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A B S T R A C T   

Chlorpyrifos is a widely used organophosphorus insecticide because of its high efficiency and overall effec
tiveness, and it is commonly detected in aquatic ecosystems. However, at present, the impact of chlorpyrifos on 
the aquatic micro-ecological environment is still poorly understood. Here, we established aquatic microcosm 
systems treated with 0.2 and 2.0 µg/L chlorpyrifos, and employed omics biotechnology, including metagenomics 
and 16S rRNA gene sequencing, to investigate the effect of chlorpyrifos on the composition and functional po
tential of the aquatic and zebrafish intestinal microbiomes after 7 d and 14 d chlorpyrifos treatment. After 14 
d chlorpyrifos treatment, the aquatic microbial community was adversely affected in terms of its composition, 
structure, and stability, while its diversity showed only a slight impact. Most functions, especially capacities for 
environmental information processing and metabolism, were destroyed by chlorpyrifos treatment for 14 d. We 
observed that chlorpyrifos increased the number of risky antibiotic resistance genes and aggravated the growth 
of human pathogens. Although no clear effects on the structure of the zebrafish intestinal microbial community 
were observed, chlorpyrifos treatment did alter the metabolic capacity of the zebrafish. Our study highlights the 
ecological risk of chlorpyrifos to the aquatic environment and provides a theoretical basis for the rational use of 
pesticides in agricultural production.   

1. Introduction 

Conflicts among food, population, and environment are increasingly 
evident globally. Humans require increased agricultural productivity to 
feed a growing global population (Rohr et al., 2019), and efforts to 
control the spread of vector-borne diseases must intensify under the 
pressure of global climate change (Caminade et al., 2019). This has 
consequently increased the human dependence on pesticides. Approxi
mately 3.5 million tons of pesticides are used yearly to enhance pro
ductivity and inhibit insects, weeds, and pathogens (Sharma et al., 
2019). Chlorpyrifos is an organophosphorus insecticide in agriculture to 
control a variety of pests, including insects, rodents, fungi, and other 
plant pathogens, because of its high efficiency and broad effectiveness 
(Huang et al., 2021; Malakootian et al., 2020). Chlorpyrifos has thus 
become the most used organophosphorus insecticide globally today 
(Echeverri-Jaramillo et al., 2021). Global chlorpyrifos usage in 2015 

exceeded 200,000 tons and was expected to continue growing (John and 
Shaike, 2015). Extensive chlorpyrifos used in soil leads to aquatic 
pollution through rainwater and surface runoff (Sumon et al., 2018). 
Residual chlorpyrifos concentrations in a Bangladesh lake ranged from 
3.27 to 9.31 µg/L (Hossain et al., 2015), and a concentration of 70.5 
ng/L chlorpyrifos was detected in Californian river surface water 
(Starner et al., 2005). All of these concentrations exceed environmental 
standards in the aquatic environment. Consequently, quantifying and 
assessing the environmental effects of chlorpyrifos releases on natural 
aquatic systems is urgently needed. 

After release to the natural environment, chlorpyrifos adversely 
impacts non-target organisms. For instance, different concentrations of 
chlorpyrifos (18.75, 37.5, 75, and 150 mg/L) significantly inhibited the 
growth of green algae, and the growth rate decreased gradually with the 
increase of its concentration (Asselborn et al., 2015). It has been re
ported that the mortality of Clarias gariepinus reached 50% after 
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treatment of 0.5 μg/L chlorpyrifos for 96 h (Woke and Aleleye-Wokoma, 
2009). However, most of the previous studies on the impacts of chlor
pyrifos on aquatic ecosystems focused on big-size model organisms and 
ignored the responses of aquatic microorganisms at the community level 
(Staley et al., 2015). Aquatic microorganisms act as producers, con
sumers, and decomposers in the aquatic environment, and their con
tributions to nutrient cycles maintain the stability of aquatic ecosystems 
(Lu et al., 2019; Schoffelen et al., 2019; Xu et al., 2023; Zhang et al., 
2021). Because aquatic microorganisms are sensitive to exogenous 
contaminants, such as fungicides, herbicides, antibiotics, insecticides, 
and nanoparticles (Kusi et al., 2020; Qiu et al., 2022; Wang et al., 2023; 
Zhou et al., 2020), they also play critical roles as indicators of pollutant 
and aquatic environmental health. Taking advantage of omics biotech
nology, we can nowadays explore the composition and specific ecolog
ical functions of the microbial community (Xu et al., 2022; Yu et al., 
2023). Meanwhile, we can comprehensively assess the ecotoxicity of 
pollutants caused by anthropogenic interference in the aquatic 
ecosystem at the more complex microbial community level instead of 
the simple single-organism level. 

