 0.15% (wt/vol) low-melt agarose contain-
ing semisolid mineral salt medium of either modified Wolfe’s
mineral medium (MWMM) or artificial seawater medium (ASW),
including 1 ml L−1 of 7-vitamin- (Pfennig 1978), SL10- (Tschech
and Pfennig 1984) and selenite-tungstate (Tschech and Pfennig
1984) solutions. The media were buffered with 10 mM bicarbon-
ate and the pH was adjusted to 6.5 by stepwise addition of 1 M
HCl and constantly checking the pHwith a pH electrode. MWMM
contained of the following salts per liter: 0.1 g NH4Cl, 0.2 gMgSO4

× 7 H2O, 0.1 g CaCl2 × 2 H2O and 0.05 g K2HPO4. Per liter, ASW
was composed of 17.3 g NaCl, 8.6 g MgCl2 × 6 H2O, 0.025 g MgO4

× 7 H2O, 0.996 g CaCl2 × 2 H2O, 0394 g KCl, 0.059 g KBr, 0.25
g NH4Cl and 0.05 g K2HPO4. For comparison, a batch of FeCO3

was prepared following the protocol of Hallbeck, Ståhl and Ped-
ersen (1993) using Fe(NH4)SO4 and Na2CO3 instead of FeCl2 and
NaHCO3 for synthesis. The tubes were prepared anoxically and
opened the first time during inoculation with bacteria one day
after preparation, leading to an air-filled headspace.
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The tubes were inoculated under sterile conditions with
50 μl, which was a tenfold diluted sample from another gradi-
ent tube and incubated at 20◦C in the dark. An Fe(II)-oxidizing
culture dominated by Betaproteobacteria (belonging to Gallionella
sp.) and with minor traces of Alphaproteobacteria (belonging to
Azorhizobium sp.) enriched from a freshwater sediment (Lake
Constance, N 47◦ 41′42.63′′; E 9◦ 11′ 40.29′′, Germany)was selected
and a culture of amarine Fe(II)-oxidizer, belonging to the Zetapro-
teobacteria (98% homolog toMariprofundus sp. M34), isolated from
sediment from Aarhus Bay (N 56◦ 16.811′; E 010◦ 28.056′; Baltic
Sea, Denmark) was used asmarine Fe(II)-oxidizer representative
(Laufer et al. 2016). The negative control was treated in a similar
way without inoculation. Growth of bacteria was defined as pos-
itive if brownish accumulations that spread out from the inocu-
lumcould visually be observed and clear differentiation from the
negative control could be done (Emerson and Floyd 2005). This
will henceforth be called Fe(III) mineral accumulations.

Cell counts

Bacterial cells in the top layers of freshly prepared MWMM with
FeS gradient tubes were counted by fluorescent microscopy in
triplicates at each time point to demonstrate bacterial growth.
For cell counts, the top layer of the gradient tubes was cen-
trifuged and the cell-mineral pellet was resuspended in 1.5 ml
of 10 mM bicarbonate buffer. Paraformaldehyde at a final con-
centration of 2% was added and the samples were stored at 4◦C
until analysis. One ml of this suspension was added to 9 ml of
oxalate solution (28 g L−1 ammonium oxalate and 15 g L−1 oxalic
acid) to dissolve the Fe(III) minerals and further tenfold diluted
in oxalate solution. Tenmlwere then filtered onto awhite GVWP
filter (Millipore, 0.22 μm) and 1 μg ml−1 DAPI stain was used to
stain the cells. Cells were counted using a Leica DM5500B fluo-
rescent microscope using the A4 filter.

Geochemical measurements

Geochemical measurements were always performed in the
same gradient tubes using microsensors at 20◦C. For each setup,
two gradient tubes were inoculated and two additional gradi-
ent tubes were prepared as negative control. Concentration pro-
files were performed only once in every gradient tube at each
time point to disturb the system as little as possible. O2 con-
centration depth profiles were measured with a 100 μm tip di-
ameter amperometric Clark-type O2 microelectrode (Unisense,
Aarhus, Denmark) as described by Revsbech (1989). A two-point
calibration was done in air-saturated and in anoxic water. Ver-
tical O2 profiles in gradient tubes were recorded in triplicates in
depth intervals of 0.5 mm using a motorized micromanipula-
tor (Unisense) and used for the calculation of O2 consumption
rates using the program PROFILE 1.0 (Berg Risgaard-Petersen and
Rysgaard 1998). The O2 concentrationmeasured at the top of the
top layer (depth 0 mm) was chosen as first boundary condition,
an O2 flux at the bottom of the tube (21 mm) of 0 μmol dm−2 s−1

was set as second boundary condition and an O2 diffusion coef-
ficient of 2.4·10−9 m2 s−1 (McMillan and Wang 1990) was used.

All microsensor data for measurements in gradient tubes
were plotted as follows: depth 0 mm refers to the atmo-
sphere/top layer (agar) interface, and the surface of the Fe(II)-
source is located at approx. 21 mm. The time between the single
measurement time points are 1 (t0 – t3) and 3 days (t3 – t6).

