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ARGs, microbial community and human pathogenic bacteria in oxytetracycline (OTC) contaminated soil. Results showed that the addition of OTC significantly increased the abun-
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dance of ARGs and intI1 in the soil and lettuce tissues. The addition of Cd to OTC treated
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soil further increased the abundance and translocation of ARGs and intI1. Moreover, Cd pro-

Cadmium

moted the transfer of potential human pathogenic bacteria (HPB) into lettuce tissues. Com-

Human pathogenic bacteria

pared with O10 treatment, the addition of Cd decreased the concentration of OTC in soil

Oxytetracycline

and lettuce tissue, but slightly increased the fresh weight of lettuce tissues. Redundancy
analysis indicated that bacterial community succession is a major factor in ARGs variation.
Network analysis indicated that the main host bacteria of ARGs were mainly derived from
Proteobacteria. Correlation analysis showed that intI1 was significantly correlated with tetG,
tetC, sul1, sul2, ermX, and ermQ. Meanwhile, potential HPB (Clostridium, and Burkholderia)
was significantly correlated with intI1 and eight ARGs (tetG, tetC, tetW, tetX, sul1, sul2, ermX,
and ermQ.). The findings of this study suggest that the addition of heavy metals to agricultural fields must be considered in order to reduce the transfer of ARGs in the soil and crops.
© 2020 The Research Center for Eco-Environmental Sciences, Chinese Academy of
Sciences. Published by Elsevier B.V.

Introduction
In past few years, large scale development in the livestock
and poultry industry had led to an excessive use of antibiotics, especially for disease prevention in order to promote
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the animal’s growth (Pietrzak et al., 2009). However, due to low
metabolic rate in the living body, most antibiotics/residues become the part of excrement (Zhang et al., 2018). As a consequence, a significant amount of such antibiotics/residues enter the soil as a pollutant through manure application practices (Kay et al., 2005). The application of such manure also
increases the abundance of antibiotic resistance genes (ARGs)
in the soil (Zhang et al. 2018).
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Oxytetracycline (OTC) is one of the most commonly utilized antibiotics throughout the world (Li et al., 2011). It has a
variety of polar functional groups and can be adsorbed to the
soil surface via electrostatic interaction, cation exchange, hydrogen bonding and metal complexation in combination with
cations and metal oxides in the soil (Zhao et al., 2012; Pan and
Chu, 2016). In China, a large-scale livestock and poultry manure report showed that the highest OTC content in pig manure was 134.8 mg/kg, with an average content of 9.1 mg/kg
(Zhang et al., 2005). Residual antibiotics in the soil can affect
the structure, metabolic activity, and function of microorganisms and can promote the proliferation of ARGs that encode
defense mechanisms (Liu et al., 2012; Qian et al., 2016). These
exogenous ARGs can be captured by integrons and then easily
transferred between microorganisms through horizontal gene
transfer mediated by mobile genetic elements (Cury et al.,
2016; von Wintersdorff et al., 2016). Integrated genes (intI1) are
considered to be the main contributors to the acquisition and
spread of ARGs (von Wintersdorff et al., 2016; Gillings et al.,
2014). In 2008, the content of some ARGs in soil was even 15
times higher than that in 1970s (Knapp et al., 2010). In addition, ARGs can enter the human body through the food chain,
and once ARGs are transmitted to human pathogen bacteria
(HPB) through horizontal gene transfer, they can pose a threat
to human health (Zhu et al., 2017; Han et al., 2018).
Cadmium (Cd) is a highly toxic trace element that causes
severe health problems in animals and humans (Recatalá
et al., 2010). An investigation in northeastern China showed
that the Cd content in animal feces was up to 15.1 mg/kg
(Zhang et al., 2012). In China, a survey of farmland showed
that soil Cd content was up to almost 6.97 mg/kg. More importantly, all ARG-positive soil samples were above the standard
Cd levels (Ding et al., 2015). The extensive coexistence of ARG
and MRG in environmental and clinical bacteria has been confirmed (Luo et al., 2017), so heavy metals have the ability to act
as drug-resistant co-selectors or cross-selectors (Imran et al.,
2019; Lloyd et al., 2016). However, few studies have focused on
the combined influence of antibiotics and heavy metals on soil
ARGs and microorganisms.
The aim of this study was to determine the combined influence of Cd and OTC on soil ARGs and microorganisms. The potential mechanisms related to alterations in soil microorganisms and ARGs were analyzed, and the interactions between
ARGs and their potential bacterial hosts, particularly potential
HPB, were identified.

