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H I G H L I G H T S G R A P H I C A L A B S T R A C T

● Applying biochar or CMP fertilizer in
aerobic soil mitigate Cd and As
simultaneously.

● Moisture or fertilizer affects the onset
conditions of key element redox cycles.

● In drained soil, Fe, Mn, N redox are key
cycles to reduce Cd and As
bioavailability.

● The nitrification and Mn transport gene
abundance increase in aerobic soils.

● Functional gene abundance was regu-
lated by microbial community
composition.
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A B S T R A C T

The co-contamination of arsenic (As) and cadmium (Cd) in rice fields presents a global imperative for resolution.
However, understanding the complex microbially driven geochemical processes and network connectivity crucial
for As and Cd bioavailability under the frequent redox transitions in rice fields remains limited. Here, we con-
ducted a series of microcosm experiments, using flooding and drainage, alongside fertilization treatments to
emulate different redox environment in paddy soils. Soil As significantly reduced in drained conditions following
applications of biochar or calcium-magnesium-phosphate (CMP) fertilizers by 26.3 % and 31.2 %, respectively,
with concurrent decreases in Cd levels. Utilizing geochemical models, we identified the primary redox cycles
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dynamically altering during flooding (Fe and S cycles) and drainage (Fe, Mn, and N cycles). PLS-SEM elucidated
76 % and 61 % of the variation in Cd and As through Mn and N cycles. Functional genes implicated in multi-
element cycles were analyzed, revealing a significantly higher abundance of assimilatory N reduction genes
(nasA, nirA/B, narB) in drained soil, whereas an increase in ammonia-oxidizing genes (amoA/B) and a decrease in
nitrate reduction to ammonium genes were observed after CMP fertilizer application. Biochar application led to
significant enrichment of the substrate-binding protein of the Mn transport gene (mntC). Moreover, Fe transport
genes were enriched after biochar or CMP application compared to drained soils. Among 40 high-quality met-
agenome-assembled genomes (MAGs), microbial predictors associated with low Cd and As contents across
different treatments were examined. Bradyrhizobacea harbored abundant Mn and FeIII transport genes, while
Nitrososphaeraceae carried nitrification-related genes. Two MAGs affiliated with Caulobacteraceae, carrying
diverse Fe transport genes, were enriched in biochar-applied soils. Therefore, applying CMP fertilizer or biochar
in aerobic rice fields can synergistically reduce the bioavailability of Cd and As by specifically enhancing the
circulation of essential elements.

1. Introduction

Due to both natural geological processes and anthropogenic activ-
ities such as mining and smelting, the co-occurrence of cadmium (Cd)
and arsenic (As) in global farmland is widespread [1,2]. These com-
pounds, classified as Group I human carcinogens [3], are known to pose
serious threats to human health through the food chain [4]. In paddy
fields, the competent accumulation of Cd and As in rice can lead to
various diseases, including itai-itai disease and cardiovascular diseases
[5]. Under anoxic conditions, Cd primarily exists as CdS, an insoluble
compound with low bioavailability [6], while As exists in the form of
cytotoxic inorganic As (iAs) oxides such as arsenite (AsIII) and arsenate
(AsV), as well as relatively less toxic phytotoxic organoarsenic oxides
(oAs) such as dimethylarsenic (DMA) [7,8]. Arsenic is most soluble
under reducing conditions (anoxic), primarily as AsIII, whereas Cd is
most soluble in oxidizing conditions (oxic) as CdSO4 [9]. These opposing
geochemical properties present challenges in efficiently managing Cd
and As bioavailability in paddy soils. Therefore, urgent attention is
needed to develop effective methods to synergistically remediate farm-
lands co-contaminated with Cd and As, as well as to elucidate the critical
mechanisms for reducing Cd and As bioavailability.

Arsenic and Cd cycling in soil is coupled with the redox cycles of
nitrogen (N), iron (Fe), manganese (Mn), sulfur (S) and other elements,
which further affect their solubility, toxicity and bioavailability [10,11].
Moreover, these processes are impacted by soil moisture, mediated in
paddy soils by flooding and drainage, due to the different redox po-
tentials (Eh) and pH values these processes facilitate [9,12]. When
paddy fields are flooded, the reductive dissolution of Fe and Mn (hydr)
oxides and the reduction of AsV results in an increase in AsIII mobility
and bioavailability [13]. Upon drainage, Cd is mobilized from
Fe/Mn-(hydr) oxides resulting in a substantial dissolution into soil
porewater [14]. With sulfate reduction, Cd precipitates as CdS [15].
Arsenite can also co-precipitate or adsorb with sulfides (S2− ) [16].
Additionally, the formation of inorganic thioarsenates and methyl-
thioarsenates may also be facilitated by sulfate reduction [17,18].
Furthermore, both ammonium oxidation and nitrate reduction are
coupled with As redox reactions, closely intertwined with Fe redox re-
actions [19,20]. When NO3

- is reduced to NH4
+, the bioavailability of Cd

in the soil decreases under the influence of microbial activity [21]. Due
to the difference in the thermodynamics of electron acceptors, the onset
of the redox reactions of each element is different. These intricately
coupled chemical cycles profoundly affect the bioavailability of As and
Cd in heterogeneous soil systems. In rice fields, regular flooding and
draining are essential to ensure yields, as well as the application of
organic and chemical fertilizers. During the late tillering stage of rice
growth, drainage is performed to promote effective tillering, and then
chemical fertilizers are applied to provide nutrients for later jointing and
heading. The changes of soil moisture and the increased ion concen-
tration brought by the fertilizers would both be involved in regulating
the bioavailability of Cd and As [22,23]. Moreover, fertilization in
drained co-contaminated rice fields can effectively and synergistically

reduce the availability of Cd and As [24]. Frequent redox transitions
make the biogeochemical cycles of elements in the rice field systems
very active [25]. However, there is still a lack of comprehensive un-
derstanding of its potential link with As and Cd availability in this
system.