Fe2+ concentration depth profiles were determined by
voltammetry using a DLK-100A potentiostat (Analytical
Instrument Systems, Flemington, NJ) with a standard three-

electrode system. The working electrode, a glass-encased
100 μm gold amalgam (Au/Hg) electrode, was constructed as
described by Brendel and Luther (1995). The reference electrode
was a solid-state Ag wire coated in Ag/AgCl; a Pt wire was used
as counter electrode. Working and reference electrode were
re-plated before every daily measurement. Fe2+ calibrations
were done using Mn2+ standards with subsequent conversions
to Fe2+ concentrations using the pilot ion method (Brendel
and Luther 1995; Slowey and Marvin-DiPasquale 2012). A con-
version factor from Mn2+ to Fe2+, called pilot ion factor was
determined to be 1.3. For this, a proper calibration for Fe2+ and
Mn2+ was performed in an anoxic glovebag to prevent any Fe2+

oxidation. The slopes of the calibrations were then divided
by each other (Mn2+/Fe2+). The determined conversion factor
was later used for any calibrations that have been performed
with Mn2+ prior to measurements. Cyclic voltammetry was
performed for the detection of Mn2+ and Fe2+ at 1000 mV s−1

between −0.1 and −2.0 V (freshwater) or −1.8 V (seawater)
vs Ag/AgCl. An initial conditioning step of applying −0.05 V
for 5 s followed by holding −0.9 V for 10 s were set to remove
previously deposited species (Brendel and Luther 1995). Af-
ter the conditioning steps, the electrode equilibrated for 5
s before scan potentials were applied. 10 scans were run at
each measurement point, the final 3 voltammograms were
integrated using VOLTINT program for Matlab R© (Bristow and
Taillefert 2008). Data were recorded in 4 mm depth intervals
using a manual micromanipulator (Unisense, Aarhus, Den-
mark). Fe2+ consumption rates were not calculated because
the low amount of data points led to statistically invalid
results.

Energetic and kinetic calculations

The overall reaction of homogeneous oxidation of Fe2+ by dis-
solved O2 to Fe3+ and further precipitation as Fe(III) hydroxide
can be summarized as (Roden et al. 2004)

Fe2+ + 0.25 O2 + 2.5 H2O → Fe(OH)3 + 2 H+ (1)

Values of Gibbs free energy �G of this reaction in different
depths and time points were calculated according to

�G = �G0 + R · T · I nQ (2)

with �G0 as the standard Gibbs free energy of the reaction (−109
kJ mol−1 (Roden et al. 2004)), R as the ideal gas constant, T as
the temperature in Kelvin and Q as the activity product of the
reaction.

Considering homogeneous Fe2+ oxidation only, the kinetic
rate law for neutral solutions then is

− d
[
Fe2+]

hom

dt
= k · [Fe2+]

(3)

with k = k0 · [O2] · [OH−]2 and the universal rate constant for
homogeneous Fe2+ oxidation by O2 k0 being 2.3 · 10−14 mol3 L−3

s−1 at 25◦C (Tamura Goto and Nagayama 1976). The total general
rate equation of Fe2+ oxidation considering both, homogenous
and heterogeneous oxidation, was found to be (Tamura Goto and
Nagayama 1976)

− d
[
Fe2+]

dt
= (k+ k′ · [Fe (III)]) · [

Fe2+]
(4)

Downloaded from https://academic.oup.com/femsec/article-abstract/94/2/fix177/4693834
by Juristisches Seminar user
on 07 February 2018



4 FEMS Microbiology Ecology, 2018, Vol. 94, No. 2

Figure 1. Images of the temporal development of negative control (c) and inoculated MWMM gradient tubes with an enrichment of freshwater microaerophilic Fe(II)-
oxidizers from Lake Constance, Germany, with the Fe(II)-sources FeS, ZVI and FeCO3 starting at the day of inoculation (t0). Growth in FeS and ZVI gradient tubes is

indicated by formation of sharp orange Fe(III) mineral accumulations within or below the orange colored top layer of the gradient tubes highlighted in the image with
an arrow. Neither growth nor abiotic Fe(II) oxidation could be observed in FeCO3 tubes within the top layer, only directly on the FeCO3 plug at the bottom, indicated by
a color change to brown. (t1 = day 1, t2 = day 2, t3 = day 3 and t6 = day 6 after inoculation)

Heterogeneous Fe2+ oxidation is accelerated by Fe(III) min-
erals (Tamura Kawamura and Hagayama 1980). The amount of
Fe(III) hydroxide precipitated is equal to the amount of oxidized
Fe2+ (Tamura Goto and Nagayama 1976); therefore, [Fe(III)] in the
gradient tube top layer at any time can be calculated by

[Fe (III)] = [
Fe2+]

t0 − [
Fe2+]

(5)

