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ABSTRACT: Nitrogen (N) fixation in soils is closely linked to microbially
mediated molybdenum (Mo) cycling. Therefore, elucidating the mechanisms and
factors that affect Mo bioavailability is crucial for understanding N fixation. Here,
we demonstrate that long-term (26 years) manure fertilization increased microbial
diversity and content of short-range ordered iron (oxyhydr)oxides that raised Mo
bioavailability (by 2.8 times) and storage (by ∼30%) and increased the abundance
of nifH genes (by ∼14%) and nitrogenase activity (by ∼60%). Nanosized iron
(oxyhydr)oxides (ferrihydrite, goethite, and hematite nanoparticles) play a dual
role in soil Mo cycling: (i) in concert with microorganisms, they raise Mo
bioavailability by catalyzing hydroxyl radical (HO•) production via the Fenton
reactions and (ii) they increase Mo retention by association with the nanosized
iron (oxyhydr)oxides. In summary, long-term manure fertilization raised the stock
and bioavailability of Mo (and probably also of other micronutrients) by
increasing iron (oxyhydr)oxide reactivity and intensified asymbiotic N fixation
through an increased abundance of nifH genes and nitrogenase activity. This work provides a strategy for increasing biological N
fixation in agricultural ecosystems.

KEYWORDS: Fenton reaction, hydroxyl radical, iron (oxyhydr)oxide, long-term fertilization, molybdenum bioavailability,
nitrogen fixation, reactive oxygen species, stable isotope probing

■ INTRODUCTION

Biological nitrogen (N) fixation, which converts dinitrogen
(N2) molecules into bioavailable ammonia (NH3 or NH4

+), is
the primary biological route for N inputs into Earth’s
ecosystems.1−4 Globally, biological N fixation by symbiotic
bacteria in higher plants and free-living (asymbiotic) bacteria
in soils has been estimated to vary between 44 and 100−300
teragrams (Tg, 1 Tg = 1012 g) N yr−1.1,5−7 Biological N fixation
is controlled by the availability of molybdenum (Mo),1,2,8,9

which is a cofactor of the most common isoform of the N-
fixing enzyme nitrogenase (Mo-nitrogenase).10−12 However,
Mo is a limiting nutrient in most terrestrial ecosystems, ranging
from tropical and temperate forests to the Arctic.13−16 In most
soils, Mo is rare and susceptible to leaching as soluble Mo(VI)
anion molybdate (MoO4

2−) will not be absorbed by negatively
charged clay minerals and soil organic matter (SOM).2

Mo(VI), however, can be abiotically reduced to less soluble
Mo(III) by electron transfer from SOM.17 The formation of
strong organic complexes along with adsorption on and
coprecipitation with iron (oxyhydr)oxides not only inhibits Mo
leaching but also impedes Mo uptake by N-fixing bacteria.2,15

Therefore, high contents of SOM and highly reactive iron

(oxyhydr)oxides (e.g., ferrihydrite [ideal formula Fe10O14·
(OH)2] with poor crystallinity and large surface area)
determine Mo bioavailability.18

Analogous to increases in the storage and bioavailability of
Mo as a result of leaf litter inputs in forest soils,2 long-term
manure inputs19,20 may play a critical role in increasing the
total content and bioavailability of Mo in agricultural soils.
Furthermore, the stimulation of asymbiotic N fixation by
manure input can be more important than symbiotic N
fixation.16 Although asymbiotic bacteria have a lower N
fixation rate than symbiotic bacteria, the asymbiotic bacteria
have a wide distribution globally, are independent on legumes,
and fix considerable N amounts in some ecosystems (e.g.,
deserts and tropical forests).21 Asymbiotic N fixation is
approximately 10−15 kg N ha−1 yr−1 and accounts for up to
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half of all terrestrial N fixation.7 The N fixation potential is
affected by many soil properties, such as Mo bioavailability,
SOM content, microbial communities, and so forth. These
properties, however, are closely tied to amendments of organic
fertilizers, including plant residues and manure. Therefore,
understanding of coupling Mo and N cycles is necessary to
raise biological N fixation, reduce mineral fertilizer inputs, and
stabilize agricultural ecosystems.
We hypothesize that long-term manure input increase Mo

stock and bioavailability, and consequently, asymbiotic N
fixation in soils. Because taxonomically and ecologically diverse
soil microorganisms are an important source of superoxide
(O2

•−) and hydrogen peroxide (H2O2) production under oxic
conditions,22−24 highly reactive iron (oxyhydr)oxides, for
example, ferrihydrite, nanosized hematite, and goethite, act as
catalysts to decompose H2O2 and produce highly oxidative
hydroxyl radicals (HO•).25−27 As a nonselective reactive
oxygen species (ROS), HO• can oxidize a wide range and
variety of organic compounds,28,29 thus releasing SOM-bound
Mo and increasing its bioavailability. To date, the mechanisms
controlling the bioavailability of Mo in arable soils and thus
biological N fixation remains largely unexplored.
The objectives of this study were (1) to examine whether

long-term manure inputs increase the storage and bioavail-
ability of Mo in soil, which further contributes to asymbiotic N
fixation; (2) to test whether iron (oxyhydr)oxides in concert
with microorganisms increase Mo bioavailability by catalyzing
HO• production (Fenton reaction); and (3) to assess the
retention of bioavailable Mo by soil constituents, that is, iron
(oxyhydr)oxides and SOM. By systematically scrutinizing the
effects of long-term (26 years) manure inputs on Mo
bioavailability and asymbiotic N fixation in the field and
complementary to controlled experiments, our results provide
crucial insights into the mechanisms of Mo mobilization in
cropland soils to intensify N cycling.

