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ABSTRACT: Organic ligands are widely distributed and can affect microbially Fe chelators Humic substances

driven Fe biogeochemical cycles, but effects on microbial iron oxidation have not  +civate +NTA +PPHA + SRFA

been well quantified. Our work used a model microaerophilic Fe(II)-oxidizing Fe(ll) Fe(ll Fe(ll) SRFA
bacterium Sideroxydans lithotrophicus ES-1 to quantify biotic Fe(II) oxidation rates  mees .

in the presence of organic ligands at 0.02 atm O, and pH 6.0. We used two =

common Fe chelators with different binding strengths: citrate (log Kie()-citrate =
3.20) and nitrilotriacetic acid (NTA) (log Kg(irnra = 8.09) and two standard
humic substances, Pahokee peat humic acid (PPHA) and Suwannee River fulvic
acid (SRFA). Our results provide rate constants for biotic and abiotic Fe(II)
oxidation over different ligand concentrations and furthermore demonstrate that various models and natural iron-binding ligands
each have distinct effects on abiotic versus biotic Fe(II) oxidation rates. We show that NTA accelerates abiotic oxidation and citrate
has negligible effects, making it a better laboratory chelator. The humic substances only affect biotic Fe(II) oxidation, via a
combination of chelation and electron transfer. PPHA accelerates biotic Fe(II) oxidation, while SRFA decelerates or accelerates the
rate depending on concentration. The specific nature of organic-Fe microbe interactions may play key roles in environmental Fe(II)
oxidation, which have cascading influences on cycling of nutrients and contaminants that associate with Fe oxide minerals.
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B INTRODUCTION Fe(II) oxidation rate. Strong Fe chelators that induce high spin
Fe(II) can promote abiotic Fe(II) oxidation'>'” while weak Fe
chelators might accelerate or decelerate abiotic Fe(Il)
oxidation depending on the pH and chelator/Fe(II)
ratio.”'****® Humic substances (HS) are also found to
promote or inhibit abiotic Fe(II) oxidation given their
electron-donating and electron-accepting capacities.'***°
Therefore, the composition of organics combined with
environmental conditions has a strong effect on abiotic Fe(II)
oxidation rates. However, it is unclear if organics have the same
effects on biotic Fe(II) oxidation.

Only a few studies have tested Fe(II)-oxidizing microbial
activity with organic-Fe ligands. The phototroph Rhodopseu-
domonas palustris TIE-1 increased its Fe(II) oxidation rate in
the presence of iron chelators citrate and EDTA and the
standard HS Pahokee peat humic acid (PPHA) and Suwannee
River fulvic acid (SRFA).*° The microaerophilic chemo-
lithotrophic Fe(II)-oxidizing bacteria (FeOB) Sideroxydans
lithotrophicus ES-1 had higher rates of growth and biotic Fe(II)
oxidation with peat-derived humic acids.”* Similarly, a related

Ferrous iron [Fe(Il)] oxidation is a control on many
biogeochemical cycles due to the association of various
elements with iron oxides and oxyhyclroxides.l_5 Thus, there
is a need to accurately quantify Fe(I) oxidation kinetics in
natural systems, yet this remains a challenge due to the
complexities of Fe(II) oxidation mechanisms. Fe(II) oxidation
has largely been considered an abiotic process in which kinetics
is controlled by pH,é_8 oxidant type and concentration,” "
mineral surface catalysis,12 photochemical processes,13”14 and
iron speciation, notably chelation by ligands.”"*~"® However,
microorganisms also oxidize Fe(Il) in a wide range of
environments, and biological Fe(II) oxidation may in fact be
a dominant mechanism in oxic-anoxic transition zones where
oxygen concentrations are low.'””>' Compared to abiotic
Fe(I) oxidation, there have been few systematic studies of
controls on microbial Fe(II) oxidation kinetics. These have
mostly explored the effects of oxidant concentration® and
light” (for phototrophs), though some recent work has
demonstrated that organics can alter biotic Fe(II) oxidation
rates.”*"?° Given the importance of organics in terrestrial Fe
cycling, organic effects on biotic Fe(II) oxidation are a major Received:  January 26, 2021
source of uncertainty in describing and predicting environ- Revised:  May 28, 2021
mental Fe(II) oxidation. Accepted: June 1, 2021
The scope of organic effects is mostly known from previous Published: June 10, 2021
studies on abiotic Fe(II) oxidation.”” Under atmospheric
conditions, the binding affinity of Fe chelators can affect the
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FeOB, Sideroxydans sp. CL21, showed a 50% increase in Fe(II)
oxidation rates in the presence of peat extracts.’’ In all, the
work to date suggests that organics have a substantial effect on
microbial iron oxidation. However, given that organics can also
have an effect on abiotic Fe(II) oxidation, we must be careful
to account for abiotic kinetics when we measure biotic effects.
Kopf et al.** observed that ligands can accelerate abiotic Fe(II)
oxidation by nitrite in nitrate-reducing Fe(II)-oxidizing
cultures and therefore can increase abiotic competition with
biotic Fe(II) oxidation. Abiotic oxidation can also be driven by
O,, but at micromolar O, concentrations, lithoautotrophic
Fe(Il)-oxidizers like Sideroxydans dominate Fe(Il) oxida-
tion.””*® Yet it is still unknown how organics might affect
the balance of biotic and abiotic Fe(Il) oxidation kinetics in
microaerobic conditions that are typical of oxic-anoxic
interfaces.

