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• Ciprofloxacin removal is significantly
enhanced by earthworm activities.

• Earthworm gut is a hotspot for cipro-
floxacin removal.

• ARG abundance significantly decreased
in earthworm cast compared to soil.

• Earthworm can be a cost-effective op-
tion for antibiotic removal and ARG
reduction.
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Antibiotic residues could promote the dissemination of antibiotic resistance genes (ARGs) in the environments,
and biodegradation represent a major route for antibiotic removal. Previous studies have showed that earth-
worm could enhance the degradation of certain organic contaminants, however, its effectiveness in ciprofloxacin
removal and ARG reduction in soil remains unclear. In the present study, high-performance liquid chromatogra-
phy, 16S rRNA gene sequencing and high-throughput quantitative PCR were employed to explore the effects of
earthworm addition on ciprofloxacin removal and ARG abundance in ciprofloxacin-amended soil. Ciprofloxacin
removal was significantly higher in earthwormcast as compare to control soil, and ARG abundance in earthworm
cast was significantly lower than that of control soil. Procrustes analysis together with Mantel test showed that
the ARG profiles were strongly associated with bacterial communities, indicating that the lower abundance of
ARGs in cast samples could be attributed to changes in bacterial community compositions by earthworm activity.
Flavobacterium and Turicibacterwere enriched in cast samples, which were negatively correlated with ciproflox-
acin concentration (p b 0.05), implying their potential roles in ciprofloxacin removal. These results suggested that
earthwormgut is a hotspot for ciprofloxacin removal, and could be an option formitigation of antibiotic pollution
in soil.

© 2020 Elsevier B.V. All rights reserved.
1. Introduction

Antibiotics are commonly used for preventing infectious diseases
and promoting the growth of livestock (Jechalke et al., 2014). However,
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some of the antibiotics are poorly absorbed and excreted to the environ-
ments via feces in the form of parent compounds or antibiotically active
metabolites (Jechalke et al., 2014; Sarmah et al., 2006). Direct use ofma-
nure fertilizers or manure-derived compost would introduce a large
amount of antibiotics into soil and consequently various antibiotics
have been frequently detected in soil (Xie et al., 2012; Zhang et al.,
2016). Antibiotics in soil pose potential risk to organisms in ecosystem.
For example, enrofloxacin inhibited the growth, reproductive rate, and
respiratory rates of earthworm (Li et al., 2015), and sulfamethoxazole
inhibited rice growth (Liu et al., 2009). Antibiotics significantly affected
soil microbial activity and diversity (Kong et al., 2006). In addition, an-
tibiotics would enrich antibiotic-resistant bacteria and resistance
genes in the environments due to selective pressure exerted by antibi-
otic pollution (Bush et al., 2011; Xiong et al., 2015).

Ciprofloxacin is one of the broad-spectrum fluoroquinolones against
most of gram-negative bacteria by targeting bacterial type II
topoisomerases, gyrase and topoisomerase IV and causing irreversible
damage to bacterial DNA (Aldred et al., 2014). Ciprofloxacin has been
widely used to treat infections in both human therapies and animal in-
dustries, for example,more than 7,500,000prescriptions containing cip-
rofloxacin were documented for therapies in the United States (CDC,
2013), and 4882 tons of ciprofloxacin were consumed for livestock in
2013 in China (Zhang et al., 2015). Irrational use of ciprofloxacin has re-
sulted in the prevalence of ciprofloxacin resistance among clinical bac-
terial isolates (Nuesch-Inderbinen et al., 2015). Ciprofloxacin is only
partially metabolized and excreted via urine and feces as the parent
compound ormetaboliteswith antibacterial activity, resulting in the en-
richment of ciprofloxacin in soil, whichmay impact soilmicroorganisms
and fauna (Pico and Andreu, 2007; Xie et al., 2016).

