
Frontiers in Microbiology 01 frontiersin.org

Negative effects of abamectin on 
soil microbial communities in the 
short term
Danyan Qiu 1, Nuohan Xu 1, Qi Zhang 1, Wenya Zhou 2, Yan 
Wang 1, Zhenyan Zhang 1, Yitian Yu 1, Tao Lu 1, Liwei Sun 1, 
Ning-Yi Zhou 3, W. J. G. M. Peijnenburg 4,5 and Haifeng Qian 1*
1 College of Environment, Zhejiang University of Technology, Hangzhou, China, 2 College of 
Environment and Ecology, Xiamen University, Xiamen, China, 3 State Key Laboratory of Microbial 
Metabolism, School of Life Science and Biotechnology, Shanghai Jiao Tong University, Shanghai, 
China, 4 Institute of Environmental Sciences (CML), Leiden University, Leiden, Netherlands, 5 National 
Institute of Public Health and the Environment (RIVM), Center for Safety of Substances and 
Products, Bilthoven, Netherlands

With the widespread use of abamectin in agriculture, there is increasing 

urgency to assess the effects of abamectin on soil microorganisms. Here, 

we treated plant–soil microcosms with abamectin at concentrations of 0.1 and 

1.0 mg/kg and quantified the impacts of abamectin on bulk and rhizosphere 

soil microbial communities by shotgun metagenomics after 7 and 21 days of 

exposure. Although abamectin was reported to be easily degradable, it altered 

the composition of the soil microbial communities, disrupted microbial 

interactions, and decreased community complexity and stability after  

7 days of exposure. After treatment with abamectin at a concentration of 1.0 

mg/kg, some opportunistic human diseases, and soil-borne pathogens like 

Ralstonia were enriched in the soil. However, most ecological functions in 

soil, particularly the metabolic capacities of microorganisms, recovered within 

21 days after abamectin treatment. The horizontal and vertical gene transfer 

under abamectin treatments increased the levels of antibiotic resistance 

genes dissemination. Overall, our findings demonstrated the negative effects 

of abamectin on soil ecosystems in the short-term and highlight a possible 

long-term risk to public and soil ecosystem health associated with antibiotic 

resistance genes dissemination.
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Introduction

Intensified global agriculture has increased agrochemical inputs in the past decades 
(Tramberend et al., 2019; Jiao et al., 2020; Yuan, S. et al., 2021). The annual usage of 
biopesticides increased by more than 15%, outpacing that of chemical pesticides 
(Marrone, 2014). As a typical biopesticide, abamectin is produced commercially by the 

TYPE Original Research
PUBLISHED 05 December 2022
DOI 10.3389/fmicb.2022.1053153

OPEN ACCESS

EDITED BY

Feng Ju,  
Westlake University,  
China

REVIEWED BY

Ayomide Emmanuel Fadiji,  
North-West University,  
South Africa
Yangchun Xu,  
Nanjing Agricultural University,  
China

*CORRESPONDENCE

Haifeng Qian  
hfqian@zjut.edu.cn

SPECIALTY SECTION

This article was submitted to  
Systems Microbiology,  
a section of the journal  
Frontiers in Microbiology

RECEIVED 25 September 2022
ACCEPTED 15 November 2022
PUBLISHED 05 December 2022

CITATION

Qiu D, Xu N, Zhang Q, Zhou W, Wang Y, 
Zhang Z, Yu Y, Lu T, Sun L, Zhou N-Y, 
Peijnenburg WJGM and Qian H (2022) 
Negative effects of abamectin on soil 
microbial communities in the short term.
Front. Microbiol. 13:1053153.
doi: 10.3389/fmicb.2022.1053153

COPYRIGHT

© 2022 Qiu, Xu, Zhang, Zhou, Wang, 
Zhang, Yu, Lu, Sun, Zhou, Peijnenburg and 
Qian. This is an open-access article 
distributed under the terms of the Creative 
Commons Attribution License (CC BY). The 
use, distribution or reproduction in other 
forums is permitted, provided the original 
author(s) and the copyright owner(s) are 
credited and that the original publication in 
this journal is cited, in accordance with 
accepted academic practice. No use, 
distribution or reproduction is permitted 
which does not comply with these terms.

