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ARTICLE INFO ABSTRACT

Keywords: Increasing knowledge of the impacts of pesticides on soil ecological communities is fundamental to a compre-

Difenoconazole hensive understanding of the functional changes in the global agroecosystem industry. In this study, we exam-

:011 fa‘_m'a ined microbial community shifts in the gut of the soil-dwelling organism Enchytraeus crypticus and functional
cotoxicity

shifts in the soil microbiome (bacteria and viruses) after 21 d of exposure to difenoconazole, one of the main
fungicides in intensified agriculture. Our results demonstrated reduced body weight and increased oxidative
stress levels of E. crypticus under difenoconazole treatment. Meanwhile, difenoconazole not only altered the
composition and structure of the gut microbial community, but also interfered with the soil-soil fauna micro-
ecology stability by impairing the abundance of beneficial bacteria. Using soil metagenomics, we revealed that
bacterial genes encoding detoxification and viruses encoding carbon cycle genes exhibited a dependent
enrichment in the toxicity of pesticides via metabolism. Taken together, these findings advance the under-
standing of the ecotoxicological impact of residual difenoconazole on the soil-soil fauna micro-ecology, and the

Soil microbiome
Microecological mechanism

ecological importance of virus-encoded auxiliary metabolic genes under pesticide stress.

1. Introduction

Soil fauna account for nearly a quarter of all known animals on the
Earth, and provide many essential ecosystem functions in soil, such as
decomposition, the cycling of organic matter, and storage of nitrogen
(Ding et al., 2020; Zhang et al., 2020, 2021a; Zhu et al., 2018a). As the
first witness of soil contamination, soil fauna is a sensitive indicator of
the impacts of pesticides, antibiotics, heavy metals, etc. Contamination
induces the expression of oxidative stress biomarkers (Zhang et al.,
2021b, 2022a), avoidance behavior (Zhu et al., 2018a), and detoxifi-
cation genes (Wang et al., 2021a) in soil invertebrates. The gut micro-
biome of soil fauna was the pivotal factor in maintaining host health (Ma
et al., 2019; Zhang et al., 2021b), which was closely related to gene
expression (Zhang et al., 2019a), pathogen colonization (Ding et al.,
2020), and soil nutrient cycling (Xiang et al., 2019). Numerous studies
characterized the gut microbiome in soil invertebrates that were asso-
ciated with soil-ecological functions (Zhu et al., 2018b), host digestion
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(Zhang et al., 2021a), metabolism (Zhu et al., 2021), and immunity (Kan
et al., 2015). Meanwhile, some studies have demonstrated that the gut
microbiome of soil invertebrates may be a more effective indicator of
exogenous contamination than that of the host (Anslan et al., 2016; Ding
et al., 2020; Zhang et al., 2019b). Therefore, the characterization of the
gut microbiome is essential to understand overall gut homeostasis and
soil health.

The application of pesticides is an effective strategy to implement
sustainable agricultural intensification, which could reduce plant dis-
eases caused by pathogenic bacteria and meet the goal of increased crop
yield (Boulanger et al., 2018; Mohring et al., 2020; Xu et al., 2022a).
Excessive use of pesticides led to residue in the soil environment,
damaging the ecological health of the soil and even threatening human
health through the food chain (Ke et al., 2022; Qiu et al., 2022; Xu et al.,
2022b). At present, the national production of chemical pesticide active
agents reached nearly 2.5 million tons, of which the annual output of
fungicides accounted for 11% (http://www.chinapesticide.org.cn/;
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accessed on January 25, 2022). Meanwhile, pesticides could inhibit soil
microbial activity, accelerate pathogen invasion, and even disturb soil
ecological networks (Ke et al., 2022; Xu et al., 2022b; Xue et al., 2021),
which poses a threat to the ecological function. The slight variation in
soil microbiome composition and function played a decisive role in the
outcome of soil-pathogen interactions under natural field conditions
(Wei et al., 2019; Xu et al., 2022b). Soil has been recognized as a hidden
reservoir for antibiotic resistance genes (ARGs), pesticides induced mi-
croorganisms to develop antibiotic resistance-related gene mutations to
obtain antibiotic resistance, and ARGs may be transferred through
horizontal gene transfer from the environment to human bacteria (Qiu
et al., 2022; Yu et al., 2023; Zhang et al., 2022b).

Difenoconazole, inhibiting demethylase and stopping fungal ergos-
terol synthesis, is a typical triazole fungicide with high efficiency and a
broad spectrum action, was applied to control diseases of vegetables,
fruits, and other field crops (Dong et al., 2013; Yun et al., 2012). Due to
the high octanol-water partition coefficient and the strong retention of
difenoconazole in soil, the environmental concentration of difenocona-
zole in farmland soil reached levels as high as approximately 5.0 mg
difenoconazole kg ! dry soil (Bending et al., 2006; Zhang et al., 2021c)
(https://cn.agropages.com/; accessed on June 27, 2017), and its resid-
ual half-life in the soil was reported to be about 40-100 d (Chang et al.,
2019; Zhang et al., 2021c). Difenoconazole could affect non-target or-
ganisms, and inhibit the growth and development of fish and algae
(Jiang et al., 2020; Kan et al., 2015), reduce the ability of earthworms to
reduce the impacts of oxidative stress (Dong et al., 2013), and alter the
composition and structure of soil communities (Zhang et al., 2021c).
However, these studies cannot fully reflect the risks of difenoconazole in
soil, especially for soil invertebrate animals. Enchytraeus crypticus
(E. crypticus) is a model organism for evaluating soil ecotoxicology (Ding
et al., 2020; Zhang et al., 2022a). Due to the symbiotic relationship
between intestinal bacteria and E. crypticus, the variation of intestinal
bacteria responds more accurately to pollutants than physiological in-
dicators of the hosts (Jin et al., 2023). Therefore, obtaining information
on the impact of difenoconazole exposure on the soil-soil fauna
micro-ecosystem is most important for the comprehensive evaluation of
the ecological risks of application of difenoconazole.

In the present study, we selected different doses of difenoconazole as
typical treatments to evaluate the effects of fungicide exposure on the
soil and the invertebrate gut microecology. Soil and gut bacterial com-
munities were identified via 16S rRNA high-throughput sequencing and
soil functional genes were analyzed using metagenomic sequencing. The
objectives of this study are as follows (1) to investigate the effects of
difenoconazole exposure on survival, body weight, and oxidative stress
reduction capacity of E. crypticus; (2) to determine the response of the
structure and the network interactions of soil and the E. crypticus gut
bacterial communities to different difenoconazole treatments; (3) to
decipher the detoxification mechanism of functional genes encoded by
soil bacteria and viruses. We attempt to provide a theoretical basis for
the ecological risks to soil and soil fauna caused by residual fungicides in
soil.

2. Materials and methods
2.1. Soil, the test animals, and chemicals used

Soil samples were collected from agricultural land located in Hang-
zhou China (120°16’E, 30°29'N). Fresh soil samples were taken from the
top 5-20 cm and stones and weeds were carefully expunged. All soil
samples were air-dried in a ventilated place and sieved to 2 mm for
further analysis. Adult E. crypticus was used as the model organism,
which was acquired from Aarhus University, Denmark. The model or-
ganism has been cultivated in the laboratory for over 3 years (Ma et al.,
2019). The E. crypticus were cultured in an incubator under controlled
conditions at 20 + 1 °C, with a photoperiod of 16:8 h (light: dark, 800
1x). Synchronized juveniles produced by adults on the same day were
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selected and cultured in the medium for 30 d to obtain test organisms for
the experiment (Zhang et al., 2019b; Zhu et al., 2018a). The culture
medium of E. crypticus has been previously described (Zhang et al.,
2022a, 2019b).

Difenoconazole (CAS:119,446-68-3; white powder; >98% purity),
was obtained from Aladdin® (Shanghai, China). Considering that re-
sidual pesticide doses in the field are often both above or below the
environmentally relevant concentration (5 mg/kg), we selected 0.2, 1,
and 2-fold (1, 5, 10 mg/kg) as recommended doses for exposure (Chang
et al,, 2019; Zhang et al., 2021c). Difenoconazole was dissolved in
methanolic/sterile water (1:20) to prepare a stock solution, the same
volume of methanolic was also added to the control group with an
exposure ratio (methanolic/soil) of less than 1 in 1000. Then, the groups
were set according to the intended treatment concentration of difeno-
conazole (DZ) as follows: control, DZ1 (1 mg difenoconazole/kg dry
soil), DZ5 (5 mg difenoconazole/kg dry soil), and DZ10 (10 mg dife-
noconazole/kg dry soil).

2.2. Experimental design

The prepared difenoconazole solution was mixed with sterile water,
added and homogenized to the soil at a dose of 1, 5, and 10 mg dife-
noconazole/kg dry soil, respectively. Soil without difenoconazole
exposure served as the control group. Each microcosm consisted of a
glass beaker containing 65 g of soil-difenoconazole mixture. Four rep-
licates of each treatment group were conducted in this study. The treated
soil was chemically equilibrated in an incubator for 3 d before the
experiment started.

To guarantee sufficient individuals for analysis, 20 similar body sizes
of adult E. crypticus were placed in each beaker according to the OECD
guidelines (2004). The treatment groups were incubated in the artificial
climate chamber for 21 d and the soil water content was adjusted three
times a week. No nutrients were added to the samples during the
exposure period to simulate the conditions in the field. At the end of
exposure, the surviving adults were selected from the sample and
washed three times with sterile phosphate buffer saline (pH = 7.3-7.5),
transferred to a sterile centrifuge tube, followed by the calculation of
their survival rate. Simultaneously, the tissues of five randomly selected
E. crypticus were homogenized and used to measure the reactive oxygen
species (ROS) of E. crypticus. The specific operation was based on the
instructions of the enzyme-linked immunosorbent assay (ELISA) kit and
slightly modified according to the actual situation.

