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08800, Spain 
e Department of Entomology, Texas A&M University, TX, 77843, USA 
f Key Laboratory of Agriculture Animal Genetics, Breeding and Reproduction of the Ministry of Education, College of Animal Science, Huazhong Agricultural University, 
Wuhan, Hubei, 430070, PR China   

A R T I C L E  I N F O   

Editor: Bing Yan  

Keywords: 
Insect larvae 
Antibiotic-resistant bacteria 
Organic manure 
Antimicrobial 
Nutrition competition 

A B S T R A C T   

The increasing prevalence of antibiotic-resistant bacteria (ARB) from animal manure has raised concerns about 
the potential threats to public health. The bioconversion of animal manure with insect larvae, such as the black 
soldier fly larvae (BSFL, Hermetia illucens [L.]), is a promising technology for quickly attenuating ARB while also 
recycling waste. In this study, we investigated BSFL conversion systems for chicken manure. Using metagenomic 
analysis, we tracked ARB and evaluated the resistome dissemination risk by investigating the co-occurrence of 
antibiotic resistance genes (ARGs), mobile genetic elements (MGEs), and bacterial taxa in a genetic context. Our 
results indicated that BSFL treatment effectively mitigated the relative abundance of ARB, ARGs, and MGEs by 
34.9%, 53.3%, and 37.9%, respectively, within 28 days. Notably, the transferable ARGs decreased by 30.9%, 
indicating that BSFL treatment could mitigate the likelihood of ARG horizontal transfer and thus reduce the risk 
of ARB occurrence. In addition, the significantly positive correlation links between antimicrobial concentration 
and relative abundance of ARB reduced by 44.4%. Moreover, using variance partition analysis (VPA), we 
identified other bacteria as the most important factor influencing ARB, explaining 20.6% of the ARB patterns. 
Further analysis suggested that antagonism of other bacteria on ARB increased by 1.4 times, while nutrient 
competition on both total nitrogen and crude fat increased by 2.8 times. Overall, these findings provide insight 
into the mechanistic understanding of ARB reduction during BSFL treatment of chicken manure and provide a 
strategy for rapidly mitigating ARB in animal manure.   

1. Introduction 

Antimicrobial are commonly used as feed additives for livestock as 
growth promoters and to prevent infections (Zhang et al., 2015). How
ever, approximately 30–90% of parent antimicrobial are excreted in 

manure (Sarmah et al., 2006), resulting in high levels of antibiotic res
idues in the environment (Burch et al., 2017; Shen et al., 2023). This can 
lead to the development of antibiotic-resistant bacteria (ARB) and an 
increased frequency of antibiotic resistance genes (ARGs) (Wichmann 
et al., 2014; Yan et al., 2023), which are recognized environmental 
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pollutants (Pruden et al., 2006). Bacteria can acquire ARGs by mobile 
genetic elements (MGEs) via horizontal gene transfer (HGT) and become 
resistant to clinically used antimicrobial (Arias and Murray, 2009; Zhou 
et al., 2023). 

Livestock manure is considered an important reservoir of ARB, ARGs, 
and MGEs (Guo et al., 2021). In China alone, 4 billion tons of livestock 
manure are produced every year (Kaufmann, 2015), and manure is often 
applied as fertilizer on farmland, leading to the dissemination of ARB 
and ARGs in soil and ultimately posing a potential risk to human health 
if these ARB and ARGs enter the food chain (Chen et al., 2020; Chen 
et al., 2023). It is also imperative to addressing antibiotic resistance (AR) 
from a sustainable agricultural development and One Health perspective 
(Durso and Cook, 2019). Antimicrobial resistance is a significant global 
health threat that has the potential to cause severe infections and mor
tality. According to Murray and Antibiotic Resistance Collaborators 
(Collaborators, 2022), bacterial antimicrobial resistance resulted in 1.27 
million direct deaths in 2019, with Escherichia coli and Pseudomonas 
aeruginosa among the primary antibiotic-resistant pathogenic bacteria 
(ARPB). Consequently, safe and effective disposal methods that elimi
nate ARB and ARGs during the livestock manure recycling process are 
urgently needed. In recent years, several techniques have been proposed 
to remediate ARB and ARGs in manure, such as continuous thermophilic 
composting, thermophilic anaerobic digestion, disinfection, trans
formation into biochar or co-digestion with lignite (Chen et al., 2022; 
Guo et al., 2020; Mch et al., 2020; Pang et al., 2022; Qian et al., 2016). 
Nevertheless, these strategies are not widely applied due to their poor 
efficiency, complex operation, and high cost. 

The use of black soldier fly (BSF, Hermetia illucens [L.]) larvae to bio- 
convert manure is an effective method for manure treatment, as these 
insects can overcome the aforementioned drawbacks. Furthermore, 
BSFL-treated compost is an excellent biofertilizer with high contents of 
organic matter, total phosphorus, and potassium (Guo et al., 2021). 
Moreover, BSFL can accelerate the bio-stabilization of heavy metals (Wu 
et al., 2020) and the biodegradation of antimicrobial (Cai et al., 2018b; 
Zhao et al., 2023) during the conversion of manure. In addition, a recent 
study suggests that BSFL has potential to lower the environmental 
impact of food (Grossule et al., 2023). BSFL conversion also favors the 
reduction of human pathogenic bacteria (HPBs) (Wu et al., 2021), with 
reported reductions on the relative abundance of HPB derived from pig 
manure by 89% (Wang et al., 2017), effectively mitigating the risks of 
these bacteria carrying ARGs (Cai et al., 2018a). The selective pressures 
from the BSFL gut and gut indigenous microbes could inhibit the inva
sion of exogenous microbiota (Zhang et al., 2022). In the process of 
bio-conversion, BSFL gut microbes could help reduce ARB and the 
occurrence risk of multidrug resistant-pathogens (Zhao et al., 2023). The 
immune system of BSFL is well developed and total of 50 antimicrobial 
peptide genes have been observed (Zhan et al., 2020). The antimicrobial 
peptides released from the larval gut could reduce the pathogenic mi
crobes thus inhibits the potential antibiotic resistant- pathogenic bac
teria (Xia et al., 2021). 

