
Remediation of
cadmium-contaminated wheat
soil with cow dung: interactions
between soil chemical properties,
microbial communities,
functional genes, and heavy metal
bioavailability

Getong Liu1,2, Ziyu Han2, Jiajun Sun2, Chenfeng Liu2,
Huading Shi2, Yang Fei2, Jiahui Liang2, Yunsong Mu3,
Hongjie Wang1,4* and Rong Zhang2*
1Hebei Key Laboratory of Close-to-Nature Restoration Technology of Wetlands, School of Eco-
Environment, Hebei University, Baoding, China, 2Technical Centre for Soil, Agriculture and Rural Ecology
and Environment, Ministry of Ecology and Environment, Beijing, China, 3Huarui Agricultural Company,
Zhangye, China, 4Engineering Research Center of Ecological Safety and Conservation in Beijing-Tianjin-
Hebei (Xiong’an New Area) of MOE, Baoding, China

Cow dung reduces the bioavailability of heavy metals (HMs) in wheat soils.
However, interactive influence of soil chemical properties, microbial
communities and functional genes in HM immobilization need to be further
investigated. Therefore, the effects of cow dung on heavy metals content in soil
and wheat, soil microbial community structure, and heavymetal resistance genes
(MRGs) were tested with pot experiment. Cow dung reduced the bioavailable
forms of Cd by 8% to 21%, thereby reducing the Cd content of wheat grains by
30.5% to 46.1%. Bioavailable forms of Cd in soil were significantly and negatively
correlated with soil chemical properties, relative abundance of microbial genera
(such as Bradyrhizobium spp. and Mycolicibacterium spp.), and relative
abundance of MRGs (such as actA and fpvA). Concurrently, the bioavailable
forms of Cu and Zn exhibited significant correlations with Shannon index and
MRGs (such as copC). These results indicated that changes in soil environmental
factors (soil chemical properties, microbial communities and MRGs) are
conducive to reducing the bioavailability of Cd. However, the high levels of
Cu and Zn in cow dung may also disrupt soil ecology, resulting in a decline in
microbial diversity and impacting the abundance of MRGs. Therefore, the rates of
application of cow dung should be carefully selected and should not exceed 2.5%
(w/w). These results may provide scientific evidence for the safe use of cow dung
and remediation of heavy metals in wheat soils.
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1 Introduction

In recent decades, HMs pollution of agricultural soils has
become a social concern (Wang N. et al., 2021). Cadmium (Cd)
is considered an environmental nuisance compared to other HMs
(Zhou and Li, 2022). The accumulation of Cd in soil degrades soil
resources (Sun et al., 2019), impedes crop growth (Rahi et al., 2022),
and threatens human health through the food chain (Wang et al.,
2010). With the rapid development of industry and the acceleration
of urbanization, the activities of enterprises emitting heavy metals
have intensified the pollution pressure on the surrounding
environment. Studies have shown that the concentrations of Cd,
copper (Cu), and zinc (Zn) in wheat grains increases with decreasing
distance from smelters (Li et al., 2020). Therefore, effective methods
to mitigate the adverse effects of Cd contamination on soils and
crops are urgent.

Because most HMs persist in soil owing to their immobile nature
(Jamali et al., 2009), the key to ameliorating soil heavy metal
contamination is to reduce the bioavailability of HMs. Livestock
manure is a readily available renewable resource with great potential
for reducing the bioavailability of HMs. The application of chicken
and pig dung significantly reduces the accumulation of Cd in rice
kernels, mainly by increasing the soil pH and reducing the active-
state Cd in the soil (Wang et al., 2024). Azhar et al. (2019) found that
the use of livestock manure improves soil properties and plant
growth by reducing Cd bioavailability in the soil and limiting Cd
uptake by plants. Meanwhile, treatment with livestock manure has
been reported to reduce Cd bioavailability and increase nutrient
levels in the soil, thereby increasing crop yields (Wang Y. et al.,
2021). Therefore, application of livestock manure may be an
effective way to reduce the bioavailability of HMs, improve soil
fertilization, and promote crop growth.

Livestock dung also exerts a passivating effect on HMs by
altering soil microbial activity. According to Haider et al. (2022),
microbes such as Trichoderma harzianum and Bacillus subtilis can
reduce Cd bioavailability through biotransformation and
biomineralization, significantly decreasing the toxicity of Cd in
the root zone of plants, promoting root growth, and increasing
crop yield. In addition, microorganisms can exhibit resistance to
specific HMs through the expression of MRGs, which promotes
redox and complexation reactions and passivates HMs (Yin et al.,
2019). Moreover, soil microorganisms can work together with soil
passivators to reduce the bioavailability of HMs; for instance,
phosphogypsum-based passivate (Ca-mPG) promotes the
enrichment of arsenic-resistant bacteria along with good
reduction in heavy metal bioavailability (Ma et al., 2023). Overall,
livestock manure reduces heavy metal bioavailability while affecting
soil ecosystems.