Biodegradation is one of the major routes for removal of antibiotics
in both wastewater treatment systems (Mueller et al., 2013; Prado
et al., 2009; Yang et al., 2011) and natural environments (Ouyang
et al., 2019). Ciprofloxacin could be degraded by isolates (Pan et al.,
2018; Prieto et al., 2011) or bacterial consortium in a co-metabolicman-
ner (Feng et al., 2019). However, ciprofloxacin is generally recalcitrant
to transformation and biodegradation, and was frequently detected in
soil (Y.W. Li et al., 2011; Pico and Andreu, 2007). Ciprofloxacin had a
high Kd (adsorption coefficient) value (150–61,000), suggesting that
ciprofloxacin had strong adsorption potential in soil and sediment,
and could be accumulated in soil (Tolls, 2001). Therefore, an efficient
and safe way to enhance the degradation of ciprofloxacin is essential.
Fig. 1. The schematic diagram of
Earthworms play an important role in soil nutrient cycling via
changing soil structures and regulating soil bacterial community struc-
tures and activities (Gomez-Brandon et al., 2011; Hoang et al., 2016;
Huang and Xia, 2018). Previous studies have reported that earthworm
aided in the removal of the organic contaminants, including polycyclic
aromatic hydrocarbons (PAHs) (Contreras-Ramos et al., 2008), pesti-
cides (Hao et al., 2018) and antibiotics. Cao et al. (2018) found that ac-
tivity of earthworm increased the abundance of Anaerolineae,
Flavobacteriaceae, and Pseudomonas in soil amended with oxytetracy-
cline, thus promoting the degradation of oxytetracycline. Mougin et al.
(2013) used [2-14C]-ciprofloxacin to investigate the effect of earthworm
on ciprofloxacin degradation in soil, and they found that themineraliza-
tion of ciprofloxacin in the soil with earthwormwas higher than that of
non-earthworm control. These studies demonstrated that changes of
microbial communities by earthworm activity could have significant ef-
fect on ciprofloxacin degradation (Liao et al., 2016), however, we knew
little about the role of earthworm gut microbes in ciprofloxacin re-
moval. Due to the feeding process of earthworm, soil will pass through
earthworm gut. We hypothesized that earthworm activity would en-
hance ciprofloxacin removal which could occur in earthworm gut. We
further hypothesized that the removal of ciprofloxacin would result in
lower abundance of ARGs. To address these hypotheses, a microcosm
experiment was setup to investigate the effects of earthworm on cipro-
floxacin removal. The change of bacterial community structures and
ARGs was analyzed by 16S rRNA gene sequencing and high-
throughput quantitative PCR to evaluate their correlation with ARGs
and to explore potential ciprofloxacin-degrading bacteria.

2. Materials and methods

2.1. Microcosm experiment setup

Soil was collected from a vegetable field in Ningbo, Zhejiang prov-
ince, China (29°45′N, 121°54′E). The soil was air-dried and passed
through a 2mmmesh sieve beforemicrocosm experiment. The concen-
tration of ciprofloxacin in soil was 11.25 ng/g, and other propertieswere
described in supplementary information Table S1. Ciprofloxacin con-
centration was measured using high performance liquid chromatogra-
phy (L-2000, Hitachi). Ciprofloxacin hydrochloride was purchased
from Sigma-Aldrich (China), and a stock solution of 1000 mg/L cipro-
floxacin was prepared with Milli-Q water. The earthworm genus
the microcosm experiments.



Fig. 2. Ciprofloxacin concentration (A) and removal rate (B) in different samples from
microcosm experiments. CS2d, control soil collected at day 2; CS28d, control soil
collected at day 28; ES2d, undistributed soil with earthworm collected at day 2; EC2d,
earthworm cast collected at day 2; EC28d, earthworm cast collected at day 28.
Significance of cast and control samples were tested using t-test: *p b 0.05 and
**p b 0.01. Error bar represent the standard deviations of five repetitions.
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Metaphire is widely distributed in soil ecosystem, living in the topsoil
and feeding on the organic matters including organic pollutants
(Drake andHorn, 2007; Sun et al., 2013). In the present study,Metaphire
vulgaris (110–140 mm in length and 4–6 mm in width) was purchased
from a commercial company in Ningbo, China and were acclimated for
14 days in collected soil at 25 °C prior to experiments.