■ MATERIALS AND METHODS
Study Site and Soil Samples. The well-controlled long-

term fertilization experiment was set up in a Ferralic Cambisol
in 1990 in Qiyang (26°45′N, 111°52′E), Hunan Province,
China. During the period from 1991 to 2016, the mean annual
temperature, evaporation, frost-free days, and sunshine hours
were 18 °C, 1470 mm, 300 d, and 1610 h, respectively. Prior to
the experiment, the field had been under an annual wheat-corn
rotation for three years to achieve uniform soil fertility. The
mineral fertilizers were urea for nitrogen (N), superphosphate
for phosphorus (P), and potassium chloride (KCl) for K. The
following fertilization treatments were selected: Control, no
fertilization; NPK, mineral N, P, and K fertilization; NPKM,
NPK plus pig manure fertilization; M, pig manure alone
fertilization. The annual fertilizer amounts applied for the four
treatments are provided in Table S1. Lime (CaCO3) was
added to the NPK-fertilized fields (so-called NPKCa
fertilization) after 2010 to neutralize NPK-induced acid-
ification and to raise the soil pH from ∼4.2 in the NPK-
fertilized soil to a pH level similar to the pH in the NPKM soil
(∼5.6). The characteristics of pig manure (dry matter) in 2016
were pH 8.5, organic C (364.0 g kg−1), total N (24.0 g kg−1),
total Al (9.0 g kg−1), total Fe (5.3 g kg−1), SiO2 (126 g kg−1),
and total Mo (3.5 and 3.4 mg kg−1 in the corn and wheat
seasons, respectively).
Soils from 0 to 20 cm (Ap horizon) depth were collected in

1990, 1995, 2000, 2005, 2013, and 2016 at the experimental

site using a 5 cm diameter auger. Soils at greater depths were
also collected at intervals of 20 cm to a maximum depth of 80
cm in 2016. All experimental plots were identically managed
with a wheat−corn cropping system.19 Each plot was 200 m2

(i.e., 20 m long and 10 m wide), with a 1.0 m deep cement
barrier between each plot. Each plot was evenly separated into
three regions, and 10 cores were sampled from each region.
The collected soils were homogenized by mixing and separated
into two parts, one being freeze-dried for DNA extraction and
another being air-dried at room temperature, ground, and
sieved through a 5-mm sieve for further chemical analyses.

Isotope Tracer Microcosm Experiments. Stable isotope
probing (SIP) microcosm experiments were designed: (i) to
evaluate the synergistic effects of microbial communities and
iron (oxyhydr)oxides on the production of free radicals and
(ii) to identify the microbial communities responsible for
Fe(III) (oxyhydr)oxide reduction and dissolution as well as
HO• formation. Soil slurries from the four fertilization regimes
were prepared by mixing the dry soil with distilled water at a
ratio of 1:1.30 To activate the microbes and deplete indigenous
electron acceptors such as nitrate, sulfate, and Fe(III)
(oxyhydr)oxides, the slurries were further preincubated
anaerobically in the dark at 25 °C for 21 d.30 A PIPES-
buffered (10 mM, pH 6.8) artificial ground-water (AGW)
medium was used for the soil slurry enrichment culture
experiment. The AGW contained 0.11 mM MgCl2, 0.61 mM
CaCl2, and 2 mM NaHCO3, 0.5 mM NH4Cl, 0.05 mM
KH2PO4, 0.1 × of vitamin and trace element solutions and was
supplemented with 11 mM Na-acetate, and 25 mM of
hematite. Hematite was synthesized as previously described.31

Labeling experiments with the soil slurry enrichment
cultures from the four fertilizations (n = 3) were initiated by
adding 13C-labeled acetate (99 atom %, Cambridge Isotope
Laboratories, MA, USA) as an electron donor, adding hematite
as an electron acceptor to each vial at a concentration of 3
mM, and then statically incubating the setups for 8 d at 25 °C.
Parallel unlabeled experiments were performed by the same
procedure, except that the substrate was unlabeled acetate.
Triplicate media in bottles were inoculated with 1% (v/v) soil
slurry enrichment cultures as described above. The serum vials
were then sealed with butyl rubber septa, flushed with N2 in
the headspaces, and stored in the dark at 25 °C without
shaking during incubation periods. Samples of supernatant
water and precipitates in triplicate were collected after 8 d
incubation from each vial.