Previous studies have provided more knowledge about the fate of 
partial ARGs in BSFL manure conversion systems by employing real- 
time and high-throughput quantitative PCR (Cai et al., 2018b). Never
theless, the occurrence of ARB and resistome dissemination risk during 
BSFL conversion of chicken manure remains unclear because the limits 
of conventional culture methods of bacteria and many ARGs have never 
been detected during BSFL conversion. 

In this study, we investigated BSFL conversion systems for chicken 
manure. Using metagenomic analysis, we tracked the hosts of ARGs and 
evaluated the resistome dissemination risk by investigating the co- 
occurrence of ARGs, MGEs, and bacterial taxa in a genetic context 
(Fresia et al., 2019; Liang et al., 2020; Zhang et al., 2020a; Zhang et al., 
2020c). The objectives of this study included (i) evaluating the effects of 
BSFL treatment on the fate of ARB, ARGs, and MGEs; (ii) exploring the 
dynamics of nutrients and antimicrobial residues in chicken manure 
during BSFL treatment; (iii) identifying multiple factors accounting for 

ARB; and (iv) proposing the underlying mechanisms by which BSFL 
mitigates the risks of ARB in chicken manure. 

2. Materials and methods 

2.1. Source of insect larvae and chicken manure 

BSFL were obtained from a colony maintained at Huazhong Agri
cultural University, Wuhan, China. This colony was established in 
November 2008 from eggs gathered at a poultry facility in Wuhan 
(Zheng et al., 2012). Six-day-old larvae were collected from the colony 
and used in the experiments. The manure was collected from a chicken 
facility operated by Chaotuo Ecological Agriculture Co. Ltd. in Wuhan, 
China. 

2.2. Experimental overview and sampling 

For this study, a BSFL chicken manure conversion system and control 
system (without BSFL) were established (Fig. S1). Each replicate 
included approximately 10,000 six-day-old BSFL inoculated into 10 kg 
of fresh chicken manure (moisture content: 65%, used directly within 
12 h after collection from the chicken) held in a plastic container (60 cm 
length ×20 cm width × 10 cm height). Meanwhile, the initial chicken 
manure sample was named the Ch0 sample. A manure control group 
consisting of fresh chicken manure without BSFL was also produced. All 
experiments were carried out in triplicate in a greenhouse at 28 ◦C with 
70% relative humidity. According to previous study (Li et al., 2021; 
Rehman et al., 2019), the BSFL conversion was terminated when the first 
prepupae emerged, which lasted for 12 days in this study. The samples 
were named ChL12 in the conversion group and ChC12 in the control 
group. The conversion residues were allowed to composting for 16 days 
after BSFL removal, and the samples were named ChL28 in the con
version group and ChC28 in the control group. The manure samples (50 
g) were randomly collected via sterile methods at 0 (larval introduc
tion), 12 (larval harvest), and 28 days (12 days larval growth + 16 days 
composting) and was extracted total microbial DNA within 24 h. The 
rest of samples was stored at − 80 ◦C for further chemical analysis. 

2.3. DNA extraction, library construction, and sequencing 

The total microbial DNA of manure samples was extracted using the 
phenol–chloroform method (Zhou et al., 1996). The concentrations of 
the extracted DNA were determined using a Nanodrop 2000 spectro
photometer (Thermo Scientific, USA). About 1 μg of DNA per sample 
was used as input material for the DNA sample preparations. Sequencing 
libraries were generated using the NEBNext® Ultra™ DNA Library Prep 
Kit for Illumina (NEB, USA) following the manufacturer’s recommen
dations, and index codes were added to attribute sequences to each 
sample. In brief, the DNA sample were fragmented by sonication to a 
size of 350 bp (Tang et al., 2023), and DNA fragments were 
end-polished, A-tailed, and ligated with the full-length adaptor for 
Illumina sequencing with further PCR amplification. Finally, PCR 
products were purified (AMPure XP system), and libraries were analyzed 
for size distribution by an Agilent 2100 Bioanalyzer and quantified using 
real-time PCR. The clustering of the index-coded samples was performed 
on a cBot Cluster Generation System according to the manufacturer’s 
instructions. After cluster generation, the library preparations were 
sequenced on an Illumina HiSeq platform, and paired-end reads were 
generated. 

2.4. Nutrient and antimicrobial analysis 

To explore the dynamics of essential nutrients during BSFL conver
sion, we measured the content of organic matter (OM), total nitrogen 
(TN), total phosphorus (TP), total potassium (TK), moisture content 
(MC), and crude fat (CF) in all samples. The contents of TN, TP, TK, and 
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OM in the manure samples were analyzed following the standard pro
cedures specified in the NY 525–2012 Standardization Administration of 
the People’s Republic of China. MC was measured as described in our 
previous study (Ao et al., 2021). CF was determined by Soxhlet extrac
tion (Virot et al., 2007). A total of 15 antimicrobial commonly used in 
agriculture and animal husbandry were analyzed, including tetracy
clines (oxytetracycline, chlortetracycline, and doxycycline), quinolones 
(norfloxacin, ciprofloxacin, and enrofloxacin), macrolides (erythro
mycin, roxithromycin, tilmicosin, and tylosin), β-lactams (penicillin G 
sodium and amoxicillin), sulfonamides (sulfadimethoxine), and 
amphenicol (chloramphenicol and thiamphenicol). These antimicrobial 
were chosen as indicators due to their environmental significance. 
Detailed information on the extraction method can be found in Sup
plementary Method S1. 

