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as well as the spread and transmission of antibiotic resistance genes (ARGs). The results
showed that, compared with As alone, the combined addition of PMB and As could signifi-
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nobacteria in the earthworm gut (from 35.6% to 45.2%), and As stress could significantly
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increase the abundance of Proteobacteria (from 19.8% to 56.9%). PMB and As stress both
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could significantly increase the abundance of ARGs and mobile genetic elements (MGEs),
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which were positively correlated, indicating that ARGs might be horizontally transferred.
The inactivation of antibiotics was the main resistance mechanism that microbes use to
resist PMB and As stress. Network analysis showed that PMB and As might have antagonistic effects through competition with multi-drug resistant ARGs. The combined pollution by
PMB and As significantly promoted the relative abundance of microbes carrying multi-drug
resistant ARGs and MGEs, thereby increasing the risk of transmission of ARGs. This research
advances the understanding of the interaction mechanism between antibiotics and heavy
metals and provides new theoretical guidance for the environmental risk assessment and
combined pollution management.
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Introduction
Antibiotics are widely used worldwide as drugs for the prevention and treatment of human and animal infectious diseases. However, the overuse and often abuse of antibiotics
have caused an increase in the diversity and abundance of antibiotic resistance genes (ARGs) (Peak et al., 2007). Pathogens
carrying multiple ARGs may produce super bacteria, which
endanger public health (Davies and Davies, 2010). Polymyxin
B (PMB) is a polypeptide antibiotic, which has a strong inhibitory effect on Gram-negative bacteria. As the problem
of multi-drug resistance of Gram-negative bacteria becomes
increasingly severe, PMB is considered the last line of antibiotic defense for humans. However, in recent years, PMBresistance genes have been detected in multiple microbial
species (Liu et al., 2016), making this last line of defense precarious (Paterson and Harris, 2016).
Arsenic (As) is one of the heavy metals(oid) widely present
in the environment, and inorganic As is considered a type I
carcinogen (Smith et al., 2002). Arsenic is also widely used as a
feed additive in poultry manure and aquaculture (Wang et al.,
2014). For example, since the 1940s, roxarsone (a type of organic As) has been widely used as a food additive due to its
ability to control diseases and promote growth in pigs and
poultries (Liu et al., 2014). As ingested by animals is most likely
to be excreted through feces and urine, resulting in high As
concentrations in animal feces (Duker et al., 2005). Excrements
from livestock and poultry and tank bottom sludge are usually applied to the soil as agricultural organic fertilizers. Alternatively, antibiotic-contaminated organic fertilizer may be
applied to soils already contaminated by heavy metals and result in combined pollution by As, antibiotics, and ARGs in the
soil (Yu et al., 2017; Zhang et al., 2015).
In contrast to single-contaminant pollution, pollutants interact with each other in combined pollution; thus, the effect of combined pollution on the environment may change,
and the ecological risk is not equal to the sum of the risks
posed by individual pollutants. Guo et al. (2018) demonstrated
that cadmium-sulfamethazine co-contamination caused increasing active oxygen accumulation, increased cadmium accumulation in Phanerochaete chrysosporium cells, but reduced
the toxicity of SMT to P. chrysosporium. In recent years, studies have proven that heavy metal stress can improve microbe
resistance to antibiotics through a co-selection mechanism
(Baker-Austin et al., 2006; Wang et al., 2019b). For example,
it is found that the abundance and diversity of ARGs and
MGEs are positively correlated with copper and nickel concentrations through long-term field observation experiments
(Hu et al., 2016; Hu et al., 2017). In addition, bacteria isolated
from copper-contaminated soil showed higher resistance to
antibiotics than bacteria isolated from non-contaminated soil
(Knapp et al., 2011). Therefore, it is necessary to study the ecological risk of ARG transmission caused by the combination of
antibiotics and heavy metals.
Soil animals play an important role in nutrient cycling, energy flow, and biodiversity (Bardgett and van der Putten, 2014;
Wolters, 2001; Zhu et al., 2018a). Soil animals can alter the
spread and transmission of ARGs through activities such as
migration and predation (Zhu et al., 2020). In addition, studies