Mo Retention Experiments. Mo retention experiments,
combined with synchrotron radiation (SR)-based spectro-
scopic techniques, for example, SR-FTIR and micro-X-ray
fluorescence (μ-XRF) spectromicroscopy, were used to
examine the components dominating Mo retention in soil.
Soil samples from the long-term (26 years) fertilization
regimes were mixed with a 100 mg L−1 Na2MoO4 solution,
raised to 100% of water holding capacity, and equilibrated for
24 h at 25 °C.2 Intact particles were picked using superfine
tweezers, frozen at −20 °C, and sectioned without further
embedding. A 2 μm thick thin-section was cut on a
cryomicrotome (Cyrotome E, Thermo Shandon Limited,
UK) and transferred to low-E microscope slides (Kevley
Technologies, Ohio, USA). Chemical images of Fe and Mo
were collected at beamline 15U1 of the Shanghai Synchrotron
Radiation Facility (SSRF) for the same regions of the thin
section. Fluorescence maps (μ-XRF) of Mo and Fe were
obtained by scanning the samples under a monochromatic
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beam at E = 20 keV with a step size of 3 × 3 μm2 and a dwell
time of 5 s.
Acetylene Reduction Activity and nifH Genes.

Acetylene reduction in samples was measured using the
acetylene reduction activity (ARA) method.10,13 In brief, 100 g
of soil (wet mass) was incubated in a jar (1 L) containing 10:1
(v/v) air and acetylene. Gas samples were collected at regular
intervals, stored in pre-evacuated serum vials (8 mL), and
analyzed by gas chromatography (Shimadzu GC-8A equipped
with an FID detector).
Soil DNA was extracted using the PowerMax Soil DNA

isolation kit (Mo Bio Laboratories, CA, USA),32 based on the
manufacturer’s instructions. The relative abundance of the
nif H gene was quantified via qPCR. The qPCR assays
contained 10 ng of soil DNA, 1.2 μL of each primer (5
pM), 10 μL of 2× SYBR Green iCycler iQ mixture (Bio-Rad),
and water for a 20 μL final volume.33 The assay was carried out
on a real-time PCR system (Applied Biosystem 7500) using a
program of 95 °C for 10 min, 40 cycles (including 15 s at 95
°C, 20 s at 55 °C, and 20 s at 72 °C). The 16S rRNA gene
abundances were applied to normalize values between the
samples, and relative quantities were calculated using
GENORM software (http://medgen.ugent.be/~jvdesomp/
genorm/). The specific primer PolFPolR was used for
nifH,33 and all qPCR assays were run in triplicate with soil
DNA. To ensure specific assessment of the nifH gene, the
melting curve in each run was analyzed.
Bacterial Community Analyses. The 13C-labeled DNA

was extracted and separated from the natural abundance 12C
DNA using density gradient centrifugation and details can be
seen in the Supporting Information. To reduce DNA
extraction bias, one extract from each of the triplicate bottles
in each treatment was performed. In total, three successive
DNA extracts from each treatment were pooled. To amplify
the V3−V4 region of the 16S rRNA genes, both 338F and
806R primer sets were used as forward primers and reverse

primers, respectively.34 The amplification conditions were as
follows: (1) 98 °C for 5 min; (2) 25 cycles of 98 °C for 30 s,
50 °C for 30 s, and 72 °C for 30 s; and (3) a final extension at
72 °C for 5 min. The PCR products were subjected to Illumina
MiSeq sequencing after purification by a QIAquick Gel
Extraction Kit (Qiagen, CA, USA).35 In this study, the
required sequences were above 150 bp long with a base quality
over Q20 and without N bases (fuzzy bases) (Supporting
Information). In total, 1,070,823 and 581,032 high-quality
sequences were obtained from the 24 isotope tracer incubation
samples and 12 field soil samples, respectively. The DNA
sequences from all field and incubation samples were deposited
in the BIG Data Center, Chinese Academy of Sciences under
accession code CRA003592 (https://bigd.big.ac.cn/gsa/
browse/CRA003592).

Electron Paramagnetic Resonance and Physico-
Chemical Analyses. Analyses of total Mo, bioavailable Mo,
H2O2, HO

•, TN, nitrate (NO3
−), ammonium (NH4

+), DOC,
Fe chemistry, bulk density, and electron paramagnetic
resonance (EPR) are provided in the Supporting Information.

Statistical Analysis. One-way analysis of variance
(ANOVA) on the soil biogeochemical and taxonomic data
was performed using SPSS software (Version 19.0 for
Windows). Significances between fertilization treatments
were determined using one-way ANOVA and the Tukey’s
HSD post hoc tests, in which normality and homogeneity of
variance were met. The relative percentage of each phylum in
the sequencing data was used as their relative abundance.
Redundancy analysis (RDA), diversity indices and microbial
community richness were determined with the VEGAN
package (in R version 3.1.0).

■ RESULTS
Soil Mo Storage and Bioavailability in Response to

Long-Term Fertilization. Long-term manure application (M,
NPKM fertilization) increased the total Mo content in the