https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org
http://crossmark.crossref.org/dialog/?doi=10.3389/fmicb.2022.1053153&domain=pdf&date_stamp=2022-12-05
https://www.frontiersin.org/articles/10.3389/fmicb.2022.1053153/full
https://www.frontiersin.org/articles/10.3389/fmicb.2022.1053153/full
https://www.frontiersin.org/articles/10.3389/fmicb.2022.1053153/full
https://www.frontiersin.org/journals/microbiology#editorial-board
https://www.frontiersin.org/journals/microbiology#editorial-board
https://doi.org/10.3389/fmicb.2022.1053153
mailto:hfqian@zjut.edu.cn
https://doi.org/10.3389/fmicb.2022.1053153
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/


Qiu et al. 10.3389/fmicb.2022.1053153

Frontiers in Microbiology 02 frontiersin.org

soil bacterium Streptomyces avermitilis. Abamectin is 
biodegradable, has a short field re-entry, and low risk to 
beneficial insects (Marrone, 2019). Abamectin is one of the most 
used agents in agriculture in the prevention of soil-borne 
diseases (Kolar et  al., 2008). Since 2007, abamectin has been 
widely used in the control of rice pests in China due to its strong 
insecticidal activity (He et al., 2007; El-Saber Batiha et al., 2020). 
Although abamectin degrades rapidly, has little toxicity to crops, 
and is not likely to remain in the soil, the toxicity of abamectin 
to soil microorganisms is still unknown despite its 
widespread use.

The soil ecosystem is globally among the most biodiverse 
environmental compartments and undertakes multiple service 
functions (Wall et al., 2015; Wittwer et al., 2021; Zhang et al., 
2022; Zheng B. et  al., 2022; Zheng X. et  al., 2022). Soil 
microorganisms are the executors of the ecological service 
functions, which can help crop growth by improving soil 
structure and soil nutrient cycling (Bahram et al., 2018; Qu et al., 
2020; Ray et al., 2020; Zhang et al., 2022a). Therefore, the stability 
of soil microbial communities is one of the critical factors in 
maintaining soil ecosystem function (Ramirez et al., 2018). In 
agricultural production, pesticides inevitably remain in the soil, 
affecting rhizosphere microorganisms and plant growth (Kepler 
et  al., 2020). Pesticides can be  absorbed by plant roots and 
transferred to other above-ground part of the plant (Xu et al., 
2020; Qu et al., 2021). Rice (Oryza stiva L.) is an important land 
crop plant and feeds over 50% of the global population (Ge et al., 
2012). The microorganisms colonizing the rice rhizosphere 
(immediately surrounding the root) contribute among others to 
rice growth, soil structure, and pathogen suppression (Dennis 
et al., 2010; Lundberg et al., 2012). Residues of abamectin and 
abamectin metabolites in soil may adversely affect soil 
invertebrates and the roots of some crops like cucumber (Kolar 
et  al., 2008; Huang et  al., 2018). Additionally, the genus 
Streptomyces that produces abamectin is also the host of antibiotic 
resistance genes (ARGs; Majer et al., 2021). Abamectin thus plays 
a role in the development and spread of antibiotic resistance in 
plant–soil ecosystems.

With the aim of assessing the ecotoxicity of abamectin in a 
plant–soil ecosystem, we selected the model crop rice to construct 
a plant–soil ecosystem and we simulated exposure to abamectin. 
We  explored the impacts of abamectin on the diversity, 
composition, community stability, and functions of soil microbial 
communities, and the ARGs dismission by using shotgun 
metagenome analysis. Our aims with regard to the research in the 
plant–soil ecosystem were to: (1) identify the effects of abamectin 
treatment on microbial community diversity, composition, and 
stability; (2) determine how abamectin affects the pathogens 
associated with opportunistic human and soil-borne diseases; (3) 
determine how abamectin affects the functions of microorganism; 
and (4) quantify the abundance and transfer of ARGs during the 
study. Accurately evaluating the contribution and ecological risks 
of abamectin on plant–soil ecosystems can guide the wide use of 
eco-friendly biopesticides.