have shown that the antibiotic-resistant microbiome that resides in the gut of soil animals is increasing, especially the
gut microbiome of soil animals in soil contaminated with
heavy metals and/or antibiotics. The guts of soil animals
have become a potential reservoir of ARGs (Ding et al., 2019a;
Wang et al., 2019a; Zhu et al., 2018b). Earthworms are a common soil animal whose biomass accounts for about 90% of the
total biomass of soil animals (Ding et al., 2019b). In addition,
the long and narrow guts of earthworms can provide a habitat
for a large number of soil microbes. Therefore, in this study,
earthworms were selected as the experimental soil animals
and exposed to As or/and PMB for 28 days. High-throughput
(HT) sequencing and HT-qPCR technologies were employed
to reveal the interaction mechanism between As and PMB in
earthworm guts and soils. Our objectives were: (1) investigate
how the combined pollution by As and PMB affects the migration, transformation, and biological toxicity of As; (2) explore
how the combined pollution by As and PMB affects the microbial community structure in soils and earthworm guts, and
the spread and transmission of ARGs, (3) reveal the resistance
mechanism of the interaction between As and PMB.

1.

Materials and methods

1.1.

Soil animals and reagents

The soil used in the experiment was collected from an unpolluted corn field in the Changping District, Beijing, China
(40°15 N, 116°10 E). The physicochemical properties of the soil
are shown in Appendix A Table S1. Gravel and weeds were removed, and then the soil was ground in a mortar and passed
through a 2 mm nylon sieve. Adult earthworms (Metaphire guillelmi) were purchased from an earthworm farm in Zhejiang,
China. Earthworms were domesticated in the soil as described
for 14 days under controlled conditions (12 hr light/12 hr
dark, 20°C). Sodium arsenate (Na3 AsO4 •12H2 O, CAS15120-17-9,
Sinopharm Chemical Reagent Co., Ltd., China) and PMB sulfate
(C55 H96 N16 O132 H2 SO4 , CAS1405-20-5, INALCO SPA, Italy) were
used for this experiment.

1.2.

Experimental design

The study included four different treatment groups: the control group (CK), the arsenate treatment group (As), the PMB
treatment group (PMB), and the As mixed with PMB treatment group (Mix). Six replications were conducted in each
treatment. The concentrations of As and PMB were 60 and
0.1 mg/kg dry soil, respectively, which were set according to
the environmental baseline value (Liu et al., 2016; Yang et al.,
2017). As and PMB were first dissolved in ultrapure water (M,
Millipore, UK), then mixed with 1 kg of soil, and placed into a
polyethylene plastic box (14.4 cm × 22.2 cm × 12.5 cm). The
soil moisture content was adjusted to 30%. Finally, the treated
soil was equilibrated at room temperature for 14 days.
The earthworms domesticated in non-polluted soil for 14
days were transferred to the soil with the pollutants added
and equilibrated for 14 days. Ten earthworms of the same age
and weight were transferred to each plastic box. Vents were
created on the plastic boxes to maintain air circulation. Ap-
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proximately 6–10 g of ground oats were evenly stirred with
the soil in each plastic box to feed the earthworms. They were
cultured in an artificial climate chamber (RXZ 380D, Jiangnan
Instruments Co., Ltd., China), at a temperature of 20°C, a cycle
of 12 hr light/12 hr dark, and relative humidity of 70%. Deionized water was regularly added to maintain the soil moisture
content of 30%.

1.3.
Determination of the growth, survival rate, and
bioaccumulation factors of earthworms
After 28 days of cultivation (Cogliano, 1988), the number and
weight of the earthworms were recorded, and soil and earthworm samples were collected. The growth status of earthworms was determined by the weight change after 28 days of
culture. The survival rate of earthworms was the ratio of the
number of earthworms alive in each box after 28 days to the
number of earthworms added on the first day. The bioaccumulation factor (BF) refers to the ratio of total As concentration
in earthworm body tissues to that in soils.

1.4.

DNA extraction from earthworm guts and soils

The earthworms were terminated with absolute ethanol and
washed five times with sterile water. The gut contents were removed with sterile forceps in a sterile environment. Approximately 500 mg of soil or gut contents (48 samples in total,
including 24 soil samples and 24 gut samples) were used for
DNA extraction according to the instructions of the FastDNA
Spin Kit (MP Biomedicals, USA). DNA quality and concentration were determined by gel electrophoresis (1.0%) in the Qubit
3.0 A fluorometer (Thermo Fisher Scientific Inc., Waltham,
USA). DNA of soil and gut samples were stored at −20°C for
subsequent analyses.

