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ABSTRACT

Antibiotics and metals introduced during manure application are believed to be the major drivers of the bloom
and spread of antibiotic resistance genes (ARGs) and metal resistance genes (MRGs) in agricultural environments.
However, the coexistence of multidrug resistance (MDR) and metal resistance and the effects of manure appli-
cation on the coexistence are less studied. Here, we profiled the coexistence patterns of 9919 MDR genes
(MDRGs) and 25,312 MRGs in paddy fields with manure or inorganic fertilization. The abundances of both
MDRGs and MRGs were higher under manure fertilization than inorganic fertilization. Network analysis deter-
mined that coexistence between MDRGs and MRGs was much more frequent in manure-fertilized soils than in
inorganic-fertilized soils. Manure application drove this coexistence by not only directly introducing resistance
genes but also increasing co-selection through antibiotics and metals, and stimulating their potential common
hosts, including species of Actinobacterium WWH12, Bacillus, Geobacter, Solirubrobacter, Acidobacteriales, Bacil-
lales, Chloroflexi, Methyloligellaceae and Xanthobacteraceae. Soil antibiotic resistance was significantly pre-
dicted by the coexistence of major multidrug efflux genes (mfs, mex, abc, mate and smr) and MRGs. The
coexistence between MDRGs and MRGs explained 18% of the increase in soil antibiotic resistance. Such coex-
istence is nonnegligible and permits the promotion of soil antibiotic resistance, thus posing a potential threat to
both agroecosystems and humans.

1. Introduction

threatening, as few antibiotic agents are effective and limited new
antibiotic agents have been developed (Magiorakos et al., 2012; WHO,

The increasing prevalence of antibiotic resistance genes (ARGSs) in
the environment has become a global threat to human health (Arias and
Murray, 2009; Forsberg et al., 2012). Annual global antibiotic con-
sumption in agriculture has reached 63,000-240,000 tons (Kuppusamy
et al., 2018). Generally, antibiotics are poorly absorbed by animals, and
30-90% of the parent compounds is excreted (Kemper, 2008; Qiao et al.,
2018). The amount of 36 major antibiotics excreted was estimated to be
53,800 tons in 2013, of which 84% was produced by animals (Zhang
et al., 2015). Multidrug resistance (MDR), which refers to acquired
nonsusceptibility to antibiotic agents of different classes, is seriously
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2014). With the growing use of antibiotics in animal farming, it is of
critical importance to understand the existence pattern of MDR genes
(MDRGS) and its driving factors in agroecosystems (Gullberg et al.,
2014; Blanco et al., 2016).

In addition to antibiotics, metals (e.g., Cu, Zn, or As) have also been
commonly used in feed additives for growth promotion and disease
control in livestock production, leading to their release and accumula-
tion in soils following agricultural applications of animal manure (Perez
et al., 2011; Zhu et al., 2013; Debski, 2016). Bacterial antibiotic and
metal resistance systems share some common structural and functional
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characteristics (Baker-Austin et al., 2006). Cross-resistance (the same
genes conferring resistance to multiple types of antibiotics and metals)
and co-resistance (multiple genes encoding antibiotic and metal resis-
tance located in the same mobile genetic elements [MGEs]) are known
mechanisms underlying the metal-driven selection of antibiotic resis-
tance (Silveira et al., 2014; Zhu et al., 2017). The best-known examples
of genes conferring cross-resistance are MDR efflux pumps (Blanco et al.,
2016). Bacterial multidrug efflux pumps are antibiotic resistance de-
terminants present in all microorganisms (Martinez et al., 2009). Pro-
karyotes harbor five major families of broad-spectrum efflux pumps,
including the adenosine triphosphate-binding cassette superfamily
(abc), the multidrug and toxic compound extrusion family (mate), the
major facilitator superfamily (mfs), the resistance-nodulation-division
family (rnd) and the small multidrug resistance family (smr) (Blanco
et al., 2016). These efflux systems can actively remove and extrude both
antibiotics and metals from the bacterial cell into the external envi-
ronment before they reach their intracellular targets (Amaral et al.,
2014). The co-occurrence of ARGs and metal resistance genes (MRGs)
can often be found on MGEs such as plasmids and the class I integron (Di
Cesare et al., 2016). However, previous studies on the coexistence of
ARGs and MRGs are mostly confined to analyses of several specific ARGs
and MRGs, such as resistance genes for tetracycline (TC), sulfonamide
(SA), macrolide, Zn, Cu and As, in environments such as wastewater
treatment plants and biogas reactors (Di Cesare et al., 2016; Li et al.,
2017; Luo et al., 2017). The coexistence relationship between MDRGs
and various MRGs in soils remains unclear.

