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ARTICLE INFO ABSTRACT

Keywords:
Fenton reaction

The generation of reactive oxygen species (ROS) mediated by minerals and/or microorganisms plays a vital but
underappreciated role in affecting carbon and nutrient cycles at soil-water interfaces. It is currently unknown
which interactions between microbial communities and iron (Fe) minerals produce hydroxyl radical (HO®),
which is the strongest oxidant among ROS. Using a series of well-controlled anoxic incubations of soil slurries, we
demonstrated that interactions between microbial communities and Fe minerals synergistically drove HO®
production (up to ~100 nM after 21-day incubation). Microorganisms drove HO® generation in anoxic envi-
ronments predominantly by modulating iron redox transformation that was more prominent than direct pro-
duction of ROS by microorganisms. Among the microbial communities, Geobacter, Paucimonas,
Rhodocyclaceae K82, and Desulfotomaculum were the key genera strongly affecting HO® production. In manured
soils, the former two species had higher abundances and were crucial for HO® production. In contrast, the latter
two species were mainly abundant and important in soils with mineral fertilizers. Our study suggests that
abundant highly reactive oxidant HO® can be generated in anoxic environments and the microbial community-
mediated redox transformations of iron (oxyhydr)oxides may be responsible for the HO® production. These
findings shed light on the microbial generation of HO® in fluctuating redox environments and on consequences
for global C and nutrient cycling.

Iron minerals
Microorganism-mineral interactions
Reactive oxygen species

Synergistic effect

oxidant, HO® radicals produced in some soils and ecosystems (e.g.,
desiccated and aqueous deserts, humid red soils in the tropics and wet

1. Introduction

The preservation and decomposition of soil organic carbon (SOC) has
been the subject of scientific inquiry for decades, owing to its extremely
vital role in regulating atmospheric CO2 concentrations (Chenu et al.,
2019; Lal, 2004; Paustian et al., 2016). Because of their large surface
area and high adsorption affinity, Fe minerals are widely recognized as a
rusty sink for C (Faust et al., 2021; Lalonde et al., 2012). However, Fe
minerals may play a dualistic role in C transformations. Emerging evi-
dence demonstrates that Fe mineral-driven hydroxyl radical (HO®)
production plays a vital but underappreciated role in accelerating SOC
decomposition in humid environments (Chen et al., 2020; Hall and
Silver, 2013; Yu and Kuzyakov, 2021). As a nonselective and strong
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subtropics, soils with fluctuating redox conditions) can drive 30% or
even exceed 50% of total C losses (Georgiou et al., 2015; Wang et al.,
2017a; Yu and Kuzyakov, 2021). The uncertain role of Fe minerals in
SOC stabilization under fluctuating redox conditions has resulted in a
huge challenge in achieving a better understanding of individual pro-
cesses and consequences for global C cycling (Kleber et al., 2021; Yu and
Kuzyakov, 2021).

The main pathways for HO® production, driven by Fe minerals, in
environments are classified as homogeneous Fenton reactions (Fe(I)/
H05) and heterogeneous Fenton-like reactions (Du et al., 2021; Geor-
giou et al., 2015; Kappler et al., 2021; Melton et al., 2014; Page et al.,
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2013; Trusiak et al., 2018; Yu and Kuzyakov, 2021). During these re-
actions, the catalytic activity of Fe minerals is largely dependent on Fe
redox chemistry and mineral surface reactivity (Chen et al., 2021; Chi
et al., 2021, 2022a; Pereira et al., 2012; Yu and Kuzyakov, 2021; Yu
et al., 2020). Such Fe minerals, e.g., goethite, haematite, lepidocrocite,
ferrihydrite, and magnetite, coexist in environments and can be con-
verted to one another under fluctuating redox conditions (Kappler and
Straub, 2005; Weber et al., 2006a), making it difficult to identify their
individual catalytic roles. Microorganisms are proposed to play an
essential role in Fe redox cycling and the consequences of HO® pro-
duction in environments (Byrne et al., 2015; Du et al., 2020; Emerson
etal., 2010; Kleber et al., 2021; Yu and Kuzyakov, 2021). Recent studies
have observed HO® production during the process of Fe mineral trans-
formation, which is mediated by a single bacterial species (Du et al.,
2019; Han et al., 2020; Wang et al., 2017b), confirming the essential role
of microbially modulated Fe redox transformation in HO® production.
However, most bacteria do not exist as free-living individual species but
as microbial communities, which are interconnected via the exchange of
compounds, energy, and information to form complex interactions (e.g.,
competition, mutualism, and commensalism) (Flemming et al., 2016;
Yuan et al., 2021). To date, the regulation of HO® production driven by
microbial communities and succession in the presence of Fe minerals
remains poorly understood, hampering our understanding of soil C
cycling mediated by biotic and abiotic processes.

