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poorly understood. Here, we investigated the effect of copper (exposure concentrations of
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0, 100 and 800 mg/kg) on the antibiotic and metal resistance profiles in BSFL guts. A total
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of 83 antibiotic resistance genes (ARGs), 18 mobile genetic elements (MGEs) and 6 metal
resistance genes (MRGs) were observed in larval gut samples. Exposure to Cu remarkably
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reduced the diversity of ARGs and MGEs, but significantly enhanced the abundances of
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gut-associated ARGs and MRGs. The levels of MRGs copA, czcA and pbrT were dramatically

Gut microbiome

strengthened after Cu exposure as compared with CK (increased by 2.8–13.5 times). Gen-

Antibiotic resistance

era Enterococcus acted as the most predominant potential host of multiple ARG, MGE and

Pathogen

MRG subtypes. Meanwhile, high exposure to Cu aggravated the enrichment of potential

Heavy metals

pathogens in BSFL guts, especially for Escherichia, Enterococcus and Salmonella species. The
mantel test and procrustes analysis revealed that the gut microbial communities could be
a key determinant for antibiotic and metal resistance. However, no significant positive links
were observed between MGEs and ARGs or MRGs, possibly suggesting that MGEs did not
play a crucial role in shaping the ARGs or MRGs in BSFL guts under the stress of Cu. These
findings extend our understanding on the impact of heavy metals on the gut-associated
antibiotic and metal resistome of BSFL.
© 2021 The Research Center for Eco-Environmental Sciences, Chinese Academy of
Sciences. Published by Elsevier B.V.

Introduction
The use of black soldier fly larvae (BSFL) (Hermetia illucens (L.))
to treat livestock manure has the advantages of high conversion, easy management and low cost (Rehman et al., 2019).
However, heavy metals existing in manure may accumulate in
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the bodies of BSFL (Diener et al., 2015). The accumulated heavy
metals in the BSFL bodies may further affect their growth, development, excretion and intestinal microbiome (Gao et al.,
2017; van der Fels-Klerx et al., 2016; Wu et al., 2020a). More
worryingly, heavy metals generally co-exist with antibiotics
in livestock manure, and might generate diverse profiles of
antibiotic resistance as well as metal resistance in the BSFL
guts.
The prevalence of antibiotic resistance genes (ARGs) in
the environment has aroused worldwide public concern
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(Fang et al., 2015; Wu et al., 2020c). Once the human pathogens
acquire resistance from the environmental microbiome, they
will pose great threats to public health (Forsberg et al., 2012).
It is well established that antibiotic residues could induce
selection of ARGs and stimulate the horizontal gene transfer (HGT). For example, antibiotic residues could enhance the
abundance of ARGs and mobile genetic elements (MGEs) in
the guts of BSFL (Cai et al., 2018; Liu et al., 2020), earthworms
(Wang et al., 2019) and soil collembolans (Zhang et al., 2019;
Zhu et al., 2018a).
Sometimes, the alteration of antibiotic resistance profile
in the guts can be affected by metals or metalloids such as
Cu, Zn, Cd, Cr, As and Ni (Ding et al., 2019; Hu et al., 2017;
Wang et al., 2019). Growing evidence revealed that heavy metals could not only exert direct selective pressure on metal resistance genes (MRGs) (Xie et al., 2019), but also induce the incidence of ARGs (Ding et al., 2019; Hu et al., 2017). The underlying selection mechanisms mainly include (1) co-resistance,
(2) cross-resistance and (3) co-regulation (Baker-Austin et al.,
2006). Although the strong relationships between heavy metal
contents and ARG abundances are ubiquitous in the environment (Guo et al., 2019; Hu et al., 2017; Wu et al., 2020c), the
response of ARGs in the gut microbiome under metal exposure is still poorly understood. Recent studies have reported
the effects of heavy metals on the ARG profiles in the guts of
soil fauna, but the conclusions are quite distinct owing to the
different metal types and target species studied (Ding et al.,
2019; Wang et al., 2019; Zhu et al., 2018b).
Furthermore, ARGs are readily captured by pathogenic bacteria or opportunistic pathogens to form superbugs, which
can exert adverse effect on human health (Fang et al., 2015).
BSFL are considered to be able to decrease pathogens (e.g.,
Salmonella and Escherichia coli) in their growing substrate owing to their antimicrobial abilities (Wynants et al., 2019). However, the changes of pathogens in BSFL guts under unfavorable living conditions (e.g., high metal exposure) are still
unexplored.
At present, there is still no direct evidence for co-selection
or cross-selection of antibiotic resistome under metal exposure in the BSFL guts. Meanwhile, the response of gutassociated MRGs to metal pressure is still largely uncharacterized. Considering that BSFL are widely applied in bioconversion of animal manure usually containing high concentrations of heavy metals (e.g., Cu), the risk of inducing ARGs,
MGEs and MRGs in the BSFL gut is relatively high. Moreover,
the gut-associated ARGs might be transferred in the food web
since BSFL are commonly used for animal feed, which might
eventually threaten human health. Thus, it is imperative to
evaluate the variations in antibiotic and metal resistance in
the BSFL guts.
In this study, BSFL were treated with different concentrations of Cu. The type and dose of heavy metals selected in
the present study was based on our previous study (Wu et al.,
2020a). The main aims of the study were (1) to investigate the
effect of Cu on the selection of ARGs, MGEs and MRGs in the
BSFL guts; (2) to reveal the variations in potential pathogens
in BSFL guts after Cu exposure; and (3) to explore the relationships among ARGs, MGEs, MRGs and the BSFL gut microbial
communities as well as bacterial pathogens.