Materials and methods

Establishment of plant–
soil-microorganism microcosms

Rice (Oryza sativa L. Indica Yazhan) seeds were soaked in 
0.6% nitric acid solution for 10 min to release them from 
dormancy for effective germination. The seeds were then 
disinfected with 75% ethanol for 1 min, followed by 2.5% calcium 
hypochlorite for 5 min each, and rinsed 6–7 times with sterile 
water. The surface-sterilized seeds were placed in the dark at 30°C 
for 7 days for germination, after which germinated rice seedlings 
were transplanted into a plastic pot containing about 230 g of soil 
and 30 g of sterilized water. A soil suspension made from paddy 
soil (from 27° 17′ 27.70″ N, 119° 56′ 50.70″ E) was then added to 
a plastic pot as the source of rhizosphere microorganisms 
(soil:sterile water = 30:200). The obtained plant–soil-
microorganism microcosms were placed in a greenhouse with 
cool-white fluorescent lights with a 300 μmol/(m2·s) fluorescence 
intensity at day, temperatures of 25 ± 0.5°C and 80% relative 
humidity, a 12-h light/12-h dark cycle for 4 weeks.

Abamectin treatment of plant–
soil-microorganism microcosms

Abamectin was purchased from Aladdin (Shanghai). The 
initial solution was diluted with deionized water into abamectin 
solutions with final concentrations of 0.1 and 1.0 mg/kg, 
respectively, and added to the plant–soil-microbiome microcosms 
after 14 days of rice growth. An equal amount of deionized water 
was added to the control group. Every 2 days 120 ml deionized 
water was added to the replicates of each microcosm to keep 
them submerged.

The collection of soil samples

Bulk and rhizosphere soils in which rice was planted, were 
collected 7 and 21 days after seedling transplantation (the 
suspension of the paddy soil was sampled on day 0). The rice was 
carefully uprooted, and the bulk soil was removed by shaking the 
roots. The upper soil was gently collected with a spoon as bulk soil 
to explore the direct effects of abamectin treatment on the soil 
microbial community. The soil remaining on the rice roots 
(approximately 1 mm along the root surface) was regarded as the 
rhizosphere (Edwards et al., 2015). The roots with rhizosphere soil 
were transferred to a centrifuge tube containing sterile phosphate 
buffer saline (PBS; pH 7.3–7.5). The centrifuge tubes were shaken 
at 180 rpm for 20 min on an orbital shaker. Then, the roots were 
removed, and the mixed solution was centrifuged at 4,500 rpm for 
20 min. The supernatant was removed, and the rhizosphere soil 
was collected (Bulgarelli et al., 2012) to explore the direct effects 
of abamectin treatment on the rhizosphere microbial community. 
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Finally, all soil samples were stored at −80°C immediately 
until analysis.

Microcosm metagenome sample 
preparation and sequencing

Metagenomic analysis of bulk soil microorganisms and 
rhizosphere soil microorganisms after abamectin treatments were 
performed in three replicates at 7 and 21 days. Total genomic DNA 
of these samples was isolated from 0.5 g of soil per sample using a 
DNA extraction kit (NEXTFLEX™ Rapid DNA—Seq Kit, 
Shanghai Majorbio Bio-pharm Technology Co., Ltd., Shanghai, 
China) according to the manufacturer’s instructions. The Qubit 
2.0 (Thermo Fisher Scientific, Waltham, United  States) and 
NanoDrop One (Thermo Fisher Scientific, Waltham, 
United  States) were used to determine the concentration and 
purity of the extracted soil DNA, respectively. Sequenced libraries 
were generated using a DNA library preparation kit according to 
the manufacturer’s instructions (NEB Next Ultra DNA Library 
Preparation Kit, New England Biolabs, MA, United States), and 
the library quality was verified using Qubit 3.0 Fluorometer (Life 
Technologies, Grand Island, NY). Next, the Illumina NovaSeq 
platform (Illumina, CA, United  States) was used to perform 
DNA sequencing.