This study aimed (i) to establish a link between microbial community
composition, Fe redox transformation, and HO® production, (ii) to assess
the relative contribution of soil microbial communities to the production
of HO®, and (iii) to identify the keystone bacterial species responsible for
HO® production. We hypothesized that microbial communities drive
HO*® generation under anoxic conditions by (i) controlling the hydrox-
ylation processes on the surface of iron minerals (Xian et al., 2019)
and/or (ii) producing the trace amounts of oxygen by some microor-
ganisms in the presence of electron donors (Kraft et al., 2022). To test
our hypotheses, we first established a variety of microbial communities
that were derived from topsoils (0-20 cm) from four long-term (26
years) fertilization treatments (Wen et al., 2018). This selection may also
allow a better understanding of the formation of more reactive minerals
and organo-mineral associations under organic fertilizations (Yu et al.,
2017, 2020). Since soil organic matter (SOM) and minerals can interfere
with ROS determination (Page et al., 2013; Yu and Kuzyakov, 2021), we
used the soil slurries that contained only enriched microbial commu-
nities but removed most ROS quenchers (e.g., SOM and minerals) (Hori
et al., 2010) in this study. We then conducted a series of sequential Fe
(III) reduction and nitrate (NO3)-dependent Fe(II) oxidation experi-
ments by adding haematite, a model Fe(Ill)-bearing mineral with a
ubiquitous distribution in ecosystems (Hochella et al., 2019; Schindler
et al., 2019), to the soil slurries. Our results provide crucial insights into
the mechanisms of microbial community-mediated HO® generation in
redox environments.

2. Materials and methods
2.1. Soil sampling

The long-term fertilization station was established on a Ferric Acrisol
(WRB classification) in 1990 at Qiyang (26.75° N, 111.87° E), Hunan
Province, China. Topsoil samples (0-20 cm) were collected in April 2016
from the following four treatments: (i) no fertilization (Control), (ii)
swine manure fertilization (M), (ii) swine manure plus mineral nitrogen,
phosphorus and potassium fertilization (MNPK), and (iv) mineral ni-
trogen, phosphorus and potassium fertilization (NPK). Each fertilization
treatment had duplicate plots (200 m? per plot), which were completely
randomly arranged in the field. More detailed information on the site is
presented in Text S1 and previous publications (Wan et al., 2021; Wen
et al., 2018; Yu et al., 2017, 2021). All plots were evenly separated into
three regions, and 10 cores (diameter of 5 cm) from each region were
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randomly collected. Each sample was a composite of 30 random cores
collected from a single plot. The fresh soil was air-dried, sieved (2 mm),
and stored at 4 °C until further use. The basic soil properties are listed in
Table S1.

2.2. Microbial community-Fe mineral incubation experiments

Before incubation, soil samples were thoroughly mixed and then
partitioned into two subsamples: one was stored at 4 °C, and the second
was sterilized by gamma radiation (3 kGy hour™ for 12 h) (Berns et al.,
2008). Soil slurries were prepared by mixing the dry soil with sterile
ultrapure water at a ratio of 1:1 (Hori et al., 2007). To allow for the
activation of the soil microbes and the depletion of indigenous electron
acceptors such as nitrate, sulfate, and Fe(IIl) minerals, slurries were
pre-incubated under anoxic, dark conditions at 25 °C for 21 days (Ding
et al., 2015; Hori et al., 2010). The pre-incubated soil slurries contained
only enriched microbial communities but the most indigenous electron
acceptors and ROS quenchers (e.g., SOM and minerals) were removed
(Hori et al., 2010; Wen et al., 2018). After pre-incubation, the concen-
trations of Fe(Il) and total dissolved Fe in the soil slurries were deter-
mined (Table S2). A basal PIPES-buffered artificial groundwater (AGW)
medium (Table S3) supplemented with 11 mmol L} Na-acetate was used
for the soil slurry enrichment culture experiment. The bottle of medium
was inoculated with 1% (v/v) anoxic soil slurry immediately after
collection and preparation as described above. The introduced concen-
trations of Fe(II) and total dissolved Fe by soil slurries in the medium are
listed in Table S4.

In addition to slurry + haematite treatment (AGW medium amended
with soil slurry and haematite), three control treatments were prepared
to further verify the concerted effects of microbial communities and Fe
redox transformation on the production of HO®: (i) only slurry addition
(AGW medium amended with soil slurry); (ii) only haematite addition
(AGW medium amended with haematite); and (iii) sterile slurry +
haematite addition (AGW medium amended with sterilized soil slurry
and haematite). Haematite (surface area, ca. 200 m? g’l) (Fig. S1) was
synthesized as previously described (Schwertmann and Cornell, 2008)
and added at a final concentration of 25 mmol L1, All bottles were
flushed with N5 to remove the possible oxygen contamination and then
sealed with butyl rubber septa, crimped with aluminum caps, wrapped
with tin foil. All bottles were stored in an anaerobic glove box (LAB star,
Braun, Germany) at room temperature without shaking during the
whole incubation period. In total, each treatment was conducted in 66
replicates/bottles. The Fe(IIl) reduction stage lasted for ca. 21 days ac-
cording to the measured Fe(II) concentrations, and then 0.3 mL of 1 mol
! NaNO3 was re-added to the enrichment cultures (100 mL) to induce
NO3-dependent Fe(II) oxidation (~21 days). Thus, the incubation period
was separated into Fe(IIl) reduction and Fe(II) oxidation stages. During
the Fe(Ill) reduction stage, haematite was the sole terminal electron
acceptor, while acetate served as an electron donor. During the Fe(II)
oxidation stage, NO3 and Fe(II) were the terminal electron acceptor and
electron donor, respectively.