The rate law of heterogeneous Fe2+ oxidation can be de-
scribed as

− d
[
Fe2+]

het

dt
= k′ · [Fe (III)] · [ Fe2+] (6)

with k′ = ks,0 ·[O2]·K
[H+ ] and the specific rate constant for the het-

erogeneous reaction ks,0 being 73 mol L−1 s−1 (Tamura Goto and
Nagayama 1976) and the dimensionless adsorption constant of
ferrous iron on ferric hydroxide K being 10−4.85 (Sung andMorgan
1980). Additionally, half-life for Fe2+ oxidation in the gradient
tubes was calculated by equations (7) and (8) for homogenous or
heterogeneous Fe2+ oxidation, respectively

t 1
2 ,hom = ln (2)

k
(7)

t 1
2 ,het = ln (2)

k′ · [Fe (III)] (8)

The energetic and kinetic calculations were exemplarily
done for gradient tubes containing MWMM and FeS as Fe(II)-
source.

RESULTS
Comparison of different Fe(II)-sources for suitability of
growth of microaerophilic Fe(II)-oxidizers

We found that both FeS and ZVI are suitable Fe(II)-sources for
the cultivation of freshwater and marine microaerophilic Fe(II)-
oxidizers in opposed Fe2+-O2 gradient tubes using agar as a
stabilizing agent. In these gradient tubes, a diffuse orange-
brownish smear was observed 1 day after inoculation in the cen-
ter of the top layer in inoculated as well as in negative con-
trol tubes (for both MWMM and ASW medium) (Fig. 1). First
distinct Fe(III) mineral accumulations appeared 2–3 days (fresh-
water Fe(II)-oxidizers) and 5–6 days after inoculation (marine
Fe(II)-oxidizers), respectively. Cell counts in freshly prepared gra-
dient tubes containing MWMMand FeS clearly demonstrated an
increasing cell number and thus microbial growth in the area of
the distinct Fe(III) mineral accumulations (Fig. 2). Depending on
the identity of Fe(II)-source and the identity of the inoculated
bacteria, the shape and the height of the formed distinct Fe(III)
mineral accumulation (often described in the literature as band
formations) can be different (Fig. 3), including flat plane (Fig. 3A
and D), funnel-like (Fig. 3C and E), curved plane (Fig. 3B) and
cloud structures (Fig. 3F).

In addition to these setups, ZVI was stabilized in a 1% high
melt agarose bottom layer so the ZVI was not in direct con-
tact with the low melt agarose where the bacteria grew. In
this case, accumulations of Fe(III) minerals were observed only
in minor amounts at the surface of the bottom layer (image
not shown). Similar to the gradient tubes that contained FeCO3

(mineral prepared following two different protocols) and FeCl2
as Fe(II)-source, this setup did not reveal significant growth of
Fe(II)-oxidizing bacteria (data not shown). The Fe(II)-sources in

Downloaded from https://academic.oup.com/femsec/article-abstract/94/2/fix177/4693834
by Juristisches Seminar user
on 07 February 2018



Lueder et al. 5

Figure 2. Cell numbers in gradient tubes containing MWMM and a FeS bottom layer at different time points ((t1 = day 1, t2 = day 2, t3 = day 3 and t6 = day 6 after
inoculation). An image showing the development of the Fe(III) mineral accumulations in the top layer is shown on the left side. The gradient tubes for cell counts were
freshly prepared and are comparable to the tubes, in which the geochemical O2 and Fe2+ measurements were performed in. Error bars show the standard deviation of
the counted triplicates.

gradient tubes that contained FeCO3 as bottom layer got oxi-
dized within a day after inoculation (Fig. 1) and therefore did not
show any Fe2+ gradients across the top layer. A similar absence
of Fe2+ gradients was obtained for tubes that had been kept
anoxically for 2 days in order to provide optimal conditions for
the establishment of a pronounced Fe2+ gradient across the top
layer. Spectrophotometric quantification of dissolved Fe(II) (fer-
rozine assay) revealed only low concentrations of Fe2+ compared
to water saturation (approximately 50 μM, data not shown). The
mineralogical identity of FeCO3 was verified by Mössbauer spec-
troscopy analysis (data not shown). FeCl2 gradient tubes were
set up with different concentrations in the bottom layer (1 mM,
500 μM, 200 μM). In none of these tubes were Fe(III) mineral ac-
cumulations observed. A summary of the observations is listed
in Table 1.

Geochemical depth profiles

Exemplary O2 concentration depth profiles from gradient tubes
inoculated with an enrichment of freshwater Fe(II)-oxidizers
from Lake Constance (Fig. 3A and B) or with a marine isolate
from Aarhus Bay (Fig. 3C) are shown in Fig. 4. The O2 concentra-
tion decreased in all tubes towards the bottom of the tube. No
O2 reached the bottom of tubes during the day of inoculation (t0)
(Fig. 4). O2 concentrations increased over time over the whole
depth until stabilization beginning at t2 (day 2; ZVI tubes) or t3
(day 3; FeS tubes). At t2, the first distinct Fe(III) mineral accumu-
lations were formed in the inoculated FeS freshwater tubes at a
depth of around 16 mm, corresponding to an O2 concentration
of approx. 20 μM. No O2 was detected at t2 below these accu-
mulations, which were close to the Fe(II)-source at the bottom
of the tube (Fig. 4A). In the ZVI freshwater tubes, Fe(III) miner-
als also accumulated at t2 at a depth of approximately 18 mm.
The temporal shifts of the O2 distribution throughout the tubes
containing ASW (Fig. 4C and D) mirror the trend that was ob-
served in tubes containing MWMM (Fig. 4A and B). In all tubes
the spatial O2 distribution profiles shift from a concave to a lin-
ear shape over time, which reflects the shift of dominant O2