Cow dung is the most produced livestock manure in China (Liu
et al., 2020) and possesses less Cd than chicken and pig dung (Mu
et al., 2020). Therefore, rational application of cow dung ensures a
manageable risk of Cd accumulation in soil (Zhou et al., 2015).
Many studies have discussed the effect of cow dung on the
morphology and bioavailability of HMs in soil (Clemente et al.,
2007; Kibria et al., 2023; Aina et al., 2024; Zhang et al., 2025).
However, the interaction of soil HMs with environmental factors
still needs to be studied in depth. In this study, wheat was used as the
planting crop, and different mass fractions of cow dung were applied

in a potting experiment. We investigated (1) the effect of the
application of cow dung on the bioavailability of HMs and the
uptake of Cd by wheat, (2) the interaction and coexistence of heavy
metal bioavailability with environmental factors after the application
of cow dung, and (3) differences in the effects of different applied
rates of cow dung on the soil environment. The results of the study
provide a theoretical basis and data support for the safe use of
livestock manure and promote sustainable agricultural
development.

2 Materials and methods

2.1 Experimental materials

Soil was obtained from an area of cadmium-contaminated
farmland in Henan Province, China. The basic chemical
properties of the soil were as follows: pH, 6.80; electrical
conductivity (EC), 430us cm−1; soil organic matter (SOM),
26.54 g kg−1; total nitrogen (TN), 1.56 g kg−1; total phosphorus
(TP), 0.42 g kg−1; available nitrogen (AN), 80.89 mg kg−1; and
available phosphorus (AP), 44.50 mg kg−1. The soil heavy metal
contents were Cd at 1.22 mg kg−1, Cu at 29.54 mg kg−1, and Zn at
192.54 mg kg−1. Cow dung was obtained from Gansu Huarui
Agricultural Co. and used in the study after drying, fermentation,
and compaction. The basic chemical properties of the cow dung
were as follows: pH, 7.66; TN, 10.90 g kg−1; TP, 19.97 g kg−1; Cd,
0.15 mg kg−1; Cu, 47.01 mg kg−1; and Zn, 193.51 mg kg−1. Wheat
seeds were selected from Yongliang 15. The experimental pots were
cylindrical plastic containers with a diameter of 30 cm and a depth
of 20 cm.

2.2 Wheat potting experiment

The experimental site was located in Huarui Ranch, Zhangye
City, Gansu Province (100°625′E, 38°375′N). The Soil was naturally
air dried, removed from large gravel and plant debris, and sieved
through a 10 mm diameter sieve. 4 kg of soil was placed in each pot
and cow dung was added to the pots according to the mass fraction
of the soil andmixed well with the soil at nine application rates of 0%
(w/w) (CK, the control), 2.5% (CD025), 5% (CD050), 7.5% (CD075),
10% (CD100), 12.5% (CD125), 15% (CD150), 17.5% (CD175), and
20% (CD200). Each cow dung application rate was set in 3 parallels
for a total of 27 potted plants. Nitrogen, phosphorus, and potassium
fertilizers (0.27 g/kg of urea, 0.25 g/kg of monoammonium
phosphate, and 0.25 g/kg of potassium chloride, respectively)
were applied to ensure normal growth of wheat. In July 2023,
50 wheat grains were sown in each pot, and the grains were
buried at a depth of 2–3 cm. After 1 week of wheat germination,
15 plants with similar growth were kept; the sowing distance
between each plant was kept even. Water was applied daily to
keep the soil moist. Wheat matured in November of the same
year, with simultaneous collection of wheat and soil. The whole
experimental process was done outdoors in a temperate continental
climate, with an altitude of 1673m above sea level, an average annual
temperature of 5.6 °C, a rainfall of 256.4 mm, and a sunshine
duration of 2768.1 h. Wheat rhizosphere soil was collected using
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sterile spoons and divided into two parts: one part was naturally air-
dried and used for chemical analyses, and the other part was stored
at −80 °C until the completion of the macrogenomic analyses. After
removing the topsoil, roots, stems, leaves and grains of wheat were
collected separately, dehydrated at 105 °C, then dried to constant
weight at 60 °C and crushed for determination of chemical
properties. During the wheat harvest, 15 ears of wheat with
uniform growth were selected from each pot, and the number of
grains per ear was counted. The grains were threshed to measure the
yield, and the thousand-grain weight and yield of each pot of wheat
were obtained.

2.3 Physical and chemical analysis

Soil pH was measured with a pH meter (PHS-3C, Ray
Magnetics) after mixing soil with deionized water 1:2.5 ratio (Lu,
1999). Using the principle that potassium dichromate oxidizes
organic carbon in soil under acidic conditions, SOM content is
calculated by titrating the remaining potassium dichromate (Lu,
1999). Soil TN was measured by Kjeldahl method (Lu, 1999). Soil
samples were melted with sodium hydroxide to convert all
phosphorus-containing minerals and organophosphorus
compounds in the soil to soluble phosphates, which were then
used in a molybdate colorimetric method to determine soil TP
(Bao, 2000). Soil AN and AP were determined using the alkali
diffusion method and soil molybdate colorimetric method,
respectively (Lu, 1999). Due to the high content of Cu and Zn in
livestock manure, which may have some impact on soil ecology, in
addition to Cd, Cu and Zn in soil were also determined in this study
(Yuan et al., 2020). The morphology of soil Cd, Cu, and Zn was
analyzed by modified continuous extraction method (BCR) (You
et al., 2023), where HMs were defined in order of decreasing
bioavailability as acid extractable (AcidExt), reducible (Red),
oxidizable (Oxi), and residual (Res) fractions (Guo et al., 2022).
The heavy metal content of the liquid to be measured was
determined by ICP-MS (7900, Agilent, United States). To
represent heavy metal bioavailability more directly, bioavailability
factor (BF) was studied together with heavy metal fractions. Guo
et al. had defined BF as: BF = (AcidExt content + Red content)/Total
content (Guo et al., 2022). Wheat samples were digested using
HNO3 and HClO4 (4:1) (Lu, 1999), and the HMs content of the
wheat fractions was then determined by ICP-MS (7900, Agilent,
United States). The detailed determination method can be seen in
Supplementary Table S1.