1.5.
gene

Amplification and sequence analysis of 16S rRNA

The primer pair of 515F and 907R was used to amplify the
V4-V5 region of the bacterial 16S rRNA gene. PCR amplification and PCR product purification were performed according
to previously described methods (Wang et al., 2019a). DNA
sequencing was conducted on the Illumina MiSeq platform
(Major Biological Medicine Co., Ltd., China) (Caporaso et al.,
2010b). QIIME v1.8.0 (Quantitative Insights Into Microbial Ecology) was used to analyze Illumina sequencing data. The
UCLUST algorithm was then used to select operational taxonomic units (OTUs) with 97% similarity (Edgar, 2010). PyNAST
(Caporaso et al., 2010a) was used to align the OTU sequences
and construct the phylogenetic tree, using the Green genes
13.8 database (McDonald et al., 2012) as a reference. Alpha diversity was characterized by Chao1, Simpson, Shannon, and
ACE indices. The differences in bacterial communities were
analyzed by principal coordinate analysis (PCoA) and analysis
of similarity (ANOSIM) tests based on the Bray-Curtis distance.

1.6.
ARGs

High-throughput quantitative PCR (HT-qPCR) of

The smart chip real-time PCR system and HT-qPCR technology were employed to characterize the changes of ARGs
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and MGEs in soils and guts. The HT-qPCR chip includes 384
primer pairs Yang et al., 2020), including 327 ARGs, 7 taxonomic genes, 49 MGEs (11 transposon genes, 11 plasmids, 3 integrase genes, and 24 insertion sequences), and one 16S rRNA
gene. The specific HT-qPCR process has been reported previously (Wang et al., 2019b, 2020; Yang et al., 2020). Briefly, the reaction system consisted of DNA template, primers, nucleasefree PCR-grade water, bovine serum albumin, and LightCycler
480 SYBR Green I Master mix (Takara Bio Inc., USA). The realtime qPCR system (Wafergen Inc., Fremont, USA) was processing 5184 reactions concurrently in the SmartChip Nanowell
Platform after mixtures were dispensed into a 5184-well chip.
The thermal cycle conditions were 95°C for 10 min, then 40
cycles of 95°C denaturation for 30 sec and followed by annealing at 60°C for 30 sec. Amplification efficiencies well with
the range (90%–110%) were accepted. If one of three technical replicates was not amplified then the corresponding qPCR
results should be discarded. A threshold cycle (CT ) of 31 being thought as the detection limit. The calculation formulas of
ARGs relative abundance (A) were shown as Eqs. (1) and ((2).
Ng = 10((31-C T )/(10/3))

(1)

A = Ng /N16S rRNA-g

(2)

where, Ng is the relative gene copy number, N16S rRNA-g is the
relative 16S rRNA gene copy number.

1.7.

Analysis of total As concentration and As species

The body tissues and gut contents of earthworms were freezedried and ground into fine powder in a mortar with liquid nitrogen. The air-dried soil sample was passed through a 100mesh sieve. Approximately 30 mg of the earthworm tissue
sample, 30 mg of the gut content sample, or 200 mg of the
soil sample were weighed (with an accuracy of 0.1 mg) and
added into a 50 mL polypropylene centrifuge tube. Then 7 mL
of HNO3 /H2 O2 (5:2, V/V) solution was added to the centrifuge
tube containing earthworm tissue samples, 7 mL of HNO3 /HF
(6:1, V/V) solution was added to the centrifuge tube containing
soil or gut content samples. The samples were kept at room
temperature for 2 h, and digested with a microwave digester
(CEM Microwave Technology Ltd., Buckingham, UK). The digestion process consisted of two steps: 150°C for 10 min and
185°C for 60 min. The digested samples were added to 50 mL of
ultrapure water, evenly mixed, and passed through a 0.22 μm
filter membrane (PVDF, Millipore, USA). The total As concentration in the filtrate was determined by inductively coupled
plasma (ICP)-mass spectrometry (MS) 7500cx (Agilent Technologies, USA) (Wang et al., 2019a). The standards GBW10050
and GBW07405 were used to test the reliability of the analysis, with the recovery rate ranging between 94.1%–109.1% and
92.8%–97.4%, respectively.
The analysis of As species has been described in previous literature (Wang et al., 2019b). Approximately 30 mg of
gut contents were added to a 50 mL polypropylene tube containing 5 mL of 0.05 mol/L (NH4 )2 SO4 , mixed, and rotated
at 450 r/min overnight to extract As. The sample was then
centrifuged at 5000 r/min for 15 min to collect the supernatant, which was diluted into 50 mL and passed through a
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0.22 μm filter membrane. The As species were determined by
high-performance liquid chromatography (Agilent 1200, Agilent Technologies, USA)- ICP-MS (Agilent 7700, Agilent Technologies, USA) equipped with a PRP-X100 column. The mobile phase consisted of diammonium hydrogen phosphate
((NH4 )2 HPO4 , 10 mmol/L) and ammonium nitrate (NH4 NO3 ,
10 mmol/L), and the pH was adjusted to 9.25 with ammonium
hydroxide (NH4 OH) (Xu et al., 2012).

