
J O U R N A L O F E N V I R O N M E N T A L S C I E N C E S 7 9 ( 2 0 1 9 ) 2 0 0 – 2 1 2

Ava i l ab l e on l i ne a t www.sc i enced i r ec t . com

ScienceDirect
www.e l sev i e r . com/ l oca te / j es
Soil contamination with antibiotics in a typical
peri-urban area in eastern China: Seasonal
variation, risk assessment, and microbial responses
Fangkai Zhao1,2, Lei Yang1,⁎, Liding Chen1,2, Qian Xiang1,2, Shoujuan Li1,2, Long Sun1,
Xinwei Yu3, Li Fang3

1. State Key Laboratory of Urban and Regional Ecology, Research Center for Eco-Environmental Sciences, Chinese Academy of Sciences, Beijing
100085, China.
2. University of Chinese Academy of Sciences, Beijing 100049, China
3. Key Laboratory of Health Risk Factors for Seafood of Zhejiang Province, Zhoushan Municipal Center For Disease Control and Prevention,
Zhoushan 316021, China
A R T I C L E I N F O
⁎ Corresponding author. E-mails: fkzhao_st@rc

https://doi.org/10.1016/j.jes.2018.11.024
1001-0742 © 2018 The Research Center for Ec
A B S T R A C T
Article history:
Received 24 May 2018
Revised 28 November 2018
Accepted 29 November 2018
Available online 13 December 2018
The prevalence and persistence of antibiotics in soils has become an emerging environmental
issue and an increasing threat to soil security and global public health. The problem is more
severe in areas undergoing rapid urbanization; however, the ecological risks of antibiotics,
seasonal variability, and associated soil microbial responses in peri-urban soils have not been
well-explored. The seasonal soil sampling campaigns were conducted in a typical peri-urban
watershed in eastern China to investigate distribution of antibiotics. The results demonstrated
higher mean concentrations of most antibiotic compounds in winter than in summer in peri-
urban soils. The seasonal variations of norfloxacin, enrofloxacin, and ciprofloxacin were more
significantthanthoseofotherantibiotics,duetotheirhighermigrationabilityandbioavailability.
An ecological risk assessment demonstrated that chlortetracycline, ciprofloxacin, doxycycline,
and ofloxacin can pose high risks to soil microorganisms. Furthermore, the coexistence of
multiple antibiotics obviously poses higher risks than individual compounds. A redundancy
analysis demonstrated that tetracyclinesmainly showed negative correlationswith Firmicutes
and Chloroflexi, and quinolones showed obviously negative correlations with Acidobacteria,
Gemmatimonadetes, and Nitrospirae, suggesting potential inhibition from antibiotics on
biological activities or biodegradation processes. However, the persistence of antibiotics in soil
results in a significant decrease in bacterial diversity and a change in dominant species.
Our results provide an overview of the seasonal variability of antibiotics and the associated
effects on bacterial communities in peri-urban soils. The results can provide scientific guidance
on decreasing soil contaminationwith antibiotics to enhance soil security in similar areas.
© 2018 The Research Center for Eco-Environmental Sciences, Chinese Academy of Sciences.
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Introduction

Public concernhasgrown in recentdecades regarding the issueof
soil contaminationwith antibiotics resulting from industrial and
municipal waste discharge, animal feeding activities, improper
organic fertilization, andwastewater irrigation (Hu et al., 2010; Li
et al., 2015; Tasho and Cho, 2016). Antibiotics have been widely
detected in soils and pose serious and longlasting threats to
ecosystem security and public health (Martinez-Carballo et al.,
2007;Wei et al., 2016; Zhao et al., 2018a). Numerous studies have
proven that antibiotics have been frequently detectedworldwide
with concentration levels from ng/kg to mg/kg in soil environ-
ments (Ho et al., 2014b; Li et al., 2015; Wei et al., 2016; Zhao et al.,
2018b). In particular, agricultural soils are generally recognizedas
a major reservoir of antibiotics, as antibiotics mainly originate
from agricultural practices (Pan and Chu, 2017a; Tolls, 2001).
Itshould be noted that antibiotics introduced into soils can
persist at high levels for long periods due to their adsorption
andcontinuous input into the environment (Hanna et al., 2018).
In addition, antibiotic residues have different environmental
behaviors in soils, including adsorption, migration, degradation,
leaching, anduptake by plants (Tasho andCho, 2016; Tolls, 2001).
Thus, antibiotics in soils have spatial and temporal variations
due to land use, human disturbance, climatic conditions,
andbiological activities (Chen et al., 2018b; Pan and Chu, 2017a;
Sun et al., 2017).

There are numerous studies investigated the seasonal
variability of antibiotics in aquatic ecosystems. The results of
these studies have demonstrated higher levels of antibiotics
in water in the cool and dry seasons than the warm and wet
seasons (Li et al., 2014; Luo et al., 2011). However, few studies
on the seasonal variation of antibiotics in soils have been
conducted. One such study found that antibiotic residues in
soils were significantly higher in winter than in summer (Hu
et al., 2010). Chen et al. (2018b) used the dynamic model to
simulate the temporal variation of antibiotics in the environ-
ment and found that most antibiotics were found in relatively
higher levels in cold seasons than in hot seasons. However,
Hamscher et al. (2002) found a different result, indicating that
antibiotic concentrations in summer were higher than in
winter. Given the differences in these results, in-depth study
should investigate the seasonal variations of antibiotics in
soils, especially in areas with intensive human disturbance.

