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A B S T R A C T

The application of livestock manure is a common waste utilization measure that can increase soil fertility and 
crop yields, but the antibiotics and resistance genes involved result in a potential threat to human health and 
animal welfare. Here, lettuce, a widely popular edible vegetable, was selected as a model with which to 
investigate the effects of long-term application (FM) and temporary cessation (cessation) of fresh chicken manure 
on the distribution and movement of antibiotic resistance genes (ARGs) in the soil-root-plant system to elucidate 
the bottleneck in assessing the health risks of manure application. ARGs associated with 13 antibiotics and 384 
subtypes in soil were quantitatively analyzed via high-throughput qPCR, and the results revealed that cessation 
treatment significantly affected the patterns of bacteria, mobile genetic elements (MGEs) and ARGs in the soil, 
leaves and roots in the soil–lettuce cropping system compared with FM treatment. Cessation of manure appli
cation reduced the abundance of ARGs by 34.0 %, 53.7 %, and 23.9 % in the bulk soil, rhizosphere soil, and 
leaves, respectively. Correlation network and source-tracking analyses of ARGs and bacteria within leaves and 
roots revealed that cessation treatment reduced the diffusion of ARGs and bacteria within leaves and roots into 
adjacent sites, and partial least squares path model (PLSPM) analysis indicated that FM treatment indirectly 
affected the pattern of ARGs in soil by influencing the bacterial community and soil properties, which play key 
roles in the distribution of ARGs. In summary, we investigated the driving mechanism of the effects of manure on 
the microbial community and ARG spectrum in a soil–lettuce planting system, and the results can support 
strategies for managing the spread of ARGs in the soil.

1. Introduction

The spread and reproduction of antibiotic resistance genes (ARGs) 
and antibiotic resistance bacteria (ARB) in the environment threatens 
human health as well as the future use of antibiotics (Forsberg et al., 
2012; Qian et al., 2022). Antibiotic uses increased by 65 % between 
2000 and 2015, and based on current application rates, global antibiotic 
use is expected to increase by another 15 % by 2030 (Klein et al., 2018). 
In recent years, many veterinary antibiotics have been commonly used 
in animal husbandry as antibacterial agents and growth promoters 

(Palma et al., 2020). Livestock production uses almost twice as many 
antibiotics as humans do worldwide. However, most antibiotics have 
polar groups and high solubility in water, and many antibiotics used in 
livestock production are poorly absorbed in the animal intestine, 
resulting in 30 to 90 % of the residues being excreted in feces or urine 
(Sarmah et al., 2006; Zhou et al., 2013). Residual antibiotics induce the 
generation of ARB and ARGs (Andersson and Hughes, 2014; Gullberg 
et al., 2011), and even at low levels, antibiotics can increase the emer
gence and transmission of ARGs by triggering genetic mutations and 
recombination in microorganisms (Gullberg et al., 2011; López and 
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Blázquez, 2009), leading to ecological and environmental problems.
Soil microbial communities contribute to the development of 

aboveground plant bacterial communities, and the recruitment of plant- 
associated bacterial communities is influenced by the biotic reservoirs 
found in the soil (Bai et al., 2015). Moreover, bacterial interactions 
encompass all forms of relationships between bacteria, which can range 
from mutualistic and symbiotic to antagonistic. In the soil environment, 
these interactions play a crucial role in shaping the structure and func
tion of microbial communities, influencing nutrient cycling, pathogen 
suppression, and the transfer of genetic material, including ARGs 
(Molina-Santiago et al., 2021). The ARGs originating from soil resis
tomes may enter the food chain through contaminated crops and be 
transferred to human pathogens via horizontal gene transfer (HGT), 
posing a potential threat (Koonin et al., 2001; Wolters et al., 2016). In 
addition to the intrinsic resistance that may exist in some soil microbes, 
ARGs in soil originate primarily from anthropogenic activities such as 
irrigation with reclaimed wastewater and the application of manure and 
sewage sludge (Wang et al., 2022a). These activities not only facilitate 
the horizontal transfer of ARGs through mobile genetic elements such as 
transposons, plasmids, and integrons but also promote the proliferation 
of antibiotic-resistant bacteria and ARGs in soil through selective pres
sure, exacerbating soil ARG contamination. Reports have revealed an 
overlap of microbiomes and resistant groups in plant ecosystems, indi
cating the potential for soil-to-plant transmission of ARGs and their 
hosts (Chen et al., 2017; Wang et al., 2023). Therefore, it is necessary to 
understand the characteristics of environmental ARGs and their in
teractions with microorganisms to develop potentially effective strate
gies to minimize their spread.

