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ABSTRACT: Microbially mediated iron redox processes are of great significance in -OH

the biogeochemical cycles of elements, which are often coupled with soil organic Eerondli

matter (SOM) in the environment. Although the influences of SOM fractions on reaction 1,0, HA/HM: One-
individual reduction or oxidation processes have been studied extensively, a \ ’“d::::::::"““
comprehensive understanding is still lacking. Here, using ferrihydrite, Shewanella \

0,
oneidensis MR-1, and operationally defined SOM components including fulvic acid o 02
(FA), humic acid (HA), and humin (HM) extracted from black soil and peat, we | oxic z

explored the SOM-mediated microbial iron reduction and hydroxyl radical (*OH) .. Fe(lI) ‘\
production processes. The results showed that the addition of SOM inhibited the Promote '3
transformation of ferrihydrite to highly crystalline iron oxides. Although FA and HA

increased Fe(II) production over four times on average due to complexation and their

high electron exchange capacities, HA inhibited 30—43% of the *OH yield, while FA econdary mineral

had no significant influence on it. Superoxide (O,*”) was the predominant

intermediate in *OH production in the FA-containing system, while one- and two-electron transfer processes were concurrent in
HA- and HM-containing systems. These findings provide deep insights into the multiple mechanisms of SOM in regulating
microbially mediated iron redox processes and *OH production.

KEYWORDS: soil organic matter, hydroxyl radical, iron, reactive oxygen species, redox cycle, dissimilatory iron-reducing bacteria

Hl INTRODUCTION transfer electrons to other oxidants as redox buffers.'®'” As

Microbial ferric iron (Fe(III)) reduction and reoxidation are well known, HS from different sources display distinct EAC

18,19 ~ . . .
. . . and EDC. Quinone/hydroquinone as well as non-quinone
widespread environmental processes under fluctuating redox

conditions in soil that impact the biogeochemical cycling of functional groups including thiols, disulfides, and phenazines in
clements including carbon, nitrogen, and trace metals 1-3 HS were found to be potential redox-active moieties, different
] ) *

Biochemical mechanisms of the electron transfer between iron- contents of which caused various EDC and EAC for FA, HA,

) . . . . and HM.'""™*® It has been reported that HS promoted
reducing bacteria and iron minerals have been widely crobial i duction: > h the infl ‘
investigated.[‘_6 In the last two decades, the effects of ucrobal iron  recuction; owever, the Influences o

mineralogical properties of iron oxy(hydr)oxides on microbial different components of HS on iron reduction efficiency and

Fe(Il) reduction and reactive oxygen species (ROS) the formation of secondary minerals have not been

. - . ) hensively i i .
production have also been revealed.”™"" In soils and sediments, compre e'ns1vey 1nve§t1gated . L .
. . . ) . According to previous studies, oxidation of ferrous iron
organic matter is closely associated with minerals and

10,11,27-31
microbes, which makes their interactions more complex and (Fe(II)) and reduced HS can bOth produce ROS. . . In
unpredictable. an HS-free system, the production of hydroxyl radicals (*OH)

Humic su‘t;stances (HS) are major components of soil upon oxidation of Fe(II) involved the formation of superoxide
organic matter (SOM), which are operationally divided into (0,7) and hydrogen peroxide (HZOZ?’ followgd one- an.d( or
fulvic acid (FA), humic acid (HA), and humin (HM). There two—electf(c))?l transfer pathways in different iron-containing
are significant differences in chemical characterization and Eilerals, . lw}l;ﬂe IO:_I p rtoducfed ;.lp onhO);ldatlo.n of re;lucoed
molecular structures for these three components. For example, was marnly by electron transter from Rydroquinones to Ly