1.

Materials and methods

1.1.

Experimental design
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Detailed information regarding the test materials and experimental design is described in our previous study (Wu et al.,
2020a). In brief, five-day-old BSFL were obtained from Research Center of Organic Waste Resource Utilization at Tianjin
Agricultural University in Tianjin, China. A copper-containing
compound (CuSO4 ) (99%, Guangfu Fine Chemical Research Institute, Tianjin, China) was dissolved in deionized water to
prepare Cu solutions.
The BSFL were fed daily with wheat bran spiked without Cu
(referred to as CK) and with Cu (100 mg/kg and 800 mg/kg dry
wheat bran, referred to as Cu-100 and Cu-800, respectively).
Each treatment had three replicates. For each replicate, 20 g
BSFL were put into the plastic containers (21 × 15.5 × 10 cm
for each) and were kept at (30 ± 2)°C with 65% ± 5% relative
humidity. Feeding stopped after 10 days. The larvae and feces
were collected for weight and heavy metal analysis. The heavy
metal concentrations were determined using an atomic absorption spectrophotometer (AAS) (TAS-986AFG, PERSEE, Beijing, China).

1.2.

DNA extraction

Prior to DNA extraction, the collected BSFL were starved for
12 hr to empty their ingested contents. BSFL were rinsed with
sterilized water after alcohol cleaning. The guts of larvae were
dissected and total DNA of intestinal microbiota was extracted
using DNeasy PowerSoil Kit (MOBIO Laboratories, Carlsbad,
CA, USA). The concentration and quality of the extracted DNA
were analyzed by spectrophotometer analysis (NanoDrop ND1000, Thermo Fisher Scientific, Waltham, MA, USA).

1.3.
High-throughput quantitative PCR for analysis of
ARGs, MRGs and MGEs
The abundance and composition of ARGs, MRGs and MGEs in
samples were analyzed by using a SmartChip real-time PCR
System (Wafergen Inc., Fremont, CA, USA). A total of 377 effective primer sets were used (Stedtfeld et al., 2018), including 309 ARGs, 10 MRGs, 57 MGEs and one 16S rRNA gene
(Wu et al., 2020b). The 100 nL reaction system (LightCycler
480 SYBR Green I Master Mix, ROCHE, Germany) consisted of
each primer, BSFL gut DNA template and nuclease-free PCR
grade water. The reaction mixture was heated for 10 min at
95°C and then 40 cycles of 30 sec at 95°C and 30 sec at 60°C.
SmartChip qPCR Software (V 2.7.0.1) was used to analyze the
results after amplification. Data with amplification efficiencies between 1.8 and 2.2 were adopted. The detection limit of
threshold cycle (CT ) was 31. The fold change value was used to
indicate the enrichment of ARGs, MGEs and MRGs in the exposure groups compared to the control according to a previous
study (Zhu et al., 2018a).
To minimize the potential variations in DNA extraction efficiencies, the relative abundances of genes were normalized
by 16S rRNA gene and converted to the normalized copy num-
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ber of genes per bacterial cell, of which 4.1 is the average
number of 16S rRNA gene per bacterial cell (Wang et al., 2019;
Zhu et al., 2018a). The equations were as follows:
NRela = 10((31−CT )/(10/3))

(1)

NNorm = (NRela /NRela−16S ) × 4.1

(2)

where, NRela is the relative gene copy number; NNorm is the normalized gene copy number. NRela-16S is the relative 16S rRNA
gene copy number.