1.

Materials and methods

1.1.

Preparation of experimental materials

The top 20 cm deep soil was collected from the farmland in
Yangling, China (34° 15 7" N, 108° 4 4" E). The collected soil
was air-dried and sieved (2 mm) for later use (Zhang et al.,
2018). An aerobically composted pig manure was obtained
from the animal husbandry experimental station of Northwest A & F University, Yangling, China. OTC used in this study
was 99% pure (Solarbio, Beijing, China), and lettuce seeds
(Glass lettuce, the predominant variety planted in Shaanxi
Province) used in the experiment were purchased from Yan-

gling Seed Company. The physiochemical properties of the
tested soil and manure have been summarized in Appendix
A Table S1.

1.2.

Experimental setup

A pot experiment was conducted in a greenhouse of Northwest A&F University. Soil (2.25 kg) and manure (0.25 kg) were
thoroughly mixed and added to the plastic pots (diameter, 23
cm; depth, 17 cm) (Duan et al., 2017). CdCl2 aqueous solution and OTC-HCl solution were sequentially added to each
treatment using a plastic atomizer. The amounts of OTC and
Cd added were determined based on the residual concentrations in the soil and animal excrement (Zhang et al., 2005;
Ding et al., 2015). The soil was treated as: control (CK), O10 = 10
mg/kg OTC, and O10Cd =10 mg/kg OTC and 5 mg/kg Cd. Control treatment (no contaminants added) was kept for comparison. Each treatment was carried out in three replicates. The
treated soil was equilibrated for one day in dark before being
used for planting lettuce seeds (Duan et al., 2017). Soil moisture was maintained at approximately 60% during the lettuce
growth stage.

1.3.

Sample collection and chemical analyses

Soil and lettuce (root and leaf) samples were collected in sterile bags and stored in small 4°C refrigerators for immediate transport to the laboratory. Lettuce tissue samples was
washed with distilled water and dried on filter paper, under
sterile conditions. Fresh lettuce leaves and roots were used
for extracting plant endophytes after freezing in liquid nitrogen, and the remaining parts were freeze dried for OTC
measurements. The soil sample was also collected after lettuce harvesting. The collected soil samples were freeze-dried
and sieved (2 mm) before DNA extraction and OTC determination. The remaining composite soil samples were air dried,
and then used to determine the basic soil properties.
Soil pH, moisture content (MC), organic matter (OM), total
Cd, and bioavailable Cd (bio.Cd) were assayed according to the
previously described procedures (Bao, 2000).
OTC was determined as described previously (Duan et al.,
2017). Specifically: 0.5 g of plant or 1.0 soil sample was extracted with 10 mL buffer solution (methanol and EDTAMcIlvaine buffer = 1: 1). The combined supernatant was diluted to 50 mL using pure water. These supernatants were
then concentrated using an Oasis® HLB cartridge (Waters,
USA), rinsed with 6 mL of acetone solution (containing 20%
0.01 mol/L oxalic acid/methanol), and dried under nitrogen.
Next, the analytes were dissolved in 1 mL of the mobile phases
(0.01 mol/L oxalic acid:acetonitrile:methanol = 76:16:8, V/V/V)
before chromatographic analysis. The detection wavelength
was 355 nm. An external standard was used to quantify OTC
(correlation coefficient, 0.99) and recovery from soil and lettuce ranged from 70-85%.

1.4.