Microcosm experiments (Fig. 1) were setup in polyethylene plastic
containers (20 × 15 × 18 cm) covered by polyethylene lids with small
holes, each containing 2 kg of dried soil. Ciprofloxacin was added to
soil with a final concentration of 10 mg/kg of dry soil. According to US
Environmental Protection Agency and the organization for Economic
Cooperation and development (OECD) (No. 222) protocols (Cogliano
et al., 1998; OECD, 2003), ten earthworms were rinsed with sterile
water to remove soil particles and added into each pot, ciprofloxacin-
amended soil without earthwormwas used as control. All pots were in-
cubated for 28 days according to condition reported by Wang et al.
(2019). Each treatment was performed with five replicates. Sterile
water was supplied to each pot every two days to maintain 30% of soil
moisture. Undisturbed soil with earthworm (ES), control soil (CS) and
earthworm cast (EC) samples were collected at day 2 and day 28, re-
spectively, and were stored in −20 °C for further analysis. At the same
time, all of earthworms were collected at day 28 and were sacrificed
with absolute ethanol according to the protocol of Organization for
Economic Cooperation and Development (OECD) (2003).

2.2. Measurement of ciprofloxacin concentration

Ciprofloxacin was extracted according to the study of Hong et al.
(2018) with minor modifications. Briefly, soil and cast samples (2 g)
were placed into a glass tube containing 25 mL EDTA-McIIvaine buffer
(Huang et al., 2013), shaken at 25 °C and 150 rpm for 30 min and
pelleted by centrifugation at 25 °C and 1500×g for 10min. The superna-
tant was transferred to a new tube. The pellet was re-extracted twice
with 20 and 15 mL EDTA-McIIvaine buffer, respectively. The superna-
tants from three extraction were pooled and diluted to 500 mL ultra-
pure water in a brown glass bottle. The resulting aqueous phase was
concentrated and purified in solid-phase extraction (SPE) column via
HLB (6 cc, waters, USA). The columnwas then eluted with 12mLmeth-
anol, air dried and dissolved in 1 mL 50% methanol (v/v).

Ciprofloxacin was analyzed using High-performance liquid chroma-
tography (HPLC, Hitachi L-2000, Japan) with an extend-C18 column
(250mm× 4.6mm) to separate the analytes. Themobile phase and de-
tection condition was adopted from the study of Pan et al. (2018).

Quality control was conducted independently in control soil at a
concentration of 10 mg/kg of dry soil with the same extraction and de-
tection procedure. The result showed that the recovery rate was 98%,
which indicated that the procedure was suitable for the determination
of ciprofloxacin.

The ciprofloxacin removal rate was calculated referring to the con-
centration of ciprofloxacin in different samples.

Ciprofloxacin removal rate ¼ Cd0−Cdð Þ=Cd0 � 100% ð1Þ

where Cd0 is the ciprofloxacin concentration in soil collected at day 0, Cd
is the ciprofloxacin concentration in soil or cast collected at day 2 and
day 28.

2.3. DNA extraction, 16S rRNA gene sequencing and analysis

Earthworm gut was collected according to the study of Wang et al.
(2019). DNA from soil and earthworm gut were extracted from 0.5 g
solid using FastDNA Spin Kit (MP Biomedical, USA) following the man-
ufacturer's instructions. The DNA quantity and quality were measured
using spectrophotometer (NanoDrop Technology, Wilmington, USA)
and gel electrophoresis with a 1.0% agarose gel.
TheV4 region of 16S rRNAgenewas amplifiedwith the primer 515F:
GTGCCAGCMGCCGCGGTAA and reverse primer 806R: GGAC
TACHVGGGTWTCTAAT, which was tagged with unique barcode for
each sample. PCR amplification was conducted according to the study
of Ding et al. (2019). The amplicons were purified, pooled and se-
quenced on an Illumina platform (Microanaly, Shanghai, China). Data
were analyzed by Quantitative Insights Into Microbial Ecology (QIIME,
version1.9) (Caporaso et al., 2010). The sequences were clustered into
operational taxonomic units (OTUs) using UCLUST algorithm with a
phylotype defined at 97% similarity, and the OTUs were classified
using RDP classifier (Edgar, 2010). Shannon index, observed species,
PD whole tree and Chao1 were used to evaluate alpha diversity for
each sample at equal sequencing depth. All sequences from this study
were deposited in the National Center for Biotechnology Information
(NCBI) Sequence Read Archive (SRA) under the accession number
PRJNA600100.
2.4. High-throughput qPCR of antibiotic resistance genes