2.3. Analysis of soil properties and enzymatic activity

The ratio of dry soil to water for determining soil pH was 1:2.5 (pH =
7.76), and the water content was 55-65% of the maximum water-
holding capacity of the soil. Soil organic matter (SOM), nitrate nitro-
gen (NO3-N), and available phosphorus (A-P) are the main factors in
determining to gain a more detailed understanding of difenoconazole
effects in soil physicochemical properties. We used fresh soil (0.5 g) to
add the extract at 1:10 to determine the physical and chemical proper-
ties of the soil after 3 weeks.

In this study, soil-neutral phosphatase (S-NP) and urease (S-UE) were
used to evaluate the effects of difenoconazole exposure on soil microbial
communities. We took 2 g of soil from each group after 1, 7, and 21 d,
respectively, for air-drying and sieving to measure soil enzyme activity.
The SOM, NO3-N, A-P, S-NP, and S-UE kits were purchased from Comin
Biotechnology (Suzhou, China).

2.4. DNA extraction from E. crypticus gut and soil

Seven randomly selected adult E. crypticus from each sample were
killed and fixed with ethanol, washed three times, and placed in a
centrifugation tube. The bodies were homogenized with microelectronic
tissue to obtain gut tissue. Finally, proteinase K and protein lysis buffer
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were added to these centrifugation tubes and incubated at 55 °C for 5-6
h with repeated shaking. DNA extraction for E. crypticus gut and soil was
performed using the FastPure® Cell & Tissue DNA Isolation Mini Kit
(Vazyme, China) and FastDNA® Spin Kit for Soil (MP Biomedicals Inc.,
Santa Ana, CA, USA) following the instructions with minor modifica-
tions to volume, respectively. After extraction, the concentration and
purity of DNA were measured via fluorescent quantitative analysis
(Nanodrop; Thermo Fisher Scientific, Inc.). Finally, the DNA samples
were kept at —40 °C until analysis.

2.5. Amplification, high-throughput sequencing, and bioinformatic
analysis

We selected the barcoded primer 515F-806R (515 F:
GTGCCAGCMGCCGCGGTAA and 806 R: GGACTACHVGGGTWTC-
TAAT) to target the V4 region to amplify the bacterial 16S rRNA gene.
The amplification process was based on previous studies (Zhang et al.,
2019b; Zhu et al., 2018a). Finally, the high-quality products were
quantified and purified for sequencing on the Illumina Hiseq2500
platform (Novogene, China).

The raw reads of sequencing were confirmed by Quantitative In-
sights Into Microbial Ecology (version 1.9.1) (Caporaso et al., 2010). In
order to guarantee the authenticity of the downstream analysis, clean
data were obtained by removing primer sequences, ambiguous nucleo-
tides, and low-quality reads. In QIIME, high-quality sequences based on
97% sequence similarity were identified as operational taxonomic units
(OTUs) by the UCLUST algorithm (Edgar, 2010). Singleton OTUs were
discarded from the OTU table. Representative sequences for PyNAST
alignment were assigned via the Greengenesl16S rRNA gene database
(version 13.8), and their taxonomic annotation was processed with RDP
classifier 2.2 (Nilsson et al., 2019). We excluded 5% of the total archaeal
sequences and unassigned them from our downstream analysis.

2.6. Metagenomic analysis

To further decipher the function of the soil microbiome, eight soil
samples including the control and DZ5 (close to environmental residual
concentrations), were selected for complete metagenomic analysis using
[llumina HiSeq platforms at Tianke Technology (Hangzhou, China). The
resulting clean reads were assembled using MEGAHIT (Li et al., 2015),
and the length of scaftigs over 500 bp was selected to be the final
assembling result. The assembled scaftigs were predicted using Meta-
GeneMark. Finally, the unigenes with e-value > le™> were selected to
obtain functional information by aligning with the Kyoto Encyclopedia
of Genes and Genomes (KEGG) (Kanehisa & Goto, 2000) and CAZymes
(CAZ) (Tatusov et al., 2000) using DIAMOND. Functional genes linked to
carbon (C), nitrogen (N), and sulfur (S) metabolism were identified ac-
cording to the metabolic pathways mapped against KEGG orthologs
(KO) (Zheng et al., 2022). The target gene sequence was compared with
the Comprehensive Antibiotic Resistance Database (CARD) using BLAST
software to identify the ARGs (e-value <107, identity >70%, coverage
>80%).

2.7. Statistical analysis

The data of E. crypticus physiological indicators, soil properties, and
enzymatic activity were presented via mean =+ standard deviation. The
differences between groups were determined by two-tailed Welch’s t-
test and one-way analysis of variance (ANOVA) with Tukey’s post-hoc
test. We attributed P < 0.05 to a significant difference between treat-
ments and control. The alpha diversity of the gut and soil microbial
communities was assessed at the genus level using the vegan package in
R 4.3.1. Both the Adonis test and the Anosim test were applied to
evaluate the effects of difenoconazole on the bacterial community
structure of gut and soil. The differences between the groups were
compared based on the Bray-Curtis dissimilarity. Volcano plots of
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genera were completed by the ggplot2 package in R3.4.1, based on the
difference analysis, the genera with gradient response were selected for
further analysis. Redundancy analysis (RDA) was used to reveal the
relationship between soil physicochemical properties (SOM, NO3-N, A-
P, S-NP, S-UE) and shared dominant families. The line chart, linear
fitting, and boxplots were visualized using GraphPad Prism version
8.0.2. The heatmaps showing the number of ARGs and Sankey diagrams
were generated on the Lianchuan Biological Cloud Online Platform (http
s://www.omicstudio.cn/tool/24).

For network analysis, we chose the psych package in R to calculate
Pearson correlation coefficients between bacterial communities at the
genus levels (P < 0.05, |r| > 0.6), and used Gephi v0.9 to obtain the
degree and betweenness centrality of each node, based on the genera
with relative abundance >0.5% in at least one sample. Co-occurrence
network diagrams were generated by Cytoscape V3.9.1 to characterize
the effects of significantly different genera (n = 50, the relative abun-
dance >0.5%, P < 0.05) in bacterial communities. Structural equation
models (SEM) were developed to estimate the total effect between
different concentrations of difenoconazole, gut bacteria (PCoA1l of Bray-
Curtis distance), soil bacteria (PCoAl of Bray-Curtis distance), F/B (the
ratio of the relative abundances of Firmicutes and Bacteroidetes in gut
bacteria communities), ROS, and the body weight of E. crypticus. SEM
was constructed using the piecewise SEM package in R 4.3.1, in which P
> 0.05 indicates a good fit of the model. The piecewise SEM model
fitting and total effect algorithms were previously described (Li et al.,
2022; Matthews et al., 2019).

3. Results

3.1. Effects of difenoconazole exposure on physicochemical properties of
E. crypticus and soil

The content of A-P after 21 d under difenoconazole treatment was
significantly increased compared to the control (Table S1, P < 0.05,
ANOVA with Tukey’s post-hoc test). Difenoconazole did not remarkably
change the contents of SOM, NO3-N in soil samples (Table S1, P > 0.05,
ANOVA with Tukey’s post-hoc test). The activity of S-UE was signifi-
cantly inhibited in the 5 and 10 mg/kg difenoconazole treatments after
1 d, and the 10 mg/kg difenoconazole treatment rapidly stimulated the
activity of S-NP (Table S2, P < 0.05, ANOVA with Tukey’s post-hoc test).
Difenoconazole did not significantly alter the activities of S-NP and S-UE
in soil samples over 7 d (P > 0.05, ANOVA with Tukey’s post-hoc test).

Difenoconazole exposure did not cause severe mortality in
E. crypticus, while the dried weight of E. crypticus in DZ10-treated groups
decreased significantly after 21 d of exposure, compared to the control
(Fig. 1a, P < 0.05, ANOVA with Tukey’s post-hoc test). There was no
significant effect on the survival rate of E. crypticus (Fig. 1a, P > 0.05,
ANOVA with Tukey’s post-hoc test). Notably, the concentration of ROS
displayed a significant upward trend in the DZ5 and DZ1O0-treated
groups (Fig. 1a, P < 0.05, ANOVA with Tukey’s post-hoc test).

3.2. Effects of difenoconazole exposure on the E. crypticus gut and soil
microbial community

After assembling and filtering, we obtained 940,099 and 1,382,232
bacterial sequences from the soil and gut microbiomes, respectively.
Proteobacteria (32.8%) and Acidobacteria (28.34%) were the most
abundant bacterial phyla in the gut and soil microbiomes, respectively
(Fig. 1b). Furthermore, the relative abundance of Firmicutes was
negatively correlated with the difenoconazole dose (Fig. S1a, P < 0.05,
R% = 0.3434). Acidobacteriota were negatively correlated with the
different treatment doses of difenoconazole in the gut microbiome
(Fig. Sla, P < 0.05, R = 0.3776, Spearman correlation analysis).
Difenoconazole significantly increased the relative abundance of Acid-
obacteria and Chloroflexi, and the relative abundance of Bacteroidota
and Myxococcota decreased in the DZ10-treated soil sample (Fig. S1b, P
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< 0.05, ANOVA with Tukey’s post-hoc test).

The Shannon index showed that the diversity of soil and gut bacteria
was not significantly affected by difenoconazole exposure compared
with the control (Table S3, P > 0.05, ANOVA with Tukey’s post-hoc
test). The principal coordinates analysis (PCoA) using the Bray-Curtis
distance illustrated that gut bacterial communities were distinct from
the surrounding soil and difenoconazole significantly affected the gut
bacterial communities of E. crypticus (Fig. 1c, P < 0.05, Adonis analysis).
Meanwhile, Bray-Curtis dissimilarity using the gut bacterial files showed
significant separation between the DZ5-and DZ10-treated groups, and
control (Fig. 1d, P < 0.05, two-tailed Welch’s t-test). Moreover, the gut
microbiome was significantly more sensitive than the soil microbiome in
responding to difenoconazole treatments (Fig. 1c and d). Variations of
the bacterial community were more pronounced after high-dose dife-
noconazole exposure than in low-dose bacterial communities (Fig. 1 and
Fig. S1).

