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Antibiotic contamination caused by the longeterm use of organic manure (OM) in greenhouse agricultural soils poses potential detrimental effects to the soil environment. By applying OM containing
chlortetracycline (CTC) and/or ciproﬂoxacin (CIP) ten times in soil under laboratory conditions, we
investigated the dissipation and accumulation characteristics of CTC and CIP in the soil, the changes in
the microbial pollutioneinduced community tolerance (PICT), and the diversity and abundance of
antibiotic resistance genes (ARGs) in the soil microbiome. The dissipation of CTC was rapid while CIP was
accumulated in repeatedly treated soils; further, CIP could inhibit the dissipation of CTC. Meanwhile, the
PICT to CTC and/or CIP signiﬁcantly increased up to 15.0efold after ten successive treatments compared
to that in the ﬁrst treatment. As the treatment frequency increased, signiﬁcant upward trends in the
abundances of tetracycline resistance genes tetA(G), tetX2, tetX, tetG, tetA(33), tetA, tetW, and tetA(P),
ﬂuoroquinolone resistance gene qnrA6, and multiple resistance gene mexF were revealed by both metagenomic and qPCR analyses. The ﬁndings demonstrated that repeated treatments with CTC and/or CIP
can alter the dissipation rate, promote an increase in PICT to CTC and/or CIP, and increase the ARGs
abundance in steps.
© 2019 Elsevier Ltd. All rights reserved.
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1. Introduction
Antibiotics are widely used in livestock and poultry husbandry
to prevent diseases and promote animal growth (Zhou et al., 2013;
Zhang et al., 2015). Most antibiotics that enter animals cannot be
fully absorbed by their bodies, and 30e90% of the antibiotics can be
excreted through livestock and poultry excrement as either the
parents or the metabolites (Pan et al., 2011). These animal wastes
are frequently used as organic manure (OM) in greenhouse agricultural soils (Heuer and Smalla, 2007), which has led to a persistent contamination of antibiotic residues in soils. Antibiotic
residues in soils can induce the occurrence and dissemination of
antibiotic resistance genes (ARGs) and antibioticeresistant bacteria
(ARB), causing potential harm to the soil ecology and human health
(Fang et al., 2015; Peng et al., 2017). Therefore, there is an increasing
interest in exploring the diversity, abundance, and development of
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ARGs in longeterm antibioticecontaminated soils.
Chlortetracycline (CTC) and ciproﬂoxacin (CIP), which belong to
the tetracycline and ﬂuoroquinolone classes of antibiotics, respectively, are the most frequently applied antibiotics in animal husbandry due to their broad-spectrum efﬁcacy against pathogens
(Zhang et al., 2015). CTC and CIP residues in OMeamended soils
from greenhouses are frequently detected in the range of micrograms to milligrams per kilogram of soil (Hu et al., 2010; Li et al.,
2015). Previous studies have investigated the dissipation characteristics of CTC or CIP residues and their impacts on the structure
and function of soil microbial communities after a shorteterm
single treatment (Girardi et al., 2011; Cui et al., 2014). Fang et al.
(2016, 2018a) reported that the population size of ARB and the
bacterial community resistance level signiﬁcantly increased due to
the repeated incorporation of CTC or CIP into the soil. Several
studies have also reported that CTC had signiﬁcant inhibitory effects on soil enzyme activities in shorteterm treated soils, such as
phosphatase, dehydrogenase and urease (Liu et al., 2009; Wang
et al., 2016). Many efforts have been made in previous studies to
explore shorteterm treatments with a single antibiotic. Longeterm
treatments with different classes of antibiotics can more realistically reﬂect the actual pollution characteristics of antibiotics and
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the development of ARGs in greenhouse soils, and the result obtained may be different from the shorteterm pollution of a speciﬁc
antibiotic. Additionally, there is a knowledge gap between the
antibiotic environmental behavior and the resistance development
in soils during long-term repeated treatments with CTC and CIP.