consumption zones from top to bottom of the tubes (Fig. 5).
O2 concentrations were slightly lower in ASW setups. During
the entire experiment, significant differences in O2 concentra-
tions between negative control tubes and inoculated tubes were

observed only during short time frames, e.g. at t2 in freshwater
FeS tubes (Fig. 4A).

Emerson and Moyer (1997) noted a depletion of O2 in
the headspace of inoculated gradient tubes. Renewing the
headspace by opening the tube again led to the formation of
a second growth band consisting of Fe(III) mineral accumula-
tions below the already grown first band. In the present study,
the tubes were opened daily to measure the O2 concentra-
tions, which led to a frequent regeneration of the headspace
in the tubes. To ensure that the renewed headspace had no
influence on the O2 concentrations in the top layer, addi-
tional tubes were prepared that were all inoculated at the
same time and just opened once again when they were mea-
sured. They did not have significantly lower O2 concentra-
tions than the tubes that were opened daily for measurements
(data not shown). This also shows that no significant addi-
tional O2 entered the top layer by themicroelectrode insertion or
removal.

O2 consumption rates for gradient tubes containing MWMM
and FeS are shown in Fig. 5. Consumption rates in the other gra-
dient tubes that have been used for measurements were in a
similar order of magnitude (0–12 nmol L−1 s−1). Over time, the
O2 consumption shifted in all gradient tubes down towards the
bottom of the tube. After 3–4 days, O2 was only consumed be-
low 15 mm in the top layer with O2 consumption rates of below
10 nmol L−1 s−1. No significant differences in O2 consumption
were observed between negative control tubes and inoculated
tubes.

Exemplary Fe2+ concentration depth profiles are shown in
Fig. 6. The highest Fe2+ concentrations were measured at the
bottom of all tubes with decreasing concentrations upwards.
At t0, Fe2+ concentrations of about 2.5 μM were measured di-
rectly above the bottom layer in freshwater FeS tubes (Fig. 6A).
Fe(III) mineral accumulations were visually observed starting at
t2. First mineral accumulation appeared in the center of the tube
(right at the inoculation funnel) and spread in all directions with
Fe2+ concentrations of approximately 300–400 μM. From t0 to
t2, an additional peak in the voltammograms at E1/2 = −1.1 V
vs. Ag/AgCl in depths below 12 mm depth was detected in the
cathodic wave that was identified as FeS(aq) signal. These data
could not be quantified due to a lack of standards for FeS(aq)

(Davison Buffle and DeVitre 1998; Luther et al. 2003; Ciglenecki
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Figure 3. Images of inoculated (left tube) and negative control gradient tubes (right tube) with microaerophilic Fe(II)-oxidizers from different field sites, media and
Fe(II)-sources at different time points. (A) freshwater lake sediment enrichment (Lake Constance), MWMM, FeS, 8 days after inoculation; (B) freshwater lake sediment
enrichment (Lake Constance), MWMM, ZVI, 8 days after inoculation; (C) marine sediment isolate (Aarhus Bay, Denmark), ASW, ZVI, 31 days after inoculation; (D)
freshwater ditch, MWMM, FeS, 3 days after inoculation; (E) sample from peat canal, MWMM, FeS, 17 days after inoculation; (F) isolate from microbial mat in a mine

(Black Forest, Germany), MWMM, FeS, 3 days after inoculation. The dimensions of the tube are: height 6.1 cm, diameter 1.7 cm.

et al. 2014). This leads to someunderestimation of total dissolved
Fe2+ concentrations in these tubes. Similar to the FeS tubes,
Fe(III) mineral accumulations in freshwater ZVI tubes were ob-
served from t2 in regionswith about 300–400μMFe2+. In gradient
tubes containing ASW and a FeS bottom layer, a small extent
of Fe(III) mineral accumulations was observed at t6 directly at
the bottom of the tubes, where Fe2+ concentrations of approxi-
mately 100–200 μMweremeasured. No significant differences in
measured Fe2+ concentrations between negative control tubes
and inoculated tubes were measured. In gradient tubes with
ASW and ZVI as Fe(II)-source, first Fe(III) mineral accumulations
appeared at t1 in regions with about 500–700 μMFe2+. In general,
Fe2+ concentrations decreased over the time of the experiment.
Higher Fe2+ concentrations were generallymeasured in gradient
tubes using FeS as Fe(II)-source. The gradients in negative con-
trol tubes and inoculated tubes were with some exceptions very
similar (Fig. 6).