2.4 Macrogenomic analysis

Soil DNAwas extracted by CTABmethod (Hultman et al., 2015)
a and DNA concentration were measured using the Agilent
5400 system (Agilent, United States). DNA libraries were
constructed using the NEBNext® UltraTM DNA Library Prep Kit
for Illumina (NEB, United States, Catalog#: E7370 L). Library
preparation was completed by end repair, fragment screening,
PCR amplification and purification. Library quality was assessed
by Agilent 5400 system (Agilent, United States), and finally library
concentration was quantified by QPCR (1.5 nM). According to the

library concentration and target data volume, the libraries were up-
sequenced on the Illumina NovaSeq 6000 platform using the
PE150 strategy to receive raw macrogenomic data of
microorganisms in soil samples. Macrogenomic sequencing was
performed using the Illumina NovaSeq platform to receive raw
data on the microorganisms in each soil sample. The annotation of
microbial species was accomplished by using Kraken2 and a self-
constructed microbial nucleic acid database (Sequences belonging to
bacteria, fungi, archaea and viruses were screened from NT nucleic
acid database and RefSeq whole genome database of NCBI) to
calculate the number of sequences of microorganisms in the
plotted samples and to predict the relative abundance of
microorganisms using Bracken (Lu et al., 2017). Functional genes
of microorganisms were annotated using HUMAnN2 software.
Sequences after QC and de-hosting were aligned with the protein
database (UniRef90). Based on the comparison results, annotation
information and relative abundance tables can be obtained for
several functional databases such as BacMet.

2.5 Statistical analysis

One-way analysis of variance (ANOVA) and Kruskal–Wallis
test were performed using IBM SPSS Statistics 27 with a significance
level of p < 0.05. Soil microbial alpha analyses were carried out on an
online platform (https://www.bioincloud.tech/), where the Shannon
index and chao1 index represent microbial diversity and richness,
respectively, and which was also used to calculate phylum and genus
proportions of microorganisms in different soil samples. Principal
Coordinate Analysis (PCoA) and Non-metric multidimensional
scaling (NMDS) analysis of soil microbial diversity based on the
Bray-Curtis distance was used to analyze changes in the overall
composition of soil microbes between treatments using the “vegan”
package in RStudio, and the “ggcor” and “dplyr” packages in
RStudio were used to calculate the Mantel correlations between
environmental factors and Cd content in soil and wheat. Spearman
correlation analyses of soil heavy metal morphology, BF and
environmental factors were performed using the “Hmisc”
package in RStudio, retaining correlation coefficients (r) > 0.
4 and significant P-values (P < 0.05). Finally, the data from the
correlation analysis were imported into the Gephi software (version
0.10) using the “igraph” package and visualized by adjusting the
position and size of each point.

3 Results

3.1 Effect of cow dung on soil chemical
properties and heavy metal forms

The application of cow dung significantly altered a wide range of
soil chemical properties (Table 1). Significant differences were
observed in pH, SOM, TN, TP, AP and AN at different cow
dung application rates as compared to CK, and soil nutrients
were elevated with increasing cow dung application rates. The
proportion of bioavailable forms (AcidExt + Red) of Cd
decreased to different degrees in all treatment groups after the
addition of cow dung (Figure 1). Cow dung had a relatively
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significant passivating effect on the AcidExt and Red of Cd, with a
maximum reduction of 8% for the Red of Cd and 13% for the
AcidExt of Cd. At the 15% dosage, the bioavailable form of Cd was
reduced by up to 21% of the total heavy metal. However, the
application of cow dung increased the bioavailability of Cu and
Zn to some extent (Figure 1). At 20% rate, cow dung increased the
bioavailable forms of Cu and Zn by up to 26% and 18%, respectively.

3.2 Effect of cow dung on Cd content
in wheat

After examining the HMs in the wheat tissues of all groups, we
found that different rates of cow dung reduced Cd content in wheat
roots, stems, leaves, and grains as compared to those in the CK
control (Figure 2). The addition of cow dung reduced the Cd content

TABLE 1 Soil chemical properties.