In this study, CTC and CIP, both individually and combined, were
ﬁrst added in the antibiotic-free OM and then repeatedly introduced into the soils. The objectives of this study were: 1) to
examine the dissipation and accumulation characteristics of CTC
and CIP in repeatedly treated soils; 2) to monitor the development
of CTCe and/or CIPeinduced bacterial community resistance with
an increased treatment frequency; and 3) to explore the changes in
the diversity and abundance of ARGs in repeatedly treated soils.
These ﬁndings will be valuable for understanding the microecological responses and assessing the potential environmental
risks in longeterm multiple antibioticecontaminated greenhouse
soils.
2. Materials and methods
2.1. Chemicals
CTC (98.0% purity) and CIP (99.8% purity) standards were obtained from Aoke Biology Research Co. (Beijing, China). Chromatographic grade methanol and acetonitrile were provided by
Shield Specialty Chemical Co. (Tianjin, China). Analytical grade
oxalic acid, citric acid and phosphate were provided by Sinopharm
Chemical Reagent Co. (Shanghai, China).
2.2. Soil and OM
The batches of soil samples (100.0 kg) used in this study were
collected from the surface layer (0e10 cm) of an agricultural ﬁeld in
Zhejiang, China using a stainless steel shovel and the multipoint
sampling method. The soil had no history of antibiotic contamination. The soils were air-dried and sieved (2 mm) before being
used for the experiment. The physicochemical properties of the
soils were measured by referring to the method established by
Karci and Balcioglu (2009) and the results were as follows: organic
matter content 3.1%, cation exchange capacity (CEC) 10.6 cmol kg1,
total nitrogen content 0.14%, clay content 7.4%, silt content 71.1%,
sand content 21.5%, and pH 6.8. The batches of OM were collected
from an organic farm in Zhejiang, China, and had no detectable CTC
and CIP residues. The physicochemical properties of the OM were
as follows: total nitrogen content 5.3%, total phosphorus content
1.2%, organic matter content 38.5%, and pH 5.9.
2.3. Soil treatments
Five kilograms (dry weight) of soil were uniformly stirred after
adding OM and CTC and/or CIP aqueous solutions into a polyethylene basin. The concentration of added CTC and CIP was set to
5.0 mg kg1 of dry soil based on their practical residues detected in
the soil (Li et al., 2013; Zhou et al., 2013; Liu et al., 2017), and the
addition percentage of OM was set to 3.0% (w/w) by referring to a
typical agricultural practice (Heuer et al., 2011). The soil moisture
content was adjusted to 60% of the maximum water holding capacity by adding appropriate amounts of distilled water. The mixtures were thoroughly stirred, sieved (2 mm), and ﬁnally
transferred into an 8.0 L polyethylene pot covered with aluminum
foil. The pot was placed at 25 ± 1  C under dark incubation. The soil
moisture was adjusted by periodically adding appropriate amounts
of distilled water. As shown in Fig. S1, a total of ten repeated
treatments were designed with a treatment interval of 60 d based
on the growth period and planting frequency of the leafy
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vegetables in the greenhouse. In total, there were ﬁve groups of
treatments, including Control, OM, OM&CTC, OM&CIP, and
OM&CTC&CIP. All treatments were performed in triplicate. The soil
samples were collected immediately after each repeated treatment
and at 1, 3, 5, 7, 15, 30, and 60 d, and 15.0 g soil samples were used to
determine the residues of CTC and CIP. The soil samples collected at
the end of each repeated treatment were used to determine the
diversity and abundance of ARGs, as well as the PICT of the bacterial
communities to CTC and/or CIP.
2.4. Antibiotic residual analysis
The residues of CTC and CIP in the soils were extracted and
determined using the methods established by Fang et al. (2014,
2018a). A recovery experiment was conducted to evaluate the
effectiveness of the antibiotic analytical methods in the soils. The
average recoveries of CTC at spiked levels of 0.1, 1.0, and
10.0 mg kg1 in the soils were 62.3e72.9% with relative standard
deviations (RSDs) of 2.3e8.1%. The corresponding values for CIP
were 68.5e82.3% with RSDs of 1.7e9.8%. The limits of detection and
quantitation for CTC were 10.0 and 50.0 mg kg1, respectively, and
the corresponding values for CIP were 7.5 and 25.0 mg kg1,
respectively. These data showed that the analytical methods for the
CTC and CIP residues were reliable and acceptable.