1.4.

Potential pathogens analysis

The gut DNA samples were analyzed by sequencing the V3V4 regions of the 16S rRNA genes on an Illumina MiSeq PE300
platform (Allwegene Co., Ltd., Beijing, China) using primers
338F and 806R, as described in our previous study (Wu et al.,
2020a). The qualified 16S rRNA sequences obtained from each
sample were compared against the Pathogen Host Interactions database (http://www.phi-base.org/) and the previously
constructed bacterial pathogens database by using BLASTN
with an E-value ≤ 1 × 10−20 (Fang et al., 2015). The outputs
were filtered according to an amino acid identity ≥ 99% and
alignment length ≥ 200 bp. Each treatment had three replicates.

1.5.

Data statistical analysis

One-way analysis of variance (ANOVA) by SPSS version 19.0
was used to assess the homogeneity of variance with significance levels of 5% (P < 0.05). Heatmaps, venn plots, principal
component analysis (PCA), correlation plots, mantel test and
procrustes analysis were performed in R 3.5.3. The network
analysis among ARGs, MRGs, MGEs and microbial taxa was
performed on Gephi software (V 0.9.2). The correlation matrix
was constructed based on Spearman’s correlations (r > 0.6, P <
0.01) among the bacterial genera and gene subtypes. Microsoft
Excel 2010 was used for generation of other plots.

2.

Results and discussion

2.1.

Diversity and abundance of ARGs, MGEs and MRGs

In total, 83 ARGs, 18 MGEs and 6 MRGs were observed among
different samples (Fig. 1a-b). The ARGs detected confer resistance to a broad range of antibiotics (Appendix A Fig. S1a),
in which aminoglycosides (27%), multidrug (16%), macrolidelincosamide-streptogramin B (MLSB) (13%), beta lactamase
(11%) and tetracycline (10%) resistance genes were the most
abundant ones. Antibiotic deactivation (46%) was the main
mechanism responsible for antibiotic resistance, followed by
the efflux pump (23%), regulator (17%) and cellular protection
(13%) (Appendix A Fig. S1b).
The Cu amendment significantly (P < 0.05) increased the
normalized abundance (from 0.41 to 1.55 copies per cell) of
ARGs in the BSFL gut (Fig. 1b), indicating that Cu exerted a
selective pressure on the gut-associated ARGs. This finding
was consistent with previous studies that found that heavy

Fig. 1 – (a) Detected number and (b) normalized copy
number of antibiotic resistance genes (ARGs), mobile
genetic elements (MGEs) and metal resistance genes (MRGs)
(mean, n = 3) in the BSFL gut microbiome under different
treatments. Different letters above the bars indicate a
significant difference (P < 0.05) in the number and the
abundance of total ARGs among different samples. CK:
Control; Cu-100: 100 mg/kg Cu; Cu-800: 800 mg/kg Cu.

metals could foster the incidence of ARGs in the guts of
earthworms (Wang et al., 2019) or collembolans (Ding et al.,
2019). Unlike the changes in abundance, the ARG numbers
in guts pronouncedly diminished from average 42 to 28 (P <
0.05) with the Cu addition (Fig. 1a), especially for aminoglycoside, macrolide-lincosamide-streptogramin B and tetracycline resistance genes. This might be resulted from the decrease in the diversity of antibiotic-resistant bacteria in the
BSFL gut. We have found that the diversity of BSFL gut microbiome was reduced after metal exposure (Wu et al., 2020a).
Result of the gut 16S rRNA gene copy numbers further supported this hypothesis. As shown in Appendix A Fig. S2, 16S
rRNA gene copies obviously dropped (up to 100-fold) under
Cu-treatments compared to CK. In terms of the influence of
heavy metals on the gut-associated ARG diversity, the results obtained by different research groups were quite distinct. Some studies pointed out that metals (e.g., Cu and Ag
nanoparticles) were able to kill antibiotic-resistant bacteria in
the collembolan guts, consequently reducing the ARG diversity (Ding et al., 2020; Zhu et al., 2018b), which are similar to our
findings. While some researchers claimed that heavy metals
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Fig. 2 – (a) Venn diagram depicting the number of unique and shared antibiotic resistance genes (ARGs), metal resistance
genes (MRGs) and mobile genetic elements (MGEs); and (b) Principal component analysis (PCA) showing the changes in the
ARG, MGE and MRG profiles in the BSFL gut under three treatments.

