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Abstract

Antibiotics and antibiotic resistance genes (ARGs) reach the agricultural soils through
fertilization in the form of livestock manure are the main environmental pollutants at
present. This study discussed the sources and distribution characteristics of antibiotics
and ARGs in global agricultural soils, revealed the main driving factors affecting
antibiotic concentration and ARGs abundance, analyzed the environmental risk, and
environmental impact of typical antibiotics, and summarized the common elimination
methods in current research. We retrieved the papers related to antibiotics and ARGs,
and extracted 2093 observations from 135 papers. The results showed that cattle manure,
chicken manure, swine manure, and sewage sludge were the primary pollution sources
of antibiotics and ARGs in agricultural soils, and sulfonamides, tetracycline,
fluoroquinolones, and their corresponding ARGs were the main pollution types. The
distribution of the antibiotic concentration and the ARGs abundance was affected by
land-use types and soil physicochemical parameters. The mobile genetic elements
(MGESs) play a vital role in promoting the dissemination of ARGs, and su/l genes
strongly correlate with int/1. The occurrence, fate, and ecotoxicity of antibiotics and
ARGs in agricultural ecosystems have become the most pressing environmental issues.
Our results provide a systematic analysis of the environmental behavior of antibiotics

and ARGs in agricultural soils.

Keywords: veterinary antibiotic; antibiotic resistance genes; agricultural soil;

environmental factors; ecological risk; horizontal transfer
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Synopsis statement: A systematical description for the distribution of antibiotics and

antibiotic resistance genes in agricultural soils worldwide.

Graphical Abstract
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1 Introduction

Antibiotics are widely used in many countries worldwide to treat human diseases and
protect the health of animals in agricultural fields . Antibiotics cannot be fully
absorbed in animals, and large amounts of antibiotics and their degradation products
were introduced into agricultural ecosystems in the form of fertilization and irrigation
through antibiotic-contaminated manures and sewage sludge *°. More importantly,

accounting for selective pressure on the environmental resistome, antibiotics are

4
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considered to be the driver of increasing antibiotic resistance genes (ARGs) °.

The increasing use of fertilizers in agriculture poses a rapidly increasing threat of
antibiotic and ARGs contamination °. Distribution of antibiotic and ARGs abundance
varied greatly under different land-use patterns in soils. It has been documented that the
concentration of antibiotics differs significantly, typically in the pug antibiotic per kg
soil 7. ARGs can spread from animal farms to surrounding agricultural soils, posing a
potential high risk to environmental ecology 8. Remarkably, antibiotics and ARGs
contamination status in vegetable, paddy, and upland soil vary greatly. Continuously
manure fertilization significantly increased the ARGs abundances in typical greenhouse
vegetable production bases, and antibiotic types and vegetable species affected the
distribution of ARGs in soil *!°. The occurrence and abundance of most ARGs
increased significantly in wheat soils irrigated with wastewater !!. Organic fertilizer
partially replaced mineral fertilizer significantly increased the relative abundance of su/
genes in north China under wheat-maize rotation '*. Long-term application of organic
fertilizer usually increases antibiotic concentration and ARGs abundance in paddy soil,
and paddy soil showed higher ARG accumulation than dryland soil, corresponding to

higher microbial biomass !4,

Land-use of livestock and poultry manure is an essential agricultural measure.
Intensive animal husbandry is the main cause of the increasing environmental
contamination of antibiotics and ARGs in soil '°. Antibiotic-resistant bacteria (ARB)

reproduction was induced in soils modified by cow manure '°. The long-term
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application of chicken manure significantly increased the abundance and diversity of
ARGs and various classes of antibiotics in soil . The application of untreated swine
manure resulted in antibiotic and ARGs pollution, and changed the composition of soil
microbial community '%!°. Application of antibiotic-contaminated biogas slurry and
residue in the field increased the occurrence of ARB and ARGs 2°. Irrigated with tap
water spiked with different concentrations of antibiotics significantly altered microbial
populations in pot experiments 2!. Therefore, the pollution of antibiotics and ARGs

caused by manure application is worth pondering.