It has been proven that soil microbial structure and
diversity play key roles in terrestrial ecosystems by maintain-
ing essential soil functions (Singh and Gupta, 2018; Zhu et al.,
2018b). Residual antibiotics in soils can have negative effects
on soil organisms including plants, animals, and microbes
(Baguer et al., 2000; Hammesfahr et al., 2008; Pan and Chu,
2016b; Zhu et al., 2018a). However, many studies have found
that soil bacterial community structure is disturbed by the
influence of antibiotics on bacterial fauna (Bloem et al., 2017;
Riaz et al., 2018). Bacterial activities in soils are suppressed by
residual antibiotics. For example, Westergaard et al. (2001)
found that the diversity of soil microbial communities
temporarily decreased during incubation with disturbance
from the antibiotic tylosin. The typical antibiotic oxytetracy-
cline had similar negative effects on the functional diversity
of a soil microbial community (Kong et al., 2006). Despite the
bacteriostatic effects of antibiotics, soil bacteria, especially
antibiotic-resistant bacteria, accelerate the biodegradation
and dissipation of antibiotics in soils (Dalkmann et al., 2014;
Yeom et al., 2017). Antibiotics that persist in soil significantly
affect bacterial community structure by partially inhibiting
bacterial activity (Barra Caracciolo et al., 2015). However, most
of the aforementioned studies were conducted in laboratory
conditions, thus only revealing the antibiotics' short-term
effects on microbial communities. Furthermore, the effects of
antibiotics on soil microbial community structure in a field
environment in different seasons are not well understood.
This demonstrates the need for a further understanding of the
response of bacterial community structure to antibiotic
contamination through the seasons, to determine appropriate
land management strategies.

With the rapid development of urbanization, peri-urban
areas are responsible for an increasing amount of food and
materials supplied to urban areas and must meet increasing
waste disposal demands (Zhu et al., 2017a). Thus, peri-urban
soil has suffered longstanding contamination problems from
intense human activity. To increase agricultural productivity,
large amounts of manure have been applied to agricultural
fields, and residual antibiotics have accumulated in soils with
high persistence (Kuppusamy et al., 2018; Xie et al., 2018; Zhao
et al., 2018a). Meanwhile, due to disturbance from antibiotics,
the diversity and functions of microbial communities in peri-
urban soils have changed. The disturbed ecological processes
affect agricultural productivity and local ecosystems in turn.
In this study, soil samples from a typical peri-urban water-
shed in eastern China were collected in summer and winter.
The temporal variations in antibiotic concentration and
relationships with bacterial communities were analyzed.
The aims of this study were to (1) characterize the seasonal
variability of antibiotics in peri-urban soils with long-term
manure application; (2) evaluate the ecological risks of
antibiotics in peri-urban soils; and (3) explore the effects of
the most frequently detected antibiotics (tetracyclines
and quinolones) on soil microbial communities and their
responses to selection pressure from antibiotics.
1. Materials and methods

1.1. Study area and sampling sites

The Zhangxi watershed was selected as the study area. The
watershed is a typical peri-urban area located in the Yangzi
River Delta region of east China (29°45′N–29°51′N, 121°13′E–
121°20′E), with an area of 91.6 km2. The watershed has a
moderate subtropical monsoon climate, which is warm and
humid from April to October. The annual mean temperature
is 17.4°C and the mean annual precipitation is 1463 mm. The
main land use types in this watershed are cropland, orchard,
forestland, reservoirs, and rivers. Large amounts of chemical
fertilizers, organic fertilizers, and manure are used in the
cropland to improve soil fertility. This study found that about
10 to 80 tons/ha per year of manure are fertilized in the
cropland in October, based on a face-to-face interview.

Soil sampling campaigns were conducted in summer (July
2016) and winter (January 2017) to observe the seasonal



Fig. 1 – Location of study area and experimental sites.

Table 1 – Basic information of soil properties.

SOC AP AK pH Sand Silt Clay

(g/kg) (mg/kg) (g/kg) (%) (%) (%)

Minimum 14.21 2.01 0.66 4.02 20.87 18.80 0.53
Maximum 62.70 175.73 10.25 6.91 80.08 77.73 3.25
Mean 24.77 82.41 3.53 5.32 49.46 48.97 1.57
Standard
deviation

10.69 59.44 2.79 0.77 14.70 14.58 0.57

SOC: soil organic carbon; AP: available phosphorus; AK: available
potassium.
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variations of antibiotics in soils. The locations of the sampling
sites are shown in Fig. 1, and details of the precipitation and
temperature during the two seasons are shown in Appendix A
Fig. S1. Thirty-one experimental sites were selected for this
study, based on different land use types and topographical
features. At each experimental site, the topsoil was collected
at a depth of 0 to 10 cm, and five to eight samples were
completely mixed together as a single sample. All of the soil
samples were transported to the laboratory under cool
conditions. The 2 g of the soil samples were freeze-dried and
homogenized through a sieve (60-mesh) after removing
stones and residual roots, for antibiotic analysis. The freeze-
dried samples were stored at −20°C before laboratory analysis.
The other soil samples were passed through a 100-mesh
screen prior to the laboratory analysis of soil properties.

