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Manure treatment with black soldier fly larvae (BSFL) and BSFL frass application 

in crop land is a sustainable strategy; however, whether residual antibiotic 

resistance genes (ARGs) and their transmission risk are related to the manure 

BSFL treatment process is still unknown. In this paper, the effect of BSFL addition 

density on residual tetracycline resistance genes (TRGs) and transmission from 

frass to pakchoi was determined. The results showed that BSFL frass can provide 

sufficient nutrients for growth, improve the economic value of pakchoi, and 

reduce the risk of transmission of TRGs in chicken manure regardless of BSFL 

density. The potential hosts of the TRGs we detected were found in BSFL frass 

(Oblitimonas and Tissierella), rhizosphere soil (Mortierella and Fermentimonas), 

and pakchoi endophytes (Roseomonas). The present study concluded that 

BSFL frass produced by adding 100 BSFL per 100 g of chicken manure has the 

advantages of high value and low risk. These findings will provide important 

strategic guidance for animal manure disposal and theoretical support for 

preventing the transmission of TRGs in BSFL applications.
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Introduction

In recent years, with continuous reforms and innovations related to waste recycling 
technology, the immeasurable value of black soldier fly (Hermetia illucens) larvae (BSFL) 
as a tool for manure disposal has gradually become apparent (Gold et al., 2018). Using 
insects to recycle manure is a sustainable solution (Miranda et al., 2021), and many studies 
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have shown that BSFL can be used as protein feed, biodiesel, and 
antimicrobial peptides, among other products (Marco et al., 2015; 
Schiavone et al., 2017; Cutrignelli et al., 2018; Ruhnke et al., 2018). 
Compared with traditional aerobic composting and anaerobic 
digestion technologies with long processing times, high odor 
emissions, high environmental control requirements, and high 
input costs (Abouelenien et al., 2010; Lalander et al., 2015; Liu 
et al., 2021), the use of BSFL to treat manure has the advantages of 
a short processing time, more manure volume reduction, less 
odorous gas release, and low cost (Wang et al., 2013; Zhou et al., 
2013; Lim et  al., 2016; Beskin et  al., 2018). As a sustainable 
resource recycling technology, BSFL composting may become a 
high-quality treatment method for manure that is difficult to fully 
dispose of in large areas of China. Many factors affect the efficiency 
of BSFL-mediated waste conversion, including rearing scales (Niu 
et al., 2022), feeding methods (Miranda et al., 2021), digested 
manure type (Wang et al., 2021), substrate humidity, and auxiliary 
materials (Bortolini et al., 2020). Although the factors affecting 
waste disposal by BSFL are complex, BSFL use is still a sustainable 
solution for recycling manure.

It is worth noting that, in manure treatment processes, 
antibiotic resistance gene (ARG) elimination efficiency has always 
been considered due to the biorisk of ARGs in the environment 
and organisms (Zhang et al., 2019; Gurmessa et al., 2021; Liu et al., 
2021). There is substantial evidence that the dissemination of 
ARGs has become an urgent concern, especially, the use of 
antibiotics has made animals manure become a reservoir of 
antibiotic resistance genes (ARGs) in the farming industry(Fang 
et  al., 2018; Karkman et  al., 2018; Wang et  al., 2018). Recent 
studies have shown that human pathogenic bacteria like klebsiella 
sp. can be used as hosts for ARGs(Niu et al., 2022; Wu et al., 2022), 
which undoubtedly strengthens the difficulty of treatment and 
involves global human public health and safety. In the process of 
BSFL digesting animal manure, the indigenous microorganisms 
in the BSFL gut inhibit the invasion of exogenous microorganisms 
and eliminate ARGs (Cai et  al., 2018a; Wu et  al., 2021); 
simultaneously, the flow of microorganisms between the BSFL gut 
and manure and the release of antimicrobial peptides by the BSFL 
gut reduces the abundance of pathogenic microorganisms and 
thus inhibits the horizontal spread of ARGs (Cui et al., 2017). 
However, BSFL cannot eliminate all ARGs (Liu et al., 2020), which 
directly leads to the risk of ARGs remaining in BSFL frass entering 
the soil and threatening human public health through the food 
chain (Zhang et al., 2019). Cai et al. (2018a) used approximately 
2000 8-day-old BSFL cultured in 2000 g of fresh chicken manure 
for 12 days, effectively reducing ARGs by 95%. Niu et al. (2022) 
used four different BSFL addition densities to treat chicken 
manure and found that the addition density of 100 BSFL cultured 
in 100 g chicken manure was the best strategy for reducing the risk 
of ARGs. The studies above all show that the added density of 
BSFL will directly affect the conversion of manure, especially the 
reduction of manure-borne ARGs. However, they only focus on 
the quantification of ARGs in BSFL frass and do not consider the 
risk of ARG transmission from the perspective of the food chain. 

Although the application of organic fertilizers can cause ARG 
pollution in soil and plant tissues (Peng et al., 2015; Carpentieri 
et al., 2019; Zhang et al., 2019), the ARGs contained in the BSFL 
frass are unpredictable, whether ARGs in BSFL frass can pass 
through the food chain into soil and crops is unknown and 
urgently needs to be addressed.

It is well known that the ARGs are contaminants that 
originate in microorganisms (Yang et  al., 2020), including 
bacteria and fungi. From the perspective of the food chain, 
during the application of BSFL frass as a soil nutrient, recent 
studies have only analyzed the bacterial community structure 
(Cai et al., 2018a, 2018b; Kawasaki et al., 2020; Zhang et al., 
2020), ignoring the fungal community structure. Fungi are also 
one of the host microorganisms for ARGs (Nazir et al., 2017; 
Zhu et  al., 2021), and even indirect factors of the fungal 
communities can alter ARG profiles by affecting bacterial 
communities (Zhu et al., 2021); thus, we should consider fungi 
when considering the risk of ARG transmission in BSFL frass. 
With the change in BSFL addition density, the physicochemical 
factors of BSFL frass also change (Miranda et al., 2021; Parodi 
et al., 2021); exploring the relationship between physicochemical 
factors, ARGs, the bacterial community, and the fungal 
community is the primary means to studying the risk assessment 
of ARG transmission.