Soil properties, including pH, soil organic carbon (SOC), total nitrogen (TN), soil
texture, and heavy metals, are the key factors determining the change and distribution
of antibiotics and ARGs. The texture of soil with manure application determines the
persistence of target ARGs, thus influencing the fate of antimicrobial resistance in the

122

soil . The adsorption potential of sulfonamides increases with decreasing pH because

of the abundance of positively charged species capable of electrostatic binding to soil

2, Reducing the manure pH promotes

mineral surfaces under acidic conditions
degradation of sulfonamides and inhibits su/ gene-level transfer, which may be a simple
and effective management measure to reduce antibiotic resistance 2*. Pot experiments
comparing antibiotic resistance in three typical soils found that soil with the highest
SOC was least affected by swine slurry amendment ». In general , SOC strongly
influenced the retention of sulfonamides; the higher the SOC content, the higher the

adsorption capacity, and the lower the desorption capacity due to competition for

adsorption sites %27, Clay improver greatly influenced the change of original ARB in
6
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chicken manure compost, and the diversity and relative abundance of ARB in 4% clay
was greater than that in high dose clay 2. The soil TN was positively correlated with
sull in the agricultural soils of the Yangtze River Delta, China ?°. The soluble organic
nitrogen was a critical explanatory variable for the model to determine the swine
manure-water distribution coefficients of typical veterinary antibiotics *°. Metal
contamination plays an essential selective role in spreading antibiotic resistance
through the co-selection mechanisms 3!*2. However, many studies fail to adequately
address the role of soil properties as a factor affecting the distribution of antibiotics and

ARGs in agricultural soils.

Horizontal gene transfer of ARGs is considered a significant contributor to the
spread of antibiotic resistance 3. The class I integron-integrase gene (int/1) is a good
proxy for ARGs pollution *°. There is an excellent positive co-occurrence pattern of
ARGs and mobile genetic elements (MGEs) in manure-amended greenhouse soils .
The abundance of int/1 increased significantly in the soil exposed to pig manure, and

was positively correlated with ARGs in a long-time field experiment *’

. Another study
revealed sub-inhibitory heavy metals widely present in various environments could
promote resistance by promoting the horizontal transfer of ARGs **. This means that

the analysis of MGEs contamination status is imperative to better understand ARGs

dissemination in the soil.

Until now, numerous reports demonstrate the sources, spatial patterns, driving

factors, and environmental implications of antibiotics and ARGs in global estuarine and
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coastal environments 3%

, no comprehensive study of antibiotics and ARGs in
agricultural soils has been conducted. In this study, we collated the occurrence,
distribution, and risk of antibiotics and ARGs in agricultural soil. The objectives were
to (1) analyze the pollution characteristics of antibiotics and the occurrence of ARGs in
agricultural soil under different land-use modes, and determine the potential ecological
risk of typical antibiotics in soil; (2) analyze the relationship between soil properties
and antibiotic concentration and ARGs abundance, and reveal the key factors affecting
its pollution characteristics; (3) discuss the coexistence mode of ARGs and antibiotics,

and the horizontal transfer of ARGs in the soil, and summarize the common elimination

methods and effects in current researches.

2 Methodology

2.1 Data collection

To survey antibiotics and ARGs in agricultural soil, we performed a systematic search
using the IST Web of Science (Thomson Reuters, New York, NY, USA), Google Scholar
(Google, Mountain View, CA, USA), and China National Knowledge Infrastructure
(CNKI, Beijing, China). Our search terms included (“soil*” OR “agricultural soil*”)
AND (“antibiotic*” OR “antibiotic resistance gene*” OR “ARG*” OR “resistome*”’).
Studies included in this study had to meet the following criteria: (a) both laboratory
field and incubation studies were selected; (b) only studies that had an adequate number
of replicates; (c) the means, standard errors, and replication of the variables could be

extracted directly from the text, tables, or digitized graphs. The following information

8



142

143

144

145

146

147

148

149

150

151

152

153

154

155

was documented for each study: the type of experiment, site, planting type,
contaminated type, soil physiochemical parameter, type of antibiotic and ARGs, the
concentration of antibiotics, and abundance of ARGs. A total of 2039 observations were
taken from 135 papers (Text S1). The distribution location of observations is shown in
Fig. 1. China accounted for about 85.87% of observations, and other countries,

including Israel, Brazil, Korea, Pakistan, Spain, and the USA accounted for 14.13%.

Antibiotics
-ARGSH

Fig. 1 The distribution of data collected from different countries. The point sizes

represent the number of replications, and different colors denote antibiotics and ARGs.

2.2 Ecological risk assessment of antibiotics

A risk quotient (RQ) was used to evaluate the potential risk and calculated as follows

41,42:
MEC
RQ - PNECg,i1 (1)
PNECs,51 = PNECyater X Kq (2)
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PNECy ater = EC50/AF (3)

where MEC is the actual measured concentration in the environment (pug kg™!), PNECsoil
is the predicted no-effect concentration in soil (pug kg™'), and PNECwater is the predicted
no-effect concentration in water, and which represents the maximum drug
concentration that will not have an adverse effect on the microorganisms or the
ecosystem in the environment under the existing cognition (g L™). K4 is the soil-water
partition coefficient (L kg!). ECsp is the half-maximum effect concentration (mg L).
ECso 1s all obtained from the literature. AF is the evaluation factor, which is the
recommended value of the European Water Framework Directive (1,000). The

ecological risk parameters of antibiotics are summarized in Table S1.