To address this, we conducted kinetics experiments with
Sideroxydans lithotrophicus ES-1, a facultative microaerophilic
FeOB that was isolated from groundwater.”* ES-1 is unusual
among microaerophilic FeOB isolates in that it can also grow
on thiosulfate. This is important for kinetics measurements
because we can use thiosulfate-grown ES-1 in our experiments
to avoid adding Fe(IIl) oxyhydroxides and therefore minimize
autocatalysis of Fe(II) on the mineral surfaces. Using
thiosulfate-grown ES-1 cells, we investigated the effect of
different types of organics on biotic and abiotic Fe(II)
oxidation. We chose two Fe chelators with different binding
affinities: citrate (CIT) (log Kge(mn)-citrate = 3.20)* and
nitrilotriacetic acid (NTA) (log Koy -nra = 8.09).%° These
are commonly used in laboratory culturing of Fe-metabolizing
bacteria to avoid Fe(III)-mineral formation.>**” We also chose
two standard HS, PPHA and SRFA, to represent natural
organic matter from terrestrial and aquatic environments. The
kinetics of Fe(II) oxidation with each of these four ligands
were quantified at a range of different concentrations to
elucidate their roles in promoting or inhibiting microbial
Fe(Il) oxidation under relevant laboratory and environmental
conditions.

B MATERIALS AND METHODS

Bacterial Strain and Cultivation. Sideroxydans lithotro-
phicus ES-1 was routinely cultivated in Modified Wolfe’s
Minimal Medium (MWMM) buffered with 20 mM 2-(N-
morpholino)ethanesulfonic acid (MES) at pH 6.0. To avoid
Fe(III) oxide formation, 10 mM thiosulfate was used as the
electron donor. Both Wolfe’s vitamins and trace minerals®®
were supplemented in a 1:1000 ratio into the media after
autoclaving. The headspace was maintained at 2% O,, 20%
CO,, and 78% N, by refreshing the headspace daily.

Experimental Setup. The Fe(II) oxidation kinetics
experiments were performed in open mouth 10 mL vials. A
constant gas mix (O,/CO,/N, = 2:20:78) was bubbled into
the vials to keep the oxygen concentration constant.
Thiosulfate-grown ES-1 culture in the late-log phase (1 mL)
was diluted with 4 mL of SO mM MES buffered- MWMM (pH
6.0) to create a S mL reaction system. The cell density was 2.0
X 107 cells per mL in the CIT/NTA experiments and 1.5 X 107
cells per mL in the PPHA/SRFA experiments. The cell
numbers were constant during the experimental time period
given the long doubling time of ES-1 (8—12 h). To exclude the
effects of metabolic products and thiosulfate, the same volume
(1 mL) of filter-sterilized original ES-1 culture was added to 4
mL of S0 mM MES buffered-MWMM (pH 6.0) as the abiotic
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control. Ferrous chloride (FeCl,) was used as the Fe(II)
source, and the initial concentration added was 100 yM.
Chelators including CIT as sodium citrate and NTA were
added to final concentrations of 0, 50, 100, 200, 500, and 1000
UM, respectively, to achieve the chelator/Fe(II) ratios of 0, 0.5,
1, 2, 5, and 10. Standard HS (PPHA: 1S103H and SRFA:
2S101F) were purchased from the International Humic
Substances Society (IHSS). The commercial HS were
dissolved in MWMM buffered with SO mM MES (pH 6.0)
to prepare a 500 mg/L stock solution. The stock solution was
stirred overnight and then filter-sterilized through a 0.22 ym
nylon filter membrane. The stock solutions were diluted into
50 mM MES buffered-MWMM culture to prepare a series of
concentrations of PPHA and SRFA (0, 1, S, 25, 50, and 100
mg/L). Samples were taken at different time points, and the
Fe(II) concentration was determined using the phenanthroline
assay.”” The dissolved oxygen (DO) concentration was
measured before and after the kinetics experiment using a
Firesting Optical Oxygen Meter (PyroScience). The DO
concentration was maintained constant at ~30 M. All Fe(II)
oxidation experiments were performed in duplicate.