increased the gut-associated ARG diversity (Ding et al., 2019;
Wang et al., 2019). This inconsistency was probably due to
the different target organisms studied and the different metal
types and dosages selected.
For MGEs, they encompassed four major mechanisms,
namely, transposase (61%), plasmid (17%), insertional (17%)
and integrase (6%) (Appendix A Fig. S3). With the increase
of Cu concentration, the numbers of MGEs substantially decreased (P < 0.05) (Fig. 1 and Appendix A Table S1), possibly due
to the reduction in the gut-associated bacteria diversity under
Cu exposure as mentioned above. Meanwhile, the Cu amendment did not trigger a significant increase in MGE abundances
(from 0.09 to 0.13 copies per cell, P > 0.05). Here, we did not observe that Cu exposure exerted a significant co-selective pressure on the gut-associated MGEs relative to the ARGs. This
contrasts with the result of Ding et al. (2019), who found that
only Cu among several metals significantly increased MGE
abundances in collembolan gut. This inconsistency was possibly due to the different target organisms studied. For example,
Zhang et al. (2019) reported that the impacts of oxytetracycline
on the gut microbiome and antibiotic resistome of soil collembolans were species specific.
For MRGs, their abundances were dramatically enriched
in the guts from Cu-100 and Cu-800 groups, which were four

and eight times more than those in the CK group (1.13 copies
per cell), respectively (Fig. 1b). However, no significant differences in the numbers of MRGs were observed between the
Cu-exposure treatments and the control (Appendix A Table
S1). This finding implied that Cu exposure exerted a direct
selective pressure on the gut-associated MRGs. Heavy metals
were considered to be an important factor affecting MRG variations in compost (Guo et al., 2019). But the impact of metals
on gut-associated MRG diversity and abundance has not received much attention in the past.
Venn diagrams reveal that a total of 30 ARGs (36.1% of
the total ARG subtypes detected) were shared among three
treatments (Fig. 2a). There were more unique ARGs in the CK
and Cu-100 treatments than in the Cu-800 treatment. In addition, three treatments shared 3 MGEs and only CK and Cu100 treatments possessed unique MGEs with numbers of 5
and 4, respectively. For MRGs, 66.7% of the total MRG subtypes were shared among three treatments, and there were
no unique MRGs detected in the Cu-treatments. Moreover,
principal component analysis demonstrated that the distribution pattern of ARGs, MGEs and MRGs from CK group was
distinct from the other two Cu-treatments (Fig. 2b). A total
of 45.1% variance of antibiotic and metal resistance was explained by the first two principle components, with dimension
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Fig. 3 – Normalized abundance of (a) antibiotic resistance gene (b) mobile genetic element and (c) metal resistance gene
subtypes per bacterial cell in BSFL gut samples (mean, n = 3). ND: not detected.

1 explaining 29.56% and dimension 2 explaining 15.54% of the
total variation. PCA result indicated that Cu exposure shifted
the antibiotic and metal resistance profiles in the BSFL gut.
Similarly, ionic Cu and CuO nanoparticles have been found
to alter the ARG distribution pattern in the collembolan gut
(Ding et al., 2020).

2.2.

Variations of gene subtypes

Diverse ARG subtypes exhibited an obvious increasing tendency (the mean fold change values ranging from 1.3 to
23.4) with the growth of Cu exposure concentrations, such
as aminoglycosides (e.g., aac(6)-ig, aac(6)-iz, aac3-Via, aac(6)iw and aacA43), amphenicol (e.g., catB3), beta lactamase (e.g.,
blaCTX-M, blaGES and blaOXY-1), MLSB (e.g., erm(35), ermK and
mefA), multidrug (e.g., mepA, qacA/B, sugE and ttgB), phenicol (e.g., catB9), tetracycline (e.g., tetPA) and other (e.g., fabK
and mcr-1) resistance genes (Fig. 3a and Appendix A Table
S2); meanwhile, some subtypes were only emergent in the
Cu-exposure groups (e.g., imp-marko, qnrS1_S3_S5 and vanYD).