RQ was used to assess the ecological risk of the target antibiotic. The RQ values
were mainly divided into four levels: RQ > 1 high risk; 0.1 <RQ < 1 medium risk; 0.01

<RQ <0.1 low risk; RQ < 0.01 no risk **.

2.3 Statistical analysis

The mean concentrations of antibiotics and ARGs abundance were either provided in
the publications or calculated using the original data. Concentrations that were “not
detected” or “below detection limit” were entered as zero values. To minimize the
differences in background bacterial abundances, the absolute number of all detected
genes was further normalized to that of the ambient 16S rRNA gene. We used linear

mixed-effects models to test the fixed effects of planting type, contaminated type, type

10
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of antibiotic, and ARGs on the concentration of antibiotics and the ARGs abundance,
respectively. Study ID was included as a random effect. The “nlme” package was used
to conduct linear mixed-effects models in R version 4.0.3 (R Core Team, 2020).
Multiple comparisons were made using the Tukey HSD test. The network analysis was

visualized on the Gephi platform (version 0.9.2).

3 Results

3.1 Antibiotics in agricultural soils

3.1.1 Distribution characteristics of antibiotics in agricultural soils

The concentrations of antibiotics in soil samples are shown in Fig. 2. In this survey,
beta-lactam, sulfonamides, tetracyclines, and fluoroquinolones classes were the
dominant antibiotics with a concentration of 364.16, 241.17, 176.98, and 112.02 ng kg’
! respectively, much higher than others (Fig. 2A). Simultaneously, tetracycline,
chlortetracycline, oxytetracycline, sulfamethoxazole, norfloxacin, and ciprofloxacin
have higher concentrations, and their concentrations differed in several orders of
magnitude (Fig. S1). Applications of different manure could make a difference in the
contamination status of antibiotics. Soil applied with cattle, chicken, and swine manure
contains higher concentrations of antibiotics, followed by sewage sludge and mix

manure (P < 0.05; Fig. 2B). Concentrations of antibiotics in vegetable and paddy soil

were significantly higher than other planting types (P < 0.01; Fig. 2C).

11
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Fig. 2 Concentrations of antibiotics in global agricultural soils. Violin plots show the
concentration of antibiotics (A) for each type of antibiotics, (B) in the soil with different manure
applied, and (C) from different land-use types. Different lowercase letters in each panel indicate

significant differences between groups. The solid line inside the box represents the median.

3.1.2 Correlation between antibiotics and soil physicochemical parameters

The correlations between the major environmental variables and the concentration of
antibiotics were analyzed for all studied data. A significant positive correlation was
observed between antibiotics and SOC (P < 0.05) and several heavy metals (e.g., Pb,
Hg, and Na) (P <0.01; Fig. 3), respectively. In contrast above factors, the concentration

of antibiotics indicated negative correlations with clay, TN, Cd, and As (P <0.01).

In detail, sulfonamides and tetracyclines showed strong negative correlations with
TN and pH (P < 0.01), respectively. We also observed that most heavy metal contents
were significantly correlated to the two antibiotics, but they show opposite correlations

with most heavy metals (e.g., Cu, Cd, Na, Ca, and Mg). Beta-lactam and

12
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fluoroquinolones antibiotic showed a significant positive correlation with pH (P <0.05),
while showed a significant negative correlation with TN (P < 0.05). Moreover, the
strongly negative relationship between macrolides and clay, and several heavy metals
(e.g., Cu, Zn, and Pb), the significant correlation between aminoglycosides,

amphenicols, and environmental factors existed in the soils in this study.

Antibiotics ek |k dk || k% k¥ k¥ I;B
Aminoglycosides | ** ¥*  * o6
Amphenicols * sk gk kk ok L 04
Beta-lactam | * * ro2

o
Fluoroquinolones | ** ¥ ** * k¥ *k | oo
Macrolides e e R | 04
Sulfonamides ¥ * ¥k * ok gk kEk kok 06
Tetracyclines &k £ £33 £ ok £ Ak ok ok 0.8

-1
pH SOCClay TN Cu Zn Pb Cd Ni Cr As Hg Na Ca Mg

Fig. 3 Spearman correlations between antibiotics and environmental factors in soil.
Pairwise comparisons are shown, with a color gradient denoting spearman’s correlation
coefficient. ™ P < 0.001, ™ P < 0.01, and * P < 0.05. Cu, copper; Zn, zinc; Pb, lead; Cd,
cadmium; Ni, nickel; Cr, chromium; As, arsenic; Hg, mercury; Na, sodium; Ca, calcium; Mg,

magnesium.