2.5. Bioinformatic analysis 

To obtain clean data for analysis, low-quality reads were filtered 
using Readfq (V8, https://github.com/cjfields/readfq). Possible host 
contamination was removed using Bowtie2.2.4 software (Bowtie2.2.4, 
http://bowtiebio.sourceforge.net/bowtie2/index.shtml). The clean 
reads were then assembled by MEGAHIT (v1.0.4-beta). MetaGeneMark 
(V2.10, http://topaz.gatech.edu/GeneMark/) software was used to 
predict open reading frames (ORFs), with length information shorter 
than 100 nt filtered from the predicted result using default parameters. 
CD-HIT software (V4.5.8, http://www.bioinformatics.org/cd-hit) was 
used to obtain the unique initial gene catalog. Unigenes were obtained 
by combining the clean data of each sample and the unique initial gene 
catalog using Bowtie2.2.4. Finally, DIAMOND software (V0.9.9, https:// 
github.com/bbuchfink/diamond/) was used to blast the unigenes to the 
sequences of bacteria, fungi, archaea, and viruses, extracted from the NR 
database (Version: 2018–01–02, https://www.ncbi.nlm.nih.gov/) of 
NCBI. 

ARG annotation of the unigenes was performed using the CARD 
database (https://card.mcmaster.ca/, blastp, e-value ≤ 1e-30). Resis
tance gene distribution in each sample, species attribution analysis of 
resistance genes, and analysis of the resistance mechanism of ARGs were 
also conducted. Potential bacterial hosts of ARGs (ARB) were identified 
by annotating ARGs and bacteria from the same unigenes, and the 
remaining bacteria that did not contain ARGs were defined as other 
bacteria (Liang et al., 2020; Liu et al., 2021). MGEs, including plasmids, 
insertion sequences (IS), and integrons, were identified using NCBI 
RefSeq plasmid databases, ISfinder databases, and INTEFRALL data
bases with default instructions (Guo et al., 2017). Unigenes were 
analyzed for the co-occurrence of ARGs and MGEs (Jia et al., 2019). 

2.6. Statistical analyses and visualization 

Student’s t test and one-way ANOVA with Tukey’s HSD test were 
performed with SPSS v20.0 (SPSS, USA). Heatmap analyses were 
generated through the “pheatmap” package of RStudio (R version 3.6.3). 
The Mantel test and Procrustes analysis were conducted using the 
“vegen” package of RStudio (R version 3.6.3) to assess the correlation 
between ARGs and MGEs, as well as between antimicrobial and ARB 
induction. Variation partitioning analysis (VPA) were performed using 
CANOCO 5.0 to determine the contribution of multiple factors to vari
ations in ARB. Link test was performed to identify the nutrition 
competition between ARB and other bacteria. Spearman’s correlation 
coefficients were calculated using the “psych” package in R with and 
were used to construct network analyses. The network analyses were 
conducted in RStudio (R version 3.6.3), and a network plot was created 
with Gephi (V 0.9.2) to determine the induction of antimicrobial on 
ARB, the antagonistic effect and nutritional competition of other bac
teria on ARB. Microsoft Excel 2010 was used for the generation of other 
plots. 

3. Results 

3.1. Dynamics of antibiotic-resistant bacteria in chicken manure 

Metagenomic assembly and annotation revealed 130 distinct ARB 
species across all samples combined (Fig. 1A). Following BSFL treat
ment, relative abundance of ARB decreased by 34.9% (p < 0.05), 
compared to the initial manure, while levels in the controls remained 
unchanged (Fig. 1B). BSFL treatment also resulted in a 19.8% (ChL12) 
and 26.6% (ChL28) reduction in ARB relative abundance, within 12 and 
28 days, respectively, compared to the corresponding controls. BSFL 
conversion significantly reduced the relative abundance of multidrug- 
and vancomycin-resistant bacteria by 64.6% and 90.3% within 12 days, 
respectively, compared with initial manure (p < 0.05). After BSFL 
conversion, the relative abundances of tetracycline-, MLSB (Macrolide- 
Lincosamide-Streptogramin B) - and vancomycin-resistant bacteria were 
significantly decreased by 34.8%, 41.7%, and 60.3%, respectively (p <
0.05). Subsequent composting further reduced their relative abundances 
by 43.1%, 52.7%, and 59.5%, respectively, compared with the control. 
These results indicate that BSFL treatment is highly efficient in ARB 
attenuation. 

Network analysis was conducted to evaluate the effects of BSFL on 
individual ARB. The network size (total number of nodes, n) and con
nectivity (total number of links, L) were used to evaluate the complexity 
of the network (Fig. 1C). Compared with the control, BSFL treatment 
reduced the network size and connectivity, indicating a reduction in the 
occurrence risks of ARB. The dominant ARB in the initial manure were 
Escherichia coli, Lactobacillus reuteri, and Bacillus stratosphericus, with a 
collective initial relative abundance of 35.2%. After BSFL treatment, 
their relative abundances significantly decreased in the larvae groups 
(15.1% in ChL12 and 3.8% in ChL28), which still lower by 17.0–18.5% 
than that in the controls. Atopostipes suicloacalis, the host of several 
ARGs, including mexX, msrA, and OXA-131, which were affiliated with 
multidrug, MLSB, and β-lactamase resistance genes, had a significantly 
decreased relative abundance by 79.8% and 69.0% in ChL12 and 12.7% 
in ChL28 compared with ChC12 and ChC28, respectively (Fig. S2). 
Staphylococcus aureus, hosted aminoglycoside resistance genes (ANT4-Ib 
and apmA) in our study, and had a decrease in relative abundance by 
29.7% in ChL12 and 12.7% in ChL28 compared with ChC12 and ChC28, 
respectively. In addition, several pathogens (e.g., Oblitimonas alkaliphile, 
Weeksella, and Bilophila wadsworthia) could carry multiple subtypes of 
ARGs, and their relative abundance was significantly reduced after BSFL 
treatment (p < 0.05), indicating that BSFL could reduce the risks of drug 
resistance of pathogens. 