FA contains molecules with lower molecular weight and higher

oxygen content, while HA contains more polyaromatic Received: May 26, 2022
hydrocarbons and heterocyclic hydrocarbons."* ™" Particularly, Revised:  September 28, 2022
HS contain many redox-active moieties, leading to different Accepted:  September 30, 2022

electron-donating and -accepting capacities (EDC/EAC) for
HS components, which can serve as regenerable electron
donors and acceptors in microbial respiration and further
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with H,0, as an intermediate.”’ However, in soils and
sediments, iron-containing minerals and SOM mutually
interact, making it a complex process of ROS production. Yu
et al. found that HA enhanced *OH production, which shifted
the electron transfer pathway between solid Fe(II) and 0,
Similarly, Zeng et al. reported that HA promoted *OH yield by
complexing and dissolving Fe(II) from reduced clay minerals,
which further efficiently reacted with H,0O, through a
homogeneous pathway.”” Except for HA, low-molecular-
weight organic acids and thiols can complex with Fe(II),
which facilitates *OH production upon oxygenation of
siderite.”> Notably, SOM is also the scavenger of *OH with
the reaction rate constant to be ~10* L mg C™' s7'.* Zhang et
al. showed that H-abstraction and *OH addition were the main
reaction pathways between SOM and °OH, where the
molecular weight, composition, functional groups, aromaticity,
and saturation degree of SOM determined its reactivity with
*OH.*>* Therefore, it is of interest whether different
components of SOM promoted *OH vyield or scavenged
*OH, which would suppress its reaction with other substances
during Fe(II) oxygenation. We posited that different SOM
fractions, even the same fraction from different sources, may
have different impacts on the yield of ROS as well as their
production mechanism upon Fe(II) oxygenation, which have
not been fully explored.

In turn, microbial iron reduction and ROS production also
affect the transformation of SOM.>® Under anoxic conditions,
adsorbed SOM can be desorbed and dissolved as Fe(III)
minerals are reduced,”” with higher bioavailability that can
serve as a carbon source for microorganisms and then be
decomposed easily.”* ™" Under oxic conditions, dissolved
organic matter (DOM) can react with the produced ROS,
generate low-molecular-weight organic acids, and stimulate
CO, emission.””*>*"** SOM components are distinctly
different, thus possessing DOM with diverse characteristics."
Still, the characteristics of dissolved fractions of FA, HA, and
HM and their transformation after microbially mediated iron
redox cycles remain unclear.

In this study, we employed a facultative anaerobic iron-
reducing bacterium, Shewanella oneidensis MR-1, which
remains active in redox cycles, along with the model iron
mineral (i.e., ferrihydrite), and SOM fractions including FA,
HA, and HM extracted from black soil and peat to (a)
investigate the influence of SOM on microbial iron reduction
and ROS production processes under fluctuating redox cycles,
(b) reveal multiple production mechanisms of *OH in different
SOM-containing systems and calculate the relative contribu-
tions of different pathways, and (c) explore the transformation
of DOM after redox cycles. The results of this study will
provide new insights into SOM-involved microbially mediated
iron redox reactions.

B MATERIALS AND METHODS

Materials. Black soil was collected from Heilongjiang,
China (E 128°39'36”, N 47°43’12"’), and Pahokee peat was
obtained from the International Humic Substances Society
(IHSS), both of which are of high organic carbon contents.
Fulvic acid (FA), humic acid (HA), and humin (HM) were
extracted from black soil (BFA, BHA, BHM) and peat (PFA,
PHA, PHM). Procedures of extraction and electrochemical
property analysis are presented in the Supporting Information
(Texts S1 and S2, respectively). Characterization of samples is

presented in the Supporting Information (Table S1).
Ferrihydrite (Fh) was synthesized using the method reported
in a previous study.”’ Characterization of Fh is shown in the
Supporting Information (Table S2).

The dissimilatory iron-reducing bacterium, Shewanella
oneidensis MR-1, was obtained from the American Type
Culture Collection (ATCC, Manassas). Coumarin (COU,
99%) was purchased from Aladdin Bio-Chem Technology
(Shanghai, China). Nitrotetrazolium blue chloride (NBT,
98%), 2,2'-bipyridine (BPY, 99%), and the hydroxylation
product of COU, 7-hydroxycoumarin (7-hCOU, 98%) were
purchased from J&K Scientific (Beijing, China). Catalase
(CAT, from bovine liver, 2000—5000 units/mg) and bovine
serum albumin (BSA, > 98%) were obtained from Sigma-
Aldrich (St. Louis, MO). Methanol (HPLC grade) was
purchased from Macklin Biochemical Co., Ltd. (Shanghai,
China). Other chemicals used in this study were of analytical
grade. All containers were acid-washed and autoclaved before
use.