In the process that pesticides affect microbial community structure, 
pesticide-resistant strains can acquire antibiotic resistance under pesti
cide selection pressure, resulting in pesticide-antibiotic cross-resistance 
(Rangasamy et al., 2018). Therefore, assessing the impacts of risky 
antibiotic resistance genes (ARGs) and pathogens threatening human 
health in aquatic ecosystems under chlorpyrifos exposure is funda
mentally essential. 

Here, we collected unpolluted freshwater and added zebrafish to 
construct an aquatic microcosm. We then investigated the effect of 
chlorpyrifos on the composition and functional potential of the aquatic 
and zebrafish intestinal microbiomes. The objective of this study was to 
comprehensively assess the ecological risk of chlorpyrifos to the aquatic 
environment using 16S rRNA gene sequencing and metagenomics. 

2. Materials and methods 

2.1. Establishment of freshwater microcosms 

A 45 L freshwater samples were collected from an uncontaminated 
pond (0.5 m depth) at Zhejiang University of Technology, Hangzhou, 
China (30◦ 17′45.11″ N, 120◦ 09′ 50.07″ E) in August 2020, and imme
diately transferred to the laboratory. Freshwater samples were placed 
under a 46 E m-2 s-1 cool-white fluorescent light with a 12:12 h light-to- 
dark photoperiod at 25 ± 0.5 ◦C for 3 d for adaptation and settling. Six- 
month-old zebrafish (Danio rerio) were obtained from the China Zebra
fish Resource Center (Hubei, China) and acclimated for 7 d in the 
collected pond water with the same conditions as in the freshwater 
samples. Chlorpyrifos (powder, 99.6% purity) was obtained from Dr. 
Ehrenstorfer Co., Ltd (Augsburg, Germany) and dissolved in a concen
tration of 0.1% in dimethyl sulfoxide (DMSO) The 0.1% concentration of 
DMSO used in this study was safe for aquatic microbial communities (Qi 
et al., 2008). Chlorpyrifos concentrations exceeding 0.2 μg/L have been 
detected in natural water bodies across multiple regions, and the lowest 
concentration causing slight toxicity to freshwater fish is reported to be 
2.1 µg/L (Huang et al., 2020). Therefore, we selected chlorpyrifos 
treatment concentrations of 0.2 µg/L and 2.0 µg/L. The microcosm 
experiment comprised two treatment groups, with chlorpyrifos con
centrations of 0.2 µg/L and 2.0 µg/L, respectively, along with a control 
group. Each group was consisted of five biological replicates, with each 
replicate containing 6 healthy male zebrafish of 6 months old, 
measuring approximately 3.5 cm in length. The microcosm was con
structed by adding 1.8 L of previously collected freshwater and six 
zebrafish to a sterilized 2 L beaker, followed by treatment with chlor
pyrifos. The zebrafish were fed twice daily with zebrafish feed pur
chased from BIOZYM Co., Ltd., and were alive during the treatment. 

2.2. Analysis of water quality parameters in microcosm 

Electrical conductivity and pH were measured every two days. The 
electrical conductivity of the microcosm was determined using an 
electrical conductivity meter (InPro 7100i/12/120, Meter Toledo®, 
Columbus, USA), and the pH value was measured with a pH meter (FE- 
20, Mettler Toledo®, Columbus, USA). 

To analyze the total nitrate content in the water, a 2 mL water sample 
was mixed with 1 mL of alkaline potassium persulfate solution in a test 
tube. The alkaline potassium persulfate solution consisted of 40 g po
tassium persulfate and 15 g sodium hydroxide dissolved in 1 L water. 
The mixture underwent high-temperature digestion for 30 min. Then, 
120 µL of hydrochloric acid solution with a mass fraction of 18.4% was 
added. Absorbance values were measured at 220 nm and 275 nm using a 
microplate reader. The total nitrate content was determined by 
comparing the measured values with a standard curve. 

To determine the total phosphorus content in the water, a 2 mL water 
sample was mixed with 200 µL of a 50 g/L potassium sulfite solution in a 
test tube. The mixture was then subjected to high-temperature digestion 
for 30 min. Subsequently, 80 µL of 100 g/L ascorbic acid solution was 
added, followed by the addition of 160 µL of molybdate solution. The 
molybdate solution was prepared by combining three solutions: diluted 
concentrated sulfuric acid (30 mL), ammonium molybdate (1.3 g dis
solved in 10 mL water), and potassium antimonyl tartrate (0.035 g 
dissolved in 10 mL water). After allowing the mixture to settle for 15 
min, absorbance values were measured at a wavelength of 700 nm using 
a microplate reader. The total phosphorus content was calculated by 
comparing the measured values with a standard curve. 