Quantitative polymerase chain reaction (qPCR)

Total genomic DNA was isolated from the soil sample using a
FastDNA soil Kit (MP Biomedicals, USA). DNA from lettuce endophytes was extracted according to the previously published
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procedure (Duan et al., 2017). The concentration of DNA was
measured on NanoDrop (ND-1000) spectrophotometer (NanoDrop Technologies, Wilmington, DE).
Three classes of ARGs (macrolide resistance, sulfonamide,
and tetracycline genes) are often detected in pig manure
(Ji et al., 2012; Zhang et al., 2018). Thus, the presence of two
macrolide resistance genes (ermQ and ermX), two sulfonamide resistance genes (sul1 and sul2), four tetracycline resistance genes (tetG, tetC, tetW, and tetX), and an integron (intI1)
was determined using PCR and agarose gel electrophoresis.
The quantities of ARGs, intI1 and 16S rRNA genes were determined using qPCR (IQ5 system, Bio-Rad, USA). The qPCR
reaction mixture comprised 1 μL of DNA template, 0.25 μL of
each 20 pM primer (ShengGong, China), 10 μL of SuperReal PreMix Plus (TianGen, China), and 8.5 μL of RNase-free water. The
qPCR conditions comprised an initial hold for 15 min at 95°C,
followed by 40 cycles for 10 sec at 95°C, 20 sec at the annealing temperatures shown in Appendix A Table S2, and then 32
sec at 72°C. Sterile water was used as the negative control for
each assay. The presence of inhibitory compounds in the extracted DNA was checked by qPCR using serially diluted samples. Melting curve analysis was used to detect nonspecific
amplification. The squared correlation coefficient (R2 )> 0.99
and amplification efficiency ranged between 90% and 110% for
the standard curve. The relative abundance of genes was calculated as: copy number of gene/copy number of 16S rRNA.

1.5.

16S rRNA gene sequencing

Sequencing of 16S rRNA was accomplished using the Illumina Miseq platform by Majorbio (Shanghai, China). The following primers were used to amplify and sequence the V3–
V4 region of the 16S rRNA gene: 338F/806R (Mori et al., 2013).
Operational taxonomic units (OTUs) clustering was set at
a similarity cutoff of 97% using UPARSE (version 7.1 http://
drive5.com/uparse/). Identification and removal of chimeric
sequences was accomplished with UCHIME. The representative sequence taxonomy was determined using RDP Classifier
(http://rdp.cme.msu.edu/) against the Silva (SSU123) 16S rRNA
database. HPB species and abundance were obtained based on
the complete published HPB genomic sequence provided by
Cai and Zhang (2013) and Fang et al. (2015) (BLASTN, E-value
< 1 × 10−20 ).

1.6.

Statistical analysis

In order to show the statistical difference among the different treatments, One-way ANOVA was performed using SPSS
(Version 20.0). Network analysis was performed using Cytoscope software (Version 3.4.0), to show the Pearson’s correlation among the different ARGs, potential HPB. Redundancy
analysis (RDA) was conducted using CANOCO 4.5.

2.

Results and discussion

2.1.

Accumulation and assessment of OTC

The OTC half-life in soil generally range from several days to
longer than one month (Wang and Yates, 2008). OTC degrada-
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tion rate is influenced by the adsorption capacity of specific
soils and the external environment, such as the soil temperature, nutrient levels, moisture content, nutrients availability,
and antibiotic contents (Zhao et al., 2011; Cetecioglu et al.,
2014). Results showed that soil had the greatest cumulative
OTC contents followed by lettuce roots, and leaves (Fig. 1).
In soil, the rate of OTC loss from CK, O10, and O10Cd treatments were 24.30%, 71.37%, and 85.62%, respectively. OTC application significantly increased the amounts of OTC residues
in the soil samples and lettuce roots and leaves (P < 0.05).
Compared with O10 treatment, OTC contents in the O10Cd
treatment was significantly decreased by 49.76%, 48.27%,
and 46.09% in the soil samples, lettuce root, and leaves, respectively (P < 0.05). OTC has multiple ionizable functional
groups (Chen and Huang, 2009), which can serve as electron donors for metal coordination. Metals can bind to these
ligand-like antibiotics through complexation, thereby reducing the content of extractable antibiotics (Mackay et al., 2005;
Wan et al., 2010). However, the OTC content was still significantly higher in O10Cd treatment compared to CK. In addition, the fresh weight of the lettuce leaves varied under
the different treatment conditions (Fig. 1b). Compared with
CK, O10 and O10Cd treatments significantly increased the
fresh weight of lettuce leaves by 100.4% and 117.1%, respectively (P < 0.05). Consistent with previous results, Pan and
Chu (2017) supported the stimulating effect of low dose tetracycline on the growth of lettuce, carrot, cucumber, tomato,
wheat, corn and corn crops. Migliore et al. (2010) also found Cd
and antibiotics promote plant growth at low concentrations.
Agathokleous et al. (2018) investigated the hormesis induced
by various antibiotics in various species and endpoints, such
as the number of leaves and the root length of corn and cucumber. They also agreed that the hypothesis of xenohormesis induced by antibiotics in plants may be a potential mechanism by which antibiotics stimulate plant growth.

