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Resistome and mobilome in surface runoff from manured soil as affected by 
setback distance 
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H I G H L I G H T S  G R A P H I C A L  A B S T R A C T  

• Manure land application increased the 
antibiotic resistance genes (ARGs) in 
runoff. 

• A setback of 40 m is needed to reduce 
the total ARGs in runoff to background 
levels. 

• Manure application has little impact on 
the resistome of soil in the setback 
region. 

• Soil-borne ARGs replaced manure-borne 
ARGs as setback distance increased.  
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A B S T R A C T   

Land application of livestock manure introduces antibiotic resistance genes (ARGs) and mobile genetic elements 
(MGEs) into the soil environment. The objectives of this study were to examine the changes of resistome and 
mobilome in runoff and soil as a function of setback distance, i.e., the distance between manured soil and surface 
water, and to quantify the contributions of manure and background soil to the ARGs and MGEs in surface runoff. 
The resistome and mobilome in runoff and soil from a field-scale plot study were characterized using a high 
throughput quantitative polymerase chain reaction (HT-qPCR) array. It was estimated that a setback distance of 
~40 m is required to reduce the total abundance of ARGs and MGEs in runoff from amended plots to that in 
control runoff. The resistome and mobilome of the soil in the setback region was not affected by manure-borne 
ARGs and MGEs. SourceTracker analyses revealed that background soil gradually became the predominant 
source of the ARGs and MGEs in runoff as setback distance increased. The results demonstrate how manure-borne 
ARGs and MGEs dissipated in agricultural runoff with increasing setback distance and had limited impacts on the 
resistome and mobilome of soil within the setback region.   
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1. Introduction 

Land application of swine manure can improve soil quality and crop 
productivity by providing nutrients and organic matter. However, land 
application can also introduce manure-borne antibiotic resistance to the 
soil environment. Several studies have reported increased levels of 
antibiotic resistance genes (ARGs) and mobile genetic elements (MGEs) 
in soil, groundwater, and surface water within agricultural areas 
receiving livestock manure (Holger Heuer, 2011; Su et al., 2014; Zhu 
et al., 2017). Proper manure management practices are required to 
prevent manure-borne contaminants from reaching water bodies. 
Various manure management strategies have been examined for their 
effectiveness in reducing the load of ARGs to surface water through 
runoff, for example, manure land application method (Joy et al., 2013), 
land application timing (Barrios et al., 2020), and the use of vegetative 
buffers (Soni et al., 2015). 

Setback distance, the minimum distance required between an area 
where manure is land applied and an outlet to a water source or a res-
idential/commercial area, has also been recommended as a best man-
agement practice (BMP) to control manure-borne contaminants, such as 
nutrients and fecal bacteria, in the environment (Oun et al., 2014). For 
example, Pennsylvania recommends a setback distance of at least 100 ft 
(30.5 m) from surface waters for manure application (Pennsylvania 
Department of Environmental Protection, 2011). Previous studies have 
evaluated setback distance requirements for manure constituents such 
as nutrients (Al-wadaey et al., 2010), antibiotic resistant fecal indicators 
(Meyers et al., 2020), as well as antibiotics and ARGs (Hall et al., 2020). 
In the study by Hall and colleagues, quantitative polymerase chain re-
action (qPCR) was used to quantify eight ARGs and one MGE in runoff 
from test plots with varying setback distances. While qPCR is a reliable 
way to quantify individual ARGs, the number of ARGs tested in a single 
study is often limited. In comparison, high throughput quantitative 
polymerase chain reaction (HT-qPCR) can serve as a powerful tool to 
assess the overall resistome in environmental samples. HT-qPCR has 
been employed to characterize resistomes in various environments, 
including soil amended with sewage sludge (Xie et al., 2018a), soil and 
manure in swine farms (Zhu et al., 2013), soil amended with swine 
manure slurry (Chen et al., 2017), urban soil irrigated with reclaimed 
water (Wang et al., 2014), and agricultural soil (Hu et al., 2017). The 
application of HT-qPCR could provide a comprehensive assessment 
about the impacts of setback distances on the resistome and mobilome of 
runoff and soil following the land application of manure. 