It implied that the co-selection effect of Cu on these ARG
subtypes was more evident. Notably, heavy metal pollution
could trigger an enrichment of ARGs encoding efflux pumps,
which are known to eliminate heavy metals and antibiotics
from the cell (Baker-Austin et al., 2006). This cross-resistance
mechanism might partly explain the enrichment of several efflux pump genes following Cu exposure, such as mefA, mepA,
qacA/B, ttgB and tetPA. On the contrary, some ARG subtypes dissipated under Cu exposure (e.g., some aminoglycosides, tetracycline and trimethoprim resistance genes). This might be because the host bacteria harboring these genes could not survive under the Cu pressure.
Three MGEs belonging to transposase-types, i.e., IS1247,
IS6100 and ISEcp1, were observed in all three groups (Fig. 3b
and Appendix A Table S2). Among them, the abundances
of IS1247 and ISEcp1 were strengthened in the Cu-exposure
groups than in CK, with fold change values of 2.9-6.9. Notably,
the ISEcp1 element is usually located at the 5’ ends of some
beta lactamase resistance genes (e.g., blaCTX-M and blaCMY),
and enables these genes to be transposed to other DNA tar-
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Fig. 4 – Relative abundances (mean, n = 3) of potential pathogenic bacteria detected in the BSFL gut.

get sites (Wachino et al., 2006). ISEcp1 could also supply promoter activity for expression of a downstream CTX-M-type βlactamase gene (Wachino et al., 2006). The enhancement of
blaCTX-M following Cu exposure further supported this statement (Fig. 3a). For int1 gene, which is known to play a crucial role in the antibiotic resistance propagation (Ding et al.,
2019; Wu et al., 2020b), its abundance in Cu-800 group was 6.2
times higher than that in CK. This possibly implied a potential
spread risk of antibiotic resistance in guts under high metal
exposure.
A total of 6 MRGs detected in the guts conferred resistance
to different heavy metals including Cu, Co/Zn/Cd, As, Hg and
Pb (Fig. 3c and Appendix A Table S2). Gene czcA was the most
predominant MRG in the gut samples, which was in accordance with studies about environmental samples (Guo et al.,
2019; Wu et al., 2020b). Even in CK group, the abundance of
czcA reached 4.61 copies per cell, which was much higher than
those of other MRGs (abundances at 10−3 copies per cell). CzcA,
as an efflux pump gene, could conduct membrane transport
and drive heavy metals out of the cell (Dai et al., 2019), thus
contributing to maintain metal homeostasis in the cell. The
high levels of czcA in larval gut from CK group might partly explain the relatively high tolerance to dietary heavy metals of
BSFL as reported in numerous studies (Gao et al., 2017; van der
Fels-Klerx et al., 2016; Wang et al., 2020; Wu et al., 2020a). Moreover, czcA abundance was dramatically strengthened after Cu
exposure (fold change values ranging from 4.2 to 8.1), further
supporting the hypothesis that czcA plays an important role
in maintaining metal homeostasis in BSFL guts. Moreover, the
selection pressure imposed by Cu also considerably enhanced
the levels of target gene copA and non-target gene pbrT, which
were increased by 2.8-13.5 times as compared with CK. For
arsA and merA, their abundances reached the peak value in
Cu-100 group, but decreased or dissipated under high Cu exposure, which was probably related to the variation of their
potential hosts.

2.3.