In agricultural production, land applications of manure to meet crop
nutrient requirements and maintain soil fertility have a long agricultural
history and have been promoted due to an increasing preoccupation for
sustainable soil productivity, ecological stability, and disposal of un-
wanted wastes (Peng et al., 2015). To our knowledge, the effects of
manure applications on the coexistence of MDRGs and MRGs in agri-
cultural soils have not been widely explored. In order to ensure agro-
ecosystem function and human health, gaining a better understanding of
the coexistence patterns of the both kind of resistances after agricultural
manure application is necessary. To gain more insight into the coexis-
tence of MDRGs and MRGs under increasingly serious contamination by
antibiotics and metals, we collected 18 pig manure samples, 39 manure-
fertilized soils and 39 inorganic-fertilized soils from three typical rice
planting regions representing classic soil types and climates in eastern
China. A high-throughput functional gene array, GeoChip 5.0 (Shi et al.,
2019), which contained 14,977 probes covering five multidrug efflux
system gene families and four p-lactamase resistance gene families and
42,627 probes covering 105 MRG families, was employed to analyze
MDRG and MRG coexistence patterns. In this study, we hypothesize that
(i) MDRGs are widely present in agricultural soils and enriched by
manure application; (ii) the coexistence of MDRGs and MRGs is frequent
in agroecosystems and increases under the direct and indirect effects of
manure application; and (iii) the elevated coexistence of MDRGs and
MRGs contributes to soil antibiotic resistance in agroecosystems.

2. Materials and methods
2.1. Site description and sampling

Details for all methods are provided in Supplementary Information
(SI) Section S1. Briefly, a total of 39 manure-fertilized paddy soils and 39
inorganic-fertilized paddy soils were collected from three agricultural
regions in eastern China (26.00 °N to 31.60 °N, 115.00 °E to 119.48 °E)
in October 2013 (Table S1). The pig manure used as fertilizer was from
nearby livestock farms, and manure-fertilized soil (0-20 cm) samples
were taken after the harvest of single rice. Pigs in these farms were
treated with similar anthropogenic antibiotic inputs. Soil (0-20 cm)
samples with inorganic fertilization were collected from adjacent paddy
fields without records of manure fertilization. In our data analysis and
results interpretation, we considered manure-fertilized and inorganic-
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fertilized soils collected from “adjacent sites” in the same agricultural
area as paired samples. A total of 18 pig manure samples were collected
from nearby livestock farms that were applied to manure-fertilized
paddy fields. Standard methods were used to characterize soil chemi-
cal properties (Table S2), metals and antibiotics (SI Section S1).

2.2. GeoChip hybridization to detect MDRGs and MRGs

MDRG and MRG diversity was studied using GeoChip 5.0, a high-
throughput functional gene array containing 14,977 probes covering
33,758 coding sequences from MDRGs and 42,627 probes covering
94,470 coding sequences from MRGs (Shi et al., 2019). Details on
GeoChip hybridization, imaging and data preprocessing are provided in
SI Section S1.

2.3. Illumina sequencing analysis of 16S rRNA gene amplicons

Soils were studied by 16S rRNA bacterial amplicon sequencing using
the Illumina MiSeq 2 x 250 bp sequencing platform (Illumina, San Diego,
CA, USA). A total of 2,724,333 filtered sequences and 21,919 ASVs were
obtained. The primer set including 515F (5'-GTGCCAGCMGCCGCGGTAA-
3') and 806R (5'-GGACTACHVGGGTWTCTAAT-3") was selected, target-
ing the bacterial V4 region in 16S rRNA genes (Caporaso et al., 2012).
Details on sample preparation and sequencing are also provided in SI
Section S1.

2.4. Quantification of typical ARGs

Considering the antibiotics used in pig production, five TC resistance
genes (tetW, tetM, tetO, tetQ and tetH), two SA resistance genes (sull and
sul2), two quinolone (FQ) resistance genes (gyrA and gnrA), and one
macrolide resistance gene (ermF) were detected by qPCR to reveal soil
antibiotic resistance. The copy numbers of ARGs and the 16S rRNA gene
were determined by qPCR carried out in triplicate using a CFX96 Real-
time PCR System (Bio-Rad, USA). The specific primer sets for 10
target ARGs and the 16S rRNA gene are listed in Table S3. Details on the
qPCR system and protocol and data analysis are provided in SI Section
S1.