Batch Experiment. Shewanella oneidensis MR-1 was
incubated, harvested, washed, and resuspended in 0.1 M
NaCl (~10" cells/mL) according to the procedure previously
reported.’’ All solutions were prepared with deoxygenated
ultrapure water (18.2 MQ/cm, Milli-Q system, Millipore) in a
glovebox (Unilab Pro SP, MBraun, Germany) filled with high-
purity N, (99.999%). A bicarbonate-buffered solution
containing NaHCO,;, NH,Cl, KCl, and KH,PO, (pH 7.0),"
Fh (1 g/L), Shewanella oneidensis MR-1 (10° cells/mL), lactate
(10 mmol/L), and different types of soil organic matter (SOM,
100 mg C/L) were added to a 100 mL serum bottle in
sequence. The bottles were settled overnight in the glovebox to
remove trace oxygen. After that, they were capped with butyl
rubber stoppers and moved to a shaker (150 r/min, 30 °C)
outside the glovebox for incubation. After three days of
anaerobic incubation, the butyl rubber stopper was changed to
a sterile membrane, which blocked microorganism invasion but
allowed air exchange, and then the bottles were placed in a
shaker to incubate aerobically for one day. The whole reaction
process was carried out in the dark. The bottles were subjected
to four redox cycles, and the productions of dissolved and total
Fe(11), as well as hydroxyl radicals (¢ OH), were determined at
the end of each stage. Experimental groups without Shewanella
oneidensis MR-1 or SOM or Fh were used as controls.

BPY, NBT, and CAT were used to evaluate the contribution
of Fe(II), superoxide (O,*”), and hydrogen peroxide (H,0,)
on the production of *OH upon oxylgenation in different
SOM-containing systems, respectively.'"** Specifically, sam-
ples were collected at the end of the fifth anoxic phase where
the bottles were incubated anaerobically for 30 days, and COU
was also added to each sample in a glovebox. Then, 1 mmol/L
BPY, 1 mmol/L NBT, and 1000 U/mL CAT were added to
the samples respectively. The production of *OH upon
oxidation in each system was determined. The relative
contribution of O, and H,0, was calculated by the decrease
of ®OH after the addition of complexing or quenching agents.
All three agents were proved to have no influence on the
determination of 7-hCOU (data not shown). All experiments
were carried out in triplicate.

Measurements. The productions of dissolved and total
Fe(Il) were measured with the method reported in our
previous study.'' The content of solid-phase Fe(Il) was
calculated by subtracting dissolved Fe(II) from total Fe(II).
The production of *OH was quantified using a fluorescent
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Figure 1. HRTEM spectra of ferrihydrite (a, f) and SOM-free (b, g), PFA- (¢, h), PHA- (d, i), and PHM-containing systems (e, j) after microbially

mediated redox cycles.

probe COU with an initial concentration of 1.5 mmol/L,
which was mixed with 1 mL of collected samples (v/v, 1:1)
and then exposed to air for S h oxygenation. After that, 0.5 mL
of methanol was added to terminate the reaction, and the
hydroxylated product of COU, 7-hCOU, was determined. The
detection limit of 7-hCOU was 0.005 pmol/L. The
concentration of *OH was calculated as [7-hCOU]/6.1%.*
Although the concentration of COU was lower than that of
HCO;~ (30 mmol/L), the reaction rate constant of *OH with
COU is 5.6 X 10° M~ s7.,* three orders of magnitude higher
than that with HCO;™ (8.5 X 10° M~" s71),*”° thus excluding
the competition of HCO;™ with COU to react with *OH, and
the influence of lactate on *OH production was also ruled out
(Figure S1).