The soil microbiome plays a critical role in soil ecosystem services,
especially in nutrient cycling and biogeochemical processes [26,27].
Microbial communities in paddy soils is profoundly influenced by
moisture regulation and the application of both organic and chemical
fertilizers [28,29]. However, compared with taxonomy-based ap-
proaches, the assemblage of functional genes is considered to provide a
better reflection of the functional response of microbial communities to
environment factors [30], enabling a deeper understanding of the fac-
tors influencing elemental cycles [31]. Interspecific interactions among
functional microorganisms in rice fields contribute to potential coupling
in the biogeochemical cycles of N, Fe, Mn, S, Cd, and As [17,32-34].
Nonetheless, our comprehension of microbial-driven element cycling in
rice fields under temporal dynamics remains limited, and there exist
knowledge gaps regarding the specific ecological roles of key indigenous
soil microbes and their metabolic potentials associated with elements
cycling.

In this study, we conducted a series of microcosm experiments to
simulate various soil Eh and pH conditions under typical rice production
moisture management and incorporating organic and chemical soil
amendments. In situ soil conditioners such as biochar [35] and calcium
magnesium phosphate fertilizers [36] are commonly used acidic
amendments that effectively regulate the bioavailability of soil Cd and
As. These amendments were selected to represent both organic and
chemical fertilizers. We hypothesize that a new redox state of soil is
formed under the regulation of water and fertilizer, whereby the
oxidation of N, Fe, Mn, or the reduction of S, might serve as critical
regulatory hubs for reducing the bioavailability of As and Cd. Addi-
tionally, microbial activity is proposed to be the primary driving force
behind these processes. The objectives of this study were to (1) assess the
impact of modulating multi-element cycling networks on mitigating Cd
and As bioavailability in soils; and (2) identify the potential key
microbiota and functional genes involved in the key biochemical pro-
cesses under different fertilization regimes. With this information
elucidated, we anticipate that this study can provide the groundwork to
develop a feasible strategy for the remediation of polymetallic
co-pollution in the future.

2. Materials and methods

2.1. Soil sampling and physicochemical characterization

Paddy soil was collected from five different areas within one estab-
lished paddy field (half a century old), located around the Shimen
realgar mine (Fig. S1). The soil primarily originates from the Quaternary
red clay parent rock. The surrounding field has an As and Cd content of
approximately 66.5 mg kg− 1 and 0.41 mg kg− 1 respectively, rendering

T. Zhang et al.



Journal of Hazardous Materials 477 (2024) 135244

3

the soil in this region an ideal natural laboratory for studying the
interaction of natural microbiota and major element cycles with As and
Cd co-contamination [24]. Prior to incubation, selected soil properties
were measured on air-dried and sieved (<2 mm) soil samples. These
properties include pH, organic carbon content, total Cd/As content, as
well as available P, K, Mn and Fe contents, which were analyzed using
standard methods described previously [12].

2.2. Soil incubation experiments

Indoor soil incubation experiments were conducted to simulate
flooded paddy soil (CK), aerobic paddy soil (R), and applying biochar
(RB, organic) or calcium-magnesium-phosphate fertilizer (RF, inor-
ganic) in aerobic paddy soil. Each treatment was replicated three times
at 3 sampling time points. The Cd and As contents of the selected
commercial rice straw biochar and calcium-magnesium-phosphorus
fertilizer (with P2O5 content greater than 12 %) were found to be
lower than the detection limit. For the incubation, 60 g of paddy soil
contaminated with both Cd and As, with a pH of 5.17, was added into
100 mL serum bottles covered with aluminum foil. Deionized water was
added at 75 % and 35 % (wwater/wdry-soil) to simulate flooded and aer-
obic conditions, respectively, mimicking field conditions. Weigh the
bottles every two days to ensure that the soil moisture content is con-
stant at 75 % and 35 %. One week prior to the experiment, the soil and
materials were mixed evenly, and the application rates (by weight) of
materials were equivalent to local agricultural practices, specifically 1 %
biochar (Beijing PhD Union Academy of Agriculture, Beijing, China) and
0.5 ‰P of calcium-magnesium-phosphate fertilizer (Phosphate Fertil-
izer Factory in Liuyang East District, Liuyang, China). All samples were
then incubated in the dark in a climate chamber at 37℃ for 40 days to
simulate the single moisture condition of rice from transplanting to the
heading stage.