2.5. Data analysis

Univariate patterns of association were tested using Pearson corre-
lation coefficients. The response ratios of MDRG and MRG abundance
between manure-fertilized and inorganic-fertilized soils were calculated
(Luo et al., 2006). Partial redundancy analysis was used to delineate the
effects of explanatory variables on soil MDRG diversity. Canonical cor-
respondence analysis (CCA) was used to identify the effects of variables
on soil MDRG and MRG structure. Random forest classification and
regression analysis were used to predict soil antibiotic resistance.
Network analysis was performed to investigate the coexistence of
MDRGs with bacterial taxa, MDRGs with MRGs, and MDRGs and MRGs
with bacterial taxa in soils. Permutational multivariate analysis of
variance (PERMANOVA) and Pearson correlation analysis were con-
ducted to determine the effect of the soil type and soil properties on the
positive links between soil MDRGs and MRGs in the network. Structural
equation models (SEMs) were constructed to evaluate the direct and
indirect effects of climate, soil pH, total organic carbon (TOC), antibi-
otics, metals, soil bacterial diversity, and manure MDRG and MRG di-
versity on the positive links between soil MDRGs and MRGs in the
network. The priori model was constructed first based on theoretical
relationships (Fig. S1). Details are provided in SI Section S1.
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3. Results

3.1. Comparison of antibiotic and metal concentrations and MDRG and
MRG diversity in soils with different fertilizers

TCs showed the highest concentrations among the target antibiotics
in the manures (6.7-20.1 mg/kg on average, p < 0.05) (Fig. S2a). High
concentrations of oxytetracycline, sulfamethyldiazine and enrofloxacin
were detected in the manure-fertilized soils. None of the target antibi-
otics were detected in inorganic-fertilized paddy fields. It should be
noted that this result might be limited by the range of analyte types and
the detection limit of the method used to quantify antibiotics. The
concentrations of Zn and Cu, which were used as feed additives, were
highest in manures (475 to 2183 and 349 to 771 mg/kg on average,
respectively) and were similar in manure-fertilized and inorganic-
fertilized soils (Fig. S2b).

The diversities of MDRGs and MRGs in soils and manures were
examined by a GeoChip 5.0 assay. In total, 9919 unique probes related
to nine gene families of MDRGs were hybridized, including five multi-
drug efflux system gene families for various classes of antibiotic resis-
tance (abc, mate, mex, mfs, and smr) and four p-lactamase (Classes A-D)
resistance gene families. An average of 5652 probes were in inorganic-
fertilized soils, and 5970 probes were in manure-fertilized soils
(Fig. S3, Table S4). The diversity of MDRGs was significantly related to
bacterial diversity (r = —0.241, p = 0.037; Fig. S4a). Multidrug efflux
genes related to various classes of antibiotic resistance were dominant,
with 9,434 probes (Fig. S3). This result may be partially due to the
different probe numbers designed on the GeoChip. Significant positive
response ratios ranged from 0.21 to 0.29 (p < 0.01) between manure-
fertilized and inorganic-fertilized soils (p < 0.01), indicating higher
abundances of MDRGs in response to manure fertilization (Fig. S5a). For
example, the abundances of the p-lactamase resistance genes blaC and
blaA (with the highest response ratios of 0.29 and 0.24, respectively) in
manure-fertilized soils were significantly higher than those in inorganic-
fertilized soils. A total of 25,312 unique probes related to 101 MRG
families were detected, with averages of 11,659 and 12,521 probes in
inorganic-fertilized and manure-fertilized soils, respectively (Table S5).
Similarly, MRG diversity showed significant correlations with bacterial
diversity (r = -0.241, p = 0.037; Fig. S4b). Manure fertilization sub-
stantially increased MRG abundance, with an average response ratio of
0.26 (p < 0.01) (Fig. S5b).