Treatment CK CD025 CD050 CD075 CD100 CD125 CD150 CD175 CD200

pH 7.04 ± 0.09b 7.37 ± 0.12a 7.26 ± 0.92a 7.37 ± 0.99a 7.35 ± 0.11a 7.23 ± 0.11a 7.20 ± 0.78ab 7.21 ± 0.78ab 7.29 ± 0.96a

SOM(g/kg) 16.68 ±
3.09e

18.39 ± 4.45e 20.96 ± 2.07e 30.07 ± 1.98d 34.04 ± 4.52cd 39.10 ± 2.75bc 40.16 ± 1.25ab 42.21 ± 2.74ab 44.84 ± 2.44a

TN (g/kg) 1.59 ± 0.24f 1.67 ± 0.11ef 1.93 ± 0.21de 2.12 ± 0.81cd 2.18 ± 0.11cd 2.32 ± 0.30bc 2.36 ± 0.62bc 2.58 ± 0.35ab 2.76 ± 0.11a

TP (g/kg) 0.59 ± 0.10b 0.59 ± 0.07b 0.54 ± 0.04b 0.84 ± 0.06a 0.82 ± 0.03b 0.92 ± 0.04a 0.85 ± 0.05a 0.93 ± 0.11a 0.92 ± 0.70a

AN (mg/kg) 82.39 ±
5.40c

120.34 ±
23.89bc

134.82 ±
9.11a

181.26 ±
11.31a

184.75 ±
41.14a

177.26 ±
12.02a

184.25 ±
21.13a

194.99 ±
41.18a

215.46 ±
19.76a

AP (mg/kg) 59.53 ±
2.43c

65.01 ± 1.17bc 65.52 ±
4.79bc

68.32 ± 1.92bc 71.75 ± 7.96b 82.07 ± 1.81a 82.20 ± 4.56a 90.22 ± 7.54a 90.47 ± 8.54a

The values are expressed as means and standard deviations (n = 3). Different letters indicate significant differences in different groups for a certain chemical property (P < 0.05).

FIGURE 1
Changes in the morphology of (A) Cd, (B) Cu, and (C) Zn after treatment of cow dung at different rates.
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in wheat roots by 14.2%–35.9%; significant reductions (P < 0.05)
were observed at 2.5%, 5%, 10%, 12.5%, 15%, 17.5%, and 20%
applications of cow dung, with the highest reduction at 12.5%
application. The Cd content in wheat stems was reduced by
4.4%–42.3%; significant reductions (P < 0.05) were observed at
5%, 10%, and 12.5%, with the highest reduction at 7.5% application.
The Cd content in wheat leaves was reduced by 23.6%–40.2%; all
application rates displayed a significant reduction (P < 0.05), with
the highest reduction at 12.5% application. The Cd content in wheat
grains was reduced by 30.5%–46.1%; all application rates revealed
significant reduction (P < 0.05), with the highest reduction at 2.5%
application. The wheat yield of CK was 11.07 g/pot, and the wheat
yield after the application of cow dung ranged from 10.28 g/pot to
14.22 g/pot, which did not change significantly compared with CK
(Supplementary Table S2). Therefore, after the application of cow
dung, the Cd content of wheat grains in each pot decreased
compared with CK (Supplementary Table S2).

Without the addition of cow dung, the cadmium content in
wheat kernels reached 0.17 ± 0.03 mg/kg, which exceeded the
Chinese regulation of 0.1 mg/kg for wheat grains and their
products (NY 816-2004) and the addition of cow dung
resulted in six groups of wheat grains meeting the Chinese
standard for Cd content.The data showed that cow dung
significantly reduced the accumulation of Cd in wheat,
especially in leaves and grains, at application rates ranging
from 2.5% to 20%; however, there was no linear relationship
between the Cd content in various parts of wheat and the amount
of cow dung applied.

3.3 Effect of cow dung on soil
microorganisms

3.3.1 Alpha diversity
Application of cow dung significantly altered soil microbial

alpha diversity. Two alpha diversity indexes were calculated,
including the Chao1 index and Shannon index. The Shannon
index and Chao1 index characterize microbial abundance and
diversity, respectively (Xiang et al., 2023). The Shannon index of
soil microorganisms was significantly (p < 0.05) reduced when 5%
and above rate cow dung was applied (Figure 3A), and the Shannon
index decreased the most when cow dung was dosed at 15%. In
contrast, the Chao1 index was significantly reduced in comparison
to CK when cow dung was applied at up to 15%, but there was no
significant difference in the samples with other application rates
(Figure 3B). These results indicate that the application of cow dung
reduced the diversity of wheat rhizosphere soil microorganisms but
had little effect on the Chao1 index, and soil microbial abundance
changed less.

3.3.2 Relative abundance of microbial phyla
and genera

Differences in soil microbial phyla and genera were observed
after the application of cow dung. The relative abundance of
microorganisms under different cow dung application rates is
shown in Figures 4A,B. Among the top 15 microbial phyla with
high relative abundance, the dominant phyla (RA > 10%)
included Actinomycetota and Pseudomonadota. Meanwhile,

FIGURE 2
Cd content in roots, stems, leaves and grains of wheat under the influence of different rates of cow dung. Different letters indicate significant
differences in cadmium content in different groups (P < 0.05).
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the relative abundance of Pseudomonadota and Planctomycetota
increased, but not significantly, with a corresponding decrease in
the abundance of microorganisms in other phyla after cow dung
application. At the genus level, Mycolicibacterium (3.5%–27.6%),
Streptomyces (7.7%–15.3%), and Bradyrhizobium (1.6%–8.9%)
had the highest relative abundance. The relative abundance of the

six microbial genera differed significantly (P < 0.05) after the
application of cow dung (Supplementary Table S3). The relative
abundance of Mycolicibacterium, Bradyrhizobium, Shinella, and
Sphingopyxis increased significantly (P < 0.05), with a
corresponding decrease in the relative abundance of
Nocardioides and Mycobacterium.