Computation and Calculation. The distribution of
Fe(II) species was calculated computationally using the Visual
MINTEQ equilibrium speciation model (v3.1).*° The
speciation in cultures with HS was run using the NICA—
Donnan model,*' since the NICA—Donnan model has been
reported to show a stronger correlation with experimental
spectral data.*>**

Fe(ll) Oxidation Kinetics Analysis. Total Fe(ll) Oxida-
tion. The total Fe(II) oxidation kinetics are the sum of biotic
and abiotic Fe(Il) oxidation kinetics

_d[Fe(II)]total _ d[Fe(II)abio] N d[Fe(II)bio]
dt dt dt

(1)
The phenanthroline assay measured [Fe(Il),,,] and [Fe-
(I) o) at different time points. Therefore, total Fe(Il) loss
([Fe(II)totalloss]t) can be calculated bY [Fe(II)total]—[Fe'
(I1),pra], and abiotic Fe(II) loss ([Fe(Il),u0 1osl;) can be
calculated by [Fe(II);0]o—[Fe(Il) pi0) Therefore, the biotic

Fe(II) loss ([Fe(II>bio loss] t) is [Fe(II)total loss] t [Fe(II)abio loss] t
The biological contribution on Fe(II) oxidation is calculated

by

biological contribution (%),

[Fe(II)total loss]t - [Fe(II)abio Ioss]t
[Fe(II)total loss]t (2)

Abiotic Fe(ll) Oxidation. Since ES-1 cells grown on
thiosulfate were used as the inoculum, the heterogeneous
Fe(Il) oxidation is negligible, only homogeneous aqueous
Fe(II) oxidation by DO was considered.

When the organic ligands are absent, the Fe(II) oxidation
reaction is as follows:

= 100 X

Fe(Il),, + 0250, + 2.5H,0 — Fe(OH), + 2H* (3
We acknowledge that there are varied Fe(Ill) products in
our system (e.g., Fe(OH),"), which would alter [H*] in eq 3
and the subsequent eq 4; however, pH is kept constant in our
experiments.
Applying the rate law to eq 3, the abiotic Fe(II) oxidation
rate can be described as eq 4:**

https://doi.org/10.1021/acs.est.1c00497
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Figure 1. Fe(Il) species distribution of different chelators/Fe(II) molar ratios in (A) CIT and (B) NTA cultures. The Fe(II)—CIT complex
includes Fe-CIT and FeH-CIT. The Fe(II)~NTA complex includes Fe-NTA and FeH-NTA. Other Fe(II) species include FeOH*, FeCl*, FeSO,,
FeNH,**, FeH,P0,", FeHPO,, and FeHCO,", but there is no FeOH* when NTA/Fe(II) > 1 (Table S1A and S3A).

d[Fe(II)

aq]
P L = ko, [Fe(ID),,110,1/H'T

(4)

When there are or%anic ligands present, the reaction can be
described as follows:

Fe(Il) — L + O, + —Fe(lll) — L + O3~ ()
d[Fe(1l) — L]
— = knq,,, [Fe(1D) — L1[O,] ©

Since the dissolved O, concentration and pH remain
constant during the experiment, the rate constant could be
simplified as Kfe(myabio = Kee(mabio[ 02/ [H']?, KEe(1r) - Labio =
Ke(r) — Labiol O2]. Thus, the reactions should fit pseudo-first-
order kinetics.

Therefore, the rate law of the abiotic Fe(II) oxidation can be
described as eq 774

d[Fe(II)a io] ’
—Tb = kee(my,,, [Fe(ID),q]

+ klge(ll)—Labio[Fe(H) - L] (7)

Biotic Fe(ll) Oxidation. The enzymatic Fe oxidation is
catalyzed by the cytochromes in the cell outer membrane.
Therefore, the reaction can be described as

Fe(Il),, + cyt,, + 3H,0 — Fe(OH); + cyt,q + 3H"
(8)
©)