Figure 1. Mo content of soils after long-term (26 years) fertilization. (A) Total Mo in topsoils (0−20 cm) depending on fertilization in 2016. (B)
Dynamics of bioavailable Mo during the fertilization period (1990−2016). (C) Changes in bioavailable Mo depending on soil depth (0−100 cm)
in 2016. The two arrows show the opposite effects of Mo uptake by plants and Mo addition with manure compared to the unfertilized Control soil.
(D) Mo balance depending on fertilization. Blue and orange arrows indicate decreased and increased Mo stocks in soil. Control, no fertilizers;
NPK, mineral fertilizers; NPKM, mineral fertilizer plus pig manure; M, pig manure; NPKCa, mineral fertilizer plus lime. Significant differences
between fertilization treatments were determined using one-way ANOVA followed by Tukey’s HSD post hoc tests at p < 0.05, where conditions of
normality and homogeneity of variance were met. n = 3.
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topsoil (20 cm) by >30%, that is, from ∼3 kg ha−1 (Control
and NPK fertilization) to ∼4 kg ha−1 (Figure 1A). Remarkably,
M and NPKM fertilization increased the bioavailable Mo by
>2.8 times in the topsoil, that is, from 0.28 kg ha−1 in 1990 to
0.80 kg ha−1 in 2016. In contrast, Mo bioavailability in the
Control and NPK fertilization regimes increased only slightly
(by <0.2 kg ha−1) (Figure 1B). The bioavailable Mo in soils
with NPK fertilization increased with lime addition (p < 0.05,
Figure 1B and Table S2). Except for topsoil, M and NPKM
fertilization also increased (p < 0.05) the bioavailable Mo up to
60 cm depth when compared to control and NPK fertilization
(Figure 1C). Below 80 cm, however, the Mo was independent
on fertilization.
During the 26 years of fertilization, Mo was removed from

the soil under the control, NPK, NPKM, and M regimes by
harvesting grains and straws of approximately 0.029, 0.077,
0.19, and 0.450 kg ha−1, respectively (Figure S1, Table S2, and
Supporting Information Results), corresponding to ∼1 to 10%
of the total Mo content in the soil (top 20 cm). By combining
the total Mo remaining in soils (Figure 1A) with the Mo
removed by grains and straws (Figure 1D, Table S3,
Supplementary Results), our results clearly demonstrate that

manure inputs increase the Mo stock in the soil. Compared to
nonmanure-fertilized soils, manure-fertilized soils had 37−66
and 54−125% higher contents of oxalate-extractable Fe (i.e.,
Feo) and SOC, respectively (Table S2). Therefore, the
increased Mo stock in manure fertilized soils is ascribed to a
combination of a direct Mo input from pig manure (see
Methods Section, Table S4) and an indirect Mo retention
against leaching by increased short-range-ordered (SRO) Fe
(oxyhydr)oxide (i.e., Feo) and SOC stocks. Notably, a linear
positive correlation (p < 0.05) between crop yields and
bioavailable Mo in the soil (Figure S2, Table S3) suggests that
an increase in bioavailable Mo content can contribute to
increased crop yields.

Iron (Oxyhydr)oxides Acting as Catalysts to Drive Mo
Availability. By producing a strong oxidative HO• radical, the
interaction between iron (oxyhydr)oxides and microorganisms
via the Fenton oxidation may play an essential role in driving
the biogeochemical cycling of Mo. To explore the synergetic
mechanisms between Fe (oxyhydr)oxides and microbial
communities that affect bioavailable Mo, we first examined
H2O2, HO

•, and Fe chemistry. After 26 years of fertilization,
the H2O2 and HO• generation capacities were ∼2 times higher

Figure 2. Fenton chemistry and the factors affecting bioavailable Mo in soils after long-term fertilization. (A) H2O2 content. (B) HO
• generation

capacity. (C) 1st derivative and (D) 2nd derivative EPR spectra. (E) RDA of the abundant bacterial phyla and soil properties as well as ROS.
Control, no fertilizers; NPK, mineral fertilizers; NPKM, mineral fertilizer plus pig manure; M, pig manure. FR, free radicals. Moa, available Mo;
Mot, total Mo; TN, total nitrogen; Fet, total Fe; Fes, dissolved Fe; Feo, ammonium oxalate extracted Fe. Significant differences between fertilization
treatments were determined using one-way ANOVA followed by Tukey’s HSD post hoc tests at p < 0.05, where conditions of normality and
homogeneity of variance were met. n = 3.
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in the NPK-fertilized soil than in the control, M and NPKM
fertilization treatments (Figure 2A,B). Therefore, free radical
reactions, for example, the Fenton or Fenton-like reactions, are
stronger in the NPK soil than in the control, M, and NPKM
soils. The EPR spectra of the water-dispersible colloidal
fractions (presented as 1st and 2nd derivatives, Figure 2C,D)
also showed major differences between the paramagnetic
components in the NPK soil and those from the other
fertilization regimes. Specifically, the control, M and NPKM
soils have strong broad signals centered on g = 2.0 from
magnetically interacting Fe(III) ions, whereas the spectrum of
the NPK soil was dominated by a strong sextet signal from
Mn(II). Furthermore, the control, M, and NPKM soils, all
showed a free radical signal from environmentally persistent
free radicals (EPFRs), with g-factors of ∼2.003, but this signal
was much weaker and had a narrower linewidth in the colloidal
fraction from the NPK soil. The generation capacity of both
H2O2 and HO• had a similar trend to total Fe and Fe(II) but
was inversely related to dissolved Fe and SRO Fe (oxyhydr)-
oxides (Table S2, Figure S3).
High-quality sequencing with RDA was further used to

explore relationships between the abundant bacterial phyla and
soil properties (Figure 2E). ROS, Fe chemistry, Mo, and pH all
significantly (p < 0.01) impacted the bacterial community and
explained 80.9% of the variance. The bacterial community
compositions in soils with the same fertilization were clustered
closely together but clearly bulked by the fertilization regimes.
The microbial community structure of both soils with manure
was very similar and was affected by the same soil properties,

including Mo and Fe contents and pH. Intriguingly, SRO Fe
(oxyhydr)oxides (Feo) and dissolved Fe were positively
correlated with total and bioavailable Mo but negatively
correlated with H2O2 and HO