3.1.3 Potential ecological risk of antibiotics

To better elucidate the ecological risk of antibiotics in agricultural soils, the RQ values
of concentrations of sulfonamides, tetracyclines, and fluoroquinolones classes in soil
were analyzed (Fig. 4). In this study, the RQ of the three antibiotic classes detected were

all less than one. The RQ of norfloxacin is significantly higher than the other antibiotics

13
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of all target compounds and may present a relatively higher ecological risk, followed
by the sulfadiazine. Contrarily, the RQ values of other antibiotics examined here were
below 0.1 poses a low or no environmental risk. We can speculate that the soil was
seriously polluted with antibiotics, leading to ARGs contamination and potential

ecological risks.

Norfloxacin -
Sulfadiazine -
Chlorotetracycline -
Tetracycline 4
Doxycycline A
Oxytetracycline
Ciprofloxacin
Enrofloxacin -
Ofloxacin 4
Sulfamethoxazole
Sulfamethazine -

Lomefloxacin 4

0.00 0.25 0.50 0.75 1.00

Fig. 4 Risk quotient values of various antibiotics in agricultural soil. The RQ values could

be divided into four levels according to the European Commission: RQ > 1 high risk; 0.1 <RQ

< 1 medium risk; 0.01 <RQ < 0.1 low risk; RQ < 0.01 no risk. The dotted line in the figure

represents the values 0of 0.01 and 0.01, respectively. RQ values greater than one is not shown in

the figure for clearer display (6% of total observations).
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3.2 ARGs in agricultural soils

3.2.1 The abundance of ARGs in agricultural soils

The abundance of ARGs varied greatly across soils. ARGs conferred resistance to
multidrug, sulfonamide, and tetracycline classes were the most abundant ARG subtypes
in samples, while other ARGs were found at much lower levels (Fig. SA). Additionally,
the abundance of the su/l and su/2 genes was higher than that of other sul/ genes, the
tetM, tetW, tetO, and fefX were the most abundant across tet genes, and int/1 was the
most abundant integron genes (Fig. S2). The abundance of ARGs was found at much
higher levels in soil applied with cattle, chicken, swine manure, and mixed manure (P
< 0.05; Fig. 5B). It is noteworthy that a similar distribution pattern was observed for

ARGs among planting types compared with antibiotics (Fig. 5C).
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Fig. 5 The abundance of ARGs in global agricultural soils. The abundance of ARGs in soil

(A) for each type of AGRs, (B) in the soil with different manure applied, and (C) from different

land-use types. Different lowercase letters in each panel indicate significant differences

between groups. The solid line inside the box represents the median.
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3.2.2 Correlation between ARGs and soil physicochemical parameters

Correlation analysis showed that the abundance of target ARGs in soil was positively
correlated with the clay content generally but negatively correlated with the SOC, TN,

and metallic elements (e.g., Cd, Ni, Cr, As, and Hg) (P <0.01; Fig. 6).

Specifically, sulfonamide and tetracycline classes exhibited significant negative
correlations with pH (P <0.05). Almost no correlations were found between most heavy
metals and sulfonamide ARGs except for Na, Ca, and Mg (P < 0.05). Cu, Zn, and Pb
are correlated positively with tetracycline ARGs (P < 0.01). However, we found an
opposite trend between other various heavy metals and tetracycline ARGs. Moreover,
none of the ARGs detected above in samples showed a significant correlation with SOC,

TN, and clay.

Unlike the above two ARGs, the analysis revealed that beta-lactam and multidrug
ARGs were significantly and positively correlated with pH. A stronger correlation was
found observed between beta-lactam and pH (P < 0.01) than between multidrug and pH
(P < 0.05). Our results did not show statistically significant correlations between the
beta-lactam and multidrug ARGs with SOC and clay. Beta-lactam ARGs showed a
significantly negative correlation with TN but a significantly positive correlation with
various heavy metals (P < 0.01). Furthermore, the MGEs were positively correlated
with Ni (P < 0.05), while other soil physicochemical parameters were less intensely or

even not associated.
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Fig. 6 Spearman correlations between abundance of ARGs and environmental factors in
soil. Pairwise comparisons are shown, with a color gradient denoting spearman’s correlation
coefficient. ™ P < 0.001, ™ P < 0.01, and * P < 0.05. Cu, copper; Zn, zinc; Pb, lead; Cd,
cadmium; Ni, nickel; Cr, chromium; As, arsenic; Hg, mercury; Na, sodium; Ca, calcium; Mg,

magnesium.