FIGURE 3
Soil microbial alpha diversity under the influence of different rates of cow dung. (A) Chao1 index. (B) Shannon index. Different letters indicate
significant differences in alpha diversity among different groups (P < 0.05).

FIGURE 4
Relative abundance of soil microorganisms under the influence of different rates of cow dung. (A) Phylum level (B) Genus level.

Frontiers in Environmental Science frontiersin.org06

Liu et al. 10.3389/fenvs.2025.1675922

mailto:Image of FENVS_fenvs-2025-1675922_wc_f3|tif
mailto:Image of FENVS_fenvs-2025-1675922_wc_f4|tif
https://www.frontiersin.org/journals/environmental-science
https://www.frontiersin.org
https://doi.org/10.3389/fenvs.2025.1675922


3.3.3 Beta diversity
The overall structure of the soil microbial community was

further investigated using PCoA and NMDS analysis. The PCoA
analysis (Figure 5A) showed that the contributions of PCoA1 (first
principal coordinate) and PCoA2 (second principal coordinate)
were 40.23% and 14.96%, respectively, and the cumulative
contribution of the two was 55.19%, which indicates a large
separation of the microbial communities of CD and CK. NMDS
analyses (Figure 5B) had a Stress <0.2, also indicating a large
separation of microbial communities in CD and CK. These
results indicated significant changes in the microbial community
structure of wheat rhizosphere soil by the application of cow dung
compared to CK.

3.4 Effect of application cow dung on MRGs

A total of 149 gene names associated with Cd, Cu, and Zn were
screened using reads-based macrogenomic analysis. Among them,
45 were associated with Cd, 75 with Cu, 69 with Zn (Supplementary
Figure S1). Cow dung application significantly altered the relative
abundance of some MRGs. The Kruskal–Wallis test showed that of
the 149 genes, 29 showed significant changes in relative abundance
after application with cow dung (P < 0.05) (Supplementary Table
S4). Among them, 8 MRGs are associated with Cd, such as actR and
actS; 15 MRGs are associated with Cu, such as copA and copB; and
15 MRGs are associated with Zn, such as acrD and actA. Based on
these data, we investigated the interactions between the
environmental factors and HMs by subjecting the morphology
and BF of Cd, Cu, and Zn to Spearman analysis with soil
chemical properties, MRGs, and microbial community structures
(including relative abundance of microorganisms of the top five
phyla and genera and the Chao1 and Shannon indes), respectively.
Correlation grid plots were then constructed (Figure 6). These

observations found that 13, 14, and 12 MRGs were moderately
and above correlated (r > 0.4) with Cd, Cu, and Zn heavy metal
morphology and BF, respectively.

3.5 Correlation between environmental
factors and bioavailability of HMs

Spearman correlation analysis was conducted among
environmental factors and soil HMs (Figure 6). Node colour
represents the classification of nodes, blue represents the
morphology and bioavailability factor of HMs, purple represents
functional genes, yellow represents soil microbial community,
orange represents soil chemical properties, the color of the
connecting line between two nodes represents the relevance of
the node, red is positive correlation and green is negative
correlation, and the wider lines. The thickness of the line
between two nodes represents the strength of the correlation
between the nodes, the thicker the line, the stronger the
correlation. At the phylum level, Pseudomonadota was
significantly negatively correlated with BF-Cd. Meanwhile,
Bacillota was significantly positively correlated with BF-Cd and
Oxi-Zn and negatively correlated with BF-Cu. At the genus level,
Mycolicibaterium was significantly negatively correlated with BF-Cd
and positively correlated with BF-Cu and BF-Zn. Bradyrhizobium
was significantly negatively correlated with AcidExt-Cd, BF-Cd, and
Oxi-Zn.Nocardioideswas positively correlated with BF-Cd and Oxi-
Zn. In addition, the Shannon index was significantly positively
correlated with BF-Cd and significantly negatively correlated with
AcidExt-Cu and BF-Zn. MRGs were also closely related to soil HMs.
Here, actR, actS, and AcidExt-Cd were significantly negatively
correlated; actA, copC, and AcidExt-Cu were significantly
positively correlated; and troC, troD, and Oxi-Zn were
significantly positively correlated.

FIGURE 5
(A) PCoA and (B) NMDS analysis of Beta diversity of the microbial community under the influence of different applications of cow dung.
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The morphology and BF of HMs were significantly correlated with
soil chemical properties; SOM, TN, AN, TP, and AP were more highly
correlated with HMs, and pH was less correlated with HMs. Soil
microbial communities and MRGs were closely related to soil
chemical properties. Genes, such as cadC and perO, decreased in
relative abundance in the soil environment and were negatively
correlated with soil nutrients. In contrast, increased relative
abundance of genes such as actR and fpvA was positively correlated
with soil nutrients. The relative abundance of Mycolicibaterium and
Bradyrhizobium increased and was positively correlated with soil
physical and chemical properties, while the relative abundance of
Bacillota and Nocardioides decreased and was positively correlated
with soil physical and chemical properties. Meanwhile, soil microbial
communities and MRGs were also significantly correlated.

