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A B S T R A C T

Antibiotic resistance genes (ARGs), prevalent across multiple environmental media, threaten human health
worldwide and are considered emerging environmental contaminants. Earthworm gut, a niche for bacteria to
survive, represents a potential reservoir for ARGs in soil. However, the compositions of ARGs in the earthworm
gut microbiota remain elusive, especially under field conditions. In this study, we applied high-throughput
quantitative PCR to profile the ARGs in the gut microbiota of earthworms after chronic exposure to fertilizers. To
elucidate the factors that impact the ARGs composition, the bacterial community of gut microbiota, mobile
genetic elements (MGEs), soil (nutrients, heavy metals, and antibiotics) and the properties of gut content (pH
and nutrients) were analyzed. A total of 98 subtypes among 9 major types of ARGs, and 3 different MGEs were
detected in the gut microbiota of earthworms. Organic fertilizer (sewage sludge and chicken manure) application
significantly increased the diversity and abundance of ARGs. Of the 1123 identified operational taxonomic units
(OTUs) at 97% similarity cutoff, most of them were assigned to Firmicutes (55.5%) and Proteobacteria (33.6%)
in earthworm gut microbiota. Long-term organic fertilization slightly changed the microbiota composition, but
did not impact the diversity. Partial redundancy analysis (pRDA) revealed that bacterial community, combined
with environmental factors (soil and gut content properties) and MGEs, explained 72% of the variations of ARGs
in the earthworm gut. Furthermore, the co-occurrence pattern between ARGs and MGEs indicated that hor-
izontal gene transfer via MGEs may occur in the earthworm gut. These findings improve the current under-
standing of the dynamics of soil fauna-associated ARGs and the gut microbiota of earthworms may be an un-
derappreciated hotspot for ARGs in the environment.

1. Introduction

Antibiotic resistance genes (ARGs) are ancient and widely dis-
tributed in the environment (Martinez, 2008). From atmosphere to soil
and water, and from human to animals, ARGs are prevalent across
multiple environmental compartments (Chen et al., 2013; Pal et al.,
2016). Further, the intensive use, and sometimes misuse, of antibiotics
has aggravated the dissemination and accumulation of ARGs in the
environments (Zhu et al., 2013). This accumulation may be reflected in
the increased frequency of detected multidrug-resistant pathogens in
the environment, adding greater health risks to ecological system and

human populations (Ram et al., 2008). Therefore, ARGs are considered
emerging environmental contaminants that draw a wide attention and
attract research interests.

The animal gut microbiota is usually exposed to antibiotics for ve-
terinary purposes directly and considered as the reservoir for ARGs (Hu
et al., 2014). Overuse of antibiotics has increased the ARGs burden in
animal gut (Zhao et al., 2017), and gut microbiota of insects also har-
bors a variety of ARGs in the environment (Tian et al., 2012; Eckert
et al., 2016; Zhu et al., 2018). For instance, long-term antibiotic ex-
posure leads to the enrichment of eight subtypes of tetracycline re-
sistance genes in the gut microbiota of honeybees (Tian et al., 2012).

https://doi.org/10.1016/j.envint.2019.01.017
Received 22 October 2018; Received in revised form 7 January 2019; Accepted 7 January 2019

⁎ Corresponding author.
E-mail address: qlchen@iue.ac.cn (Q.L. Chen).

1 Jing Ding and Dong Zhu contributed equally to this paper.

Environment International 124 (2019) 145–152

Available online 11 January 2019
0160-4120/ © 2019 Elsevier Ltd. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/BY-NC-ND/4.0/).