Soil texture was determined by laser diffraction method by
using a laser particle analyzer (Mastersizer 2000, Malvern, UK).
Soil pH was determined by using an electrode-equipped pH
meter with a soil-to-water ratio of 1:2.5 (g:mL). Soil organic
carbon (SOC) was determined by using dichromate oxidation
method. Available phosphorus (AP) in soil was extracted by
0.5 mol/L sodium bicarbonate and determined using the
molybdenum blue method, and available potassium (AK)
was extracted using ammonium acetate and determined by
flame photometry. The basic information of soil properties is
presented in Table 1.

1.2. Chemicals and standards

Nine antibiotic compounds were selected in this study:
chlortetracycline (CTC), oxytetracycline (OTC), doxycycline
(DXC), tetracycline (TC), norfloxacin (NOR), ofloxacin (OFL),
lomefloxacin (LOM), ciprofloxacin (CIP), and enrofloxacin
(ENR). All of the standards were products of Dr. Ehrenstorfer
GmbH (Augsburg, Germany). Methanol, acetone, and acetoni-
trile were of gradient grade for liquid chromatograph and
were obtained from Tedia Co. Inc. (Fairfield, USA). All of the
standards were dissolved in methanol and stored at −20°C in
dark conditions. Ultrapure water was produced by a Milli-Q
water purification system (Millipore, Billerica, MA, USA). A
Na2EDTA-Mcllvaine buffer (pH 4) and extraction solution
(methanol–acetonitrile–acetone, V/V/V = 2:2:1) was prepared
according to the procedure described in a previous study
(Zhou et al., 2017). Oasis HLB cartridges (6 mL, 200 mg) were
purchased from Waters (Milford, MA, USA). All other reagents
were of analytical grade.
1.3. Sample pretreatment and analysis

The methods for detecting and quantifying antibiotic
concentration in soils were based on a previous study
(Zhou et al., 2017). Two grams of each soil sample were
extracted with a mixture of 7.5 mL Na2EDTA-Mcllvaine
buffer and 7.5 mL extraction solution in the presence of
vortex and ultra-sonication, followed by centrifugation.
The extraction process was conducted three times, and
all of the supernatants were sequentially combined
and purified through glass fiber filters (0.22 μm, GF/F,
Whatman, UK). The filtrates were preconditioned with
6 mL of acetone, 6 mL of methanol, and 6 mL of 0.5 g/L
Na2EDTA solution (pH 3.5), and then concentrated through
an HLB cartridge, followed by elution with 3 mL methanol
and 5 mL methanol containing 1% formic acid. The
leachates were evaporated to near dryness under a gentle
nitrogen stream, reconstituted to 1 mL with a solvent
mixture of methanol–water (V/V = 1:1) containing 1%
formic acid, and stored at −20°C until analysis.

High-performance liquid chromatography tandem
mass spectrometric (HPLC-MS/MS, Thermo Dionex Ulti-
mate 3000, USA) analysis was conducted at a flow rate of
0.4 mL/min through a testing column (Waters Acquity
UPLC BEH C18, USA). The mobile phase consisted of
eluent A (pure water with 0.2% methanol) and eluent B
(methanol: acetonitrile, V/V = 4:6). The solution transi-
tions for the gradient system were as follows: 12% B at
0–0.5 min; 30% B at 0.5–6 min; 50% B at 6–9 min; 95% B
at 9–9.5 min; 50% B at 9.5–12.5 min, and 12% B at 12.5–
15 min.

Image of Fig. 1
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Furthermore, to quantify the concentrations of the se-
lected antibiotics, we used the external standard method and
constructed calibration curves of the target antibiotics using
eight different concentrations ranging from 0.2 to 300 μg/L.
The correlation coefficients (R) were all greater than 0.99. The
limits of detection (LODs) based on a signal-to-noise ratio of 3
ranged from 0.05 to 2.00 μg/kg. The rates of recovery of the
target compounds ranged between 64.45% and 107.59%.
Details of the LODs and recovery rates are provided in
Appendix A Fig. S2.

1.4. Seasonal variation and risk characterization of antibiotics

To evaluate the seasonal changes in antibiotics in soils, the
change ratio of antibiotic concentrations between summer
and winter (Rsw) was calculated for each antibiotic compound
by Eq. (1):

Rsw ¼ Cw−Cs

Cs
ð1Þ

where, Cs (μg/kg) and Cw (μg/kg) are the average concentra-
tions of each compound in soils in summer and winter,
respectively.

The risk quotient (RQ) was calculated to evaluate the
negative impact of antibiotics in soil environments. The RQ
value is the ratio of the measured environmental concentra-
tion (MEC) and predicted no-effect concentration (PNEC) (Eq.
(2)):

RQ ¼ MEC
PNEC

ð2Þ

where, the PNEC values were obtained from the lowest EC50

(median effective concentration) or LC50 (median lethal
concentration) divided by the assessment factor (AF = 1000)
from acute toxicity data, or from chronic no observed effect
concentration values divided by the assessment factor (AF =
100) (European Commission, 2003). The risk was classified into
high (RQ > 1), medium (0.1 <RQ < 1), and low (0.01 < RQ < 0.1)
according to a commonly accepted ranking criterion (Li et al.,
2015).

Some studies have estimated toxicity of antibiotics on
vegetable, crop, and bacteria in terrestrial environments,
and toxicity data are shown in Appendix A Table S3.
However, for some specific antibiotic compounds, it
was difficult to calculate the RQs due to a lack of toxicity
data in the soils. Nevertheless, the toxicity of contami-
nants in soil was estimated based on the equilibrium
partitioning method (Appendix A Table S4). PNECsoil was
estimated by Eq. (3):

PNECsoil ¼ PNECwater � Kd ð3Þ
where, Kd is the soil–water partition coefficient (Li et al.,
2015).