2.5. Pollutioneinduced community tolerance (PICT) in bacterial
communities
PICT refers to an increased tolerance of the microbial community to a pollutant under a long-term exposure, which may be
derived from the shift of the community structure from sensitive
species to tolerant ones as well as physiological, biochemical and
genetic adaptations (Schmitt et al., 2004; Demoling and Baath,
2008). The Biolog method was used to determine the formation
and development of PICT in the microbial communities in repeatedly treated soils. Brieﬂy, the soil samples (5.0 g dry weight) were
suspended in 45 mL sterilized NaCl (0.85%) solutions in a 150 mL
Erlenmeyer ﬂask. After shaking on a rotary shaker at 25 ± 1  C and
150 rpm for 1 h and settling for 30 min, 1.0 mL of the soil supernatant was serially diluted with a CTC and/or CIP standard solution
to obtain 103 solution at six concentration gradients of 0, 0.1, 1.0,
10.0, 50.0, and 100.0 mg L1. Then, 150.0 mL of soil dilution was
added into the Biolog Microplate (Biolog Incorporated, Hayward,
CA, USA). All Biolog Microplates were incubated in a dark incubator
at 25 ± 1  C for 7 d and the absorbance values (l ¼ 590 nm) of each
well were measured at different incubation time points (4, 24, 48,
72, 96, 120, 144 and 168 h) by a Biolog reader (BIOTEK Instruments,
Winooski, VT, USA). The PICT values were computed following the
protocol established by Fang et al. (2014).
2.6. DNA extraction
The total DNA was extracted from the soil sample (1.0 g dry
weight) by the FastDNA™ SPIN Kit for Soil (Qbiogene, USA)
following the kit's instruction. Each soil sample was technically
extracted three times and the resulting DNA extracts were combined into one DNA sample. The quality and concentration of all
DNA samples were determined by a NanoDrop NDe1000 Spectrophotometer (NanoDrop, USA) and 1.5% agarose gel
electrophoresis.
2.7. Illumina sequencing and bioinformatics analysis
The qualiﬁed DNA samples were sent to Novogene (Beijing,
China), and subsequently used to construct libraries for pairedeend
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sequencing on an Illumina platform (HiSeq) using a mode of PE150
bp x 2. The average metagenomic data size was approximately
6.65 Gb. All metagenomic datasets were deposited at NCBI GenBank (accession number SRP150598), and the Submission number,
Bioproject number, and Biosample number are summarized in
Table S1. The quality ﬁltering and bioinformatics analysis of the
metagenomic data followed the methods described by Fang et al.
(2015).
2.7.1. Quantiﬁcation of ARGs
A well-established and accepted database of tetracycline resistance (TCR) and ﬂuoroquinolone resistance (FQR) genes was
downloaded from the Antibiotic Resistance Database (ARDB, http://
ardb.cbcb.umd.edu/).The redundant sequences from the downloaded database were removed using a self-written script. The
resulting database retained 530 non-redundant sequences from the
ARDB, which was used for subsequent analysis of TCR and FQR
genes. The metagenomic iTags from each sample were searched
against the non-redundant database of TCR and FQR genes using
BLASTX with an E-value < 1  106. An iTag was annotated as an
TCR/FQR gene-like sequence if its best hit in the non-redundant
database of TCR and FQR genes had an amino acid identity  90%
and the amino acids had an alignment length  60. The relative
abundances of TCR and FQR genes in each sample were calculated
according to the following equation: (TCR/FQRrelative abundance ¼ NTCR/FQR/Ntotal iTags  100%, where NTCR/FQR is the number of
TCR/FQR gene-like iTags in each soil sample; and Ntotal iTags is the
number of iTags obtained after quality ﬁltering and paired-merging
in each soil sample).