2.3. Soil sampling and chemical analysis

Subsamples were collected on days 1, 20, and 40 of the incubation
period. In-situ pH and Eh were tested before sampling, and soil solution
was extracted as previously described [24]. The available concentra-
tions of As and Cd were extracted with 1 M KH2PO4[37] and 0.01 M
CaCl2 [38], respectively. The content of AsIII, AsV, DMA, MMA, SO4

2-, Cl-,
CO3

2- and NO3
- in the soil solution was quantified using high-performance

liquid chromatography-inductively coupled plasma mass spectrometry
(HPLC-ICP-MS, PerkinElmer NexION 300X) [39]. The Cd, Fe, Mn, Ca
and Mg concentrations in the soil solution were determined by ICP-OES
(Optima 5300DV; PerkinElmer) [40]. The dissolved organic carbon
(DOC) was analyzed using a carbon and nitrogen analyzer (Multi N/C
3100, Analytik Jena, Germany).

2.4. Geochemical modeling

The modeling of microcosm aqueous geochemistry was conducted
using Visual MINTEQ3.1. For the geochemical modeling, parameters
including temperature, pH, DOC (modeled using NICA-Donnan Model),
trace elements, anions and cations were incorporated into the
geochemical model. It was assumed that the concentrations of tested
elements, namely Fe, Mn, Cd, Ca and Mg, are equivalent to their divalent
ionic forms (Fe2+, Mn2+, Cd2+, Ca2+ and Mg2+) [33]. Furthermore,
several redox couples associated with As and Cd bioavailability were
included in the model. These couples comprised HS-/SO4

2-, Fe2+/Fe3+,
Mn2+/Mn3+, NH4

+/NO3
- and NO2

- /NO3
- , with the equilibrium constants

(logKs) determined within the model [41]:

SO42− + 9H+ + 8e ⇔ HS− + 4H2O logKs = 33.66
Fe3+ + e⇔ Fe2+ logKs = 13.032
Mn3+ + e⇔Mn2+ logKs = 25.35
NO3− + 10H+ + 8e⇔NH4+ + 3H2O logKs = 119.077
NO3− + 2H+ + 2e⇔NO2− + 4H2O logKs = 28.57

2.5. DNA extraction and Illumina Miseq sequencing

Total DNA from 36 soil samples (3 replicates × 4 treatments × 3
time points) was extracted using the Fast DNA SPIN Kit for Soil DNA (MP
Bio) following the manufacturer’s protocols. The concentration and
quality of the extracted DNA were assesed using a NanoDrop One
spectrophotometer (Thermo Scientific, Wilmington, NC, USA). Subse-
quently, the DNA was utilized to amplify and sequence the bacterial 16 S
rRNA gene which targeted the variable V3-V4 region (forward primer,
338F-5′-ACT CCT ACG GGA GGC AGC AG-3′; reverse primer 806R-5′-
GGA CTA CNV GGG TWT CTA AT-3′). Amplicons were sequenced based
on the Illumina Miseq platform of Allwegene Technology Co. Ltd (Bei-
jing, China). An operational taxonomic unit (OTU) table was then con-
structed using the UPARSE pipeline [42]. Briefly, reads were truncated
at 300 bp and quality-filtered using a maximum expected error
threshold of 0.5. Following the discarding of replicates and singletons,
the remaining reads were clustered into OTUs at a 97 % identity level
threshold. This process resulted in a 16 S rRNA OTU table encompassing
36 samples × 2742 OTUs (1758,066 reads). The number of high-quality
sequences per sample ranged from 21,479 to 84,722. Lastly, represen-
tative sequences for each OTU were selected and taxonomically classi-
fied against the RDP 16 S rRNA database [43].

2.6. Bioinformatics analysis of 16S rRNA gene profiling

To standardize sequencing depth for subsequent bacterial commu-
nity analysis, each sample was rarefied to the smallest sample size
(21,479) using R software through the GUniFrac package (function:
Rarefy). Alpha diversity was assessed using a richness index through the
VEGAN packages (function: diversity). Weighted Unifrac distances be-
tween treatments were calculated using the GUNIFRAC package in R
and visualized via principal coordinate analysis (PCoA) with the ggplot2
package, illustrating differences in bacterial community structures
across all soil samples. Differences in community structure between
treatments were assessed using permutational multivariate analysis of
variance (PERMANOVA), performed with VEGAN package in R (func-
tion: adonis), utilizing 9999 permutations. The relative abundance of
each taxonomic group per sample was calculated as the number of se-
quences assigned to that group divided by the total number of se-
quences. A Random Forest model was constructed using the R package
RANDOMFOREST to identify key bacteria species that correlated with
As and Cd content. The effect of different treatments on the abundance
of individual OTUs was assessed using the DESEQ2 package (function:
DESeq), employing negative binomial generalized models. Size
shrinkage effects were evaluated in each contrast using the lfcShrink()
function. To account for multiple testing, a false discovery rate correc-
tion (Benjamini-Hochberg procedure) was applied to adjust P-values.
Additionally, groups of differentially abundant OTUs exhibiting similar
changes were identified through hierarchical clustering (Ward’s algo-
rithm) on shrunken log fold changes with the hclust() function [44].