Greater than 60% of the variation in soil MDRG diversity was
explained by environmental variables, manure fertilization, the soil
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bacterial community and MRG diversity in the partial redundancy
analysis (Fig. S6). Environmental variables and manure fertilization
were the dominant contributors, accounting for 59.6% of the total
variance, alone or combined with other factors. Similar effects of these
abiotic and biotic factors on soil MDRG and MRG diversity were
detected by CCA (Fig. S7). Mean annual temperature (MAT), soil pH,
TOC, total potassium (TK), total phosphorus (TP), Zn, Cu, Pb, Ni, Cr, SAs
and FQs, and manure-derived MDRG and MRG diversity were significant
factors influencing both soil MDRG and MRG structure (p < 0.01).

3.2. Coexistence of MDRGs and MRGs and potential bacterial hosts in
soils increased under manure fertilization

Analysis of the network between resistance genes and bacterial taxa
was suggested to provide potential host information if the resistance
genes and the coexisting bacterial taxa possessed significantly similar
abundance trends among samples (Li et al., 2015). The similar abun-
dance trends might be explained by the specific bacterial taxa host-
specific resistance genes (Forsberg et al., 2014; Feng et al., 2018). Net-
works among MDRGs, MRGs and bacterial taxa were explored to reveal
the co-selection potential of MDRGs and MRGs and to identify possible
hosts for coexisting resistance (Fig. 1, S8; Tables S6, S7). Multidrug
efflux genes were dominant and generally occurred together with
resistance genes for As, Cd, Cr, Cu, Hg, Ni and Te, especially for MRG-Ni
(Fig. 1, S8). The numbers of linkages (edge numbers) between bacteria
and MDRGs were slightly higher in manure-fertilized soils than in
inorganic-fertilized soils at 262 and 223, respectively (Table S6). Spe-
cifically, the linkages between bacteria and MRGs were much more
common in manure-fertilized soils (130) than in inorganic-fertilized
soils (63). Proteobacteria, Actinobacteria and Firmicutes predomi-
nantly co-occurred with MDRGs and MRGs. Resistant bacteria, including
species of Actinobacterium WWH12, Bacillus, Geobacter, Solirubrobacter,
Acidobacteriales, Bacillales, Chloroflexi, Methyloligellaceae and Xan-
thobacteraceae, were identified as potential common hosts for both
MDRGs and MRGs (Table S7). Compared with inorganic fertilization,
manure fertilization increased not only the number of potential hosts for
coexisting resistance genes but also their abundances (Fig. S9).
Furthermore, these potential common hosts had more connections with
diverse MDRGs and MRGs, such as mfs, mex, abc, blaD, nikA, arsB, czcD,
copA, cutA, znuC, terD, mer and psaA_5f0_Mn, under manure application
than in soils with inorganic fertilizer (Table S7). These results indicated
that manure application increased potential host bacteria and enhanced
their coexistence with MDRGs and MRGs.

MDRGs MRGs bacteria

® abc MRG-As @ Acidobacteria
MRG-Cd @ Actinobacteria
MRG-Cr @ Bacteroidetes
MRG-Cu ® Chloroflexi

® mate
® mex
® mfs
smr MRG-Mn @ Epsilonbacteraeota
® MRG-Hg
® MRG-Ni Nitrospirae
® MRG-Ag @ Proteobacteria
® MRG-Te @ Thaumarchaeota
® MRG-Zn @ Verrucomicrobia

® blaA
® blaC
® blaD

Firmicutes

aseweperg  sassefo-snoueA

Fig. 1. Coexistence of multidrug resistance genes (MDRGs) and metal resistance genes (MRGs) with bacterial taxa. Circular layouts cluster the associations (i.e.,
edges) among MDRGs, MRGs and bacteria in networks of (a) inorganic-fertilized (IF) soils and (b) manure-fertilized (OF) soils, respectively. The sector size in the
outer circle indicates the total relative proportion of respective associations with others, while the flows through the center of the circle illustrate the relative

importance of associations between individuals.
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3.3. Drivers of the coexistence of MDRGs and MRGs in soils