3.2. Horizontal transfer risk of antibiotic resistance genes 

A total of 491 distinct ARG subtypes were identified in all samples, 
and the highest relative abundance of ARGs (3467 ± 287 ppm) was 
found in the initial chicken manure (Fig. 2A and S3). BSFL conversion 
significantly reduced the relative abundance of ARGs in manure by 
53.3% compared with the initial manure (p < 0.05). In addition, 
compared with the control, BSFL conversion also significantly reduced 
the richness of 33ARG subtypes (among which 7 subtypes of multidrug 
ARGs), but there was no significant difference in the relative abundance 
of ARGs. Most of the dominant ARG subtypes in the initial chicken 
manure, such as tetW/N/W, ErmF, tetQ, floR, APH3-IIIa, APH3-Ib, and 
tet39, displayed a significant decline after BSFL treatment. Importantly, 
BSFL treatment could effectively reduced the relative abundance of 
carbapenemase-encoding genes. For example, the relative abundance of 
OXA-22, OXA-10, OXA-131 and OXA-85 was reduced by 79.14%, 
41.83%, 43.81% and 71.80%, respectively. Of all ARGs detected in the 
samples, the relative abundance of 193, 204, 227, and 241 subtypes of 
ARGs showed a decrease of 85% or more in ChC12, ChL12, ChC28, and 
ChL28, respectively. These results indicated that BSFL treatment effec
tively reduced the richness and relative abundance of ARGs in chicken 
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manure. 
Compared with the initial manure, the plasmid richness decreased by 

16.4% and 21.3%in ChC12 and ChL12, respectively, with a significant 
reduction in relative abundance of 29.4% and 41.8%, respectively 
(Fig. S3). The IS richness significantly decreased by 17.1%, and their 
relative abundance decreased by 32.4% in ChL12 relative to ChC12. 
Moreover, the richness and relative abundance of integrons significantly 
decreased by 16.8% and 46.6%, respectively, in ChL12 compared with 
ChC12. In contrast, the relative abundance of Tn significantly increased 
in both larvae and the control treatments, but ChL12 had 55.4% lower 
abundance, compared to ChC12 (p < 0.05). There was no significant 
difference in the relative abundance of MGEs between ChC28 and 
ChL28. The dominant plasmids, IS, integrons, and Tn were NZ- 
CP022019–1, NZ-CP013691–1, ISBbi1, ISVsa3, c6178, c1426, TnAs3, 
and TnAs1. Procrustes analysis and Mantel tests showed that total ARGs 

and MGEs passed a goodness-of-fit test (Fig. 2B, Protest M2 = 0.1768, 
p < 0.001, 999 permutations; Mantel test r = 0.69, p < 0.01, 999 per
mutations) based on the Bray− Curtis dissimilarity metric, indicating 
possible horizontal transfer risks of ARGs. These results suggest that 
BSFL conversion can effectively reduce MGEs, thereby reducing the 
spread risks of ARGs in manure. 

For each treatment, we calculated the relative abundance of trans
ferable ARGs by determining the co-occurrence of ARGs and MGEs on 
the same unigene (Fig. 2C). We identified 159 unigenes containing ARGs 
and MGEs. The dominant transferable ARGs were MLSB (29), amino
glycoside (44), and tetracycline (23) resistance genes. Plasmids were the 
main medium for transferable ARGs, accounting for 129 out of 159 
unigenes across all samples. The initial manure contained the highest 
abundance of transferable ARGs (1543 ± 10 ppm), indicating the 
highest risks of ARG horizontal gene transfer. After 12 days of 

Fig. 1. Antibiotic-resistant bacteria (ARB) abundance and distribution and co-occurrence with ARGs (A) Heatmaps showing the distribution profiles of ARB across 
the different treatments. (B) Relative abundance of ARB detected across different treatments, with error bars indicating standard errors (n = 3). Different letters 
above the bars indicate a significant difference as defined by one-way ANOVA with Tukey’s HSD test. (C) Network analysis of the co-occurrence patterns of ARGs and 
ARB (species level) based on genetic context in chicken manure. The node size is proportional to its degree and lines connect potential ARGs and bacteria found in the 
same unigene. Green and red nodes denote ARB and ARGs, respectively. 
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conversion, the relative abundance of transferable ARGs decreased 
significantly by 35.2% in ChL12 (1000 ± 70 ppm) compared with that 
in the initial manure sample (Ch0) and the corresponding control group 
(ChC12, 1230 ± 194 ppm, by 18.5%). The relative abundance of 
transferable ARGs in ChL28 (1067 ± 24 ppm) decreased significantly by 
30.8%, compared to Ch0, but there was no significant difference when 
compared to the corresponding control group ChC28 (1004 ± 55 ppm). 

Moreover, we characterized the coexistence of ARGs and MGEs 
among the assembled unigenes annotated as bacteria based on meta
genomic analysis (Table S1). Collectively, 28 unigenes containing ARGs 
and MGEs were assigned as bacteria, with the highest abundance of 
coexisting unigenes in ChC12 (112 ± 16 ppm). In ChL12 (99 ± 31 ppm) 
and ChL28 (83 ± 1 ppm), the relative abundance of transferred ARB was 
11.7% and 9.3% lower, respectively, than in the corresponding controls 

Fig. 2. Changes in antibiotic resistance genes (ARGs) and their co-occurrence patterns with mobile genetic elements (MGEs). (A) Heatmaps showing the distribution 
profiles of ARGs across the different treatments. (B) Procrustes analysis depicting a significant correlation between ARG abundance and MGEs (measured by 
Bray− Curtis distance) (Protest M2 = 0.1768, p < 0.001, 999 permutations; Mantel test r = 0.690, p < 0.01, 999 permutations). (C) Relative abundance of transferred 
ARGs detected across different treatments, with error bars indicating standard errors (n = 3). Different letters above the bars indicate significant differences as 
defined by one-way ANOVA with Tukey’s HSD test. 
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(ChC12 and ChC28), but higher than in Ch0 (36.1 ± 5.5 ppm). For 
instance, the relative abundances of transferred ARB, including Cory
nebacterium glutamicum, S. aureus, Enterococcus faecium, Enterococcus 
thailandicus, Lactobacillus reuteri, E. coli, and Pseudomonas aeruginosa, 
were reduced by 52.6%, 29.7%, 52.2%, 100%, 28.8%, 52.6%, and 1.4%, 
respectively, in ChL12 compared to ChC12, and further decreased by 
27.5%, 12.7%, 69.5%, 41.6%, 42.2%, 27.8%, and 48.6%, respectively, 
in ChL28 compared to ChC28. 