2.8. qPCR analysis
2.8.1. PCR procedure for ARGs detection
The TCR gene subtypes (tetA(G), tetX2, tetX, tetG, tetW, tetA(P),
tetA(33), and tetA), FQR gene subtype (qnrA6), and multidrug
resistance (MDR) gene subtype (mexF) were investigated in this
study. The PCR assays were conducted in 25 mL reaction systems
containing 12.5 mL 2  Taq PCR MasterMix, 0.5 mL of each primer,
1 mL of template, and 10.5 mL of ddH2O. The primer sets of the target
genes and their ampliﬁcation sizes are summarized in Table S2. The
PCR program included: 5 min at 94  C, followed by 35 cycles of
30 s at 94  C, 30 s at different annealing temperatures (Table S2),
30 s at 72  C, and then a ﬁnal extension at 72  C for 7 min. The PCR
products were analyzed by 1.5% agarose gel electrophoresis in a
1  TAE buffer. Duplicate PCRs were conducted for each sample to
ensure reproducibility. Sterile water was used as the negative
control in each run.
2.8.2. qPCR
The concentrations for the raw DNA extracts were ﬁrst determined and normalized. Then, the puriﬁed PCR products were
ligated to a Ptopo-T Vector (Zoonbio Biotech, Nanjing) and then
transformed into Escherichia coli DH5a (TaKaRa, Japan). Positive
clones were picked and sequenced to conﬁrm that they matched
with the target genes. A 10-fold dilution series of plasmid carrying
the target genes was prepared to generate the ARGs calibration
curves. qPCR assays were conducted in a 20 mL reaction mixture
consisting of 1 mL of the template DNA, 0.8 mL of each primer
(Table S2), and 10 mL of SYBR Premix Ex Taq (Takara, Dalian, China).
The qPCR cycling included: 30 s at 94  C, followed by 45 cycles of
10 s at 94  C, 12 s at different annealing temperatures (Table S2),
extension at 72  C for 30 s, a ﬂuorescence acquisition step at 72  C,
then a ﬁnal melt curve stage with the temperature ramping from
65  C to 95  C. The absolute abundances of the quantiﬁed genes

were designed as copies/g of dry soil and were calculated by
referring to the method reported by Liang et al. (2008). qPCR was
conducted in triplicate for each soil sample and ampliﬁcation efﬁciencies of 82.1e104.2% were obtained with R2 higher than 0.99
(Table S3).
2.9. Statistical analysis
All data were analyzed using the mean value of the three replicates and shown in the form of means ± standard deviations (SD).
Microsoft Excel 2007 was used to calculate the mean value and SD.
Duncan's multiple comparison test was conducted to analyze the
signiﬁcant differences between the different treatments using the
SPSS Statistics 20.0 software. The heat map of the ARGs was plotted
in the R3.4.4 platform. The antibiotic dissipation dynamics, PICT,
and qPCR data were all plotted using the OriginPro 8.0 software.
3. Results
3.1. Dissipation and accumulation of CTC and CIP in repeatedly
treated soils
The dissipation dynamics of CTC and CIP in ten repeatedly
treated soils are shown in Fig. 1, and the related kinetic parameters
are summarized in Fig. S2 and Table S4. During the ten repeated
treatments, the dissipation characteristics of CTC in all treated soils
showed a rapid rate in the early 15 d and a slow rate in the latter
45 d for each repeated treatment, while the dissipation rate of CIP
was always low throughout the entire experimental period.