Characterization of SOM, Fh, and Their Complexes.
Supernatant in different SOM-containing systems was
collected after microbially mediated iron redox cycles and
filtered through a 0.22 ym filter to analyze the changes of
DOM. UV—vis absorption spectra of DOM at wavelengths
from 200 to 600 nm were measured by a UV-—vis
spectrophotometer (Specord250 Plus, Analytik Jena, Ger-
many). The specific UV absorbance at 254 nm (SUVA,,) was
calculated by normalizing the absorbance to the DOC
concentration.*® The fluorescence excitation—emission matrix
(EEM) spectra were gathered by measuring the emission (Em)
wavelengths from 250 to 550 nm at 2 nm increments and the
excitation (Ex) wavelengths from 200 to 450 nm at S nm
increments on a spectrofluorometer (F-4600, Hitachi, Japan).
The photomultiplier tube voltage was set to 700 V at a
scanning speed of 2400 nm/min. The contents of dissolved
organic carbon were determined using a total organic carbon
analyzer (vario TOC select, Elementar, Germany).

Synthesized Fh and samples after redox cycles were
characterized using X-ray powder diffraction (XRD, Ultima
IV, Rigaku, Japan). The phases were identified by comparing
diffraction patterns with standard cards provided by the Joint
Committee on Powder Diffraction Standards (JCPDS). The
surface area of Fh was measured by the Brunauer—Emmett—
Teller method (BET, ASAP 2460, Micromeritics) using
nitrogen adsorption—desorption isotherm measurements at
77 K. For morphology analysis, the samples were taken after
four redox cycles, dehydrated as previously described,'® and

characterized by scanning electron microscopy (SEM, Sigma
300, Zeiss, Germany) equipped with energy-dispersive X-ray
spectroscopy (Smart EDX). Mineralogical characteristics of Fh
were investigated using high-resolution transmission electron
microscopy (HRTEM, JEM 200PLUS, JEOL, Japan).

Statistical Analysis. One-way analysis of variance
(ANOVA) was performed to assess the differences among
the data by Duncan post hoc comparisons at p < 0.0S using
SPSS 22.0. Pearson correlations were calculated using the
linear regression function in Origin 2018.

B RESULTS AND DISCUSSION

Characterization of Organo—Mineral Complexes and
Transformation of Fh after Redox Cycles. SEM was used
to visualize the distribution of Fh and SOM, which may
significantly affect the microbial Fe(III) reduction and ROS
production processes. SOM can complex with iron, cover the
surface of Fh, and form aggregates with Fh.*73! In the Fh
sample, there were small particles aggregated with no
crystalline structure (Figures S2a—c), consistent with the
result of XRD (Figure S3). After being incubated with
Shewanella oneidensis MR-1, there were large tabular minerals,
compatible with vivianite,”*~>* surrounded by Fh aggregates
(Figures S2d—f), which were also observed in the presence of
HA (Figures S4d—f). The addition of FA showed the
morphology of newly formed secondary minerals on the Fh
surface (Figures SSc and SSf), while HA and HM were
attached to Fh and formed big aggregates (Figures S4 and S6).
This was consistent with the result of Zhou et al., who
observed the aggregation of NOM and Fh in the microbe—Fh
system with a high C/Fe ratio.”

To investigate the influence of SOM on the transformation
of Fh, XRD and HRTEM were employed to characterize the
minerals after redox cycles. Consistent with the result of SEM,
in the Fh-only sample, particles with amorphous structure were
aggregated (Figures la(f). After incubation with MR-1,
vivianite (d = 0.320 nm, JCPDS No. 30-0662) and
lepidocrocite (d = 0.247 nm, JCPDS No. 08-0098) were
formed in the system without SOM (Figures 1g and S7a). The
deposition of amorphous aggregated nanoparticles on Fh was
also observed (Figure 1b), which promoted the growth of the
surface phase and the formation of secondary minerals,
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Figure 2. Production of total (a) and solid-phase Fe(II) (b) as well as *OH (c) in both SOM-free and SOM-containing systems. Different letters
above bars indicate significant differences (p < 0.05) between different systems.