3.2.3 Correlations between ARGs and intl1

Based on the correlation analysis between the most prevalent mobile genetic elements
(intl1) and ARGs (Fig. 7), there were strong positive correlations between int/1 and the
abundance of sulfonamide ARGs (su/1) in soils (P <0.01) and weaker correlations with
the rest of ARGs. This might indicate that su/1 is generally located on the more readily
disseminated class I integron and a lower frequency of horizontal gene transfer caused
by intl1 for other types of ARGs. This is not surprising given that these correlations do

not entirely reflect variations in ARGs dissemination based on existing data.
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Fig. 7 Spearman correlations between the abundance of intI1 and ARGs in soil. Pairwise
comparisons are shown, with a color gradient denoting spearman’s correlation coefficient. =

P<0.001, " P<0.01,and * P < 0.05.

4 Discussion

4.1 Effects of land-use on the distribution of antibiotics and ARGs

The distribution characteristics of antibiotics and ARGs were significantly affected by
land-use patterns. Our finding provides evidence that both the concentration of
antibiotics and the abundance of ARGs were higher in the paddy fields than that in
uplands, which may be attributed to differences in the degradation of antibiotics and
the migration capacity of ARGs in soil under different planting types. The rate of

transformation and degradation of antibiotics in the soil largely depends on many
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abiotic factors, and anaerobic conditions significantly prolonged the half-life of
antibiotics **. Paddy soil generally showed a higher accumulation of ARGs due to
higher microbial biomass that host populations of ARGs under anaerobic conditions !4,
Increasing the amount of manure in a paddy-upland rotation system resulted in a sharp
increase in soil ARGs; however, the high moisture content may block the path of contact
from the manure-improved soil to the phyllosphere, thereby affecting the dissemination
of ARGs #*¢_ Therefore, it should be fully considered that multiple soil factors may
drive the distribution of antibiotics and ARGs to confirm the different fates of them in

the soil introduced by manure under aerobic and anaerobic conditions.

Prior studies that have noted the behavior of antibiotics and ARGs proved to be
governed by the combination of soil and plants under the real planting conditions *’.
Further analysis showed that vegetable species had a significant effect on the content
of antibiotics and ARGs in the soil, and the soil planting pakchoi accumulates more
than other vegetables (Fig. 8). Antibiotics and ARGs absorbed by plants are further
harmful to human health as they travel up the food chain. Therefore, it is may represent
higher health risks than other vegetables when consumed pakchoi by humans. Plant
root exudates indirectly affect the fate of antibiotics by changing soil properties during
vegetable growth !°. Antibiotics accumulate in plants through passive absorption by
water 8, which is the main reason for dissipation and removal of antibiotics effects
differed in the soil of different vegetable growing types. The growth of plant roots alters
the soil microbial composition, and the selectivity of plants to environmental bacteria

may be an important factor leading to the difference of distribution of ARGs #>*°,
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Additionally, different types of antibiotics are absorbed and accumulated in different
parts of plants >'>2, Although this aspect is not involved in this study, the environmental

behavior of complex types of antibiotics in agricultural soils warrants more exhaustive

mvestigation.
A 5.0 B 00
b a a
T 251 8 251
= <
2 d £
s G
g 2
£ 0.0 B -5.0 1
Q
< &
S =
2 g
825/ -7.51
-l
-5.01 -10.04
Cabba;ge Cucum'ber Letlu'ce Pakcllﬂoi Radi'sh Spina.ch Oth'er Cabba'ge Lettu'ce Pakcllmi Toma'to Olh'er

Fig. 8 Concentrations of antibiotics and abundance of ARGs in vegetable soils. Violin plots
show the concentration of antibiotics (A) and abundance of ARGs (B) for each type of vegetable.
Different lowercase letters in each panel indicate significant differences between groups. The

solid line inside the box represents the median.

4.2 Effects of fertilization on the distribution of antibiotics and ARGs

The contamination of antibiotics and ARGs in the soil is related to fertilization methods
and local farming practices. The amount of antibiotics taken by farm animals varies by
livestock species and region, and the abundance of ARGs is related to the amount of

53

antibiotics used by these animal species °°. Previous studies found significant

differences in the abundance of ARGs in different types of farm soils, with the highest
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concentrations in pig farm soils 3*. This also accords with our observations above that
swine manures generally had higher levels of ARGs, followed by soils applied cattle
and chicken manure, and the ARGs contamination caused by the mixed-use of manure
should not be ignored. Pork production is the main pillar industry of animal husbandry,
and antibiotics are widely used in pig breeding due to the disease types and incidence
rate of pigs being relatively high compared with other animals *°. Metagenomic
sequencing indicated that the long-term application of swine manure could increase
microbial diversity and reshape ARGs in agricultural soils *°. Cattle manure is widely
used as fertilizer because it is an excellent source of nutrients, they exhibit more
abundant ARGs than poultry manure, and the application of fresh cattle manure may
lead to a greater transmission potential of antimicrobial resistance genes in the soil >’
The current study found that a lower bacterial diversity in poultry litter might be linked
to the higher total solids °®, which in turn affects the abundance of ARGs in the soil.