Microcosm metagenome assembly and 
analysis

Filtering of low-quality bases in the metagenome dataset 
(Trimmomatic v0.36) resulted in clean data that was used for 
subsequent analyses (Bolger et al., 2014). Next, the MEGAHIT 
v1.0.6 performed the de novo assembly of clean data (Li et al., 
2015), and Prodigal1 predicted each assembled scaftig (>500dp) to 
open reading frames (ORFs). At the same time, redundant ORFs 
were removed using CD-HIT v4.7, resulting in unique initial gene 
(unigene) clusters (95% concordance, 90% coverage; Fu et al., 
2012), and each cluster took the longest sequence as its 
representative. Additionally, clean data were mapped to unigenes 
using BBMap to obtain the number of reads to which unigenes 
were mapped in each sample. The abundance of unigene was 
calculated with RPKM (mapped reads per kilobase per 
million reads):

 
RPKM

KB millions
i

i

i total

x
L x

=
( )× ( )  

(1)

Where xi was the number of mapped reads for unigenei in 
each sample, xtotal was the total number of all mapped reads in each 
sample, and Li was the sequence length of unigenei.

1 https://github.com/hyattpd/Prodigal

The nonredundant (NR) database of NCBI and the Kyoto 
Encyclopedia of Genes and Genomes (KEGG, http://www.kegg.
jp/kegg/) were employed to perform a BLAST search for 
taxonomic and functional annotations using the DIAMOND 
software,2 respectively. Also, the ARGs were identified by 
DIAMOND in the Comprehensive Antibiotic Resistance Database 
(CARD) mentioned above at e-value < 1e−5. The LCA algorithm 
in MEGAN was utilized to calculate the abundance and each 
taxonomic classification (kingdom, phylum, class, order, family, 
genus, species) based on the alignment of NR unigenes with an 
e-value ≤ 1e−10 (Huson et  al., 2007). Opportunistic human 
pathogens were searched from an online database.3

Statistical and visualization

The alpha diversity index of Shannon and Richness were 
calculated using the R vegan and picante package (version 4.0.3). 
Principal co-ordinates analysis (PCoA) plots were generated from 
the Bray-Curtis distance created using the R package ggplot2 and 
vegan (version 4.0.3). ANOSIM analysis (transformed data by 
Bray-Curtis, permutation = 999) was used to determine if beta 
diversity differed between abamectin-treated soil and the 
terrestrial control groups. All bar and heatmap charts were 
designed by R package ggplot2 (version 4.0.3). The p value of the 
Spearman’s correlation in network analysis was amended using the 
Benjamini-Hochberg’s FDR (false discovery rate) method to avoid 
false-positive results. The Spearman correlations (positive 
correlation: R > 0; positive correlation: R < 0; p < 0.05) of the 
microorganisms and multiple abamectin treatments were 
calculated using the R psych package. The networks were drawn 
using the software Gephi (version 0.9.2). The remaining results are 
presented as the mean ± standard deviation (SD). Using the R 
function kruskal.test (version 4.0.3) to evaluate Significant 
differences (p < 0.05) by the Kruskal–Wallis’s test.

Results

Effect of abamectin on diversity, 
composition, and stability of the soil 
microbial community

The metagenome was used to characterize the soil microbial 
community diversity and composition after abamectin treatment. 
Alpha diversity analysis can reflect the richness and diversity of 
microbial communities. The greater the values of the Shannon and 
Simpson indices, the higher the degree of diversity of the 
microorganism community (Xu et al., 2020). The Shannon index 

2 https://github.com/bbuchfink/diamond/

3 https://www.bode-science-center.com/center/relevant-pathogens-

from-a-z.html
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of the rhizosphere microorganisms increased significantly with 
the two tested concentrations of abamectin for 7 days, but no 
effects were detectable on other soil microbial communities 
(Figures 1A,B).