Subsamples were collected by the destructive sampling of a random
triplicate setup at Days 0 and 1 and then every 2-5 days for analyses of
NO3, NO3, NHj, Fe(Il), total dissolved Fe, bacterial community, and
identity of Fe minerals. Three bottles were randomly selected from each
treatment at Days 1, 8, 21, and 42 for HO® analyses. The whole incu-
bation and sampling process were carried out in the anaerobic glove box
filled with 99.9% N3 (25 £ 1 °C) to avoid oxygen contamination. A
detailed schematic explaining the experimental design is shown in
Fig. S2.

2.3. Chemical analyses
Soil pH was determined in a 1:2.5 ratio soil/water suspension. The

total organic C and total nitrogen of soils were determined using a CN
analyzer (VarioEL, Elementar GmbH, Germany) (Wan et al., 2019).
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Total Fe in the soils was extracted by a mixture of concentrated acids
(HNOs, HCIOg4, HCl, and HF), and the Fe in the extract was quantified by
inductively coupled plasma-atomic emission spectrometry (5100, Agi-
lent Technologies Inc., USA) (Wan et al., 2021). Soil nitrate (NO3) and
ammonium (NHZ) were extracted with 2 mol L' KCl and determined by
a continuous flow analyzer (SAN++, Skalar, Holland) (Wen et al.,
2018).

The concentrations of Fe(II) and total dissolved Fe (after reduction of
Fe(III) with hydroxylamine-hydrochloride) in the slurry were measured
using the o-phenanthroline colorimetric method (details in Text S2)
(Ding et al., 2015; Wen et al., 2018). The NO3, NO3, and NHZ concen-
trations were determined using a continuous flow analyzer (SAN++,
Skalar, Holland). The HO® was trapped by terephthalic acid, and the
fluorescent product, i.e., 2-hydroxyl terephthalic acid, was measured by
ultra-performance liquid chromatography (details in Text S3) (Li et al.,
2004). The identity of Fe minerals in the subsamples was analyzed by
X-ray powder diffraction (XRD) and Fe K-edge extended X-ray absorp-
tion fine structure (EXAFS) spectroscopy; details are presented in Texts
S4 and S5, respectively.

2.4. DNA extractions and microbial community sequencing

Soil slurry samples (0.5 g) at the initial stage, the end of the Fe(IIl)
reduction stage and the end of the Fe(II) oxidation stage were used for
DNA extraction with the MP FastDNA Spin Kit for soil (MP Biomedicals,
USA) following the manufacturer’s instructions. Three successive DNA
extracts were pooled to reduce DNA extraction bias. Extracted DNA was
stored at —80 °C before molecular analysis. The details of microbial
community sequencing are shown in Text S6.

2.5. Statistical analyses

All statistical analyses were performed using R statistical software
(version 4.1.0, https://www.r-project.org) and plots were produced
using the “ggplot2” package (version 3.3.4, https://CRAN.R-project.
org/package=ggplot2). The rarefaction curve and rank abundance
curve were generated using the “vegan” (version 2.5.7, https://CRAN.
R-project.org/package=vegan) and “ggplot2” packages, respectively.
To determine the shared and unique OTUs between treatments, we
constructed Venn diagrams using the “VennDiagram” package (version
1.6.20, https://CRAN.R-project.org/package=VennDiagram). To assess
the microbial community diversity and richness, the Shannon and ACE
indices were calculated using the “vegan” package. The Shannon and
ACE indices are widely used to evaluate microbial community diversity
and richness (Delgado-Baquerizo et al., 2016), with higher values sug-
gesting higher diversity and richness. To test the bacterial diversity
among fertilization treatments (f-diversity), nonmetric multidimen-
sional scaling (NMDS, two axes) analysis and an ANOSIM test (analysis
of similarities) based on unweighted UniFrac distance matrix were
performed using the “vegan” package. The relationship between the
bacterial community and geochemical variables was assessed by a
Mantel test using the “ggcor” package (version 0.9.3.1, https://github.co
m/houyunhuang/ggcor) (details in Text S7). The significance (p < 0.05)
of the Shannon index, ACE index, and HO® content between fertilization
treatments was assessed using one-way ANOVA followed by Duncan’s
multiple range test using the “agricolae” package (version 1.3.3, htt
ps://CRAN.R-project.org/package=agricolae). The correlation among
geochemical factors was tested using the “ggcor” package.