Taken together, it is essential to reasonably control the abuse of antibiotics in livestock

and poultry breeding.

Applied sewage sludge increased soil microbial activity, thereby contributing to
the risk of the spread of ARGs and MGEs %%, Peri-urban agricultural plots were
irrigated with treated wastewater and groundwater from rural organic farms suggested
the agricultural practices and water quality for irrigation influenced microbial
communities and associated resistances °!. However, in reviewing the literature, the
study did not reveal the risk of sludge improvement associated with the development

of antibiotic resistance in an agricultural field trial ®. Our study demonstrated that
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antibiotics and ARGs pollution caused by sewage sludge were not significant compared
with other fertilization methods. Hence, it should be inferred carefully due to the

different sludge quality and application practices in various agricultural regions.

4.3 Effects of soil environmental factors on the distribution of antibiotics and

ARGs

The sorption ability is stronger at a lower pH value and higher clay fraction in the soil
63, Although the effects of pH on the occurrence of soil antibiotics and ARGs have been
studied extensively, no unified results have been formed. Our results indicated that pH
was not strongly correlated with antibiotics and ARGs, and the effects of pH on them
were not consistent. Only beta-lactam and tetracyclines and their corresponding ARGs
were significantly positively and negatively correlated with pH, respectively. The
adsorption mechanism and degradation performance of antibiotics were significantly
different in soils with different pH values. Hydrophobic interaction and cation exchange
might be the primary mechanism of tetracyclines adsorption in acidic and alkaline soil,

respectively 4.

Studies on the effects of pH on the adsorption capacity of
sulfamethoxazole in pasture soils showed that the adsorption capacity decreased when
pH increased ®°. pH value is an essential parameter of the hydrolysis process of
antibiotics; the hydrolysis rate of base catalysis was significantly higher than that of
acid catalysis and neutral pH and altered the fate of antibiotics . Moreover, pH also
strongly affected the bacterial diversity and shaped the ARGs profiles, given that

bacteria were the dominant carriers of ARGs . Positive correlations between sorption
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coefficients and clay content were found for several antibiotics ®. Contrary to the
results, this study did not detect evidence for the phenomenon, which may relate to the
type of antibiotics we analyzed. The findings observed a significant positive correlation
between ARGs and clay content in this study mirror those of the previous studies that

soil texture was the top edaphic factor that correlated with the abundance of ARGs .

Nutrient factors in fertilized soil affected the distribution of ARGs, with SOC and
TN being contributed significantly to the distribution of ARGs "2, In general, soils
with higher SOC showed higher adsorption for antibiotics, dissolved organic matter
released from farmland straw may reduce the ecological risk of sulfamethoxazole by
inhibiting the migration of antibiotic pollutants °. The removal of SOC by calcination
results in a sharp decrease in the adsorption capacity of antibiotics 4. This finding
supports the result that there was a significant positive correlation between SOC content
and antibiotics. However, the risk is serious in soils with lower SOC because antibiotics
adsorption is limited °. TN was significantly positively correlated with the abundance
of target ARGs in wastewater contamination of coastal waters ’®. Our study suggested
that TN showed a significant negative correlation with ARGs. This somewhat
contradictory result may be due to promoting soil microbial degradation of antibiotics

under high TN content 7’

. More research on this topic needs to be undertaken before
the association between soil physical and chemical properties, and distribution of

antibiotics and ARGs is more clearly understood.

Large amounts of heavy metals are used in large intensive livestock and poultry
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farms worldwide to promote growth and control disease ’8. As mentioned in the
literature review, an obvious co-selection mechanism between heavy metals and ARGs
includes co-resistance, cross-resistance, co-regulation, and biofilm phenotypes >!. In the
first instance, a positive correlation between ARGs and high metal concentrations, some
antibiotic-resistant bacterial strains also showed tolerance to high concentrations of
heavy metals 7*#°. In the next place, most ARGs and heavy metal resistance genes are
carried on MGEs, which contributes to their spread and reproduction in contaminated
soils. Heavy metal resistance genes are thought to play an essential role in the
proliferation of ARGs ®!. Furthermore, heavy metals can trigger the proliferation of
ARGs by increasing the abundance of MGEs or altering the bacterial community

structure 2.