2.3. Microcosm metagenome sample preparation and sequencing 

Aquatic microorganisms were collected from a 100 mL freshwater 
sample filtered through a 0.45-µm pore diameter membrane at 0, 7, and 
14 d of treatment (control, 0.2 and 2.0 µg/L) by chlorpyrifos and stored 
at − 80 ◦C after collection, with three biological replicates of each 
treatment for metagenome assessment. Total nucleic acids were 
extracted by E.Z.N.A.® DNA Kit (Omega Bio-tek, USA) according to the 
manufacturer’s instructions and sequenced on the Illumina Hiseq Xten 
platform (Illumina, San Diego, USA) by Majorbio Bio-Pharm Technology 
Co., Ltd. (Shanghai, China). 

2.4. Microcosm metagenome assembly and analysis 

The raw reads acquired from sequencing were filtered using fastp 
v0.20.0 (http://opengene.org/fastp/) software, and the cleaned reads 
were assembled into contigs via MEGAHIT v1.1.2 (http://github.com/ 
voutcn/megahit) and resulted in contigs with length ≥ 300 bp for 
further gene prediction. MetaGene (http://metagene.cb.k.u-tokoyo.ac. 
jp/) was used to predict the Open reading frames (ORFs) in the contigs 
and translate ORFs with length ≥ 100 bp into amino acid sequences. We 
constructed non-redundant gene sets by clustering the predicted genes 
using CD-HIT (http://www.bioinformatics.org/cd-hit/), with default 
parameters (90% identity and 90% coverage), selecting the longest se
quences from each cluster as representative sequences. High-quality 
reads were then compared with non-redundant gene sets with 95% 
identity using SOAPaligner (http://soap.genomics.org.cn/) to acquire 
information on gene abundance in each sample. The non-redundant 
gene set was aligned with the NR database using DIAMOND 
v0.8.17.79 (Buchfink et al., 2021) with an e-value cutoff of 1e-5, and the 
species annotation results were obtained from the corresponding taxo
nomic information database of the NR database. Then the species 
abundance was calculated using the sum of the corresponding gene 
abundance of the species. DIAMOND v0.8.17.79 was also applied to 
align the non-redundant gene sets against the Kyoto Encyclopedia of 
Genes and Genomes database (KEGG) and the Comprehensive Antibiotic 
Resistance Database (CARD) (http://arpcard.Mcmaster.ca), with an 
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e-value cutoff of 1e-5, to annotate function and identify ARGs. We 
determine the taxonomic annotation of each ARG-carrying unigene by 
comparing the species table and the ARG table. 

The risk of ARGs caused by chlorpyrifos was evaluated via the 
workflow established by Zhang et al. (2022b). To evaluate the risks 
associated with ARGs, four indices, namely "human accessibility" (HA), 
"mobility" (MO), "human pathogenicity" (HP), and "clinical availability" 
(CA), were established. The risk index (RI) for each ARG was calculated 
using the formula: RI = HA × MO × HP × CA. Employing this workflow, 
all ARGs were ranked based on their calculated risks. The opportunistic 
human bacterial pathogens (HBPs) were identified by cross-referencing 
the species table, and a list of potential HBPs was compiled in a previous 
study (Li et al., 2015). 

2.5. 16S rRNA gene sequencing and analysis 

To assess the impact of chlorpyrifos exposure (0.2 and 2.0 µg/L) on 
the gut bacteria of zebrafish, the entire intestines were dissected after 0, 
7, and 14 days of exposure (30 samples per group). The dissected sam
ples were immediately frozen using dry ice and stored at − 80 ◦C until 
further analysis. All procedures were conducted under sterile conditions. 
After extraction of total nucleic acid by an E.Z.N.A.® Soil DNA Kit, the 
V3-V4 regions of bacterial 16S rRNA genes were amplified by a poly
merase chain reaction (PCR) thermocycler system (GeneAmp 9700, ABI, 
USA) using primers 38、F (5′-ACTCCTACGGGAGGCAGCAG-3′) and 
806R (5′-GGACTACHVGGGTWTCTAAT-3′). The purified amplicons 
were then sequenced on an Illumina Miseq PE300 platform (Illumina, 
San Diego, USA) by Majorbio Bio-Pharm Technology Co., Ltd. 
(Shanghai, China). The raw reads acquired from sequencing were 
filtered by fastp software. Next, operational taxonomic units (OTUs) 
were clustered using UPARSE v7.1 (http://drive5.com/uparse/) with a 
97% similarity threshold via a ‘greedy’ algorithm that performed 
chimera filtering and OTU clustering simultaneously. Taxonomy was 
inferred from 16S rRNA gene sequences using an RDP Classifier algo
rithm (http://rdp.cme.msu.edu/) against the Silva database (Release 
138) with a 70% confidence threshold. OTUs and their tags annotated as 
chloroplasts or mitochondria and cannot be annotated at the kingdom 
level were removed. The bacterial functions were predicted by the 
Tax4Fun tool. 