The edible parts of vegetables serve as one of the primary pathways 
through which ARB and ARGs are transferred from the natural envi
ronment to humans (Wang et al., 2022a). In agricultural systems, mi
crobial activity and movement from the soil to the edible parts 
significantly impact human food safety. The plant leaves are considered 
significant reservoirs of ARGs, as the high potential for biofilm forma
tion on leaf surfaces also represents an active HGT zone (Wang et al., 
2015). ARGs in leaves have multiple sources, such as soil, fertilizers, 
irrigation water, and air. ARGs exist as free DNA or are carried by ARB, 
which accumulate on leaves through internal or external transfer 
pathways (Zhou et al., 2019). Internally, the separation of root surface 
cells provides a pathway for soil-associated ARB to migrate from the 
rhizosphere to endophytic roots and leaves (Bulgarelli et al., 2013). In 
contrast, external transfer pathways involve the direct deposition of ARB 
from soil, air, or water onto the plant layer. However, a detailed 
investigation of the transfer of ARGs within the soil–plant system is not 
feasible. Therefore, obtaining information on the transfer characteristics 
within the soil–plant system and their contribution to ARG accumula
tion in leaf layers is crucial for controlling ARG dissemination in plants 
and transmission to humans through the food chain.

In previous studies, we investigated the dynamic effects of fresh 
manure, compost and mineral fertilizer on the soil microbiome and 
resistome in ARG-contaminated soils (Li et al., 2022). However, in many 
regions of China, untreated chicken manure produced on farms is 
directly applied to agricultural fields to enhance soil fertility, while the 
severe pollution from ARGs is overlooked. Currently, we are imple
menting several initiatives to mitigate ARG contamination in soils and 
plants. In this study, we conducted a field experiment involving long- 
term application and temporary cessation of fresh chicken manure, 
with lettuce used as the model plant, to investigate 1) the response of 
ARGs in soil–lettuce systems to terminated manure inputs; 2) changes in 
ARG hosts in microbial communities and their relationships with resis
tance genes; and 3) the mechanisms that drive the distribution of ARGs. 
The application of high-throughput qPCR was used to characterize ARGs 
and mobile genetic elements (MGEs) in both soil and lettuce, along with 
bacterial community network analysis in the present study, which could 
provide valuable insights into the mobility and distribution of ARGs 
under different fertilization practices. This study contributes to our 

understanding of how fertilization strategies influence ARG dynamics, 
offering potential solutions for mitigating ARG pollution in agricultural 
systems.

2. Materials and methods

2.1. Field experiment and sample collection

The field trial was performed in long-term amended soil with chicken 
manure in Jiangsu Province, China (32◦66′N, 120◦70′E), which has a 
typical northern subtropical monsoon climate with an average annual 
temperature and precipitation of 14.5 ◦C and 1025 mm, respectively. 
Two field treatments were selected for this study: 1) cessation of 
application of manure (cessation) and 2) continuous fresh chicken 
manure application (FM). In the long-term experimental field, fertil
ization was carried out according to local management practices. Over 
the past 30 years, two to three seasons of vegetable crops have been 
rotated annually, with a fresh chicken manure application rate of 75 tons 
per hectare for each season. This experiment followed a two-season 
lettuce planting schedule. In the first season (March to June), fresh 
chicken manure was applied as the base fertilizer in early February, 
which is 30 days before lettuce transplanting, at a rate of approximately 
30 tons per hectare. Meanwhile, for autumn planting (September to 
December), the same amount of fresh chicken manure was applied in 
early August. The fresh chicken manure used in this study was directly 
collected from the waste discharge area of a local poultry farm. No 
pretreatment, such as composting, was conducted prior to its use in the 
experiment. The antibiotic residues in the chicken manure are shown in 
Table S1 of the Supplementary materials. The concentrations of ami
noglycoside, tetracyclines, sulfonamides, Macrolide-Lincosamide- 
Streptogramin B and fluoroquinolones in chicken manure were quanti
fied using the high-performance liquid chromatography (HPLC) method 
developed by Xie et al. (2016). The fresh chicken manure has a moisture 
content of 75 %, and its nutrient levels are as follows: nitrogen (N) 21.7 
g⋅kg− 1, phosphorus (P₂O₅) 17.7 g⋅kg− 1, and potassium (K₂O) 46.5 
g⋅kg− 1. In the fertilization cessation treatment, only chemical fertilizers 
providing equivalent nutrition to the fresh manure treatment were used, 
with urea as the nitrogen source, superphosphate as the phosphorus 
source, and potassium sulfate as the potassium source. The treatments 
were replicated in three plots, each of which measured 10 m × 4 m. A 
total of 400 plants were planted in each plot. The amount of fresh 
chicken manure used in this experiment was 120 kg, and fertilizer was 
applied to the soil prior to planting.