PERMANOVA showed that 77.3% of the variance in soil MDRG and
MRG coexistence could be explained by fertilization (49.1%) and soil
type (28.2%; Table S8). Soil pH, TOC, TP, available phosphorus (AP) and
TK were significantly positively correlated with the coexistence of soil
MDRGs and MRGs (p < 0.001; Table S9). SEMs were constructed to
investigate the direct and indirect effects of climate (combined with
MAT and mean annual precipitation [MAP]), soil attributes (pH and
TOC), selective pressures (antibiotics and metals), soil bacterial di-
versity, and manure-derived MDRG and MRG diversity on the coexis-
tence of soil MDRGs and MRGs (Fig. 2). For inorganic-fertilized fields,
metals were the most important driver that directly increased the
coexistence of MDRGs and MRGs (r = 0.317, p < 0.001; standardized
total effect = 0.309). The coexistence was shown to be directly impacted
by soil pH (r = 0.214, p < 0.001) and indirectly impacted by pH effects
on metal speciation (r = —0.237, p < 0.001) and soil bacterial diversity
(r = 0.239, p = 0.008). For manure-fertilized fields, in addition to the
significant effects of metals (r = 0.452, p = 0.022; standardized total
effect = 0.452), manure-derived MDRGs (r = 0.355, p = 0.032) and
MRGs (r = 0.338, p = 0.035) had a significant positive influence on the
coexistence of MDRGs and MRGs in soils. Antibiotics also directly
enhanced coexistence (r = 0.397, p < 0.001; standardized total effect =
0.380). Compared with inorganic fertilization, manure fertilization
increased the contributions of soil bacterial community diversity (r =
0.188, p = 0.022). TOC was an important factor (standardized total ef-
fect = 0.337) that affected the bioavailable concentrations of antibiotics
(r = 0.402, p < 0.001) and metals (r = 0.278, p < 0.001).

Furthermore, the influence of metals and antibiotics on the coexis-
tence between specific MDRGs and MRGs was estimated. The positive
associations between the predominant MDRGs (multidrug efflux genes,
including abc, mate, mex, mfs, and smr) and MRGs in the co-occurrence
networks were selected to characterize their synergistic increase effects.
The differences in coexistence between manure- and inorganic-fertilized
soils were compared (Fig. 3a). Coexistences between mfs, mex and all
MRGs were increased under manure fertilization. In addition, there were
more positive associations between abc and As and Ni resistance genes in
manure-fertilized soils than in inorganic-fertilized soils. Random forest
models showed that the coexistence of a specific MDRG and all MRGs
was well explained by selective pressures from metals and antibiotics (p

IF OF
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pH pH
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0. soil bacterial soil MDRG & TS
diversity MRG coexistence
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%2 =0.075, P=0.784, df = 1; bootstrap P = 0.692;
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= 0.01, R? > 0.80). The concentrations of Pb, Ni, Cr, Cd and FQs were
major predictors of the coexistence of mfs, mex, abc and MRGs (increase
in mean square error (MSE) % >15, p < 0.05) (Fig. 3b).

3.4. Prediction of soil antibiotic resistance by MDRG and MRG
coexistence

Soil antibiotic resistance, including resistance to TCs (tetW, tetM,
tetO, tetQ and tetH), SAs (sull and sul2), FQs (gyrA and gnrA), and
macrolide (ermF), was further estimated by qPCR (Fig. S10). The
random forest model indicated that 60% of the total variation in soil
antibiotic resistance could be explained by the coexistence of predom-
inant MDRGs and MRGs at the 0.01 level with 1000 trees (Fig. 4). The
coexistence of mfs, mex, mate, and abc with MRGs was the most
important predictor, with increases in the MSE (%) of 18.6, 17.4, 16.6,
and 16.4, respectively, followed by the coexistence of smr and MRGs.
Based on these results, the coexistence of MDRGs and MRGs predicted
antibiotic resistance in soils.

4. Discussion
4.1. Manure application increased the abundance of MDRGs in soils

Numerous studies have demonstrated that agricultural applications
of manure boost ARGs in soils (Xie et al., 2018; Blau et al., 2019; Zhou
et al., 2019). In this study, manure fertilization significantly increased
soil MDRG abundance. Among the general mechanisms of antibiotic
resistance, multidrug efflux pumps excluding drugs serve as critical one
in MDR (Hernando-Amado et al., 2016). We found a large number and
wide distribution of broad-spectrum efflux pumps such as mfs, mex, abc,
smr and mate in soils, suggesting that they play a generalized role in
protecting the cell from multiple antibiotics encountered in the agri-
cultural environment. Consistent with previous findings, among the five
efflux pumps, mfs was the most prevalent and clinically relevant efflux
pump superfamily in bacteria (Spengler et al., 2017). In addition, the
B-lactamase resistance genes blaC and blaA were also increased under
manure applications. p-lactams are one of the top antibiotics used in
livestock production to prevent and treat diseases (Zhang et al., 2015).
Udikovic-Kolic et al. (2014) found that soils with manure contained a
higher abundance of f-lactam-resistance genes (blacgp.04) than those