1.8.

Statistical analysis

Microsoft Excel 2019 was used to calculate the average,
percentage, and standard error (SE). PCoA based on BrayCurtis distance, diversity indices (Shannon, Simpson, ACE,
and Chao1), ANOSIM test, and Spearman correlation were
conducted in R v4.0.2. The histogram and bubble chart were
created using Origin Pro 2020. One-way analysis of variance
(ANOVA) and t test were performed using the IBM SPSS
v22 software. Network analysis was carried out with Gephi
v0.9.2, where a single line (edge) represents a significant
correlation (R2 > 0.5, p < 0.05). Linear discriminant analysis (LDA) and linear effect size (LEfSe) analysis were performed on http://huttenhower.sph.harvard.edu/galaxy/, used
to identify species with significant differences in abundance
(biomarkers) by comparing multiple groups. First, the nonparametric factor Kruskal-Wallis rank test was used to detect the biomarker among different treatments, and then the
Wilcoxon rank test between two groups was performed on the
biomarker to detect the difference between the groups. LDA
was used to assess the influence of species with significant
differences (i.e., LDA score).

2.

Results

2.1.
Effects of As and PMB treatments on the growth,
reproduction, and As accumulation of earthworms
After being cultured for 28 days, no dead earthworm individuals were found in the CK and PMB groups, while dead individuals were observed in the As and Mix groups. Compared
with the CK group, the As treatment reduced the survival rate
of earthworms to 93.3%, while the Mix treatment further reduced the survival rate of earthworms to 80%. The weight
gains of the earthworms were 57.9% and 60.2% in the CK and
PMB groups, respectively, while the As and Mix treatments significantly reduced the weight gain of earthworms (based on
ANOVA, p < 0.05, Fig. 1a), which were 10% and 9.5%, respectively. The results showed that exposure to As alone slowed
down the growth and reduced the survival rate of earthworms.
The PMB treatment alone had no significant effect on the
growth of earthworms, while the combined pollution with As
and PMB further reduced the survival rate of the earthworms.
Compared with the treatments without As exposure (CK
and PMB), the As and Mix treatments significantly increased
the As concentration in earthworm body tissues, which was
5–7 times that of the CK (Fig. 1b) and was higher than that
in the surrounding soil. Fig. 1b shows that BF of the As treatment was 1.02, and the BF in the Mix treatment increased

to 1.38. Arsenic exposure also significantly increased the total As concentration in the guts of earthworms, which was,
however, significantly lower than that in soils and earthworm
body tissues, which were 45%–57% of the total As concentration in body tissues. These results indicated that the As accumulation in the body tissues of earthworms was more sensitive to soil As pollution, and the combined pollution with As
and PMB could further increase BF of Asin earthworm body
tissues.
Four different As species were detected in the earthworm
guts, including arsenite (As(III)), arsenate (As(V)), dimethylarsinic acid (DMAV), and monomethylarsonic acid (MMAV).
Among all treatments, the percentage of As(III) was significantly higher than the concentrations of other As species
(p < 0.05), accounting for 48.6% to 67.8% of the total As (Fig. 1c).
As(III) accounted for 62.7% and 67.8% of the total As in the
CK and As treatments, respectively, whereas it accounted for
48.6% and 51.2% in the PMB and Mix treatments, respectively.
This result demonstrated that the addition of PMB significantly reduced the percentage of As(III), but increased the fraction of As(V) in earthworm guts, suggesting that the addition
of PMB inhibited As reduction in earthworm guts.