Mantel correlation analysis was conducted among
environmental factors and soil HMs (Figure 7). Nodes represent
the classification of environmental fators, and the lines connecting
the nodes to the matrix represent the mantel correlation between the
environmental features and Cd, the wider the line represents the
stronger the connection, and the colour of the line represents the
significance of the connection, with blue representing a very high
significance, pink representing a high significance, and grey
representing a non-significant correlation. The matrix represents
the Spearman correlation between Cd morphology, bioavailability
factor and plant heavy metal content, with red representing a
positive correlation and blue a negative correlation. The Mantel
correlation analysis of environmental factors with Cd bioavailability
revealed that soil chemical properties, microbial communities, and

FIGURE 6
Spearman correlation analysis morphology and bioavailability factor of (A) Cd, (B) Cu, and (C) Zn in relation to environmental factors.

Frontiers in Environmental Science frontiersin.org08

Liu et al. 10.3389/fenvs.2025.1675922

mailto:Image of FENVS_fenvs-2025-1675922_wc_f6|tif
https://www.frontiersin.org/journals/environmental-science
https://www.frontiersin.org
https://doi.org/10.3389/fenvs.2025.1675922


MRGs significantly influenced soil Cd bioavailability in the form of
Cd and BF, and were strongly correlated with Cd content in wheat
roots, stems, leaves and grains. In addition, Cd content in wheat
roots was significantly correlated with soil Cd morphology and BF,
but Cd content in the aboveground parts of wheat (stems, leaves, and
grains) was weakly correlated with soil Cd morphology and BF.

4 Discussion

4.1 Application of cow dung contributes to
safe wheat production on contaminated
arable land

This study indicates that cow dung significantly reduces the Cd
content in various parts of wheat, especially in the grain, by 30.5%–
46.1%, thereby improving the quality of wheat. Meanwhile, wheat
production has not changed significantly, and cadmium content in
wheat grains in each pot decreased, ruling out the dilution effect.
Studies have shown that The AcidExt and Red forms of HMs are
readily available for plant uptake and utilization (Nemati et al.,
2011). In this study, application of cow dung reduced the AcidExt
and Red forms of Cd by 8%–21%, thus effectively reducing the
uptake of HMs by wheat. In addition, changes in soil chemical
properties were evident after application with different
concentrations of cow dung, with increases in pH, SOM, TP, and
AP content in the soils of all treated groups; all these changes may
alter the morphology of HMs and reduce the bioavailability of HMs.
First, the application of cow dung increased the soil pH. A higher
pH increases the adsorption of heavy metal ions on soil particles,
thus reducing heavy metal bioavailability (Zhong et al., 2020), and

higher soil pH also leads to precipitation of HMs thereby making
them unavailable (Liao et al., 2005). Second, cow dung application
increased the SOM content to varying degrees. It has been shown
that increased SOM content increases the number of adsorption
sites in soil particles and effectively reduces the bioavailability of
metals in soil (Hong et al., 2022). Third, the addition of cow dung
significantly increased the content of TP and AP in the soil. Previous
studies have shown that insoluble phosphorus in cow dung directly
adsorbs heavy metal ions from soil (Valipour et al., 2016), whereas
an increase in AP promotes its reaction and precipitation with HMs
such as Cd (Chen et al., 2006). However, AP reacts with Cu and Zn
to precipitate less; the fact that cow dung originally contains more
Cu and Zn may be the main reason for the increase in the bioactive
state of Cu and Zn after application cow dung (Cao et al., 2004).
Further studies have shown that Cd and Zn have the same valence
state and approximately the same ionic radius, and that they may
share the same transporter in the cytoplasm for transport in plants,
and that competition for the transporter binding site by Zn can lead
to a decrease in the mobility of Cd, thereby inhibiting the uptake of
Cd by wheat. (Wang et al., 2022). Thus, The higher Zn content of
cow dung may also antagonise Cd and reduce Cd uptake by wheat.

4.2 Environmental factors affecting the
bioavailability of Cd

4.2.1 Soil chemical properties
As discussed in Section 4.1, the addition of cow dung alters the

soil chemical properties, thereby reducing the bioavailability of Cd.
In this study, the soil chemical properties, including SOM, TN, AN,
TP, and AP, were all significantly positively correlated with Cd-BF,

FIGURE 7
Mantel correlation study of Cd morphology, bioavailability factor and plant Cd content with environmental factors, (A) soil chemical properties, (B)
microbial community structure, (C) heavy metal resistance genes.
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indicating the positive effect of cow dung addition on Cd toxicity.
Meanwhile, soil chemical properties and microbial community
structure were significantly correlated with MRGs. These
observations were consistent with previous findings that Cd
bioavailability is not only affected by one factor and that soil
chemical properties can affect heavy metal bioavailability directly
or indirectly by altering microbial communities and functions (Fu
et al., 2023). In addition, no significantly correlation was found
among soil pH and the available form of Cd, indicating that the
change in soil pH after application of cow dung had a small effect on
the bioavailability of Cd. This may be due to the fact that both the
soil and cow dung were neutral, and although the application of cow
dung increased the soil pH to prevent the conversion of HMs to
biologically effective forms, the change in the adsorption capacity of
soil heavy metals was relatively small (Hussain et al., 2019). Studies
have found that smaller changes in pHmay have little effect onmetal
immobilization (Sauvé et al., 2000; Xu et al., 2018), which is
consistent with the results of the present study.