2.7. Metagenome analysis

Twelve soil samples (3 replicates × 4 treatments) were collected on
the 40th day of incubation. Shotgun metagenomic sequencing was
performed on Illumina Hiseq 2500 platform using a paired-end (PE150)
sequencing strategy, yielding an average 10 Gb of data per sample. Raw
sequencing data were trimmed, filtered assembled by MEGAHIT. Con-
tigs longer than 300 bp were retained for subsequent gene prediction
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and annotation.
The Prodigal program (https://github.com/hyattpd/Prodigal) was

used to predict the open reading frames (ORF). ORFs with lengths
exceeding 200 bp were translated to generate a non-redundant gene
catalog, employing criteria of 95 % sequence identity and 90 %
coverage. The longest sequence was used as the representative sequence
for each cluster through the CD-HIT program (http://www.bioinfor
matics.org/cd-hit/). Gene depth and relative abundance were
computed using the Bowtie2 program. Subsequently, unigenes were
annotated against the non-redundant protein sequence database
(Version: 2021.11) of the National Center for Biotechnology Information
(NCBI) for taxonomy (e-value ≤ 0.0001). Additionally, annotation
against the Kyoto Encyclopedia of Genes and Genomes (KEGG) for
functional classification (e-value ≤ 0.0001) was performed using the
DIAMOND program (https://github.com/bbuchfink/diamond).

The contigs assembled from each sample were individually separated
into bins using the Vamb program (https://github.com/RasmussenLab/
vamb). The quality assessment of these bins was conducted utilizing the
ChekM program. Bins meeting the criteria of an estimated genome
completeness 70 % and contamination below 5 % were retained as high-
quality metagenome-assembled genomes (MAGs). Ultimately, 40 high-
quality MAGs were obtained for subsequent analysis. The abundance
of each MAG across samples was determined as fragments per kilobase
of exon per million reads mapped (FPKM) using Salmon. Functional
genes within individual MAGs were predicted using Prodigal and an-
notated against the KEGG database using DIAMOND (with an e-value
threshold of ≤ 0.0001). Taxonomic classification of all MAGs was per-
formed using GTDB-Tk’s classify_wf module.

2.8. Statistical analysis

All statistical analyses were conducted using R software (version
3.6.0). Statistical significance was defined as P < 0.05 for all tests per-
formed in this study. Unpaired t-tests and two-way analysis of variance
(ANOVA) were utilized to assess significant differences. Spearman’s

rank correlation coefficients between ions and relative abundance of
OTUs and As and Cd content were calculated using R. P value adjust-
ments for multiple comparisons were implemented using false discovery
rate (FDR) correction [45]. Heatmap analysis was conducted using the
pheatmap package in R (function: pheatmap). Partial least squares
structural equation modeling (PLS-SEM) was performed using
SmartPLS4.0 software [46]. Data plotting was carried out using Prism
9.1.1(GraphPad Software, San Diego, CA, USA) and the ’ggplot2’
package in R.

3. Results

3.1. Geochemical properties of the incubated soils

The average soil bioavailable As content was 3.34 ± 0.06 mg⋅kg− 1 in
CK at the conclusion of the incubation period (Fig. 1A). This value
significantly decreased (P < 0.05) by 27.8 %, 26.3 % and 31.2 % in
treatments R, RB and RF, respectively. The concentrations of iAs and
DMA in the soil solution exhibited similar trends, with significantly
lower concentrations observed in treatments R, RB and RF compared to
CK on day 40 (Fig. 1B, Fig. S2). There were no significant differences
observed in the available Cd content in the soil and soil solutions among
the different treatments. However, the average soil bioavailable Cd
content decreased in the following order: CK>R>RF>RB. Spearman’s
correlation analysis revealed that, apart from SO4

2- ions, the ions present
in the soil solutions of R, RB and RF showed stronger correlations with
As and Cd compared to those in CK (Fig. 1C). In addition to the two
major environmental factors, pH and Eh, we computed the sum of ab-
solute values of correlation coefficients between all chemical species and
As and Cd. The top three ions in each group with the highest correlation
with As and Cd were as follows: SO4

2->DOC>CO3
2- in CK,

CO3
2->Mn2+>SO4

2- in R, NO3
->Mn2+>CO3

2- in RB, and Mn2+>DOC>NO3
-

in RF.

Fig. 1. The available concentrations of As and Cd in soil (A) and the total As and Cd in soil solution (B) on the 40th day. (C) Spearman correlation of As, Cd and ions
in soil solution. Data are mean ± standard error (n = 3).