2.2.
Effects of As and PMB treatments on the microbial
community structure of earthworm guts and soils
A total of 991,184 sequences were detected in all samples, of
which 3130 OTUs were shared between the gut and soil samples (Appendix A Fig. S1). Compared with the gut, soil microbes have more OTUs, and the Simpson, Chao1, and ACE
indices all indicated a higher diversity of soil microbes (Appendix A Fig. S2). The microbial communities of soil and gut
were significantly separated on the PC1 axis (ANOSIM test,
p < 0.01) (Fig. 2a). In addition, As and PMB treatments also significantly changed the microbial community structure of the
gut and soil. The variations in soil microbes were small among
different treatments, and the two principal components (PCs)
could explain 65.17% of the total variation in the microbial
community, with PC1 at 47.69% and PC2 at 17.48%. However,
a greater separation was observed in gut microbes between
groups treated with and without As. The As and Mix group
clustered together, whereas the CK group clustered with the
PMB group. The above results showed that both As and PMB
treatments could significantly affect the microbial community
structure of soil and gut and the impact of As exposure was
more significant on gut microbes than on soil microbes.
Significant differences in microbial diversity were observed
between soil and gut samples. At the phylum level, soil microbes were mainly composed of Proteobacteria (56.8%), Bacteroidetes (30.8%), and Actinobacteria (1.9%), while the dominant microbe of gut microbes were Proteobacteria (20.5%),
Actinobacteria (35.5%), and Firmicutes (23.1%) (Fig. 2b). At the
family level, Comamonadaceae (24.2%), Flavorbacteriaceae
(16.0%), Xanthomonadaceae (10.2%), and Pseudomonadaceae
(8.7%) were the four most abundant microbes in the soil (Appendix A Fig. S3), but their abundance was only 0.1%, 0.1%,
0.6%, and 0.7% in the gut. The microbes with the highest relative abundance in the gut were Clostridiaceae (15.5%) and Beijerinckiaceae (6.8%).
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Fig. 1 – Fresh weight and survival rate of earthworms after different treatments (a). Arsenic concentrations and
bioaccumulation factors of the gut and body tissue of earthworms and the soil (b). Proportion of different arsenic species in
earthworm guts after different treatments (c). Different letters assigned to the variables represent significant differences
(p < 0.05). BF: bioaccumulation factor.

Fig. 2 – The PCoA based on the Bray-Curtis distance showing the distribution of bacterial communities in the gut and soil
(a). Variations in bacterial communities of soils and guts at the phylum level (b). Those with the relative abundance of < 1%
at the phylum level are classified as others. The asterisk represents a significant difference relative to the control group
(p < 0.05).

Both As and PMB treatment can significantly alter soil
microbial community structure. The As treatment increased
the relative abundance of Actinobacteria in the soil (Fig. 2b),
the PMB treatment increased the relative abundance of Actinobacteria while decreased that of Proteobacteria. At the family level, the As treatment significantly increased the relative abundance of Xanthomonadaceae, while significantly decreased that of Comamonadaceae, the PMB treatment significantly increased the relative abundance of Aeromonadaceae,
but significantly decreased that of Xanthomonadaceae and
Comamonadaceae, the Mix treatment significantly reduced
the relative abundance of Xanthomonadaceae and Comamonadaceae (Appendix A Fig. S3).
Both As and PMB treatment can also significantly alter the
gut microbial community structure. The As treatment significantly increased the relative abundance of Proteobacteria
and Bacteroidetes, while significantly reduced that of Actinobacteria and Firmicutes (Fig. 2b). In contrast to the As treatment, the PMB treatment significantly decreased the relative
abundance of Proteobacteria, but significantly increased that
of Actinobacteria. The Mix treatment significantly increased
the relative abundance of Proteobacteria and Bacteroidetes,
while significantly reducing that of Actinobacteria and Firmicutes. At the family level, the As treatment significantly increased the relative abundance of Aeromonadaceae, Flavobac-