A total of 295 primer sets were used to analyze resistance genes
(Chen et al., 2018b) by Wafergen SmartChip Real-Time PCR System
(WaferGen Biosystems, USA). The PCR program was initiated at 95 °C
for 10 min, followed by 40 thermal cycles of 30 s at 95 °C, 30 s at
60 °C, and the melting process was automatically generated by
Wafergen software. The qPCR results were analyzed by SmartChip



4 Q. Pu et al. / Science of the Total Environment 742 (2020) 140409
qPCR software. The relative abundance of ARGs were calculated accord-
ing to the study of Chen et al. (2018a).

2.5. Statistical analysis

Averages and standard deviations were conducted using Excel 2016
(Microsoft office 2016, Microsoft, USA). Adonis test, Procrustes analysis,
and mantel test were performed in R (version 3.4.3) with “vegan”
(Oksanen et al., 2014). t-Test was conducted using SPSS 20 (SPSS Inc.,
Chicago, USA). All statistical tests were considered significant at
p b 0.05. The histogram and box diagrams were generated using Origin
2018 (OriginLab, USA). Principal co-ordinates analysis (PCoA) was used
to evaluate the ARG profiles and bacterial communities among different
treatments using Canoco version 5.0. Heatmap was used to show rela-
tive abundance of ARGs using R (version 3.4.3) with “pheatmap”
(Team, 2005). Manhattan plot was used to show the fold change of rel-
ative abundance of genera in cast samples compared to control samples.

3. Results and discussion

3.1. Effect of earthworm activity on the removal of ciprofloxacin in soil

In the present study, all earthworms survived and significant differ-
ence was not observed in the body weight of earthworm in soil
Fig. 3. Shannon index showing the estimated bacterial diversity in different samples (A). PC
communities in different samples (B). Phylum level diversity of different samples (C). Low ab
day 2; CS28d, control soil collected at day 28; ES2d, undistributed soil with earthworm collect
day 28. Each column is labeled with the sample name with numbers representing replicates.
amended with 10 mg/kg ciprofloxacin between day 2 and day 28 sam-
ples (Table S2). All soil in pots have been “digested” by earthworm after
28 days of incubation, therefore, soil samples taken from day 28 were
considered cast samples and labeled as EC28d. The concentration of cip-
rofloxacin in control soil was 8.62 and 7.06 mg/kg for CS2d and CS28d,
respectively (Fig. 2A), corresponding to ciprofloxacin removal rates of
14% and 30% for CS2d and CS28d, respectively (Fig. 2B). In addition,
the concentrations of ciprofloxacin were 7.62 and 5.67 mg/kg for EC2d
and EC28d, respectively (Fig. 2A) and the ciprofloxacin removal rates
were 24% and 43% for CE2d and CE28d, respectively (Fig. 2B). Further
analysis of ciprofloxacin removal in undistributed soil with earthworm
showed that ciprofloxacin removal of ES2d was similar with that of
CS2d (Fig. 2B). These results indicated that earthworm activity signifi-
cantly (t-test, p b 0.05) enhanced the ciprofloxacin removal in cast as
compare to control samples, which was consistent with previous re-
ports on earthwormactivity enhanced the removal of organic pollutants
(Contreras-Ramos et al., 2006; Contreras-Ramos et al., 2008; Lin et al.,
2016), for example, enhanced removal of organic pollutants in soil
with earthworm have been demonstrated for atrazine (Lin et al.,
2018) and pentachlorophenol (Lin et al., 2016). The change of soil mi-
crobial communities and the absorption state of organic contaminant
to soil induced by earthworm activity were proposed as major mecha-
nisms responsible for the promoted degradation of contaminants in
soil (Lin et al., 2016; Lin et al., 2018; Phuong-Thi et al., 2012). In this
oA based on Bray-Curtis distance showing the overall distribution pattern of bacterial
undance of the phylum is categorized into “Other phylum”. CS2d, control soil collected at
ed at day 2; EC2d, earthworm cast collected at day 2; EC28d, earthworm cast collected at
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study, significant higher removal of ciprofloxacin was observed in
earthworm cast samples than that in control soil (Fig. 2B). Earthworm
gut harbors abundant microorganisms (Singh et al., 2015) and earth-
worm castwas characterized by higher levels of nutrients andmicrobial
biomass and activities than bulk soil (Don et al., 2008; Monard et al.,
2008; Sizmur et al., 2011), therefore, we speculated that enhanced cip-
rofloxacin removal by earthworm could occur in earthworm gut.