2.6. Statistics and visualization 

The data were presented as the mean ± standard error mean (SEM) 
to represent the stability of the mean value across different samples. 
One-way analysis of variance (ANOVA) was performed using StatView 
(Version 5.0.1) compare the effects of different concentrations and 
treatment durations of chlorpyrifos treatment on the microbial struc
ture. Two-tailed t-tests were performed in Excel Analysis Tools (Micro
soft Corporation, Redmond, USA) to assess the significant differences in 
microbial abundance between chlorpyrifos treatment and the control 
group at different concentrations and treatment durations. Values were 
considered to differ significantly at p < 0.05. Alpha diversity indices 
(Richness and Shannon index) were calculated at the genus level using 
the vegan package in R. Principal coordinates analysis (PCoA) based on 
the Bray-Curtis inter-sample distance matrix at the genus level was 
performed to determine the differences between groups of the microbial 
community, using the vegan package in R. Volcano plots of genera were 
generated via the ggplot2 package in R. Random forest classification 
analysis was performed to identify the microbial biomarkers at the 
family level between control and treatment groups using the Random
Forest package in R. Co-occurrence network analysis was performed to 
investigate the interactions between the aquatic microbial community in 
each group based on genera with a mean relative abundance of over 
0.1% in all samples and a relative abundance of over 0.5% in any one 
sample. We calculated the pairwise Spearman’s correlation coefficient 
using the package psych in R, with strong and significant (r > 0.8 or r <

− 0.8, p < 0.05) correlations retained. We used Gephi v0.9.2 to calculate 
topological parameters (average degree, clustering coefficient, and 
modularity) and visualize the co-occurrence network via Cytoscape 
v3.9.0. Bubble graphs of functions analysis were visualized by the 
ggplot2 package in R. Heatmaps were constructed via the TBtools v1.0. 
Other plots were plotted by GraphPad Prism v9.00. 

3. Results 

3.1. Effects of chlorpyrifos on water quality parameters in microcosm 

During the 14-days chlorpyrifos treatments, the pH of the freshwater 
ranged between 7 and 8.5, exhibiting an upward trend with increasing 
exposure time in the microcosm (p < 0.05; Fig. S1a). The electrical 
conductivity value increased significantly on 7th and 8th d under 2.0 
µg/L chlorpyrifos exposure (Fig. S1b). The total phosphorus and NO3

- -N 
content increased on 7 d with 2.0 µg/L chlorpyrifos treatment while 
decreased on 14 d after both two concentrations of chlorpyrifos expo
sure (p < 0.05; Figs. S1c, d). The variations in water quality parameters 
indicated that chlorpyrifos treatment may disrupt the stability of the 
aquatic ecosystem. 

3.2. Effects of chlorpyrifos on microbial community diversity and 
structure 

The alpha diversity analysis of the microbial community was carried 
out at the genus level. The richness of the microbial community 
decreased significantly after 14 d of 2.0 µg/L exposure (two-tailed t-test, 
p = 0.008; Fig. 1a). Neither concentration of chlorpyrifos (0.2 and 2.0 
µg/L) significantly affected the Shannon index of the microbial com
munity after 14 d of chlorpyrifos treatment (Fig. 1b). PCoA analysis 
based on Bray-Curtis dissimilarity at the genus level indicated that 0.2 
and 2.0 µg/L of chlorpyrifos treatment significantly changed the mi
crobial community composition on 7 d (Adonis analysis, R2 = 0.3416, p 
= 0.019; Fig. 1c and Fig. S2a), but this effect diminished on 14 d (Adonis 
analysis, R2 = 0.1276, p = 0.198; Fig. 1c and Fig. S2b). Nevertheless, the 
microbial community structure was more distinct from the control under 
the high concentration (2.0 µg/L) chlorpyrifos treatment than the low 
(0.2 µg/L) chlorpyrifos treatment. 