Most studies have not considered the synergistic or
antagonistic effects of antibiotics on soil organisms, and
joint toxicity should not be ignored (Hanna et al., 2018; Li
et al., 2015;Wu et al., 2014). However, due to the lack of studies
on this issue, we assessed the interactions and their joint
toxic effects on bacterial activities using the concentration
addition (CA) model (Neale et al., 2017). In the CA model, the
EC50 of mixtures based on the concentration addition predic-
tions (EC50,CA) was calculated by Eq. (4).

EC50;CA ¼ 1
Pn

i¼1
pi

EC50;i

ð4Þ

where, pi is the fraction of component i (i = 1 to n) in the
mixture and EC50,i is the EC50 of component i. The risk
quotients of the mixtures (MRQ) are obtained from the total
antibiotics and EC50,i by Eq. (2).

1.5. Characterization of bacterial communities

We investigated the patterns of bacterial communities in
different seasons using high-throughput sequencing and real-
time PCR. Bacterial communities were characterized using an
IlluminaMiseq platform at Novogene, where the V4–V5 region
of bacterial 16S rRNA gene was amplified, purified, quantified,
pooled, and sequenced (Appendix A Table S1). Real-time PCR
conditions for 16S rRNA gene sequencing were listed in
Appendix A Table S2. Quality filtering of the raw reads was
conducted using QIIME. Using UCLUST clustering, sequences
with more than 97% similarity level were defined as the same
open-reference operational taxonomic unit. Detailed infor-
mation is given in a previous study (Zhu et al., 2017b). Alpha
diversity indexes at species level, including Shannon's index
and Simpson's index, were described for each sample to
characterize soil bacterial communities. Chao1 index, which
was estimated for an OTU definition, was used to characterize
soil bacterial richness (Sun et al., 2016). The Berger–Parker
index was also calculated for soil bacterial communities
(Narang and Dunbar, 2004).

1.6. Statistical analysis

All statistical tests were considered significant with a p value
of less than 0.05. The Kolmogorov–Smirnov nonparametric
test was used to examine the seasonal differences in
individual antibiotics in soil. Nonmetric multidimensional
scaling analysis (NMDS) was used to evaluate the seasonal
variations in bacterial communities, and redundancy analysis
(RDA) was used to examine the relationship between antibi-
otics' pollution characteristics and various bacterial commu-
nities. Pearson correlation analysis was used to examine the
correlation between the bacterial diversity and ecological risk
created by antibiotics. Variation partitioning analysis (VPA)
was conducted to evaluate the contribution of soil properties,
tetracyclines and quinolones to the variations in soil bacterial
communities.
2. Results

2.1. Occurrence and concentration of antibiotics in soils

Significant differences in the occurrence of antibiotics in soils
were found between summer and winter. Fig. 2 shows that
CTC, OFL, ENR, and CIP had high detection frequency rates in
both summer and winter. DOX and NOR had relatively lower
detection frequency rates, while OTC, TC, and LOM had the



Fig. 2 – Concentrations of different types of antibiotics. (a) In
soil; (b) Detected frequencies. Values below LOD were
excluded from these statistics. The same letters indicate a
significant difference between summer and winter at the
0.05 level. The horizontal black line in the box represents the
median value and the lower and upper edges of the box
mark the 25th and 75th percentiles, respectively. The
whiskers extending from the box show the 10th and 90th
percentiles. The hollow squares represent the average
values and the black dots represent the lowest and highest
values.
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lowest detection frequency. Among all of the selected
antibiotic compounds, CTC was considered the predominant
contaminant, with average concentrations of (56.38 ± 107.79)
μg/kg in summer and (80.64 ± 111.07) μg/kg in winter. The
concentration levels of other antibiotic contaminants were all
below 20 μg/kg. The lowest observed concentrations were of
ENR (0.38 ± 0.51 μg/kg) in summer and LOM (1.50 ± 1.25 μg/kg)
in winter. This result demonstrated similar concentration
levels of most antibiotics in soils between summer and
winter, whereas the concentration levels of NOR, ENR, and
CIP were significantly lower in summer than winter (1.24 ±
1.11 vs. 6.59 ± 3.51 μg/kg; 0.38 ± 0.51 vs. 1.77 ± 2.40 μg/kg;
1.69 ± 2.57 vs. 5.87 ± 3.85 μg/kg, respectively).

The soil adsorption coefficients (Kd) were calculated under
similar soil properties and logarithmically transformed (Pan and
Chu, 2017a; Qiao et al., 2012; Tolls, 2001). A significant (p = .01)
negative correlationwas observed between Rsw (the change ratio
of antibiotic concentrations between summer and winter) and
log-transformedKd (Fig. 3), which indicated that antibiotic com-
pounds with lower Kd had more obvious variations between
summer and winter. Due to their weaker sorption ability, these
compoundsaremore like tobe introduced intosoils frommanure
and to be eluted to deeper soil layers and groundwater (Pan and
Chu,2017b). Inaddition,octanol–waterpartitioncoefficients (Kow)
have been regarded as a key indicator of bioaccumulation (Tolls,
2001). Significant correlation between Rsw and Kow indicated that
antibiotic compounds with high Kow could be significantly
affected by the uptake of edible crops under long-term exposure
(Pan andChu, 2017a). NOR, ENR, and CIP had lower Kd values and
higher Kow values than other compounds. Correspondingly, they
hadmore clear variations between summer andwinter (Fig. 2). In
contrast, tetracyclines weremore likely to persist in soils. Higher
concentrations of tetracycline antibiotics in soils slow their
degradation and prolong their persistence (Pan and Chu, 2016a).