As shown in Fig. 2a, the effects of difenoconazole on the abundance
of gut bacteria families showed an increase in Gemmatimondaceae,
Nitrosomonadaceae, and Chitinophagaceae compared with the corre-
sponding soil samples (P < 0.05, two-tailed Welch’s t-test). The relative
abundance of the shared families Dongiaceae, and Nitrosomonadaceae in
the gut microbiome were significantly shifted compared to treated soil
samples, but there was no difference in the gut and soil control groups.
As for E. crypticus gut samples, the relative abundance of the dominant
families Xanthobacteraceae, Beijerinckiaceae, and Polyangiaceae signifi-
cantly decreased in difenoconazole treatments, compared with the

control (Fig. S2, P < 0.05, two-tailed Welch’s t-test). Moreover, RDA
results further indicated that, in addition to dominant families of gut
bacteria, S-NP and A-P in soil were potential indicators of gut micro-
biome changes under pesticide contamination (Fig. S3, P < 0.05, Per-
mutation = 999).

To characterize the impact of difenoconazole on the E. crypticus gut
and soil bacterial communities, we pooled significantly altered genera
under difenoconazole treatment [P < 0.05, |log2(fold change)| > 1]. A
total of 20, 14, 38 genera in the gut and 8, 13, 14 in soil bacterial
communities, respectively, were significantly changed under difenoco-
nazole exposure compared to the control (Fig. S4, P < 0.05). The genera
with dose-dependent effects were used for further analysis. Further-
more, difenoconazole decreased the relative abundance of Polyangium,
Bradyrhizobium, and Kaistia in gut samples, and the abundance of the
Nocardioides decreased significantly in the DZ5 and DZ10 soil sample
groups (Fig. 2b, P < 0.05, ANOVA with Tukey’s post-hoc test).

3.3. The effect of difenoconazole on microbial interactions

To discriminate the effects of difenoconazole on the gut and soil
bacterial communities, we applied bacterial co-occurrence network
analysis to reveal the interactions between soil-soil fauna communities
and significantly different genera in difenoconazole treatments (Fig. 3a).
In the co-occurrence network of gut and soils bacterial communities, the
proportion of the positive and negative correlations of significantly
different genera in the total bacterial degrees were 13.7 and 10.8%,
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respectively (Fig. 3b). Notably, significantly different genera accounted
for a large proportion in the top 25 (14/25) (Fig. 3c).

As mentioned above, exposure to difenoconazole developed oxida-
tive stress capacity, resulting in the alteration of the gut community
structure. SEM was performed to calculate the total effect of gut bacte-
rial communities, soil bacterial communities, F/B, and ROS on body
weight (Fig. 4). A total of 73% variance in weight was explained in the
model. SEM also revealed that the difenoconazole treatment affected the
gut community structure of E. crypticus. Moreover, different doses of
difenoconazole affected the body weight due to the induction of ROS
and F/B of E. crypticus.

3.4. Effect of difenoconazole on soil microbial functioning

We used a metagenomic sequencing approach to explore the possible
functional shift of soil-associated microbiomes after exposure to dife-
noconazole. The percentage of soil bacteria, archaea, and viruses were
81.1%, 6.2%, and 1.1% in the control and 81.8%, 5.5%, and 0.8% in the
DZ5 treatment, respectively (Fig. S5).

To reveal how difenoconazole affects the soil bacteria and virus
functional properties, we compared the functional annotations in the
control and the DZ5-treated soil. Based on the KEGG database, we
identified differentially enriched functional genes annotated to soil
bacteria and virus files (Fig. 5a and b). Up-regulated bacterial function
genes were mainly annotated in metabolism and signaling transduction,
while down-regulated bacterial function genes were involved in xeno-
biotics biodegradation. Up-regulated viral function genes were mainly
annotated in the nervous system and carbohydrate metabolism, while
down-regulated viral function genes were connected with folding,
sorting, and degradation. Besides, the functional profiles of microbiome
associated with KO and CAZ under pesticide stress were significantly
enriched or abrogated for analysis (top 10, P < 0.05, two-tailed Welch’s
t-test, Table S4). As for bacterial function genes, the phoP alkaline
phosphatase gene (k07538) was depleted and modules involved in UDP-
Glc a-glucosyltransferase (GT4) were enriched in the DZ5 treatment
(Fig. 5¢, P < 0.05, two-tailed Welch’s t-test).

We analyzed functional genes involved in soil microbial community-
related C, N, and S metabolism (Table S5). Compared with the control,
the relative abundances of C, N, and S metabolic genes annotated with
bacteria did not significantly shift in the DZ5-treated group. The func-
tional genes related to the carbon cycle with virus-encoded genes were
significantly enriched in the contaminated soil community (Fig. 5d, P <
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0.05, two-tailed Welch’s t-test). Furthermore, a total of 20 ARGs were
detected from soil microcosms, and these identified ARGs were divided
into eight classifications and four mechanisms. The numbers of ARGs
showed an uprising trend under difenoconazole pressure, mainly
assigned to peptide antibiotics and glycopeptide antibiotics (Fig. S6).

4. Discussion

The utility of difenoconazole in controlling crop diseases and water
safety is widely accepted (Wang et al., 2022; Zhang et al., 2021c), while
the environmental risks of difenoconazole exposure to soil-soil fauna
microecology remain less well explored. We relied on the soil planetary
system to deeply understand the influence of residual difenoconazole
exposure on soil-E. crypticus gut microecology health and explore the
changes in functional genes of soil microbial annotation via meta-
genomic approaches.

4.1. Difenoconazole influenced the physiological activity of E. crypticus

Soil enzyme activity is a powerful indicator of mass and microbial
metabolic activity, which reflects not only changes in soil physical and
chemical properties, biomass, and biodiversity, but also nutrient cycling
in ecosystems such as C, N, and P (Xue et al., 2021). The activity of S-NP
rapidly increased at 10 mg/kg of difenoconazole for one day, which may
be due to the accelerated conversion of organophosphorus by soil
phosphatases when difenoconazole exposure caused a temporary loss of
phosphorus (Zhang et al., 2014). Difenoconazole did not significantly
change the soil available nutrient pools in soil samples after 7 d of soil
exposure at a dose ranging from 1 to 10 mg/kg. This indicates that
difenoconazole had no effect on the major nutrient supply in the soil.
Nevertheless, we observed that exposure to 5 and 10 mg/kg of difeno-
conazole resulted in elevated oxidative stress of E. crypticus. As one kind
of triazole fungicide, difenoconazole has been reported to induce DNA
damage and apoptosis of non-target organisms. The impacts were
associated with ROS production (Jiang et al., 2020; Park et al., 2022;
Teng et al., 2018). Besides, residual difenoconazole depressed the dry
weight of soil fauna. Variations in oxidative stress capacity and weight
could be evaluated as physiological indicators of ecotoxicology, then, to
decipher the molecular mechanisms of residual difenoconazole on soil
microecology by omics biotechnology.
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4.2. Difenoconazole affected gut microbial community structure and soil-
E. crypticus ecological network

In contrast to the edaphic community, the composition and structure
of the gut bacterial community were disturbed by 5 and 10 mg/kg
difenoconazole, resulting in a gradient effect of more beneficial bacteria.
Meanwhile, SEM-based analysis revealed that the structure of gut bac-
terial communities was notably impacted by exposure concentration
than in soil. These findings demonstrated that the gut microbial com-
munities of E. crypticus were more susceptible to pesticide stress
compared with the microbial communities in soil. We anticipate that the
functional redundancy and complexity of soil communities were critical
for maintaining microbial communities under environmental perturba-
tion (Ding et al., 2020; Zhang et al., 2021b), but importantly, host
conditions and edaphic effects were the dominant force in regulating the
gut microbiome of soil animals (Pass et al., 2015; Zhu et al., 2021), and
the invasion of difenoconazole might impact on the gut bacteria through
the direct or indirect contact and accumulation of soil fauna. There are
previous examples which that support the view that the gut microbial
communities of soil fauna are more sensitive than soil microbial

communities, in this case following exposure to azoxystrobin, oxytet-
racycline, and microplastics (Zhang et al., 2019b; Zhu et al., 2018a,
2018b). Dysbiosis in the gut microbiome could interfere with the im-
mune system and metabolic function of the host, thereby potentially
undermining the contribution of invertebrates to soil ecological health
(Wilschut et al., 2021; Xiang et al., 2019). Together, the symbiosis be-
tween host and gut bacteria emphasized that the gut communities of soil
invertebrates provide strong evidence for an accurate response to the
toxicity of exogenous pollutants.

Taxon-based analysis revealed that difenoconazole treatment altered
the relative abundance of dominant gut bacterial taxa. Firmicutes and
Bacteroidetes play a dominant role in the lipid metabolism of humans
and mammals (De Filippo et al., 2010; Kan et al., 2015; Yin et al., 2015),
of which the abundance ratio decreased significantly after treatment
with difenoconazole (Fig. S7). This suggests that difenoconazole might
affect the growth of soil fauna by interfering with their gut microbiome.
Meanwhile, nitrate reduction and nitrogen fixation are remarkable traits
of the members of the Xanthobacteraceae (Cheng et al., 2022) and Bei-
jerinckiaceae (Souza et al., 2021). This finding indicated that gut com-
munities of soil invertebrates that have beneficial roles in terrestrial
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ecosystem processes were disrupted with increasing doses of difenoco-
nazole. Besides, we identified the significantly different genera in the
microbiome, which presented a gradient response to the difenoconazole
dose, such as Bradyrhizobium, Kaistia, Polyangium, and Blautia, which
decreased gradually in contaminated treatments. Interestingly, Bra-
dyrhizobium, Kaistia, and Polyangium are mainly involved in nitrogen
fixation (Favero et al., 2022), biodegrading aromatic compounds (Liao
et al., 2021), and promoting plant growth (Wang et al., 2021b). More
importantly, the Blautia genus contributes to anti-inflammatory re-
sponses to maintain intestinal health (Wang et al., 2019; Zhou et al.,
2021a). In contrast to the gut microbial community (Fig. 2c), Nocar-
dioides, and Micromonospora with reduced abundance in treated soils are
closely related to metabolizing pollutants (Wozniak-Karczewska et al.,
2020) and promoting plant growth (Ortuzar et al., 2020). Together,
exposure to difenoconazole damaged the balance of bacterial commu-
nities, resulting in the destruction of potentially beneficial bacteria
present in soil ecosystems. This implies that difenoconazole exposure
interfered with the ecological service functions of soil fauna.