Compared with the ﬁrst treatment, the CTC dissipation halfelife
during the second to tenth treatments decreased by 44.4e72.8%
for the OM&CTC treatment and 48.2e73.5% for the OM&CTC&CIP
treatment (Table S4). The dissipation halfelife of CTC in the
OM&CTC treatment during the ﬁrst to fourth treatments decreased
with an increased treatment frequency, while the dissipation
halfelife of CTC in the OM&CTC&CIP treatment showed an initial
increasing trend and a later decreasing pattern with an increased
treatment frequency. These ﬁndings indicate that CIP signiﬁcantly
(P  0.05) inhibited the dissipation halfelife of CTC in the early four
OM&CTC&CIP treatments and that this inhibitory effect decreased
with an increased treatment frequency. During the ten repeated
treatments, the dissipation rates of CIP showed no signiﬁcant
(P > 0.05) changes in any of treated soils (Fig. S2), indicating that
CTC had no signiﬁcant effect on the CIP dissipation in the soil. At the
end of each repeated treatment, a signiﬁcant (P  0.05) accumulation of CIP residues was detected in all treated soils, but there was
no signiﬁcant accumulation of CTC residues.
3.2. Development of bacterial community antibiotic resistance in
repeatedly treated soils
The development of PICT to CTC and/or CIP during the ten
repeated treatments is shown in Fig. 2. The PICT in the control was
lower than that observed in the OMe and antibioticetreated soils,
and no signiﬁcant (P > 0.05) changes were found during the ten
repeated treatments. At the end of each repeated treatment, the
EC50 values in the OM treatment were increased 0.6e1.8efold
when CTCeinduced, 0.6e1.7efold when CIPeinduced, and
0.9e1.5efold when CTC&CIPeinduced compared to that in the
control. The EC50 values in the OM&CTC, OM&CIP, and
OM&CTC&CIP treatments were increased 1.1e15.0efold when
CTCeinduced, 1.0e5.0efold when CIPeinduced, and 0.9e6.0efold
when CTC&CIPeinduced compared to that in the OM treatment,
respectively. These ﬁndings indicated that antibiotic treatments
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Fig. 1. Dissipation of chlortetracycline (CTC) and ciproﬂoxacin (CIP) in soils during ten repeated treatments.

could signiﬁcantly (P  0.05) induce the formation of antibiotic
resistance in soil bacterial communities. The EC50 values in the OM
treatment for the second to tenth treatments increased
0.4e1.1efold
when
CTCeinduced,
0.5e1.5efold
when
CIPeinduced, and 0.9e1.4efold when CTC&CIPeinduced. The corresponding values in the OM&CTC, OM&CIP, and OM&CTC&CIP
treatments increased 0.8e6.2, 2.5e4.8, and 0.9e5.8efold, respectively, compared to those in the ﬁrst treatment. These results show
that the bacterial community resistance did not change much in the
OM treatment but signiﬁcantly (P  0.05) increased in all
antibioticetreated soils with an increased treatment frequency.
Furthermore, the bacterial community tolerance was signiﬁcantly
(P  0.05) higher in the OM&CTC treatment than that in the
OM&CIP and OM&CTC&CIP treatments (Fig. 2).
3.3. Metagenomic analysis of ARGs changes in repeatedly treated
soils
The changes in the diversity and abundance of ARGs during the
ten repeated treatments revealed by metagenomic analysis are
shown in Fig. 3. The abundances of TCR and FQR genes in the
control were very low and showed no signiﬁcant changes during
the ten repeated treatments. The abundances of the TCR genes in
the OM&CTC and OM&CTC&CIP treatments for the latter ﬁve
treatments were increased 1.6e2.7 and 1.4e2.3efold, and the

abundances for FQR genes in the OM&CIP and OM&CTC&CIP
treatments were increased 1.0e3.5 and 1.0e2.0efold, respectively,
compared to those in the ﬁrst treatment, indicating that the
abundances of TCR and FQR genes exhibited a remarkable upward
trend with an increased treatment frequency. Moreover, the
abundances of ARGs and their increased rates were higher in the
single antibiotic treatment than those in the combined antibiotic
treatment and were higher in the OM&CTCetreated soil than those
in the OM&CIPetreated soil.