consistent with the phenomenon reported by Gomez et al.*®
FA induced the transformation of Fh to metavivianite (d =
0.259 nm, JCPDS No. 26-1137), while in the HA-containing
system, secondary minerals including metavivianite (d = 0.295
nm), vivianite (d = 0.322 nm), and siderite (d = 0.360 nm,
JCPDS No. 29-0696) were formed (Figures 1 and S7). In the
HM-containing system, metavivianite was formed as confirmed
by XRD analysis, while we only observed the coverage of HM
on Fh in HRTEM spectra (Figures le,j and S7d). There were
more vivianite and metavivianite formed rather than siderite,
which was most likely due to the lower solubility product
constant (K ) of vivianite (Fe;(PO,),) than that of siderite
(FeCO,, 1.3 X 1072* and 3.13 X 107"}, respectively). Unlike
the results from the SOM-free system and our previous study
where nanocrystallites including goethite, lepidocrocite,
hematite, and vivianite were formed,"' all of these newly
formed minerals were ferrous minerals, indicating that HS may
complex with Fe(Il) and inhibit the transformation of
secondary minerals to highly stable and crystalline iron
oxy(hydr)oxides. Similar results indicated that organic carbon
inhibited the transformation of Fh to more crystalline iron
phases.’”*® We speculated that it was because SOM
complexed with both dissolved and adsorbed Fe(II), blocked
fresh adsorption sites on the Fh surface, and thus prevented the
adsorption of Fe(II), which further inhibited Fe(II)-catalyzed

. 38,59,60
transformation of Fh.

Production of Fe(ll) and °OH in Different SOM-
Containing Systems. The reaction systems were buffered
with bicarbonate and the pH was around 7.0, which varied
similarly as reported in our previous study under redox
fluctuation.'" Sustained production of Fe(II) was observed in
SOM-containing systems during redox cycles (Figures S8a,b).
The production of dissolved Fe(II) was in the range of 14.8—
542 mg/g in FA- and HA-containing systems in the first
anoxic phase (Figure S8c), suggesting that FA and HA
promoted the generation of dissolved Fe(II), while in later
redox cycles, it was lower than 4.4 mg/g, likely due to the
adsorption of Fe(Il) on stable organo—mineral complexes
formed after the first redox cycle. FA and HA significantly
promoted microbial iron reduction and increased the yield of
total and solid-phase Fe(II) (Figures 2a,b). Although HM had
no significant influence on the average yield of Fe(II)
calculated from four redox cycles, the HM-containing system
produced 1.2—10.2 times higher Fe(II) yield than the SOM-
free system for each cycle. It may be due to the fact that FA
and HA have higher EAC and EDC than HM, which acted as

effective electron shuttles that promoted the electron transfer
between Fh and MR-1 (Table $1).°>

The yield of *OH was in the range of 0.4—1.4 umol/L of
samples collected from the anoxic phase upon oxygenation
(Figures 2¢ and S8d). According to our previous study, ' this
concentration level of *OH could not cause damage or death
of Shewanella oneidensis MR-1, and thus, the difference in
bacterial quantity can be neglected. Although both FA and HA
increased the yield of total Fe(II) up to almost five times, they
had contrasting influences on the *OH production. Specifically,
BFA promoted the yield of *OH and PFA had no significant
influence on it, while HA significantly suppressed *OH vyield.
This was consistent with the fact that HA with a larger
molecular size and a higher degree of unsaturation was more
susceptible to *OH.* We speculated that HA with high EDC
may compete with COU to react with *OH. To demonstrate
this hypothesis, we employed a higher concentration of
coumarin (10 mmol/L) to trap *OH. The results showed
that the yield of *OH increased but was still lower than that in
the SOM-free system (Figure S9), further confirming the high
reaction rate of HA with *OH. In contrast to our results, Yu et
al. reported that HA (20 or 40 mg C/L) enhanced the
production of *OH during the oxygenation of reduced
nontronite NAu-2, which increased as its EAC.>” Therefore,
we deduced that there was a dose—effect relationship that
determined the role of HA in ROS production, and the source
as well as composition of HA may also influence its effect on
*OH production. Besides, there were nearly equal Fe(Il)
produced in two FA-containing systems, but the yield of *OH
was significantly higher in BFA than that in the PFA system
(Figure 2), indicating that the source of FA also affected the
oOH production. The higher EDC of PFA than BFA may be a
reason for the lower *OH yield. To explain the differences
among different SOM-containing systems, the mechanisms for
*OH production were further investigated.