Bacteria, eukaryota, archaea, and viruses accounted for 94.2%, 
3.8%, 0.3%, and 1.6% of the microbial community in freshwater, 
respectively (Fig. 1d). Compared with the control, the abundance of 71 
and 95 genera were significantly changed with the treatment of 0.2 µg/L 
chlorpyrifos on 7 and 14 d, respectively (two-tailed t-test, p < 0.05; 
Figs. S3a, b). And the abundance of 83 and 327 genera were significantly 
changed with the treatment of 2.0 µg/L chlorpyrifos on 7 and 14 d, 
respectively (two-tailed t-test, p < 0.05; Figs. S3c, d). The variations in 
abundance of genera showed that increasing chlorpyrifos concentrations 
and time exacerbated the negative impacts on the aquatic microbial 
community. Analysis of the bacterial composition at the phylum level 
showed that Proteobacteria, Bacteroidetes, and Actinobacteria were the 
dominant bacteria phyla. Compared with the control, the treatment of 
2.0 µg/L chlorpyrifos decreased the relative abundance of Proteobac
teria, with opposite effects on Bacteroidetes after 7 d of exposure. After 
the 14-d treatment of both concentrations of chlorpyrifos, the relative 
abundance of Acidobacteria decreased (two tailed t-test, p < 0.05; 
Fig. 1e and Fig. S4). We constructed a classification model using the 
random forest algorithm to determine biomarkers at the family level 
that can distinguish microbial communities in groups with or without 
chlorpyrifos treatments, and 39 families (mean decrease accuracy > 1.0) 
were more sensitive to chlorpyrifos treatment. Most of them belonged to 
Proteobacteria (n = 15), Actinobacteria (n = 5), and Bacteroidetes 
(n = 4), and only 15 families presented a relative abundance > 0.1% 
(Fig. S5). The relative abundance of some families that contained 
pathogenic genera was increased by chlorpyrifos treatment, such as 
Mycobacteriaceae and Enterobacteriaceae. 
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The composition of archaea showed that Euryarchaeota was the 
dominant phyla, and its relative abundance decreased in the 0.2 µg/L of 
chlorpyrifos treatment after 7 d, while the relative abundance of 

Thaumarchaeota decreased after the 14-d treatment of both concen
trations of chlorpyrifos (two tailed t-test, p < 0.05; Fig. 1e and Figs. S6a, 
b). A significantly decreased relative abundance was found in 

Fig. 1. Effects of chlorpyrifos on diversity and structure of microbial communities. a, b Richness and Shannon index of microbial communities calculated at the genus 
level. * represents a significant difference between the control and the chlorpyrifos treatments (two tailed t-test, p < 0.05). c Principal coordinates analysis (PCoA) 
based on the Bray-Curtis distance coefficient of the microbial community at genus level after chlorpyrifos treatment. d Taxonomic composition of the microbial 
community in all samples. e Effects of chlorpyrifos on the bacteria (top 10), archaea (top 5), and eukaryote (top 5) community composition at the phylum level. 

Fig. 2. Effects of chlorpyrifos on microbial co-occurrence networks at the genus level. a-c Co-occurrence network among genera in the control (a) and 0.02 (b) and 
0.2 (c) µg/L of chlorpyrifos treatments. Nodes are colored according to the module, modules with fewer than five nodes are gray, and node size represents the number 
of connections. d Topological parameters (average degree, clustering coefficient, negative and positive edges ratio, and modularity) of microbial interac
tion networks. 
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Arthropoda and Chordata belonged to the eukaryota after 2.0 µg/L of 
chlorpyrifos treatment on 14 d (two tailed t-test, p < 0.05; Fig. 1e and 
Figs. S6c, d). 

Co-occurrence networks were constructed to explore the relationship 
among genera under the chlorpyrifos treatments. After filtering out non- 
significantly correlated nodes (|r| > 0.8, p < 0.05), we obtained a total 
of 102, 96, and 98 nodes in the control, 0.2 µg/L chlorpyrifos treatment, 
and 2.0 µg/L chlorpyrifos treatment, respectively. These nodes formed 
1194 edges (512 negative and 682 positive), 785 edges (301 negative 
and 484 positive), and 872 edges (327 negative and 546 positive) in the 
respective treatments (Fig. 2a-c). Decreases existed in the average de
gree and clustering coefficient after chlorpyrifos treatments, and these 
topological parameters slightly recovered with increased chlorpyrifos 
concentration but were still much lower than the control (Fig. 2d). The 
ratio of negative and positive and modularity decreased after both 
concentrations of chlorpyrifos treatments (Fig. 2d). 

3.3. Effects of chlorpyrifos on microbial community function 

Based on KEGG database annotation, chlorpyrifos treatment 

significantly affected the functional potential of aquatic microorgan
isms, including functions related to organic degradation, element 
cycling, and energy flow in aquatic ecosystems. The abundance of 23 
and 13 functional genes significantly changed under 0.2 µg/L chlor
pyrifos treatment on 7 d and 14 d, respectively, while the abundance of 
31 and 77 functional genes significantly changed under 2.0 µg/L 
chlorpyrifos treatment on 7 d and 14 d, respectively (two tailed t-test, 
p < 0.05; Fig. 3a). After 14 d of 0.2 µg/L chlorpyrifos treatment, most 
functional pathways recovered (|log2(fold change)| = 0), whereas after 
14 d of 2.0 µg/L chlorpyrifos treatment, most functional pathways 
exhibited a downregulated state (log2(fold change) < 1, Fig. 3a), which 
paralleled the trend observed in the microbial community composition 
(Fig. S3). Specifically, functions associated with metabolism pathways, 
such as metabolism of terpenoids and polyketides, and glycan biosyn
thesis increased, whereas no functions associated with environmental 
information processes and cellular processes changed sharply (| log2(
fold change)| < 1) after 7 d of chlorpyrifos treatment (Fig. S7). In 
contrast, almost all functions associated with environmental informa
tion processing (signal transduction and signaling molecules and inter
action), cellular processed (cell motility and cellular community- 