In addition to revealing the composition of resistome, HT-qPCR data 
may also be used to quantify the relative contributions of environmental 
sources to the resistome of an environmental sink. While land applied 
manure contains ARGs and MGEs that are of animal origins, background 
soil is a reservoir of naturally occurring ARGs and MGEs (Durso et al., 
2016). As runoff flows away from regions receiving manure, the con-
tributions of manure-borne vs. soil-borne ARGs/MGEs are expected to 
gradually change. SourceTracker was developed as a Bayesian approach 
to estimate the relative contribution of sources to the contamination in a 
sink (Knights et al., 2011). SourceTracker has been previously used to 
quantify the relative contributions of individual environmental sources 
to the microbiome and resistome in a sink environment (Baral et al., 
2018a; Baral et al., 2018b). SourceTracker analysis has high accuracy, 
specificity, and sensitivity in source identification (Henry et al., 2016). A 
double-blinded study yielded a 91% accuracy in identifying and 
attributing the sources of fecal contamination in ambient freshwater 
samples based on 16 S rRNA gene amplicon sequencing (Staley et al., 
2018). Analyzing HT-qPCR data in SourceTracker has the potential to 
quantify the relative contributions of various environmental sources to 
the resistome in runoff and soil following the land application of live-
stock manure. 

The objectives of this study were to examine the changes of resistome 
and mobilome in surface runoff and soil as a function of setback distance 
and to quantify the contributions of manure and background soil to the 

ARGs and MGEs in runoff and soil within the setback region (i.e., the 
region downslope from the soil receiving manure). Swine manure slurry 
was applied to field plots containing a designated manure region on the 
upslope portion of a plot and a setback region with various setback 
distances (i.e., 0 m to 18.3 m) downslope from the manure region. 
Rainfall simulation tests were conducted on the field plots. HT-qPCR was 
employed to characterize the resistome and mobilome of runoff samples 
collected at the bottom of setback regions as well as soil in the manure 
region and soil within the setback region. The study was intended to 
expand a common manure management strategy, setback distance, for 
the control of manure borne ARGs and MGEs. The program Source-
Tracker was used to determine the relative contributions of manure and 
background soil to the ARGs and MGEs in runoff and soil. This study 
generated quantitative information that can be used to develop guide-
lines on setback distances for mitigating the environmental impacts of 
manure-borne ARGs and MGEs in agricultural runoff. 

2. Materials And methods 

2.1. Study area 

The study was conducted at the University of Nebraska – Lincoln 
Rogers Memorial Farm located 18 km east of Lincoln, NE, during sum-
mer 2016. The area had a slope of 4.9%. The pH and the conductivity of 
the soil were 6.7 and 0.51 dS m-1, respectively. The soil type in the study 
area was Aksarben silty clay loam (fine, smectite, mesic Typic Argiudoll) 
constituting of 22% sand, 44% silt, and 34% clay. No manure had been 
applied to the study area since 1966. Winter wheat had been harvested 
in the summer of 2015 and glyphosate had been applied after harvest for 
weed control. The soil surface was covered with winter wheat residues at 
the time of the field experiment. 

2.2. Field experiment setup 

The setup of the field experiment has been described previously (Hall 
et al., 2020). In brief, the study site was divided into 20 plots and the 
experiment was set up as a randomized complete block design with a 
total of four blocks. Within each block of five plots, five setback dis-
tances of 0.0 m, 3.0 m, 6.1 m, 12.2 m, and 18.3 m (i.e., 0, 10, 20, 40, and 
60 ft, respectively) were randomly assigned to the plots (Fig. 1). All plots 
were 3.7 m wide and the length varied for setback distances. At the 
upslope section of each plot, a 3.7 m by 4.9 m area was designated as the 
manure application region and received swine manure slurry. The 
setback distance was measured from the bottom of the manure region. 
At the bottom of each plot was a metal collection unit that discharged 
into a flume where flow was measured by a stage recorder. Rainfall was 
simulated using a portable sprinkler system established to cover the 
entire plot area (i.e., both the manure region and the setback region) to 

Fig. 1. Field setup and sampling design. Runoff samples were collected at the 
end of each plot with varied setback distances (A). Soil cores were collected at 
the center of the manure region and at varied setback distances in the setback 
region of the 18.3 m plot (B). 
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produce a relatively uniform rainfall. The intensity of the rainfall was 
approximately 52 mm hr-1 and was recorded by rain gages placed along 
the outside perimeter of the plots. Water was extracted from an onsite 
irrigation well. When the flow reached a steady state condition, grab 
samples of surface runoff were collected in 1-L sterile plastic bottles for 
microbial analyses. Samples were stored on ice and transported back to 
the laboratory for analyses. 