Calculations using Gibbs free energy show potentially higher
energy for the metabolism of Fe(II)-oxidizing bacteria during
Fe(II) oxidation at greater depths within the top layers of

the gradient tubes (Fig. 7A). However, the amount of energy
that can be obtained decreases with time. Kinetic calculations
reveal higher rates of homogeneous Fe(II) oxidation near the top
layer headspace interface (depth 0 mm) due to higher O2 con-
centrations and consequently a shorter half-life of Fe2+ in solu-
tion (Fig. 7B and C). A comparison between homogeneous and
heterogeneous Fe(II) oxidation rates in 16 mm depth of the top
layer exhibit a rapid overtaking of the heterogeneous oxidation
leading to a dramatic decrease of Fe2+ half-life times from t1 in
this depth (Fig. 7D).

DISCUSSION
Suitability of different Fe(II)-sources for cultivation in
gradient tubes

In this study, we have compared the suitability of the different
Fe(II)-sources FeS, FeCO3, ZVI and FeCl2 for the cultivation of
freshwater and marine microaerophilic Fe(II)-oxidizers in agar-
stabilized gradient tubes. Although successful growth has been
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Table 1. Summary of observations in opposed gradient tubes with different Fe(II)-sources.

Fe(II)-source Diffuse orange smear in the top layer Characteristic appearance of the Fe(III) mineral accumulations

FeS - Started 1 day after inoculation in all tubes
- Started in the center of the top layer
- Extent increased towards top and bottom

MWMM: observed 2 days after inoculation as sharp flat band a few
mm above the bottom layer

ASW: observed 5 days after inoculation as cloudy, colony-like
accumulations close to or directly on the bottom layer

ZVI without
additional
agarose plug

- Started 1 day after inoculation in all tubes
- Started in the center of the top layer
- Extend increased to top and bottom

MWMM: observed 2 days after inoculation as sloping bands a few mm
above the ZVI powder

ASW: observed 5–6 days after inoculation as sloping bands almost
directly on ZVI powder

ZVI inserted in
bottom layer

- Started 3 days after inoculation in all tubes
- Only in regions close to the bottom layer

MWMM: observed 3 days after inoculation as darker orange color
compared to the negative control directly on the surface of the
bottom layer

ASW: observed 5 days after inoculation starting as small colonies
directly on the surface of the bottom layer

FeCO3 Not observed No mineral accumulations were formed

FeCl2 Not observed No mineral accumulations were formed

reported in the literature for all Fe(II)-sources (Emerson and
Moyer 1997; Sobolev and Roden 2001; Neubauer Emerson and
Megonigal 2002; Edwards et al. 2003; Weiss et al. 2007; Druschel
et al. 2008; McBeth et al. 2011; Swanner Nell and Templeton 2011;
Kato et al. 2012; Kato et al. 2013; MacDonald et al. 2014; Laufer
et al. 2016), in the present study we have only observed the for-
mation of orange Fe(III) (oxyhydr)oxide minerals using FeS and
ZVI. In FeCl2 and FeCO3 tubes, no diffusion of Fe2+ was observed
into the top layer, leading to the lack of the orange band and no
growth of microaerophilic Fe(II)-oxidizers. We could show that
FeCO3 and FeCl2 are highly sensitive in handling with respect
to stability and oxygen sensitivity. Minor variations in handling
and preparation cause failure of the method. Rapid oxidation
directly at the Fe(II) plug confirmed that chemical oxidation by
O2 prevents the establishment of an Fe2+ gradient throughout
these FeCl2 and FeCO3 tubes. These observations are in agree-
ment with geochemical properties of these Fe(II) phases. The
FeCO3 solubility at room temperature and low ionic strength
has been shown to be in the range of 3.72 × 10−11 to 9.33 ×
10−12 mol2 L−2 (Sun Nešić and Woollam 2009). The fast rate of
chemical Fe2+ oxidation, combined with the low solubility of
FeCO3 and low diffusion of Fe2+ (0.719 × 10−9 m2 s−1 (Lide 2008))
leads to rapid depletion of Fe2+ in the top layer of gradient tubes.
The solubility product of FeS has been determined to be signif-
icantly higher, in the range of 10−2.95 (amorphous FeS) (Davison
1991) to 10−3.5 (Rickard and Luther 2007). Increasing solubility of
the Fe(II) minerals enhances the diffusion of Fe2+ into the top
layer. However, an accurate estimation of released Fe2+ to the
top layer from the FeS bottom plug is impossible, as the mineral
ageing of FeS (including Ostwald ripening and mineral transfor-
mation) significantly affects FeS solubility.