2.2.
Relative abundance of ARGs in the soil and plant
tissues
The relative abundance of ARGs and intI1 varied dramatically in the soil and lettuce leaves under different treatments (Fig. 2). Compared with CK, the abundances of ARGs
in O10 and O10Cd treatments were increased significantly
(P < 0.05). TetX, tetW, sul1, sul2, and ermQ increased 9.91%–
280.00% in soil, while the abundances of tetW, sul1, sul2, ermX,
and ermQ genes increased by 27.39%–866.22% in roots, and
the abundances of tetG, tetC, tetW, sul2, sul2, and ermX increased by 31.85%–740.96% in the leaves (P < 0.05). OTC treatment increased the abundance of some ARGs, while other
ARGs decreased, indicating that different ARGs respond differently to antibiotics, which is consistent with previous studies (Wu et al., 2015). OTC simultaneously elevated both the
abundances of tetW and tetX and the abundances of sul1 and
sul2 in soils, possibly due to the development of co-resistance
or cross-resistance with respect to sulfonamides and tetracycline antibiotics (Chapman, 2003). Compared to O10 treatment, the O10Cd treatment resulted in significant increases
in ARGs (except ermQ and ermX genes) by 18.10%–104.39% in
the soil, by 26.52%–460.00% in roots (except tetW, and ermQ),
and by 115.58%–1103.59% in leaves (except for tetW) (P < 0.05).
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Fig. 1 – (a) OTC concentrations in soils and lettuce tissues under different treatments. (b) Fresh weight of lettuce leaves under
different treatments. Different letters indicate significant differences within different treatments at P < 0.05. Error bars show
the standard deviations based on three replicates. CK: Control; O10: 10 mg/kg OTC; O10Cd: 10 mg/kg OTC + 5 mg/kg Cd.

Fig. 2 – Relative abundances of ARGs in dry soil and fresh lettuce samples. Different letters within a group indicate
significant differences in different treatments at P < 0.05. Error bars show the standard deviations based on three replicates.
CK: Control; O10: 10 mg/kg OTC; O10Cd: 10 mg/kg OTC + 5 mg/kg Cd.

This is consistent with previous findings that microorganisms
in environments contaminated with heavy metals are more
likely to exhibit resistance to antibiotics than those in nonpolluted environments (Baker-Austin et al., 2006).
From the changes of the total abundance of 8 ARGs, the
ARGs abundance in the O10 treatment group increased by
35.19%, the root system increased by 9.20%, and the leaves increased by 44.57% compared to CK, abundances were further
increased by 9.27%, 57.92%, and 210.20%, respectively, with
O10Cd treatment (P < 0.05). These changes may be due to
heavy metal induction of bacterial stress response via DNA
damage, resulting in increased ARG abundance in the flora
(Guerin et al., 2009; Spagnoletti et al., 2014). Soil bacteria can
enter and survive in the roots of plants after root damage;
consequently, ARGs can spread to the leaves (Bulgarelli et al.,

2012; Duan et al., 2017). Synergistic resistance mechanisms
may also be important in the development of resistance in response to heavy metals and antibiotics (Baker-Austin et al.,
2006). Many genes that are resistant to heavy metals and
ARGs are located within the same genetic elements (i.e., plasmids, integrons, and transposons), so selective increases in
the abundance of heavy metal resistance genes will also cause
increases in ARGs (Claudia and Berendonk, 2012).

2.3.