Since the microbially catalyzed Fe(II) oxidation has been

Fe(Il) — L + cyt,, = Fe(Ill) — L + cyt,4

reported to fit either zeroth or pseudo-first-order rate law,”**®
the kinetics can be described as
d[Fe(1l);,]
- = ko
dt (10)
or
d[Fe(IT)y, ]
— o —biel — ke [Fe(ID),,
dt le[ ( )bm] (11)

ki, then can be derived from linear or exponential fitting from
[Fe(II)y;o]¢ and time. If the R-squared value for a zero-order
reaction is equal to or higher than that for the first-order
reaction, then a zero-order reaction should be the better
model.*® In our experiment, the units of the zero-order rate
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constant are M min~'!, whereas the units of the first-order
reaction rate constant are min.
The microbial Fe(II) oxidation rates (umol cell™* h™') were

calculated by’

microbial Fe(Il) ox. per cell

= [Fe(Il),;. ], X t™' x (cell num)™ (12)
For the zeroth order reaction, the microbial Fe(II) oxidation
rates (umol cell”! h™") could be simplified as

microbial Fe(II) ox. per cell = k;;, X (cell num)

(13)

B RESULTS AND DISCUSSION

The Effect of Fe Chelators. CIT and NTA are both
polycarboxylates, but the nitrogen in the NTA structure can
react with the metal ion, which makes the complex more stable
than the metal-CIT complex.”” The Visual MINTEQ
calculation of Fe(II) species showed that as the concentration
of chelators increases, the proportion of each Fe(Il)—chelator
complex also increases (Figure 1; details of Fe(II) species
distribution in Tables S1A, 1B and S3A, 3B). Moreover, the
proportion of Fe(1l) as Fe(II)-NTA was higher than Fe(II)-
CIT given the same chelator/Fe(Il) ratio (Figure 1) because
other cations such as Ca’* and Mg’ compete with Fe** for
CIT but not NTA complexation in the media. The stability
constants of Ca(IT)-CIT (log K = 3.50)*® and Mg(II)-CIT
(log K = 3.73)" are higher than that of Fe(II)-CIT (log K =
3.20)*° and the concentration of the two cations is also higher
than that of Fe’" in the media (Ca*" = 900 uM, Mg** = 813
uM). Therefore, a large proportion of CIT is complexed with
Ca® and Mg instead of Fe** (Table SIB). The stability
constant of Fe(I)-NTA (log K = 8.09) is several orders of
magpnitude higher than that of Ca(I)-NTA (log K = 6.40)*
and Mg(I1)-NTA (log K = 5.50).” In this case, Ca®>* and Mg**
cannot outcompete Fe?* for NTA complexation.

The Fe(Il) oxidation kinetics in the presence of CIT show
that biotic Fe(II) oxidation was predominant (Figure S1A)
and abiotic oxidation was negligible (Figure S1B) in our
experiments in which the oxygen saturation was 14% (~30
uM). The analysis of Fe(II) oxidation time-course curves
shows that the data fit a zeroth order rate law, since the R-
squared values are larger in zeroth order fitting than in the
pseudo-first-order fitting (Table S2), which is consistent with
microbially catalyzed Fe(Il) oxidation kinetics.** The rate
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constants calculated from the zeroth order rate law showed
that the biotic rate constant does not vary, aside from CIT/
Fe(Il) = 2, which could be an outlier (Figure 2 and Table 1).

Q
~08 L slope = 8.27 x 10*
£ R?=0.08
£
Z 041
K
021 4 Replicate 1
O Replicate 2
0.0 . . : : ,
0 20 40 60 80 100
% Fe(ll)-CIT

Figure 2. Biotic zeroth order rate constants (k) at different Fe(II)-
CIT proportions show that the rate constants are stable with the
Fe(II)-CIT proportion increase (except for one outlier). The R* value
is the adjusted R

Our results suggest that CIT does not affect biotic or abiotic
Fe(II) oxidation under these microoxic conditions because the
labile Fe(II)—CIT complex dissociates quickly to free Fe(Il),
so that the cells are using free Fe(II) even though CIT is
present.