Pathways for °OH Production in Different SOM-
Containing Systems. According to previous studies, “OH
could be produced through Fenton-like reactions and flavin-
mediated pathways, which was secreted by Shewanella
oneidensis MR-1 in microbe—mineral systems, with a small
contribution of the latter process.'"®® It has been proved that
solid-phase Fe(II) rather than dissolved Fe(II) determined the
production of *OH in our previous study.'' To further explore
the pathways of *OH production in SOM-containing systems,
samples were collected at the end of the fifth anaerobic
incubation phase. The yield of *OH produced upon oxygen-
ation was measured with addition of various masking agents of
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Figure 3. Reduction of *OH yield with the addition of 1 mmol/L NBT (a) and 1000 U/mL CAT (b) in different systems.

possible intermediates. BPY was widely used to screen Fe(II)
in *OH procluction.ﬁ'l’ém’64 However, it should be noted that
the reaction rate constant of BPY with *OH was 6.2 X 10° M
s71,% which may compete with probes to consume *OH, thus
resulting in the decrease of *OH yield. Therefore, we employed
microbially reduced BFA and BHA, both of which contained
negligible Fe(II), to verify the influence of BPY (1 mmol/L)
on the trapping of *OH by COU (10 mmol/L). The yield of
*OH produced upon oxygenation of reduced SOM was
suppressed by 52—65% with the addition of BPY (Figure
S10), suggesting that BPY competed intensely with COU to
react with *OH, making it an unsuitable reagent to be used to
evaluate the contribution of Fe(II) on *OH production.

In addition, excessive NBT was employed to evaluate its
influence on *OH determination, and we found that higher
NBT concentration had no influence on *OH yield (Figure
S11), which means it can be used to determine the role of O,*~
in *OH production. Then, 1 mmol/L NBT was added to
scavenge O,°” and the yield of *OH was quantified.
Interestingly, NBT suppressed over 90% of the yield of *OH
in the FA-containing system, whereas it only reduced 20—38%
of *OH yield in other systems (Figure 3a). It is thus presumed
that O,°” was the most important intermediate of *OH
production in the FA-containing system and a minor
participant in other systems. Furthermore, CAT was used to
explore the role of H,O, in *OH production. To test the
specificity of CAT to scavenge H,0, and whether it reacted
with *OH, we added excess CAT (1000, 1250, 1500 U/mL) to
microbially reduced Fh-SOM samples before being exposed to
air for oxygenation and found that excessive CAT did not
suppress more *OH (Figure S12a). Bovine serum albumin
(BSA) was also added to the reduced samples for oxygenation
and "OH was not significantly influenced (Figure S12b), which
further suggested that *OH did not react with amino acids at
the CAT surface. These results were consistent with previous
studies that CAT was an effective quencher of H,O, but could
not react with *OH.>"*® The addition of 1000 U/mL CAT
suppressed 60—75% of *OH yields in all systems (Figure 3b),
indicating that H,O, was a crucial intermediate in *OH
production. Compared to HA and HM, FA is soluble with
smaller molecular size and higher oxygen-containing groups,
which efficiently mediated electron transfer between solid-
phase Fe(II) and O,, leading to a one-electron transfer process
for *OH production, whereas HA and HM mainly present as
particles, which adsorbed, aggregated, and covered the Fh
surface, making the oxidation reaction more complex. It might
involve many processes, including accepting electrons from

Fe(II), transferring electron transfer to oxygen, inhibiting
contact between Fe(1I) and O,, and thus resulting in both one-
and two-electron transfer processes.