T

http://www.sciencedirect.com/science/journal/01604120
https://www.elsevier.com/locate/envint
https://doi.org/10.1016/j.envint.2019.01.017
https://doi.org/10.1016/j.envint.2019.01.017
mailto:qlchen@iue.ac.cn
https://doi.org/10.1016/j.envint.2019.01.017
http://crossmark.crossref.org/dialog/?doi=10.1016/j.envint.2019.01.017&domain=pdf


Additionally, exposure to antibiotics has been shown to enrich the
ARGs in the gut microbiota of soil collembolan under laboratory con-
ditions (Zhu et al., 2018). The accumulation of antibiotic residues and
ARGs in soil may alter the antibiotic resistome in gut microbiota of soil
fauna. In addition, application of sewage sludge and animal manure to
agricultural land to improve the soil property and fertility is considered
cost-effective because the recycled biodegradable wastes are used.
However, sludge and manure have been identified as sources of heavy
metals, antibiotics, and ARGs (Calero-Cáceres et al., 2014; Su et al.,
2017a; Su et al., 2017b). Long-term application of sludge and manure
may increase the occurrence and dissemination of ARGs in soil and
vegetables (Chen et al., 2016; Xie et al., 2016; Zhang et al., 2017; Chen
et al., 2017; Chen et al., 2018). However, the profile of ARGs in the gut
microbiota of soil fauna after the long-term application of the organic
fertilizer has not been fully identified. Additionally, the migration of
soil fauna can lead to the dissemination of soil microbes and their guts
are suitable niches for soil microorganisms to survive. Hence, the in-
vestigation of the abundance and diversity of ARGs in gut microbiota of
soil fauna in the soil environment where long-term application of
sludge and manure took places may contribute to the understanding of
ARGs spread from sludge and manure to the environment.

Earthworms are ecosystem engineers, play an important role in soil
function and ecological processes, such as soil structure formation and
biogeochemical cycling (Gong et al., 2018). As the keystone species in
soil food web, earthworms account for up to 90% biomass of soil fauna
(Edwards, 1983). The immense space and abundant nutrient in coe-
lenteron of earthworms, in the gut of which diverse bacteria commu-
nities have been observed, contribute to microbial survival (Thakuria
et al., 2010; Pass et al., 2015). It has been estimated that earthworm gut
contained ~89.5million litres of soil residues, and ~50% and ~90% of
soil will pass through the earthworm gut within 10 and 40 years, re-
spectively. (Drake and Horn, 2007; Pass et al., 2015). Hence, in the
present study, we collected the dominant species of earthworms (Dra-
wida gisti) that were chronically exposed to the sewage sludge and
chicken manure, and characterized the profile of ARGs in the earth-
worm gut using high-throughput qPCR (HT-qPCR). Environmental
factors (properties of soils and gut contents) and bacterial community
compositions and MGEs in the earthworm gut microbiota were also
investigated. The experiments and analyses may achieve the objectives:
(1) characterizing the ARGs in the gut microbiota of earthworms; (2)
assessing the effects of long-term sludge and manure application on the
abundance and diversity of ARGs in the gut of earthworms; (3) ex-
ploring the driving factors in shaping of ARGs in the earthworm gut
under long-term fertilization.

2. Materials and methods

2.1. Description of sampling sites and sampling

The long-term field fertilization experiment was conducted at
Dezhou city of Shandong Province, China (37°20′N, 116°38′E) since
2006. During the experiment, nitrogen (N) and phosphorus (P) inputs-
outputs balances were measured with the application of sewage sludge
and chicken manure. In total, 24 plots (eight treatments with triplicate)
were randomly arranged in the experimental station, including one
control treatment, two inorganic nitrogen treatments (0.5 N, 1 N), four
sewage sludge treatments (0.5 SS, 1 SS, 2 SS, 4 SS) and one chicken
manure treatment (1 CM), and the fertilizers were applied to the soil in
October annually. In the 0.5 N and 1 N treatment, the urea was applied
to the soil at the dose of 65.25 kg hm−2 and 130.50 kg hm−2, respec-
tively (Table S1). Additionally, air-dried sewage sludge and chicken
manure was applied to soil at the dose of 9 t hm−2 and 10 t hm−2 for
the 1 SS and 1 CM treatment, respectively (Table S1). The detailed
experimental design and basic properties of sewage sludge and chicken
manure are shown in Table S1 and Table S2. The experiment procedure
was further detailed in Chen et al., 2016. In October 12, 2017 (about

10months since last fertilization), 24 soil samples (0-20 cm) were col-
lected covering all treatments using soil auger and 15 earthworms were
collected from each plot. The soils were frozen on dry ice and the
earthworms were preserved using ethyl alcohol after being washed with
deionized water. All the samples were stored at −80 °C after trans-
ported to the lab.