3.2. Earthworm activity changed soil bacterial community composition and
structure

We then compared the bacterial community structures between
earthworm cast and soil. The diversity of bacterial community was sim-
ilar between earthworm cast and control soil (Fig. 3A), which was con-
firmed by the Chao 1 index, PD-whole tree and observed species
(Fig. S1). While, PCoA based on Bray-Curtis distance and hierarchical
clustering analysis showed that EC28dwas separatedwith control sam-
ples (Fig. 3B and S2), suggesting a significant difference in bacterial
community structures between earthworm cast and soil. Previous stud-
ies have showed that the change in bacterial communities after earth-
worm activity could enhance the removal of antibiotic (Bernard et al.,
Fig. 4.Manhattan plots showing the fold changes of relative abundance of genera in comparis
represents the taxonomic affiliation of genus level.
2012; Hery et al., 2008; Mummey et al., 2006). Therefore, the shift of
bacterial communities in cast samples could be an important factor con-
tributing to the higher ciprofloxacin removal in cast (Liao et al., 2016).

Earthworm activity significantly changed the microbial community
compositions with increased relative abundance of Bacteroidetes and
decreased Proteobacteria, Firmicutes and Actinobacteria in cast samples
as compare to control samples (Fig. 3C). Proteobacteria, Firmicutes and
Actinobacteriawere the most abundant phyla in all samples, accounting
for 71%, 69% and 78% of the total reads in ES2d, EC2d and CS2d, respec-
tively, and 57% and 57% for CS28d and EC28d, respectively (Fig. 3C).
These results were consistent with the reports that Proteobacteria,
Actinobacteria and Firmicutes were dominant microbes in antibiotic-
amended soil (Cleary et al., 2016; Leclercq et al., 2016; D. Li et al.,
2011), and they were the major predicted source phyla of ARGs
(Forsberg et al., 2014; Sun et al., 2019). Further analysis of bacterial
community at genus level found that Burkholderia was dominant in
ES2d (11.4%), EC2d (7.1%) and CS2d (9.9%), respectively, while the pre-
dominant generawas Pseudomonas (8.5%) in CS28d, and Flavobacterium
(11%) in EC28d (Fig. S3).

Comparison of bacterial compositions between cast and control soil
samples identified significant (t-test, p b 0.05) difference in the relative
on of EC2d and CS2d (A) and comparison of EC28d and CS28d (B). The color of each dot



Table 1
Pearson correlation coefficient of the relative abundance of Flavobacterium, Turicibacter,
ciprofloxacin concentration and ARG abundance after the earthworm activity.