In this study, we used pakchoi as the vegetable research object 
and established a glasshouse pot experiment to explore the 
transfer of tetracycline resistance genes (TRGs) in manure-borne 
BSFL frass to vegetables. We aimed to (i) explore the nutritional 
and economic value of pakchoi and the residues of ARGs after 
planting pakchoi with BSFL frass as fertilizer under different BSFL 
addition densities; (ii) explore potential bacterial and fungal TRG 
hosts; and (iii) select the optimal proportion of BSFL to add to 
sustainable economic strategies and provide reference data for 
human public health concerning BSFL frass application.

Materials and methods

Acquisition of manure, BSFL, soil, and 
pakchoi

Fresh manure from 150-day-old laying hens was collected 
from a local laying hen farm (Yunfu City, Guangdong Province). 
The collected manure was homogenized and stored at 20°C before 
thawing at room temperature for 24 h before use. The methods for 
BSFL acquisition and culture were based on the report by Niu 
et al. (2022). The soil samples used in the glasshouse experiment 
were purchased from a garden (Huainong Agriculture Co., Ltd., 
Huaian, China) and passed through a 2 mm sieve before use. The 
arable field has no history of organic fertilizer application. Pakchoi 
(Brassica campestris L. ssp. Chinensis Makino) seeds were 
purchased from a crop seed service center (Yifenghe Seed Service 
Department, Mianyang, China), and the planting cycle was 
30 days.
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Pot experiment and processing

Three-day-old BSFL were collected and mixed with 50 kg of 
fresh laying hen manure in a plastic pool (150 cm × 200 cm × 60 cm) 
at different addition ratios (in the number of strips). Four 
treatments were established with four replicates: untreated manure 
without BSFL (CM), 50 BSFL cultured in 100 g of fresh manure 
(L), 100 BSFL cultured in 100 g of fresh manure (M), and 1,000 
BSFL cultured in 100 g of fresh manure (H). The process ended 
when 50% of the BSFL entered the prepupa period. The 
postrearing BSFL frass was gathered and stored at-80°C for 
subsequent examination and the next phase.

The postrearing BSFL frass was thoroughly mixed with 2 l of 
soil in a plastic pot (33 cm × 12 cm × 13 cm) to grow pakchoi with 
four replicates while setting up a control group (CK). Pakchoi 
seeds were grown in sandy loam for germination without any 
fertilizer for 4 days, and then three pakchoi seedlings were 
transplanted into each pot. The pots were placed in a glasshouse 
located in South China Agriculture University, Guangzhou, 
Guangdong Province (23°9′39″N, 113°21′26″E). This area is 
located in the subtropical monsoon climate zone, with a monthly 
average temperature of 29.1°C, a monthly average humidity of 
62.5%, a monthly rainfall of 189.9 mm, and an average monthly 
sunshine duration of 160.9 h. Plants were watered twice every 
day (7.30 a.m., 5.30 p.m.) with sterilized water to maintain 20% 
of the water-holding capacity and harvested at day 34 when the 
pakchoi reached maturity. The pakchoi samples were harvested 
separately by cutting at the soil surface using ethanol-sterilized 
scissors. The rhizosphere soil and the initial pure soil (RS) were 
also collected, and then all samples were stored at-80°C for 

subsequent examination. An experimental flow chart is shown 
in Figure 1.

BSFL frass and pakchoi characteristics 
and DNA extraction

The following pakchoi growth parameters were recorded: 
height, leaf number, leaf length and width, weight, and moisture 
content. A portion of the pakchoi samples were dried at 105°C for 
1 h after being rinsed with sterile water and then passed through 
a 40-mesh sieve for measurement.

The following characteristics of the pakchoi and BSFL frass 
samples were measured: total organic carbon (TOC), total 
nitrogen (TN), total phosphorus (TP), and total potassium (TK); 
simultaneously, BSFL frass samples were subjected to an additional 
assay to determine the total humic acid (THA), and pakchoi 
samples were additionally tested for growth indicators, including 
the leaf number, leaf length and width, height, fresh weight, and 
dry weight. TOC was determined by an elemental analyzer 
(ZA3300, Hitachi Limited, Japan). TN, TP, and TK were 
determined by the method described by Zhang et al. (2009), and 
total THA was measured following Li et al. (2014).

The DNA from BSFL frass (n = 16), rhizosphere soil (n = 24) 
and the endosphere of pakchoi (n = 20) was extracted. Microbial 
DNA in BSFL frass samples was extracted using a DNeasy 
PowerSoil Kit (Qiagen, Hilden, Germany) according to the 
manufacturer’s instructions. Microbial DNA in the rhizosphere 
soil and the endosphere of pakchoi were extracted using a 
FastDNA SPIN Kit (MP Biomedicals, United States) according to 

FIGURE 1

Experimental flow chart. “RS” means initial pure soil, “CK” means untreated soil, “CM” means untreated manure without BSFL, “L” means 50 BSFL 
cultured in 100 g of fresh manure, “M” means 100 BSFL cultured in 100 g of fresh manure, “H” means 1,000 BSFL cultured in 100 g of fresh manure.
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the manufacturer’s instructions. The pakchoi samples were treated 
as follows before DNA extraction: rinsing with sterile water within 
24 h, soaking in 75% alcohol for 3 min, soaking in 10% sodium 
hypochlorite for 5 min to eliminate surface microorganisms, 
soaking in sterile water for 3 min in triplicate, cutting into small 
pieces with ethanol-sterilized scissors, mixing with liquid nitrogen 
in a sterilized mortar, and grinding thoroughly to extract DNA. All 
pure DNA was stored at-80°C for subsequent q-PCR, 16S rRNA, 
and 18S rRNA sequencing analyses.