PCoA with Bray–Curtis’s dissimilarity of the genera 
abundance indicated that both concentrations of abamectin 
significantly impacted the diversity of the microbial community 
in the soil during the 7 and 21 days of exposure (Figures 1C,D). 
Furthermore, the dissimilarity of microbial communities after 
7 days of exposure was generally higher than the dissimilarity of 
microbial communities after 21 days of exposure 
(Supplementary Figure S1). This indicated that abamectin 
treatment disrupted the structure of the soil microbial community 
within 7 days of exposure. The soil microbial community gradually 
recovered the microbial succession after 21 days of exposure.

There were significant differences in the composition of the 
bulk and rhizosphere microbial communities after the abamectin 
treatment (Figures 1E–G). The analysis of the significant effects of 
abamectin on the relative abundance of microbial phyla showed: 
(1) an increase in the abundance of Actinobacteria in the 
rhizosphere microbial community after the low abamectin 
treatment and a decrease of Actinobacteria after the high 
abamectin treatment during the first 7 days of exposure, with 
opposite effects recorded after 21 days 
(Supplementary Figures S2A,B); (2) After abamectin treatment, 
the dominant phyla that changed significantly in different groups 
were different from each other (Supplementary Figure S2).

Co-occurrence networks, which were based on Spearman’s 
rank correlation coefficients between genera, showed clear 
differences between the microbial communities with or without 
abamectin treatment (Figures  2A–F). There were decreases in 
modularity and the ratio of negative:positive edges of the bulk 
microbial communities after abamectin treatment, compared to 
the control (Figure  2G). In the rhizosphere microbial 
communities, modularity, and the ratio of negative:positive edges 
first decreased and then increased as the concentration of the 
abamectin increased, with the opposite of average connectivity 
(Figure 2G). The trend of the average connectivity of networks in 
bulk microbial communities was consistent with the trend in the 
rhizosphere (Figure 2G).

Effects of abamectin on opportunistic 
human pathogens

Sustained inputs of abamectin elicited changes in the structure 
of the soil microbial community, including the prevalence of 
opportunistic human pathogens that pose potential risks to 
human health. The 67 genera in our dataset were screened after 
matching the opportunistic pathogenic database. The pathogens 
that were altered significantly in the rhizosphere and bulk 
microbial communities were different (Supplementary Figure S3). 
Moraxella, Listeria, Ralstonia, Micrococcus, Proteus varied 
significantly in both the rhizosphere and the bulk microbial 

communities (Supplementary Figure S3). In the rhizosphere, the 
abundance of the pathogens was decreased or did not change 
significantly except Ralstonia after treatment during 7 and 21 days 
(Figure 3). Different from the observations in the rhizosphere 
environment, we observed that the impact of abamectin treatment 
on pathogens in the bulk micro-ecosystem after 21 days of 
exposure was generally greater than after 7 days (Figure  3). 
Ralstonia is not only a potential human pathogen but also a typical 
soil-borne pathogen (Yuan et al., 2020). The treatment with a low 
concentration of abamectin reduced the risk of Rolstonia but 
enriched Ralstonia in the high concentration treatment after 
7 days of exposure (Figure 3E).

Effects of abamectin on potential 
functions of soil microbial communities

As we expected, the microbial community function potential 
of bulk and rhizosphere was perturbed by abamectin treatments 
(Figure  4) due to the shift in microbial composition 
(Figures 1E–G). Almost every functional pathway was affected 
after abamectin treatment, albeit to a low degree (Figure  4; 
Supplementary Figure S4). Based on the KEGG database 
annotations, the distribution of the abundances of microbial 
functional genes was similar regardless of whether they originated 
from bulk or rhizosphere soils. The microbial functions in bulk 
and rhizosphere were mainly annotated under “Metabolism,” 
“Genetic Information Processing,” “Environmental Information 
Processing,” “Cellular Processes,” “Organismal Systems” categories 
(Figure 4).