The interactions within microbial communities are the key driver of
regulation of the community structure and dynamics, and the presence
of negative interactions is an important contributor to reducing the
likelihood of community disturbance and increasing stability (Coyte
et al., 2015; Ratzke et al., 2020). Degree and the betweenness centrality
have been recognized as two important mechanisms in explaining the
network nodes, which determine the capability of a node to the infor-
mation or circulation in the network (Zhang et al., 2021a; Brugman
et al., 2022). The constructed co-occurrence network based on the
significantly different genera and soil-soil fauna bacterial communities
revealed that significantly different genera occupied a dominant posi-
tion in the bacterial network, which played a part in the competing
niches of the network (up to 1/3 in all negative degrees) (Zhang et al.,
2021b, 2022a & c). This expanded knowledge on the adverse effects of
difenoconazole exposure on bacterial communities in terms of the
soil-soil fauna microecological balance by impairing the abundance of
potential functional bacteria. Additionally, previous studies reported
that the F/B ratio might serve as a parameter to evaluate the weight of
soil fauna (Zhu et al., 2018a). SEM analysis explained that difenocona-
zole doses were positively correlated to body weight by affecting the F/B
ratio of the E. crypticus gut community. Furthermore, these insights
suggested that the applied dose of difenoconazole does not serve as a
major factor that directly affects the loss of weight, but interfered with
the gut bacterial community or induced oxidative stress of the host to
cause variation in the weight of E. crypticus. Taken together, these results
supported that ROS may be a potential predictor of shifts in the weight of
E. crypticus to respond to pollutants (Zhang et al., 2020; Zhu et al.,
2018a).

4.3. Soil microbiome induced detoxification and metabolic genes to
metabolize pesticides

We further deciphered the ecological risk of difenoconazole in
edaphic ecosystems based on microbiome function and enrichment of
ARGs according to soil metagenomic analysis. We found that difenoco-
nazole significantly affected the metabolism of the soil microbiome. This
was partly due to soil bacteria accelerating the metabolism of pesticides
through the increased release of amino acids or long-chain organic acids
(Gao et al., 2021; Ratzke et al., 2020). Signal transduction was induced
under biotic and abiotic stresses to trigger biological detoxification
processes (Bickerton et al., 2016; Staubach et al., 2013; Zhang et al.,
2022d). In the current study, the alkaline phosphatase gene phoP,
involved in the recycling of organic phosphorus, was decreased in
DZ5-treated soil. This suggests that residual difenoconazole damaged
the organophosphorus gene abundance of microorganisms within 21
d due to the destruction of microbial functional activity and turnover,
which may have a potential effect on soil phosphorus absorption (Gao
etal., 2021; Pathak et al., 2010). Glucuronic acid played a detoxification
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role in combining exogenous and endogenous products and encoding a
family of detoxifying enzymes (Dwivedi et al., 2018; Tephly and
Burchell, 1990). UDP-Glc a-glucosyltransferase was enriched in the
DZ5-s0il group, protecting microbes from the toxicity of pesticides to the
soil. As discussed above, our findings demonstrated that residual fun-
gicides could induce detoxification mechanisms in the soil microbiome,
among which these metabolisms and signal transduction might be
effective strategies for alleviating abiotic stress.

In this study, we reported that the effects of difenoconazole could
enhance the abundance of ARGs in soil. Similarly, pesticides were shown
to enhance the transfer of mobile gene elements and ARGs through
increased cell membrane permeability (Ke et al., 2022; Qiu et al., 2022;
Zhou et al., 2021b). Both pesticides and non-antibiotic drugs enhanced
ARGs were affiliated with producing ROS and promoted bacterial
competence (Wang et al.,, 2022; Zhang et al., 2022c). These results
demonstrated that the use of difenoconazole for plant disease control
accelerated the emergence and transmission of ARGs in the edaphic
ecosystems.

Notably, viral genes related to carbon metabolism were significantly
enriched in contaminated soil, but no effect of the abundance of these
genes was observed in bacteria encoding carbon metabolism. The reason
may be that viruses enhanced C-cycling and energy conversion by
ecosystem-related auxiliary metabolic genes (Nelson et al., 2022; Trubl
et al., 2018), or soil-active bacteria were actively targeted by phages,
and the release of unstable cellular components after cell lysis due to the
influence of pesticides might affect soil C-cycling (Kuzyakov and
Mason-Jones, 2018; Nelson et al., 2022). These results verified that re-
sidual difenoconazole in the soil environment might pose a potential
impact on ecosystem functioning, and viral communities alleviated the
toxic mechanism of pesticides via capturing energy (Zheng et al., 2022).

5. Conclusion

In conclusion, this study showed that difenoconazole exposure to soil
produced dose-dependent effects on weight and on the oxidative stress
mechanism of E. crypticus. Difenoconazole exposure also altered the gut
bacterial community composition and structure. The current study
improved our understanding of residual difenoconazole threatening the
abundance of beneficial bacteria participating in microbial functioning,
and interfering with the stability of soil-soil fauna ecological commu-
nities. Meanwhile, SEM showed that ROS significantly correlated with
the weight of E. crypticus. This indicates that the oxidative stress capacity
could act as a vector for shifts in the weight of soil fauna. Furthermore,
the metagenomic analysis showed significant enrichment of bacterial-
encoding detoxification and virus-encoding carbon cycle genes in the
contaminated soil. The analysis further revealed the role of viral com-
munities on bacterial ecology in soil microbial communities. These
findings shed a novel light on the understanding of the processes un-
derlying soil-soil fauna ecological health due to exposure to difenoco-
nazole for crop disease control.

Credit author statement

Guoyan Qin: Performed the experiments, Visualization, and Orig-
inal draft; Qi Zhang: Conceptualization, Original draft, Designed the
research; Ziyao Zhang: Data curation, Investigation; Yiling Chen:
Conceptualization, Supervision; Jichao Zhu: Methodology, Investiga-
tion; Yaohui Yang: Visualization, Investigation; Willie Peijnenburg:
Manuscript reviewing and editing; Haifeng Qian: Funding acquisition,
Supervision, Manuscript reviewing and editing.

Declaration of competing interest
The authors declare that they have no known competing financial

interests or personal relationships that could have appeared to influence
the work reported in this paper.



G. Qin et al.
Data availability

Data will be made available on request.
Acknowledgements

This study was financially supported by the National Natural Science
Foundation of China (21777144 and 21976161), the Natural Science
Foundation of Zhejiang Province (LZ23B070001) and the Key Research
and Development Program of Zhejiang (2022C02029).

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.envpol.2023.121518.

References

Anslan, S., Bahram, M., Tedersoo, L., 2016. Temporal changes in fungal communities
associated with guts and appendages of Collembola as based on culturing and high-
throughput sequencing. Soil Biol. Biochem. 96, 152-159.

Bending, G.D., Lincoln, S.D., Edmondson, R.N., 2006. Spatial variation in the
degradation rate of the pesticides isoproturon, azoxystrobin and diflufenican in soil
and its relationship with chemical and microbial properties. Environ. Pollut. 139 (2),
279-287.

Bickerton, P., Sello, S., Brownlee, C., Pittman, J.K., Wheeler, G.L., 2016. Spatial and
temporal specificity of Ca®" signalling in Chlarnydomonas reinhardtii in response to
osmotic stress. New Phytol. 212 (4), 920-933.

Boulanger, M., Tual, S., Lemarchand, C., Guizard, A.V., Delafosse, P., Marcotullio, E.,
Pons, R., Piel, C., Pouchieu, C., Baldi, I., Clin, B., Lebailly, P., Grp, A., 2018. Lung
cancer risk and occupational exposures in crop farming: results from the
AGRIculture and CANcer (AGRICAN) cohort. Occup. Environ. Med. 75 (11),
776-785.

Brugman, J., van Leeuwaarden, J.S.H., Stegehuis, C., 2022. Sharpest possible clustering
bounds using robust random graph analysis. Phys. Rev. E. 106 (6), 17.

Caporaso, J.G., Kuczynski, J., Stombaugh, J., Bittinger, K., Bushman, F.D., Costello, E.K.,
Fierer, N., Pena, A.G., Goodrich, J.K., Gordon, J.I., Huttley, G.A., Kelley, S.T.,
Knights, D., Koenig, J.E., Ley, R.E., Lozupone, C.A., McDonald, D., Muegge, B.D.,
Pirrung, M., Reeder, J., Sevinsky, J.R., Tumbaugh, P.J., Walters, W.A., Widmann, J.,
Yatsunenko, T., Zaneveld, J., Knight, R., 2010. QIIME allows analysis of high-
throughput community sequencing data. Nat. Methods 7 (5), 335-336.

Chang, W.X., Nie, J.Y., Yan, Z., 2019. Enantioselective behavior of chiral difenoconazole
in apple and field soil. Bull. Environ. Contam. Toxicol. 103 (3), 501-505.

Cheng, Z.Y., Shi, J.C,, He, Y., Wu, L.S., Xu, J.M., 2022. Assembly of root-associated
bacterial community in cadmium contaminated soil following five-year consecutive
application of soil amendments: evidences for improved soil health. J. Hazard Mater.
426, 14.

Coyte, K.Z., Schluter, J., Foster, K.R., 2015. The ecology of the microbiome: networks,
competition, and stability. Sci 350 (6261), 663-666.