Except for Fe(II)-mediated pathway, reduced SOM can also
contribute to *OH production. Therefore, we further used
microbially reduced SOM to investigate the production of
*OH during the oxidation process. As shown in Figure S13,
SOM can act as a rechargeable battery under fluctuating redox
conditions, which was reduced by Shewanella oneidensis MR-1
under anoxic conditions and then oxidized and produced *OH
under oxic conditions. However, the same SOM fraction from
different sources showed totally different capacities in *OH
production, especially for FA and HA, whereas HM is less
redox-active and *OH produced was negligible. We further
employed O,°” quencher NBT and H,0, decomposer CAT to
explore the involvements of intermediates O,*” and H,0,,
both of which were proved as specific and efficient masking
agents.””%® The results showed that NBT reduced over 72% of
*OH production in microbially mediated FA and HA systems
(Figure Sl4a), suggesting that reduced FA and HA
preferentially transferred one electron to O, and formed
0,°". The addition of 1000 U/mL CAT to FA and HA
systems reduced over 96% of *OH yield (Figure S14b), which
means that H,0, was the essential intermediate in *OH
production by oxidation of reduced SOM. These results
implied that the one-electron transfer process dominated *OH
production during the oxidation of microbially reduced FA and
HA. This was opposite to the two-electron transfer process
from reduced HA to O, reported by Yu et al.”” We assumed
that it was because microbially reduced solid HA was
employed in this study, while chemically reduced dissolved
HA was used by Yu et al, and such different reduction
methods and phase states of HA affected redox-active
functional groups and the electron exchange capacity (EEC)
of reduced HA.'®*" Besides, semiquinone has been proven to
reduce O, to O,° and further dismutate to H,O, and O,,
which supports a one-electron transfer process for *OH
production.®’

In summary, chemical oxidation of Fe(II) produced by
dissimilatory iron-reducing bacteria dominated the production
of *OH, and the oxidation of microbially reduced SOM also
contributed to *OH production (Figure 4). In the FA-
containing system, O,°” was the vital intermediate, which
indicated that *OH was mainly produced by the one-electron
transfer mechanism. In HA- and HM-containing and SOM-free
systems, O,*~ and H,0O, contributed to *OH production by
27-38% and 63—74%, respectively, demonstrating that one-
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Figure 4. Schematic diagram of the pathway for *OH production in
different SOM-containing systems.

and two-electron transfer processes happened simultaneously.
Similar results were reported that both one- and two-electron
transfer processes were present during the oxygenation of iron
(oxyhydr)oxides as well as reduced clay mineral with the
presence of HA.""”’ In addition, *OH can also be generated
through flavin-mediated and maybe other unexplored pathways
without the involvement of H,0,.%

Effect of Microbially Mediated Redox Cycles on DOM
Optical Characteristics. The characteristics of DOM in
different SOM-containing systems before and after four redox
cycles were investigated using a total organic carbon analyzer
and UV—vis and fluorescence spectrophotometers. Although
Fourier transform ion cyclotron resonance mass spectrometry
(FT-ICR-MS) is a powerful tool to identify the molecular
composition of organic matter, it is not appropriate for HA
fractions that have high contents of aromatics and are easy to
aggregate. The DOC concentration of three kinds of SOM
followed the order FA > HA > HM (Table S3) because of the
operational definition that FA is soluble at all pH conditions.”
The DOC concentration was higher in the SOM-Fh system
than that in the pure SOM solution due to the addition of
lactate and the SOM-Fh-MR-1 system, since MR-1 consumed
lactate and part of DOM, which can also be degraded by
produced ROS. The aromaticity derived from the SUVA,;, of
DOM followed the order HA > FA > HM (Table S3). With
the addition of Fh, the aromaticity of DOM was severely
reduced mainly because of the adsorption of aromatic
molecules on minerals.*””" Further incubation with Shewanella
oneidensis MR-1 induced different changes in aromaticity. The
aromaticity of DOM was increased in FA- and HM-containing
microbe—mineral systems compared to the system without
Shewanella oneidensis MR-1, which was probably due to the
secretion of aromatics such as flavin and other aromatic
extracellular polymeric substances (EPS) by Shewanella
oneidensis MR-1. The release of aromatic substances during
the transformation of Fh also contributed to the increase of
SUVA,,.** While in the HA-containing system, the results
were reversed. This was consistent with the above results that

the higher EDC of HA led to its higher reactivity with *OH
and resulted in the low aromaticity of DOM.