2.3. Collection of Runoff and Soil Samples 

The field experiment was scheduled over a 10-week period with two 
plots established and tested each week. Swine manure slurry was 
collected from a commercial swine operation facility in southeast 
Nebraska. The chemical and physical properties of the manure were 
characterized at the Ward Laboratory (Grand Island, NE) and reported in 
Table S1. Based on its nitrogen content, the liquid slurry was surface 
broadcast at a rate required to meet the annual nitrogen requirements 
for corn (i.e., 151 kg N ha-1 year-1 for an expected yield of 9.4 Mg ha-1, a 
reasonable yield goal for the soil, cropping, management, and climate 
conditions for this area). Rainfall simulation tests were first conducted 
on the pair of plots on Monday and Tuesday to determine the constituent 
concentrations in control runoff (i.e., surface runoff from plots prior to 
manure application). On Wednesday, swine manure slurry was collected 
and broadcast by hand onto the manure region of the two plots. On 
Thursday, rainfall simulation took place on the plots and runoff was 
collected at the end of each plot (i.e., the end of the setback region). On 
Friday, the same procedure as Thursday was repeated. Plots with the 
longest setback distance (i.e., 18.3 m) were used to generate controls for 
runoff (i.e., surface runoff from the plots prior to manure application) 
and for soil (i.e., soil from the plots prior to manure application and any 
rainfall simulation). 

Soil core samples of 30 cm depth were collected from the plots with 
the longest setback distance (i.e., 18.3 m) five days after the last rainfall 
simulation (i.e., the Wednesday of the following week). Three replicate 
soil cores were collected at the center of the manure region and at 0.0 m, 
3.0 m, 6.1 m, 9.1 m, 12.2, and 15.2 m within the setback region. Surface 
soil samples (0–10 cm) in replicate soil cores from the same downslope 
distance were pooled to form one composite sample for further analysis. 
Soil cores were also obtained from an adjoining plot area where manure 
had not been applied to serve as a control. 

2.4. DNA extraction 

Manure, soil and runoff samples were stored at − 20 ◦C until DNA 
extraction. Runoff samples were filtered through 0.22-µm filters (Milli-
pore, Billerica, MA). DNA was extracted from these filters (i.e., runoff 
samples) as well as manure and soil samples using the DNeasy Power-
Lyzer PowerSoil DNA Isolation kit (Qiagen Inc, Germantown, MD) and 
purified using the ZYMO OneStep™ PCR Inhibitor Removal Kit (Irvine, 
CA), according to manufacturers’ instructions. Extracted DNA was 
concentrated to obtain a final concentration of > 15 ng/µL for each 
sample, following the protocol of the DNA isolation kit. The quality and 
concentration of DNA were assessed using an Invitrogen Qubit Flour-
ometer (Life Technology, Grand Island, NY). 

Extracted DNA was sent to Michigan State University’s Genomic 
Core for HT-qPCR analyses using the Wafergen SmartChip Real-time 
PCR system (WaferGen Biosystems, Inc, Fremont, CA) to determine 
the diversity and abundance of ARGs and MGEs in the samples. Prior to 
analyzing the samples, a preliminary test was run on the representative 
manure, soil, and runoff samples to determine the ARGs and MGEs that 
were relevant to these samples. From the preliminary test, an HT-qPCR 
array consisting of 144 primer sets, including 143 primer sets that target 
dominant classes of ARGs and MGEs (i.e., defined as resistome and 
mobilome, respectively) and one primer set that targets the 16 S rRNA 
gene (Table S1), was assembled for our samples (Stedtfeld et al., 2018). 
All HT-qPCR reactions were performed in three technical replicates. 