De Filippo, C., Cavalieri, D., Di Paola, M., Ramazzotti, M., Poullet, J.B., Massart, S.,
Pieraccini, G., Lionetti, P., 2010. Impact of diet in shaping gut microbiota revealed
by a comparative study in children from Europe and rural Africa. Proc. Natl. Acad.
Sci. U.S.A. 107 (33), 14691-14696.

Ding, J., Zhu, D., Wang, H.-T., Lassen, S.B., Chen, Q.-L., Li, G., Lv, M., Zhu, Y.-G., 2020.
Dysbiosis in the gut microbiota of soil fauna explains the toxicity of tire tread
particles. Environ. Sci. Technol. 54 (12), 7450-7460.

Dong, F.S., Li, J., Chankvetadze, B., Cheng, Y.P., Xu, J., Liu, X.G., Li, Y.B., Chen, X.,
Bertucci, C., Tedesco, D., Zanasi, R., Zheng, Y.Q., 2013. Chiral triazole fungicide
difenoconazole: absolute stereochemistry, stereoselective bioactivity, aquatic
toxicity, and environmental behavior in vegetables and soil. Environ. Sci. Technol.
47 (7), 3386-3394.

Dwivedi, P., Zhou, X.L., Powell, T.G., Calafat, A.M., Ye, X.Y., 2018. Impact of enzymatic
hydrolysis on the quantification of total urinary concentrations of chemical
biomarkers. Chemosphere 199, 256-262.

Edgar, R.C., 2010. Search and clustering orders of magnitude faster than BLAST.
Bioinformatics 26 (19), 2460-2461.

Favero, V.0., de Carvalho, R.H., Leite, A.B.C., dos Santos, D.M.T., de Freitas, K.M.,
Boddey, R.M., Xavier, G.R., Rumjanek, N.G., Urquiaga, S., 2022. Bradyrhizobium
strains from Brazilian tropical soils promote increases in nodulation, growth and
nitrogen fixation in mung bean. Appl. Soil Ecol. 175, 8.

Gao, M., Xiong, C., Gao, C., Tsui, C.K.M., Wang, M.M., Zhou, X., Zhang, A.M., Cai, L.,
2021. Disease-induced changes in plant microbiome assembly and functional
adaptation. Microbiome 9 (1), 18.

Jiang, J.H., Chen, L.Z., Wu, S.G., Lv, L., Liu, X.J., Wang, Q., Zhao, X.P., 2020. Effects of
difenoconazole on hepatotoxicity, lipid metabolism and gut microbiota in zebrafish
(Danio rerio). Environ. Pollut. 265 (Part A), 9.

Jin, M.-K., Zhang, Q., Yang, Y.-T., Zhao, C.-X., Li, J., Li, H., Qian, H.F., Zhu, D., Zhu, Y.-
G., 2023. Exposure to cypermethrin pesticide disturbs the microbiome and
disseminates antibiotic resistance genes in soil and the gut of Enchytraeus crypticus.
J. Hazard Mater. 449, 131026.

Environmental Pollution 326 (2023) 121518

Kan, H.F., Zhao, F.Z., Zhang, X.X., Ren, H.Q., Gao, S.X., 2015. Correlations of gut
microbial community shift with hepatic damage and growth inhibition of carassius
auratus induced by pentachlorophenol exposure. Environ. Sci. Technol. 49 (19),
11894-11902.

Kanehisa, M., Goto, S., 2000. KEGG: Kyoto encyclopedia of genes and genomes. Nucleic
Acids Res. 28 (1), 27-30.

Ke, M.J.,, Xu, N.H., Zhang, Z.Y., Qiu, D.Y., Kang, J., Lu, T., Lu, T., Wang, T.Z.,
Peijnenburg, W., Sun, L.W., Hu, B.L., Qian, H.F., 2022. Development of a machine-
learning model to identify the impacts of pesticides characteristics on soil microbial
communities from high-throughput sequencing data. Environ. Microbiol. 24 (11),
5561-5573.

Kuzyakov, Y., Mason-Jones, K., 2018. Viruses in soil: nano-scale undead drivers of
microbial life, biogeochemical turnover and ecosystem functions. Soil Biol. Biochem.
127, 305-317.

Li, D.H., Liu, C.M., Luo, R.B., Sadakane, K., Lam, T.W., 2015. MEGAHIT: an ultra-fast
single-node solution for large and complex metagenomics assembly via succinct de
Bruijn graph. Bioinformatics 31 (10), 1674-1676.

Li, S.P., Jia, P., Fan, S.Y., Wu, Y.T,, Liu, X., Meng, Y.N., Li, Y., Shu, W.S., Li, J.T., Jiang, L.,
2022. Functional traits explain the consistent resistance of biodiversity to plant
invasion under nitrogen enrichment. Ecol. Lett. 25 (4), 778-789.

Liao, H.K., Zheng, C.L., Long, J., Guzman, 1., 2021. Effects of biochar amendment on
tomato rhizosphere bacterial communities and their utilization of plant-derived
carbon in a calcareous soil. Geoderma 396, 10.

Ma, J., Zhu, D., Sheng, G.D., O’Connor, P., Zhu, Y.-G., 2019. Soil oxytetracycline
exposure alters the microbial community and enhances the abundance of antibiotic
resistance genes in the gut of Enchytraeus crypticus. Sci. Total Environ. 673,
357-366.

Matthews, T.J., Rigal, F., Triantis, K.A., Whittaker, R.J., 2019. A global model of island
species-area relationships. Proc. Natl. Acad. Sci. U.S.A. 116 (25), 12337-12342.
Mohring, N., Dalhaus, T., Enjolras, G., Finger, R., 2020. Crop insurance and pesticide use

in European agriculture. Agric. Syst. 184, 18.

Nelson, A.R., Narrowe, A.B., Rhoades, C.C., Fegel, T.S., Daly, R.A., Roth, H.K., Chu, R.K.,
Amundson, K.K., Young, R.B., Steindorff, A.S., Mondo, S.J., Grigoriev, L.V.,
Salamov, A., Borch, T., Wilkins, M.J., 2022. Wildfire-dependent changes in soil
microbiome diversity and function. Nat. Microbiol. 7 (9), 1419—+.

Nilsson, R.H., Larsson, K.H., Taylor, A.F.S., Bengtsson-Palme, J., Jeppesen, T.S.,
Schigel, D., Kennedy, P., Picard, K., Glockner, F.O., Tedersoo, L., Saar, I., Koljalg, U.,
Abarenkov, K., 2019. The UNITE database for molecular identification of fungi:
handling dark taxa and parallel taxonomic classifications. Nucleic Acids Res. 47
(D1), D259-D264.

Ortuzar, M., Tryjillo, M.E., Roman-Ponce, B., Carro, L., 2020. Micromonospora
metallophores: a plant growth promotion trait useful for bacterial-assisted
phytoremediation? Sci. Total Environ. 739, 12.

Park, J., Hong, T., An, G., Park, H., Song, G., Lim, W., 2022. Triadimenol promotes the
production of reactive oxygen species and apoptosis with cardiotoxicity and
developmental abnormalities in zebrafish. Sci. Total Environ. 862, 160761.

Pass, D.A., Morgan, A.J., Read, D.S., Field, D., Weightman, A.J., Kille, P., 2015. The effect
of anthropogenic arsenic contamination on the earthworm microbiome. Environ.
Microbiol. 17 (6), 1884-1896.

Pathak, A., Goyal, R., Sinha, A., Sarkar, D., 2010. Domain structure of virulence-
associated response regulator PhoP of mycobacterium tuberculosis role of the linker
region in regulator-promoter interaction(s). J. Biol. Chem. 285 (45), 34309-34318.

Qiu, D.Y., Ke, M.J., Zhang, Q., Zhang, F., Lu, T., Sun, L.W., Qian, H.F., 2022. Response of
microbial antibiotic resistance to pesticides: an emerging health threat. Sci. Total
Environ. 850, 8.

Ratzke, C., Barrere, J., Gore, J., 2020. Strength of species interactions determines
biodiversity and stability in microbial communities. Nat. Ecol. Evol. 4 (3), 376—+.

Souza, F.F.C., Mathai, P.P., Pauliquevis, T., Balsanelli, E., Pedrosa, F.O., Souza, E.M.,
Baura, V.A., Monteiro, R.A., Cruz, L.M., Souza, R.A.F., Andreae, M.O., Barbosa, C.G.
G., de Angelis, I.H., Sanchez-Parra, B., Pohlker, C., Weber, B., Ruff, E., Reis, R.A.,
Godoi, R.H.M., Sadowsky, M.J., Huergo, L.F., 2021. Influence of seasonality on the
aerosol microbiome of the Amazon rainforest. Sci. Total Environ. 760, 9.

Staubach, F., Baines, J.F., Kunzel, S., Bik, E.M., Petrov, D.A., 2013. Host species and
environmental effects on bacterial communities associated with drosophila in the
laboratory and in the natural environment. PLoS One 8 (8), 12.

Tatusov, R.L., Galperin, M.Y., Natale, D.A., Koonin, E.V., 2000. The COG database: a tool
for genome-scale analysis of protein functions and evolution. Nucleic Acids Res. 28
(1), 33-36.

Teng, M.M., Zhu, W.T., Wang, D.Z., Qi, S.Z., Wang, Y., Yan, J., Dong, K., Zheng, M.Q.,
Wang, C.J., Wang, C.J., 2018. Metabolomics and transcriptomics reveal the toxicity
of difenoconazole to the early life stages of zebrafish (Danio rerio). Aquat. Toxicol.
194, 112-120.

Tephly, T.R., Burchell, B., 1990. UDP-glucuronosyltransferases-a family of detoxifying
enzymes. Trends Pharmacol. Sci. 11 (7), 276-279.