As shown in Fig. 4, 21 TCR gene subtypes and 6 FQR gene subtypes were detected in all treatments. The TCR gene subtypes
tetA(G), tetX2, and tetA(33) were the most dominant in the OM
treatment, but the abundance was found to have no signiﬁcant
ﬂuctuations during the ten repeated treatments. The TCR gene
subtypes tetA(G), tetX2, tetA(33), tetX, tetG, tetV, tetA408, tetA, tetT,
tetA(P), tetW and the FQR gene subtypes qnrA6, qnrA1, norA were
the most abundant in all antibiotic treatments, and the abundances
of these genes rose signiﬁcantly (P  0.05) with an increased
treatment frequency. At the end of the third, ﬁfth, seventh, ninth,
and tenth treatments, the abundances of the tetA(G), tetX2, tetA(33),
tetX, tetG, tetV, tetA408, tetA, tetT, tetA(P), and tetW gene subtypes in
the CTC and CTC&CIP treatments were increased 0.3e12.0 and
0.8e9.0efold compared to those in the ﬁrst treatment, respectively.
The abundances of the qnrA6, qnrA1, and norA gene subtypes in the
CIP and CTC&CIP treatments were increased 0e2.0 and 0e2.0efold
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(P  0.05) higher in the OM&CTCetreated soil than in the
OM&CTC&CIPetreated soil.
4. Discussion

Fig. 2. Development of bacterial community antibiotic resistance in soils during
repeated treatments with chlortetracycline (CTC) and/or ciproﬂoxacin (CIP). A single
asterisk (*) shows a signiﬁcant difference at the P  0.05 level, and a double asterisk
(**) shows a signiﬁcant difference at the P  0.01 level.

compared to those in the ﬁrst treatment, respectively. These ﬁndings indicate that a longeterm antibiotic contamination in soils can
enhance the relative abundance and diversity of ARGs.
3.4. qPCR analysis of ARG changes in repeatedly treated soils
Based on the metagenomic analysis, the abundant ARGs were
selected for the qPCR analysis, including 8 TCR gene subtypes
(tetA(G), tetX2, tetX, tetG, tetA(33), tetA, tetW, and tetA(P)), an FQR
gene subtype (qnrA6) and a multiple resistance gene subtype
(mexF). As shown in Fig. 5, the absolute abundances of these genes
were relatively low in the control and the OM treatment, especially
for tetA(G), tetX2, tetX, and tetG, and revealed no signiﬁcant
(P > 0.05) changes during the ten repeated treatments. The absolute
abundances of the ten selected genes increased 1.1e230.1efold in
the OM&CTC and OM&CIP treatments and 1.0e133.3efold in the
OM&CTC&CIP treatment compared to those in the OM treatment.
Furthermore, the absolute abundances of these genes were
increased 1.0e128.0efold (individual antibiotic treatment) and
1.2e82.8efold (combined antibiotic treatment) in the latter ﬁve
treatments compared to those in the ﬁrst treatment. These ﬁndings
indicate that the absolute abundances of these ARGs signiﬁcantly
(P  0.05) increased in the repeatedly treated soils with CTC and/or
CIP. Additionally, for the absolute abundances of all studied ARGs,
except for tetA and tetW, their increased rates were signiﬁcantly

In this study, repeated CTC treatments signiﬁcantly accelerated
its dissipation in soil. This is not strange because some
CTCedegrading bacteria were induced and proliferated under the
selective pressure of a longeterm exposure to CTC (Topp et al.,
2013; Leng et al., 2016). Fang et al. (2016) reported a similar
result, where repeated CTC treatments signiﬁcantly accelerated its
dissipation in soil. Unlike CTC, the dissipation of CIP in the present
study was rather slow, and the residues were increasingly accumulated with an increased treatment frequency. This might occur
because CIPedegrading microbes are rare in the soil and have not
been efﬁciently enriched. Fang et al. (2018a) also found that CIP was
accumulated in repeatedly treated soil with both low and high
concentrations (1.0 and 10 mg kg1) of CIP coupled with OM. Golet
et al. (2003) reported the accumulation of quinolone antibiotics in
agricultural soil with a longeterm application of OM. Additionally,
CIP signiﬁcantly inhibited the dissipation of CTC during the ﬁrst
four CTC&CIP treatments, which might have been caused by the CIP
inhibition on certain CTCedegrading microbes.