Unlike CIT, NTA is an inert chelator of Fe(Il); that is,
Fe(II)-NTA cannot as easily dissociate to provide free Fe(II).
The addition of NTA increased the total Fe(II) oxidation rate
in ES-1 culture with the increasing NTA/Fe(II) molar ratio,
and the enhancement was mainly due to the promotion of
abiotic Fe(II) oxidation (Figure S2). The abiotic Fe(II)
oxidation fits a pseudo-first-order rate law, and the rate
constant k,.;, was linearly related to the % of Fe(II) as Fe(1I)-
NTA (Table S4A). The amount of Fe(Il) oxidized by
microbes at each time point was calculated from the data in
Figure S2 according to eq 1. When the ratio of NTA/Fe(II) is
zero and there are no cells, the reaction of this low amount of
O, with free Fe(II) is negligible (Figure S2B). The difference
between initial Fe(II) (at time 0) and the measured Fe(II) at
any point in Figure S2B gives the amount of abiotic Fe(II) loss
due to abiotic oxidation. The difference between initial Fe(II)
and the measured Fe(Il) at any point in Figure S2A gives the
total amount of Fe(II) loss to abiotic and biotic oxidation. The
difference between the Fe(II) loss in Figure S2A and Figure
S2B at each time point gives the Fe(II) loss to biotic oxidation.

The biotic Fe(II) oxidation fits the zeroth order rate law
(Table S4B), and the rate constant (ky,;,) decreased with the %
Fe(I[)-NTA complex. Both k and ky;, are linearly

abio

correlated with the % of Fe(II)-NTA but in opposite directions
(Figure 3A). The biological contribution to Fe(II) oxidation
was calculated by averaging the (Fe(Il)o10ss—Fe-
(ID) biotic 1ose) /Fe(ID) ot 1o and it also fits a linear model (R?
= 0.97) with the % Fe(I[)—NTA complex in the culture
(Figure 3B). NTA is able to push electron density in both o
and 7 bonding to Fe(Il), which allows Fe(Il) to reduce O,
more efficiently than free Fe(II).>” Therefore, Fe(II)-NTA has
a higher abiotic reaction rate with O, (Table 2). The increase
of NTA/Fe(Il) resulted in a higher % Fe(II)-NTA complex,
which corresponded to higher abiotic Fe(II) oxidation rates
and lowered the relative biological contribution to Fe(II)
oxidation (Figure 3B).

In FeOB laboratory culturing, CIT and NTA can both be
used as chelators to prevent Fe oxyhydroxide formation,***”
but CIT is a better choice because it has no effect on either
biotic or abiotic Fe(II) oxidation. If NTA is chosen, more
Fe(II) needs to be supplied in FeOB culturing to compensate
for abiotic oxidation.

The Effect of Humic Substances. HS represent natural
organic matter in that they have a range of different functional
groups, which can cause them to not only chelate Fe(II) but
also be redox active.”' ~>* Systematic electrochemical studies
have quantified the electron-donating capacities (EDC) and
electron-accepting capacities (EAC) of HS.>*~*° Differences in
HS chemistry and concentration have the potential to cause
varied effects on Fe(Il) during oxidation. Visual MINTEQ
calculations show that with higher concentrations of PPHA
and SRFA, more Fe(II) is complexed by each HS (Figure 4).
Compared to PPHA, more Fe(Il) was complexed with SRFA
given the same HS concentration. Our calculations show that
more than 50% of Fe(II) combines with SREA when the SRFA
concentration is 100 mg/L, whereas only 33% of Fe(Il)
complexes with PPHA at the same concentration (Table S5
and S7). The higher % complexation with SRFA is because
SRFA has a higher number of carboxylate functional groups in
its structure.”’ >’

The Fe(1l) oxidation kinetics results showed similar results
to citrate (Figure S1) in that the oxidation kinetics with PPHA
fit a zeroth order rate law, consistent with microbially catalyzed
oxidation (Table 3, Figure S3, Table S6). When the PPHA
concentration was 0—5 mg/L, there was negligible effect on
the Fe(1l) oxidation rate (Figure S3, Table 3). The Visual
MINTEQ calculation showed that less than 2% of Fe(Il) was
complexed at PPHA concentrations of 0—5 mg/L (Table 3).
When the PPHA concentration was 25 mg/L or higher, Fe(II)
oxidation was promoted (Figure S3, Table 3). Moreover, when
the PPHA concentration was high (=50 mg/L), PPHA had
little effect on the abiotic Fe(II) oxidation at the initial stage
(up to 45 min), which means that PPHA mainly promoted
biotic Fe(II) oxidation during the beginning of Fe(II)

Table 1. Parameters of Fe(II)-CIT Oxidation®

CIT/Fe  Fe(Il)-CIT(%)  kew (uM min™') ko (uM min~t)
0 0.00 0.6351 0
0.5 16.12 0.6318 0
1 29.07 0.6885 0
2 47.83 0.8208 0
5 74.85 0.7005 0
10 89.52 0.6905 0

kijo (M min~")

biotic Fe oxidation (%)  biotic Fe oxidation rate (umol/cell/h)

0.6351 100 1.91E-09
0.6318 100 1.90E-09
0.6885 100 2.06E-09
0.8208 100 2.46E-09
0.700S 100 2.10E-09
0.6905 100 2.07E-09

“Note: the ki, and ky;, were calculated from the average of duplicates.
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Figure 3. Linear fitting of (A) biotic and abiotic rate constant with Fe(II)-NTA proportion and (B) biological contribution to Fe(II) oxidation with
Fe(II)-NTA percentage. The open and closed symbols (circle, triangle, and diamond) represent the two replicates.