2.2. Soil properties and pollutant analysis

The soil pH was measured at room temperature in a 1:2.5 soil so-
lution with a pH meter (Accumet Excel XL60, Fisher Scientific Inc.,
USA). Soil total carbon (TC) and total nitrogen (TN) contents were
determined by an element analyzer (Vario MAX CNS, ELEMENTAR,
Germany). Total content of phosphorus (TP) and sulfur (TS) in soil
samples was measured using an X Ray Fluorescence (Axios mAX,
Netherlands). Heavy metals including arsenic (As), copper (Cu), and
zinc (Zn) in the fine samples (passed through a Mesh-200 sieve) were
also measured by the X Ray Fluorescence (Axios mAX, Netherlands).
The soil reference material GBW07452 (GSS-23) was used as a standard
for accuracy and precision. The recovery rate for As, Cu and Zn was
101.2%, 101.7% and 99.6%, respectively. Four classes of antibiotics,
including 17 specific antibiotics were measured according to Huang
et al., 2013. These included: tetracyclines (including tetracycline, ox-
tetracycline, chlortetracycline, and doxycycline), sulfonamides (in-
cluding sulfamethoxazole, sulfadiazine, sulfaquinoxaline, sulfamono-
methoxine, sulfaclozine sodium, sulfadimethoxine, sulfameter, and
sulfamerazine), quinolones (including norfloxacin, ciprofloxacin,
ofloxacin, and enrofloxacin), and macrolides (including roxi-
thromycin). More information about the extraction and analysis of
antibiotics is provided in supporting information.

2.3. The earthworms gut DNA extraction and basic properties analysis

For each biological replicate, five individual earthworms of the
dominant species (Drawida gisti, in the same size) classified by visual
examination and confirmed by the COI sequencing (Pass et al., 2015),
were randomly chosen and dissected with sterile scissors after being
washed with sterile deionized water for three times. A piece of tissue
was collected from the three individual earthworms, whose gut has
been used for microbial composition analysis. The DNA of these was
extracted according to the manufacturer specifications using the
DNeasy blood and tissue extraction kit (DNeasy, Hilden, Germany).
Earthworm species confirmation was achieved by sequencing of the COI
gene primers: LCO-1490 (5′-GGTCAACAAATCATAAAGATATTGG-3′)
and HCO-2198 (5′-TAAACTTCAGGGTGACCAAAAAATCA-3′). The
earthworm species information was acquired using the BLAST (NCBI).
About 0.25 g intestinal contents were used for DNA extraction with a
FastDNA Spin Kit for soil (MP Biomedical, Santa Ana, California, USA)
according to the manufacturer's instructions. The extracted DNA was
stored at −20 °C until use. The residuals of these gut contents were air-
dried and used for basic properties analysis (pH, TC and TN).

2.4. High-throughput quantitative PCR (HT-qPCR) and data analysis

The abundance and diversity of ARGs and MGEs in earthworm
samples were evaluated by the HT-qPCR with the Wafergen SmartChip
Real time PCR system (Wafergen, Fremont, CA). In this study, a total of
296 primers were used to target 285 ARGs, 8 transposases, class 1 in-
tegron, clinical class 1 integron, and 16S rRNA gene. The 100 nL re-
action mixture per well consisted of LightCycler 480 SYBR Green I
Master mix, primer targeting specific sequences, nuclease-free PCR
grade water, bovine serum albumin (BSA), and gut DNA template.
Three technical duplicates with negative controls for each gene were
conducted at the conditions with an initial denaturation 10min at
95 °C, followed by 40 cycles of 30 s at 95 °C and 30 s at 60 °C. The data
analysis was performed with the SmartChip qPCR software. The results
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were only considered positive if the targeted ARGs and MGEs were
detected in all three technical replicates and 31 cycles were set as the
threshold for detection. The normalized copy number of ARGs per cell
was calculated according to the equations below for further analyses.
According to the Ribosomal RNA Operon Copy Number Database
(rrnDB version 4.3.3), 4.1 was used to represent the average number of
16S rRNA gen per bacterium (Klappenbach et al., 2001; Stalder et al.,
2014).