2.5. Data analysis 

A threshold cycle cutoff (CT) of 28 was used in data analysis 
(Stedtfeld et al., 2018). For the initial data processing, the gene copy 
number (GCN) of the 16 S rRNA gene and ARGs/MGEs was estimated 
from their CT values with a threshold cycle cutoff of 28 as the detection 
limit. The relative abundance (RA) of ARGs/MGEs with respect to the 
16 S rRNA gene was calculated using the following equations: 

GCN = 10
(28− CT )

/

(10
3 )

(1)  

ΔCT = CT,ARG⁄MGE − CT,16S (2)  

RAARG⁄MGE = 2(ΔCT ) (3)  

SRA = Σ RAARG/MGE,i (4)  

where CT, ARG/MGE and CT, 16S are the threshold cycles of an ARG or MGE 
and the 16 S rRNA gene, respectively; RAARG/MGE is the relative abun-
dance of an ARG or MGE, expressed as the copies of ARG or MGE per 
copy of the 16 S rRNA gene; SRA is the sum of the relative abundance of 
all ARGs and MGEs in a sample; RAARG/MGE Subclass is the relative 
abundance of ARG or MGE belonging to a subclass. 

Gene copy number and relative abundance was calculated using 
Microsoft Excel 2016. Heatmap graphs were produced in R using the 
ggplot2 package (Wickham, 2016). Spearman correlation (ρ) was per-
formed using the psych package version 1.7.8 in R (Revelle, 2017). 
Strong correlations, defined as ρ > 0.8 and p < 0.01, among ARGs and 
MGEs were utilized to construct the co-occurrence networks for manure, 
runoff, and soil samples. The Frucherman Reingold layout was used to 
visualize the network topology on the open-source interactive platform 
Gephi v.0.9.2 (Bastian et al., 2009). Principal coordinate analysis 
(PCoA) plots was conducted using the vegan package in R to visualize 
the Bray–Curtis dissimilarity among the different sample types (Oksanen 
et al., 2019). Adonis test was conducted in R using the vegan package to 
determine the significance of the differences in resistome and micro-
biomes in the samples. 

To estimate the relative contributions of manure and background soil 
to the resistome and mobilome in runoff and soil, SourceTracker analysis 
was conducted (Knights et al., 2011). GCN data were used to generate an 
ARG/MGE data table. Five independent runs were conducted using 
default settings to reduce the effect of false prediction. At least two 
biological replicates of each sample type were included in each indi-
vidual analysis. A mapping file was generated from the ARG/MGE data 
table where samples were defined as either source or sink according to 
conceptual models. The SourceTracker output showed the proportional 
contribution of each source to the designated sink sample. The relative 
contribution is the average of the proportion contributions for each 
source from five independent simulations. 

3. Results 

3.1. Composition of resistome and mobilome in surface runoff 

Manure application had significant impacts on the composition of 
resistome and mobilome in surface runoff. As shown in the heat map in  
Fig. 2A, compared to the control runoff, the runoff from manure 
amended plots contained ARGs and MGEs with higher diversity and 
abundance. Furthermore, as the setback distance increased, the diversity 
and the abundance of ARGs/MGEs decreased (Fig. 2A). Specifically, the 
ARGs detected conferred resistance to several classes of antibiotics: 
aminoglycoside, beta lactam, macrolide-lincosamide-streptogramin B 
(MLSB), sulfonamide, and tetracycline, as wells as multidrug resistance 
(MDR) and other antibiotics (e.g., amphenicol, quinolone, streptomycin, 
and vancomycin). The MGEs included primarily transposase (e.g., 
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Tp614), insertion sequences (e.g., IS6, IS1247 and ISSm2), plasmid in-
compatibility groups (e.g., IncP_oriT), and integrase (e.g., intI1). For the 
resistome in runoff from the amended plots, the percentage of ARGs 
conferring resistance to aminoglycoside and MLSB decreased as setback 
distance increased, while the percentage of MDR increased (Fig. 3A). 
The main classes of genes detected in the runoff from the control plots 
were ARGs belonging to MDR (67.19%) and MGEs (29.45%, Fig. 3A). 