Fig. 3. Effects of chlorpyrifos on the functions of microbial communities. a Heatmap of pathways significantly changed (p < 0.05) under different chlorpyrifos 
treatments after 7 and 14 d. b Relationships between significantly changed genera and functional pathways. Node size represents the number of connections. 
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eukaryotes), and metabolism (lipid metabolism, metabolism of terpe
noids and polyketides, glycan biosynthesis and metabolism, and 
biosynthesis of other secondary metabolites) decreased after 14 d of 
chlorpyrifos treatment (Fig. S7). The variations in microbial functional 
abundance indicated that higher concentrations of chlorpyrifos treat
ment increased the negative impact on the functional potential of water 
microbial communities compared to lower concentrations. Furthermore, 
this negative impact became more persistent over time, making recovery 
more challenging. 

We constructed a co-occurrence network based on the significantly 
different genera and functions. Nearly all the significantly different 
genera exhibited a positive correlation with functions related to envi
ronmental information processing, cellular processing, and metabolism 
(Fig. 3b). This finding confirmed the common trend of changes in genera 
and functions after chlorpyrifos treatment, indicating that chlorpyrifos 
could affect the microbial composition and, thus, microbial functioning. 

3.4. Effects of chlorpyrifos on human pathogenic bacteria and ARGs 

In total, 622 ARGs classified into 25 types were identified in all 
samples, and most of them belonged to multidrug, beta-lactams, and 
aminoglycoside antibiotics (Fig. S8). According to the assessment of 
ARGs by Zhang et al. (2022b), we identified 247 risky ARGs mainly 
classified as multidrug, tetracycline, and aminoglycoside antibiotic, and 
found that both concentrations of chlorpyrifos treatment significantly 
increased the number of risky ARGs after 7 d of exposure (two tailed 
t-test, p < 0.05; Figs. S9a, b). 

Based on the pathogenic bacteria list, we identified 402 opportu
nistic HBPs in all groups. We selected 70 HPBs which were significantly 
changed under chlorpyrifos treatment for the subsequent analysis. A 
total of 32 antibiotic-resistant pathogens, such as Pseudomonas fluo
rescens, Ralstonia pickettii, and Pseudomonas stutzeri, which were also the 
most abundant, were obtained by comparing the taxonomic information 
of ARGs (Fig. 4a). With the increase in the concentration of chlorpyrifos, 
the number of HPBs significantly enriched increased on 7 and 14 
d (Fig. 4b). The co-occurrence network analysis of ARGs and 

microbiome focused on risky ARGs and HPBs and revealed that most 
HPBs showed positive correlations with risky ARGs (Fig. 4c). This in
dicates a potential threat for human health when chlorpyrifos is released 
into the aquatic environment. 

3.5. Effects of chlorpyrifos on zebrafish intestinal microbial community 

We used 16S rRNA gene sequencing to analyze the zebrafish intes
tinal microbial community change after chlorpyrifos treatment. At the 
end of the chlorpyrifos treatment for 14 d, alpha diversity (Shannon 
index and Richness) exhibited no significant difference compared with 
the control, except for a decrease in microbial community richness after 
7 d of exposure (Fig. 5a). The PCoA with Bray-Curtis dissimilarity at the 
genus level on 7 and 14 d also exhibited no significant effect on the 
microbial community structure (Fig. 5b, c). The microbial community 
composition at the genus level was disturbed by chlorpyrifos (Fig. 5d). 
The functional prediction by the Tax4Fun tool revealed that chlorpyrifos 
mostly regulated the functions associated with metabolism at a low 
concentration (0.2 µg/L) after 7 d, albeit to a low degree (|log2(fold 
change)| < 1), but reverted after 14 d (Fig. 5e). The high concentration 
(2.0 µg/L) of chlorpyrifos had a slight effect on zebrafish intestinal mi
crobial community functioning. 

4. Discussion 

With the wide application of chlorpyrifos in agriculture, it is inevi
tably released into freshwater environments. Therefore, assessing the 
environmental risks of contamination by chlorpyrifos for freshwater 
ecosystems is urgent. In this research, we constructed freshwater mi
crocosms and evaluated the effects of chlorpyrifos contamination on 
microbial communities via metagenome and 16S rRNA gene sequencing. 