2.2. Risk assessment of antibiotics in soils

The estimated RQ values for the nine target antibiotics in two
seasons are shown in Fig. 4. There were obvious differences in
RQ values between the tetracyclines and quinolones. The
maximum average RQ values for all of the target antibiotics
were observed in winter, and the minimum average values in
summer. Fig. 4 demonstrates that the ecological risks intro-
duced by CTCwere higher than those of other antibiotics.Most
of the RQ values for CTC exceeded 1, which indicated a high
level of risk. The results show that 32.26%and45.16%of the soil
samples suffered high risk from CTC in summer and winter,
respectively. Apart from CTC, DOX, OFL, and CIP could pose
high risk to soil organisms, and these antibiotics occurred in
6.45%, 16.13%, and 16.13% of soil samples in summer and
19.35%, 22.58%, and 54.84% inwinter, respectively. Meanwhile,
OTC, NOR, and ENR were observed with high risk levels in
winter, in 3.23%, 3.23%, and 9.68% of soil samples, respectively.
Inparticular, allof therisk fromLOMwasmuchlower thanfrom
the other antibiotics, with RQ values lower than 0.1. The total
antibiotics in soils posed high ecological risk in 41.91% of the
samples in summerand 61.29% inwinter (detailed information
is given in Appendix A Table S6).

Soil bacteria are generally exposed to mixed substances,
including different antibiotics, due to human disturbance. The
MRQ values of antibiotic mixtures in all of our experimental
siteswerehigher inwinter thansummer (Fig. 5a).Generally, the
calculatedMRQ values were higher than those from individual
antibiotics. This suggested that antibiotic mixtures can have
greater detrimental effects on soil bacteria communities than
individual antibiotic compounds. Significant correlations be-
tween MRQ and the number of antibiotics persisting in soils
were also found in this study (Fig. 5b), which indicated a strong
amplification ability of diverse antibiotics in soils.

2.3. Correlations between bacterial communities and
antibiotics

Due to the complex interactions between antibiotic toxicity
and bacterial resistance, there are obvious changes in soil

Image of Fig. 2


Fig. 3 – Correlation between seasonal changes in antibiotic
concentrations in soils and their water-solubility. Details of
Kd and Kow are presented in Appendix A Table S5. Rsw

indicated the change ratio of antibiotic concentrations
between summer and winter.

Fig. 4 – RQ (risk quotient) values for target antibiotics in
contaminated soil. (a) Summer; (b) Winter. Outlier values
below 0.01 are excluded. The horizontal black line in the box
represents the median value and the lower and upper edges
of the box mark the 25th and 75th percentiles, respectively.
The whiskers extending from the box show the 10th and
90th percentiles. The gray squares represent the average
values and the black dots represent the lowest and highest
values.
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bacterial communities when antibiotics are introduced
(Kuppusamy et al., 2018; Xie et al., 2018). The correlations
between soil bacterial community structure and antibiotics
were explored in this study. The soil bacterial community
structure is illustrated in Appendix A Fig. S3. The dominant
phyla in soils in summer were Proteobacteria (33.40%),
Acidobacteria (24.46%), Actinobacteria (9.61%), Firmicutes
(6.97%), Planctomycetes (6.28%), Chloroflexi (4.67%),
Bacteroidetes (3.48%), Gemmatimonadetes (1.84%), and
Nitrospirae (1.24%), accounting for 91.93% of the total bacterial
communities. Unlike in summer, an obvious change in soil
bacterial communities was found in winter, in which
Actinobacteria (37.14%), Firmicutes (23.85%), Proteobacteria
(17.43%), Bacteroidetes (15.53%), Acidobacteria (1.60%), and
Chloroflexi (1.80%) were the dominant species, accounting for
97.36% of total bacterial communities. Seasonal changes in
soil bacterial community structure in soils with different land
uses are shown from NMDS in Appendix A Fig. S4. The soil
bacterial community structure was similar between different
land use types in summer, but there was a clear difference in
winter, probably due to the more intensive land management
around winter in the study area. This indicated that agricul-
tural practices, especially manure application, can change soil
bacterial community structure. The dosage-related and type-
related effects of antibiotics on soil bacterial communities
have also been reported in a previous study (Thiele-Bruhn and
Beck, 2005).

The RDA results show that the tetracyclines and quino-
lones were negatively correlated with most bacterial commu-
nities, especially in winter (Fig. 6). In summer, most
antibiotics showed similar strong suppressive effects on
bacterial communities, and OTC, NOR, and CIP had moderate
effects. ENR had an obvious inhibition on Acidobacteria and
Gemmatimonadetes in winter, whereas the effective levels of
other quinolones were similar. In summer, quinolones
showed different effects on bacterial species. OFL and ENR
had negative effects on Firmicutes and Gemmatimonadetes,
and CIP and LOM on Nitrospirae, Actinobacteria, and

Image of Fig. 3
Image of Fig. 4


Fig. 5 – Seasonal variation of MRQ (risk quotients of the mixtures) in soils. (a) MRQ for target antibiotics in contaminated soil in
summer and winter (mean and standard deviation); (b) Relationships between MRQ and number of antibiotic compounds in
soils.