Lettuce was planted from September to December 2021, and soil and 
plant samples were collected during the harvest period. Each treatment 
was randomly sampled three times, and each replicate consisted of three 
composite samples of soil cores and lettuce plants. For bulk soil (BS) 
sample collection (Li et al., 2021b), soil were collected to a depth of 20 
cm. After the soil samples passed through a 2-mm sieve and were 
thoroughly mixed, a portion of each soil sample was air-dried for 
chemical property measurements, and the other portion was stored at 
− 80 ◦C for further DNA extraction. The aboveground (leaves, L) and 
belowground (root, R) parts of the lettuce were separated with ethanol- 
sterilized scissors and collected separately in sampling bags, and the soil 
attached to the lettuce roots was collected as rhizosphere soil samples, 
which were collected according to Tao’s method (Tao et al., 2020). 
Briefly, the root samples were shaken to remove bulk soil and rinsed 
with sterile stroke–physiological saline solution. Then, the supernatant 
of the mixture was separated via centrifugation at 10,000 ×g for 10 min, 
and the precipitate was defined as rhizosphere soil (RS). Prior to DNA 
extraction, the soil and plant samples were stored in sterile plastic bags 
at − 80 ◦C and 4 ◦C, respectively (Fatima et al., 2014; Liu et al., 2015).

2.2. DNA extraction and sequencing

All the soil samples were prepared for 16S rRNA gene sequencing. 
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According to the manufacturer’s instructions for the Soil Genomic DNA 
Extraction Kit (TIANGEN Biotech Co., Ltd. China), microbial DNA was 
extracted from 0.5 g of rhizosphere soil. A NanoDrop 2000 spectro
photometer (Thermo Scientific, Waltham, MA, USA) was used to 
determine the concentration and quality of the DNA samples. Lettuce 
leaf and root DNA was extracted according to the methods of previous 
studies (D’Amico et al., 2008). To ensure consistency across treatments, 
root and leaf samples were collected from the same anatomical locations 
of each plant for all treatment groups. Root samples were obtained from 
the primary root system, while leaf samples were taken from mature, 
healthy leaves of similar developmental stages. Prior to DNA extraction, 
surface contaminants were removed from root samples, while the ma
jority of leaf veins and damaged areas were excluded from the leaf 
samples. Briefly, the lettuce leaves and root surfaces were first washed 
with 75 % ethanol, sterilized by soaking in 75 % ethanol, 2.5 % sodium 
hypochlorite, and 75 % ethanol, and finally rinsed with sterile water. 
The roots and leaves were cut into small pieces, ground with liquid ni
trogen and extracted via a Plant Genomic DNA Extraction Kit (TIANGEN 
Biotech Co., Ltd. China). Total microbial DNA was extracted from the 
samples, after which the total amount and purity of the DNA samples 
were tested.

Bacterial sequencing libraries were constructed according to the 
MiSeq Reagent Kit Preparation Guide (Illumina, San Diego, CA, USA) as 
described previously (Caporaso et al., 2012). The paired-end amplicons 
were sequenced on an Illumina MiSeq platform (Illumina, San Diego, 
CA, USA) according to standard protocols at Magigene Technology Co., 
Ltd. (Guangdong, China). The forward primer 515F (5′- 
GTGCCAGCMGCCGCGGTAA-3′) and the reverse primer 907R (5′- 
CCGTCAATTCMTTTRAGTTT-3′) were used to amplify the V4-V5 hy
pervariable region of the bacterial 16S rRNA gene. The raw sequence 
data of all the samples were submitted to the NCBI Sequence Read 
Archive database (https://www.ncbi.nlm.nih.gov/) under accession 
number PRJNA1091716.