•; in contrast, total Fe and Fe(II)
were positively correlated with H2O2 and HO

• (Figures 2E and
S3). The results from pairwise correlations (Figure S3) suggest
that Fe(II) and total Fe are responsible for the occurrence of
microbially mediated free radicals, while short-range ordered
Fe (oxyhydr)oxides and dissolved Fe contribute to Mo
retention.
For further identification of key bacterial communities

responsible for Fe(III) reduction and Fe(III) (oxyhydr)oxide
dissolution as well as HO• formation, we set up a microcosm
study with soil slurry enrichment cultures incubated with 13C-
labeled acetate and synthetic hematite. Fe(III) oxide hematite
acts as an electron acceptor, whereas acetate and ammonia
serve as electron donors. Sequenced 16S ribosomal RNA
(rRNA) gene amplicons for genomic DNA were used to
identify active bacterial communities (Figure 3). For the
unlabeled control soil, the relative abundance of bacterial
communities reached the maximum buoyant density of 1.72 g
mL−1 in the light fractions after 8 days. The relative abundance
of bacterial communities in 13C-labeled microcosms, however,
peaked in the heavy fractions, that is, with a buoyant density of
1.74 g mL−1 (Figure 3B−E). This clear peak shift in the DNA
buoyant density indicated that the active bacterial communities
assimilated 13C-labeled acetate. The corresponding heat map
further displayed the distinct active bacterial groups across all
fertilization regimes (Figure 3F): Azoarcus, Pelobacteraceae,

Figure 3. DNA-13C−SIP microcosm experiments illustrating functional microbial communities responsible for Fe(III) (oxyhydr)oxide reduction
and dissolution as well as HO• formation. (A) Diagram of SIP. (B−E) Distribution of the relative abundances of functional bacterial genes in the
CsCl density gradient for unfertilized (Control), NPK-, NPKM-, and M-fertilized soils after 8 d of incubation. The small green arrows in (B−E)
indicate the maximum value for buoyant density. (F) Heat map showing the change in soil bacterial community structure. (G) RDA of the
abundant bacterial phyla and environmental variables for individual samples. Control, no fertilizers; NPK, mineral fertilizers; NPKM, mineral
fertilizer plus pig manure; M, pig manure. Note the strong difference in microbial groups utilizing 12C and 13C substrates.
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Burkholderiales (N-fixing), Geobacter (dissimilatory iron-
reducing), Symbiobacterium (symbiotic bacteria), Rhodocycla-
ceae (nitrate-reducing), Betaproteobacteria (ammonia-reduc-
ing), Rhodocyclaceae, and Oxalobacteraceae in the manured
soil. In the NPKM-fertilized soil, the main active bacterial
groups were Burkholderiales, Bulkholderiaceae, and Enter-
obacteriaceae. In striking contrast, the active bacterial groups
were detected as Anaeromyxobacter and Rhodocyclus in the
control soil and Rhizobiales, Bulkholderiaceae and Burkholderia
in the NPK soil (Figure 3F). These active bacterial groups in
the soil with manure (M and NPKM) drove much more
reduction and dissolution of Fe(III) (oxyhydr)oxides as well as
formation of HO• than Control and NPK soils (Figure S4). A
linear correlation (R2 > 0.51, p < 0.01) between HO• and
Fe(II) (Figure S5) suggests that Fe(III) reduction contributes
to HO• formation, which was related to microbial
communities as evidenced by high-quality sequencing with
RDA (Figure 3G). Based on the pairwise correlation analysis
(Figure S6), the species Symbiobacterium, Geobacter, Rhodocy-
claceae, and Azospirillum, were closely positively affiliated (p <
0.01) with the changes in both HO• and Fe(II). In contrast,
the species that were highly negatively affiliated (p < 0.01) with
both HO• and Fe(II) were Burkholderia, Xanthomonadaceae,
Rhizobiales, and Brevibacillus. Close spatial colocalization of
13C-labeled carbon (13C−) with iron (oxyhydr)oxides
(56Fe16O− and 16O−) (Figure 4) confirms the occurrence of
direct microbial mediated electron transport between the
donor (i.e., 13C-labeled acetate) and the acceptor (i.e.,
hematite).
Spectroscopic Insights into Mo Retention by Iron