Here, soil chemical properties were also significantly correlated
with the amount of Cd in wheat, suggesting that soil chemical
properties could influence Cd uptake in wheat. Higher SOM and AP
levels can reduce soil heavy metal bioavailability, thereby reducing
heavy metal uptake in wheat, which is consistent with previous
research (Rizwan et al., 2016). However, the small correlation
between Cd content in aboveground parts of wheat and soil Cd
morphology suggests that cow dung application mainly reduces Cd
uptake by wheat roots by decreasing soil Cd bioavailability. In
contrast, Cd translocation to the aboveground parts of wheat is
affected by a complex set of factors that are less affected by changes
in soil Cd morphology (Nocito et al., 2011).

4.2.2 Microbial community structure
In this study, cow dung application had a significant effect on

soil microorganisms, likely altering the relative abundance of soil
microbial phyla and genera and reducing the bioavailability of Cd.
First, the application of cow dung can directly increase the relative
abundance of microorganisms, such as Pseudomonadota, and also
indirectly elevate the relative abundance of microorganisms, such as
Mycolicibacterium, Bradyrhizobium and other microorganisms, by
enhancing the growth and multiplication of microorganisms
through the addition of soil nutrients (Tagele et al., 2023). The
significant negative correlation of Pseudomonadota with AcdiExt-
Cd and BF-Cd in this study indicates that the increase in
Pseudomonadota abundance after cow dung application is
beneficial to the decrease in Cd bioavailability. This phenomenon
may be due to the significant OM degrading ability of
Pseudomonadota to degrade lignin and cellulose to negatively
charged fatty acids, which can combine with heavy metal cations
to form stable compounds (Cui et al., 2020; Klimek et al., 2024).
Second, Bradyrhizobium was positively correlated with various soil
nutrients and negatively correlated with AcadiExt-Cd and BF-Cd,
suggesting that an increase in Bradyrhizobium abundance benefited
the decrease in Cd bioavailability. This result is likely because
microorganisms, such as Bradyrhizobium, are inherently Cd-
resistant (Duan et al., 2020). Numerous studies have reported
that microorganisms with heavy metal resistance can reduce
heavy metal bioefficacy through biosorption, redox, and other
means (Silver and Phung, 1996; Khudur et al., 2019; Insuk et al.,

2020; Sujkowska-Rybkowska et al., 2020). Notably, the present study
also found a significant negative correlation between
Mycolicibacterium and BF-Cd, which might be due to the fact
that cow dung increased the relative abundance of
Mycolicibacterium, which belongs to the group of Gram-positive
bacteria with phosphomuconic acid on their cell wall surfaces. These
bacteria are negatively charged and can reduce cationic metal
activity through electrostatic adsorption, thereby reducing the
bioavailability of Cd (Jacob et al., 2018). Overall, soil
microorganisms can reduce soil heavy metal bioavailability
through metabolism, expression of resistance genes or direct
adsorption. In addition, the relative abundance of the soil
microorganisms was found to be significantly correlated with Cd
in wheat, suggesting that changes in soil microbial abundance
reduced Cd uptake by wheat by reducing the bioavailability of Cd.

4.2.3 MRGs
The increase in the abundance of some MRGs after cow dung

application may also explain the decrease in Cd bioavailability.
MRGs were significantly correlated with soil chemical properties
dominated by soil nutrients and relative microbial abundance; the
selective pressures and coexisting microbial interactions in heavy
metal-contaminated environments may contribute to gene transfer
and changes in the abundance of MRGs (He et al., 2023). In this
study, the abundance of nine MRGs, including actR and actS, was
found to be significantly negatively correlated with Cd
bioavailability, suggesting that the enrichment of multiple MRGs
was conducive to the reduction of heavy metal bioavailability,
achieved through a series of complex biological reactions,
including biosorption, complexation, and redox (Xavier et al.,
2019). Here, actR and actS have acid-resistant capabilities that
mitigate small-scale pH decreases in soils by maintaining
hydrogen ion balance, thereby reducing the conversion of HMs
to bioavailable forms (Liu et al., 2015). fpvA is located in the
extracellular membrane and can form complexes with other
proteins and bind heavy metal ions, such as Cd2+, Zn2+, and
Cu2+, thereby reducing heavy metal bioavailability (Braud et al.,
2009). Notably, fpvAwas also significantly negatively correlated with
AcidExt-Cd, Res-Cu, and Res-Zn, suggesting that the increase in the
bioavailability of Cu and Zn might have contributed to the
enrichment of fpvA, which in turn reduced the bioavailability of
Cd (Braud et al., 2009). In addition, MRGs were significantly
correlated with wheat Cd content, again suggesting that changes
in the abundance of MRGs were beneficial for reducing soil Cd
bioavailability.