2.3. Quantification of ARGs, MGEs, and bacterial taxa

With the SmartChip Real-Time PCR System (Wafergen Inc., Fremont, 
CA, USA), the corresponding qPCR primers designed with 384 resistance 
genes (319 ARGs, 57 MGEs, 7 taxonomic genes, and 16S rRNA genes) 
were packaged into a thin-layer metal alloy nanopore chip to obtain a 
high-throughput qPCR chip, which was used to detect and quantify 
target genes with high efficiency, high throughput, high precision and 
high sensitivity in soil and lettuce samples (Zhu et al., 2013, 2017). The 
DNA samples and reagents for qPCR were added to a 384-well plate as a 
sample source plate, while the primers and reagents for qPCR were 
added to another 384-well plate as an assay source plate. High- 
throughput automatic microsampling equipment was used to add the 
reagents of the sample plate and the primer plate to the nanowells of the 
high-throughput qPCR chip, and qPCR and fluorescence signal detection 
were carried out with the SmartChip Real-Time PCR System. An 
amplification curve and solubilization curve were generated 
automatically.

According to the Ct value of each gene in each sample given by the 
SmartChip Real-Time PCR System and Canco software, the relative copy 
number of each gene and 16S rRNA was calculated according to the 
following formula: relative copy number = 10^(31-Ct)/(10/3). The absolute 
quantitative information of each gene in each sample was obtained by 
converting the absolute quantitative information of 16S rRNA genes 
according to the following formula: 16S relative quantification/16S 
absolute quantification = gene relative quantification/gene absolute 
quantification.

2.4. Soil chemical properties

The determination of the soil chemical properties was conducted 
according to the previously described methods (Li et al., 2021b). 

Specifically, nitrate and ammonium concentrations were measured in 
the filtered supernatant via a Lachat QuikChem 8500 flow injection 
analyzer (Hach, Loveland, CO). The soil pH was determined with a glass 
electrode in a 1:2 slurry of air-dried soil in 0.01 M CaCl2. Soil EC was 
measured for the water extracts containing the 1:5 soil/water ratios (w/ 
v). Total nitrogen (TN) and soil organic carbon (SOC) were determined 
in oven-dried soil via dry combustion using an elemental analyzer 
(Costech ECS 4010, Valencia, CA, USA). The soil available phosphorus 
(AP) was extracted with NaHCO3 solution and finally measured via 
molybdenum antimony spectrophotometry. Available potassium (AK) 
was analyzed via the NH4OAc extraction and flame photometry 
methods.

2.5. Statistical analysis

Bacterial raw sequences were processed by trimming adaptors and 
primer sequences using cutadapt (https://github.com/marcelm 
/cutadapt) (Xiong et al., 2020). The trimmed sequences were then 
analyzed with the UPARSE pipeline (Edgar, 2013). Sequences with a 
quality score below 0.5 or shorter than 200 bp were excluded. After 
removing singletons, bacterial sequences were clustered into OTUs at 
97 % similarity (Edgar et al., 2011). Taxonomic classification of bacte
rial OTUs was performed using the RDP database version 11.5 (http 
://rdp.cme.msu.edu/) (Wang et al., 2007).

Alpha diversity was assessed using the Shannon index, and beta di
versity was evaluated by principal coordinate analysis (PCoA) based on 
the Bray-Curtis distance. These analyses were performed using the 
‘vegan’ package in R version 4.0.4 (Oksanen et al., 2020). Source- 
Tracker (v. 1.0), which is based on the Bayesian approach, was used 
to estimate the sources of plant-associated bacterial communities in the 
different plant compartments (Knights et al., 2011). The R package 
“plspm” was used for partial least squares path modeling (Tang et al., 
2023). The two-sample t-test was performed using SPSS 25.0 (SPSS, 
Chicago, Ill., USA) to explore significant differences in variables and the 
relative abundances of microbial taxa and ARGs were explored between 
treatments. Gephi (v. 5.2.2011) was used to visualize the co-occurrence 
network (Bastian et al., 2009). Spearman correlation analyses between 
the relative abundances of microbial communities and ARGs were per
formed via the ‘psych’ package in R version 4.0.4 (https://mirrors.tuna. 
tsinghua.edu.cn/CRAN/src/base/R-4/R-4.0.4.tar.gz).

3. Results

3.1. Content and composition of ARGs in soil–lettuce cropping systems

A total of eight ARGs and four MGEs, which consisted of 235 sub
types, were detected in all the samples via high-throughput PCR (Figs. 1; 
S1). Aminoglycoside resistance genes with 45 subtypes were most 
frequently identified, accounting for 22.26 % of the total abundance of 
ARGs. Multidrug resistance genes of 35 subtypes were identified and 
recognized as the most abundant resistance genes in all the soils, as they 
accounted for 27.88 % of the total abundance of ARGs (Fig. 1a, b). In 
addition, the antibiotics corresponding to the top five most abundant 
ARG groups (Fig. 1b) (excluding multidrug resistance) corresponded to 
antibiotics (tetracyclines, aminoglycosides, sulfonamides, MLSB and 
fluoroquinolones) that all were detected in fresh manure (Table S1).