=
−Relative gene copy number 10((31 C

T
)/(10/3))

=

×

Normalized ARG copy number (Relative ARG copy number

/Relative 16 S rRNA gene copy number)

4.1

2.5. 16S rRNA gene amplication, sequencing, and data processing

The V4-V5 region of 16S rRNA was used for amplification with
primers 515F (5′-GTGCCAGCMGCCGCGG-3′) and 907R (5′-CCGTCAA-
TTCMTTTRAGT TT-3′). To distinguish all samples, the reverse primer
was tagged with unique barcode for each sample. PCR were conducted
using 2-fold 50 μL reactions, which contained 1 μL of DNA, 1 μL of each
appropriate primer, 0.5 μL of bovine serum albumin (BSA), and 25 μL of
TaKaRa Ex Taq. The PCR was carried out at 95 °C for 5min, followed by
30 cycles of 95 °C for 30 s, 58 °C for 30 s and 72 °C for 30 s, with a final
extension at 72 °C for 5min. Negative controls of the PCR process were
performed in the same conditions. After being pooled, purified, and
quantified, the amplification products were submitted to Illumina
Hiseq2500 platform (Novogene, Beijing, China) for sequencing. In
order to guarantee the quality for further analysis, raw pair-end reads
were filtered to discard raw reads and barcode to generate clean joined
reads. The operational taxonomic unit (OTU) picking was carried out
following the instructions in QIIME. The filter reads were clustered into
OTUs, defined at a 97% similarity using UCLUST (Edgar, 2010). Tax-
onomy was classified and quantified using the Greengenes version 13.5
16S rRNA database (Mcdonald et al., 2012). To remove potential se-
quencing artefacts, OTUs containing<100 reads summed across all
samples were removed (Martinson et al., 2017). The alpha-diversity,
incorporating Shannon and Simpson indices of bacterial community in
the gut microbiota of earthworms, was calculated using OTU table with
package “vegan” in R.

2.6. Statistical analysis

Non-metric multi-dimensional scaling (NMDS) was conducted to
display the overall pattern of ARGs and bacterial communities of the
gut microbiota between samples using normalized abundance of the
subtype ARGs and relative abundance of individual OTUs, respectively.

Adonis test was performed to evaluate the dissimilarity between
treatments. Canonical correlation analysis was used to statistically
verify the effects of environmental factors on bacterial community
composition of earthworm gut microbiota. Partial redundancy analysis
(pRDA) was used to differentiate the effects of soil properties (including
pH, nutrients, heavy metals, and antibiotic), gut content properties
(including pH and nutrients), bacterial community (relative abundance
of major phylum), and MGEs on variations of ARGs in the earthworm
gut. The co-occurrence patterns between ARGs and bacterial taxa were
revealed by the co-occurrence network. All the statistical analysis in
this study was conducted in R 3.1.0.

3. Results

3.1. Concentrations of nutrients, heavy metals and antibiotics in soil and
basic properties of earthworm gut contents

The application of sludge and manure increased soil nutrients such
as TC, TN, TP, and TS but reduced pH (P < 0.05, detailed results in
Table S3). Elemental content such as zinc was enriched in the sludge
and manure treatments, and copper was increased in all the sludge
treatments (P < 0.05, Fig. S1B, S1C), while arsenic in soil maintained
at the same level in all the treatments (P > 0.05, Fig. S1A). Of the 17
specific antibiotics tested in this study, more than half (10 of 17 anti-
biotics) were detected in all the treatments (Fig. S2): four types of
quinolones (ofloxacin, norfloxacin, ciprofloxacin, and enrofloxacin) and
one type of sulfonamides (sulfamerazine) were observed in all samples;
tetracyclines and one type of sulfonamides (sulfamonomethoxin) were
only detected in the CM treatments (Fig. S2). The total antibiotics
concentrations in all the treatment ranged from 57.9 μg kg−1 to
239.4 μg kg−1. In comparison with the control, the concentrations of
quinolones were higher in the 2SS and 4SS treatment by 36.5% and
160.9%, respectively. However, long-term application of inorganic
fertilizers did not affect soil nutrients, heavy metals and antibiotics
(P > 0.05, Table S3, Fig. S1, Fig. S2).