3.3. The induction effect of antimicrobial on antibiotic-resistant bacteria 

To investigate the characteristics of antibiotic degradation by BSFL 
treatment of chicken manure and explore the relationship between 
antibiotic degradation and ARB induction, we analyzed 15 antimicrobial 
of 6 categories in all experimental groups (Fig. 3A). Within 12 days of 
treatment, BSFL significantly decreased the total concentration of anti
microbial by 61.3% in manure compared to initial level (p < 0.001). The 
concentrations of β-lactams (p < 0.001), amphenicol (p < 0.01) and 
macrolides (p < 0.001) decreased by 64.8%, 91.7% and 96.5%, 
respectively, while the concentration of sulfonamides tetracycline 
increased significantly (p < 0.05) by 276%, in ChL12 group compared to 
the initial level. Compared to the corresponding control, the total con
centration of antimicrobial in manure was significantly decreased 

(p < 0.001) by 45.1% after 12 days of BSFL conversion, and the con
centration of β-lactams and amphenicol was significantly (p < 0.01) 
reduced by 47.4% and 91.9%, respectively. 

After 16 days further composting, the total concentration of anti
microbial significantly decreased (p < 0.001) by 64.4% and 52.9% in 
larvae group, relative to initial manure and control groups. Compared to 
the initial manure, the concentration of β-lactams (p < 0.001), amphe
nicol (p < 0.01) and macrolides (p < 0.001) significantly decreased by 
66.9%, 77.0% and 98.6%, while the concentration of sulfonamides 
significantly (p < 0.05) increased by 212.7% in the larvae group. The 
concentration of β-lactams, sulfonamides, quinolones, tetracycline and 
macrolides decreased by 56.6%, 15.7%, 25.4%, 14.5% and 26.2%, with 
the β-lactams (p < 0.001), quinolones (p < 0.01) had significant differ
ence, in larvae group related to control group. 

Further spearman analysis results (Fig. S4) showed that the signifi
cant positive correlation (r = 0.62, p < 0.05) between total ARB and 
antimicrobial, which was verified by a strong correlation in Mantel test 
(r = 0.67, p < 0.001, 999 permutations), indicating a close correlation 
between antimicrobial and ARB induction. The sulfonamides (r = 0.73, 
p < 0.01) antimicrobial significantly correlated with sulfonamides 
resistance bacteria. Interestingly, most of antimicrobial had significant 
correlations with ARB exhibiting resistance to another antimicrobial 
class. For example, β-lactams and macrolides showed strong positive 

Fig. 3. Reduction of antimicrobial pressure and risk of ARB occurrence by BSFL treatment. (A) Fold changes (relative to the initial manure sample) in antibiotic 
concentration (n = 3) in chicken manure. (B) Network analysis showing co-occurrence patterns of antibiotics and ARB (species level) in manure, with node size 
proportional to node degree and edges representing interactions between nodes. Green and red nodes denote antimicrobial and ARB, respectively. Connections are 
based on spearman’s correlation coefficient (r > 0.6, p < 0.05). 
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correlation (r > 0.75, p < 0.01) with multidrug and vancomycin resis
tance bacteria, while sulfonamide had strong (r < − 0.79, p < 0.001) 
negative correlation with these ARB. Amphenicol had significant posi
tive correlation (r > 0.58, p < 0.05) with tetracycline-, multidrug-, 
β-lactamase- and vancomycin-resistant bacteria. 

Furthermore, the network analysis (Fig. 3B) showed that the 
degradation of antimicrobial caused by BSFL treatment could weaken 
the induction pressure on ARB. The number of links between antimi
crobial and ARB was 44.4% lower in the BSFL treatment group than in 
the control group. In addition, while nine antimicrobial had strong 
positive correlation with 54 species of ARB in control group, only seven 
antimicrobial showed significantly positive correlation with 22 ARB in 

BSFL treatment group. Specifically, thiamphenicol and roxithromycin 
showed the highest induction effect in control group, which had strong 
positive correlation with 16 and 15 species of ARB, respectively. How
ever, this induction was weakened after BSFL treatment which thiam
phenicol and roxithromycin only showed induction on 4 ARB. 
Furthermore, there was no strong positive correlation of tilmicosin, 
doxycycline, penicillin, amoxicillin and enrofloxacin with ARB in BSF 
group, but its showed induction effect on 2–12 species of ARB in control. 

3.4. Nutrient competition between ARB and non-ARB 

In the present study, ARB constituted only a small fraction of the 

Fig. 4. Antagonism between ARB and other bacteria. (A) Variation partitioning analysis (VPA) showing the effects of the influencing factors on ARB. (B) Network 
analysis of the co-occurrence patterns of other bacteria and ARB (genus level) in manure, where node size is proportional to node degree and edges represent in
teractions between nodes. Nodes are colored for ARB and other bacteria. A connection was based on spearman’s correlation coefficient (r > 0.6, p < 0.05). (C) The 
increased percentage of environmental microorganisms (TOP 20) in ChL12 and ChL28 compared with the corresponding controls (ChC12 and ChC28). The color in 
the box indicates the spearman correlation coefficients between ARB and environmental microorganisms. * : 0.01 < p ≤ 0.05; * *: 0.001 < p ≤ 0.01; * ** : p ≤ 0.001. 
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total microbes in manure. Therefore, as vulnerable microbes in the 
manure ecosystem, ARB may be subject to competitive antagonism from 
other bacteria through niche or nutritional competition. Using variation 
partitioning analysis (Fig. 4A), we determined the contribution of other 

bacteria, antimicrobial, and transferable ARGs to variations in ARB. The 
selected factors accounted for 89.1% of the variation, with other bac
teria being the major influencing ARB pattern (20.6%) and antimicro
bial and transferable ARGs accounting for 1.4%, and 0.9%, respectively. 