At the overall level of ARGs, PCoA revealed that the composition of 
ARGs significantly differed (P < 0.01) in different parts of the soil and 
lettuce (Fig. 1c). Among the 235 subtypes of ARGs detected, 77 subtypes 
were found in all four parts of the lettuce-soil system: leaves, roots, 
rhizosphere soil, and bulk soil. Additionally, 9 unique subtypes were 
identified in the leaves, 7 in the roots, 10 in the bulk soil, and 30 in the 
rhizosphere soil.

The cessation of manure application significantly affected the 
abundance of ARGs and MGEs in the soil and lettuce (Fig. S2). The re
sults revealed that, compared with FM, cessation significantly reduced 
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the absolute abundances of ARGs and MGEs in soil and lettuce by 32.2 % 
and 44.5 %, respectively. To explore the effects of the two treatments on 
ARGs in the roots and leaves of lettuce, we compared the total abun
dance of ARGs (Fig. S2) and the abundance of specific broad categories 
of resistance genes (Fig. 2). The results revealed that in lettuce leaves, 
cessation treatment significantly reduced the abundance of ARGs by 
23.9 %; specifically, the abundance of fluoroquinolone resistance genes 
was reduced by 33.3 %, that of multidrug resistance genes was reduced 
by 38.2 %, and that of tetracycline resistance genes was reduced by 35.2 
%. There was no significant difference in the total abundance of ARGs in 
the roots, but the cessation treatment reduced the abundance of 

multidrug resistance genes, tetracycline resistance genes, sulfonamide 
resistance genes, and β-lactamase resistance genes in the roots.

3.2. Cessation of manure application affects the transmission of ARGs in 
soil–lettuce systems

Source tracking revealed that the ARG subtypes in rhizosphere soil 
were derived from soils with different fertilization practices. However, 
the percentage of endophytic ARGs differed between the two fertiliza
tion treatments (Fig. 3a). In the FM treatment, 33.35 % of leaf ARGs 
originated from the roots, and 36.01 % of those in the roots originated 
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directly from the rhizosphere soil, whereas in the cessation treatment, 
0.21 % and 13.08 % of the ARGs in the leaves and roots respectively 
originated from adjacent compartments (Fig. 3b), indicating that 
cessation treatment reduced the diffusion of ARGs within the leaves and 
roots into adjacent compartments.

Compared with the absence of manure application, continuous 
manure application significantly influenced the transmission subtypes of 
ARGs in the soil–lettuce system (Fig. 3c). Sixteen subtypes of ARGs, 
including those conferring resistance to aminoglycoside, multidrug, 
Macrolide-Lincosamide-Streptogramin B (MLSB), phenicol and fluo
roquinolone, were continuously present from the soil to the leaves. After 
the cessation of manure treatment, the accumulation of major ARG 
subtypes in the leaves, such as AAC(3)-IV, QnrB4, copA, mdtG, cmlv, and 
mphA, decreased. Concurrently, ARGs influenced by fertilization in 
other compartments of the soil–lettuce system present varying degrees 
of significant discrepancy, with aminoglycoside resistance, multidrug 
resistance, MLSB resistance and fluoroquinolone resistance predomi
nantly represented.

3.3. The impact of cessation fertilization on the relative abundance of 
bacterial communities in the soil–lettuce system

The doses (level) of fertilization significantly affected the abundance 
of microbial families within the soil–lettuce system (Fig. 4). Due to 
cessation of fertilization, the relative abundances of Xanthomonadaceae 
and Pseudomonadaceae were significantly reduced in the plant leaves, 
roots, and rhizosphere soil. Additionally, the relative abundance of 
Rhizobiaceae in the lettuce roots, rhizosphere, and bulk soil in the 
cessation treatment was significantly lower than in the FM treatment. 
Continuous manure application significantly increased the relative 
abundance of Bacillaceae in lettuce roots and bulk soil. In both the roots 
and rhizosphere soil, the relative abundances of Erwiniaceae and 
Gaiellaceae significantly decreased following the cessation of fertiliza
tion, whereas Cellvibrionaceae exhibited the opposite trend.