Table 2. Parameters of Fe(II)-NTA Oxidation”

NTA/Fe(II) Fe(II)-NTA(%)
0 0
0.5 43.75
1 75.40
2 93.10
N 98.14
10 99.20

kapio (min~")

0

0.0072
0.0146
0.0225
0.0200
0.0226

ko (4M min~")

0.7694
0.3860
0.2401
0
0
0

“Note: the ke and ky;, were calculated from the average of duplicates.

biotic Fe oxidation (%) biotic Fe oxidation rate (umol/cell/h)
100 2.31E-09
41.82 1.16E-09
16.41 7.20E-10
0 0
0 0
0 0
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Figure 4. Fe(II) species distribution in (A) PPHA and (B) SRFA cultures, as calculated by Visual MINTEQ. HA-Fe(II) includes HA1-Fe(II) and
HA2-Fe(1I), while FA-Fe(II) only contains FA1-Fe(II). Other Fe(Il) species include FeOH*, FeCl*, FeSO,, FeNH;**, FeH,PO,*, FeHPO,,
FeHCO,", and (6)Fe?*D(aq), which represents weakly electrostatically bound Fe to dissolved humic acids (Table S5 and S7).

Table 3. Parameters of Fe(II)-PPHA Oxidation”

PPHA conc. C/
(mg/L) Fe
0 0
1 0.1
S 0.5
25 2.5
50 S
100 10

Fe(II)-PPHA (%)

0.00
0.36
1.80
8.89
17.44
33.44

kot

(uM min™")

0.3918
0.4020
0.4084
0.4534
0.5784
0.7220

Ko
(min™)

o O O © O

0

“Note: the kg and ky;, were calculated from the average of duplicates.

ko biotic Fe oxidation biotic Fe oxidation rate
(uM min™") (%) (umol/cell/h)
0.3918 100 1.57E-09
0.4020 100 1.61E-09
0.4084 100 1.63E-09
0.4534 100 1.81E-09
0.5784 100 2.31E-09
0.7220 100 2.89E-09

oxidation. After the first 45 min, abiotic Fe(II) oxidation (only
20% based on total Fe(II)) began in the filter-sterilized
control. However, this delayed abiotic oxidation is not
apparent in the live culture experiment since the Fe(II)
concentration change is smooth (Figure S3). Thus, for 50 and
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100 mg/L of PPHA, we calculated ky;, using the data up until
45 min. The k;, values fit a linear model with the PPHA
concentration increase (Figure S).

PPHA covers a wide range of reduction potentials (E;,) (0 to
—490 mV) with the apparent E, of —122 mV at pH 7°° and
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Figure S. Linear fitting of biotic Fe(II) oxidation rate constants (k;,)
with PPHA concentration shows that ky;, increases with increasing
PPHA concentration. The ky;, up to 45 min was used when the PPHA
concentration was S0 and 100 mg/L PPHA.

the calculated E, at pH 6 is —63 mV. The EAC and EDC were
measured to be 1.7 and 2.2 mmol e”/g HS using an electrode
poised at —049 and + 073 V (pH 7), respectively.’®
Therefore, the promotion of biotic Fe(II) oxidation is likely
due to PPHA having both high EAC and EDC to act as an
electron shuttle to facilitate electron transfer between Fe(II)
and cells, since microaerophilic FeOB oxidize Fe(II)
extracellularly. It is unknown what caused the delayed abiotic
Fe(II) oxidation in the filter-sterilized control at high PPHA
concentrations (50 and 100 mg/L). One explanation may be
the slow formation of nanometer-scale Fe(III) oxyhydroxides
and the resulting mineral-catalyzed heterogeneous oxida-
tion.””~®* Slow Fe(II) oxidation in the presence of HS favors
the formation of ferrihydrite over organic-bound Fe(III),* and
at the same time, the presence of high PPHA concentrations
coating the ferrihydrite prevents its aggregation into larger
particles, resulting in a high surface area for autocatalyzed Fe
oxidation.®*~%