Fig. 5. Nutritional competition between ARB and other bacteria. (A) Fold changes (relative to the initial manure sample) in nutrients (n = 3) in chicken manure. (B) 
Conceptual diagram of the criteria for identifying potential negative links between ARB, other bacteria and environmental conditions. The links are formed due to 
covariations in the abundance of ARB and other bacterial with environmental conditions. ARB and other bacteria nodes are negatively (-) linked in the network. E can 
be any environmental variable measured, grouped by treatment and time. The link between ARB and other bacteria is identified as a negative ARB-other bacteria- 
environment link if the sign combination of the correlation coefficients of ARB-E, other bacteria-E, and ARB-other bacteria belongs to one of the categories shown. All 
links are based on Spearman correlation (|r| > 0.6, p < 0.05) that illustrates of other bacteria on nutrients. Links show the strong correlation (|r| > 0.6, p < 0.05) 
between other bacteria and (C) total nitrogen, (D) crude fat, (E) water, (F) total phosphorus, and (G) total potassium. (H) Network analysis of the competitive ARB- 
other bacteria-environment covariates, where node size is proportional to node degree and edges s represent interactions between nodes. Nodes are colored for ARB, 
other bacteria, and nutrients. Connections are based on Spearman’s correlation coefficient (|r| > 0.6, p < 0.05). Lines are colored for the interactions (red represents 
positive interactions, whereas blue represents negative interactions). 
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To explore the interaction between among ARB, between ARB and other 
bacteria, as well as among other bacteria, we conducted a network 
analysis (Fig. 4B) and found that the total links in the BSFL treatment 
system decreased to 56,149 compared with those in the control 
(60,736), which might be due to the bacteriostatic of BSFL. Interest
ingly, the links of strong negative correlation (spearman, r < − 0.6, 
p < 0.05) between other bacteria and ARB increased from 1380 (control 
group) to 2038 (BSFL treatment system), suggesting that BSFL treatment 
could strengthen the antagonistic effect between other bacteria on ARB. 
Further analysis (Fig. 4C) showed that various other bacteria displayed a 
strong significant negative correlation with ARB. BSFL treatment expe
dited the growth of those other bacteria, thereby enhancing the antag
onistic effect between other bacteria and ARB and inhibiting the 
prevalence of ARB. For example, BSFL conversion significantly 
increased the abundances of other bacteria, namely, Mameliella, Iluma
tobacter, and Parvularcula, by 41.4%, 32.4%, and 27.8%, respectively, in 
ChL12 compared with ChC12. Meanwhile, Spearman analysis showed 
that Mameliella (r = − 0.76, p < 0.01), Ilumatobacter (r = − 0.92, 
p < 0.001), and Parvularcula (r = − 0.93, p < 0.001) had a strong sig
nificant negative correlation with ARB, indicating that BSFL could also 
eliminate ARB by increasing the abundance of these other bacteria. 

Moreover, competition for nutrients such as carbohydrates, proteins, 
lipids, and water between other bacteria and ARB was also negligible, 
especially because these nutrients were rapidly consumed during BSFL 
treatment. To evaluate changes in nutrient profiles in chicken manure, 
we analyzed the following parameters: OM, TN, TP, TK CF, pH, and MC;  
Fig. 5A and Table S2. After 12 days of larval conversion, the pH 
significantly (p < 0.001) increased from 6.3 to 8.1, and the MC signifi
cantly (p < 0.01) decreased from 65.2% to 55.7%. The contents of TP, 
TK, and the C/N ratio significantly (p < 0.001) increased by 52.0%, 
40.2%, and 54.5%, respectively, whereas those of TN (p < 0.001), OM 
(p < 0.05), and CF (p < 0.001) significantly decreased by 45.3%, 15.4%, 
and 42.8%, respectively, in chicken manure relative to initial levels. 
Compared with the control group, the contents of OM, TP, MC, and C/N 
increased by 3.6%, 5.2%, 22.2%, and 33.7%, respectively, whereas 
those of TN, TK, and CF decreased by 22.5%, 2.8%, and 19.6%, 
respectively, in the larvae conversion group. The contents of MC and the 
C/N ratio significantly (p < 0.001) increased, and TN (p < 0.001) and 
CF (p < 0.05) significantly decreased after larval conversion compared 
with the control group. 

After 16 days of further composting, C/N ratio, TP, and TK signifi
cantly (p < 0.001) increased by 86.6%, 51.6%, and 36.5%, respectively, 
whereas those of OM (p < 0.05), TN (p < 0.001), MC (p < 0.001), and 
CF (p < 0.001) significantly decreased by 14.9%, 54.6%, 64.7%, and 
30.8%, respectively, in chicken manure compared with the initial levels. 
Compared with the control group, the contents of OM, MC, and C/N 
ratio increased by 5.4%, 13.2%, and 39.9%, respectively, whereas TN, 
TP, TK, and CF decreased by 24.9%, 5.6%, 8.3%, and 1.0%, respectively, 
in the larvae conversion group. C/N ratio increased significantly 
(p < 0.01), while TN (p < 0.01) and TK (p < 0.05) decreased signifi
cantly in the larvae treatment group, compared with the control. 