The structure of microbial community is closely related to the ability 
of the microorganisms to cope with exogenous stress (Ma et al., 2022). 
When xenobiotic compounds enter the environmental survival condi
tions, microbial communities can maintain their diversity via redun
dancy effects to deal with environmental perturbations (Allison and 

Fig. 4. Effects of chlorpyrifos on the composition of human bacterial pathogens and antibiotic resistome. a The composition of human bacterial pathogens (HBPs) in 
all groups significantly changed under different chlorpyrifos treatments after 7 and 14 d. Antibiotic-resistant pathogens (ARPs) are marked in red. b The number of 
HBPs significantly changed after 7 and 14 d treatments of chlorpyrifos. c Relationships between HBPs and antibiotic resistome in the aquatic microbial community. 
Node size represents the number of connections. 
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Martiny, 2008; Louca et al., 2018). However, in our study, we observed 
that the diversity and composition of the microbial community were 
disturbed under chlorpyrifos treatment, and the number of significantly 
different genera increased over time and concentrations, especially 
downregulated genera. This suggests that the pressure from chlorpyrifos 
has exceeded the ability of the microbiome to adapt. Pollutants generate 
selective pressures to promote the growth of potentially degrading mi
croorganisms, thereby degrading pollutants and reducing pollution 
pressures (Okoye et al., 2020). For example, Rhodobacter and Acid
ovorax, which can degrade organophosphorus pesticides (Ning et al., 
2010; Wu et al., 2019), were enriched upon exposure of the microbial 
community to 0.2 µg/L chlorpyrifos. This indicates that aquatic micro
organisms were activated to resist exogenous chlorpyrifos. However, the 
enrichment phenomenon diminished after the 2.0 µg/L chlorpyrifos 
treatment, potentially due to the disruption of the function of microbial 

community, surpassing its overall capacity to regulate or resist 
chlorpyrifos. 

Co-occurrence network analysis contributes to comprehending po
tential interactions between microorganisms in the environment that co- 
exist with chlorpyrifos. The modular structure of complex microbial 
networks contributes to their function and community stability (Liu 
et al., 2019). Our study found complex microbial network structures and 
modular associations with strong interactions between microorganisms. 
However, compared with the control, decreases were observed in the 
number of nodes and edges of the microbial co-occurrence network. This 
suggests that chlorpyrifos disturbed the aquatic microbial community 
and reduced the co-occurrence complexity. This might be the conse
quence of increases in selective pressures (Han et al., 2022). In complex 
microbial ecological networks, microorganisms interact with each other 
and exchange matter and energy and resist multifarious external 

Fig. 5. Effects of chlorpyrifos on zebrafish intestinal microbial community. a Richness and Shannon index of zebrafish intestinal microbial community calculated at 
the genus level. * represents a significant difference between the control and the chlorpyrifos treatments (two tailed t-test, p < 0.05). b, c Principal coordinates 
analysis (PCoA) based on the Bray-Curtis distance coefficient of the zebrafish intestinal microbial community at the genus level under chlorpyrifos treatment 7 (b) 
and 14 d (c). d Taxonomic composition of zebrafish intestinal microbial community at genus level in all samples. e Effects of chlorpyrifos on KEGG level-3 pathways 
of the zebrafish intestinal microbial community. Pathways significantly changed (p < 0.05) are shown. 
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pressures (Xun et al., 2019; Yuan et al., 2021). The whole microbial 
community needs to maintain feedback loops formed by microbial in
teractions, and external disturbances experienced by any member of 
these loops quickly propagate throughout the system (Coyte et al., 
2015). Negative interactions can induce negative feedback loops, which 
can resist the perturbation experienced by both its own members and the 
associated positive feedback loops to maintain community stability 
(Fontaine et al., 2011). Low modularity indicates that cross-module 
correlation among taxa is common, which leads to a perturbation ef
fect on taxa in one module being more easily propagated to other 
modules in the face of external pressure, resulting in the instability of the 
community (Hernandez et al., 2021). Therefore, the decrease in the ratio 
of negative to positive links and modularity indicated that chlorpyrifos 
destabilized the aquatic microbial community. The analysis of the 
random forest algorithm revealed that most families sensitive to chlor
pyrifos were at a low-level abundance, indicating that rare taxa may be 
essential to maintain the stability of the microbial community under 
chlorpyrifos treatment. Rare taxa play a more critical role in microbial 
networks than abundant taxa (Xue et al., 2018). 