SRFA influenced biotic Fe(II) oxidation but had no effect
on abiotic Fe(Il) oxidation (Table 4, Figure S4), and the biotic
oxidation kinetics fit a zeroth order rate law (Table S8). The
biotic Fe(II) oxidation rate (and total rate) decreased with the
first addition of SRFA (1 mg/L) and then increased as the
SRFA concentration increased (Table 4, Figure 6). In addition,
ky;, fits a linear model with the SRFA concentration increase
(Figure 6). Since the rate constant for SRFA at 0 mg/L agreed
within 1% of that for 0 mg/L PPHA (ky;, = 0.3903 + 0.0153, n
= 4), we consider the cell behavior in these two experiments as
similar. Therefore, the slope of ky;,-HS can be used to compare
the impact of different HS. The slope of ky;,-HS for SRFA is
39% of that of PPHA (from Figures S and 6), showing that
different HS have different effects on biotic Fe(II) oxidation.

[n}
<
| slope = 1.20 x 10
~—~ 03 R%?=0.83
= v
£
=
2 0.2
A".E
0.1
4 Replicate 1
O Replicate 2
0.0 T T T T T
0 20 40 60 80 100

SRFA concentration (mg/L)

Figure 6. Change of the biotic Fe(II) oxidation rate constant (ky;,) in
the presence of different concentrations of SRFA. k;, decreases with
the increasing SRFA concentration when SRFA < S mg/L and
increases with SRFA concentration when SRFA > S5 mg/L. This
increasing portion fits a linear model.

Overall, the results suggest that there are competing effects on
biotic Fe(Il) oxidation in the presence of SRFA.

The competing effects can be explained by the redox balance
between the Fe(III)-reducing groups and the Fe(III)-binding
groups in SRFA. SRFA, with a calculated E;’ of +182 mV at pH
6 based on the measured value,”” showed slightly higher EDC
(2.8 mmol e”/g HS) but much lower EAC (0.67 mmol &)
than PPHA measured at the same poised electrode potentials
at pH 7,°® which makes SRFA a better electron donor. Pullin
and Cabaniss®*® and Garg et al.® demonstrated that thermal
reduction of Fe(IIl) by SRFA occurs in dark conditions at pH
6.0—8.7. Our work also showed a decreased net biotic Fe(II)
oxidation rate with the addition of low concentrations of
SRFA, which is due to the Fe(III) thermal reduction. However,
when the SRFA concentration increased, a higher proportion
of Fe(III)-SRFA formed. Voelker et al.”’ showed that Fe(III)-
SRFA is a less reducible Fe(III) form, which increased the net
Fe(II) oxidation rate at a higher SRFA concentration. The
competing effect has also been observed in Cu(Il) reduction.
Pham et al.”' showed that the high concentration of SRFA can
form a nonreducible stable complex with Cu(II) and prevent
Cu(1l) from reduction by SRFA.

In summary, the HS used in this study affect only biotic
Fe(Il) oxidation at 30 yM O,, and the HS composition
determines their impact on the oxidation rate. The terrestrial
HS PPHA acts as an electron shuttle to accelerate electron
transfer between Fe(II) and FeOB. The aquatic HS SRFA can
reduce some of the produced Fe(III), which reduces net Fe(1I)
oxidation rates at most of the SRFA concentrations tested.
Nevertheless, oxidation rates increase at higher SRFA. Given
the contrasting effects of PPHA and SRFA, the molecular

Table 4. Parameters of Fe(II)-SRFA Oxidation”

SRFA conc. (mg/ Fe(II)-SRFA kiotal K.pio
L) C/Fe (%) (uM min™") (min~")
0 0 0 0.3888 0
1 0.09 0.63 0.3084 0
N 0.47 3.14 0.2847 0
25 2.32 15.36 0.3376 0
S0 4.65 29.82 0.3767 0
100 9.35 55.32 0.4116 0

“Note: the ki, and ky;, were calculated from the average of duplicates.
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kio biotic Fe oxidation biotic Fe oxidation rate
(uM min™") (%) (umol/cell/h)
0.3888 100 1.56E-09
0.3084 100 1.23E-09
0.2847 100 1.14E-09
0.3376 100 1.35E-09
0.3767 100 1.51E-09
0.4116 100 1.65E-09
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composition of HS is a key factor when evaluating their effects
on Fe(I) oxidation.