A classification random forest (RF) analysis (Montes et al., 2021) was
used to identify the main predictors (i.e., microbial taxa) for Fe(II) and
HO® production. The main aims of this analysis were to identify the
potential microbial taxonomic predictors of HO® and to reduce the
number of predictors for structural equation modeling (SEM). The RF
analyses were performed using the “randomForest” package (version
4.6.14, https://CRAN.R-project.org/package=randomForest) (details in
Text S8). We also applied a multiple regression model with variance
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decomposition analysis to confirm the RF analysis result by using the
“relaimpo” package (version 2.2.5, https://CRAN.R-project.org/pack
age=relaimpo). A heatmap was generated using the “pheatmap” pack-
age (version 1.0.12, https://CRAN.R-project.org/package=pheatmap)
to assess the differences in potential microbial taxonomic predictor
abundance among fertilizations. The correlations of the potential mi-
crobial taxonomic predictors of HO® with geochemical variables were
tested using the “ggcor” package.

SEM was used to link the microbial community composition (i.e., the
relative abundance of the main bacterial taxa) and iron to HO® pro-
duction. This analysis helped us identify the main factor driving HO®
production and explicitly evaluate the direct and indirect relationships
between driving factors and HO® production. The SEM analysis was
carried out using the “lavaan” package (version 0.6.9, https://CRAN.
R-project.org/package=lavaan) (details in Text S9).

3. Results

3.1. Linking microbial mediated Fe redox cycling to HO® production in
soil slurries

We observed a similar pattern of accumulation and consumption of
Fe(I) and HO® in all haematite-treated soil slurries during the whole
incubation (Fig. 1a and d). In the presence of haematite, Fe(II) was
produced and increased in the soil slurries during the Fe(IIl) reduction
stage. The increase in Fe(II) in the manured soil slurries (M and MNPK,
by ca. 0.7 g L™}) was higher than that in the soil with mineral fertilizers
(NPK, by 0.5 g LY or without fertilization (Control, by 0.4 g LhH
(Fig. 1a). Accompanied by an increase in Fe(I), HO® was generated and
gradually increased, and the accumulated amount of HO® in all soil
slurries at the end of the Fe(III) reduction stage followed the order MNPK
(94 nM) > M (91 nM) > NPK (82 nM) > Control (56 nM) (Fig. 1d). For
the NO3-dependent Fe(II) oxidation stage, the introduction of NO3 at
Day 21 resulted in rapid oxidation of Fe(II), with a faster oxidation rate
observed in the manured soil slurries in the initial 10 days than that in
the mineral fertilized or unfertilized soils (Fig. 1a and c). Similarly, a
sharp decrease in the HO® amounts in all soil slurries at the Fe(II)
oxidation stage revealed that Fe(II) dominated HO® generation (Fig. 1d).
The addition of NO3 at Day 21 resulted in the rapid generation of NH}
and NOg3 (Fig. S3) in the soil slurries, with a higher rate observed in the
manured soils, which was consistent with changes in the Fe(II) content
(Fig. 1a). In addition, the total dissolved Fe concentrations in all soil
slurries have similar patterns as total Fe(Il) (Fig. 1b).

To further confirm the concerted effects of microbial communities
and Fe redox transformation on HO® production, additional control
experiments without the addition of microbial communities or haema-
tite, i.e., with only haematite addition (no soil slurry), only slurry
addition (no haematite), and soil sterilization (sterile soil slurry plus
haematite), were conducted. A small increase in Fe(II) was observed in
the slurry (by ca. 0.3 g L™}, Fig. S4a) and sterilized (by ca. 0.2 g L},
Fig. S5b) soil slurries during the Fe(Il) reduction stage. In the
haematite-only addition treatment, the Fe(II) concentration was
approximately 0.02 g L™! during the whole incubation (Fig. S4d). A
limited amount of HO® was detected in the slurry-only setups (< 20 nM,
Fig. S4c), haematite-only setup (0 nM, Fig. S4f), and sterilized soil setups
(ca. 6 nM, Fig. S5¢) during the Fe(III) reduction stage, pointing to a
strong linkage between HO® production and microbially mediated Fe
redox cycling.

3.2. Transformation of Fe minerals

To investigate changes in the structure and mineralogy of haematite
during microbially mediated Fe redox cycling, both XRD and Fe K-edge
EXAFS were applied to identify the secondary Fe minerals in the soil
slurries at the end of the Fe(III) reduction and Fe(Il) oxidation stages.
The XRD patterns of haematite strongly changed after incubation
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Fig. 1. Microbially mediated Fe redox cycling and HO® generation. Dynamics of (a) Fe(II), (b) total dissolved Fe, (¢) NO3 and (d) HO® concentrations during the
incubation experiments (slurry + haematite). NO3 as an electron acceptor was added at the end of the Fe(IIl) reduction stage. Significant differences in HO® con-
centrations among the treatments at the end of the Fe(III) reduction stage were determined using one-way ANOVA followed by Duncan’s multiple range test at p <
0.05, in which the conditions of normality and homogeneity of variance were met. Letters above the bars denote a significant difference (p < 0.05) between fer-
tilizations. Data are means + SD (n = 3). Abbreviations: Control, no fertilization; M, swine manure fertilization; MNPK, swine manure plus mineral nitrogen,
phosphorus and potassium fertilization; NPK, mineral nitrogen, phosphorus and potassium fertilization.