Flavobacterium Turicibacter Ciprofloxacin ARGs

Flavobacterium 1 0.61⁎⁎ −0.633⁎⁎ −0.625⁎⁎

Turicibacter 1 −0.558⁎⁎ −0.681⁎⁎

Ciprofloxacin 1 0.583⁎⁎

ARGs 1

Asterisks represent the level of significance: *, p b 0.05; **, p b 0.01.
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abundance of 30 genera in comparison between EC2d and CS2d, and 54
genera in comparison between EC28d and CS28d, respectively (Fig. 4,
Table S3 and S4). In addition, we found that enrichment of microorgan-
isms in EC28d was higher than that in EC2d (Fig. 4). Further analysis of
enriched genera in EC2d and EC28d found that these enriched genera
belonged to a wide range of bacterial phyla, where the dominant
phyla were Firmicutes and Actinobacteria for EC2d, whereas Firmicutes
and Proteobacteria for EC28d (Table S3 and S4). Flavobacterium,
Turicibacter, Bacillus, and Skermanella, were detected in both EC2d and
EC28d samples, which accounted for 3.6% and 11.5% of total bacterial
community compositions in EC2d and EC28d, respectively. Correlation
analysis showed that the relative abundance of Flavobacterium and
Turicibacterwere significantly negatively correlated with ciprofloxacin
Fig. 5. The relative abundance (copies/16S rRNA gene) (A) and absolute abundance (B) of ARG
antibiotics towhich they conferred resistance. CS2d, control soil collected at day 2; CS28d, contro
earthworm cast collected at day 2; EC28d, earthworm cast collected at day 28. Significance of
concentration (Table 1), implying they were potential ciprofloxacin
degrading bacteria. Previous studies have observed that these two gen-
era had the capacity to remove high concentration of organic contami-
nant (Gonzalez and Hu, 1991; Ju and Zhang, 2014; Ros et al., 2017;
Saber and Crawford, 1985; Somara and Siddavattam, 1995). However,
the removal of ciprofloxacin by these two genera was not reported, fur-
ther studies are needed to depict their roles in ciprofloxacin
degradation.
3.3. Antibiotic resistome and associated bacteria in soil

The detected number of ARGs showed no significant difference in
cast samples compared with control samples (Fig. S4), and the major
mechanisms of resistance were antibiotic deactivation, efflux pumps
and cellular protection in both cast and control samples (Fig. S5 and
S6). Genes conferring resistance tomultidrug, beta_lactams and amino-
glycosideswere the dominant genes detected in all treatments (Fig. S7).
PCoA based on Bray-Curtis distance showed that the ARG profiles in cast
samples were divergent but formed a distinct cluster separated from
control samples along PCo1 (explained 40.79% of the total variance)
(Fig. S8). In addition, 54 ARGs were detected in earthworm gut after in-
cubation in ciprofloxacin-amended soil, which was slightly higher than
s in different samples frommicrocosm experiments. ARGs were classified according to the
l soil collected at day 28; ES2d, undistributed soilwith earthworm collected at day 2; EC2d,
cast and control samples were tested using t-test: *p b 0.05 and **p b 0.01.
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that in earthworm gut at the beginning of incubation (49 ARGs)
(Fig. S9). The absolute abundance of 16S rRNA gene was significantly
higher in cast samples as compare to control samples (Fig. 5). Neverthe-
less, the relative abundance and absolute abundance of ARGs were sig-
nificantly decreased in EC2d as compare to CS2d, and a similar result
was observed in the sample of EC28d compared with CS28d (Fig. 5A
and B), indicating that earthworm activities could decrease ARG abun-
dance in cast samples. Since antibiotic is one of themajor selecting pres-
sure for enrichment of ARGs (Berendonk et al., 2015; Chen et al., 2013;
Karkman et al., 2018; Li et al., 2017), the lower level of ARG abundance
in cast could be partially attributed to the lower concentration of cipro-
floxacin in cast.

Procrustes analysis indicated that ARG profiles and bacterial com-
munity structures were significantly correlated in both cast and control
samples, which was confirmed by Mantel test (Fig. S10). These results
were consistent with previous studies that ARG profiles were strongly
correlated with bacterial communities (Di Cesare et al., 2016; Jia et al.,
2015; Jia et al., 2017; Zhou et al., 2020; Zhu et al., 2020), suggesting
that the lower abundance of ARGs in earthworm cast could also be at-
tributed to the changes of bacterial communities in cast samples.

4. Conclusion

This study found that earthworm could promote ciprofloxacin re-
moval and decrease ARG abundance in cast, indicating that earthworm
gut was the hotpot for ciprofloxacin removal in ciprofloxacin-amended
soil. The lower ciprofloxacin concentration and shift of bacterial com-
munity structures contributed to the lower abundance of ARGs in cast.
In addition, two potential ciprofloxacin-degrading bacteria were identi-
fied in this study. These results highlight the potential roles of earth-
worm in antibiotic removal and further mitigating the development of
antibiotic resistance in antibiotic polluted soil.
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