Fig. 6 – Redundancy analysis for the quantitative correlation
between antibiotics and soil bacterial communities. (a)
Summer; (b) Winter.
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Bacteroidetes. OTC and TC showed weaker suppression of
Firmicutes and Chloroflexi than other tetracyclines in sum-
mer and winter.

VPA was performed for different seasons to evaluate the
contribution of soil properties, tetracyclines and quinolones
to the variations in predominant bacterial communities in
soils. As shown in Fig. 7, the results of VPA show that soil
properties explained the largest variation in soil bacterial
communities both in summer (20.1%) and winter (28.4%).
Quinolones contributed more to soil bacterial communities
than tetracyclines in summer. In contrast, tetracyclines made
a more important contribution to the variance in soil bacterial
communities than quinolones in winter. The shared varia-
tions between soil properties and antibiotics were negative
both in summer and winter because of their strong, opposing
effects on the bacterial response. These results indicate that
the effects of antibiotics on variations in soil bacterial
communities cannot be ignored, especially in winter.

The Fig. 8 demonstrates the correlations between risks
from antibiotic mixtures and diversity of bacterial com-
munities. Pearson correlation shows that the diversity of
soil bacterial communities decreased significantly with
increasing risks from antibiotics, both in summer and
winter. There are also obvious decreasing trends in the
Shannon indexes for samples treated with antibiotics,
which indicate the antibiotics' impact on microbial com-
munities (Pino-Otin et al., 2017). Antibiotics in soils also
significantly changed the predominant species of soil
bacterial communities (Fig. 8c). The proportion of predom-
inant species (accounting for more than 10%) was signif-
icantly reduced in summer under high exposure risks from
antibiotics in soils. Interestingly, the Berger–Parker domi-
nance index changed with a U-shaped form in winter. The
dominant bacterial phyla ranged from Actinobacteria
under low risk from antibiotics to Proteobacteria under
high risk. However, we did not found significant effects of
antibiotics on species richness of soil bacterial communi-
ties (Fig. 8d).

Image of Fig. 5
Image of Fig. 6


Fig. 7 – Variation partitioning analysis differentiated the effects of tetracyclines, quinolones and soil properties (including AP,
AK, SOC, pH and clay content) on the variations in dominant bacterial communities in topsoil. (a) Summer; (b) Winter.

Fig. 8 – Relationship between the structural diversity of soil bacterial communities and ecological risks created by antibiotics.
The Shannon index (a), Simpson index (b) and Berger-Parker index (c) were calculated for Pearson correlation analysis.
Simpson indexes were reciprocal transformed. Higher numbers in the Shannon and reciprocal Simpson indexes represent
greater diversity, and a higher number in the Berger-Parker index represents a greater proportion of dominant species. All of
the total risks were logarithmically transformed.
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3. Discussion

3.1. Seasonal variation and distribution of antibiotics in soils

Previous studies found that tetracyclines are the predominant
antibiotic compounds with high concentration levels and
detection frequencies in soils after manure application (Hu
et al., 2010; Wei et al., 2016). Results of this study are similar to
those findings. For example, CTC had relatively high concen-
tration in soils in this study (Fig. 2). According to a national
investigation in China, tetracyclines are widely used in animal
breeding for growth promotion and disease treatment or
prevention (Zhang et al., 2015). Moreover, tetracyclines are
more likely to be excreted via urine and feces in an unchanged
form than other antibiotics (Zhang et al., 2015). For these
reasons, there were higher levels of tetracyclines in manure-
treated soils.

Unlike tetracyclines, quinolones persisted in manure at
relatively low levels due to their lower excretion rate by
animals and humans. As such, the mean concentrations of
quinolones in soils were lower than 100 μg/kg, which indi-
cated the ecotoxic trigger value effect of soil antibiotics in
most studies (Qiao et al., 2018; Sun et al., 2017; Yang et al.,
2016). Despite the low excretion rate of quinolones, these
kinds of antibiotics are extensively consumed around the
world (Van Boeckel et al., 2014). Thus, some soils still had high
residual levels of quinolones. For example, in vegetable
farmland in the Pearl River Delta region, China, NOR, and
ENR had high average concentrations (61.9 and 99.4 μg/kg,
respectively) due to the high loading of antibiotics (Li et al.,
2011). Furthermore, ENR was detected with values from 36 to
378 μg/kg in agricultural soil treated with manure in Malaysia,
and CIP was also detected in soils fertilized with manure in
Austria with a maximum concentration of 370 μg/kg (Ho et al.,
2014a; Martinez-Carballo et al., 2007). The different consump-
tion and usage patterns of antibiotics between countries or
regions may be the main reason for the differences in soil
antibiotic concentrations in different soil environments
(Zhang et al., 2015).