(Fig. S6), indicating that the haematite was transformed to other Fe-
bearing minerals during microbially mediated Fe redox cycling.
Goethite and ferrihydrite were identified by XRD in the M- and NPK-
fertilized soil slurries, further supported by Fe K-edge EXAFS spectra
(Fig. 2 and Table S5). Quartz was also identified in the soil slurries
(Fig. S6).

To further quantify the composition of Fe minerals, we performed
linear combination fitting (LCF) of the Fe k>-weighted EXAFS spectra
(Fig. 2 and Table S5). At the initial incubation stage, Fe-bearing minerals
mainly consisted of haematite (91-97%). Intriguingly, at the end of the
Fe(IIl) reduction stage, the highest percentage (25-27%) of haematite
was converted to goethite and ferrihydrite in the manured soil slurries (i.
e., M and MNPK), followed by ~23% in the unfertilized soil slurry
(Control) and only 15% in the mineral fertilized soil slurry (NPK),
pointing to the distinct microbial communities in the different fertil-
ization soils. These newly formed Fe minerals may have higher chemical
reactivities due to their nanometre particle sizes, amorphous and poorly
crystalline structure, and more charged and rough surfaces than
haematite. Notably, more crystalline forms (i.e., goethite) were found in
the unfertilized and mineral fertilized soil slurries, while more poorly
ordered phases (i.e., ferrihydrite) were formed in the manured soil
slurries. At the end of the Fe(Il) oxidation stage, the poorly ordered
ferrihydrite increased in the unfertilized and mineral fertilized soil
slurries.

3.3. Shifts in microbial communities and their linkage to Fe redox and
HO"® production

To disentangle the contribution of microbial communities to Fe
redox reactions and HO® generation, we analyzed the microbial com-
munity composition in the initial soil slurries, after the Fe(III) reduction
period, and after the Fe(I) oxidation period using Illumina MiSeq
sequencing (optimized sequences and subsequently used sequences are
listed in Table S6). The observed OTU counts (Table S7), OTU richness
(ACE), and Shannon diversity (Fig. 3a and b) decreased with incubation
duration, indicating that the increase in environmental stresses led to a
drop in bacterial abundance and diversity. The Venn diagrams revealed
that the shared bacterial numbers decreased with anoxic Fe incubations
(Fig. S7), and manure-fertilized soils had a stronger capacity to conserve
the shared bacterial groups than mineral-fertilized soils (Fig. S8). In
particular, manured soil (i.e., M and MNPK) slurries had higher OTU
counts, OTU richness, and Shannon diversity than mineral-fertilized soil
(NPK) slurries during the whole incubation period. Shifts in microbial
community composition were also supported by the dominant bacterial
phyla (Fig. S9 and Text S12), rarefaction curves (Fig. S10), and rank
abundance curves (Fig. S11). These results suggest a more robust mi-
crobial community structure in manured soils than in mineral-fertilized
soil. A nonmetric multidimensional scaling (NMDS) plot showed that
microbial communities had high clustering similarity between replicates
but exhibited clear differences among the treatments (ANOSIM r = 0.52,
p = 0.001, Fig. 3c).

A Mantel test was used to identify a possible correlation between the
microbial community structures and HO® production (Fig. 3d). Bacterial
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Fig. 2. EXAFS showing the transformation of Fe minerals during microbially mediated Fe redox cycling. (a) Fe k>-weighted EXAFS spectra of samples at the initial
soil slurry (-I), the end of the Fe(III) reduction stage (-R), and the end of the Fe(Il) oxidation stage (-O). (b) Fe mineral fractions based on the LCF fitting of EXAFS
spectra (also see the data in Table S5). (c) k3—weighted EXAFS spectra of the Fe reference compounds used in the LCF fitting. Abbreviations: Control, no fertilization;
M, swine manure fertilization; MNPK, swine manure plus mineral nitrogen, phosphorus and potassium fertilization; NPK, mineral nitrogen, phosphorus and po-

tassium fertilization.

communities were closely correlated with HO® concentrations, revealing
that HO® production may be strongly interlinked with microbial com-
munities. However, bacterial communities and HO® concentrations were
significantly correlated with Fe(II), NO3, pH, goethite, ferrihydrite, and
haematite (Fig. 3d). Therefore, a partial Mantel test was used to further
investigate the relationship between HO® and bacterial community
structures (Table S8). Indeed, HO® had no significant relationship with
bacterial community structures after the effect of Fe(II) was accounted
for (r =0.09, p = 0.117), implying that the microbial community may be
indirectly linked with HO® through Fe(II).