TRGs and bioinformatics analysis

The abundances of target genes were detected using qPCR 
(CFX96, BIO-RAD, United  States). The genes included 8 
TRGs  (tetA, tetC, tetG, tetO, tetW, tetQ, tetH, and tetT) and 
16S  rRNA genes, and the primer sequences are shown in 
Supplementary Table S1. The absolute abundance of TRGs was 
calculated as described by Niu et al. (2022).

DNA samples were also used for bacterial 16S rRNA gene 
(V3-V4 region) and eukaryotic 18S rRNA gene (V4 region) 
sequencing analysis using the specific primers 338F/806R and 
528F/706R with barcodes, respectively. Sequencing libraries were 
generated using Illumina TruSeq DNA PCR-Free Library 
Preparation Kit (Illumina, United States) following manufacturer’s 
recommendations and index codes were added. The library quality 
was assessed on the Qubit 2.0 Fluorometer (Thermo Scientific) 
and Agilent Bioanalyzer 2,100 system. At last, the library was 
sequenced on an Illumina NovaSeq platform and 250 bp 
paired-end reads were generated. Bioinformatic processing was 
performed using a combination of FLASH (V1.2.7)1 (Magoc and 
Salzberg, 2011), QIIME (V1.9.1)2 (Caporaso et al., 2010), and the 
UCHIME algorithm3 (Edgar et  al., 2011). All samples were 
successfully sequenced and used for statistical analyses.

Statistical analysis

All data, including the physicochemical data and qPCR 
results, were analyzed in Microsoft Excel 2019 (Microsoft, USA) 
with statistical significance determined with SPSS 22.0 (IBM 
Corp, USA), and the results were visualized with GraphPad Prism 
8.0 software. Gephi (version 0.9.2) was employed for network 
analysis to evaluate the relationship between TRGs and bacterial 
genera based on Pearson’s correlation coefficients (the significance 
of the pakchoi sample was less than 0.05 and that of the rest of the 
samples was less than 0.01). The heatmap in the present study was 
generated using R software (version 4.1.3). A redundancy analysis 
(RDA) was conducted with CANOCO (version 5). The best larval 

1 http://ccb.jhu.edu/software/FLASH/

2 http://qiime.org/scripts/split_libraries_fastq.html

3 http://www.drive5.com/usearch/manual/uchime_algo.html

density group analysis was obtained using the combination of a 
multifactorial pie scale diagram with Origin (version 9.8.0.200) 
software.

Results

Physicochemical parameters of BSFL 
frass and pakchoi samples

The physicochemical parameters of BSFL frass and pakchoi 
were tested to reflect the value of BSFL frass as a substitute for 
chicken manure. The physicochemical parameters of BSFL frass 
are shown in Figure 2A. The content of TOC in chicken manure 
(216.91–240.15 g/kg) and TP (24.35–26.50 g/kg) was not altered 
by BSFL treatment, while the content of THA and TN gradually 
decreased with BSFL treatment and showed lower levels in H. The 
content of TK in BSFL frass in M was significantly higher than that 
in chicken manure in CM.

The growth parameters of pakchoi are shown in Figure 2B. The 
number of leaves, the length and width of leaves, and the weight 
of pakchoi were significantly increased by applying fertilizer. The 
plant height in CM was significantly lower than that in CK. The 
number of leaves, leaf length and width, and weight were the 
highest in M.

The physicochemical parameters of pakchoi are shown in 
Figure 2C. The application of fertilizer significantly increased the 
TN, TP, and TK contents in the endosphere of pakchoi. The TOC 
content in the L treatment was significantly lower than that in 
CK. There was no significant difference in the contents of TOC, 
TN, and TK in the BSFL treatment (L, M, and H). The TP content 
in L was significantly higher than that in the other BSFL groups (M 
and H), but there was no significant difference compared with CM.

TRG abundance In BSFL frass, 
rhizosphere soil, and pakchoi samples

The reduction in TRGs by BSFL is related to the species of 
ARGs and rearing scale (Niu et al., 2022); as the rearing density of 
BSFL increases, it contributes to TRG reduction to a certain 
extent. We detected TRGs except for the tetT genes in all samples 
(Figure 3). The abundance of tetA, tetC, tetG and tetO in chicken 
manure was significantly reduced by BSFL treatment from 94.44 
to 99.66% (Figure  3A), and the reduction of tetQ and tetH 
increased with the added density of BSFL additions. Interestingly, 
the abundance of tetW in L was significantly higher than that in 
the other groups.

A similar situation occurred in rhizosphere soil samples 
(Figure 3B). The abundances of tetC, tetG, tetO, and tetH in the 
rhizosphere soil treated with BSFL frass (L, M, and H) were 
significantly lower than those in CM. No significant differences 
were found in the abundance of tetA, tetW, and tetQ between the 
chicken manure and BSFL frass treatment groups. Notably, the 
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abundance of TRGs except for tetA in M and H was not 
significantly different from that in RS and CK.

Regrettably, in the pakchoi endophyte samples from H, 
we detected a significantly higher abundance of tetC, tetG, and tetO 

than in other treatment groups (Figure 3C). This means that manure-
borne ARGs could enter crops through the soil planting system 
during the application of BSFL frass, which undoubtedly has the 
potential to threaten human public health (Chen et  al., 2017). 
Fortunately, the abundance of TRGs we detected in the pakchoi 
endophyte samples of the other treatment groups was not 
significantly different from that of the RS and CK groups (Figure 3C).

The total absolute abundance of TRGs is shown in 
Supplementary Figure S1. The application of BSFL frass by different 
rearing densities reduced the transmission of TRGs in manure to a 
large extent (92.40–96.66%; Supplementary Figure S1a), but the 
application risk of chicken manure (CM) and high-density BSFL 
frass (H) demonstrated that the abundance of TRGs in the 
rhizosphere soil after the application of chicken manure and H in the 
pakchoi endophyte samples was higher than that in the other groups 
(Supplementary Figures S1b,c). The total bacterial abundance in 
BSFL frass decreased linearly to a moderate extent with increasing 
BSFL application density (Supplementary Figure S1a).