The results of this study show that tetracyclines antibiotics
had slightly higher values in winter than in summer, while
quinolones antibiotics showed significant seasonal variations
(Fig. 2). Similar seasonal differences have also been observed
in soils of organic vegetable bases (Hu et al., 2010). These
seasonal variabilities are mainly due to agricultural practices
and climatic factors. Due to the limited wastewater irrigation
in this study area, manure application in soils is the main
inputting source of antibiotics in soil environment. Mean-
while, manure is usually applied to agricultural land in
October or November (autumn) in study area. Thus, the
manure application increases the concentrations of antibi-
otics in soils in the coming winter. Besides the consideration
of the potential inputting source, the levels of antibiotic
residues will decrease with the long-term transport, migra-
tion, and degradation of antibiotics in soils after fertilization.
These processes will lead to the lower levels of residual
antibiotics in soils in summer. Furthermore, the migration
and micro-biodegradation of antibiotics is accelerated be-
cause of high temperatures and precipitation in summer
(Tasho and Cho, 2016). Unlike the results of this study,
Hamscher et al. (2002) found that residual antibiotics in soils
were higher in summer than winter in northern Germany,
where the study field was regularly fertilized with liquid
manure before spring. Thus, manure application was consid-
ered the main contributor to high antibiotic residues in soils.
Although there were significant seasonal variations in total
antibiotics in soils, the concentrations of most antibiotic
compounds did not significantly change between summer
and winter (Fig. 2). Compared with other compounds, the
concentrations of NOR, ENR, and CIP were significantly higher
in winter. Due to their weaker adsorption ability and higher
bioavailability, they were more likely to be transported into
deep soils, groundwater, or crops (Pan and Chu, 2017a; Tasho
and Cho, 2016). However, our results show lower levels of total
antibiotics in soils both in summer and winter than other
studies. This is due to the different application strategies used
for manure, such as fertilization age, amount, and frequency
(Hu et al., 2010; Li et al., 2015). In addition, soil properties,
precipitation, and crop cultivation greatly contribute to
variations in residual antibiotics in soils (Ahmed et al., 2015;
Hu et al., 2010).

3.2. Potential risk of antibiotics in soils

Results of this study suggested that peri-urban soils suffered
high ecological risks posed by antibiotics, especially for CTC,
DOX, OFL, and CIP (Fig. 4). Compared with this study, Li et al.
(2015) observed that OTC, CTC, NOR, CIP, and ENR (39.3%,
10.7%, 10.7%, 17.9%, and 41.1% of soil samples, respectively)
posed high risks to soil organisms in greenhouse soils, and
55% of samples were influenced with low risk levels posed by
LOM. High risks were posed by CIP, OFL, and TC in digested
sludge-treated soil due to the residual antibiotics after sludge
application on soil (McClellan and Halden, 2010). NOR, CIP,
ENR, and LOM posed low risks to bacteria in most soil samples
from organic vegetable farms in south China (Wu et al., 2014).
Similarly, a study of Malaysian agricultural soil showed that
NOR posed low chronic risk after manure amendment (Ho
et al., 2014a). It should be noted that the risk assessment for
most antibiotics in this study was estimated following the
toxicity data of bacteria, which could well indicate the risks of
antibiotics to soil bacterial communities.

Studies have underlined that interactions between indi-
vidual antibiotics amplify their toxic effects; such interactions
have been defined “synergistic” (Backhaus et al., 2000; Marx
et al., 2015). For example, Chen et al. (2018a) found that the
combination of TC + NOF showed strong synergism at low
effect levels in Anabaena sp. CPB4337 with a risk above the
threshold value. Similarly high ecological risks were found for
antibiotic mixtures in coastal waters of China's Yellow Sea,
due to their synergistic effects (Du et al., 2017). However, most
studies concerning this issue were conducted in aquatic
environments. The modifying effects of the concurrent
existence of multiple antibiotics and complex microbial
communities need to be carefully explored in soil ecosystems.
In addition, due to their wide presence, these detected
antibiotics have a high possibility of causing the abundance
and spread of antibiotic-resistant bacteria. Thus, the risk
assessment of antibiotics for soil organisms, which is
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associated with soil security and human health, requires
further in-depth investigation.

3.3. Responses of soil bacterial communities to antibiotics

The relationships between the soil bacterial communities
and antibiotic concentrations were analyzed (Fig. 6). Con-
sistent with previous studies, antibiotics' inhibiting ability
on microbial activity followed the order of CTC > OTC > TC,
and Clostridia and Bacilli belonging to Firmicutes were
associated with environments containing antibiotics
(Thiele-Bruhn, 2005). The relationship between the diver-
sity of soil bacterial communities and ecological risks
created by antibiotics was also analyzed in this study
(Fig. 8). Tetracycline amendments can significantly reduce
the abundance of living bacteria (Stepanauskas et al., 2006).
Similarly, CTC significantly inhibited the growth of 12 soil
bacterial isolates in an orthic luvisol soil (Zielezny et al.,
2006), and OTC can bring selective pressure to soil microbial
communities containing sulfapyridine (Thiele-Bruhn and
Beck, 2005). In contrast, the addition of TC had lower effects
on the composition of soil microorganisms (Hund-Rinke
et al., 2004). These results prove that tetracyclines can
suppress some bacterial activities and alter soil bacterial
community structures. Therefore, the diversity of soil
bacterial communities decreased with the increasing pres-
sure by antibiotics (Fig. 8). However, manure also can
suppress the activity of soil bacterial communities due to
high concentration of antibiotics and excessive use in
agricultural lands (Lin et al., 2016; Peacock et al., 2001).
Chen et al. (2018) also found that antibiotics can signifi-
cantly decrease the diversity of phyllosphere bacterial
communities in case of long-term organic fertilization.