In comparison to soil, the pH value in the earthworm gut remained
neutral (Table S3, Table S4). TC and TN were both higher in the
earthworm gut than that in soil; the disproportionally elevated TN
value leaded to the C/N ratio of 6, a value much lower than in soils
(P < 0.01, Table S3, Table S4). Additionally, fertilization did not in-
fluence the basic properties of earthworm gut contents (P > 0.05,
Table S4).

3.2. Diversity and abundance of antibiotic resistance genes in earthworm
gut microbiota

Diverse ARGs were detected in the gut microbiota of earthworms in
all the treatments (Fig. 1). A total of 98 ARGs and 3 MGEs were de-
tected, covering nine major types of ARGs (including aminoglycoside,
beta-lactams, Fluoroquinolone- Quinolone-Florfenicol-Chlor-
amphenicol-Amphenicol resistance genes (FCA), Macrolide-Lincosamie-
Streptogamin B (MLSB), multiple drugs, sulfonamides, tetracyclines,
vancomycin and others), which were classified based on the antibiotics
they confer resistance to (Fig. 1A). The detected number of ARGs in the
collected samples ranged from 15 to 29, with the highest number in the
1 CM treatment. Organic fertilization treatments (especially the 4 SS
and 1 CM treatment) harbored more diverse ARGs than inorganic fer-
tilization treatment and control (P < 0.05, Fig. 1A). Multiple drugs,
beta-lactams, and MLSB were the most detected ARGs types in the gut
microbiota, accounting for 25.7%, 17.5%, and 15.7% of the total de-
tection frequency, respectively (Fig. 1B). In all four types of treatment,
18 ARGs were commonly detected, and 5 ARGs were only observed in
the inorganic fertilization treatment (Fig. 1C). A variety of ARGs were
only detected in the sludge and manure treatments (Fig. 1C), leading to
a high alpha-diversity in these treatments, which was also confirmed by
the Shannon and Simpson index (Fig. S3).

The normalized copy number of ARGs was used to estimate the
abundance of ARGs in the gut microbiota of earthworms. The abun-
dance of ARGs in earthworms of the control was 0.093 copies per cell.
Similar to the detection frequency, high abundance of ARGs was de-
tected in the SS (except 0.5 SS) and CM treatments, and the highest
abundance of ARGs was detected in the CM treatment, which was 8 fold
higher than those of control (Fig. 2A). Additionally, the application of
inorganic fertilizer (1 N) also increased the abundance of ARGs. From
the classes of ARGs, application of inorganic N (1 N) and SS (4 SS) at a
high rate significantly enriched the beta-lactams ARGs in the gut mi-
crobiota of earthworms, while a significant increase of MLSB and tet-
racycline ARGs was observed in the CM treatment (Fig. 2A).
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Non-metric multi-dimensional scaling (NMDS) based on the Bray-
Curtis distance revealed that the data in control clustered together and
was separated from other fertilization treatments except for 0.5 N in the
first two axles (Fig. 2B). Adonis test also verified that the overall pattern
of ARGs in the gut microbiota of earthworm was shifted by long-term
fertilization (Fig. 2B, P < 0.05).