teriaceae and Comamonadaceae, whereas the PMB treatment
increased the relative abundance of Nocardioidaceae and Microbacteriaceae (Appendix A Fig. S3).
LEfSe analysis was used to identify microbes whose abundance changed significantly with different treatments. In the
soil samples, we found that in the soil of PMB and Mix groups,
more microbes were significantly enriched (Appendix A Fig.
S4a, p < 0.05, LDA > 2). In the soil of PMB group, Actinobacteria was significantly enriched, with the relative abundance
increasing from 1.1% to 6.6%, especially in Agromyces, Nocardioides, and Streptomyces. Moreover, the relative abundance
of Gemmata and Aeromonas also significantly increased (Appendix A Fig. S4b). In the soil of As group, Lysobacter and Variovorax were significantly enriched. In the soil of Mix group,
Paenibacillus was significantly enriched. In the CK group, the
abundance of Ramibacter, Polaromonas, Bryobacter, Dinghuibacter, and Rhizobater was significantly higher than that in the
other groups, indicating that these microbes were inhibited
by As or PMB. For gut microbes, more biomarkers were identified than those from soil. In the gut of the PMB treatments,
Agromyces, Nocardioides, and Streptomyces were significantly enriched (Fig. 3b). In the gut of As group, Lysobacter also were
significantly enriched. In the Mix group, the relative abundance of new biomarkers, such as Pseudomonas and Shewanella,
were significantly enriched. Taken together, our results indi-
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Fig. 3 – The main gut bacteria responsive to the four treatments (a). Specific biomarkers at the genus level (b). G-As (the gut
of arsenic treatment group), G-CK (the gut of control group), G-Mix (the gut of arsenic-polymyxin B treatment group), G-PMB
(the gut of polymyxin B treatment group).

cate that Lysobacter could be a biomarker for As stress, while
Acromyces, Ncardioides and Streptomyces can be biomarkers for
PMB stress.

2.3.
ARGs

Relative abundance and resistance mechanism of

Abundant ARGs were detected in soils and earthworm guts,
including types of aminoglycosides, β-lactamases, macrolidelincosamide-streptogramin B (MLSB), fluoroquinolones, multidrug resistance, sulfonamides, tetracyclines, and trimethoprim (Fig. 4a). Our results showed that under the same treatment conditions, the ARG abundance in the soil was higher
than in the gut (p < 0.05). In addition, both As and PMB treatments, as well as Mix treatments significantly increased the
ARG abundance in both gut and soil (p < 0.05). However, different treatments had different effects on the ARG abundance.
In both gut and soil, PMB treatment had the highest ARG abundance, which increased by 3.9-fold and 5-fold, respectively. In
addition, The ARG abundance in Mix treated guts was higher
than that of As treated, while in soil, The ARG abundance
showed not significant different between As and Mix treatments.
Regarding to MGE abundance, which were significantly increased by PMB, As, and Mix treatments in the gut (p < 0.05).
However, in soil, MGE abundance was significantly increased
only by PMB treatment, which was not significantly affected
by As and Mix treatments. In addition, the results from the
Spearman correlation analysis demonstrated that there were
significant and positive correlations between the abundances
of MGEs and ARGs both in the soil or gut (p = 0.013, p = 0.002,
Appendix A Table S2).
ARGs use different mechanisms to respond to antibiotics, including antibiotic inactivation, efflux pump, and cytoprotection. We analyzed the contribution of various resistance

mechanisms under different treatment conditions and used a
bubble chart to reflect the contribution of different resistance
mechanisms. The size of the bubble represents its percentage. It can be seen that antibiotic inactivation had the largest
proportion in each treatment (Fig. 4b). Whether under PMB or
As stress, ARGs involved in cyto-protection was significantly
induced. In addition, under As stress, ARG encoding efflux
pumps were induced, while under PMB stress, ARG encoding
MGEs were induced. This result showed that both As and PMB
could increase ARG abundances, although with varying resistance mechanisms.

2.4.