Network analysis and link tests for environmental factors were 
conducted to explore the potential nutrition competition between ARB 
and other bacteria. If the link between ARB and other bacteria is caused 
by their competition for nutrients (Fig. 5B), a strong correlation pattern 
among ARB, other bacteria (negative correlation), and the responsible 
environmental variable (positive correlation) should be observed 
(Fig. 5B). We tested all the links among ARB, other bacteria, and nu
trients in the network (Fig. 5C), and found that 48.8% (2434 / 4988) of 
the links were considered competitive ARB-other bacteria-environment 
covariates in the BSFL treatment system, which was higher than that in 
the control (35.2%, 3114 / 8838). Specifically, water (Fig. 5F) was the 
nutrient for which ARB and other bacteria competed the most in both 
the control and BSFL conversion systems, due to the quick loss of water 
content in manure. After BSFL treatment, the competition of TN and CF 
between ARB and other bacteria intensified due to the rapid 

consumption of these nutrients by larvae, where the negative links be
tween other bacteria and TN increased from 26 to 72 and CF increased 
from 529 to 1506 (Figs. 5D and 5E). The competition between ARB and 
other bacteria for TK decreased sharply after BSFL treatment, where the 
links between other bacteria and TK (Fig. 5H) decreased from 1323 to 2, 
possibly due to the potassium-enriching effect of BSFL. Collectively, the 
rapid reduction in antimicrobial pressure and ARG horizontal transfer 
risks and the increase in nutrient competition and antagonism from 
other bacteria contributed to the attenuation of ARB during BSFL 
treatment (Fig. 6). 

4. Discussion 

The present study demonstrated that BSFL treatment is a promising 
alternative for recycling chicken manure while attenuating ARB and 
ARGs. Previous studies have widely reported the co-occurrence of ARGs 
and microbes in manure, but evidence were based on statistical analysis 
and did not provide direct evidence for their co-occurrence (Wang et al., 
2022; Xu et al., 2023; Yue et al., 2021). In contrast, our study used 
metagenomic assembly with gene arrangement analysis and showed 
that BSFL treatment significantly reduced the relative abundance of ARB 
and ARGs in the chicken manure samples by 34.9% and 53.3% within 28 
days, respectively. By comparison, composting only reduced the total 
abundance of ARB by 10.2% within 42 days based on statistical analyses 
(Awasthi et al., 2022). Meanwhile, a culture-based study (Syafiuddin 
and Boopathy, 2021) reported that anaerobic digestion does not effec
tively reduce the richness of ARB in manure. 

Previous research has reported the key role of MGEs in the mobility 
and acquisition of ARGs among different microbes via horizontal gene 
transfer (Gurmessa et al., 2020; Lee et al., 2020; Zou et al., 2020). It has 
been established that bacteria can acquire antimicrobial resistance 
through conjugation, transduction, and transformation by MGEs (Blair 
et al., 2015). RDA (Fig. S5) also confirmed that MGEs were beneficial for 
most ARB, including tetracycline-, beta-lactamase-, vancomycin-, and 
multidrug- resistant bacteria. 

In addition, the present study showed that BSFL conversion effec
tively reduced the richness and abundance of MGEs, thereby eliminating 
the spread risks of ARGs, as proven by the strong significant Spearman 
correlation (r = 0.78, p < 0.001) and Mantel analysis (r = 0.69, 
p < 0.01) between total MEGs and total ARGs. Other studies have also 
reported the associations between ARGs and MGEs in manure through 
statistical analysis (Cao et al., 2020; Jia et al., 2015; Zhang et al., 
2020b), but no direct evidence was provided to support their 
co-occurrence. In the present study, metagenomic assembly with gene 

Fig. 6. Schematic of the mechanisms for ARB attenuation in chicken manure.  
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arrangement analysis clearly indicated that BSFL alleviated the risk of 
ARG horizontal transfer, as reflected by the significant decrease by 
35.2% in the transferable ARGs within 12 days. Remarkably, we iden
tified 28 unigenes harboring ARGs and MGEs and assigned them as 
bacteria. 

Our results showed that BSFL conversion was effective in eliminating 
transferable ARB in manure, resulting in a significant reduction in 
opportunistic pathogens, such as E. coli, S. aureus, and P. aeruginosa. This 
decrease plays a crucial role in reducing the occurrence and spread risk 
of pathogen resistance. ARB were outcompeted during chicken manure 
conversion, accounting for approximately 2% of all microflora abun
dance. In an ecosystem, vulnerable microbes are often outcompeted by 
other dominant microbes in terms of niche and nutritional availability 
(Coyte and Rakoff-Nahoum, 2019). In our study, the addition of BSFL 
significantly reduced TN and CF in chicken manure and enhanced the 
competition between ARB and other bacteria for these nutrients. 

Furthermore, BSFL also increased the abundance of beneficial ARB- 
antagonistic bacteria, which show a significant negative correlation 
with ARB. Mameliella, Ilumatobacter, Parvularcula were among the major 
antagonists, and the increase of their abundance may be related to the 
BSFL gut and the manure micro-environment altered by BSFL treatment. 
BSFL bio-conversion can rapidly consume nitrogen and fat in manure, 
resulting in oligotrophic environment which is conducive to the survival 
of alphaproteobacteria such as Mameliella and Parvularcula (Roth 
Rosenberg et al., 2021). In addition, previous study has showed the in
crease of Parvularculaceae in larval gut during BSFL bio-convert chicken 
manure, which may be the direct reason of the corresponding bacteria 
increased in the manure (Ao et al., 2021). Mameliella, for example, has 
been reported to degrade toxins and produce beneficial metabolites 
(Danish-Daniel et al., 2016). All these genera are related to the marine 
environment and specifically to marine biota (e.g. algae, fish, shrimp), 
and we hypothesize that they could have been introduced into chicken 
manure via feeding (Reyes et al., 2022; Wang et al., 2021; Yu et al., 
2013). The enrichment of the intestinal symbiotic Mameliella in Litope
naeus vannamei may improve the intestinal health of L. vannamei by 
degrading of toxins and producing of beneficial metabolites, thus 
enhancing the immunity and digestive (Duan et al., 2019). In the gut of 
Lates calcarifer fed the Fe-enriched diet, enriched Ilumatobacter could 
reducing the inflammatory and carcinogenic and restorating intestinal 
barrier (Spilsbury et al., 2022). In this respect, fish and shrimp flour 
from by-products are commonly used as protein sources in poultry 
(Beski et al., 2015; Mounica et al., 2020). Taking this into account, not 
only BSFL larvae microflora but also microbiota associated to chicken 
feeding could play a major role in controlling the resistome in chicken 
manure. Some studies have focused in the protein income, digestability 
and nutritional value of different sources (Beski et al., 2015; Mounica 
et al., 2020), but, to our knowledge, so far none has studied the influence 
in excreted microbiota. This should be explored further. 