As the treatment frequency increased, the bacterial community
tolerance increased signiﬁcantly in the soils repeatedly treated
with CTC and/or CIP. This may be attributed to the population increase of certain resistant microbes and the change in the microbial
community structure under a longeterm stress exerted by antibiotics (Schmitt et al., 2004; Luby et al., 2016). Fang et al. (2014, 2016,
2018a) reported a similar result, where repeated CTC/CIP treatments in soils signiﬁcantly increased the PICT to the used antibiotics, and the increased rate of resistance depended on the
antibiotic concentration added. Some researchers have reported
that the diversity and abundance of ARB and bacterial community
resistance were signiﬁcantly increased in longeterm antibioticetreated soils, such as CTC (Ghosh and LaPara, 2007), sulfadiazine
(Brandt et al., 2007), sulfamethoxazole (Demoling et al., 2009), and
sulfachloropyridazine (Schmitt et al., 2005). In this study, the bacterial community resistance and its increase rate in the OM&CTC
treatment were notably greater than those observed in the OM&CIP
treatment. It is understandable that the gradual accumulation of
CIP led to the persistent inhibition on soil microorganisms, but the
fast dissipation of CTC resulted from the formation and proliferation of resistant microorganisms. Cui et al. (2014) reported that 1, 5
and 50 mg kg1 of CIP signiﬁcantly reduced the number of bacteria
in the soil, and the extent of the decrease was more pronounced
with an increased concentration. Jiang et al. (2018) reported that
the bacterial population increased signiﬁcantly in soil treated with
5 mg kg1 of oxytetracycline.
A metagenomic analysis revealed that the abundance of ARGs
increased signiﬁcantly for the CTC and/or CIP treatments with an
increased treatment frequency. This is understandable because the
presence of antibiotics in soil will generate a selective pressure on
the soil microorganisms and prompt increasing microbes to gain
resistance for survival through different ways, such as horizontal
gene transfer (Jechalke et al., 2014). There is an increasing amount
of studies that have shown that the frequent use of excessive
amounts of OM containing antibiotic residues signiﬁcantly increases the abundance of ARGs in soils, which exhibits a strong
correlation between the antibiotic residual amount and ARGs
abundance (Heuer et al., 2011; Tang et al., 2015). Peng et al. (2017)
detected
seven
TCR
genes
in
soils
treated
with
antibioticecontaminated OM for over 30 years, and the abundance
of tetG was as high as 102 copies/16S rRNA genes, while the
abundances of tetM and tetW increased from 0 to 105 copies/16S

L. Han et al. / Environmental Pollution 253 (2019) 152e160

157

Fig. 3. Changes in the relative abundances of tetracycline resistance (TCR) and ﬂuoroquinolone resistance (FQR) genes in soils during ten repeated treatments with chlortetracycline
(CTC) and/or ciproﬂoxacin (CIP). A single asterisk (*) shows a signiﬁcant difference at the P  0.05 level, and a double asterisk (**) shows a signiﬁcant difference at the P  0.01 level.

Fig. 4. A heat map illustrating changes in the tetracycline resistance (TCR) and ﬂuoroquinolone resistance (FQR) gene subtypes in soils during repeated treatments with chlortetracycline (CTC) and/or ciproﬂoxacin (CIP). The color in each grid represents the values of the common logarithm of the relative abundance of each antibiotic resistance gene
(ARG) subtype. (For interpretation of the references to color in this ﬁgure legend, the reader is referred to the Web version of this article.)
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Fig. 5. Changes in the absolute abundances of the antibiotic resistance gene (ARG) subtypes in soils during repeated treatments with chlortetracycline (CTC) and/or ciproﬂoxacin
(CIP). A single asterisk (*) shows a signiﬁcant difference at the P  0.05 level, and a double asterisk (**) shows a signiﬁcant difference at the P  0.01 level.