∑
represents the sum of the absolute value of the Spearman correlation coefficients in the corresponding

column. The top three sum values except those of pH and Eh were highlighted. The area and color of the bubbles represent significant levels. The narrower the
bubble, the denser the confidence interval and the stronger the correlation. Red: positive correlation. Blue: negative correlation. CK, flooded paddy soil; R, aerobic
paddy soil; RB, biochar application in aerobic paddy soil; RF, application of calcium-magnesium-phosphorus fertilizer in aerobic paddy soil.
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3.2. Geochemical modeling

Equilibrium geochemical modeling analysis was employed to
investigate the influence of primary redox-active elements on control-
ling As and Cd concentrations in the soil solution (Fig. 2). The redox
speciation of N, Mn, Fe and S is shown in Figs. S3 and S4. The onset of
Mn reduction occurs at a redox potential of ~550 mV and lower,
whereas N reduction is associated with a redox potential of ~360 mV
and lower. The initiation of Fe and S reduction is associated with redox
potentials of approximately 50 mV or lower and around − 200 mV or
lower, respectively. In the soil solution of the CK sample on the first day
of incubation (Eh at 44 mV), the concentrations of As and Cd were
primarily associated with Fe and Mn redox, rather than S reduction. In
the later stages of the incubation, as the Eh further decreased to between
− 190 and − 200 mV, the occurrence of S redox and continued redox of
Fe led to a significant increase in the concentration of As and a notable
decrease in the concentration of Cd in the soil solution. In the soil so-
lutions of treatments R and RF, As and Cd were predominantly associ-
ated with Mn and N redox, while in treatment RB, they were primarily
related to redox process involving Fe, Mn and N. As the Eh levels
increased, surpassing 50 mV, the reduction process of Fe and Mn shifted
towards oxidation, resulting in simultaneous decrease in the concen-
trations of As and Cd in the soil solutions of treatments R, RB and RF.
Further elevation of Eh levels, exceeding 360 mV, accompanied by a
decrease in pH, led to a slight increase in the concentrations of As and Cd
in the soil solutions of treatments R and RF, possibly due to N oxidation
processes.

3.3. Abundance of functional genes involved in multi-element cycles

To better elucidate how microbial community functions impact the
biochemical turnover of key ions, we conducted a focused investigation
on various genes involved in element cycles, such as Fe, Mn, S and N
(Fig. 3 and Fig. S5). Here we found significant differences (P < 0.05) in
the abundance of functional genes within KEGG and eggNOG L2 path-
ways across different treatments. Moreover, we observed distinct mod-
ules between treatments RB and RF (Fig. S6 and S7). Specifically,
regarding the N cycle, CK exhibited a significantly higher abundance of
nifH/nifD/nifK genes associated with N-fixation for ammonia-related
metabolic pathways. Conversly, the relative abundance of amoA and
amoB genes involved in ammonia-oxidation was significantly increased
in the RF treatment. The relative abundance of the dissimilatory N
reduction gene napA was significantly greater in the CK treatment,
whereas the relative abundance of assimilatory N reduction genes nasA,
nirA/B, narB was significantly higher in the R treatment. In general, it
appeared that RF was associated with an increase in ammonia-oxidizing
genes and a decrease in nitrate reduction to ammonium (Fig. 3A). For
Mn, the mntC gene, encoding the substrate-binding protein of the Mn
transport system, was significantly enriched in the RB treatment. Similar

trends were observed in the functional genes mntD, troC and troD, which
encode permease protein of the Mn transport system. Regarding the Fe
and S cycles, we found that genes related to the Fe transport system
exhibited higher abundances in RB and RF treatments compared to the R
treatment (Fig. S5). However, genes involved in dissimilatory and
assimilatory sulfate reduction were significantly more abundant in CK
than in other treatments, such as dsrA encoding the sulfite reductase α
subunit and dsrB encoding sulfite reductase β subunit (Fig. S5).

Further statistical analysis showed that PLS-SEM elucidated 76 %
and 61 % of the total variation in soil Cd and tAs contents, respectively
(Fig. 3C). It was observed that pH and Eh exerted effects on the abun-
dance of functional genes and elemental redox processes. Furthermore,
genes associated with Mn and N metabolism were found to influence soil
Cd and tAs levels by modulating Mn and N redox states (path coefficient
= − 0.91 and 0.89, P < 0.05). These results suggest that microbial-
driven redox transformation of Mn and N play a pivotal role in regu-
lating Cd and tAs content in contaminated soils.

3.4. Bacterial community diversity and composition variation

To elucidate how shifts in microbial diversity and composition
correspond to functional changes, we conducted sequencing of the
bacterial 16 S rRNA gene across all samples. Overall, a significantly
higher bacterial richness index was observed in the RF treatment
compared to the R and RB treatments (ANOVA, P < 0.05, Fig. 4A).
Principal coordinate analysis (PCoA) revealed significant differences in
bacterial community structure among CK, R, RB and RF soil samples at
1, 20 and 40 days (PERMANOVA, P < 0.001, Fig. 4B). The PCoA plot
illustrated distinct clustering of bacterial communities from different
time points along the first component (PCoA1), while the separation of
CK soil communities from those of R, RB, and RF soils was evident along
the second component (PCoA2). The bacterial community composition
results were consistent with the findings from PCoA analysis. On day 40,
a greater relative abundance of Saccharibacteria and Acidobacteria was
evident in the R soil compared to the CK soil. Moreover, relative to other
treatments, the RB treatment significantly elevated the relative abun-
dance of Bacteroidetes, while the RF treatment significantly increased
the relative abundance of Proteobacteria (Fig. S8).