3.2. Composition of Resistome and Mobilome in Soil 

Manure application significantly altered the resistome and mobilome 
of the soil in the manure region, but not on the soil in setback region, of 
the amended plots. As shown in Fig. 2B, the application of manure 
significantly increased the diversity and abundance of ARGs and MGEs 
in soil (i.e., pre- vs. post-manure application) with Adonis test p-value of 
0.001. Specifically, in the soil prior to manure application, ARGs 
belonging to MDR were the most abundant with a contribution of 
86.36% (Fig. 3B). After manure application, ARGs belonging to MDR 
dropped to 10.12% for soil in the manure region of amended plots, while 
the ARGs conferring resistance to aminoglycoside (29.74%) and tetra-
cycline (23.01%), as well as MGE (21.17%), became the major types. 
The impacts of manure application on the soil resistome and mobilome 
quickly diminished as the setback distance increased. Resistome 
composition of soil at the 0.0 m setback distance consisted of major 
genes classes conferring resistance to MDR (73.27%), aminoglycoside 
(3.83%), and tetracycline (6.95%). The composition of the resistome in 
the soil at subsequent setback distances was similar to that of the 

original soil resistome (Fig. 3B). Genes that occurred consistently among 
all soil samples were mexF, repA, oleC, intI1, and IS1247, which repre-
sent multidrug resistance gene, MLSB resistance gene, class I integron 
integrase, and insertion sequence, respectively (Fig. 2B). 

3.3. Sum of Relative Abundance of ARGs and MGEs 

The sum of relative abundance (SRA) of ARGs and MGEs in runoff 
decreased with increasing setback distance. SRA, calculated as the sum 
of the relative abundance (i.e., normalized to the 16 S rRNA gene) of all 
ARGs and MGEs detected in the HT-qPCR array, serves as a quantitative 
measure of the level of resistome and mobilome in samples. The SRA of 
ARGs and MGEs in control runoff was − 1.70 log copy per 16 S rRNA 
gene copy at the 18.3 m setback distance (Fig. 4A). The SRA of genes in 
runoff from the amended plots decreased from 0.20 log copy per 16 S 
rRNA gene copy at 0 m setback distance to − 0.60 log copy per 16 S 
rRNA gene copy at 18.3 m setback distance. A linear trend line described 
the trend of the SRA values as a function of setback distance relatively 
well (R2 = 0.9229, Fig. 4A). According to this trend line, it was esti-
mated that a setback distance of 40.5 m is needed to reduce the SRA of 
ARGs and MGEs in the runoff from the manure amended plots to that of 
the runoff occurring within the control area. 

Application of swine manure slurry significantly increased the SRA 
of ARGs and MGEs in soil within the manure region, but not those in soil 
within the setback region, of the amended plots. The average SRA of 
ARGs and MGEs in the soil of the control plots was − 2.40 log copy per 
16 S rRNA gene copy, while the average SRA increased substantially to 

Fig. 2. Relative abundance of ARGs and MGEs in runoff samples from control plots collected at 18.3 m as well as in runoff samples from manure amended plots with 
various setback distances (A); and in soil before and after manure application and across the setback distances at 0 m, 3 m, 6.1 m, 9.1 m, 12.2 m and 15.2 m (B). The 
columns represent different sample type, and the rows represent relative abundance for specific ARGs or MGEs. MDR, multidrug resistance; MLSB, Macrolide- 
Lincosamide-Streptogramin B; and MGE, mobile genetic elements. The grey bars show ARG/MGE was not detected in the sample. 
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− 0.57 log copy per 16 S rRNA gene copy in the soil of the manure re-
gion of amended plots (Fig. 5B). The average SRA of ARGs and MGEs in 
soil within the setback region of the amended plots remained low, be-
tween − 2.22 to − 1.82 log copy per 16 S rRNA gene copy, suggesting 
little impacts from the manure applied to the manure region. 

3.4. Beta-Diversity Among Sample Types 

Beta diversity analyses on resistome and mobilome in manure, 
runoff, and soil samples confirm the trends observed in the earlier 

analyses. The two principal components captured 63% and 14% of the 
total variations of resistome and mobilome among sample types (Fig. 5). 
The manure samples are clustered together and are separated from the 
other types of samples. Runoff samples collected from the amended plots 
were clustered together (Adonis test, p = 0.587) and separated from the 
runoff samples collected from the control plots (Adonis test, p = 0.001). 
The soil from the setback region of the amended plots were clustered 
together along with the original soil (i.e., soil from control plots, Adonis 
test, p = 0.120). There was also a significant difference between soil 
samples from the manure region and soil samples from the setback re-
gion (Adonis test, p = 0.010), whereas the soils from various setback 
distances were clustered together (Adonis test, p = 0.506). 