rRNA genes. Tang et al. (2015) also detected a high abundances of
TCR genes in soils with a history of longeterm use of
antibioticecontaminated OM. For example, the relative abundances
of tetA and tetG was as high as 103 copies/16S rRNA genes. Girardi
et al. (2011) detected the quinolone resistance gene qnrS during
the later stages of CIPetreated soils, although the copy number was
not high. In addition, the abundance of ARGs in the CTC or CIP
treatment was signiﬁcantly increased compared to that in the
CTC&CIP treatment. This increase is likely due to certain microbes
gaining resistance to one antibiotic but being inhibited by the other
antibiotic in the combined treatment (Fang et al., 2016).
In this study, a total of ﬁve antibiotic resistance mechanisms
were found in the repeatedly treated soils, three of which were
related to TCR, including efﬂux pump (tetA(G), tetG, tetA, tetA(33),
and tetA(P)), ribosomal protection (tetW), and antibiotic modiﬁcation (tetX2 and tetX). The other two were associated with FQR (DNA
gyrase protection qnrA6) and MDR (multidrug efﬂux pump mexF).
The CTC and/or CIP treatments increased the absolute abundances
of all studied ARGs, and furthermore the absolute abundances
exhibited an increasing trend with an increased treatment frequency. This is largely because the population of soil resistant

microorganisms can gradually increase under longeterm antibiotic
stress (Ghosh and LaPara, 2007; Chen et al., 2016). This has been
shown experimentally by Fang et al. (2016), who found that the
repeated treatments with CTC signiﬁcantly (P  0.05) enhanced the
relative abundances of ﬁve soil bacterial genera including Corynebacterium, Pesudomonas, Bacillus, Mycobacterium, and Actinobacillus, which could carry such TCR genes as tetA, tetX, tetW, and
tet33. Tang et al. (2015) also found that the abundances of TCR
genes tetG, tetM, tetM, tetO, and tetA were signiﬁcantly increased by
2.1e38.0efold in soils with a history of longeterm and frequent use
of antibioticecontaminated OM, compared to the control. Peng
et al. (2015) detected high abundances of TCR genes, including
tetB(P), tetL, tetG, in soils amended with fresh and composted pig
manure containing antibiotic residues for six years. The absolute
abundances of these genes were as high as 109 copies/g of dry soil,
while the control was less than 106 copies/g of dry soil. In this study,
the MDR gene mexF was detected in the CTC&CIP treatment, and its
absolute abundance increased gradually with an increased treatment frequency, indicating that the repeated treatments of combined antibiotics could induce the formation and development of
multiple antibiotic resistance and lead to the emergence and
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proliferation of multiple ARB in the soil. Therefore, long-term
combined antibiotic-contaminated soil might have a higher risk
to the soil ecology and environmental health compared to single
antibiotic-contaminated soil. The mexF gene encodes a multidrug
efﬂux pump that exports intracellular antibiotics out of cells, which
is an important resistance mechanism in MDR genes
(MartinezeGarcia and de Lorenzo, 2011). A recent study reported
that a potential host for mexF was a bacterial pathogen from the
family Moraxellaceae (Ding et al., 2019). Similar to our results, Fang
et al. (2015, 2018b) also detected a high abundance of mexF in
agricultural soils with the application of antibioticecontaminated
OM over many years.
The present study has shown that repeated treatments of CTC
and CIP in the OM-amended soil could alter the dissipation rate,
induce the development of bacterial community resistance, and
increase the abundances of TCR, FQR and MDR genes. The linkage
between the development of bacterial community resistance and
the diversity and abundance of ARGs during ten repeated treatments of CTC and/or CIP was further explored. The ﬁndings of the
present study have provided a mechanistic understanding of the
formation and development of ARGs in longeterm antibioticecontaminated agricultural soils caused by the frequent
application of OM. This study contributes to a comprehensive and
accurate assessment of the ecological risks to agricultural soil under
the long-term contamination of multiple antibiotics, and provides
scientiﬁc guidance for the safe use of OM in greenhouse planting
systems. Future studies should be conducted to reveal the relationship between the soil microbial community structure compositions and antibiotic resistance, as well as the dissemination
mechanisms of ARGs in greenhouse soils.
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