Effect of Cu on potential pathogens

The impact of Cu on the BSFL gut microbiome was presented
in our previous study (Wu et al., 2020a). Here, we further elucidated the effect of Cu on the potential pathogenic bacteria in
BSFL gut based on sequence comparison. A total of 20 potential pathogenic bacteria were detected in larval guts (Fig. 4).
The relative abundances of potential pathogens in the CK
and Cu-100 groups were generally comparable, which were
0.7% and 0.6%, respectively. E. coli, Klebsiella pneumoniae and
Salmonella enterica were the dominant pathogen species in the
CK and Cu-100 groups, followed by Pantoea ananatis and Xanthomonas translucens. The dominant pathogen species in the
Cu-800 group were E. coli and S. enterica, accounting for 39.7%
and 35.2% of the total abundance, respectively, followed by
K. pneumoniae and Lactococcus lactis. Notably, the total abundance of potential pathogens in the Cu-800 group considerably elevated (P < 0.01), which was 10.6 times higher as compared with CK. Among them, the abundances of Enterococcus faecalis, S. enterica and E. coli in Cu-800 samples reached
46.0-, 24.7- and 14.9-folds, respectively, as compared with CK.
This indicated that high exposure to Cu obviously aggravated
the enrichment of pathogens in larval gut, especially for Escherichia, Enterococcus and Salmonella species. Previous research
has shown that exposure to pollutants elevated the levels of
pathogens in the animal guts (Li et al., 2020; Pettis et al., 2012).
Similar to our findings, diverse potential pathogens were observed in BSFL guts during bioconversion process of chicken
manure (Cai et al., 2018). Wynants et al. (2019) also detected
some potential foodborne pathogens such as S. enterica and
Bacillus cereus in BSFL and/or residual samples. Consequently,
this may pose a potential risk to animals or humans via food
chains when using the larvae in feed, which highlighted a
requirement for decontamination technologies before using
BSFL as feed sources (Wynants et al., 2019).
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Fig. 5 – Network analysis of the co-occurrence patterns of (a) antibiotic resistance genes (ARGs), metal resistance genes
(MRGs), mobile genetic elements (MGEs) and microbial community (top 30 genera), and (b) ARGs, MRGs, MGEs and potential
pathogenic species. A connection was based on Spearman’s correlation coefficient (r > 0.6, P < 0.01). Nodes are colored
according to gene types and bacterial taxa. Node size is proportional to the number of connections and edge thickness is
proportional to correlation coefficients.

2.4.
Co-occurrence patterns of ARGs, MGEs, MRGs and
bacterial communities or pathogens
The co-occurrence network indicated significant positive relationships (r > 0.6, P < 0.01) among 16 microbial taxa, ARGs
(conferring resistance to 12 classes of antibiotics), MGEs and
MRGs (Fig. 5a). Genera Enterococcus (phylum: Firmicutes) acted
as the most predominant potential host of multiple ARG,
MGE and MRG gene subtypes (e.g., aac(6)-ig, aacA43, blaGES,
blaOXY-1, tetPA, IS1247, mepA, qacA/B, mcr-1 and czcA), followed
by Providencia, Actinomyces, Dysgonomonas and Salmonella. Previous studies also revealed that Enterococcus and Providencia
were essential potential hosts for ARGs and MGEs in BSFL
guts (Liu et al., 2020). On the other hand, aminoglycoside
and tetracycline resistance genes possessed strong relationships with considerable amounts of microbial taxa. Among
them, aminoglycoside gene aac(6)-ig (e.g., Enterococcus, Lactococcus, Paenalcaligenes and Providencia) and tetracycline gene
tetB (e.g., Dysgonomonas, Escherichia Shigella, Morganella and Myroides) had the most diversified potential host microbes. Additionally, MRG czcA was intensively correlated with 4 potential hosts including Enterococcus, Providencia, Paenalcaligenes
and Salmonella. These results further supported the viewpoint
that the gut of organisms could act as a reservoir of ARGs due
to a gut microenvironment containing various microbial taxa
(Wang et al., 2019; Zhang et al., 2019; Zhu et al., 2018a). Moreover, transposase-typed gene Tp614 was identified as the primary mobile genetic element, remarkably co-occurring with
7 ARG subtypes (e.g., aminoglycoside, MLSB, multidrug and
tetracycline classes). Other MGEs like IS1247 and ISEcp1 were
also identified as crucial hubs connecting multiple ARG subtypes.

Furthermore, network analysis illustrated the cooccurrence patterns between potential pathogens and ARG,
MGE and MRG subtypes (Fig. 5b). A total of 11 pathogens had
strong positive relations with diverse gene subtypes. L. lactis,
Proteus mirabilis and S. enterica were the species significantly
co-occurring with the greatest number (four) of gene subtypes. Interestingly, L. lactis and P. mirabilis were intensively
correlated with the same genes, i.e., three aminoglycoside
(aac(6)-ig, aacA43 and aadA7) and one tetracycline (tetB) resistance genes. In addition to aadA7, S. enterica connected
with 3 unique gene subtypes including mepA (multidrug),
tetPA (tetracycline) and czcA (MRG). The resistance of these
pathogens to aminoglycosides, tetracyclines, multidrug and
other antibiotics had been previously reported (Bacci et al.,
2012; Boudjemaa et al., 2019; Zycka-Krzesinska et al., 2015). It
is noteworthy that aminoglycoside resistance gene aadA7 was
closely related to the greatest number (six) of pathogen hosts,
indicating its higher spread ability among the pathogens,
possibly due to the contribution of MGEs. For example, aadA7
was observed in gene cassette arrays of the class 1 integron
from E. coli (Yang et al., 2017).