Horizontal transfer of antibiotic resistance genes

The inti1 gene is usually found in plasmids and transposons,
and inserts at both ends are often linked to multiple drug resistance genes (Jechalke et al., 2014). The addition of OTC increased the relative abundance of intI1 in soil samples and

journal of environmental sciences 99 (2021) 51–58

55

Fig. 3 – Heatmap showing the relative abundances of the top 35 genera in all samples. The 35 genera belonged to nine
phyla, as shown by different colors. CK: Control; O10: 10 mg/kg OTC; O10Cd: 10 mg/kg OTC + 5 mg/kg Cd.

lettuce roots and leaves by 76.00%, 78.00%, and 83.97%, respectively, compared to CK (Fig. 2) (P < 0.05). When Cd was also
applied, the abundance of intI1 increased in the soil samples,
lettuce roots, and leaves by 21.21%, 102.53%, and 331.19%, respectively, relative to O10. OTC and Cd treatments can promote the accumulation and dissemination of ARGs by horizontal gene transfer (Gaze et al., 2011). Wright et al. (2008) and
Rosewarne et al. (2010) also found that heavy metal pollution
significantly increased the abundance of intI1 in water samples.

2.4.
Changes in soil microbial community structure and
plant endophytes
A detail composition of bacterial community at phylum and
genus level has been shown in Fig. 3 and Appendix A Fig.
S1, respectively. Proteobacteria, Actinobacteria, Bacteroidetes,
Chloroflexi, and Cyanobacteria were the most prevalent phyla,
75.28% (CK in soil) to 98.71% (O10 in leaves) of the total sequences were comprised of these phyla. Cyanobacteria were found mainly in leaves and roots of the lettuce plants. The O10 and O10Cd treatments increased Pro-

teobacteria and Bacteroidetes in soil samples (average abundance increased by 25.54% and 30.94%, respectively), but
decreased Actinobacteria (average abundance decreased by
14.01%). The abundances of these three phyla were lower
in lettuce leaves after O10 and O10Cd treatments compared to CK. Proteobacteria was the most important phylum in soil and lettuce samples (except Cyanobacteria in
lettuce tissue). Three genera of Proteobacteria, Pseudoxanthomonas, Devosia, and Lysobacter, were increased after
O10 and O10Cd treatments in soil and root samples. The
most abundant genera in the soil samples were Clostridium_sensu_stricto_1, Norank_f__Anaerolineaceae, and Norank_c__Acidobacteria, while the most abundant in leaves
were Norank_f__Mitochondria and Norank_c__Cyanobacteria.
The O10 and O10Cd treatments inhibited or promoted the
abundance of some genera in the soil samples. The abundances of Bacillus, Actinocorallia, Streptomyces, and Spirillospoı̄ra were lower in the O10 and O10Cd treatments compared to CK treatment, whereas the abundances of Flavisolibacter, Ohtaekwangia, Rhodococcus, and Rhizobium were
higher in the O10 and O10Cd treatments compared to CK
treatment.
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Fig. 4 – Relative abundances of 22 human pathogenic bacteria in soil and lettuce samples. CK: Control; O10: 10 mg/kg OTC;
O10Cd: 10 mg/kg OTC + 5 mg/kg Cd.

2.5.

Changes in pathogenic bacteria in soil and lettuce

In this study, we have detected 22 potential HPB in soil and lettuce samples, according to the screening and sequencing results (Fig. 4). The foremost HPB included Brucella, Burkholderia, Clostridium, Corynebacterium, Bacteroides, Peptoclostridium, and Salmonella. These HPB accounted for 79.06% of the
total HPB. Brucella is a zoonotic pathogen, which can be transferred to the human body through the food chain. Corynebacterium is also a principal host of multiple ARGs (Fang et al.,
2015). In addition, Salmonella has been reported to carry tetracycline, sulfonamide, chloramphenicol, and streptomycin resistance genes (Antunes et al., 2005; DelVecchio et al., 2002).
The abundance of HPB in soil is much higher than that in lettuce tissues, and the addition of Cd enhanced HPB accumulation in lettuce leaves. Compared to the O10 treatment, O10Cd
treatment increased the migration of HPB to roots and leaves
by 104.28% and 107.89%, respectively.