After 7 days of treatment, most metabolic functions, such as 
xenobiotics biodegradation and metabolism, biosynthesis of other 
secondary metabolites, lipid metabolism, and glycan biosynthesis 
and metabolism, had decreased by abamectin treatment in the 
bulk as well as the rhizosphere microbial communities 
(Figures 4A,B). In contrast, most metabolism-related functions 
become enriched after 21 days of abamectin treatments, especially 
the rhizosphere microbial community (Figures  4C,D). 
Additionally, some functions that were enriched were associated 
with cellular processes, genetic information processing, 
environmental information processing, and organismal systems 
for 21 days (Figures 4B,D).

In our study, after abamectin treatments, the cellular 
processes, signal transduction, and metabolic processes 
associated with the functional potential of bulk and rhizosphere 
microorganisms were decreased for 7 days and recovered for 
21 days. These decreases in the essential functions of the microbial 
community indicated that abamectin treatments negatively 
affected the bulk and rhizosphere soil ecosystems, but with a 
different pattern. This different pattern may be attributed to the 
fact that xenobiotics treatment affected the release of plant root 
exudates (Lu et al., 2018; Feng et al., 2021; Qu et al., 2021). The 
effect of abamectin on root exudates interfered with the 
functional potential of rhizosphere microorganisms, such as 
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signal transduction, the release of signaling molecules (Ke 
et al., 2020).

During 21 days of exposure, the significant increases in bulk 
and rhizosphere microbial functional genes related to xenobiotics 
biodegradation, xenobiotics metabolism, and carbohydrate 
metabolism (Supplementary Table S1). Degradation of pesticides 
and nutrient utilization of microbial communities are strongly 
correlated with carbohydrate metabolism, energy metabolism, 

biosynthesis of other secondary metabolites, xenobiotics 
biodegradation, and metabolism (Supplementary Table S1; Zheng 
B. et  al., 2022; Zheng X. et  al., 2022). Since abamectin can 
be  rapidly degraded to 8a-hydroxyavermectin B1a and the 
corresponding ring-opened aldehyde (Halley et al., 1993; Bai and 
Ogbourne, 2016), these low-toxicity degradation products of 
abamectin may be taken up as a carbon source for microorganisms. 
Thus after 21 days, the negative effect of abamectin on the 

A C

B

E F G

D

FIGURE 1

Effects of abamectin on diversity and structure of microbial communities. (A,B) Shannon index and richness calculated at the genus level. * 
Represents the significant differences between control and abamectin treatments (Kruskal–Wallis’s test, p < 0.05). (C,D) PCoA of Bray–Curtis 
dissimilarities of microbial communities at the genes level. Statistical significance was evaluated via PERMANOVA test. (E–G) Effects of abamectin 
on the community composition of the main phyla related with eukaryote, bacteria, and archaea, respectively.
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functional potential of the bulk and rhizosphere microbial 
communities diminished.

Effects of abamectin on ARGs 
dissemination

ARGs were widely distributed in the soil, and the soil 
microorganisms can produce, resist, or degrade antibiotics and 
even catabolize them (Crofts et al., 2018; Zhang et al., 2019). The 
effect of the antibiotic pesticide abamectin on ARGs dissemination 

associated with bulk and rhizosphere microorganisms is unknown 
until now. Four hundred and thirty-three ARGs were detected in 
control and abamectin treatments, and abamectin found to affect 
the transfer and prevalence of ARGs. Horizontal gene transfer 
(HGT) and vertical gene transfer (VGT) potentials of ARGs were 
further determined: 386 ARGs were carried by the plasmid, 
whereas only 350 ARGs were carried on the chromosome 
(Supplementary Figure S5). In addition, both the plasmid and the 
chromosome carried 325 ARGs, 47 of which could not be clearly 
attributed to either group (Supplementary Figure S5). We also 
determined the composition of ARGs and found that ARGs 