(b)

057w F
== OF

manure MDRG _
diversity

.397¢0.355
soil MDRG &
MRG coexistence

0.452 4.0.338

Standardized total effects (unitless)

manure MRG _|
diversity

¥?=7.073, P=0.421, df = 7; bootstrap P = 0.577;
GFI =0.962; RMSEA = 0.017, P =0.488

Fig. 2. Structural equation models (SEMs) investigating drivers of coexistence of multidrug resistance genes (MDRGs) and metal resistance genes (MRGs). SEMs
based on the effects of variables on soil MDRG and MRG coexistence in inorganic-fertilized (green) and manure-fertilized (blue) soils. Blue, red and gray arrows
represent significant positive, significant negative (both p < 0.05) and nonsignificant paths (p > 0.05), respectively. The path coefficients are indicated as stan-
dardized effect sizes of the relationships. (b) The standardized total effects (direct plus indirect effects) derived from the SEM used in (a). TOC: total organic carbon.
IF: inorganic-fertilized soils; OF: manure-fertilized soils. Std. coeff.: standardized coefficient. (For interpretation of the references to colour in this figure legend, the

reader is referred to the web version of this article.)
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MDRGs and MRGs for soil antibiotic resistance based on random forest ana-
lyses. The significance levels of each predictor are as follows: *p < 0.05 and
**p < 0.01.

treated with inorganic fertilizer, and this result was attributed to the
enrichment of resident soil bacteria that harbor p-lactamases (Pseudo-
monas sp., Janthinobacterium sp. and Psychrobacter pulmonis) by manure
amendment. GeoChip has been used as a quick and high-throughput tool
to assess ARG and MRG profiles in various environments (Low et al.,
2016; Gao et al., 2020). However, GeoChip is a “closed format” detec-
tion technology (Zhou et al., 2015), meaning that it depends on the
known sequence information and probe design. Our results may be
limited by gene design in GeoChip, and continuous GeoChip updates are
needed. In addition, other “open format” technologies, such as meta-
genomic analysis (Su et al., 2017a, 2017b), are suggested to study more
resistance genes.

4.2. Manure application enhanced coexistence of MDRGs and MRGs in
soils and co-selection by antibiotics and metals

In addition to the enrichment of MDRGs, our network analysis
revealed that manure fertilization also substantially enhanced the
coexistence of MDRGs and MRGs. The coexistence of typical ARGs and
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Fig. 3. Influence of metals and antibiotics on
the coexistence of specific multidrug resis-
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[MSE]) of selective pressures from metals
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MDRGs and all MRGs. The circle size repre-
sents the significant importance in the pre-
diction (p < 0.05). TCs: tetracyclines; SAs:
sulfonamides; FQs: quinolones.
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MRGs in microbial communities during manure composting has been
reported previously (Yin et al., 2017). Genes encoding resistance to
metals such as Cu, Ag, As, Sb, Co, Ni, Cd, Fe, Zn and Hg frequently
coexist with resistance genes for many classes of antibiotics, e.g., SAs,
B-lactams, amphenicols, TCs and aminoglycosides (Pal et al., 2015,
2017). Cross-resistance and co-resistance are known to be the main
mechanisms of co-selection for antibiotic and metal resistance (Singer
et al., 2016). Our results showed that the coexistence of MRG-Ni and
MDRGs was dominant in the networks. This dominance might be
attributed to their shared resistance mechanism, the use of efflux pumps,
which can confer cross-resistance to metals and antibiotics (Pal et al.,
2017). For instance, the czcCBA- (czcC, czcB, czcA encoding an outer
membrane factor, a fusion protein, and a resistance-nodulation-cell di-
vision protein, respectively), cznCBA-, cnrCBA-, and nccCBA-mediated
efflux systems play important roles in both Ni resistance and multidrug
detoxification (Baker-Austin et al., 2006; Stahler et al., 2006; Hu et al.,
2017). The difference in coexistence patterns between p-lactamase
resistance genes and specific MRGs may be partly due to their different
functional preferences. Genes with closely related functions, such as
functional interactions to produce resistance to specific antibiotics and
metals, are often co-occurring as the closest genetic neighbors. Genome
analysis of numerous complete genomes found that genes resistant to
p-lactam, kasugamycin and bacitracin are the ARG types most likely to
co-occur with common MRG types (excluding multidrug and unclassi-
fied ARGs) (Li et al., 2017).