Specifically, there was a significant positive correlation between tetracycline
ARGs and Cu, Zn, and Pb, which was confirmed by related studies *>**. As and Cd as
common heavy metals pollution types had a relatively high accumulation proportion in
the soil, the strong positive correlation between Cd, As, and beta-lactam ARGs in this
study were found. Cd stress in sludge compost increased the relative abundance of
target ARGs in rhizosphere soil, which exacerbated the risk of ARGs transferring from
the underground to the aboveground part of plants 8. As (III) may coexist with ARGs
on the mobile genome as a co-selection driver in paddy soils *. Notably, long-term
exposure to far below the minimal inhibitory concentration of certain metals also
increases bacterial resistance to antibiotics, demonstrating that even low concentrations

of heavy metals may pose a considerable risk to the transmission of ARGs ¥.
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Additionally, the occurrence of co-selection is also related to soil characteristics; Hg-
driven ARGs were observed in alkaline soils but not in neutral pH soils *. More
seriously, multiple antibiotics form complexes with metal cations (e.g., Cu and Zn) that
impede (or enhance) antibiotic activity %. In this study, the significant positive
correlation between amphenicols, tetracyclines, and heavy metals may be due to the
complexes promoting the adsorption of antibiotics in the soil °%°!. Therefore,
controlling heavy metal pollution is crucial to reducing the adsorption, transfer, and

diffusion of antibiotics and ARGs in agricultural soils.

4.4 Coexistence of antibiotics, MGEs, and ARGs in agricultural soils

The abundance of ARGs is associated with the overuse and misuse of antibiotics in the
soil. To determine the association between antibiotics and ARGs in agricultural soils,
we performed network analysis on the antibiotics and ARGs data of the same treatment
(Fig. 9). Specifically, tetracyclines are closely related to fefB, tefX, tetM, tetL, tetW and
tetO, but the correlation between sulfonamides and su/1 and su/2 is weak, although they
are the main ARGs. Pot experiment showed that the abundance of su/l in
sulfamethoxazole-contaminated soil increased significantly °2>. The emergence of
tetracycline and quinolone resistance genes was consistent with the results of antibiotic
risk assessments in farm soils fertilized with animal manure °*. It is interesting to note
that an antibiotic can be closely associated with the generation of different types of
ARGs, which may cause more significant risks to the farmland environment and is

worth our vigilance. Assessment of the relative contributions of antibiotics to ARGs in
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a natural farming environment suggests that sulfonamides are significantly associated
with multiple genes and dominate the spread of ARGs °*. However, studies have
questioned there was no clear correlation between the presence of targeted antibiotics
and the relative abundance of ARGs in the soil irrigated with treated wastewater *°.
Hence, the distribution factors of ARGs in the soil should be considered

comprehensively to assess its environmental impact more accurately.

The integrase gene int/1 that can be horizontal transferred between bacteria is
usually closely associated with ARGs *7, The positive correlation between ARGs and
integrase genes confirmed that the application of manure fertilizer increased the
possibility of ARGs transmission in agricultural soils *’°. Once ARGs are integrated
into successful gene delivery elements, they can persist and spread even without
antibiotics 2. The positive correlation between int/1 and sull in estuarine sediments
suggested that int/l may be involved in the occurrence and reproduction of

sulfonamides resistance genes '°

, which is consistent with our results (Fig. 7). In
addition, the correlation between int/1 and beta-lactam ARGs (blatem, blaoxa-ss, and
blactx-m-32) was also strong, although these results were not statistically significant (Fig.
7). Simultaneously, this study provides evidence that int/1 was significantly positively

correlated with a variety of ARGs (e.g., fefB, cmlA, and gnrA), which further confirmed

the role of int/1 in promoting the transmission of ARGs (Fig. 9).
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Fig. 9 Network visualizes the antibiotics and ARGs in soils. A connection represents a strong
Spearman's correlation coefficient p > 0.7 with statistical significance (P < 0.05). The nodes
were colored according to antibiotics and ARGs types. The blue and red lines represent positive
and negative correlations, respectively. Node size is proportional to the number of connections,

and edge thickness is proportional to the correlation coefficient.
4.5 Environmental implications and mitigation strategies of antibiotics and ARGs