The above results indicate that the application of high-density 
BSFL frass (H) to grow pakchoi may be a highly risky practice, led 
to the highest accumulation of TRGs in pakchoi samples.

Microbial diversity

A total of 9,220 bacterial OTUs and 2,762 fungal OTUs were 
identified with 97% similarity. Overall, the bacterial and fungal 
diversity (Shannon) is shown in Supplementary Figures S2a,e, 
respectively. In general, the results of the Shannon index analysis 
showed that the microbial community (bacterial and fungal) 
richness and uniformity of endophytes in the pakchoi sample were 
significantly lower than those in the rhizosphere soil and BSFL frass 
samples. The bacterial diversity of rhizosphere soil samples was 
highest, and fungal diversity showed a decreasing trend with 
increasing BSFL density in BSFL frass or soil samples 
(Supplementary Figure S2e).

Principal coordinate analysis (PCoA) was used with the Bray–
Curtis method to reveal the bacterial and fungal communication 
of BSFL frass, rhizosphere soil, and pakchoi endophyte samples 
(Supplementary Figures S2b–d, f–h). In the BSFL frass sample, 
regardless of the bacterial or fungal community, the community 
diversity among each treatment group was relatively independent 
(Supplementary Figures S2b,f). When fertilizer was applied, the 
microbial community diversity in the rhizosphere soil samples 
overlapped, but all were distinct from those in the unfertilized 
treatment group (Supplementary Figures S2c,g). In the pakchoi 
endophyte samples, the microbial community showed no 
significant difference (Supplementary Figures S2d,h).

Microflora community composition

The compositions of the bacterial and fungal communities in 
BSFL frass, rhizosphere soil, and pakchoi endophyte samples were 
studied (Supplementary Figure S3). The bacterial community 

A

B

C

FIGURE 2

Physicochemical parameters of BSFL frass and pakchoi samples. 
(A) The contents of TOC, TN, TP, TK, and THA in BSFL frass 
among different treatments; (B) the leaf number, leaf length and 
width, height, fresh weight and dry weight of pakchoi among 
different treatments; (C) the contents of TOC, TN, TP, and TK in 
pakchoi among different treatments. Significant differences 
between the means were determined by Tukey’s test. Differences 
were considered significant when p < 0.05, and different 
lowercase letters indicate significant differences. “CK” means 
untreated soil, “CM” means untreated manure without BSFL, “L” 
means 50 BSFL cultured in 100 g of fresh manure, “M” means 100 
BSFL cultured in 100 g of fresh manure, “H” means 1,000 BSFL 
cultured in 100 g of fresh manure.
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structures of the three types of samples were different. A total of 13 
bacterial phyla are displayed in Supplementary Figure S3a. In the 
BSFL frass sample, the dominant phyla were Firmicutes and 

Bacteroides, accounting for 20.95–30.08% and 22.64–32.74% of the 
total bacteria, respectively, followed by Actinobacteriota, 
Spirochaetota, and Proteobacteria. In rhizosphere soil samples, the 

A

B

C

FIGURE 3

The absolute abundance of TRGs in BSFL frass (A), rhizosphere soil (B), and pakchoi endophytes (C) among different treatments. Significant differences 
between the means were determined by Tukey’s test. Differences were considered significant when p < 0.05, and different lowercase letters indicate 
significant differences. “RS” means initial pure soil, “CK” means untreated soil, “CM” means untreated manure without BSFL, “L” means 50 BSFL cultured 
in 100 g of fresh manure, “M” means 100 BSFL cultured in 100 g of fresh manure, “H” means 1,000 BSFL cultured in 100 g of fresh manure.
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dominant phylum was Proteobacteria (25.31–46.12%), followed by 
unidentified Bacteria, Actinobacteriota, and Firmicutes. Almost all 
microorganisms in the endophyte of pakchoi after planting were 
Cyanobacteria (73.94–86.12%), followed by Proteobacteria (14.80–
17.69%). The abundances of phyla Firmicutes and Bacteroides were 
significantly reduced in the process of producing pakchoi with 
BSFL frass, while Cyanobacteria abundance increased significantly 
(Supplementary Figure S2a).

A total of 21 bacterial genera are displayed in 
Supplementary Figure S3b. The BSFL frass samples contained 
many abundant genera of microorganisms, such as Sphaerochaeta 
(2.61–25.09%), Rikenellaceae_RC9_gut_group (0.07–18.55%), 
Corynebacterium (3.95–18.59%), Acholeplasma (1.25–7.10%), 
Proteiniphilum (2.03–5.13%), Fermentimonas (1.94–4.10%), 
Halomonas (0.20–10.02%), and Oblitimonas (0.15–10.67%). 
Compared with the BSFL frass samples, the relative abundance of 
microbial genera in the soil samples was lower, and the dominant 
genera was Pseudomonas (0.80–6.92%), followed by Bacillus 
(0.72–7.64%) and Geitlerinema (0.13–3.96%).

To gain insight into the microbial community structure of all 
samples, we  also sequenced the fungal community, and the 
results showed that the fungal community structures of the three 
types of samples were more singular. A total of 11 fungal phyla 
are displayed in Supplementary Figure S3c. In the BSFL frass 
sample, the dominant fungal phylum was Ascomycota (50.91–
91.18%). The dominant fungal phylum Ascomycota was 
significantly reduced to 43.14–63.37% in the rhizosphere soil 
samples. The relative abundance of the fungal phylum 
unidentified_Eukaryota, except in untreated soil, both before and 
after planting pakchoi (RS and CK) was 11.23–18.85%. In 
addition, the abundance of the fungal phylum Mucoromycota in 
the CM was significantly higher than that in any other treatment 
group by 29.97%.