The connections among bacteria in the soil–lettuce system were 
revealed by constructing a symbiotic network (Fig. S3). Co-occurrence 
network networks revealed that microbial interactions were also 

affected by fertilization. The point-to-point covariance in the network 
reveals the space of ecological niches shared by members of the mi
crobial community, and each model in the symbiotic network may have 
an ecological niche and function. The network topology indicated that 
the number of nodes and connections of the bacterial network in the soil 
with chicken manure (FM) input was greater than that in the cessation 
treatment, and the average weighted degree (AWD) showed an identical 
trend. Within the leaves of lettuce, the density (D) of the bacterial 
symbiotic network was greater in the FM treatment than in the cessation 
treatment.

3.4. Potential derivations of bacteria and ARGs in soil–lettuce systems

To explore the variations in potential bacterial hosts of ARGs shared 
between leaves and other compartments, we constructed a correlation 
network between bacterial families and ARGs, retaining portions that 
both presented significant positive correlations within the network 
(Fig. 5). In both leaves and roots, the shared microbiota Rhizobiaceae, 
Moraxellaceae, Bacillaceae and Paenibacillaceae were significantly 
positively correlated with aminoglycoside resistance. Additionally, the 
shared microbiota, such as Pseudonocardiaceae, Burkholderiaceaes and 
Lachnospiraceae, among the roots, rhizosphere and bulk soils were 
significantly correlated with the mdG value. Some microbiota, such as 
Devosiaceae and Clostridiaceae, were unique to leaves, which may be 
related to microbial community selection in the environment (Figs. 5
and S4A). In addition, indirect relationships between ARGs and micro
organisms in lettuce leaves and those in the rhizosphere and bulk soils 
were also observed (Fig. S4B). Microorganisms within leaves, such as 
Moraxellaceae, Rhizobiaceae, and Microbacteriaceae, which are also 
present in the soil, are significantly related to shared ARGs. Notably, the 
abundances of Moraxellaceae, Rhizobiaceae, and Bacillaceae in the 
fertilization treatment were significantly greater than those in the 
cessation treatment, and similar patterns were also observed for the 
shared ARGs. Additionally, we found a significant positive correlation 
between detected zoonotic pathogens and ARGs in chicken manure 
(Fig. S6).

Fig. 3. Potential sources of plant-associated microbiome ARGs (a, b) under the two fertilization regimes. BS, bulk soil; RS, rhizosphere soil. U represents the unknown 
source, and the percentages represent the direct source contributions. Transfer of ARGs in the soil and lettuce (c). The symbol “*” indicates that the relative 
abundance of ARGs was significantly greater in the FM treatment group than in the cessation treatment group (t-test, mean ± SD, n = 3; *p < 0.05). MLSB: Macrolide- 
Lincosamide-Streptogramin B.
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3.5. Effect of cessation of fertilization on soil properties and bacterial 
communities is a factor influencing the patterns of soil ARGs and MGEs

As indicated in Table 1, after the cessation of continuous manure 
application, the soil EC significantly increased. In addition, the cessation 
of fertilization also significantly affected soil pH, available nutrients, 
including nitrate nitrogen, ammonium nitrogen, available potassium, 
and available phosphorus, all of which markedly decreased. Neverthe
less, no significant effect on TN or SOC was observed.

Furthermore, the partial least squares path model (PLSPM) showed 
direct and indirect effects of multiple factors: the effects of cessation of 
fertilization on soil properties and bacterial communities influenced the 
patterns of soil ARGs and MGEs (Fig. 6). The cessation of fertilization 
exerts a primary direct negative effect on soil properties (negative 
pathway). Soil properties indirectly regulate the accumulation of ARGs 
in soil by influencing the bacterial community and bacterial diversity. 
The bacterial community positively promotes MGEs, which in turn 

directly and positively regulate the ARGs in soil. In plants, the cessation 
of fertilization indirectly affects ARGs in plants through soil ARGs. 
Additionally, the bacterial community and bacterial diversity in soil 
play critical roles in the regulation of ARGs in plants.