The antibiotics and ARGs burden have serious implications for human health and the
agricultural environment. In most cases, agricultural management adopts the repeated
use of manure-containing antibiotics, whereas little is known about the long-term
effects of this measure on natural microbial communities in the soil, which plays a
crucial role in ecological processes such as the nitrogen cycle in the soil >!1°192. A more
sophisticated analysis of the fate and effects of antibiotics accounting for

spatiotemporal variability of microorganisms in agricultural soils is necessary. In
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addition, The obvious consequence of antibiotic release is the emergence of resistant
bacteria with the increasing use of antibiotics in the natural environment, and the high
mortality caused by multidrug-resistant bacterial infections is of particular concern '~
105 The presence of antibiotics in agricultural soils can adversely affect plant growth
and productivity, their absorption, and accumulation in crops, and ultimately affect
human health through the food chain %1%, Antibiotic compounds were ubiquitous in
soil samples from organic vegetable farms. The norfloxacin is a typical quinolone
antibiotic which could pose a high risk in vegetable soils '°-!'° This study further
confirms the ecological risk of norfloxacin. Sulfanilamide and tetracycline are most
common in farms, wastewater treatment plants, and soil, and the highest concentrations
were above 10 mg kg! in agricultural soils from multiple feedlots 1112, These findings
seem to be consistent with our research, and this may be due to unique structure of them
affecting the degradation and migration processes in the soil. Hence, it is necessary to

understand the fate and transmission mechanisms of antibiotics and ARGs and develop

effective technologies to minimize the risk of antibiotic resistance.

In general, anaerobic and aerobic digestions of compost, manure, or sludge are
reasonable disposal measures to reduce antibiotic resistance in agricultural soils at
source '3, The removal effect of ARGs, ARB, and transposon genes was pronounced
after aerobic composting ''*. Anaerobic digestion can reduce the relative abundance of
macrolide-lincosamide-streptogramin and tetracycline resistance genes in biogas slurry
20 Adsorbent materials such as biochar used as a soil amendment can effectively

remove antibiotic residues in feces and reduce the ecological risk of their release into
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the environment ''>~'7, In addition, constructed wetlands are considered an economical
and efficient ecological restoration technology are emerging in recent years. Their
performance in removing antibiotics is superior to many traditional wastewater
treatment technologies under certain conditions ''®. With the increasing pollution of
antibiotics and ARGs in agricultural soils, it is necessary to grasp the mechanisms of
their adsorption, migration, and degradation. It is imperative to understand the

expression and inhibition of ARGs for the study of their removal mechanisms.

Regulated management in the treatment of antibiotics and ARGs prior to exposure
to the soil is lacking. The Ministry of Agriculture and Rural Affairs of the People’s
Republic of China formulated the National Action Plan for the Reduction of Veterinary
Antimicrobial Use (2021-2025). This plan aims to effectively improve the ability and
level of the safe, standardized, and scientific use of veterinary antimicrobials in
livestock and poultry breeding and establish a sound and strict implementation of a
management system for the safe use of veterinary drugs. China faces the most severe
challenge of any country in dealing with antimicrobial resistance due to the large
production and usage of antibiotics. In fact, the long-term effects of antibiotics and
ARGs on natural microbial communities and agricultural ecosystems are still largely
unknown. The transmission of antibiotic-resistant bacterial might occur on a worldwide
scale ''°. The widespread nature of antibiotics and ARGs in agricultural soils is well
documented in countries. Nevertheless, limited researches from low-income countries
hinder a comprehensive understanding of antibiotics and ARGs, and this knowledge

gap limits our ability to assess the risk of antibiotic resistance outbreaks in agricultural
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ecosystems >°. As such, antibiotics and ARGs should be treated as a global health issue

that all countries strive to solve.

5 Conclusions

In summary, this study systematically described the distribution of antibiotics and
ARGs in agricultural soil. Cattle manure, chicken manure, swine manure, and sewage
sludge are the primary sources of antibiotic pollution in agricultural soil. For ARGs, the
pollution caused by the application of mixed manure cannot be underestimated.
Sulfanilamide, tetracyclines, fluoroquinolones, and corresponding ARGs were the main
pollution types, and the abundance of multidrug resistance was also high in agricultural
soil. Land-use types and environmental variables regulated the distributions of
antibiotics and ARGs. There were significant differences in antibiotic concentration and
ARGs abundance under different planting types and soil physicochemical parameters
(e.g., pH, SOC, clay content, TN, and heavy metals). It is worth emphasizing that the
intl1 plays a vital role in promoting the dissemination of ARGs. In addition, it is
necessary to find appropriate conditions and scientific management methods for the
removal of antibiotics and ARGs to play a greater efficiency. Hence, a more
sophisticated analysis of the occurrence and fate of different antibiotic and ARGs

classes to combat this type of increasingly serious pollution.
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