Chlorpyrifos treatments interfered with the aquatic microbial func
tional potential, which is perhaps a consequence of the disturbance of 
the aquatic microbial community structure by chlorpyrifos. This was 
further explained by the apparent positive correlations between the 
significantly changed genera and functions. Microbial communities play 
an essential role as mediators in vital ecosystem processes such as 
organic matter degradation and detoxification of organic pollutants 
(Widenfalk et al., 2008). Changes in microbial community structure may 
disturb these functions when microbial communities cannot compensate 
for the loss of functions relevant to chlorpyrifos-sensitive microorgan
isms through functional redundancy (Muturi et al., 2017). After 14 d of 
chlorpyrifos treatment, most functions associated with signal trans
duction and signaling molecules, as well as their interaction decreased. 
Microbial signaling responses are generally induced to detoxify con
taminants as a buffer against biotic and abiotic pressures (Bickerton 
et al., 2016; Dufrêne and Persat, 2020). Overall, this suggests that 
chlorpyrifos treatment reduces the ability of microorganisms to resist 
stress. Besides, the major functions of metabolism (such as lipid meta
bolism, glycan biosynthesis and metabolism, and biosynthesis of other 
secondary metabolites) were obviously downregulated, which were the 
basis for the survival and activity of microorganisms (Zhang et al., 
2022a). These findings indicated that changes in microbial community 
functions probably further affect the ecological function of the aquatic 
ecosystems. 

Of 622 ARGs detected in our study, 39.7% (247) were considered a 
threat to human health, and an increase in the number of risky ARGs was 
observed following treatment with chlorpyrifos. Similarly, in the path
ogens we detected, the number of significantly upregulated pathogens 
increased as the chlorpyrifos concentration increased, which may pose a 
potential threat to aquatic ecosystems and human health. Pathogens 
with these risky ARGs are of particular concern (Sun et al., 2022). For 
instance, Klebsiella oxytoca and Bacillus cereus, which belong to Entero
bacteriaceae and Bacillaceae, respectively, are both enriched after 
chlorpyrifos treatment. There have been outbreaks of 
antibiotic-resistant Klebsiella oxytoca in hospitals worldwide, which 
have been reported to be resistant to colistin (Jayol et al., 2015) and 
carbapenem (Leitner Eva et al., 2014). It has been reported that Bacillus 
cereus, which causes a minority of foodborne illnesses, can generate 
resistance to erythromycin, tetracycline, and carbapenem (Kiyomizu 
et al., 2008; Kotiranta et al., 2000; Savini et al., 2009). Additionally, our 
study observed that most pathogens were positively correlated with 
risky ARGs. The promotion of their growth by chlorpyrifos was un
doubtedly a threat to aquatic ecosystems and human health. This is to be 
concluded despite the fact that we do not have direct evidence for 
mobility or lateral transfer of ARGs in our study. A previous study 
showed that chlorpyrifos could produce reactive oxygen species (ROS) 
to damage cell membranes and increase their permeability, probably 

promoting the horizontal transfer of ARGs (Shahid et al., 2021). 
Unlike the aquatic microbial community, chlorpyrifos had only a 

slight effect on the intestinal microbial community composition and 
structure of the zebrafish. This suggests that the zebrafish intestinal 
microbial community was resilient to the invasion of chlorpyrifos. Host 
health is strongly associated with a robust intestinal microbial com
munity, as it influences the health of the host by regulating the ab
sorption and metabolism of nutrients and stimulating the immune 
response of the host (Sommer et al., 2017; Tang et al., 2021). The main 
up-regulated functions included signal transduction, lipid metabolism, 
and xenobiotics biodegradation and metabolism, all of which are 
essential for microorganisms to degrade exogenous pollutants (Kim 
et al., 2015). This indicates that the self-regulation ability of the intes
tinal microbial community of zebrafish to degrade pollutants was pro
moted by this treatment. However, the inhibition in the metabolism of 
cofactors and vitamins indicated that chlorpyrifos might cause intestinal 
metabolic disorders (Qiao et al., 2019). These results indicated that the 
effect of chlorpyrifos on the intestinal microbial community of zebrafish 
was more reflected at the functional level. 

5. Conclusion 

In summary, our study aimed to investigate the effects of chlorpyr
ifos exposure on diversity, composition, and functions of microbial 
community in freshwater ecosystems, distinguishing itself from previous 
research that primarily focuses on soil environments or toxicity assess
ment of individual organisms. Our results demonstrated that chlorpyr
ifos could disturb the freshwater microbial community structure and 
composition at concentrations of 0.2 and 2.0 µg/L. Chlorpyrifos is found 
to be able to destroy the stability of the microbial community and in
hibits its capability for environmental information processing and 
metabolism, especially at the concentration of 2.0 µg/L. Chlorpyrifos 
treatment increased the number of risky ARGs and enriched some po
tential pathogens with risky ARGs. In addition, the intestinal microbial 
community structure of zebrafish can adapt to the pressure of chlor
pyrifos and recover to the level of control. This work provided new 
perspectives for assessing the ecological risk of chlorpyrifos in aquatic 
ecosystems, specifically focusing on the microbial community, and 
contributed to the theoretical basis for the rational use of chlorpyrifos to 
protect aquatic ecosystems. 
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