Meanwhile, some bacterial species were positively corre-
lated with antibiotics due to antibiotic resistance. Antibiotic-
resistant bacteria were the main contributor to the biodegra-
dation of antibiotics (Szilagyi et al., 2017). This study found
that Proteobacteria can proliferate in habitats with high levels
of antibiotics both in summer and winter. However,
Bacteroidetes showed positive correlations with antibiotics
in winter, indicating a stronger resistance and tolerance.
Actinobacteria was also observed to have a temperate
resistance to antibiotics. Similar results have been found in
recent studies. For example, tetracycline-spiked manure
could induce an increase in the number of Actinobacteria in
forest soil (Chessa et al., 2016). In soil affected by manure,
Arthrobacter spp. and Rhodococcus spp., which belong to
Actinobacteria, showed strong resistance to TC and OTC
(Yeom et al., 2017). Moreover, quinolones are extremely
effective antibacterial agents (Riaz et al., 2018; Van Boeckel
et al., 2014). In particular, the broad spectrum of quinolones
means that they can suppress most bacterial communities
(Dorival-Garcia et al., 2013), and nitrifying conditions could
enhance their degradation and affect bacterial composition
via the activity of heterotrophs such as Nitrospirae (Dorival-
Garcia et al., 2013). Bacterial community structure illustrated a
profound shift with ciprofloxacin biodegradation and the
degrading bacterial community was mainly composed of
classes Bacteroidetes and Proteobacteria (Liao et al., 2016).
Amorim et al. (2014) found that the dynamics of bacterial
communities were associated with fluoroquinolones shock
loading exposure.

We found the dominance indices of bacterial communities
were higher both in slightly and heavily antibiotic-
contaminated soils than that in medium contaminated soils
in winter (Fig. 8c). With the intense agricultural activities, the
dominate species of soil bacterial communities will change
and lead to decrease in dominance index. However, in heavily
antibiotic-contaminated soils, numerous factors can affect
the variability of dominant bacterial species. On the one hand,
antibiotic-resistant bacteria can be released into soil from
manure and lead to the changes in dominant bacterial species
(Yeom et al., 2017). Thus, the application of manure before
winter might lead to the high variability in soil bacterial
communities. On the other hand, manure and antibiotics
synergistically accelerate the dominance of antibiotic-
resistant bacteria in manure-amended soils (Heuer and
Smalla, 2007). Many studies also demonstrated that
antibiotic-resistant bacteria are dominant species especially
in soils which heavily contaminated by antibiotics. This is due
to the inhibition on other species under strong selection
pressure from antibiotics (Zhang et al., 2016; Zhu et al., 2018).
Thus, antibiotics in soils originated from manure application
before winter in study area can be considered as the
important contributor to the changes in dominant bacterial
species. Notably, with the dissipation of antibiotics in soils,
antibiotic-resistant bacteria were also dissipated including
the transport and death of bacterial host (Fahrenfeld et al.,
2014). And the heavily nutrients loading would also promote
the growth and abundance of the other bacterial species.
Therefore, the dominance index of soil bacterial communities
in summer will decrease in heavily antibiotic-contaminated
soils (Fig. 8c). However, although antibiotics can dramatically
disturbed soil bacterial communities, our results suggested
they did not clearly affected soil bacterial richness in real
agricultural fields (Fig. 8d). El Azhari et al. (2012) also found the
abundance of the total bacterial community remained similar
whatever the fertilization regime considered. This observa-
tion is in contradiction with previous studies reporting that
manure could lead to an increase in soil bacterial richness,
especially for antibiotic-resistant bacteria (Longa et al., 2017;
Udikovic-Kolic et al., 2014). This discrepancy could be due to
the fact that antibiotics originated from manures can sup-
press the growth of bacteria which were in absence of
resistance and tolerance to antibiotics (Schmitt et al., 2005;
Kong et al., 2006; Hammesfahr et al., 2008; Yeom et al., 2017).

However, although the effects of antibiotics on soil bacterial
communities are significant, soil properties were the main
influencing factors on the variations of soil bacterial commu-
nities (Fig. 7). This can be associated with the high replenish-
ment of nutrients and improvement of soil quality (e.g., SOM
and clay content) by manure application. Previous studies
revealed that manure application can significantly impact the
soil bacterial communities (Chen et al., 2017; Kelsic et al., 2015;
Liu et al., 2017; Zhang et al., 2012). Thus, manure application in
winter in the study area can result in the more contribution by
soil properties and antibiotics on soil bacterial communities
that showed in Fig. 7. However, it was reported that organic
fertilization can increase the diversity of bacterial communities
due to their influences on soil properties (El Azhari et al., 2012).
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The opposite effects of soil properties and antibiotics lead to the
negative contribution of their interaction.
4. Conclusions

The concentration levels of residual antibiotics in soils in two
different seasons in a typical peri-urban watershed in eastern
China were investigated and analyzed. The results showed
that CTC was the dominant antibiotic pollutant with high
detection frequency and concentration. The concentration
levels of antibiotics in soils in winter were higher than those
in summer. The concentrations of NOR, ENR, and CIP with
lower Kd and higher Kow significantly increased in winter due
to manure usage. Risk assessment revealed that several
antibiotics presented high ecological risk to soil organisms,
especially CTC. Furthermore, the coexistence of multiple
antibiotics posed higher risks than individual compounds.
Given their toxicity, antibiotics imposed obvious suppression
on most soil bacterial communities, except some bacterial
fauna, due to their resistance and tolerance. Tetracyclines
mainly inhibited Firmicutes and Chloroflexi, and quinolones
showed obvious negative correlations with Acidobacteria,
Gemmatimonadetes, and Nitrospirae due to inhibition or
biodegradation. Proteobacteria showed obvious resistance to
antibiotics, especially tetracyclines in summer. The persis-
tence of antibiotics in soils resulted in a significant change in
soil bacterial community structure, whereas it did not clearly
affected soil bacterial richness.
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