(Oxyhydr)oxides and SOM. Because of the low Mo content
in soils, Mo binding sites cannot be observed directly (Figure
S7). Thus, the binding of Mo was investigated by mixing the
soils with a solution containing 100 mg L−1 Na2MoO4,

followed by equilibration for 24 h at room temperature.
Nanoscale secondary ion mass spectrometry (NanoSIMS)
images (Figure S8) of the incubated soil water dispersible
colloids demonstrated that the iron (oxyhydr)oxides
(56Fe16O−) and SOM (12C14N−) in the M soil had a stronger
Mo (95Mo16O−) retention capacity than those in other soils.
To further visualize the Mo retention by iron (oxyhydr)oxides
and SOM, a set of complementary techniques, that is, μ-XRF,
SR-FTIR, and electron probe microanalysis (EPMA), was used
to map the distribution of Mo, Fe, and organic functional
groups in a thin section (∼1 μm in thickness) from the
manured soil (Figures 5 and S9). Typically, Mo and Fe were
heterogeneously distributed in the soil, with several hotspots
identified in the brim (Figure 5A,B). There was a strong
positive correlation (R2 = 0.58, p < 0.0001) between Mo and
Fe localization (Figure 5C). This colocalization is supported
by high-resolution transmission electron micrograph images
and energy dispersive X-ray spectra (Figure S10), which
confirm that positive charges of Fe nanoparticles were
colocalized with Mo (Figure S10), rather than negative charges
of aluminosilicates (Figure S9). Thus, Fe (oxyhydr)oxides play
an essential role in Mo retention and prevent its loss via
dissolution and leaching.
In addition to Fe (oxyhydr)oxides, SR-FTIR spectromicro-

scopy indicates that functional groups from proteins (CO,
1650 cm−1), lipids (C−H, 2924 cm−1), and polysaccharides
(C−OH, 1080 cm−1) may also serve as binding sites for Mo in
the soil (Figure S11). To gain further insights into the role of
SOM in Mo retention, an exogenic Mo titration experiment
was conducted, that is, adding a series of Mo concentrations
(i.e., 10−70 ng mL−1) to dissolved organic matter derived
from the M and NPK soils and then analyzing their FTIR
spectra. The bands of secondary mineral-related peaks (at
1037, 530, 463, and 425 cm−1) in the FTIR spectra of the M
soil changed gradually with Mo concentration (Figure 5D),
whereas there were only slight changes in the main functional
groups from, for example, lipids (2922 cm−1), proteins (1650
and 1550 cm−1), and polysaccharides (1200−1100 cm−1)
(Figure S12). In the NPK soil, however, only functional groups
(3409 and 1135 cm−1) were markedly changed by the addition
of Mo (Figure S12).
To summarize, these spectroscopic observations provide

insights into Mo retention in soils depending on fertilization.
Iron (oxyhydr)oxides rather than SOM or clay minerals
dominated the Mo retention in the M-fertilized soil, whereas
Mo was bound solely to SOM in the NPK soil. This difference
in Mo retention between the M and NPK fertilization regimes
is explained by a higher abundance of SRO Fe (oxyhydr)oxides
(i.e., Feo) in the manured than in the NPK fertilized soil
(Table S2).

Microbial N Fixation in Response to Long-Term
Fertilization. In agreement with the increased total and
bioavailable Mo stocks in the soils (Figure 6A,B), manure
fertilization increased nitrogenase activity by ∼60% compared
to unfertilized control soil (Figure 6A). As expected, NPK and
NPKM fertilization decreased nitrogenase activity by ∼70%
compared to the control soil. This result highlights that N
fixation is suppressed by mineral N inputs. However,
nitrogenase activity was ∼5 times higher in the M soils than
in the NPK and NPKM soils (Figure 6A).
Furthermore, the abundance of nifH genes was the highest

(∼7.3 log copies g−1 soil) in the manured soil and the lowest
(∼6.4 log copies g−1 soil) in the NPK soils (Figure 6B), which

Figure 4. NanoSIMS images showing close spatial colocalization of
13C-labeled carbon (13C−) with iron (oxyhydr)oxides (56Fe16O− and
16O−) confirming the occurrence of direct microbial mediated
electron transport between the donor (i.e., 13C-labeled acetate) and
the acceptor (i.e., hematite). (A) Control, no fertilizers; (B) NPK,
mineral fertilizers; (C) NPKM, mineral fertilizer plus pig manure; (D)
M, pig manure. Composite element distribution map of 13C− (blue),
56Fe16O− (red), and 16O− (green) following 8 d incubation in the
DNA-SIP microcosm experiments.
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reflects the trends of nitrogenase activity (Figure 6A). Indeed,
the abundance of nifH genes was similar (∼7.0 log copies g−1

soil) in soils from both control and NPKM fertilization,
indicating that manure inputs can counteract the negative
effects of NPK on N-fixing rates. Furthermore, a positive
correlation between bioavailable Mo and nifH genes but not
with ARA (Figure S13) demonstrates that increased Mo
availability stimulated N fixation, that is, through the increased
N-fixing genes, which could also raise the N-fixing rates
(Figure 6C). The independence of ARA from bioavailable Mo
(Figure S13) suggests that unlike nifH genes, ARA is affected
mainly by other soil properties. Together, nitrogenase activity
and nifH genes abundance analyses provide direct evidence
that a long-term manure input (i.e., M fertilization) markedly
increases asymbiotic N fixation compared to soils without
manure (i.e., control and NPK fertilization).