RDA (Fig. S5) was conducted to investigate the relationships of BSFL 
with antimicrobial, MGEs, environmental factors, and ARB. RDA1 and 
RDA2 accounted for 65.9% and 17.0% of the total variation in ARB, 
respectively. The BSF larvae were negatively correlated with the ma
jority of tetracycline-, beta-lactamase-, vancomycin-, and multidrug- 
resistant bacteria. The BSF larvae facilitated the degradation of MC, 
TN, and CF, as well as most antimicrobial (amphenicol, β-lactams, 
quinolones, and macrolides) and MGEs, all of which contributed to ARB. 
Additionally, the contribution of nutrient elements, MGEs, and antimi
crobial to variations in ARB was determined via variation partitioning 
analysis (Fig. S5). The selected factors explained 88.5% of the variation, 
with most of the variance being attributed to the combined effects of 
nutrients, MGEs and antimicrobial. Individually, nutrient elements, 
MGEs, and antimicrobial explained 15.0%, 2.7%, and 7.8% of the total 
ARB, respectively, whereas jointly they accounted for 67%, suggesting 
that these factors influencing ARG patterns were interdependent (Liu 
et al., 2023; Shen et al., 2023). 

Sub-inhibitory concentrations of antimicrobial are conducive to the 

maintenance and enrichment of MGEs to promote the effective response 
to external antimicrobial pressure and spread among bacteria (San 
Millan, 2018). MGEs may affect ARB in combination with nutrient ele
ments and antimicrobial, the three of which can explain 67% of the 
dynamics of ARB. Sustained selective pressure of antimicrobial on bac
teria can lead to the occurrence and prevalence of ARB (Tiedje et al., 
2019). In this study, fifteen antimicrobial commonly used in animal 
husbandry and threatening the environment (e.g. soil, water and plant) 
were analyzed (Bártíková et al., 2016; Huang et al., 2021). We found a 
significant correlation between antimicrobial and ARB (spearman 
analysis, r > 0.6, p < 0.05), which confirmed the induction role of 
antimicrobial on ARB. Furthermore, network analysis showed that BSFL 
treatment could eliminate ARB by significantly depleting antimicrobial 
residues in chicken manure, thus weakening the antimicrobial pressure 
and ARGs induction. Some studies have demonstrated that antimicrobial 
degradation products can induce ARGs as well (Li et al., 2022). We did 
not determine the degradation products in our study. Nevertheless, 
given the strong positive correlation between ARB and antimicrobial, as 
well as between ARGs and ARB, it seems that the induction of ARGs in 
this case is mainly attributable to the parent compounds themselves. The 
occurrence and prevalence of ARB are influenced by changes in nutri
ents and environmental factors. Spearman analysis results (Fig. S4) 
indicated that pH, TP, and TK were strongly negatively correlated, and 
OM, TN, CF, and MC were strongly positively correlated with the main 
ARB. In the larvae conversion system, pH and contents of TP and TK 
increased, while OM, TN, CF, and MC decreased, suggesting that BSFL 
could alter the environment, thereby affecting the structure of the 
antibiotic-resistant bacterial community and ARG profiles. Both 
network analysis and link tests showed that BSFL conversion enhanced 
the nutrition competition between ARB and other bacteria. The degree 
of change in pH, MC, OM, TN, and CF in the larvae conversion system 
was significantly higher than that in the controls on the 12th day as a 
result of the large demand for nutrient elements (e.g., carbohydrates, 
proteins, and lipids) and water for rapid larval growth (Carvalho et al., 
2012; Ogunwande et al., 2008). The nutritional competition between 
ARB with other bacteria and larvae might limit or even inhibit the 
growth of ARB. 

Overall, the BSFL treatment is powerful in mitigating ARB, ARGs and 
MGEs in manure. Further studies would propose more effective methods 
that can strengthen the removal efficiency of antibiotic resistance by 
BSFL. The first is to screen for BSFL strains with high efficiency in 
removing antibiotic resistance by genetic breeding. The second is to add 
additives during BSFL treatment, such as biochar and lignite which have 
been shown to be effective in removing antibiotic resistance. The third is 
to screen antimicrobial degrading strains in larval gut for co-conversion 
with BSFL to reduce antibiotic selective pressure in manure. In addition, 
the earthworms or other insects can be considered to treat the residues 
of BSFL bio-conversion. 

5. Conclusion 

This study demonstrated that BSFL treatment can reduce the abun
dance of ARB, ARGs, MGEs and transferable ARGs in chicken manure. In 
addition, BSFL could rapidly degrade antimicrobial and thus weaken the 
antimicrobial induction effect. The consumption of total nitrogen and 
crude fat strengthen nutrient competition between other bacteria and 
ARB. Overall, the rapid degradation of antimicrobial and reduction of 
transferable ARGs resulted in the low antibiotic pressure and ARGs 
transfer risks on ARB occurrence in manure. Meanwhile, the direct 
antagonism and indirect nutrition competition from other bacteria also 
contributed to the attenuation of ARB during BSFL treatment. Thus, 
BSFL treatment is an effective measure for the reduction of antibiotic 
resistance in manure. 
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