To identify the main microbial predictors of low Cd and As contents,
the abundance of individual OTUs was fitted to negative binomial
models and pairwise compared to Wald tests’ contrasting control and
treatment at each timepoint. A total of 1382 OTUs were affected by
treatments at least at one timepoint (PFDR < 0.05). After discarding low-
abundance OTUs with relative abundance < 0.01 % in all soil samples,
random forest models and Spearman’s correlation analysis showed that
20 OTUs and 24 OTUs were negatively correlated with Cd and As con-
tent, respectively (Fig. 5A). Bradyrhizobiaceae, Sphingomonadaceae,
Caulobacteraceae, Comamonadaceae and Thiobacillaceae were the top
five families in terms of relative abundance (Fig. 5B). Caulobacteraceae

Fig. 2. The ratio of the measured content to the maximum content of dissolved total As (A) and Cd (B) plotted as a function of Eh and pH. The three points in each
treatment sequentially connected by arrows are samples on day 1, 20, and 40, respectively. The tAs/Cd content indicated by the color bar was calculated as the ratio
of the measured content to the maximum content of As or Cd. CK, flooded paddy soil; R, aerobic paddy soil; RB, biochar application in aerobic paddy soil; RF,
application of calcium-magnesium-phosphorus fertilizer in aerobic paddy soil.
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and Comamonadaceae were mainly enriched in RB treatment soils,
while Bradyrhizobiaceae, Sphingomonadaceae, Thiobacillaceae and
Chitinophagaceae were primarily enriched in RF treatment soils.

Hierarchical clustering of log2-fold changes computed across all
groups was conducted to further identify coherent patterns of differen-
tially abundant OTUs in soils. Ten clusters were distinguished to illus-
trate the contrasting trends between treatments (Fig. S9). We observed
that ’Cluster 1′ emerged as the most significant cluster for predicting
both As and Cd content in soils. ’Cluster 1′ comprised 98 OTUs, with
their total relative abundance significantly increasing from day 1 to day

40 in RF treatment soils. This suggests that OTUs enriched in RF treat-
ment soils served as more significant predictors.

3.5. Functional genes annotation of high-quality MAGs

We assembled and binned 40 high-quality MAGs (integrity > 10 %
and contamination < 5 %) spanning 10 phyla. Consistent with the
community composition revealed by 16 S rRNA gene sequencing, over
half of these MAGs were affiliated with the dominant bacterial phyla
Proteobacteria, Acidobacteriota and archaeal phyla Thermoproteota.

Fig. 3. Differences in the relative abundance (transcripts per kilobase million) of functional genes related to (A) N cycling, (B) Mn cycling and (C) the PLS-SEM model
of linkage between crucial genes and Cd and tAs content in soil. CK, flooded paddy soil; R, aerobic paddy soil; RB, biochar application in aerobic paddy soil; RF,
application of calcium-magnesium-phosphorus fertilizer in aerobic paddy soil.

Fig. 4. (A) Bacterial richness among all soil samples (mean ± standard error). (B) Principal coordinate analysis (PCoA) ordinations of bacterial community
composition based on Weighted UniFrac distance metric. CK, flooded paddy soil; R, aerobic paddy soil; RB, biochar application in aerobic paddy soil; RF, application
of calcium-magnesium-phosphorus fertilizer in aerobic paddy soil.
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Functional annotation confirmed their versatile potential for multi-
element cycling (Fig. 6). Specifically, the majority of MAGs harbored
functional genes involved in nitrate reduction (67.5 %), denitrification
(72.5 %), nitrification (27.5 %), sulfate reduction (92.5 %), thiosulfate
oxidation (70 %), Mn transport (77.5 %) and Fe transport (100 %). We
further investigated the functional genes of representative MAGs
belonging to the Bradyrhizobiaceae and Chitinophagaceae families,
identified as microbial predictors in the RF treatment. Bradyrhizobia-
ceae exhibited a higher abundance of Mn and FeIII transport genes, while
Chitinophagaceae harbored more genes involved in denitrification. Two

MAGs belonging to Caulobacteraceae were enriched in RB soils and
carried diverse Fe transport genes. Additionally, four MAGs belonging to
Nitrososphaeraceae were predominantly enriched in RF soils, indicating
a potential role of archaea in soil nitrification.

4. Discussion

Flooding and drainage, as well as applying chemical or organic fer-
tilizers, are two of most common water management and fertilizer
application practices in rice cultivation. The dynamic trends of soil pH

Fig. 5. (A) Random forest mean predictor importance (percentage of increase in mean square error) of the model selection of abundant operational taxonomic units
(OTUs) as drivers for the As and Cd content in soil. Percentage increases in the mean squared error (MSE) of variables were used to estimate the importance of these
predictors, and higher MSE% values imply more important predictors. Color circles represent the relative abundance of OTUs and color squares show the spearman
correlation between OTU abundance and As and Cd content in soil. (B) Bar plot showed the relative abundance of main microbial predictors in different treatments.
CK, flooded paddy soil; R, aerobic paddy soil; RB, biochar application in aerobic paddy soil; RF, application of calcium-magnesium-phosphorus fertilizer in aerobic
paddy soil.