Network analysis of microbiota and ARGs

The network analysis was conducted for ARGs and gut microbiota (genus level). As shown in Appendix A Fig. S5, a total of
115 nodes and 477 edges were identified. The size of the nodes
represents the relative abundance, and an edge represents a
significant correlation between two nodes (R2 > 0.7, p < 0.01).
The high coefficient (0.527) between ARGs and microbiota indicated a modular structure. Appendix A Fig. S5 also shows a
large number of edges between MGEs and ARGs, indicating potential horizontal transfers among ARGs, and MGEs being the
cause for the increase in the ARG abundance. Except in gut, a
strong connection between MGEs and ARGs were also found in
soil microbiota (Appendix A Fig. S6). There were 80 nodes and
293 edges were calculated in the network analysis of the soil,
which were much lower than those found in gut microbiota. In
addition, the close connection between microbiota and ARGs
in types of aminoglycoside, multi-drug resistant bacteria, and
tetracyclines suggests that bacteria are the main carriers of
these types of ARGs in both soils and earthworm guts.
The As treatment significantly increased the Lysobacter
abundance, which was significantly correlated with three
types of ARGs (aadA_99, aadA2-1, mcr-1). The PMB treatments
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Fig. 4 – The relative abundance of ARGs in the gut (a). The relative abundance of ARGs in the soil (b). The relative abundance
of MGEs in the gut (c). The relative abundance of ARGs in the soil (d). Bubble chart of ARG resistance mechanisms (e). ARGs:
antibiotic resistance genes; MGEs: mobile genetic elements.

significantly increased the Aeromonas abundance associated
with five other ARGs (blaMOX_blaCMY, mobA, oleC, cmlA5, tetE),
the Nocardioides abundance associated with five other ARGs
(oleC, floR, mobA, cmlA5, tetE) and the Streptomyces abundance
associated with five other ARGs (blaMOX_blaCMY, mobA, oleC,
cmlA5, tetE). The Mix treatment significantly increased the
Paenibacillus abundance associated with seven types of ARGs
(blaMOX_blaCMY, oleC, floR, mobA, ISPps1-pseud, cmlA5, tetE).
These results indicate that As and PMB stress can induce the
expression of various ARGs, and the combined pollution with
As and PMB may lead to a significant enrichment of microbes
carrying ARGs in the form of multi-drug resistant and mobile
elements, thereby increasing the risk for ARG transmission.

3.

Discussion

The combined pollution with antibiotics and heavy metals is
widespread in the soil environment. The combined impacts
of pollution with PMB, the last antibiotic defense line for humans, and with heavy metals on soil microbes, on soil animals, and on their gut microbes are yet unclear. In this study,
we explored the combined effects of pollution with PMB and
As on microbes in the soil and earthworm gut and ARGs. Our
results showed that the addition of As in the soil enriched
As in earthworm body tissues, even higher than that in the
soil (Fig. 1a), resulted in the cause of the increased mortality
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and growth inhibition of earthworms in the As group. Moreover, we found that As(III) was the dominated As species in
the earthworm gut even As(V)was used to treat the soil. Given
that the toxicity of As(III) is significantly higher than that of
As(V), our results suggest that As(V)reduction to more toxic
As(III) in the earthworm gut may also inhibit their growth and
increase earthworm mortality.
In this study, we found that adding PMB alone did not significantly affect the growth and survival of earthworms, indicating that the direct toxicity to the host animal at certain
PMB concentrations is not obvious. Previous studies also revealed that sulfamethoxazole at 2000 mg/kg could not kill
Eisenia fetida (Pino et al., 2015), and higher concentrations of
oxytetracycline had no apparent toxicity to earthworms either (Qu et al., 2005). However, we found that the combined
pollution with PMB and As(V) could further increase the toxicity of As to earthworms. PMB can inhibit the reduction of
As(V) to As(III) (more toxic) in the earthworm gut, however,
it can also significantly increase the BF of As in earthworms,
and the combined pollution effects further inhibit the growth
of earthworms and reduce their survival rate (Fig. 1).
The microbial composition of earthworm guts was significantly different from that of the surrounding soil (Fig. 2a),
which may be due to the unique gut environment (e.g.,
pH, anaerobic, rich in organic matter, etc.) of earthworms
(Pass et al., 2015; Zhou et al., 2019). Of course, there are also
many shared OTUs between soils and gut contents, suggesting that soil microbial communities play a vital role in reshaping the gut microbiota of earthworms (Appendix A Fig.
S1). In addition, As and/or PMB treatment can also significantly alter the α and β diversity of microbes in earthworm
guts. Increased abundance of Proteobacteria is usually considered a sign of gut microbiota imbalance (Shin et al., 2015).
Our results show that the As treatment can significantly increase the abundance of Proteobacteria in earthworm guts,
implying that As exposure causes deterioration of gut microbiota. We also found that PMB treatments (PMB and Mix
groups) significantly reduced the relative abundance of Proteobacteria in the gut, compared with the treatments without PMB (CK and As groups). This may be due to PMB belonging to peptide antibiotics that can effectively inhibit the
growth of Gram-negative bacteria (Guo et al., 2014), and most
of the Proteobacteria are Gram-negative bacteria. It has been
demonstrated that polymyxin can combine with the free
phosphate of lipoprotein in the Gram-negative bacterial membrane, which could weaken the surface tension of the serosal
membrane and increase its permeability, destroying barrier
function of serosal membrane and resulting in the death of
bacterial cells (Velkov et al., 2010).
Actinobacteria are Gram-positive bacteria and a major bacterial group that produces ARGs (Jiang et al., 2017). We found
that the PMB treatment can significantly increase the abundance of Actinobacteria in earthworm guts (Fig. 2a). Through
LEfSe analysis, we found that 8 of the 10 bacterial genera which were significantly enriched during PMB treatment
alone or during the combined exposure to both PMB and As
belong to Gram-positive bacteria. This result indicates that
low PMB exposure can enrich Gram-positive bacteria. The
PMB treatment increased the relative abundance of Grampositive bacteria Aeromonas in the soil from 8.1% to 18.8%. Pre-