3.3. Characterization of gut microbial community

A total of 1,709,076 clean reads was acquired through quality fil-
tering across 24 earthworm gut samples. The subset of gut microbiota
data was clustered into 1123 OTUs at the 3% dissimilarity level, with an
average of 598 OTUs per sample. Firmicutes (55.5%) and
Proteobacteria (33.6%) were the most abundant phyla in the earth-
worm gut microbiota, followed by Actinobacteria (5.9%), and these
three phyla comprised 95.0% of the total bacterial 16S rRNA gene se-
quences in the earthworm gut (Fig. S4). The dominant families in the
gut microbiota were Bacillaceae (32.9%), Pseudomonadaceae (13.2), and
Oxalobacteraceae (6.5), and there were 10 families with relative abun-
dance> 1% (Fig. 3A).

The alpha-diversity of gut microbial community showed no sig-
nificant difference among the treatments (P > 0.05, Fig. S3). In con-
trast, the beta-diversity as the NMDS plot showed that the composition
of bacterial communities in gut microbiota were distinct between dif-
ferent fertilization treatments, especially with sludge application. The
results reveal that long-term fertilization reshaped the composition of
the earthworm gut microbiota (Fig. 3B). Canonical correlation analysis
showed that nearly 20% variations of the composition were explained
by properties of soil and gut contents (Fig. S5). Quinolone and zinc

concentration in soil exhibited a significantly positive relationship with
the shift in bacterial community composition of the gut microbiota,
while pH and TC in the earthworm gut content was significantly ne-
gatively correlated with these changes (Fig. S5).

3.4. Co-occurrence patterns and correlations between ARGs, MGEs, and
microbial taxa

Network analysis was used to reveal the co-occurrence patterns
between ARGs, MGEs, and microbial taxa. The network consisted with
164 edges and 79 nodes, and separated into 15 modules according to
the topology. The high modularity index (0.781) revealed an obvious
modular structure, while positive correlations were generally found in
ARGs-ARGs and bacterial-bacterial pairing (Fig. 4, Fig. S6). Only one
connection was observed between ARGs and microbial taxa, indicating
Moraxellaceae may be the potential host for a multiple drug resistance
gene (mexF) (Fig. 4). However, all three types of MGEs were sig-
nificantly correlated with ARGs. For instance, tnpA gene might play
potential roles in horizontal transfer of ARGs subtypes of aadA2 and
acrA (Fig. 4). Additionally, MGEs might contribute to the horizontal
transfer of aminoglycoside genes, which was suggested by the sig-
nificant correlations between MGEs and ARGs (Fig. S6, P < 0.01).

3.5. Factors affecting the dynamics of earthworm gut resistome

Partial redundancy analysis (pRDA) was conducted to separate the
effects of environmental factors, microbial taxa, MGEs on the variations
of ARGs. A total of 78.0% variance of ARGs could be explained by se-
lected factors. The microbial taxa individually explained 20% of the

Fig. 1. (A) The average number of ARGs and MGEs detected in the earthworm gut microbiota collected from fertilization treatment groups. (B) Classification of the
98 detected ARGs in all the samples based on the targeted antibiotics to which they confer resistance. (C) Venn diagram showed the numbers of unique and shared
ARGs and MGEs in the gut microbiota of earthworm between control and three types of fertilization. (Abbreviations: FCA, fluoroquinolone, quinolone, florfenicol,
chloramphenicol, and amphenicol resistance genes; MLSB, Macrolide-Lincosamie-Streptogamin B resistance genes; N, N fertilizer treatment; SS, sewage sludge
fertilizer treatment; CM, chicken manure fertilizer treatment).
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ARG variation, followed by soil properties (18%) and MGEs (4%)
(Fig. 5). The combined effects of gut content properties and soil prop-
erties, bacterial taxa and MGEs accounted for 1%, 6% and 6% varia-
tions of ARGs, respectively. In addition, interactions of these four fac-
tors contributed 5% of the variation (Fig. 5). Moreover, linear
regression revealed that there was a significant correlation between the
normalized copy numbers of ARGs in the earthworm gut and Cu and Zn
contents in soil (Fig. S7, P < 0.05).