Antibiotics and metals are widely used in animal feed additives to
promote growth and prevent diseases and are then excreted with ma-
nures (Kuppusamy et al., 2018; Imran et al., 2019). Under combined
contamination by antibiotics and metals following manure application,
the coexistence of MDRGs and MRGs was promoted in agroecosystems.
Owing to shared structural and functional resistance systems, antibiotics
and metals could contribute to coexisting selective pressures and act as
complementary drivers of coexistence (Hu et al., 2016; Guo et al., 2018).
Our SEM results indicated that metal content was a major driver influ-
encing the coexistence of MDRGs and MRGs in both inorganic-fertilized
and manure-fertilized soils, and antibiotics were an important factor in
manure-fertilized soils. Zhou et al. (2016) found significant correlations
among ARGs, MRGs and metals in feces (p < 0.01) and suggested that
metals promoted the emergence of metal resistance and participated in
co-selection for ARGs. Spectral alterations post exposure to As(V) and TC
by surface-enhanced Raman scattering indicated that As(V)-induced
bacterial resistance could simultaneously block TC action, confirming
the contribution of cross-resistance to As(V)-enhanced antibiotic resis-
tance to TC (Cui et al., 2016). Cu resistance genes (tcrB) and ARGs (ermB
and tetM) are commonly found together in plasmids, and Cu may co-
select resistance to multiple antibiotics, especially for the macrolide
resistance gene (Amachawadi et al., 2013).
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4.3. Potential host-resistant bacteria contributed to the coexistence of
MDRGs and MRGs in soils

The most common co-selection scenario is likely the presence of
chromosomal MRGs and plasmid-borne ARGs in the same strain (Pal
et al.,, 2015). Certain bacterial taxa comprising many pathogens are
particularly prone to carrying both MRGs and ARGs. Although direct
information on genomes (plasmids and chromosomes) carrying MDRGs
and MRGs was not available in this study, network analysis of MDRGs,
MRGs and bacterial taxa revealed that it was common for microbes
(such as species of Actinobacterium WWH12, Bacillus, Geobacter, Soliru-
brobacter, Acidobacteriales, Bacillales, Chloroflexi, Methyloligellaceae
and Xanthobacteraceae) to have both MDRGs and MRGs. A study of
4582 plasmids (mainly from Proteobacteria, Firmicutes and Spiro-
chaetes) suggested that plasmids hosted by Escherichia, Staphylococcus,
Salmonella and Klebsiella tended to carry both ARGs and MRGs (Pal et al.,
2015). The coexistence of ARGs and MRGs was found to be positively
correlated with the class I integron-integrase gene, which resulted in co-
resistance (Liu et al., 2019). Our results showed that the abundance of
potential host bacteria in manure-fertilized soils was higher than that in
inorganic-fertilized soils. The enrichment of potential hosts may provide
more carriers for MDRGs and MRGs. SEM analysis suggested that the
increased contributions of bacterial diversity to the coexistence of
MDRGs and MRGs in soils supplemented with manure fertilization might
therefore result from co-selection. Notably, although network analysis is
considered to be a useful tool to provide insights into the coexistence of
resistance genes and potential hosts in complex environmental samples
(Li et al., 2015; Luo et al., 2017), it could not distinguish the contribu-
tions of manure-derived and soil-borne bacteria or decipher the location
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of resistance genes in this study. In future studies, increasing the time
series sampling before and after fertilization is suggested to explore the
contribution of manure-derived and soil-borne bacteria and explain the
dissemination of resistant bacteria and resistant genes. Additionally,
other approaches, such as functional metagenomics and single-cell
genomic technologies (Dos Santos et al., 2017; Feng et al., 2018; Su
et al.,, 2017a, 2017b), are needed to actually test the potential host-
resistant bacteria predicted by network analysis, investigate the loca-
tion of genes and the coexistence patterns of MDRGs and MRGs at the
genome/plasmid level, and elucidate their mechanisms of co-resistance
and cross-resistance and contributions to coexistence.