2.6.
Co-occurrence patterns between ARG and microbial
communities
Network analysis was conducted based on the ARGs, HPB
(top 10), and bacterial genera (top 20), according to the
Pearson’s correlation coefficients (P < 0.01, r > 0.80) (Fig. 5).
Previous studies have confirmed that if ARGs have a strong
and significant positive correlation with coexisting bacteria,
a non-random co-occurrence pattern between ARGs and
bacteria can be used to gain new insights into ARGs and
their possible hosts (Zhu et al., 2017; Guo et al., 2019). Thus,
the interactions between bacterial communities and ARGs
were elucidated by identifying the potential host bacteria
for the ARGs. Network analysis revealed 33 nodes comprised
of intI1, 8 ARGs, 15 bacterial genera, and 9 HPB. Seven ARGs
correlated significantly with 15 bacterial genera, and Proteobacteria were the main hosts of ARGs. Many previous

studies also found that Proteobacteria correlated positively
with large numbers of ARGs (Guo et al., 2019; Stegmann et al.,
2015). Positive correlations of many ARGs with the same
microbes were also observed, suggesting that many ARGs
have the same bacterial host, or that their hosts positively
correlated (Wu et al., 2015). The intl1 gene is generally considered a marker of ARG proliferation (Gillings et al., 2014),
and this study detected the co-occurrence of int11 and eight
ARGs.
Unlike traditional chemical contaminants, the risks of
ARGs do not depend on their specific biological toxicity, but
instead are determined by their ability to generate antibiotic
resistance in human pathogens via horizontal gene transfer.
Therefore, assessments of the environmental risks of ARGs
should consider the type and abundance of human pathogens
in the environment, as well as the frequency of horizontal
gene transfer by ARGs. We analyzed the 10 most abundant
HPB and found that each HPB could carry multiple ARGs.
For example, intI1 and eight ARGs had extremely significant
correlations with Clostridium and Burkholderia. Furthermore,
the dominant genotype of tetG was homologous with many
pathogenic bacteria, including Salmonella enterica and Pseudomonas sp (Peng et al., 2015).

2.7.
Relationships among ARGs, bacterial communities,
and environmental factors
A redundancy analysis revealed that RDA1 and RDA2 accounted for 99.4% of changes in the ARGs (Fig. 6). Bacterial communities (including the six main phyla) and environmental factors (OTC, bio.Cd, SOM, H2 O, and pH) accounted
for 60.72% and 39.28% of the changes in ARGs, respectively.
These results indicate that bacterial community alterations
affect ARG abundance, as shown in previous investigations
(Zhang et al., 2018; Cui et al., 2016; Su et al., 2015). OTC and Cd
treatment distinguished the different soil treatments based
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Fig. 5 – Network analysis showing the co-occurrence patterns of ARGs-ARGs, ARGs-bacteria, ARGs-HBP based on Pearson’s
correlation coefficients (P < 0.01, r > 0.80).

Fig. 6 – Redundancy analysis of the relationship between ARGs and the main bacterial phyla, environmental factors. CK:
Control; O10: 10 mg/kg OTC; O10Cd: 10 mg/kg OTC + 5 mg/kg Cd.

on RDA2. The main contributors to ARGs differed in soil samples compared to lettuce plants. ARGs had significant negative correlations with Cyanobacteria (P < 0.05), which was a
main contributor to ARGs in lettuce tissues. The abundances
of tetG, tetC, and ermX accounted for a majority of the differences in ARGs in soil samples after CK and O10Cd treatments. The abundances of tetW, tetX, ermQ, sul1, sul2, and
intI1 accounted for differences in ARGs in the soil samples
after O10 and O10Cd treatments. OTC and Cd only explained
4.15% and 3.65% of the changes in ARGs, respectively, but they
correlated with the ARGs and microbial communities, except
for Cyanobacteria.

3.

further increased ARG abundance and intI1. Thus, Cd may promote environmental ARGs dissemination. Moreover, Cd could
enhance the transfer of potential HPB to lettuce in OTC contaminated soil.
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Conclusions

In this study, we showed that microbial community dynamics
have the greatest impact on the fate of ARGs. Proteobacteria
were the main bacterial hosts for ARGs and different ARGs cooccurred in these hosts. In soil and lettuce, the addition of Cd
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