Few studies reported on the successful growth of mi-
croaerophilic Fe(II)-oxidizers in gradient tubes using FeCO3 as
Fe(II)-source (Emerson and Moyer 1997; Swanner Nell and Tem-
pleton 2011; Emerson et al. 2013; MacDonald et al. 2014; Field et al.
2016; Chiu et al. 2017). In these studies, FeCO3 was synthesized
following the protocol of Hallbeck, Ståhl and Pederse (1993).
Following this procedure, we revealed similar results compared

to the use of FeCO3 that was prepared after our lab protocol. This
confirms the high sensitivity of this mineral for the application
as Fe(II)-source for gradient tubes, using Fe(NH4)SO4 and Na2CO3

instead of FeCl2 and NaHCO3 for synthesis. In these studies, it
was also noted that only fresh FeCO3 could be used, since the
FeCO3 lost potency to release Fe2+ within one week.

FeCl2 concentrations used in this study (1 mM, 500 μM and
200 μM) were low compared to those used by Sobolev and
Roden (50mM) (2001). They used concentrations that weremuch
too high (50 mM) compared to concentrations observed in natu-
ral systems in a 250 ml beaker overlaid by a 125 ml top layer to
sustain an environmentally relevant Fe2+ flux over the course of
the experiment. As the glass vials used in this study only have
a small volume of 8 ml, lower Fe(II) concentrations were chosen.
Higher FeCl2 concentrations (up to 10 mM) as iron source in the
bottom layerwere tested for the growth ofmicroaerophilic Fe(II)-
oxidizers (data not shown); however, no distinct Fe(III) mineral
accumulations (that are linked to biotic Fe(II) oxidation) were ob-
served in any of them. Only a fast color change to orange could
be seen in the top layer, which is related to fast chemical oxida-
tion.

A comparison between FeS and ZVI tubes showed that both
Fe(II)-sources worked equally well for cultivation of both fresh-
water and marine microaerophilic Fe(II)-oxidizers. The method
to use ZVI as Fe(II)-source in gradient tubes was used for ma-
rine strains as the corrosion rates are expected to be higher due
to higher ionic strength. However, few studies using ZVI had
success with freshwater strains ((Kato et al. 2012), this study).
In ZVI gradient tubes, distinct Fe(III) mineral accumulations in-
dicating growth of Fe(II)-oxidizers occurred sometimes slightly
earlier than in FeS tubes. Finally, the differences in the gradient
tubes are dependent on the physico-chemical parameters of the
Fe(II)-source and the gradient tube medium. A higher solubility
of the Fe(II)-source generally leads to steeper diffusion gradients
and consequently to faster diffusion of Fe2+ into the top layer.

The position and the shape of the Fe(III) mineral accumula-
tions in FeS tubes inoculated with different bacterial strains var-
ied. Emerson and Floyd (2005) pointed out that every batch of
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Figure 4. Selected O2 concentration depth profiles in gradient tubes inoculated with an enrichment of freshwater microaerophilic Fe(II)-oxidizers from Lake Constance,
Germany (A,B) or with an isolate of a marine Fe(II)-oxidizer from Aarhus Bay, Denmark (C,D). Open symbols and dashed lines represent negative control tubes, closed
symbols and solid lines inoculated tubes. Error bars are not shown as the mean coefficient of variation of all profiles is below 3%. The colors display the different times
of measurements starting the day of inoculation (t0). Depth 0 mm shows the headspace-top layer interface; the Fe(II)-source starts in a depth of about 21 mm. The

arrow indicates the approximate level where the growth band formed in inoculated tubes. (A) Gradient tubes with MWMM and FeS bottom layer; (B) Gradient tubes
with MWMM and ZVI powder at the bottom; (C) Gradient tubes with ASW and FeS bottom layer; (D) Gradient tubes with ASW and ZVI powder at the bottom. (t1 = day
1, t2 = day 2, t3 = day 3 and t6 = day 6 after inoculation)
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Figure 5. O2 consumption profiles for gradient tubes for negative control tubes (dashed lines) and inoculated tubes (solid lines) for different measurement time points
(t0 = day of inoculation, t1 = day 1, t2 = day 2, t3 = day 3 and t6 = day 6 after inoculation) in gradient tubes containing MWMM and a FeS bottom layer that starts at a

depth of approx. 21mm. Error bars show theminimum andmaximumof the duplicate O2 concentrationmeasurements. Data were obtained using PROFILE 1.0. Oxygen
consumption rates in inoculated tubes in the first 3 mm at t6 are not shown due to falsified data resulting from irregularly measured O2 concentrations at this depth.
The differences in O2 consumption between negative control and inoculated tubes at t0 occurred through the temporal distance and between the measurements and
the influence of the fast diffusion.
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Figure 6. Selected Fe2+ concentration depth profiles for gradient tubes inoculated with an enrichment of freshwater microaerophilic Fe(II)-oxidizers from Lake Con-

stance, Germany (A) and (B) or with an isolate of a marine Fe(II)-oxidizer from Aarhus Bay, Denmark (C) and (D). Open symbols and dashed lines represent negative
control tubes, closed symbols and solid lines inoculated tubes. Error bars show the standard deviation of the triplicate measurements. The colors display the different
times of measurements starting at the day of inoculation (t0). (A) Gradient tubes with MWMM and FeS bottom layer; (B) Gradient tubes with MWMM and ZVI powder