A total of 15 fungal genera are displayed in 
Supplementary Figure S3d. The relative abundance of fungal 
genera in each treatment group fluctuated greatly. In the BSFL 
frass samples, the relative abundance of the fungal genus 
Microascus was significantly higher in H than in the others, 
reaching 64.34%. In addition, the dominant fungal genera were 
Aspergillus (24.92 and 42.77%) in L and H. In rhizosphere soil 
samples, the dominant fungal genus was Phymatotrichopsis 
(11.03–15.48%) in the BSFL application groups (L, M, and H). 
In addition, CM group had the highest proportion of a single 
fungal genus, Mortierella, among all the sample groups, 
reaching 29.10%.

Correlation between TRGs, microflora, 
and physicochemical parameters

Redundancy analysis (RDA) was performed to further 
analyze the relationship between the TRGs and physicochemical 
parameters (TOC, TN, TP, TK, and THA) in BSFL frass and 
pakchoi samples (Supplementary Figures S4a,b). The results 

showed that 97.60% of the variance in physicochemical 
parameters could be explained by the selected variables with the 
first and second principal components in BSFL frass samples 
(Supplementary Figure S4a). This result showed that the analysis 
results could better reflect the impact of physicochemical 
parameters on TRGs. There was a strong positive correlation 
between the TN content and the abundance of tetA, tetC, tetG, 
and tetO, and the TP content was also strongly positively 
correlated with the abundance of tetQ and tetH, and the TOC 
content had a strong negative correlation with the abundance of 
tetW in BSFL frass samples. In addition, the first and second 
principal components explained 68.71 and 24.95% of the 
variation in physicochemical parameters by the selected 
variables in the pakchoi endophyte samples, respectively 
(Supplementary Figure S4b). There was a strong positive 
correlation between the TOC content and the abundance 
of   tetQ, tetW, and tetH, and the TN and TP contents were 
also  strongly negatively correlated with the abundance of 
all  TRGs we detected the pakchoi endophyte samples 
(Supplementary Figure S4b).

A correlation diagram based on the relative abundances of 
TRGs and microflora (phylum level of bacterial and fungal) in 
BSFL frass, rhizosphere soil, and pakchoi endophyte samples is 
shown in Supplementary Figures S5a–c, respectively. The results 
showed that microflora was significantly correlated with TRGs. 
Interestingly, there was also a strong positive correlation 
between the abundance of tetA, tetC, tetG, and tetO among 
all samples.

The correlation between TRGs and microorganisms (phylum 
level) in BSFL frass samples is shown in Supplementary Figure S5a. 
The abundances of tetA, tetC, tetG and tetO were significantly 
positively correlated with the bacterial phylum Proteobacteria. 
The abundances of tetQ and tetH were significantly positively 
correlated with the bacterial phyla Firmicutes and Bacteroidota, 
respectively. The abundance of tetW was only significantly 
positively correlated with the bacterial phylum Bacteroidota, while 
the abundance of the bacterial phylum Spirochaetota was only 
significantly negatively correlated with tetH.

The correlation between TRGs and microflora (phylum level) 
in rhizosphere soil samples is shown in Supplementary Figure S5b. 
The abundance of the bacterial phylum Spirochaetota was 
significantly positively correlated with all the TRGs we detected 
except tetW. The abundance of tetW was significantly positively 
correlated with the bacterial phylum Bacteroidota. In addition, the 
abundance of fungal phyla was significantly negatively correlated 
with tetA, and the bacterial phylum Bacteroidota was significantly 
positively correlated with tetQ. The abundance of tetH was 
significantly negatively correlated with the bacterial 
phylum Actinobacteriota.

The correlation between TRGs and microflora (phylum 
level)  in pakchoi endophyte samples is shown in 
Supplementary Figure S5c. Only the abundance of tetQ was 
significantly positively correlated with the abundance of the 
bacterial phylum Proteobacteria.
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FIGURE 4

The network reveals the cooccurrence patterns between the detected TRGs and microbial taxa (genus level) in BSFL frass (A), rhizosphere soil (B), 
and pakchoi endophytes (C). The nodes were colored according to the type of microorganism. The connection between TRGs and 
microorganism taxa in BSFL frass and rhizosphere soil samples represents a strong (Spearman’s correlation coefficient p > 0.8) and significant (p 
value <0.01) correlation. The connection between TRGs and microorganism taxa in the pakchoi endophyte sample represents a strong 
(Spearman’s correlation coefficient p > 0.6) and significant (p value <0.05) correlation. Node size is proportional to the number of connections; 
edge width is proportional to Spearman’s correlation coefficient value.

Potential host microbes

The co-occurrence patterns of TRGs and the microflora 
(bacterial and fungal) communities (genus level) in BSFL frass, 
rhizosphere soil, and pakchoi endophyte samples were studied 
using network analysis, as shown in Figure 4. In the BSFL frass 
samples, we found a total of 38 species of bacteria and 33 species 
of fungi as potential hosts for TRGs (Figure 4A). Interestingly, 
we found that tetA, tetC, tetG, and tetO had 22 common potential 
host bacteria and two common potential host fungi in the BSFL 
frass samples. We also found that tetW, tetQ, and tetH had three 
common potential host bacteria and seven common potential host 
fungi. Among these potential host microorganisms, we screened 
using the criterion of a correlation greater than 0.900, and the 
result showed that nine potential host bacteria (Advenella, 
Anaerocella, Guggenheimella, Jeotgalicoccus, Murdochiella, 
Oblitimonas, Proteiniclasticum, Savagea, and Tissierella) and one 
potential host fungus (Blastocystis) had a strong correlation 
with TRGs.