A B C

D

G

E F

FIGURE 2

Effects of abamectin on the stability of bulk and rhizosphere microbial communities. (A–C) Co-occurrence patterns of genera in the control, low 
and high of abamectin treatments in rhizosphere. (D–F) Co-occurrence patterns of genera in the control, low and high of abamectin treatments 
in bulk. Nodes are colored according to the main phyla, and node size represents the number of connections. (G) Modularity, average 
connectivity, and the ratio of negative:positive edges of co-occurrence networks.
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carried by chromosomes and plasmids tended to confer multidrug 
resistance (Figures 5A,B). After 7 days, the total abundance of the 
main ARGs on chromosomes and plasmids increased following 
abamectin treatments both in the rhizosphere and bulk soil. 
However, unlike the variations in diversity and functions of 
microorganisms, the total abundance of the main ARGs still 
increased in the rhizosphere after abamectin treatment during the 
21 days (Figures 5A,B). The total abundance of ARGs on plasmids 
was linked to bacterial abundance that had increased, but there 
was no significant linear relationship between the total abundance 
of ARGs on chromosomes and the bacterial abundance 
(Figures 5C–F).

Inputs of abamectin elicited variations in the structure of the 
soil microbial communities, including the prevalence of 
opportunistic human pathogens and soil-borne organisms that 
are harmful to human health or ecological risks (Zhang et al., 
2022c). Co-occurrence analysis of ARGs and significant 
pathogens allowed to detect the most potential antibiotic-
resistant pathogen (Micrococcus; Figure  5G). In contrast, 
Micrococcus was inhibited in the rhizosphere soil but enriched in 
the bulk soil after 7 days of exposure (Figure 3B). Micrococcus 
were the major genera associated with ARGs. The abundance of 
Micrococcus decreased due to low metabolic activity under 

environmental stress and revived after settling in suitable 
environments (He et al., 2020).

Discussion

The Shannon index of the rhizosphere microorganisms 
increased significantly after abamectin treatment can be explained 
by the fact that plants resist abiotic stress by increasing the diversity 
of the rhizosphere microbial community (Yu et  al., 2022). Soil 
microbial communities were disrupted after 7 days and gradually 
recovered the microbial succession after 21 days of exposure. A 
recent study reported that the growth regulation period of the 
microbial community is usually about 15 days (Chen et al., 2022). 
The structure of the soil microbial community can be altered by 
some variations, such as metabolic pathways, nutrition-related gene 
expression, and quorum sensing when facing the different stresses 
of pesticides (Burns et  al., 2013). The significant differences in 
dominant phyla of rhizosphere and bulk microorganisms showed 
that rice as the plant host induced selectivity among the phyla. In 
soil ecosystems, microorganisms as nodes and their relationships as 
links can be represented as networks, which is fundamental for 
microbial communities to respond to environmental stress 

A B

D E

C

FIGURE 3

Effects of abamectin on composition of opportunistic human pathogens. Relative abundance of pathogens with or without abamectin treatments at 7 
and 21 days. A-E: The five pathogens are marked in all samples. The significant difference evaluated by Kruskal–Wallis’s test (*represent p < 0.05).
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(Montoya et  al., 2006; Zhang et  al., 2021, 2022b). The network 
stability was strongly correlated with the network complexity (Yuan, 
M. M. et al., 2021). Adding average connectivity and modularity 
increased the complexity of the network (de Vries et al., 2018). The 
ratio of negative:positive edges negatively correlated with 
environmental stress (Hernandez et al., 2021). This explains why 
bulk microbial communities were unstable under the abamectin 
treatment. However, increased abamectin concentration stimulated 
plant-microorganism interactions, leading to more network 
complexity (Yuan, M. M. et al., 2021). An additional theory stated 
that higher complexity destabilizes rhizosphere ecological systems 
(MacArthur, 1955).