2.5.
Driving factors in shaping the gut-associated ARGs,
MGEs and MRGs
The mantel test and procrustes analysis were used to explore
the relationship between the BSFL gut microbial OTUs and the
profiles of antibiotic and metal resistance (Fig. 6). The mantel test suggested a significant correlation between the ARG,
MGE and MRG profiles and the composition of the gut microbiome (r = 0.33, P < 0.05). Additionally, the procrustes analysis revealed that the ARG, MGE and MRG profiles and the gut
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Fig. 6 – Procrustes analysis and Mantel test depicting the significant correlation between gene (antibiotic resistance genes,
mobile genetic elements and metal resistance genes) profiles and the gut microbial communities (the relative abundance of
16S rRNA gene OTU data) based on Bray-Curtis dissimilarity metrics.

Fig. 7 – Spearman correlation analysis among the metal resistance gene abundances, antibiotic resistance gene abundances,
Cu concentrations and the abundances of four types of mobile genetic elements (Cu-Body: Cu concentrations accumulated
in BSFL body; Cu-Fece: Cu concentrations in BSFL feces). Blue and red colors represent positive and negative correlations,
respectively. ∗ P < 0.05, ∗∗ P < 0.01.

bacterial OTUs were generally clustered according to different
treatments and showed a goodness-of-fit test (sum of squares
M2 = 0.51, P = 0.020). This result implied that the microbial
community was a key determinant for antibiotic and metal resistance (Forsberg et al., 2014), which was in accordance with
previous studies related to the guts of soil fauna (Ding et al.,
2020; Wang et al., 2019; Zhu et al., 2018a, 2018b).
Spearman correlation analysis revealed that the abundances of total ARGs and total MRGs had strong positive relationships (P < 0.01) with Cu concentrations detected in the larval bodies or feces (Wu et al., 2020a), but this was not the case
for the total MGEs or their subtypes (Appendix A Table S3).
Similar to other studies, heavy metals were regarded as one

important factor affecting ARG or MRG patterns (Guo et al.,
2019; Hu et al., 2017). Specifically, Cu concentrations in the larval bodies or feces were significantly and positively correlated
with MRG czcA (P < 0.01) and certain types of ARGs (P < 0.05)
including aminoglycoside, beta lactamase, multidrug, tetracycline and other types (Fig. 7). However, no significant positive
links were observed between MGEs and ARGs (r = 0.217, P >
0.05) or between MGEs and MRGs (r = 0.200, P > 0.05) in this
study. Only MRGs merA and pbrT showed strong positive correlations with insertional- or plasmid-typed MGEs (Fig. 7). These
results suggested that the effect of MGEs in shaping the ARGs
or MRGs in BSFL guts under the stress of Cu was possibly limited.
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Conclusions

In conclusion, oral Cu exposure remarkably decreased the diversity of ARGs and MGEs in the BSFL guts, but significantly
enhanced the abundances of gut-associated ARGs and MRGs.
The levels of MRGs copA, czcA and pbrT were dramatically
strengthened after Cu exposure. Genera Enterococcus acted as
the most predominant potential host of multiple ARG, MGE
and MRG subtypes. Meanwhile, high exposure to Cu aggravated the enrichment of potential pathogens in BSFL guts, especially for Escherichia, Enterococcus and Salmonella species. A
total of 11 pathogens were found to possess strong relations
with multiple ARG, MGE and MRG subtypes. Moreover, the gut
microbial communities might be a key determinant for antibiotic and metal resistance. However, no significant positive
links were observed between MGEs and ARGs or MRGs, possibly suggesting that MGEs did not play a crucial role in shaping
the ARGs or MRGs in BSFL guts under the stress of Cu. These
results extend our understanding on the impact of heavy metals on the gut-associated antibiotic and metal resistome of
BSFL.
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