4.4. Effects of MDRG and MRG coexistence on soil antibiotic resistance in
agroecosystems

Horizontal gene transfer of resistance genes located in MGEs is often
assumed to be a major mechanism for resistance disseminated to other
strains (Amachawadi et al., 2013; Soucy et al., 2015). Recipient mi-
croorganisms acquiring ARGs and/or MRGs can then quickly adapt to
habitats with selective pressures from antibiotics and/or metals (Pal
et al., 2015). Our results suggested that the coexistence of MDRGs and
MRGs was the most important predictor of soil antibiotic resistance
under manure application (Fig. 5, increase in MSE (%) = 18, p < 0.01).
In manure-fertilized soils, the enhanced coexistence of MDRGs and
MRGs may increase soil antibiotic resistance in agroecosystems by
promoting the horizontal transfer of resistance genes. This result was
supported by previous studies demonstrating that plasmids with both
ARGs and MRGs are conjugated significantly more often than those not
carrying both types of resistance genes, which indicates a high level of
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gene transfer between strains and resistance to a wide range of antibi-
otics (Pal et al., 2015, 2017). Genetically coupled resistance in MGEs
with high mobility potential could theoretically be directly connected to
large proportions of the soil bacterial gene pool, thus increasing the
probability of spreading resistance to specific species or even across
phylum boundaries (Kliimper et al., 2015).

Naturally, ARGs are selected by antibiotics and provide a competi-
tive advantage against antibiotic producers, allowing host bacteria to
survive at high concentrations of antibiotics (Nesme and Simonet,
2015). Resistance genes are usually associated with some fitness costs to
provide resistance for bacteria. Mobilization of resistance genes pro-
vides a new mechanism for gene replication and subsequent function-
alization in bacteria, which may increase the expression levels of
resistance genes or contribute to the fine-tuning of their expression. Both
methods are beneficial under the selection of antibiotics (Martinez,
2014; Bengtsson-Palme et al., 2017). In other words, the mobilization of
resistance genes may provide a fitness cost benefit mechanism for bac-
teria to resist various selection pressures. Therefore, when MDRGs and
MRGs coexist, their high migration potential may provide a mechanism
for increasing soil antibiotic resistance at a lower adaptation cost.

Based on the above empirical studies and our findings together, we
proposed a schematic representation to illustrate the possible ways in
which manure fertilization influences soil antibiotic resistance in agro-
ecosystems (Fig. 5). MDRGs from manure could be introduced directly
into soils and survive with hosts. Bacteria resident in soils containing
intrinsic MDRGs could be enriched by manure. Intrinsic resistance genes
and cryptic resistance genes (which are not necessarily expressed), as
well as precursor genes (which encode proteins with modest antibiotic
resistance activity or affinity to antibiotics), could acquire resistance by
activation or adaptative mutations with the selection of antibiotics and
metals (Wright, 2007). These mechanisms also enhanced the coexis-
tence of MDRGs and MRGs or enriched resident bacteria containing
intrinsic MDRGs, which further contributed to soil antibiotic resistance
via horizontal gene transfer. The random forest model showed that 54%
of the variation in soil antibiotic resistance was explained by the direct
introduction of manure-derived MDRGs and selective pressures from
antibiotics and metals, elevating the intrinsic soil MDRGs and coexis-
tence of MDRGs and MRGs (p = 0.01). It should be noted that this result
might be overstated by our sample data on a single time point and a
limited number of farms. This concept model needs to be verified by
more extensive research.

In conclusion, we focused on the increased abundances and coexis-
tence of MDRGs and MRGs due to manure application in agricultural
soils and the danger they pose on increasing soil antibiotic resistance in
agroecosystems. The results indicated that agricultural application of
manure increased the abundance and coexistence of MDRGs and MRGs
in agroecosystems. This might be attributed to the directly introduced
resistance genes, increased co-selective pressures from antibiotics and
metals, and stimulation of hosts that acquire and transfer resistance
genes under manure fertilization. Such coexistence could further in-
crease soil antibiotic resistance, posing a threat to agroecosystem
function and human health. Our findings highlight the necessity of
considering both antibiotic and metal concentrations and coexisting
MDRGs and MRGs when designing integrated strategies to control
antibiotic resistance under intensive agricultural applications of
manure. Future studies should focus on identifying different MGEs and
their relationship with the coexistence of MDRGs and MRGs.
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