Consequently, abamectin treatment can affect the microbial 
community structure and composition, and the microbial 
community function potential of bulk and rhizosphere is 
perturbed. Although abamectin is rapidly degraded in soil and 
has low toxicity to crops (Bai and Ogbourne, 2016), it disrupted 

the homeostasis of the soil microbial communities after 7 days of 
exposure. Compared with bulk microorganisms, there were more 
interactions of plant microorganisms in the root. The application 
of abamectin may enrich abamectin degradation bacteria, and 
study in future will identify them for soil remediation. The 
abundance of Rolstonia varied after abamectin treatment 
suggesting an increase of the risk in plant diseases, such as 
bacterial wilt, after short-term treatment at high concentrations 
of abamectin. Rolstonia invaded soil microbial networks and 
disrupted microbial interactions under environmental stress (Li 
et al., 2021). This is consistent with our results as reported above 
(Figure 2). Due to the readily degradability of abamectin, soil 
microbial interactions without the effects of abamectin at 21 days 
can improve the ability of soil to recover from pathogen 
infestation (Deng et al., 2021).

The assessment of the risks associated with the impacts of 
abamectin on the abundance and transfer of ARGs, and pathogens 

A B

C D

FIGURE 4

Functional pathways of the microbial communities altered after abamectin treatments. The different colors of the outermost layer represented 
different categories of metabolic pathway functions. The outermost circles represent the pathways at the KEGG level 1, the deepest circles 
represent the functional pathways at KEGG level 3. Pathways showing significant difference (p < 0.05) between the control and abamectin 
treatments are the legends showed. Circle size represents the average relative abundance of pathways in all samples. (A,C) Represent the 
functional pathways in rhizosphere at the 7 and 21 days. (B,D) Represent the functional pathways in bulk at the 7 and 21 days.
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harmful to human and ecological health in soil is urgently required. 
After abamectin treatments, the diversity, and functional gene 
abundance of the soil microbial community decreased at 7 days of 
exposure but recovering after 21 days. Unlike the variations in 
diversity and functions of microorganisms, the abundance of 
ARGs was increased not only after 7 days of exposure, but also 
21 days after abamectin treatments. In our study, the ARGs was 
classified as plasmid-carried ARG and chromosome-carried 
ARG. The HGT cannot be achieved by the chromosome-carried 
ARGs between bacterial cells (Che et al., 2019). Plasmid-carried 
ARGs are more threatening to human and soil ecosystem health 
than chromosome-carried ARGs in bacteria, due to transfers from 
antibiotic-resistant bacteria (ARB) to non-ARB on plasmids (Jin 
et al., 2020; Qiu et al., 2022). In our study, the increases in the 
abundance of ARGs on plasmids were not strongly correlated with 
bacterial abundance (R2 = 0.24 and 0.15; Figures 5A–D), which 
proved that those plasmids were more stable and transferable 
carriers than bacterial chromosomes. Our results revealed that 

ARGs were transferred more widely and had more durable effects 
on soil ecosystem health after abamectin treatments.

Conclusion

In conclusion, our study concentrated on the effects of 
abamectin treatments on microbial communities and ARGs 
dissemination in bulk and rhizosphere soils. Our results showed 
that even a low concentration of abamectin could disrupt and 
destabilize the structure of microbial communities, and 
temporarily decrease the metabolic capability of the soil microbial 
communities. At the same time, abamectin also promoted the 
growth of some potential pathogens and accelerated the transfer 
of ARGs in soil. After 21 days of exposure, the soil microbial 
communities could recover after abamectin treatments except for 
ARGs dissemination. These findings highlight the risks of human 
and soil ecosystem health with the widespread use of abamectin.

A

B

C D E F

G

FIGURE 5

Effects of abamectin treatments on ARGs. (A,B) Compositions of ARGs in plasmids and chromosomes, respectively. Only ARG types detected in all 
samples are shown. (C–F) Liner regression analysis of the relative abundance of bacteria and ARGs carried by plasmid or chromosome. Dotted line 
shows 95% confidence intervals. (G) The co-occurrence of pathogens and AGRs, the size of nodes represented the correlation coefficient of 
pathogens and ARGs.
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