Trubl, G., Jang, H.B., Roux, S., Emerson, J.B., Solonenko, N., Vik, D.R., Solden, L.,
Ellenbogen, J., Runyon, A.T., Bolduc, B., Woodcroft, B.J., Saleska, S.R., Tyson, G.W.,
Wrighton, K.C., Sullivan, M.B., Rich, V.I., 2018. Soil viruses are underexplored
players in ecosystem carbon processing. mSystems 3 (5), 21.

Wang, J.J., Lang, T., Shen, J., Dai, J.J., Tian, L., Wang, X.P., 2019. Core gut bacteria
analysis of healthy mice. Front. Microbiol. 10, 14.

Wang, X.W., Xia, R., Sun, M.M., Hu, F., 2021a. Metagenomic sequencing reveals
detoxifying and tolerant functional genes in predominant bacteria assist Metaphire
guillelmi adapt to soil vanadium exposure. J. Hazard Mater. 415, 11.

Wang, J.J., Ran, Q., Du, X.R., Wu, S.G., Wang, J.N., Sheng, D.H., Chen, Q., Du, Z.J., Li, Y.
Z., 2021b. Two new Polyangium species, P. aurulentum sp. nov. and P. jinanense sp.
nov., isolated from a soil sample. Syst. Appl. Microbiol. 44 (6), 10.


https://doi.org/10.1016/j.envpol.2023.121518
https://doi.org/10.1016/j.envpol.2023.121518
http://refhub.elsevier.com/S0269-7491(23)00520-1/sref1
http://refhub.elsevier.com/S0269-7491(23)00520-1/sref1
http://refhub.elsevier.com/S0269-7491(23)00520-1/sref1
http://refhub.elsevier.com/S0269-7491(23)00520-1/sref2
http://refhub.elsevier.com/S0269-7491(23)00520-1/sref2
http://refhub.elsevier.com/S0269-7491(23)00520-1/sref2
http://refhub.elsevier.com/S0269-7491(23)00520-1/sref2
http://refhub.elsevier.com/S0269-7491(23)00520-1/sref3
http://refhub.elsevier.com/S0269-7491(23)00520-1/sref3
http://refhub.elsevier.com/S0269-7491(23)00520-1/sref3
http://refhub.elsevier.com/S0269-7491(23)00520-1/sref4
http://refhub.elsevier.com/S0269-7491(23)00520-1/sref4
http://refhub.elsevier.com/S0269-7491(23)00520-1/sref4
http://refhub.elsevier.com/S0269-7491(23)00520-1/sref4
http://refhub.elsevier.com/S0269-7491(23)00520-1/sref4
http://refhub.elsevier.com/S0269-7491(23)00520-1/sref5
http://refhub.elsevier.com/S0269-7491(23)00520-1/sref5
http://refhub.elsevier.com/S0269-7491(23)00520-1/sref6
http://refhub.elsevier.com/S0269-7491(23)00520-1/sref6
http://refhub.elsevier.com/S0269-7491(23)00520-1/sref6
http://refhub.elsevier.com/S0269-7491(23)00520-1/sref6
http://refhub.elsevier.com/S0269-7491(23)00520-1/sref6
http://refhub.elsevier.com/S0269-7491(23)00520-1/sref6
http://refhub.elsevier.com/S0269-7491(23)00520-1/sref7
http://refhub.elsevier.com/S0269-7491(23)00520-1/sref7
http://refhub.elsevier.com/S0269-7491(23)00520-1/sref8
http://refhub.elsevier.com/S0269-7491(23)00520-1/sref8
http://refhub.elsevier.com/S0269-7491(23)00520-1/sref8
http://refhub.elsevier.com/S0269-7491(23)00520-1/sref8
http://refhub.elsevier.com/S0269-7491(23)00520-1/sref9
http://refhub.elsevier.com/S0269-7491(23)00520-1/sref9
http://refhub.elsevier.com/S0269-7491(23)00520-1/sref10
http://refhub.elsevier.com/S0269-7491(23)00520-1/sref10
http://refhub.elsevier.com/S0269-7491(23)00520-1/sref10
http://refhub.elsevier.com/S0269-7491(23)00520-1/sref10
http://refhub.elsevier.com/S0269-7491(23)00520-1/sref11
http://refhub.elsevier.com/S0269-7491(23)00520-1/sref11
http://refhub.elsevier.com/S0269-7491(23)00520-1/sref11
http://refhub.elsevier.com/S0269-7491(23)00520-1/sref12
http://refhub.elsevier.com/S0269-7491(23)00520-1/sref12
http://refhub.elsevier.com/S0269-7491(23)00520-1/sref12
http://refhub.elsevier.com/S0269-7491(23)00520-1/sref12
http://refhub.elsevier.com/S0269-7491(23)00520-1/sref12
http://refhub.elsevier.com/S0269-7491(23)00520-1/sref13
http://refhub.elsevier.com/S0269-7491(23)00520-1/sref13
http://refhub.elsevier.com/S0269-7491(23)00520-1/sref13
http://refhub.elsevier.com/S0269-7491(23)00520-1/sref14
http://refhub.elsevier.com/S0269-7491(23)00520-1/sref14
http://refhub.elsevier.com/S0269-7491(23)00520-1/sref15
http://refhub.elsevier.com/S0269-7491(23)00520-1/sref15
http://refhub.elsevier.com/S0269-7491(23)00520-1/sref15
http://refhub.elsevier.com/S0269-7491(23)00520-1/sref15
http://refhub.elsevier.com/S0269-7491(23)00520-1/sref16
http://refhub.elsevier.com/S0269-7491(23)00520-1/sref16
http://refhub.elsevier.com/S0269-7491(23)00520-1/sref16
http://refhub.elsevier.com/S0269-7491(23)00520-1/sref17
http://refhub.elsevier.com/S0269-7491(23)00520-1/sref17
http://refhub.elsevier.com/S0269-7491(23)00520-1/sref17
http://refhub.elsevier.com/S0269-7491(23)00520-1/sref18
http://refhub.elsevier.com/S0269-7491(23)00520-1/sref18
http://refhub.elsevier.com/S0269-7491(23)00520-1/sref18
http://refhub.elsevier.com/S0269-7491(23)00520-1/sref18
http://refhub.elsevier.com/S0269-7491(23)00520-1/sref19
http://refhub.elsevier.com/S0269-7491(23)00520-1/sref19
http://refhub.elsevier.com/S0269-7491(23)00520-1/sref19
http://refhub.elsevier.com/S0269-7491(23)00520-1/sref19
http://refhub.elsevier.com/S0269-7491(23)00520-1/sref20
http://refhub.elsevier.com/S0269-7491(23)00520-1/sref20
http://refhub.elsevier.com/S0269-7491(23)00520-1/sref21
http://refhub.elsevier.com/S0269-7491(23)00520-1/sref21
http://refhub.elsevier.com/S0269-7491(23)00520-1/sref21
http://refhub.elsevier.com/S0269-7491(23)00520-1/sref21
http://refhub.elsevier.com/S0269-7491(23)00520-1/sref21
http://refhub.elsevier.com/S0269-7491(23)00520-1/sref22
http://refhub.elsevier.com/S0269-7491(23)00520-1/sref22
http://refhub.elsevier.com/S0269-7491(23)00520-1/sref22
http://refhub.elsevier.com/S0269-7491(23)00520-1/sref23
http://refhub.elsevier.com/S0269-7491(23)00520-1/sref23
http://refhub.elsevier.com/S0269-7491(23)00520-1/sref23
http://refhub.elsevier.com/S0269-7491(23)00520-1/sref24
http://refhub.elsevier.com/S0269-7491(23)00520-1/sref24
http://refhub.elsevier.com/S0269-7491(23)00520-1/sref24
http://refhub.elsevier.com/S0269-7491(23)00520-1/sref25
http://refhub.elsevier.com/S0269-7491(23)00520-1/sref25
http://refhub.elsevier.com/S0269-7491(23)00520-1/sref25
http://refhub.elsevier.com/S0269-7491(23)00520-1/sref26
http://refhub.elsevier.com/S0269-7491(23)00520-1/sref26
http://refhub.elsevier.com/S0269-7491(23)00520-1/sref26
http://refhub.elsevier.com/S0269-7491(23)00520-1/sref26
http://refhub.elsevier.com/S0269-7491(23)00520-1/sref27
http://refhub.elsevier.com/S0269-7491(23)00520-1/sref27
http://refhub.elsevier.com/S0269-7491(23)00520-1/sref28
http://refhub.elsevier.com/S0269-7491(23)00520-1/sref28
http://refhub.elsevier.com/S0269-7491(23)00520-1/sref29
http://refhub.elsevier.com/S0269-7491(23)00520-1/sref29
http://refhub.elsevier.com/S0269-7491(23)00520-1/sref29
http://refhub.elsevier.com/S0269-7491(23)00520-1/sref29
http://refhub.elsevier.com/S0269-7491(23)00520-1/sref30
http://refhub.elsevier.com/S0269-7491(23)00520-1/sref30
http://refhub.elsevier.com/S0269-7491(23)00520-1/sref30
http://refhub.elsevier.com/S0269-7491(23)00520-1/sref30
http://refhub.elsevier.com/S0269-7491(23)00520-1/sref30
http://refhub.elsevier.com/S0269-7491(23)00520-1/sref31
http://refhub.elsevier.com/S0269-7491(23)00520-1/sref31
http://refhub.elsevier.com/S0269-7491(23)00520-1/sref31
http://refhub.elsevier.com/S0269-7491(23)00520-1/sref32
http://refhub.elsevier.com/S0269-7491(23)00520-1/sref32
http://refhub.elsevier.com/S0269-7491(23)00520-1/sref32
http://refhub.elsevier.com/S0269-7491(23)00520-1/sref33
http://refhub.elsevier.com/S0269-7491(23)00520-1/sref33
http://refhub.elsevier.com/S0269-7491(23)00520-1/sref33
http://refhub.elsevier.com/S0269-7491(23)00520-1/sref34
http://refhub.elsevier.com/S0269-7491(23)00520-1/sref34
http://refhub.elsevier.com/S0269-7491(23)00520-1/sref34
http://refhub.elsevier.com/S0269-7491(23)00520-1/sref35
http://refhub.elsevier.com/S0269-7491(23)00520-1/sref35
http://refhub.elsevier.com/S0269-7491(23)00520-1/sref35
http://refhub.elsevier.com/S0269-7491(23)00520-1/sref36
http://refhub.elsevier.com/S0269-7491(23)00520-1/sref36
http://refhub.elsevier.com/S0269-7491(23)00520-1/sref37
http://refhub.elsevier.com/S0269-7491(23)00520-1/sref37
http://refhub.elsevier.com/S0269-7491(23)00520-1/sref37
http://refhub.elsevier.com/S0269-7491(23)00520-1/sref37
http://refhub.elsevier.com/S0269-7491(23)00520-1/sref37
http://refhub.elsevier.com/S0269-7491(23)00520-1/sref38
http://refhub.elsevier.com/S0269-7491(23)00520-1/sref38
http://refhub.elsevier.com/S0269-7491(23)00520-1/sref38
http://refhub.elsevier.com/S0269-7491(23)00520-1/sref39
http://refhub.elsevier.com/S0269-7491(23)00520-1/sref39
http://refhub.elsevier.com/S0269-7491(23)00520-1/sref39
http://refhub.elsevier.com/S0269-7491(23)00520-1/sref40
http://refhub.elsevier.com/S0269-7491(23)00520-1/sref40
http://refhub.elsevier.com/S0269-7491(23)00520-1/sref40
http://refhub.elsevier.com/S0269-7491(23)00520-1/sref40
http://refhub.elsevier.com/S0269-7491(23)00520-1/sref41
http://refhub.elsevier.com/S0269-7491(23)00520-1/sref41
http://refhub.elsevier.com/S0269-7491(23)00520-1/sref42
http://refhub.elsevier.com/S0269-7491(23)00520-1/sref42
http://refhub.elsevier.com/S0269-7491(23)00520-1/sref42
http://refhub.elsevier.com/S0269-7491(23)00520-1/sref42
http://refhub.elsevier.com/S0269-7491(23)00520-1/sref43
http://refhub.elsevier.com/S0269-7491(23)00520-1/sref43
http://refhub.elsevier.com/S0269-7491(23)00520-1/sref44
http://refhub.elsevier.com/S0269-7491(23)00520-1/sref44
http://refhub.elsevier.com/S0269-7491(23)00520-1/sref44
http://refhub.elsevier.com/S0269-7491(23)00520-1/sref45
http://refhub.elsevier.com/S0269-7491(23)00520-1/sref45
http://refhub.elsevier.com/S0269-7491(23)00520-1/sref45