3.4. Potential microbial drivers of Fe(ii) and HO® production

To identify the biological contribution of the dominant microbial
genus to Fe(I) and HO® production, RF analysis was used (Fig. 4). RF
analysis screened only three and four microbial genera as predictors for
Fe(Il) (R? = 0.74, p < 0.001) and HO® (R? = 0.80, p < 0.001), respec-
tively. K82, belonging to the family Rhodocyclaceae, was the most
important for predicting Fe(II) (p < 0.01) and HO® (p < 0.01). Other
important genera were (i) dissimilatory Fe(Ill)-reducing Geobacter
(Lovley, 2006; Weber et al., 2006b), for Fe(II) (p < 0.01) and HO® (p <

0.01); (ii) Paucimonas (family of Burkholderiaceae), characterized by
rapid growth and rapid adaptation to mineralize soluble C (Jeewani
et al., 2020) or Fe(ID)-oxidizing ability (Peng et al., 2019), for Fe(Il) (p <
0.05) and HO®* (p < 0.01); and (iii) dissimilatory Fe(IIl)-reducing
Desulfotomaculu (Weber et al., 2006a), for HO® (p < 0.05). These con-
tributions were further supported by multivariate regression analysis
(Tables S9 and S10). The relative abundance of the potential microbial
taxonomic predictors in the soil slurries was illustrated by a heatmap,
showing higher abundances of these microbes in the soil slurries at the
end of the Fe(Ill) reduction stage (Fig. 4c). Interestingly, the potential
microbial taxonomic predictors presented diverse abundances in
different fertilized soil slurries at the end of the Fe(Il) reduction stage.
Geobacter and Paucimonas showed higher abundances in manured soil
slurries, while K82 and Desulfotomaculum showed higher abundances in
mineral fertilized soil slurries independent of the addition of manure (i.
e., MNPK and NPK).

3.5. Structural equation model linking microbial and iron to HO®
production

SEM was used for an in-depth analysis of the direct and indirect
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multiple range test at p < 0.05, in which the conditions of normality and homogeneity of variance were met. Letters show significant differences between the
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nificance. Pairwise correlations of geochemical variables are shown with a color gradient denoting Pearson’s correlation coefficient. Abbreviations: Control, no
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and potassium fertilization.

effects of microbial drivers on HO® production. The SEM explained
98.0% of the variation in HO® production and provided a good fit using
the xz test, RMSEA, CFI, and Bollen-Stine bootstrap metrics (Fig. 5a)
(Grace, 2006; Schermelleh-Engel et al., 2003). The model confirmed the
importance of microbial drivers in HO® production, with the importance
(based on the total standardized coefficient) following the order Rho-
docyclaceae K82 > Desulfotomaculum > Paucimonas > Geobacter
(Fig. 5b). Specifically, our SEM analysis suggested that Rhodocycla-
ceae K82, and Desulfotomaculum abundances and Fe(II) and newly
formed Fe mineral (i.e., ferrihydrite plus goethite) contents had direct
positive effects on HO® production (Fig. 5b). Most importantly, our SEM
analysis demonstrated that Geobacter, Rhodocyclaceae K82, Desulfoto-
maculum, and Paucimonas indirectly regulate HO® production via a
positive association with Fe(Il) (Fig. 5). Furthermore, compared with the
standardized path coefficients for HO® production, the indirect effects of
Geobacter, Desulfotomaculum, Rhodocyclaceae K82, and Paucimonas
(ranging from 0.18 to 0.45), were much stronger than their direct effects
(0.00 to 0.14; Fig. 5b). Taken together, SEM analysis explained most of
the variation in the contents of HO®, which is mainly indirectly driven by
the microbial community structures through the regulating of Fe redox
cycling.

4. Discussion

4.1. Effects of long-term fertilizations on microbial communities and Fe
transformation

High clustering similarity between replicates but significant differ-
ences among the soils (Fig. 3c) revealed that long-term fertilization
strongly shifted the soil microbial community composition, which was
consistent with previous observations in red soils (Luo et al., 2020; Wen
et al.,, 2018; Xun et al., 2016). We showed that long-term (26 years)
manure-fertilized soils (i.e., M and MNPK) had higher OTU counts and
microbial diversity than mineral-fertilized soils (NPK) during the
reduction period (Fig. 3a, b, and Table S7). This is in line with changes in
Fe(II) (Fig. 1a) and newly formed minerals (Fig. 2). During anoxic in-
cubation, haematite, as the most stable Fe(Ill) oxide, may be trans-
formed to highly reactive ferrihydrite and goethite either (i) via Fe(III)
reduction followed by surface-dependent Fe(II) oxidation or (ii) through
dissolution and reprecipitation processes (Qafoku et al., 2020; Raiswell,
2011; Shi et al., 2009).

4.2. Interactions between key microbial groups (taxa) with the Fe(ii) and
HO® production in anoxic soil slurries

Random forest, multiple regression model, and SEM analyses showed
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fertilization.

that the Fe(II) production was directly and significantly regulated by the
abundance of Rhodocyclaceae K82, Geobacter, Paucimonas, and Desulfo-
tomaculum (Figs. 4a, 5a, S12 and Table S9), pointing out that these four
bacterial genera may act as the keystone Fe-reducing microorganisms in
the anoxic soil slurries. Both Geobacter and Desulfotomaculum are widely
recognized Fe(Ill)-reducing microorganisms under anoxic conditions
(Weber et al., 2006a). Regarding the genus K82, the family Rhodocy-
claceae has been revealed to participate in Fe(Ill) reduction (Porsch
et al., 2009). Since acetate was the sole terminal electron donor at the Fe
(I1I) reduction stage, we speculate that the genus K82 participated in Fe
(I1I) reduction. Acetate may be rapidly utilized by microorganisms from
soil within few hours (Fischer and Kuzyakov, 2010; Qiu et al., 2017). A
strongly positive correlation between K82 and Fe(II) further confirmed
this speculation (Fig. S13). The genus Paucimonas increased with Fe(II)
concentration (Fig. S13) and showed higher relative abundance in the
soils at the Fe(IIl) reduction stage (Fig. 4c). Similarly, the genus Pauci-
monas participated in soil N and Fe cycles (Peng et al., 2019). Therefore,
we assume that Paucimonas may be involved in Fe(IIl) reduction with
haematite as the sole electron acceptor at the reduction stage.