Fig. 6. Phylogenetic and functional characterization of 40 high-quality MAGs. The construction of the maximum likelihood tree was based on a concatenated
alignment of 40 marker genes from GTDB-Tk. The bar plot showed the relative abundance of each MAG at four different treatments. The presence (colored) and
absence (blank) of protein-encoding genes are represented by the heatmap. CK, flooded paddy soil; R, aerobic paddy soil; RB, biochar application in aerobic paddy
soil; RF, application of calcium-magnesium-phosphorus fertilizer in aerobic paddy soil.
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and Eh were observed to be completely opposite when the soil was
flooded or in aerobic conditions, regardless of whether fertilizers were
applied. Currently, computer-based speciation models are widely uti-
lized for predicting metal element speciation in soil or water. Those
models offer lower data requirements and time costs compared to
traditional analysis methods [47]. In this study, the Cd and As content in
contaminated soil and soil solution was successfully reduced by medi-
ating the predominant redox microbial processes of these elements
under different conditions. Targeted enhancement of key redox cycles
and their corresponding functional microbial activities may be crucial
for synergistically reducing the bioavailability of Cd and As.

Under flooded conditions, the As content in the soil solution
increased, while the Cd content decreased, consistent with findings
demonstrating a gradual decline in soil Eh due to increased irrigation in
rice fields [48]. Our investigation revealed that the predominant redox
processes in the soil solution were associated with the Fe and S cycles,
resulting in elevated concentrations of HS- and Fe2+ in the soil solution
under flooded conditions. These may be the two main factors contribute
to the dissolution of As and Cd. Specifically, arsenic was mobilized
through the reductive dissolution of Fe-(hydro) oxides [13]. As the Eh
decreased to approximately − 200 mV, the S redox was initiated. Our
findings indicated enhanced expression of aprA/B and dsrA/B genes
encoding the dissimilatory sulfate reduction pathway under these con-
ditions. In the cytoplasm, dissimilatory sulfite reductase (DsrAB) is a key
protein in microbial sulfate reduction, which is generally used as a
functional marker for this process in the environmental and genomic
studies [49]. Enriched sulfate reducing bacteria (SRB) in paddy fields
[50] likely play a crucial role in the generation of S2-and HS- ions [51].
This process is implicated in the formation of CdS, which typically leads
to a reduction in Cd availability. Additionally, the concurrent presence
of Fe2+ ions could facilitate co-precipitate with AsIII in the presence of
FeS [16]. This phenomenon might account for the reduction in As
concentration observed in the soil solution following a decrease in Eh to
− 200 mV. In our study area, fertilizers are typically applied to paddy
fields after drainage to maximize their effectiveness. Although we did
not apply biochar or calcium-magnesium-phosphate fertilizers under
flooded conditions, previous studies in similar acidic paddy fields have
shown that biochar application delays the decline of Eh and inhibits
reduction reactions under flooding [52]. The application of
calcium-magnesium-phosphate fertilizers had little to no effect on Eh
[53]. Over time, the redox states of these treatments were similar to
those observed in fields subjected to flooding alone.

In contrast, under aerobic conditions in paddy fields, Fe, Mn and N
redox cycling were dominant. As Eh increases, the oxidation of soluble
Fe2+ led to a decrease in its aqueous concentration; however, this
reduction does not fully explain the increase in Fe3+ content in the soil
solution. We hypothesize that Fe2+ was oxidized to form solid Fe-(hydr)
oxides, which subsequently adsorb As. Our previous findings support
this hypothesis, suggesting that the increased As content associated with
Fe oxides may be attributable to this process [24]. Since the highest
value of the Eh range in this study remained lower than the onset of Mn
oxidation in the geochemical model, dissolved Mn predominantly exis-
ted in the form of Mn2+. Nevertheless, the content of Mn3+ increased
after reoxygenation compared to flooding conditions. Prior studies have
demonstrated that heterovalent Mn minerals in mixed valence states
will be formed in the oxidation state, which exhibit strong adsorption
affinity for metal ions such as dissolved As and Cd [54]. Mn oxides
production in the environment is believed to be predominately driven by
biological activity, as microorganisms oxidize MnII at kinetically faster
rates than many abiotic reactions [55]. Due to the dearth of research on
intracellular Mn oxidation in microorganisms, we were unable to
annotate specific Mn oxidation genes. However, operative Mn transport
system always expression in MnII-oxidizing bacterial [56]. The presence
of enriched mntC, sitaA/B/C and troA/B/C/D genes in the aerobic soil
suggests their potential contribution to the Mn uptake pathway, hinting
at microbial involvement in the Mn oxidation process [57].

Here, we found that the potential functional taxa of Bradyrhizobia-
ceae family accumulated in low As and Cd content soils may carry
multiple Mn and FeIII transport genes. Recent studies have also reported
a relatively high abundance of bacteria within the Bradyrhizobiaceae
family, suggesting a potential association with Mn-oxidizing bacteria
[58]. Observations indicate that when the Eh reaches approximately
400 mV and the pH decreases to 5.5 and lower, N oxidizes. However,
this dynamic N reaction leads to the generation of a large amount of H+,
which compete with Cd2+ ions for adsorption sites, potentially resulting
in increased availability of Cd. Conversely, As tends to be adsorbed by
the soil, consequently reducing its content in the soil solution.