In the rhizosphere soil samples, we  found more complex 
network relationships between microflora and TRGs, with a total 

of 109 species of bacteria and 11 species of fungi as potential host 
bacteria for TRGs (Figure 4B). We found that tetA, tetC, tetG, 
tetO, and tetH had 24 common potential host bacteria and four 
common potential host fungi in rhizosphere soil samples. Among 
these potential host microorganisms, we  screened using the 
criterion of a correlation coefficient greater than 0.900, and the 
results showed that nine potential host bacteria (Alcanivorax, 
Aquamicrobium, Fermentimonas, Halomonas, LD29, Leucobacter, 
Oceanibaculum, Parapusillimonas, and Pedobacter) and two 
potential host fungi (Mortierella and unidentified_
Plectosphaerellaceae) had a strong correlation with TRGs.

In pakchoi endophyte samples, we  found few network 
relationships between microflora and TRGs, with only six species 
of bacteria as potential host bacteria for TRGs (Figure  4C). 
We found that tetH and tetQ had four common potential host 
bacteria in pakchoi endophyte samples. Due to the lack of network 
correlation, we lowered the screening criteria to a correlation of 
0.800 and found only that Roseomonas had a strong correlation 
with TRGs.

Subsequently, we  analyzed the relative abundance of the 
screened microorganisms (20 bacteria and 2 fungi) that were 
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highly correlated with TRGs (Figure 5). Even if the potential host 
microorganisms of TRGs of different sample types did not appear 
to merge, we observed that the host microorganisms were mainly 
concentrated in the BSFL frass and rhizosphere soil samples in the 
CM. Therefore, we paid more attention to the potential TRG host 
microorganisms that appeared in L, M, and H. Finally, we focused 
on Oblitimonas (the highest total abundance in all treatments) and 
Tissierella (the highest total abundance in the BSFL treatment) in 
the BSFL frass samples. The same screening method was used to 
select Mortierella and Fermentimonas in the rhizosphere soil 
samples and Roseomonas in the pakchoi samples.

We performed RDA on the OTUs of these five microorganisms 
and the physicochemical factors of BSFL frass and pakchoi 
samples (Figure 6). The results showed that 95.37% of the variance 
in physicochemical parameters could be explained by the selected 
variables with the first and second principal components in BSFL 
frass samples (Figure 6A). This result showed that the analysis 
results could better reflect the impact of physicochemical 
parameters on potential host microorganisms. A strong positive 
correlation was found between the TN content and the absolute 
abundance of Oblitimonas and Tissierella. The TOC, TP, and THA 
contents had a strong negative correlation with Fermentimonas 

and Roseomonas. The only fungal microorganism (Mortierella) 
was significantly negatively correlated with the TK content. In 
addition, the first and second principal components explained 
63.08 and 31.23% of the variation in physicochemical parameters 
by the selected variables in the pakchoi endophyte samples, 
respectively (Figure 6B). A strong positive correlation was found 
between Roseomonas and TOC; similarly, Mortierella was also 
strongly positively correlated with the TP and TK contents. 
Interestingly, a strong positive correlation was found between the 
TN content and the absolute abundance of Oblitimonas, 
Tissierella, and Fermentimonas.

Application value and risk assessment of 
BSFL frass

To select the BSFL addition density with the best application 
effect and the lowest application risk, a computational model was 
used to evaluate the appropriate density of larval addition in this 
paper (Figure 7). We mainly considered the pakchoi growth index 
as an indicator of economic benefit (Figure 3B); the TOC, TN, TP, 
and TK contents of pakchoi as nutritional benefit factors 

FIGURE 5

Relative abundances of 22 potential host microorganisms in BSFL frass, rhizosphere soil, and pakchoi endophytes with high correlation 
(correlation at least greater than 0.9, except for pakchoi endophyte samples, which are only greater than 0.8) among different treatments. “RS” 
means initial pure soil, “CK” means untreated soil, “CM” means untreated manure without BSFL, “L” means 50 BSFL cultured in 100 g of fresh 
manure, “M” means 100 BSFL cultured in 100 g of fresh manure, “H” means 1,000 BSFL cultured in 100 g of fresh manure.
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A B

FIGURE 6

Redundancy analysis (RDA) of the potential host microorganism (Oblitimonas, Tissierella, Mortierella, Fermentimonas, and Roseomonas) patterns 
of BSFL frass (A) and pakchoi (B) using chemical properties as explanatory variables.

(Figure 3C); and the abundance of TRGs and highly correlated 
potential host microbes as indicators of application risk (Figures 2, 
5). Finally, we considered all factors to select the optimal larval 
density. The application of chicken manure or BSFL frass both 
contributed significantly to the improvement of the nutritional 
value of pakchoi (21.06–22.27%; Figure  7A), and the highest 
contribution was in the L group, with a value only 1.87% higher 
than that in the M group and the primer sequences are shown in 
(p < 0.05). In terms of the economic benefit contribution, the M 
group had an absolute advantage of 24.89% (p < 0.05) over the 
other treatment groups. In terms of application risk, the 
application of chicken manure had the highest risk, reaching 
46.98% (p < 0.05), while the rest of the treatment groups had no 
significant difference compared with the CK group, and the M 
group had the lowest risk of 11.95% (p > 0.05).

Discussion

Nutritional and economic value of 
pakchoi and residual TRGs

BSFL frass can provide sufficient nutrition for the growth of 
pakchoi similar to chicken manure (Figures  3A,C), but the 
nutrient content between them is not completely consistent. 
Similarly, BSFL frass applied to corn (Garttling et al., 2020), sweet 
potato (Romano et al., 2022), vegetables, and herbs (Borkent and 
Hodge, 2021) has the potential to be an effective organic fertilizer. 
Although the total nitrogen content in BSFL frass was lower than 
that in chicken manure (Figure 3A), this may be because nitrogen 
is a key factor in the transformation of BSFL crude protein during 
growth. However, an increase in the amount of fertilizer may 

cause negative effects. Borkent and Hodge (2021) used BSFL frass 
as a fertilizer to grow basil, lettuce, and parsley and found that 
excessive application of this fertilizer resulted in restricted 
root development.