Similar to Fe(Il), our findings also demonstrated that the HO® pro-
duction was closely linked to the keystone genera K82, Geobacter, Pau-
cimonas, and Desulfotomaculum (Figs. 4b, 5, and Table S10). We further
found small but significant direct control of HO® production by K82 (p <
0.001) and Desulfotomaculum (p < 0.001) (Fig. 5a). Some keystone
genera have the ability to produce trace Oz in anoxic environments
(Kraft et al., 2022). The produced trace Oy with acetate as the electron

donor can be further converted to extracellular O3~ and HyO; (the pre-
cursor to HO® formation) through enzymatic catalysis (Diaz et al., 2013;
Gordon et al., 1953; Learman et al., 2011; Lieberman and Barker, 1954).
Moreover, O3 can react with HyO» to form HO® (Hayyan et al., 2016)
through the Haber-Weiss reaction (Haber et al., 1934). The secretion of
03 and the reduction of Fe(III) are reported to connect with microbial
oxidative stress removal and iron acquisition (Yu et al., 2020). Hence,
we assume that the direct control exerted by K82 and Desulfotomaculum
on HO® production may occur by regulating microbial mediated O3~
formation.

Intriguingly, K82, Geobacter, Paucimonas, and Desulfotomaculum also
control HO® production through an indirect pathway (Fig. 5b). This is
not surprising, as Fe(Il) is involved in catalyzing HO® generation (Gar-
rido-Ramirez et al., 2010; Georgiou et al., 2015; Page et al., 2013;
Pereira et al., 2012; Petigara et al., 2002; Trusiak et al., 2018; Yu and
Kuzyakov, 2021), and the Fe(II) production in our study was directly
and significantly (p < 0.05) regulated by K82, Geobacter, Paucimonas,
and Desulfotomaculum (Figs. 5a and S12). Compared to other soil slur-
ries, a higher abundance of Geobacter and Paucimonas (Fig. 4c) in the
manure-fertilized soil slurries resulted in much more HO® production
(Fig. 1d), implying the importance of fertilization treatments in modu-
lating HO® production and its key drivers. Taken together, these results
indicated that microbial communities may drive HO® production
through mediating both the extracellular O3~ formation and Fe redox
cycling. Indeed, the stronger indirect impact of Geobacter, Desulfoto-
maculum, K82, and Paucimonas on HO® formation (Fig. 5b) suggests that
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microbial communities control HO® generation in an anaerobic envi-
ronment primarily through mediating Fe redox cycling. These results
provide direct evidence for the microbial mediation of Fe redox cycling
linked to HO® production in anoxic environments.

Furthermore, the production of HO® radicals causes cell inactivation
or inhibits the growth of cells through triggering membrane lipid per-
oxidation (Wang et al., 2017; Zhang et al., 2020). During the Fe(IIl)
reduction stage, decrease in the observed OTU counts (Table S7), OTU
richness (ACE), and Shannon diversity may be a result of the production
of HO® (Fig. 3a and b). Consequently, the production of HO® radicals
alters the activity and composition of microbial communities, possibly
through a damage of membrane lipid peroxidation. The selective pres-
sure of HO® radicals on microbial communities further affected Fe spe-
cies transformation (Fig. 3d).

4.3. Possible mechanisms of HO® generation under anoxic environments

HO?® radicals can be produced via photochemical (Georgiou et al.,
2015; Page et al., 2013; Kappler et al., 2021), biotic (Han et al., 2020;
Zhang et al., 2020; Kappler et al., 2021), or abiotic (Garrido-Ramirez
et al., 2010; Kappler et al., 2021) pathways. Yet, it remains unclear how
HO® can be produced under anoxic environments. Recently, Xian et al.
(2019) showed that interactions between mineral defect sites of Fe
(oxyhydr)oxides and H2O in anoxic environments made the hydroxyl-
ation energetically favorable on the surface of iron minerals (Eq. (1)).

@

This finding provides new insight into iron mineral-assisted HO®
formation in anoxic conditions. Moreover, Kraft et al. (2022) proposed
the following oxygen production pathway in Nitrosopumilus maritimus
(Eq. (2)):

4NO; +4e” —4NO + O, + 2N, 0

= Fe(Ill) + H,0 —» = Fe(Il) + HO® + H*

(2)

This pathway requires electrons to produce O, which may partly be
supplied by acetate in our study. In the presence of O, traces, HO®
radicals can be further produced by microbial modulation of iron redox
transformation via Fenton or Fenton-like reactions (Kappler et al., 2021;

Yu and Kuzyakov, 2021). Our SEM results (Fig. 5) showed that micro-
organisms drove HO® generation in anoxic environments predominantly
by modulation of iron redox transformation that was more prominent
than microbial direct roles. Therefore, the HO® in anoxic environments
may be mainly generated through abiotic (Eq. (1)) rather than biotic
(Eq. (2)) processes, which needs further exploration.