at the bottom; (C) Gradient tubes with ASW and FeS bottom layer; (D) Gradient tubes with ASW and ZVI powder at the bottom. (t1 = day 1, t2 = day 2, t3 = day 3 and t6
= day 6 after inoculation)
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Figure 7. Representative energy, rate and half-life time profiles for gradient tubes containing MWMM and an FeS bottom layer at different time points. Open symbols
and dashed lines represent negative control tubes, closed symbols and solid lines inoculated tubes. (A) Profiles of Gibbs free energy, (B) rate of homogeneous Fe2+

oxidation, (C) half-life of homogeneous Fe2+ oxidation, (D) comparison between homogeneous and heterogeneous Fe2+ concentration in 16 mm depth over time. The

depthwas chosen according to the approximate level where the growth band formed in inoculated tubes. (t0 = day of inoculation; t2 = day 2, t6 = day 6 after inoculation)
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FeS is slightly different and FeS loses its ability to release Fe2+

by aging. The quality of the FeS influences the solubility and
diffusion of Fe2+ leading to shifts of the optimum growth zone
for microaerophilic Fe(II)-oxidizers. We have observed in the
past that the rate of mixing Fe(II) and sulfide, the washing pro-
cedure (frequency and length of washing steps) and the storage
of the FeS determines its suitability as Fe(II)-source in gradient
tubes (unpublished data). Besides that, themediumcomposition
and the cell number and activity of the inoculated strains deter-
mine the position of the Fe(III) mineral accumulations and lead
to other forms of Fe(III) mineral accumulations than the shape
of the classical growth bands as shown by e.g. Emerson (Emer-
son andMoyer 1997; Emerson and Floyd 2005) or in Fig. 3A andD.
Due to these uncertainties, a quantitative visual evaluation be-
tween different Fe(II)-sources, strains or media cannot be done.
However, gradient tubes are very suitable for bacterial cultiva-
tion and geochemical determination of optimum O2 and Fe2+

requirements of Fe(II)-oxidizing bacteria. The Fe(II)-sources FeS
and ZVI showed the best results regarding growth of freshwater
and marine microaerophilic Fe(II)-oxidizing bacteria in gradient
tubes and worked reliably.

Detection of optimal geochemical conditions for the
growth of microaerophilic Fe(II)-oxidizers

Microaerophilic Fe(II)-oxidizing bacteria are in direct competi-
tion to chemical Fe(II) oxidation. Druschel et al. (2008) pointed
out that chemical Fe(II) oxidation dominates at a O2 concen-
trations of 275 μM and at 50 μM the biotic Fe(II) oxidation rate
was faster than the abiotic rate. This fits well to our observa-
tion that Fe(III) mineral accumulations, which are produced by
Fe(II)-oxidizing bacteria, occurred first in regions of O2 concen-
trations of approximately 20–40 μM (Fig. 4). As most of the Fe(III)
minerals accumulated very close to the Fe(II)-source at the bot-
tom of the gradient tubes, a characteristic bend of the O2 pro-
files in inoculated gradient tubes could not be observed as seen
in the literature (Emerson and Moyer 1997; Edwards et al. 2003;
Roden et al. 2004) where no O2 was detected below cell growth
bands. However, the tested freshwater culture was not com-
pletely pure. Thismight lead to slightly different conditions. The
position of the Fe(III) mineral accumulations can be explained by
the solubility of the Fe(II)-source, the faster O2 diffusion (2.4 ×
10−9 m2 s−1 (McMillan and Wang 1990)) compared to Fe2+ diffu-
sion (0.719 × 10−9 m2 s−1 (Lide 2008)), but also by the specific in-
oculated bacteria. The bacteria might also be responsible for the
varying shapes of the Fe(III) mineral accumulations that were of-
ten not occurring as typical flat band by potential formation of
different geochemical niches with optimal growth conditions.

The results indicate that most Fe(II) gets oxidized chemi-
cally. Differences in the O2 concentrations between inoculated
and negative control tubes could be observed only in the begin-
ning of the incubation and within a short timeframe when first
Fe(III) mineral accumulations occurred (Fig. 8). This illustrates
the competitive pressure of microaerophilic Fe(II)-oxidizers to-
wards chemical Fe(II) oxidation. Themain O2 consumption zone
in the gradient tubes shifts downwards relatively fast. Starting
at t2, O2 solely is consumed in the lower part of the gradient tube
and there are no significant differences in O2 consumption be-
tween inoculated and negative control tubes, which reinforce
the assumption that the microorganisms are most of the time
in strong competition with the chemical O2 consumption.