■ DISCUSSION

Linking Mo Bioavailability to Microbial N Fixation in
Long-Term Fertilized Soils. An increase in Mo storage and
bioavailability benefits N fixation by asymbiotic N-fixing
bacteria in soils.13 Manure fertilization markedly increases
asymbiotic N fixation in soil (Figure 6) by increasing the stock
and bioavailability of Mo (Figure 1) and thus the abundance of
nifH genes as well as nitrogenase activity (Figures 6A and 5B).
This trend is consistent with the previous reports of strong
suppression of N fixation by long-term mineral N inputs in
tropical forests13 and agricultural soils.32 The suppression of N
fixation with mineral N inputs may be related to a resulting
decrease in the C/N ratio of the soil,36 increase of mineral N
content, functionality losses of keystone and phylogenetically
clustered N fixers,37 and decrease of Mo stock by crop
uptake.11,13,14 Because microorganisms have a relatively stable
biomass C/N ratio of 8:1,38 a stoichiometric theory predicts
that a high N content will decrease the transformation rates of
immobilized N by microorganisms into microbial biomass N in
soils.36 N fixation was dropped by 50% after 35-years of
fertilization, owing to decrease in the abundance of keystone N

fixers such as Geobacter spp.37 As a key component of the most
common nitrogenase enzyme, Mo bioavailability limits N
fixation in tropical forest soils.11,13

Factors Determining Mo Bioavailability and Storage
in Long-Term Fertilized Soils. The Mo availability strongly
decreases with soil acidification.15 However, Mo bioavailability
in the NPKCa soils was only ∼57−66% of the Mo
bioavailability in the M and NPKM soils (Figure 1B), thus
indicating that in addition to soil pH, other factors (e.g., the
content of iron (oxyhydr)oxides39 or SOM2,15) may also affect
Mo bioavailability. These results were supported by pairwise
correlations between soil pH, SRO Fe phases, and dissolved Fe
increased (p < 0.05) with bioavailable Mo (Figure S3). Manure
input can mobilize iron (oxyhydr)oxides to act as a precursor
for nanosized reactive minerals (i.e., ferrihydrite, nanogoethite
[α-FeOOH], and hematite [α-Fe2O3]) to form SRO phases.19

Therefore, the SRO Fe phases and dissolved Fe may play an
essential role in driving the biogeochemical cycle of Mo
(Figures 2 and 3). The bioavailable Mo below 80 cm, however,
was independent of fertilization (Figure 1C), which indicates
that similar to SOC,40 the vertical transport of Mo to this
depth is of minor importance over 26 years.
Both iron (oxyhydr)oxides and SOM participate in long-

term Mo retention and transport from soil.13,15 Although the
Mo(VI) reduction to Mo(III) by SOM represents an
important mechanism for its removal from soil solution and
uptake by plants and microorganisms,17 Mo had little affinity
to SOM in the long-term fertilized soils (Figures 5 and S12).
Our evidence from μ-XRF mapping, FTIR spectra, and TEM
images (Figures 5, S10, and S12) strongly demonstrated that
mineral surfaces, particularly Fe (oxyhydr)oxides, dominated
Mo retention in soils, which is consistent with observation that
molybdate (MoO4

2−) is bound mainly to iron (oxyhydr)oxide
surfaces.41 This strong Mo retention capability of nanosized
iron (oxyhydr)oxides is explained by their large specific surface
area and high proportion of surface atoms (relative to interior
atoms).42

Figure 5. Mo retention by Fe (oxyhydr)oxides in long-term (26 years) pig manure-fertilized soil, M. (A) μ-XRF mapping of Mo. (B) μ-XRF
mapping of Fe. (C) Mo vs Fe correlation plot from the (A,B) maps. (D) Response of functional groups in IR spectra to exogenic Mo.
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Fenton Oxidation and Related Key Microbial Com-
munities. In the long-term fertilized soils, H2O2 and HO•

increased slightly (p > 0.05, except for HO• and total Fe) with
total Fe and Fe(II) (Figure S3). The correlation is weak
because other soil components (e.g., SOM and minerals) affect
the Fenton oxidation.25,43,44 The SOM and minerals were
removed in DNA-SIP microcosm experiments, leading to a
very strong positive correlation between HO• and total Fe and
Fe(II) (Figure S6). Together, both long-term fertilization and
DNA-SIP microcosm experiments indicated that HO•

formation is derived from total Fe and Fe(II) oxidation.
Furthermore, H2O2 and HO• slightly decreased (p > 0.05)
with increase of dissolved Fe (Fes) and SRO Fe (Feo) (Figure
S3) because they can serve as free radical scavengers.
Compared to other soils, a high HO• concentration and thus
strong Fenton oxidation in the NPK soil (Figure 2A,B) led to a
low Mo stock and bioavailability, owing to its low level of
dissolved Fe and SRO Fe. On the one hand, as free radical
scavengers, a low content of dissolved Fe and SRO Fe in the
NPK soil cannot eliminate HO• (Figure 2B), resulting in much
more SOC degradation (Table S2) and then lower binding

capacity of total Mo (Figure 1A). On the other hand, as a
transient sink of available Mo, a low content of dissolved Fe
and SRO Fe cannot retain soluble Mo (Figure S12) and raise
Mo bioavailability.
Although the catalytic function of iron oxides in increasing

Mo bioavailability has been discovered in the ocean,22 this
discovery has not been extended to soils.25 The biggest
obstacle is the complexity of soil components (including large
amounts of free radical scavengers), hindering the direct
measurement of hydroxyl radicals in soils.43 For instance, the
reaction rate constants for HO• with DOC, CO3