Varied soil ecological functions are always provided by different
taxonomic compositions [25]. Applying biochar or
calcium-magnesium-phosphate fertilizers in aerobic soil can improve
soil nutrients levels and influence the soil microbial structure, affecting
both bacterial alpha diversity and beta diversity. Interestingly, RF and
RB showed significantly different microbial richness. Chemical fertil-
izers can rapidly increase the content of available nutrients in the soil,
thereby enhancing the diversity of microbial communities in a short
period. However, the difference in microbial diversity between RB and
RF decreases over time. The decomposition of nutrients in organic
matter requires more time to be released [59]. These alternations sub-
sequently influence the redox cycles of Fe, Mn and N, resulting in both
beneficial and detrimental outcomes. The contents of both Fe2+ and
Fe3+ in the soil solution were observed to be lower compared to the
non-fertilized drained treatment, potentially indicating an intensified
process of Fe oxidation leading to the formation of solid minerals.

Moreover, the distinct physicochemical properties of inorganic and
organic fertilizers themselves also play a role in shaping these processes.
After applying biochar, Eh did not reach the onset of N oxidation, but the
N-related processes were observed, potentially attributed to the biochar
addition simulating the activity of relevant microorganisms. There is a
feedback mechanism between Cd and soil nitrification: H+ ions with a
larger hydrated ion radius, produced by nitrification, desorb Cd2+ from
soil particles, increasing its mobility. Conversely, Cd inhibits the nitri-
fication process and proton (H+) production by poisoning the growth of
AOA and AOB communities, thereby inhibiting its own migration. After
applying biochar, the reduction of Cd toxicity and improvement in soil
conditions accelerate the recovery of AOA and AOB and nitrification due
to biochar’s adsorption effect. However, due to the slow calcification of
biochar, the enhanced nitrification will not induce acidification [60].
However, these processes exhibited lower activity compared to R or RF
treatments. Moreover, the higher pH observed in RB treatments may
result in elevated iAs levels in the soil solution [12]. In addition,
applying biochar as an organic amendment increased the content of
DMA, known for its high toxicity to rice, potentially contributing to the
occurrence of rice straight head disease.

After applying calcium magnesium phosphate fertilizer, the
ammonia-oxidizing genes (amoA/amoB) were significantly more abun-
dant, potentially attributed to the presence of CaO and MgO in the
inorganic fertilizer. After liming, significant alterations were observed in
the AOA and AOB communities in the field, subsequently impacting
gross nitrification activity [20]. Notably, the representative MAGs
affiliated with Nitrososphaeraceae (AOA) and Nitrospiraceae (AOB)
were identified in the RF treatment, suggesting that the related nitrifi-
cation gene-carrying microorganisms are active under this condition
[61,62]. The NH4

+ input and aeration can also facilitate nitrification
[63]. The liming effect of CMP neutralizes soil acidification, thereby
reducing the risk of increased available Cd. Although phosphorus fer-
tilizer may be an important factor affecting the bioavailability of Cd and
As, we did not detect PO4

3 ⁻ in the soil solution samples using
HPLC-ICP-MS. Therefore, we speculate that phosphorus plays a very
small role in the element redox cycle in the soil solution and is more
likely to play a role in fixing Cd by forming cadmium phosphate pre-
cipitates [64]. The increase in Mn3+ content may be attributed to
enhanced oxidation processes, which led to the amplification of the
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impact of Mn in RB treatment. Our results highlight the important role of
biogeochemical cycles in reducing As and Cd availability. While the role
of microorganisms should not be overestimated, our finding suggest that
the bioremediation should be taken into account in future research and
global sustainable development goals.

5. Conclusion

In this study, we explored the effects of water regime and the
application of both organic and inorganic fertilizers on As and Cd co-
contaminated environments, highlighting the importance of the redox
cycles chain and microbial ecological functions in mitigating the As and
Cd bioavailability. Geochemical modeling and shotgun metagenomic
analyses showed that the redox chain was primarily composed of Fe and
S cycles under flooding. These cycles played a role in elevating As risk
and decreasing Cd risk. Conversely, under aerobic conditions, the redox
chain was predominantly driven by the “cogs” representing Fe, Mn and
N redox processes. The oxidation of Fe and Mn minerals facilitated the
adsorption of Cd and As, thereby reducing their contents in the soil
solution. However, the intensified N cycle resulted in soil acidification,
increasing the risk of Cd but further decreasing As contents. Despite the
promotion of nitrification with the application of CMP fertilizer, the
liming effect induced by CMP mitigated the risk of Cd associated by soil
acidification. While the application of biochar led to the amplification of
the impact of Mn and effectively delayed N oxidation, which typically
requires a higher Eh onset. Results of 16 S rRNA gene sequencing further
revealed that diverse field water management and fertilization practices
differently influence microbial diversity, composition, and the abun-
dance of key species harboring functional genes, thereby initiating
various elemental cycle reactions.

Utilization of CMP fertilizer or organic fertilizer in aerobic rice
cultivation not only ensures optimal yield but also enhances essential
elements cycling, synergistically reducing the bioavailability of Cd and
As. In addition, biochar exhibits environmentally friendliness charac-
teristics and contribute to carbon sequestration, rendering it a promising
material. Future field trials across diverse soil types and climatic con-
ditions are warranted to ascertain broader applicability.
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