4.4. Environmental implications

The oxidation of Fe(II) or Fe(I)-bearing minerals in aerobic envi-
ronments is the vital source of intensive ROS fluxes at soil-water in-
terfaces (Chen et al., 2021; Chi et al., 2022b; Du et al., 2021; Georgiou
et al., 2008; Han et al., 2021; Melton et al., 2014; Op De Beeck et al.,
2018; Schoonen et al., 2006). In anoxic soil slurries, the cumulative
amounts of HO® were less than 100 nM (Fig. 1d), which were 2-4 orders
of magnitude lower than those in the oxygenation processes of surface
sediments (Tong et al., 2016) or anoxic-oxic cycles of sediments (Han
etal., 2020; Zhang et al., 2020). Although the HO® amounts produced in
anoxic environments are low (Fig. 1d), it is very important to close a
loop of the HO® production in both anoxic and oxic environments. These
findings imply that (1) HO® can be sustainably generated in natural
ecosystems and (2) anoxic environments may be a new HO® source.

The low HO® production in anoxic environments may possess a
limited impact on C emission but a profound impact on soil C persistence
(Faust et al., 2021; Lehmann et al., 2020). In humid soils, however, the
ROS-mediated SOC decomposition counteracts C protection by minerals
(Chen et al., 2020). Fe minerals and microbial communities synergisti-
cally increased CO; efflux up to ~15 times accompanied by a burst of
HO?® in the presence of plant residues (Du et al., 2020), pointing to the
critical role of ROS production in elucidating the mechanisms of
“priming effects” in soil “hotspots” (e.g., soil-water interfaces) (Kuzya-
kov et al., 2000; Merino et al., 2020). Moreover, the HO® burst is
important for the bioavailability of the N pool in soils (Op De Beeck
et al., 2018; Wang et al., 2021). On the other hand, the generated HO®
can easily split chemical bonds in SOC, resulting in an increase in dis-
solved OC release and OC bioavailability (Du et al., 2020). Both charged
small molecules and water-soluble macromolecules are favorable for
binding on mineral surfaces and then form newly organo-mineral
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complexes to increase the persistence of C in soils (Faust et al., 2021;
Lehmann et al., 2020; Kleber et al., 2005; Kogel-Knabner et al., 2008).
Although ROS species have a very short lifespan (Yu and Kuzyakov,
2021) at soil-water interfaces, microbial chelator-mediated Fenton
catalysis can promote sustained ROS generation (Tamaru et al., 2019),
which may have a profound impact on C and nutrient cycles in certain
ecosystems (e.g., flooded soils, humid forest, or lake sediments). Our
finding also indicated that organic inputs (e.g., manure) strongly
increased the HO® concentrations when compared to unfertilized control
or soil with solely mineral fertilization. Consequently, this explains the
higher mineral-associated C content in soils with organic fertilization
(Yu et al., 2017).

More broadly, weather extremes (e.g., extreme precipitation or
drought events) as well as climatic trends (e.g., stratospheric ozone
depletion) may impart soil slurries with stronger redox fluctuations and
UV and thus more ROS production (Overland et al., 2016; Smith et al.,
2017; Sulzberger et al., 2019), which will definitely elevate the role of
ROS in C and nutrient cycles in some ecosystems (e.g., humid forests or
dry deserts). Therefore, in a changing world, we call for studying com-
plex environmental gradients, long-term time series, and modeling to
establish causality between interconnected community interactions (e.
g., competition, mutualism, and commensalism) and redox-active min-
erals and their linkage to C and nutrient cycling in water ecosystems.

4. Conclusions and future perspectives

Our findings showed that interactions between microbial commu-
nities and Fe minerals in soil slurries synergistically drive HO® produc-
tion through microbial Fe(III) reduction and transformation to newly
formed minerals. These microbially mediated Fe(Ill) reduction and
transformation to new minerals were predominantly responsible for HO®
production in the anoxic environment. HO® production was closely
linked to the keystone genera K82, Geobacter, Paucimonas, and Desulfo-
tomaculum. The discrepancies in the abundance of these genera inter-
preted well the HO® production in soil slurries under a wide range of
fertilization practices. Because microorganisms in soil are present but
frequently not active (Blagodatskaya and Kuzyakov, 2013; Hori et al.,
2010), further investigations should focus on the functions of the active
microbial genera (i.e., Geobacter, Desulfotomaculum, K82, and Paucimo-
nas) producing HO®. Stable isotope probing and pyrosequencing tech-
niques seem very promising to link the microbial activities with the
functions specific for HO® production (Ding et al., 2015; Hori et al.,
2010). Altogether, our findings establish a causality between HO® pro-
duction and microbial-mineral interactions at soil-water interfaces, and
show the profound impact on carbon and nutrient cycles in anoxic
environments.
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