We further investigated the fluorescent characteristics of
DOM. The dissolved fraction of each kind of SOM from two
different sources showed similar fluorescent characteristics
(Figure S1Sa—c,g—i). Shewanella oneidensis MR-1 produced
fluorescent components including aromatic protein II (E,/E,,
= 220/34S nm), aromatic protein I (E,/E,, = 225/330 nm),
and soluble microbial byproduct-like substance (E,/E,, = 275/
345, Figure S15m), which can be attributed to its EPS.”? In the
HA-containing microbe—mineral system, there were three
peaks belonging to EPS and humic acid (E,/E,, = 285/415 nm,
Figure S15ek), which was slightly different from the pristine
HA (E,/E, = 265/430 nm) and may be transformed by
produced *OH.*” EPS and humic acid-like substances (E,/E,,
= 255—345/420—430 nm) were also detected in both FA- and
HM-containing microbe—mineral systems after redox cycles
(Figures S15). In fact, in the microbe—mineral system, SOM
experienced complex processes. During microbial iron
reduction, adsorbed OM was released partly and Shewanella
oneidensis MR-1 may utilize it to produce new metabolites."*®
Under oxic conditions, DOM may coprecipitate with iron or
readsorb on newly formed secondary mineral, and part of
DOM may react with *OH, which can even be decomposed to
CO,.*>** Therefore, the results presented here just provided
general information about DOM optical characteristics after
redox cycles and further investigation is still needed.

Environmental Implications. Microbially mediated iron
redox cycling strongly affects the fate of pollutants and the
biogeochemical cycle of nutrient elements in the soil
environment, which is influenced by SOM. This is the first
study to investigate the influence of different SOM
components on microbial iron reduction and oxidation
processes. Under anoxic conditions, FA and HA promoted
the production of Fe(Il) by acting as electron shuttles due to
their high EAC and EDC. Upon oxygenation, HA inhibited the
yield of *OH because of its high EDC where it can react with
the produced *OH more efliciently. Additionally, the
mechanisms for *OH production in different SOM-containing
systems were different. The one-electron transfer process
dominated the *OH production in the FA-containing system,
while both one- and two-electron transfer processes were
present in HA- and HM-containing as well as SOM-free
systems. After iron redox cycles, the aromaticity of DOM of
HA decreased, while it increased for FA and HM. However,
the behavior of DOM during the redox cycle is complex,
including adsorption and desorption of DOM, utilization,
degradation, and production by microbes, and oxidation by
ROS. The dynamics and mechanisms of carbon circulation can
be further investigated using isotope labeling and high-
resolution in situ characterization techniques such as nanoscale
secondary ion mass spectrometry (Nano-SIMS) and atomic
force microscopy combined with Fourier transform infrared
spectroscopy (AFM-FTIR).

This study is helpful to understand the microbial iron
reduction and ROS production processes in oxygen-fluctuated
soil environments such as paddy soil, wetland, and subsurface
with a fluctuating water table, since the system established here
is much closer to the real environment. Different C/Fe ratios
have been reported that influenced the reduction extent of
Fh,>> which may further affect ROS production. The result
here about the effect of HA on ROS production is opposite to
previous studies,””** and thus, we deduce that there is a dose—
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effect relationship that determines the role of SOM in ROS
production, which still needs to be proved. The source of SOM
may be another factor influencing the process. Actually, the
content and composition of SOM in soils varied significantly.
Therefore, it is necessary to consider these properties of SOM
when evaluating SOM-affecting iron reduction and ROS
production processes, especially in soils with high SOM
contents. For example, SOM with high EDC may largely
compete with reduced pollutants to react with *OH, thus
reducing its effect on contaminant degradation. As the humic
fertilizer has become a common soil amendment,” this study
provides valuable information for its potential impact on the
behavior of both nutrients and pollutants.
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