4. Discussion

4.1. Impacts of long term fertilization on earthworm gut resistomes

In the present study diverse ARGs were detected, revealing that the
gut microbiota of earthworms was an important reservoir of ARGs in
the environment (Fig. 1, Fig. 2). Our previous studies, conducted in the
same sites, have identified 130 and 124 unique ARGs in soil and
phyllosphere of maize, respectively (Chen et al., 2016, 2018). Com-
paratively, a lower number of ARGs (98 subtypes in total) was detected
in the earthworm gut. Interestingly, in compared with our previous
studies that conducted in the same site, 35 and 23 ARGs in earthworm
gut were shared with soil and phyllosphere of maize, respectively (Chen
et al., 2016, 2018). In addition, the abundance of the ARGs shared with
soil occupied 53% of the total abundance of ARGs in earthworm gut
(Chen et al., 2016). These results suggested that soil resistomes might
be the reservoirs for resistomes in earthworm gut, and shifts in the
ARGs composition in soil could finally shape the composition of ARGs

in earthworm gut. Potentially, the lower number of ARGs in gut might
be the results of the specific stress of earthworm gut environment, such
as anaerobic conditions, which differentiated bacterial communities,
including antibiotic resistant bacteria (ARB), from surrounding soil
(Pass et al., 2015). Similarly, the neutral pH and high contents of or-
ganic carbon and nitrogen might also affect the survival of the ARB in
the earthworm gut, as these always drive the fitness of microorganisms
to environments (Chen et al., 2017).

A key finding of this study was that fertilization stimulated the ARG
enrichment in the earthworm gut; long-term sludge and manure ap-
plication not only introduced a variety of ARGs in the gut microbiota of
earthworms, but also increased their abundance (Fig. 1, Fig. 2). Pre-
vious studies have shown that the application of organic fertilizers (e.g.
animal manure and sewage sludge) increased the abundance of ARGs in
soil (Fahrenfeld et al., 2014; Zhang et al., 2017). The ARGs derived
from organic fertilizers might be transported to earthworm gut through
soil digestion, making the gut an important reservoir of ARGs. We also
observed that the relative abundance of ARGs was higher in the gut of
earthworm collected from soil exposed to chicken manure (Fig. 2A). It
was consistent with the observations of our previous study in the same
site, finding that the ARGs in soil were higher in manure application
group compared to sludge application group (Chen et al., 2016).
Compared with sludge, a more diverse and abundant ARGs were de-
tected in animal manure, which could cause the accumulation of ARGs
in gut when they feed by earthworm (Zhu et al., 2013; An et al., 2018b).
Additionally, a high level of antibiotic and heavy metal were commonly
detected in manure (Table S2), and they might exert a selection or co-
selection pressure on the earthworm gut resistomes by shifting the gut
microbial compositions (Zhu et al., 2013). In comparison with the
control, high rate of inorganic fertilization also increased the number
and abundance of ARGs in the gut microbiota of earthworms (Figs. 1,
2). This is consistent with the results of that ARGs in soil were also
enriched after the application of chemical fertilizer, and potential shift
of microbial community may partly explain these increases (Forsberg
et al., 2014; Chen et al., 2016). Not surprisingly, the effects were less
strong than the application of organic fertilizers (Figs. 1, 2), as sludge
and manure generally harbored abundant ARGs and ARB (Su et al.,
2015; Zhang et al., 2017), and the residues antibiotics in sludge and
manure can also pose a selection pressure on antibiotic resistance.

4.2. Accounting for multiple drivers in shaping earthworm gut resistomes

Bacterial phylogeny was believed to be the primary determinant of
resistomes content (Forsberg et al., 2014). In the present study, we
observed that long-term fertilization altered the overall pattern of
earthworm gut microbiota, and the alterations in bacterial community
after the fertilization, contributing to 20% variations of the ARGs as
revealed by the pRDA analysis, were the major driver in structuring
resistomes in earthworm gut (Figs. 3, 5). Similar results also had been
observed in soil environments after long-term organic fertilization
(Chen et al., 2016), during sludge composing (Su et al., 2015), drinking
water chlorination (Jia et al., 2015) and even in the phyllosphere of
plants (Chen et al., 2018).