When Fe(III) minerals precipitated as a result of micro-
bial or homogeneous chemical Fe(II) oxidation, they serve as
a catalyst for further chemical Fe(II) oxidation (autocatalysis)

and increase the rate of chemical Fe(II) oxidation (Stumm and
Sulzberger 1992; Park andDempsey 2005;Melton et al. 2014). This
heterogeneous Fe(II) oxidation thus increases the contribution
of chemical Fe(II) oxidation to the overall Fe(II) oxidation. Ener-
getic and kinetic constraints support the hypothesis that best
growth conditions for Fe(II)-oxidizing bacteria are found to be
in the proximity of the Fe(II)-source in the first days after inoc-
ulation where not only the Fe2+ concentration still is sufficient
for bacterial growth but also more energy can be obtained from
the oxidation of Fe2+ for the bacterial metabolisms. Addition-
ally, the bacteria at this location have the ability to compete with
the half-life of the chemical Fe2+ oxidation that decreases dra-
matically over time, especially due to heterogeneous Fe2+ oxi-
dation. The agreement between the Gibbs free energy and ho-
mogeneous Fe2+ oxidation rate profiles (Fig. 7A and B) in abiotic
and inoculated gradient tubes also indicate thatmost Fe2+ in the
gradient tube top layer is abiotically depleted.

Based on differences of the shape of the O2 profiles in the
inoculated tubes and the comparison of these O2 profiles to the
control tubes, it can be concluded that significant biotic Fe(II) ox-
idation is only dominating in the first hours to days, when dis-
tinct Fe(III) mineral accumulations occurred, which were shown
to be related to bacterial growth as demonstrated bymicroscopic
cell counts. The number of Fe(II)-oxidizing bacteria indeed in-
creasedmost (Fig. 2), when spreading of the Fe(III) mineral accu-
mulations could visually be observed. Based on these observa-
tions, bacterial cultures should therefore be transferred shortly
after occurrence of distinct Fe(III) mineral accumulations to a
new gradient tube before chemical Fe(II) oxidation becomes too
dominant, in order to enhance the chance for isolation of mi-
croaerophilic Fe(II)-oxidizers.

Suggestions for cultivation and isolation of
microaerophilic Fe(II)-oxidizing bacteria from
environmental samples

In the present study, the most suitable Fe(II)-sources for cultiva-
tion of freshwater and marine microaerophilic Fe(II)-oxidizers
have been FeS and ZVI. Fe(III) mineral accumulations regularly
occurred in inoculated gradient tubes using these Fe(II)-sources.
Visual observations also showed that FeS and ZVI were less sen-
sitive to chemical oxidation by O2 than FeCO3 and FeCl2. The
Fe(II)-sources FeCO3 and FeCl2 immediately began to oxidize
based on the appearance of rust-colored oxides upon contact
with air. However, it should be noted that using FeS or ZVI as
Fe(II)-sources might stimulate the growth of other abundant mi-
croorganisms. Besides being a Fe2+ source, FeS might also serve
as sulfide source for microaerophilic sulfide-oxidizing bacteria
(Nelson and Jannasch 1983; Gevertz et al. 2000). If sulfate gets
produced biotically in these tubes, optimal conditions for het-
erotrophic sulfate reducers are prevalent as well if they can use
carbon from organic compounds present in the agar. Due to hy-
drogen gas production during Fe(0) corrosion, gradient tubes us-
ing ZVI as bottom source might enrich bacteria that are capa-
ble of using hydrogen as electron donor (Jannasch and Mottl
1985; Dannenberg et al. 1992; Coleman et al. 1993). Additionally, it
should be kept in mind that agar, which is used for the stabiliza-
tion of the top layer of gradient tubes, is an organic substance
that could be used for growth by heterotrophic bacteria. This is
especially true for marine samples, as agar is prepared from al-
gae that naturally serve as organic carbon source for marine mi-
croorganisms. Therefore, we suggest both, short-term transfers
to fresh gradient tubes, and the use of different Fe(II)-sources
for isolation of microaerophilic Fe(II)-oxidizing bacteria, namely
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Figure 8. O2 and Fe2+ concentration depth profiles for gradient tubes containing MWMM and an FeS bottom layer at t0, t2 and t6 (t0 = day of inoculation; t2 = day 2,

t6 = day 6 after inoculation). Open symbols and dashed lines represent negative control tubes, closed symbols and solid lines inoculated tubes. Error bars show the
standard deviation of the triplicate measurements. The sketches next to the profiles show the look of the gradient tubes at the respective measurement time points.
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using alternating FeS and ZVI as Fe(II)-source. For enhancing the
chance to remove heterotrophic bacteria from the sample, the
bacterial cultures could be transferred to petri dishes containing
only medium and ZVI powder (McBeth et al. 2011). Enrichment
in the so-called gradient plates was successfully applied in the
literature (Emerson and Weiss 2004; McBeth et al. 2011; Laufer
et al. 2016). Freshly synthesized FeCO3 according to Hallbeck,
Ståhl and Pederse (1993) could also be used to suppress the
growth of bacteria that are additionally feeding on substrates
that are released from the Fe(II)-source, e.g. S-species. However,
we recommend doing transfers between FeS and ZVI in gradient
tubes and gradient plates as FeCO3 is quite sensitive towards ox-
idation by O2 and only poorly releases Fe2+, especially if it is not
freshly synthesized.

SUPPLEMENTARY DATA

Supplementary data are available at FEMSEC online.
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