G. Qin et al.

Wang, Y., Lu, J., Engelstadter, J., Zhang, S., Ding, P.B., Mao, L.K., Yuan, Z.G., Bond, P.L.,
Guo, J.H., 2022. Non-antibiotic pharmaceuticals enhance the transmission of
exogenous antibiotic resistance genes through bacterial transformation. ISME J. 16
(2), 612, 612.

Wei, Z., Gu, Y., Friman, V.P., Kowalchuk, G.A., Xu, Y.C., Shen, Q.R., Jousset, A., 2019.
Initial soil microbiome composition and functioning predetermine future plant
health. Sci. Adv. 5 (9), 11.

Wilschut, R.A., Geisen, S., 2021. Nematodes as drivers of plant performance in natural
systems. Trends Plant Sci. 26 (3), 237-247.

Wozniak-Karczewska, M., Baranowski, D., Framski, G., Marczak, L., Cvancarova, M.,
Corvini, P.F.X., Chrzanowski, L., 2020. Biodegradation of ritalinic acid by
Nocardioides sp. - novel imidazole-based alkaloid metabolite as a potential marker in
sewage epidemiology. J. Hazard Mater. 385, 10.

Xiang, Q., Zhu, D., Chen, Q.L., O’Connor, P., Yang, X.R., Qiao, M., Zhu, Y.-G., 2019.
Adsorbed sulfamethoxazole exacerbates the effects of polystyrene (~2 pm) on gut
microbiota and the antibiotic resistome of a soil collembolan. Environ. Sci. Technol.
53 (21), 12823-12834.

Xu, N.H., Zhao, Q.Q., Zhang, Z.Y., Zhang, Q., Wang, Y., Qin, G.Y., Ke, M.J., Qiu, D.Y.,
Peijnenburg, W., Lu, T., Qian, H.F., 2022a. Phyllosphere microorganisms: sources,
drivers, and their interactions with plant hosts. J. Agric. Food Chem. 70 (16),
4860-4870.

Xu, N.H,, Kang, J., Ye, Y.Q., Zhang, Q., Ke, M.J., Wang, Y.F., Zhang, Z.Y., Lu, T.,
Peijnenburg, W., Penuelas, J., Bao, G.J., Qian, H.F., 2022b. Machine learning
predicts ecological risks of nanoparticles to soil microbial communities. Environ.
Pollut. 307, 9.

Xue, Y., Huang, H., Jin, T., Chen, S., Xu, X., Li, S., Bao, Z., Ju, X., Xi, B., 2021. Research
progress on microplastic and pesticide pollution and their toxic effects on soil
organisms. J. Agro-Environment Sci. 40 (2), 242-251. https://doi.org/10.11654/
jaes.2020-1248.

Yin, J.B., Zhang, X.X., Wu, B., Xian, Q.M., 2015. Metagenomic insights into tetracycline
effects on microbial community and antibiotic resistance of mouse gut.
Ecotoxicology 24 (10), 2125-2132.

Yu, Y.T., Zhang, Q., Zhang, Z.Y., Zhou, S.Y.D., Jin, M.K., Zhu, D., Yang, X.R., Qian, H.F.,
Lu, T., 2023. Plants select antibiotic resistome in rhizosphere in early stage. Sci.
Total Environ. 858, 9.

Yun, Y.Z., Yu, FW., Wang, N., Chen, H.G., Yin, Y.N., Ma, Z.H., 2012. Sensitivity to
silthiofam, tebuconazole and difenoconazole of Gaeumannomyces graminis var.
tritici isolates from China. Pest Manag. Sci. 68 (8), 1156-1163.

Zhang, H.P., Song, J.J., Zhang, Z.H., Zhang, Q.K., Chen, S.Y., Mei, J.J., Yu, Y.L., Fang, H.,
2021c. Exposure to fungicide difenoconazole reduces the soil bacterial community
diversity and the co-occurrence network complexity. J. Hazard Mater. 405, 11.

Zhang, Q., Yu, Y.T., Jin, M.K., Deng, Y., Zheng, B.Y., Lu, T., Qian, H.F., 2022a. Oral
azoxystrobin driving the dynamic change in resistome by disturbing the stability of
the gut microbiota of Enchytraeus crypticus. J. Hazard Mater. 423, 10.

Zhang, Q., Zhang, Z., Zhou, S., Jin, M., Lu, T., Cui, L., Qian, H.F., 2021b. Macleaya
cordata extract, an antibiotic alternative, does not contribute to antibiotic resistance
gene dissemination. J. Hazard Mater. 412, 125272.

10

Environmental Pollution 326 (2023) 121518

Zhang, Q., Zhang, Z.Y., Lu, T., Peijnenburg, W., Gillings, M., Yang, X.R., Chen, J.M.,
Penuelas, J., Zhu, Y.-G., Zhou, N.Y., Su, J.Q., Qian, H.F., 2020. Cyanobacterial
blooms contribute to the diversity of antibiotic-resistance genes in aquatic
ecosystems. Commun. Biol. 3 (1), 737.

Zhang, Q., Zhang, Z.Y., Lu, T., Yu, Y.T., Penuelas, J., Zhu, Y.-G., Qian, H.F., 2021a.
Gammaproteobacteria, a core taxon in the guts of soil fauna, are potential
responders to environmental concentrations of soil pollutants. Microbiome 9 (1), 17.

Zhang, Q., Zhu, D., Ding, J., Zheng, F., Zhou, S.Y.D., Lu, T., Zhu, Y.-G., Qian, H.F., 2019a.
The fungicide azoxystrobin perturbs the gut microbiota community and enriches
antibiotic resistance genes in Enchytraeus crypticus. Environ. Int. 131, 8.

Zhang, Q., Zhu, D., Ding, J., Zhou, S.Y.D., Sun, L.W., Qian, H.F., 2019b. Species-specific
response of the soil collembolan gut microbiome and resistome to soil
oxytetracycline pollution. Sci. Total Environ. 668, 1183-1190.

Zhang, S., Yang, Q., Chen, Q., Peng, J., Li, L., Chen, X., 2014. Analysis of nutrient level
and microorganism amounts of tobacco field in Nanping, Fujian. Chin. Agri. Sci.
Bull. 30 (31), 76-81.

Zhang, Z.Y., Wang, Y., Chen, B.F., Lei, C.T., Yu, Y.T., Xu, N.H., Zhang, Q., Wang, T.Z.,
Gao, W.W., Lu, T., Gillings, M., Qian, H.F., 2022d. Xenobiotic pollution affects
transcription of antibiotic resistance and virulence factors in aquatic microcosms.
Environ. Pollut. 306, 9.

Zhang, Z.Y., Zhang, Q., Lu, T., Zhang, J.Y., Sun, L.W., Hu, B.L., Hu, J., Penuelas, J.,
Zhu, L.Z., Qian, H.F., 2022c. Residual chlorine disrupts the microbial communities
and spreads antibiotic resistance in freshwater. J. Hazard Mater. 423, 11.

Zhang, Z.Y., Zhang, Q., Wang, T.Z., Xu, N.H., Lu, T., Hong, W.J., Penuelas, J.,

Gillings, M., Wang, M.X., Gao, W.W., Qian, H.F., 2022b. Assessment of global health
risk of antibiotic resistance genes. Nat. Commun. 13 (1), 11.