3.5. Attribution to the ARGs and MGEs in the Surface Runoff from the 
Amended Plots 

To determine the relative contributions of various environmental 
sources to the ARGs and MGEs in runoff and soil samples, two concep-
tual models were established (Fig. 6). In the two conceptual models, 
runoff from amended plots and soil in manure region were defined as the 
environmental sinks of ARGs and MGEs, while manure and background 
soil were defined as the environmental sources. 

The relative contribution of swine manure slurry to the ARGs and 

Fig. 3. The composition of resistome in runoff samples (A) and in soil samples 
(B). The runoff samples were from control plots at the distance of 18.3 m and 
from amended plots with various setback distance. The soil samples were from 
manure region before and after manure application and in setback region with 
setback distances of 0 m, 3 m, 6.1 m, 9.1 m, 12.2 m and 15.2 m. MDR, multi-
drug resistance; MLSB, Macrolide-Lincosamide-Streptogramin B; and MGE, 
mobile genetic elements. 

Fig. 4. The sums of the relative abundance of all ARGs and MGEs as a function of setback distances in runoff samples (A) and soil samples (B). Error bars represent 
standard deviations from 4 replicate plots. The error bars for the soil samples in Panel B are too small to be visible in the plot. 

Fig. 5. Principle coordinate analysis (PCoA) plot for manure, runoff and soil 
samples based on the Bray-Curtis distance matrices showing the overall dis-
tribution pattern of ARGs and MGEs. 
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MGEs in runoff decreased substantially from 32.4% and 16.0%, as the 
setback distance increased from 0–18.3 m (Fig. 7A). The relative 
contribution of background soil to the ARGs and MGEs in the runoff 
increased from 10.2% at the 0 m setback distance to 63.4% at the 18.3 m 
setback distance. As the contribution of soil increased with setback 
distance, the contribution of unknown sources decreased (Fig. 7A). For 
the soil samples collected within the manure region, background soil 
was the largest contributor (66.2%) of the ARGs and MGEs in manured 
soil (Fig. 7B), while manure contributed 28.9%. 

3.6. Co-Occurrence between ARGs and MGEs 

The co-occurrence patterns between ARGs and MGEs in different 
sample types was also investigated. In general, the co-occurrence of 
tetracycline resistance genes and integron MGEs exhibited strong cor-
relations (Spearman’s correlation coefficient ρ > 0.8 and p < 0.01) for 
manure, soil in setback region, and runoff from amended plots (Fig. 8). 
The co-occurrence patterns were established in the ARGs-MGEs net-
works. The numbers of nodes, edges and modularity indices for each 
sample type are summarized in Table 1. The Gephi platform was used to 
partition the network into different modules depending on their 
modularity class. The modularity indices obtained were 0.894 for swine 
manure slurry, 0.364 for runoff, and 0.645 for soil samples in the setback 
region (Table 1), indicating the presence of a modular structure (New-
man, 2006). 

The network analyses also identified individual ARGs and MGEs that 
were highly correlated with others. In the runoff samples (Fig. 8B), 
insertion sequences IS613 and ISEcp1 and transposase Tp614 were 
highly correlated with multiple ARGs conferring resistance to tetracy-
clines, MLSB, and aminoglycosides. The co-occurrence pattern was 
parsed to four major modules exhibiting dense connections in runoff 
samples at various setback distances. Modules represent clusters of 

nodes that interact more among themselves than with other nodes (Li 
et al., 2015). In particular, the IS1133, tetPB, ermX and intI1 genes were 
the most well-connected ARGs and MGEs within modules I, II, III and IV, 
respectively, and may be used as indicators for the co-occurring ARGs 
and MGEs in each module. The soil network exhibited five distinct 
modules with intI2, aadD and tetW being the most well-connected genes 
at the center of the clusters Modules I, II and III, respectively. Overall, 
compared to soil and manure samples, runoff samples from various 
setback distances exhibited a larger hub with more dense connections. 

4. Discussion 

4.1. Effects of setback distance on ARGs and MGEs in runoff 

In this investigation, HT-qPCR was employed to examine the effects 
of setback distance on the composition and source of resistome and 
mobilome in runoff and soil. In a companion study, we employed qPCR 
to quantify eight ARGs and one MGE in runoff and soil samples as a 
function of increasing setback distance (Hall et al., 2020). In that study, 
we demonstrated that a range of 36–58 m were needed to lower the 
ARGs and MGE concentrations in runoff from amended plots to their 
respective concentrations in control runoff. In this study, a setback 
distance of 40.5 m was determined on the basis of the SRA of ARGs and 
MGEs. By using two different molecular methods, qPCR and HT-qPCR, 
we reached similar conclusions on the setback distance needed to 
reduce ARG and MGE concentrations in runoff to background levels. 