vious studies have reported that Aeromonas can cause diarrhea
and other diseases such as gastroenteritis and sepsis in humans (Sugita et al., 1995), which indicates that PMB pollution
may increase the risk of disease in humans. Several species
of Agromyces have been found to degrade the organic compound Di-(2-ethylhexyl) phthalate (DEHP) (Zhao et al., 2016),
and Agromyces found were significantly enriched in the PMB
group. We speculate that Agromyces may have the function of
degrading PMB. Lysobacter was found to inhibit the growth of
plant pathogenic bacteria, making plants resistant to disease
(Exposito et al., 2015). The As treatment increased the relative
abundance of Lysobacter from 5.7% to 8.7%. These results indicate that both As and PMB can help earthworms adapt to
environmental stresses by altering the microbial community
structure of their guts.
In recent years, the interaction between antibiotics and
heavy metals has received extensive attention (Chen and
Huang, 2009; Zhao et al., 2011). Zhou et al. (2015) investigated the antibacterial effects of Cu, Cr, and Pb on norfloxacin, cephalosporin, and amoxicillin, respectively. Their
results show that the effect of heavy metals on bacterial antibiotic resistance varies with the types and concentrations
of heavy metals and antibiotics. In this study, we found that
PMB can significantly increase the accumulation and toxicity of As in earthworm body tissues. This may be related to
the antagonistic effect of As and PMB during resistance and
detoxification. Bacteria can develop multi-drug resistance by
expelling a variety of toxic substances through the multi-drug
efflux pump (Nikaido, 2009). Our results show that multi-drug
resistant ARGs, sugE, czcA and qacH_351, increased with the
treatment of PMB or As alone (Appendix A Fig. S7). Therefore, PMB may compete with As for the efflux pump under
the Mix treatment, leading to As accumulation, and thereby
increasing toxic effects of As. In addition, we found that the
combined pollution with As and PMB can significantly enrich
microbes carrying ARGs involved in multi-drug resistant or
multiple MGEs, such as Aeromonas. This result indicates that
combined pollution may increase the risk of ARG transmission. Therefore, under combined pollution of heavy metals
and antibiotics, the interaction between pollutants will significantly affect the migration and transformation of pollutants
and their ecological risks.

4.

Conclusions

In conclusion, we found that even a low PMB concentration
can significantly increase the accumulation and toxicity of
Asin earthworm tissues. The PMB treatment can significantly
increase the abundance of Actinobacteria, and As stress can
significantly increase the abundance of Proteobacteria. PMB
and As stress together can significantly increase the abundance of ARGs and MGEs. A positive correlation between the
two indicates that ARGs may have been horizontally transferred. Network analysis further shows that PMB and As may
be antagonized by multi-drug resistant ARGs, and combined
pollution can increase the abundance of microbes carrying
ARGs in multi-drug resistant types or MGEs. Therefore, the
combined effects from PMB and As can significantly affect
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the migration and transformation of pollutants, increasing the
abundance and the risk of ARG and MGE transmission.
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