To further understand the risk of BSFL frass application, 
we detected 8 ARGs and 16S rRNA genes in all samples, among 
which the tetT gene was never detected. This result is not 
completely consistent with those of a previous study (Cai et al., 
2018a), although this scholar used tetracyclines to induce TRGs. 
In this study, BSFL could indeed reduce 92.40–96.66% of TRGs 
detected in chicken manure. Similarly, other scholars have found 
that it can reduce mcr-1 by 89.16–99.52% in chicken manure (Niu 
et  al., 2022). The remaining TRGs after BSFL treatment did 
not have a significant impact on rhizosphere soil, but the direct 
application of chicken manure could significantly increase 
the  absolute abundance of TRGs in rhizosphere soil 
(Supplementary Figure S1; Figure 7C). In this view, the application 
of BSFL frass was safer and more reliable than the application of 
manure. In particular, the application of chicken manure did not 
affect the TRGs in pakchoi endophytes. Studies have shown that 
the application of pig manure increased the accumulation of 
ARGs in the skin of carrots (Mei et al., 2021). Sun et al. (2021) 
showed that the application of beef cattle manure to surface soil 
planted with lettuce can cause antibiotic-resistant bacteria to enter 
the phyllosphere from the surface soil, thereby causing the 
transmission of ARGs. Interestingly, we found that the absolute 
abundance of TRGs, especially tetA, tetC, and tetG, in the pakchoi 
endophytes was significantly increased after the application of 
BSFL frass from a higher proportion of larvae added (H). 
Obviously, the BSFL rearing scale could affect the risk of BSFL 
frass application, and this result was similar to those of Niu et al. 
(2022) For the accumulation of TRGs alone, in this paper, 
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BSFL frass produced at a lower rearing scale (L and M) was a 
sustainable product that was safer than the direct application of 
chicken manure.

Potential host microorganisms for TRGs

We explored the application risk of BSFL frass from the 
perspective of the microbiome. During the production of BSFL 
frass, the absolute abundance of total bacteria in the product was 
decreased as the rearing scale increases (Figure 3A). Although 
we excluded the option of BSFL frass produced on a high-density 

rearing scale (H), after application of BSFL frass produced in this 
mode, the total bacterial abundance in rhizosphere soil and the 
abundance of TRGs in pakchoi endophytes once again confirmed 
that our judgment was correct.

From the correlation analysis of microorganisms and TRGs, 
Proteobacteria, Spirochaetota, Bacteroidota, and Firmicutes were 
potential host bacteria (phylum level) of TRGs in BSFL frass and 
rhizosphere soil. However, reports have been published of 
Proteobacteria as ARG hosts are common (Wang et al., 2020; Qian 
et al., 2021; Yanlong et al., 2021; Zhang et al., 2021). We performed 
network analysis on the relative abundance of microorganisms at 
the genus level and their corresponding TRGs from different 
samples and found that rhizosphere soil had the most complex 
association (Figure  4) and was associated with the highest 
microbial species (Supplementary Figures S2a,e).

In the BSFL frass samples, the host bacteria of the TRGs 
we  detected were mostly Firmicutes (Guggenheimella, 
Murdochiella, Proteiniclasticum, Tissierella, Jeotgalicoccus, and 
Savagea), and the host fungi were Eukaryota (Blastocystis). 
However, combined with the previous correlation analysis, 
we  focused more on the microorganisms in Proteobacteria, 
especially Advenella and Oblitimonas. Notably, Advenella and 
Oblitimonas are clinically pathogenic microorganisms (Church 
et  al., 2020). Fortunately, these two microbes were almost 
undetectable in pakchoi endophyte samples and were significantly 
reduced in BSFL frass after digestion with BSFL. Finally, combined 
with the results of the relative abundance heatmap analysis 
(Figure 5), we identified Tissierella and Oblitimonas as the host 
bacteria of tetA, tetO, tetC, and tetG in the BSFL frass samples. The 
genus Tissierella was first named by Colins and Shah (1986). A 
recent study showed that Tissierella is a potential host of ARGs in 
lignite-treated pig manure (Guo et al., 2020a). The results of that 
study were similar to those of the present study despite differences 
in manure type and treatment. Few reports exist about the genus 
Oblitimonas. Drobish et al. (2016) first isolated the strains from 
eight patients and named them Oblitimonas. A study reported that 
the tet(31) tetracycline resistance determinant was commonly 
found in Oblitimonas alkaliphila isolated from farm animals and 
related environments (Shi et al., 2019). Even recent reports suggest 
merging Oblitimonas with Thiopseudomonas (Rudra and Gupta, 
2021). Although we first focused on Spirochaetota in rhizosphere 
soil samples, we shifted our attention to Bacteroidota due to the 
lack of genus-level microorganisms in Spirochaetota. Combining 
the network analysis and heatmap analysis results, we identified 
Mortierella and Fermentimonas as the host bacteria of tetH and 
tetQ, respectively, in the rhizosphere soil sample. Mortierella are 
plant growth-promoting fungi and are found in rhizosphere soil 
(Li et al., 2018; Ozimek and Hanaka, 2021). These fungi have great 
potential in the degradation of pesticides (Ellegaard et al., 2013) 
and heavy metal bioremediation (Cui et al., 2017). there was less 
research that fungi transmit ARGs currently exists. 
Fermentimonas, like Oblitimonas, is a new genus recently 
discovered (Maus et  al., 2017), and few reports have been 
published about its association with ARGs. Similarly, although the 
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FIGURE 7