4. Discussion

4.1. Significant effects of ceasing manure application on the transmission 
potential of ARGs

In this study, the number of ARGs and MGEs was greater in soils with 
long-term manure application than in soils and plant leaf layers where 
manure application had ceased. This suggests that fresh chicken manure 
serves as a reservoir for various ARGs, posing a potential risk of intro
ducing exogenous ARGs into agricultural fields and crops (Zhou et al., 
2019). This is consistent with our findings, where the antibiotics cor
responding to the top five most abundant ARGs in the soil-lettuce system 

Fig. 4. The degree of fertilization significantly affects the microbial community at the family level within the soil–lettuce system, including A: within lettuce leaves, 
B: within roots, C: in the rhizosphere soil, and D: in the bulk soil. An independent samples t-test was employed to compare the differences between the two treatments 
(p < 0.05). L, leaves; R, root; RS, rhizosphere soil; BS, bulk soil.
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Fig. 5. Distribution of shared ARGs and potential microbial hosts in the soil–lettuce system. The internal network explained the positive Spearman correlation 
between microbes and ARGs (rho >0.8) and was statistically significant (p < 0.01). Microorganisms at the same taxonomic family level are displayed at different 
sites. MLSB: Macrolide-Lincosamide-Streptogramin B.
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were detected in fresh chicken manure (Fig. S5). Previous studies have 
shown that the long-term application of manure significantly increases 
the quantity and abundance of antibiotic resistance genes in both soil 
and cultivated plants (Liu et al., 2021; Wang et al., 2015; Xie et al., 
2018). Our study revealed that cessation of manure inputs significantly 
reduced the overall content of ARGs in soil and lettuce leaves. Notably, 
among the ARGs shared between the leaf interior and other parts, 
aminoglycoside and multidrug resistance genes were more abundant 
than other types of ARGs, which may be related to their widespread use 
in agriculture (Zhao et al., 2018) and the fact that reduced inputs of 
manure reduce their accumulation in the soil and lettuce plants.

Source-tracking analysis was used to trace and determine the impact 
of different fertilization practices on ARGs in the soil–lettuce system. 
The analysis revealed that the cessation of manure application reduced 
the spread of ARGs from the rhizosphere to the root interior and from the 
root interior to the leaf interior. The rhizosphere of plants is a major 
hotspot for bacterial activity in the soil. Enhanced nutrient inputs and 
water fluxes within the rhizosphere have been implicated in promoting 
conjugative plasmid transfers among microbial inhabitants (Xiao et al., 
2023). Additionally, the plant phyllosphere has been demonstrated to 
similarly facilitate conjugative plasmid transfer (Van Elsas et al., 2003). 
Recent studies have further suggested that the horizontal gene pool in 
the phytosphere is highly mobile and directly associated with host 
fitness, as reflected by the successful colonization of successive micro
bial populations on developing plants (Kläui et al., 2024; Wang et al., 
2022b). Cessation of manure application not only halts the input of 
external sources but also alters the physicochemical properties and mi
crobial community structure of the soil, thereby influencing the mobility 
of ARGs within the soil–lettuce system.

4.2. The cessation of fresh chicken manure affected the bacterial 
communities within the soil–lettuce system

We found that the cessation of manure application led to specific 
changes in the soil and plant endophytic microbial communities, which 
is consistent with previous findings tracking responses to different 
fertilization management practices (Liu et al., 2017). Compared with 
continuous manure application, the cessation of manure input decreased 

both the relative abundance of soil–lettuce-associated microbes and the 
complexity of microbial networks, suggesting that shifts in bacterial 
community composition and abundance have significant functional 
implications (Bonanomi et al., 2016).

In this study, we found that the cessation of manure application 
resulted in a significant decrease in the relative abundance of Pseudo
monadaceae and Bacillaceae in both soil and lettuce. Research indicates 
that Bacillus and Pseudomonas are two of the predominant bacterial 
genera within plant microbiomes (Wei et al., 2019). Their beneficial 
effects on plant resistance against fungal and bacterial pathogens have 
been extensively studied, with mechanisms including direct antagonism 
and indirect activation through the induction of plant defense responses 
(ISRs) (Kloepper et al., 2004). Many well-known antibiotic-producing 
bacteria, particularly those in the genera Pseudomonas and Bacillus, are 
capable of producing a variety of antibiotics and secondary metabolites 
with broad-spectrum antimicrobial activity that inhibits the growth of 
other microorganisms (Molina-Santiago et al., 2021). Interestingly, we 
found that the population densities of Pseudomonadaceae and Bacilla
ceae in the lettuce leaves were positively correlated with each other and 
were significantly positively coincided with ARGs, including multidrug 
resistance genes, aminoglycoside resistance genes, and MLSB resistance 
genes, which is consistent with the findings of previous studies (Li et al., 
2024; Thacharodi and Lamont, 2022). Additionally, following the 
cessation of manure application, there was a notable reduction in the 
abundance of Xanthomonadaceae in the soil–lettuce system. Although 
members of this family, especially the genus Xanthomonas, are more 
commonly recognized as plant pathogens than major antibiotic pro
ducers, their decrease is noteworthy (Timilsina et al., 2020). In addition 
to bacterial communities, symbiotic networks revealed that microbial 
interactions were also affected by fertilization. The point-to-point 
covariance in the network reveals the space of ecological niches 
shared by members of the microbial community, and each model in the 
symbiotic network may have an ecological niche and function (Barberán 
et al., 2012). Our results revealed that cessation of manure application 
reduced the number of microbial nodes and their density in the 
soil–lettuce system. Previous research has indicated that organic fertil
ization enhances the overall bacterial concentration, likely due to the 
elevated nutrient levels associated with sustained organic manure input, 