Horizontal gene transfer (HGT) via MGEs may decouple resistomes
from phylogeny (Smillie et al., 2011). It has been demonstrated that
integrons especially class 1 integrons, as an important MGEs, can be
used by bacteria to stockpile and express exogenous resistance genes,
exacerbating the antibiotic resistance issues worldwide (An et al.,
2018a). The horizontal gene transfer accelerated the frequency of
multidrug resistant bacteria in different environments which challenges
the efficacy of the existing antibiotics. In the present study, we observed
that MGEs explain only 4% variations of ARGs (Fig. 5). Nevertheless,
three types of MGEs in earthworm gut were positively correlated with
ARGs with statistical significance as revealed in the network analysis
(Fig. 4). Similar results were also observed in swine guts. These results
suggested that the potential of HGT in occurrence and spreading of

Fig. 2. (A) The average normalized copy number of ARGs and MGEs detected in
the earthworm gut collected from fertilization treatment groups. (B) Non-metric
multi-dimensional scaling (NMDS) based on the Bray-Curtis distance showing
the overall distribution pattern of ARGs between fertilization treatments.
(Abbreviations: FCA, fluoroquinolone, quinolone, florfenicol, chloramphenicol,
and amphenicol resistance genes; MLSB, Macrolide-Lincosamie-Streptogamin B
resistance genes; N, N fertilizer treatment; SS, sewage sludge fertilizer treat-
ment; CM, chicken manure fertilizer treatment).
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ARGs should not be overlooked in the gut environments (Auffret et al.,
2017; Zhao et al., 2017; Sharma et al., 2016).

Soil environment as the habitat of earthworms also played an im-
portant role in shaping the composition of resistomes in earthworm gut;
the pRDA analysis in this study revealed that soil properties in-
dividually contributed 19% variations of ARGs (Fig. 5). Generally, high
concentrations of antibiotics may increase ARGs detected in environ-
ment. For example, long-term antibiotic application led to the accu-
mulation of eight types of tetracycline resistance genes in the gut mi-
crobiota of honeybees while 2 or 3 naturally occurring ARGs were
detected in those without antibiotics exposure (Tian et al., 2012). In
this study, long-term fertilization, especially organic fertilizers appli-
cation, has increased the concentrations of antibiotics in soil, which
could directly affect the ARGs composition in earthworm gut during the
digestion process (Fig. 2A, Fig. S2). We observed that a higher abun-
dance of tetracycline resistance gene in earthworm gut with manure
application, which could be, at least partly, due to the tetracycline
exposure, since the tetracycline was only detectable in the soil of
manure treatment (Fig. 2A, Fig. S2C). Additionally, there is growing
evidence demonstrating that heavy metal contamination can function
as a co-selective agent in the proliferation of antibiotic resistance
(Baker-Austin et al., 2006). It has been suggested that long-term, heavy
metals such as Cu and Ni contamination induced changes of antibiotic
resistance and increased the occurrence of ARGs in agricultural soils
(Hu et al., 2016; Hu et al., 2017). In the present study, we found a

significant correlation between concentrations of Cu and Zn in the soil
and the abundance of ARGs in earthworm guts (Fig. S1, Fig. S7). Our
results indicated heavy metal contamination could alter the resistomes
of both soil and earthworm gut microbiota. Nevertheless, we admitted
that the correlation based analysis may not provide straightforward
evidence in the complicated systems, substantial further studies with
different methodologies and analysis tools were need.

In summary, our study reveals that gut microbiota of earthworms
can be a reservoir for a broad spectrum of ARGs and the long-term
application of fertilizers, organic fertilizer particular, enriched the re-
sistomes. Therefore, more efforts should be done to reduce the ARGs
burden in sludge and manure with the respect to its impact on gut
bacterial resistomes of earthworm.
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Fig. 3. (A) Heat map showing the dominant bacterial (at family level) in earthworm gut detected in different fertilization treatment groups; the 20 most abundant
families were listed. (B) Non-metric multi-dimensional scaling (NMDS) based on the Bray-Curtis distance at the OTU level showing the overall distribution pattern of
bacterial communities of the earthworm gut microbiota collected from the soil with three types of fertilization treatments.
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