Dilution is believed to be the principal mechanism in reducing the 
relative abundance of ARGs and MGEs in runoff as setback distance 
increased. Previous studies have investigated the transport of fecal in-
dicator bacteria such as E.coli in runoff, where dilution was primarily 
responsible for a decrease in the concentration of fecal coliform with 
distance from the source of manure (Roodsari et al., 2005). In another 

Fig. 6. A conceptual model for Source Tracker analyses showing the major sources of ARGs in runoff from amended plot with various setback distances (A) and the 
soil from the manure region (B). 

Fig. 7. Results of Source Tracker analysis showing the relative contribution of various sources to the ARGs and MGEs in runoff from manure amended plots (A) and 
in soil within the manure region (B). Results are an average from five separate runs of Source Tracker Analysis. Error bars represent standard deviations from the five 
separate runs. 
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study, dilution was attributed to be one of the causes that led to the 
attenuation of ARGs in a receiving river system downstream from a 
cattle holding pond and a wastewater treatment plant (Pruden et al., 
2012). In this study, the dilution of manure particles in runoff facilitated 
the reduction of the relative abundance of ARGs and MGEs in runoff as 
setback distance increased. 

The settling of manure particles could also attribute to the reduction 
of the relative abundance of ARGs and MGEs in runoff as setback dis-
tance increased. As the manure particles settled from runoff, the relative 

abundance of ARGs and MGEs could decrease in runoff (Jacobs et al., 
2019). In this study, the soil surface of the experimental plots was 
covered with wheat residues that might have caused reduction in par-
ticle transport in runoff. The presence of crop residue cover may reduce 
runoff velocity and increase infiltration (Mei et al., 2018; Zhao et al., 
2020). Reduction in the runoff velocity may lead to more settling of 
particles from runoff (Ginting et al., 1998; Grande et al., 2005). A pre-
vious study showed decrease in particle loads with increase in field 
length due to particle settling (Mailapalli et al., 2013). Reduced runoff 
velocity could facilitate the settling of manure borne ARGs and MGEs, 
leading to a reduced relative abundances of ARGs and MGEs in runoff as 
setback distances increased. 

Distinguishing the anthropogenic vs. natural sources of resistome 
and mobilome in an environment is important in assessing the risk of 
ARGs and MGEs of the environment. There is a lack of quantitative in-
formation on the relative contributions of manure-borne vs. soil-borne 
ARGs and MGEs in runoff. A key finding revealed by SourceTracker 

Fig. 8. Network analysis showing the strong correlations (Spearman’s ρ > 0.8, p < 0.01) between ARGs/MGEs in manure (A), runoff samples (B), and soil samples at 
varied setback distances (C). The size of the nodes is proportional to the number of significant correlations between ARGs/MGEs. 

Table 1 
Number of nodes and edges for each sample type as well as the modularity index.  

Sample Type Nodes Edges Modularity index 

Swine manure slurry  41  37  0.894 
Runoff from amended plots  123  1629  0.364 
Soil in setback regions  38  160  0.645  
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analyses was that background soil gradually became the main source of 
the ARGs and MGEs in the runoff as setback distance increased. Appli-
cation of manure can increase the abundance and diversity of ARGs and 
MGEs in soil (Li et al., 2017; Zhang et al., 2017), as shown by the results 
from the manure region in this study. However, the land application of 
manure had limited impacts on the soil downslope from the manure 
application area. Microbes in the surface soil of the setback region can be 
washed off into runoff, making soil the chief contributor of resistome 
and mobilome in overland flow. 