Table 1 
The impact of continuous fertilization and cessation of fertilization on soil chemical properties.

Item pH EC NH4
+-N NO3

− -N AP AK TN SOC C/N

(μS/cm) (mg/kg) (mg/kg) (mg/kg) (mg/kg) (g/kg) (g/kg)

Cessation 7.39 685.00* 28.73 12.62 80.53 156.61 0.84 14.46 17.49
FM 7.68* 521.33 35.65* 20.99* 118.18* 239.31* 1.01 17.56 17.48

An independent samples t-test was employed to compare the differences between the two treatments (*p < 0.05). EC = electrical conductivity, AP = available 
phosphorus, AK = available potassium, TN = total nitrogen, SOC = soil organic carbon.

Fig. 6. The PLSPM showed direct and indirect effects of multiple factors: the composition of antibiotic-resistant groups in soil (a) and lettuce (b). The solid and dotted 
lines indicate direct and indirect effects on the target, respectively (*p < 0.05, **p < 0.01, ***p < 0.001).
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which can support increased microbial biomass (Cui et al., 2024; Tian 
et al., 2022). Furthermore, exogenous microorganisms introduced 
through manure application may also contribute to the regulation of 
indigenous soil microbial communities (Bonanomi et al., 2016; Li et al., 
2021a).

4.3. Drivers of ARG models for soil–lettuce systems

Organic fertilizers are considered a major source of ARGs in soil, and 
soil-derived ARGs are an important source of resistance genes in vege
tables (Xie et al., 2018; Zhang et al., 2018). The changes in the distri
bution of ARGs in soil and within leaves may be closely related to 
alterations in soil chemical properties following the cessation of fertil
ization. We observed an increase in soil pH after the cessation of 
fertilization; an increase in pH reduces antibiotic adsorption in the soil, 
which aids in the removal of antibiotic residues and, consequently, de
creases the abundance of corresponding ARGs (Lin et al., 2020). Soil 
nutrient factors, such as soil organic carbon (SOC) and total nitrogen 
(TN), may also have a synergistic effect on the composition of ARGs in 
soil (Sun et al., 2019). The cessation of continuous fertilization signifi
cantly altered the microbial communities and MGEs in both the soil and 
rhizosphere. MGEs play a key role in ARG transfer between microor
ganisms in the environment, and previous studies have shown a strong 
positive correlation between bacteria and MGEs in various ecosystems 
(Liu et al., 2020). The increased interactions between bacterial taxa 
detected in this study may be explained the increased abundance of 
MGEs in the manure input treatment.

Our study showed a possible pathway for ARGs spreading from soil 
to plant systems, which may directedly ingested by animals and humans 
and result in a serious threaten to public health. However, it is worth to 
mention that our findings only displayed a potential risk. The relation
ship between ARGs dissemination and human health still needs more 
observation and future verification works. For example, further research 
involving the collection of samples from a wider range of environments, 
the identification of long-read ARG sequences through methods such as 
nanopore metagenomic sequencing, and the application of machine 
learning tools to track antibiotic resistomes is needed. Overall, further 
studies on the linkages between the structure and composition of soil 
microbial communities and ARGs will provide deeper insights into the 
distribution and dissemination of ARGs within the organic fertilizer- 
soil–plant system.

5. Conclusions

In summary, we identified changes in ARGs, bacterial communities, 
and the topological role of microbial symbiotic networks in soil–lettuce 
systems and revealed the effects of manure on ARG patterns, microbial 
communities, and microbe–microbe interactions. This study further 
confirms that the cessation of manure application significantly affects 
the distribution of ARGs and the microbial community, which in turn 
influences the spread of antibiotic resistance genes. This study integrates 
field-scale cessation trials with ARGs mobility tracking, filling critical 
gaps in sustainable manure management and providing a more 
comprehensive assessment of ARG risks in agroecosystems.
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