4.3 Excessive application of cow dung May
cause damage to themicrobiological system

4.3.1 Reduction of microbial diversity by excessive
application of cow dung

In this study, the application rates of cow dung should not be
excessive. First, rarer microorganisms, such as Mycetohabitans,
Tannerella, and Rhodopirellula, disappeared from the groups with
cow dung application rates of 15% and above (Supplementary Table
S5). This result was likely due to the introduction of microorganisms
from cow dung into the soil exacerbated microbial competition,
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causing rare microbial genera to be filtered out of competition and
thus reducing microbial diversity and disrupting the microbial
ecosystem (Chen et al., 2021). Second, cow dung increased the
bioavailability of copper and zinc (AcidExt + Red). Microbial
diversity is often used as an indicator of metal contamination
(Xiang et al., 2024; El-Sharkawy et al., 2025; Wang et al., 2025),
and increased bioavailability of Cu and Zn may exacerbate soil
pollution, lead to changes in soil microbial communities, and reduce
microbial diversity [58]. In this study, Shannon index was
significantly negatively correlated with AcidExt-Cu and BF-Zn,
suggesting that higher levels of Cu and Zn in cow dung may
reduce soil microbial diversity and thus cause damage to the
microbial system.

4.3.2 Excessive application of cow dung affects
MRG expression

Here, we found that BF-Cu and BF-Zn was significantly
correlated with various MRGs. Increased copper and zinc
bioavailability may affect the expression of MRGs, which
indirectly affects the colonisation of microorganisms with
resistance genes (He et al., 2023). Abnormal growth and
reproduction of microorganisms in a defined environment
affects the space for other microorganisms to grow, leading to
a reduction in microbial diversity and disruption of microbial
ecosystems (Ghoul and Mitri, 2016). In this study, AcidExt-Cu
was significantly and positively correlated with copC and actA.
The increased effectiveness of Cu may lead to considerable
production of metal-binding proteins by copC and substantial
expression of actA to prevent localized low pH-induced Cu
toxicity (Cha and Cooksey, 1991; Tiwari et al., 1996). These
studies suggest that the increase in the bioavailability of Cu and
Zn may lead to an overenrichment of MRGs. Overexpression of
MRGs may cause an imbalance in the expression of antibiotic
resistance genes and mobile genetic elements, resulting in a
potential risk of soil environmental contamination. resulting
in damage to the microbial system (Engin et al., 2023). In
addition, microorganisms, such as Bacillota and Nocardioides,
are significantly correlated with various MRGs, such as copA and
czcD, suggesting that an increase in the bioavailability of Cu and
Zn can also indirectly alter the abundance of heavy metal
resistance genes by affecting the relative abundance of soil
microbes (Guo et al., 2022). Meanwhile, Microbial diversity is
also a key factor in the expression of MRGs (Zeng et al., 2023). In
this study, we observed that the Shannon index was significantly
positively correlated with MRGs such as yebM and copZ, and
negatively correlated with AcidExt-Cu and BF-Zn. This finding
suggests that an increase in the bioavailability of Cu and Zn may
have reduced the microbial diversity, lowering the expression
of some MRGs.

4.4 Limitations

A pot experiment was used in this study with the following
limitations: first, potting experiments greatly simplify the
complexity of actual agroecosystems, where unnatural inter-
root environments and controlled irrigation may result in soil
microorganisms that differ significantly from field soils (Johnson

et al., 2017). Secondl field experiments usually have a longer
period of time, and the stability of the experimental results is
higher, and it is difficult to replicate pot experiments (Wan et al.,
2020; Zhao et al., 2022; Wu et al., 2023). Third, pot experiments
are spatially limited and do not reflect spatial differences in
restoration effects in the field (Mulyani et al., 2022). With
clear limitations, the data and results provided in this study
are still of important reference value, which efficiently compare
the remediation effects of different cow dung application rates on
Cd-contaminated soils and the interaction effects of heavy metal
bioavailability and environmental factors, and can and provide a
pre-basis and scientific support for the design of subsequent field
experiments.

5 Conclusion

In this study, we found that the application of cow dung was
effective in reducing the bioavailability of Cd, thereby reducing
Cd uptake by wheat. Application of cow dung significantly
reduced Cd content in all parts of wheat, especially leaves
and grains. Correlation analysis showed that changes in soil
chemical properties (such as AP and SOM), microbial
community abundance (such as Bradyrhizobium spp. and
Mycolicibacterium spp.) and the abundance of MRGs (such as
actA and fpvA) contributed to the reduction of the bioavailable
forms of Cd. Based on antagonism, increased Zn bioavailability
also decreased Cd uptake in wheat. However, microorganisms
and higher levels of Cu and Zn introduced in cow dung could also
be potentially harmful to the soil environment. Microorganisms
introduced with cow dung increase microbial competition in the
soil and may result in a decrease in microbial diversity. Increased
bioavailability of Cu and Zn can also disrupt the pre-existing
microbial ecosystems, leading to reduced microbial diversity and
affecting the expression of functional microbial genes. In
conclusion, HMs bioavailability interacts with environmental
factors, and cow dung applied at different rates will have
different impacts on the soil environment. Therefore,
application rates of cow dung should be carefully selected to
avoid excessive application. Considering the Cd content of wheat
grains and soil microbial diversity, the application of cow dung
should not exceed 2.5% (w/w). This study provides a scientific
basis for the safe use of cow dung and the remediation of heavy
metals in wheat fields.
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