Zheng, X.X., Jahn, M.T., Sun, M.M., Friman, V.P., Balcazar, J.L., Wang, J.F., Shi, Y.,
Gong, X., Hu, F., Zhu, Y.-G., 2022. Organochlorine contamination enriches virus-
encoded metabolism and pesticide degradation associated auxiliary genes in soil
microbiomes. ISME J. 16 (5), 1397-1408.

Zhou, M.S., Zhang, B., Gao, Z.L., Zheng, R.P., Marcellin, D., Saro, A., Pan, J., Chu, L.,
Wang, T.S., Huang, J.F., 2021a. Altered diversity and composition of gut microbiota
in patients with allergic rhinitis. Microb. Pathog. 161, 7.

Zhou, S.Y.D., Zhang, Q., Neilson, R., Giles, M., Li, H., Yang, X.R., Su, J.Q., Zhu, Y.-G.,
2021b. Vertical distribution of antibiotic resistance genes in an urban green facade.
Environ. Int. 152, 9.

Zhu, D., An, X.L., Chen, Q.L., Yang, X.R., Christie, P., Ke, X., Wu, L.H., Zhu, Y.-G., 2018a.
Antibiotics disturb the microbiome and increase the incidence of resistance genes in
the gut of a common soil collembolan. Environ. Sci. Technol. 52 (5), 3081-3090.

Zhu, D., Chen, Q.L., An, X.L., Yang, X.R., Christie, P., Ke, X., Wu, L.H., Zhu, Y.-G., 2018b.
Exposure of soil collembolans to microplastics perturbs their gut microbiota and
alters their isotopic composition. Soil Biol. Biochem. 124, 277-278.

Zhu, D., Li, G., Wang, H.T., Duan, G.L., 2021. Effects of nano- or microplastic exposure
combined with arsenic on soil bacterial, fungal, and protistan communities.
Chemosphere 281, 5.


http://refhub.elsevier.com/S0269-7491(23)00520-1/sref46
http://refhub.elsevier.com/S0269-7491(23)00520-1/sref46
http://refhub.elsevier.com/S0269-7491(23)00520-1/sref46
http://refhub.elsevier.com/S0269-7491(23)00520-1/sref46
http://refhub.elsevier.com/S0269-7491(23)00520-1/sref47
http://refhub.elsevier.com/S0269-7491(23)00520-1/sref47
http://refhub.elsevier.com/S0269-7491(23)00520-1/sref47
http://refhub.elsevier.com/S0269-7491(23)00520-1/sref48
http://refhub.elsevier.com/S0269-7491(23)00520-1/sref48
http://refhub.elsevier.com/S0269-7491(23)00520-1/sref49
http://refhub.elsevier.com/S0269-7491(23)00520-1/sref49
http://refhub.elsevier.com/S0269-7491(23)00520-1/sref49
http://refhub.elsevier.com/S0269-7491(23)00520-1/sref49
http://refhub.elsevier.com/S0269-7491(23)00520-1/sref50
http://refhub.elsevier.com/S0269-7491(23)00520-1/sref50
http://refhub.elsevier.com/S0269-7491(23)00520-1/sref50
http://refhub.elsevier.com/S0269-7491(23)00520-1/sref50
http://refhub.elsevier.com/S0269-7491(23)00520-1/sref51
http://refhub.elsevier.com/S0269-7491(23)00520-1/sref51
http://refhub.elsevier.com/S0269-7491(23)00520-1/sref51
http://refhub.elsevier.com/S0269-7491(23)00520-1/sref51
http://refhub.elsevier.com/S0269-7491(23)00520-1/sref52
http://refhub.elsevier.com/S0269-7491(23)00520-1/sref52
http://refhub.elsevier.com/S0269-7491(23)00520-1/sref52
http://refhub.elsevier.com/S0269-7491(23)00520-1/sref52
https://doi.org/10.11654/jaes.2020-1248
https://doi.org/10.11654/jaes.2020-1248
http://refhub.elsevier.com/S0269-7491(23)00520-1/sref54
http://refhub.elsevier.com/S0269-7491(23)00520-1/sref54
http://refhub.elsevier.com/S0269-7491(23)00520-1/sref54
http://refhub.elsevier.com/S0269-7491(23)00520-1/sref55
http://refhub.elsevier.com/S0269-7491(23)00520-1/sref55
http://refhub.elsevier.com/S0269-7491(23)00520-1/sref55
http://refhub.elsevier.com/S0269-7491(23)00520-1/sref56
http://refhub.elsevier.com/S0269-7491(23)00520-1/sref56
http://refhub.elsevier.com/S0269-7491(23)00520-1/sref56
http://refhub.elsevier.com/S0269-7491(23)00520-1/sref57
http://refhub.elsevier.com/S0269-7491(23)00520-1/sref57
http://refhub.elsevier.com/S0269-7491(23)00520-1/sref57
http://refhub.elsevier.com/S0269-7491(23)00520-1/sref58
http://refhub.elsevier.com/S0269-7491(23)00520-1/sref58
http://refhub.elsevier.com/S0269-7491(23)00520-1/sref58
http://refhub.elsevier.com/S0269-7491(23)00520-1/sref59
http://refhub.elsevier.com/S0269-7491(23)00520-1/sref59
http://refhub.elsevier.com/S0269-7491(23)00520-1/sref59
http://refhub.elsevier.com/S0269-7491(23)00520-1/sref60
http://refhub.elsevier.com/S0269-7491(23)00520-1/sref60
http://refhub.elsevier.com/S0269-7491(23)00520-1/sref60
http://refhub.elsevier.com/S0269-7491(23)00520-1/sref60
http://refhub.elsevier.com/S0269-7491(23)00520-1/sref61
http://refhub.elsevier.com/S0269-7491(23)00520-1/sref61
http://refhub.elsevier.com/S0269-7491(23)00520-1/sref61
http://refhub.elsevier.com/S0269-7491(23)00520-1/sref62
http://refhub.elsevier.com/S0269-7491(23)00520-1/sref62
http://refhub.elsevier.com/S0269-7491(23)00520-1/sref62
http://refhub.elsevier.com/S0269-7491(23)00520-1/sref63
http://refhub.elsevier.com/S0269-7491(23)00520-1/sref63
http://refhub.elsevier.com/S0269-7491(23)00520-1/sref63
http://refhub.elsevier.com/S0269-7491(23)00520-1/sref64
http://refhub.elsevier.com/S0269-7491(23)00520-1/sref64
http://refhub.elsevier.com/S0269-7491(23)00520-1/sref64
http://refhub.elsevier.com/S0269-7491(23)00520-1/sref65
http://refhub.elsevier.com/S0269-7491(23)00520-1/sref65
http://refhub.elsevier.com/S0269-7491(23)00520-1/sref65
http://refhub.elsevier.com/S0269-7491(23)00520-1/sref65
http://refhub.elsevier.com/S0269-7491(23)00520-1/sref66
http://refhub.elsevier.com/S0269-7491(23)00520-1/sref66
http://refhub.elsevier.com/S0269-7491(23)00520-1/sref66
http://refhub.elsevier.com/S0269-7491(23)00520-1/sref67
http://refhub.elsevier.com/S0269-7491(23)00520-1/sref67
http://refhub.elsevier.com/S0269-7491(23)00520-1/sref67
http://refhub.elsevier.com/S0269-7491(23)00520-1/sref68
http://refhub.elsevier.com/S0269-7491(23)00520-1/sref68
http://refhub.elsevier.com/S0269-7491(23)00520-1/sref68
http://refhub.elsevier.com/S0269-7491(23)00520-1/sref68
http://refhub.elsevier.com/S0269-7491(23)00520-1/sref69
http://refhub.elsevier.com/S0269-7491(23)00520-1/sref69
http://refhub.elsevier.com/S0269-7491(23)00520-1/sref69
http://refhub.elsevier.com/S0269-7491(23)00520-1/sref70
http://refhub.elsevier.com/S0269-7491(23)00520-1/sref70
http://refhub.elsevier.com/S0269-7491(23)00520-1/sref70
http://refhub.elsevier.com/S0269-7491(23)00520-1/sref71
http://refhub.elsevier.com/S0269-7491(23)00520-1/sref71
http://refhub.elsevier.com/S0269-7491(23)00520-1/sref71
http://refhub.elsevier.com/S0269-7491(23)00520-1/sref72
http://refhub.elsevier.com/S0269-7491(23)00520-1/sref72
http://refhub.elsevier.com/S0269-7491(23)00520-1/sref72
http://refhub.elsevier.com/S0269-7491(23)00520-1/sref73
http://refhub.elsevier.com/S0269-7491(23)00520-1/sref73
http://refhub.elsevier.com/S0269-7491(23)00520-1/sref73

	Understanding the ecological effects of the fungicide difenoconazole on soil and Enchytraeus crypticus gut microbiome
	1 Introduction
	2 Materials and methods
	2.1 Soil, the test animals, and chemicals used
	2.2 Experimental design
	2.3 Analysis of soil properties and enzymatic activity
	2.4 DNA extraction from E. crypticus gut and soil
	2.5 Amplification, high-throughput sequencing, and bioinformatic analysis
	2.6 Metagenomic analysis
	2.7 Statistical analysis

	3 Results
	3.1 Effects of difenoconazole exposure on physicochemical properties of E. crypticus and soil
	3.2 Effects of difenoconazole exposure on the E. crypticus gut and soil microbial community
	3.3 The effect of difenoconazole on microbial interactions
	3.4 Effect of difenoconazole on soil microbial functioning

	4 Discussion
	4.1 Difenoconazole influenced the physiological activity of E. crypticus
	4.2 Difenoconazole affected gut microbial community structure and soil-E. crypticus ecological network
	4.3 Soil microbiome induced detoxification and metabolic genes to metabolize pesticides

	5 Conclusion
	Credit author statement
	Declaration of competing interest
	Data availability
	Acknowledgements
	Appendix A Supplementary data
	References