According to the SourceTracker analyses in Fig. 7A, one or more 
sources of the ARGs and MGEs in runoff were not accounted for in our 
conceptual model (Fig. 6). The unknown source(s) were particularly 
significant for runoff discharged from plots with shorter setback dis-
tances. We speculate that the unknown sources could be the crop resi-
dues that covered the entire test plots in this study. There have not been 
extensive research on the ARGs and MGEs associated with crop residues. 
A previous study detected antibiotic resistant bacteria in nearly half of 
the corn stalk residue samples collected throughout the state of 
Nebraska (Staley et al., 2020). Hence, it is plausible to expect the 
occurrence of ARGs and MGEs on the crop resides in the plots of this 
study. Another possible explanation could be associated with the depth 
of the soil cores that were sampled. In this study, we composited the top 
10 cm of the soil cores to represent topsoil. In the rainfall simulation 
tests, it is likely that only the top few centimeters of the surface soil were 
washed off by runoff. The “dilution” of the resistome and mobilome of 
top soil by soils at greater depths might have caused the SourceTracker 
model to attribute the ARGs and MGEs in runoff to unknown sources. 

4.2. Effects of Setback Distance on ARGs and MGEs in Soil 

While manure application increased the diversity and abundance of 
ARGs and MGEs in the soil of the manure region, background soil was 
still a main source of the resistome and mobilome of the manured soil. 
Antibiotics are naturally occurring in soil, therefore indigenous soil 
bacteria harbor intrinsic resistome and mobilome. The indigenous bac-
terial population in the soil may hinder the establishment of the manure- 
borne ARG-carrying bacteria in soil (Chen et al., 2017; Pérez-Valera 
et al., 2019), due partially to the antagonistic interactions between 
manure-borne microbes and indigenous soil microbes (Barrios et al., 
2020). As a result, the background soil may serve as a significant source 
of the resistome and mobilome of the surface soil at the time of soil 
sample collection (i.e., one week after manure application). 

The resistome and mobilome in the soil of the setback region were 
not affected by manure application. According to the beta diversity 
analyses, manure application did not significantly alter the resistome or 
mobilome of the soil in the setback region. These results suggest that 
even though ARG- and MGE-carrying manure particles in runoff may 
settle on surface soil within the setback region, it is not substantial 
enough to significantly change the resistome or mobilome in the soil 
several days following a rainfall event (Muirhead et al., 2006). This may 
be due to the diluted concentrations of manure-borne ARGs and MGEs in 
runoff (Xie et al., 2018b) and the limited settling of smaller manure 
particles from runoff (Muirhead et al., 2006). 

In this study, surface soil samples were collected 7 days after manure 
application. Microcosm and field experiments demonstrate that one- 
time manure application can have transient impacts on the resistome 
of soil (Gou et al., 2018; Macedo et al., 2021). Temporary increases of 
ARG and MGE abundance in soil can result from direct addition of 
manure-borne ARGs and MGEs (Chen et al., 2017; Liu et al., 2021) as 
well as from indirect enrichment of indigenous ARG- and MGE-carrying 
soil bacteria due to manure-borne nutrients (Macedo et al., 2021). As 
manure bacteria may not thrive long-term within a soil environment, the 
ARG and MGE abundance in manured soil may gradually decrease and 
eventually return to a baseline condition. In addition to sampling time 
and setback distance, manure application methods can also affect the 
dissipation of ARGs and MGEs in soil. The broadcast manure application 

method used in this study is prone to causing loss of manure-borne 
bacteria to runoff (Joy et al., 2013), which could consequently result 
in the return of ARG and MGE levels in soil back to baseline levels 
(Barrios et al., 2020; Joy et al., 2013). 

5. Conclusions 

Simulated rainfall tests were conducted on field plots to examine the 
change of resistome and mobilome in runoff as a function of setback 
distance and to determine the attributions of manure and soil to the 
ARGs and MGEs in runoff following the land application of swine 
manure slurry. Manure application significantly increased the diversity 
and abundance of ARGs and MGEs in runoff. When setback distance 
increased to ~40 m, the SRA of ARGs and MGEs in runoff from the 
manure amended plots decreased to levels of ARGs and MGEs in runoff 
from control plots. As setback distance increased, the contribution of 
manure-borne ARGs and MGEs to the resistome and mobilome in runoff 
diminished, while that of soil-borne ARGs and MGEs became dominant. 
While manure application had significant impacts on the resistome and 
mobilome of the soil within the manure region, it had limited impacts on 
the soil in the setback region. This study improved our knowledge and 
understanding of the effects of setback distance as a BMP for antibiotic 
resistance control on cropland areas. It is recognized that the conclu-
sions of the study were specific to the experimental conditions tested. 
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