2−, and Fe2+

are ∼1.8 to 8.4 × 108, 3.7 × 108, and 3.5 × 108 M−1 s−1,
respectively.44 In addition, abundant redox-active minerals in
soils can be a sink or a source of HO•, challenging the HO•

analyses.45 In particular, nanosized minerals exhibit unexpected
enzyme-like characteristics (named nanozymes), playing key
roles in modulating HO• level when interacting with soil
microorganisms.31,45,46 Most recently, the content of hydroxyl
radicals in soils was quantified by terephthalic acid (TPA) as a
hydroxyl radical trapping agent.25 However, these common soil
components will direct react with HO• and thus enlarge the
uncertainty of HO• capture by TPA. To the best of our
knowledge, our study provides the first linkage between the
Fenton oxidation and Mo bioavailability in soils.
Microbial communities play a central role in the Fenton

oxidation in soils by producing superoxide22−24 and trans-
forming Fe redox cycling.25,26,31,46 However, the key microbial
communities mediating the Fenton oxidation remain unclear.
We identified the active bacterial communities (Figure S6),
that is, symbiotic Symbiobacterium,47 iron-reducing Geo-
bacter,30 denitrifying bacteria Rhodocyclaceae,48 and N-fixing
Azospirillum,49 strongly raising (p < 0.01) with HO• and Fe(II)
increase. In contrast, N-fixing and iron acquiring Burkholde-
ria,50,51 denitrifier Xanthomonadaceae,52 N-fixing Rhizobiales,1

and Brevibacillus53 strongly decrease (p < 0.01) with increasing
HO• and Fe(II) concentrations. Although these nitrogen- and
iron-cycling species have been extensively reported in soils, we
provide the first evidence that the key microbial communities
are linked to HO• formation and thus soil Fenton oxidation.
Note that these key microbial communities derived from 13C
label may be enriched by C transfer from primary to secondary
microbial decomposers through cross-feeding.54 Therefore, the
relative contribution of direct feeding from 13C labeled acetate
and indirect feeding (cross-feeding) on key microbial
communities need to be further investigated by cultivation
periods shorter than eight days. Furthermore, these identified
key microbial communities related to HO• formation and thus
the Fenton oxidation have important implications for
ecological and environmental bioremediation of polluted
soils (e.g., degrading organic pollutants, mobilizing heavy
metals, and oxidation of microplastics45).

Environmental Implications. Here, we provide the first
field example and detailed mechanisms of the increase in
biological N fixation (manifested as ARA and nifH genes) due
to long-term manure application through increasing Mo stock
and bioavailability. This fertilization scheme can be an efficient
strategy to increase biological N fixation in agricultural
ecosystems. Furthermore, we have revealed a previously
unidentified mechanism for increasing Mo bioavailability that
is driven by free radical reactions (i.e., Fenton reactions) in
soils. These reactions are mediated by the synergy between key
microorganisms and Fe (oxyhydr)oxides. Manure inputs can
increase short-range-order (SRO) Fe (oxyhydr)oxides by a

Figure 6. Microbial N fixation in response to long-term fertilization.
(A) Nitrogenase ARA. (B) Quantification of nifH genes. (C) ARA
versus nifH genes. Control, no fertilizers; NPK, mineral fertilizers;
NPKM, mineral fertilizer plus pig manure; M, pig manure. Significant
differences between fertilization treatments were determined using
one-way ANOVA followed by Tukey’s HSD post hoc tests at p < 0.05,
where conditions of normality and homogeneity of variance were met.
n = 3.
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“rejuvenation” process in soil.19,55 Specifically, manure inputs
alter Fe-reducing bacterial communities,20 accelerating Fe
cycling in soils, whereas organic acids released from manure or
as root exudates transform iron (oxyhydr)oxides from more
crystalline to SRO phases.19 After the formation of SRO
(oxyhydr)oxides, these organic acids incorporate into the
structure of SRO minerals and prevent their transformation to
crystalline forms.56 Nanosized SRO Fe (oxyhydr)oxides not
only serve as catalysts for increasing Mo bioavailability in
concert with microorganisms producing increased HO•

generation but also play a decisive role for Mo retention.
Given naturally occurring iron nanoparticles up to 105 Tg in
soils57 and taxonomically and functionally diverse micro-
organisms being a vast source of superoxide and hydrogen
peroxide,22 we suggest that in addition to strong binding
compounds (e.g., siderophores),58 ROS production may be
another widespread microbial strategy to acquire Mo in
terrestrial ecosystems.
Based on more than 1 billion large livestock animals in

China, producing approximately three billion tons of manure
annually,59 our findings show that manuring should be used to
increase biological N fixation in agricultural ecosystems. As a
limiting nutrient for N fixation,11,60 the increased Mo content
and bioavailability in soil by manure fertilization is essential for
atmospheric N fixation. Our findings have clear implications
for organic farming: increased biological N fixation allows for
reduction of mineral fertilizers without decreasing crop
productivity.61 Because rock weathering-derived Mo increas-
ingly restricts rates of free-living N fixation,16,62 our findings
suggest that such decoupling of N fixation from net primary
productivity by global changes could be partly counteracted by
manure fertilization.
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