B ENVIRONMENTAL IMPLICATIONS

To understand the interactions between organics and Fe(II)
oxidation in the environment, we need to consider the range of
realistic conditions and mechanisms to determine the primary
controls on oxidation rates. A challenge is that the environ-
ment includes many permutations of pH, temperature, organic,
and solute compositions. Previous studies show that these
variables can have interrelated and competing effects on Fe(II)
oxidation kinetics (Table S9 and references therein). However,
a key variable in Fe(Il) oxidation kinetics is oxygen
concentration, but the effects of oxygen are rarely explored,
as almost all abiotic studies of organic-Fe(II) oxidation focus
on fully oxygenated conditions. Yet, in the environment, Fe(II)
more commonly exists in suboxic environments, and chemical
Fe(Il) oxidation rates are orders of magnitude slower at low
0, concentrations.”* Chen et al.”* and Liang et al.” found that
this is also true in the presence of natural organic matter
(NOM), including SRFA, freshwater-derived NOM, and
polyglutamate. Our work also showed that abiotic Fe(II)
oxidation was slow or negligible in the presence of natural
occurred organics (citrate, SRFA, and PPHA). In total, work to
date suggests slow abiotic oxidation at low O, concentrations
in the presence of organics, which would allow microbial
Fe(Il) oxidation to be a prominent mechanism.

Indeed, we found that a microaerophilic FeOB catalyzed the
bulk of Fe(Il) oxidation in the presence of NOM. With our
work, there are now several studies on both anaerobic and
microaerophilic Fe(II) oxidizers, which generally show the
dominance of microbial Fe(II) oxidation over abiotic Fe(II)
oxidation. While the biotic oxidation rates in our study are
within the range of other reported rates, specific effects of
organics differ between the studies, which use different FeOB
(Table S10). One explanation may be the different pH optima
of these FeOB, since pH can change the redox potentials and
complexation behavior of organic ligands. Increasing pH is
associated with a decrease of the Fe(IIl) reduction rate by
SRFA,’ and this may partly account for the different results for
Sideroxydans (pH 6) and photoautotrophic FeOB (pH 7).”%”*
Another explanation may be that FeOB have various Fe(II)-
oxidizing mechanisms that interact differently with organic-
Fe(Il). Nitrate-reducing FeOB like Acidovorax indirectly
oxidize Fe(II) via nitrite formed in the periplasm,”*” so
oxidation rates may be reduced if the organic complexed
Fe(Il) cannot pass through cell membranes, which may
account for inhibition of Fe(II) oxidation in nitrate-reducing
FeOB’® (Table $10). FeOB like Sideroxydans oxidize Fe(II)
using outer membrane cytochromes, which evidently can
interact faster with organic-Fe(II). This has implications in Fe-
and organic-rich environments, as shown in a series of studies
of the Schloppnerbrunnen fen by Kiisel and others.”**>””"®
These studies showed that Sideroxydans were present in the
Fe-rich fen, associated with Fe(II) oxidation, and further that
fen-derived peat extracts accelerated Fe(II) oxidation and
growth of Sideroxydans strains. We showed that PPHA
promoted biotic Fe(II) oxidation, in agreement with the fen
Sideroxydans studies.”¥*> All together, these initial studies
point toward the importance of microbe-organic-Fe inter-
actions in modulating environmental Fe(II) oxidation though
organics may have differing effects on different micro-
organisms.
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Our work showed the contrasting effects of various
representative organic ligands on Fe(II) oxidation by a specific
microorganism, quantifying both abiotic and biotic effects on
kinetics. Strong Fe chelators like NTA with a higher binding
affinity accelerate abiotic Fe(1I) oxidation, which reduces the
biological contribution to total Fe(II) oxidation, whereas weak
Fe chelators that form a labile Fe—ligand complex (e.g.,
citrate) have no effect on the biotic or abiotic Fe(II) oxidation
rate. HS of different origins showed different effects on biotic
Fe(II) oxidation due to chelation and variations in their
electron-donating and electron-accepting capacity. Since NOM
is a combination of different molecules,””*® our results indicate
the net effect of NOM on Fe(II) oxidation will depend on the
overall composition.

This work highlights an emerging dimension of organic
carbon—iron interactions, showing how they can act as a
throttle on microbially catalyzed Fe(II) oxidation. Because this
is also true of microbial Fe(III) reduction,®' ~* organic ligands
can strongly control the rate and balance of microbially driven
Fe redox cycling. The balance depends on competing effects,
so further work is needed to explore mixtures of different
ligands, FeOB, and Fe(Il)-reducing microbes. Although the
numerous mechanisms of environmental iron transformations
may seem too complex to deconstruct, this work shows that it
is in fact possible to systematically quantify the interplay of
microbial and abiotic mechanisms that underpin natural
cryptic iron cycles, which drive transformation of key
environmental nutrients and contaminants.
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