The best larval density group analysis. Nutritional benefits (A), 
economic benefits (B), and application risks (C) were considered. 
Each part of the pie represents one influencing factor, the 
different color blocks in each influencing factor indicate each 
larval density, and the proportion of each block indicates the ratio 
of each larval density to the influencing factor. Significant 
difference analysis is depicted to the right of each consideration, 
and different letters indicate significant differences. Significant 
differences between the means were determined by Tukey’s test. 
Differences were considered significant when p < 0.05, and 
different lowercase letters indicate significant differences. “RS” 
means initial pure soil, “CK” means untreated soil, “CM” means 
untreated manure without BSFL, “L” means 50 BSFL cultured in 
100 g of fresh manure, “M” means 100 BSFL cultured in 100 g of 
fresh manure, “H” means 1,000 BSFL cultured in 100 g of fresh 
manure.
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network analysis plots showed that pakchoi endophytes were less 
associated with TRGs, we still used the same method to target 
Roseomonas as the host bacteria of tetQ in the pakchoi endophyte 
sample, although the abundance of this bacteria was not high. 
Roseomonas was detected in a constructed wetland as an 
extended-spectrum beta-lactamase bacterium associated with a 
clinical infection and is a potential host of intl1 (Henderson et al., 
2022). Roseomonas is reportedly a clinical pathogenic 
microorganism (Church et  al., 2020), and even if the relative 
abundance of this microorganism is less than 0.1%, it is a threat to 
public health.

Key abiotic factors affecting TRG 
abundance and potential host 
microorganisms

We conducted an association analysis between abiotic 
factors and TRGs and potential host microorganisms to identify 
factors that were closely related. From the results of the 
redundancy analysis (Supplementary Figure S4; Figure 6), the 
key factors of ARGs and potential host microorganisms in 
different samples were not necessarily consistent. For example, 
in the BSFL frass sample, the TN, TOC, and THA contents were 
found to have the greatest positive effect on tetA, tetO, tetC, and 
tetG, while the TP content had the greatest positive effect on 
tetQ and tetH (Supplementary Figure S4a). Similarly, we found 
a significant positive correlation with Oblitimonas and 
Tissierella at the same time (Figure 6A). However, the remaining 
three potential host microorganisms did not appear to 
correspond. Interestingly, both TN and TP contents had an 
inverse relationship with all TRGs tested in the pakchoi 
endophyte sample, while the TOC content still had a positive 
effect on TRGs, albeit only for tetQ, tetW, and tetH 
(Supplementary Figure S4b). The difference was that the TK and 
TP contents were positively correlated with Mortierella; the TN 
contents were positively correlated with Oblitimonas, 
Fermentimonas, and Tissierella; and the TOC contents were 
positively correlated with Roseomonas (Figure 6B). Similar to 
the occurrence of BSFL frass samples, the TOC content in 
pakchoi samples was only consistent with the occurrence of 
Roseomonas and corresponding TRGs. These two phenomena 
demonstrate that the host microorganisms of TRGs were 
changed in different sample types. At the same time, 
Oblitimonas and Tissierella were related to TN content, and 
Roseomonas was related to TOC content. This result is consistent 
with previous studies showing that TOC may participate in 
regulating the occurrence and distribution of ARGs (Guo et al., 
2020b). Shen et al. (2022) reported that the TN content was the 
key factor controlling ARG pollution in groundwater. Similarly, 
Fan et al. (2021) found that the contents of TN and TP in paddy 
fields were closely related to the distribution of dominant ARGs. 
BSFL reduced the abundance of TRG host microorganisms 
(mainly Oblitimonas and Tissierella) by converting nitrogen in 

chicken manure into crude protein, thereby reducing the 
abundance of tetA, tetO, tetC, and tetG carried by them. These 
microbes eventually almost disappeared and did not appear in 
the pakchoi endophyte (Figure  5). Likewise, although the 
Roseomonas correlation was high, the relative abundance 
remained at a very low level.

Optimal BSFL addition rate

With the increase in the proportion of BSFL added, the M 
group (100 BSFL cultured in 100 g of fresh manure) had the 
optimal addition rate among the treatment groups with 
different BSFL addition rates. This group had the significantly 
highest contribution to economic benefits (24.89%), with only 
a 1.87% reduction in nutritional value contribution compared 
with the L group, and it had the highest nutritional value 
contribution rate and the lowest contribution (11.95%) to the 
applied risk value; thus, this was the optimal larval 
addition rate.

Conclusion

In summary, the treatment of chicken manure by BSFL is a 
sustainable and economically promising practice in the current 
manure treatment process. How to utilize the treated BSFL frass 
requires more research from multiple aspects. In this study, only 
pakchoi was grown on BSFL frass produced with different rearing 
scales, and the risk of TRG transmission and the distribution of 
potential host microorganisms were evaluated. The results 
confirmed that BSFL frass produced at the rearing scale of 100 
BSFL cultured in 100 g of fresh manure can improve the growth 
performance of pakchoi and has a low risk of TRG transmission 
to pakchoi.

Data availability statement

The datasets presented in this study can be found in online 
repositories. The names of the repository/repositories and 
accession number(s) can be found at: https://www.ncbi.nlm.nih.
gov/, SRP390589.

Author contributions

JC: data analysis, figure plotted, and manuscript writing. YC: 
conducted experiments, data analysis, and figure plotted. WD: 
conducted experiments and data analysis. SX: Experiment design, 
manuscript editing, project administration, and funding 
acquisition. XL: Project administration and funding acquisition. 
All authors contributed to the article and approved the 
submitted version.

https://doi.org/10.3389/fmicb.2022.1014910
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org
https://www.ncbi.nlm.nih.gov/
https://www.ncbi.nlm.nih.gov/


Chen et al. 10.3389/fmicb.2022.1014910

Frontiers in Microbiology 13 frontiersin.org

Funding

This study was supported by the National Natural Science 
Foundation of China (32072783), the Science and Technology 
Program of Guangdong province, China (2020B1212060060) and 
the earmarked fund for the Modern Agro-industry Technology 
Research System (CARS-40).

Conflict of interest

The authors declare that the research was conducted in the 
absence of any commercial or financial relationships that could 
be construed as a potential conflict of interest.

Publisher’s note

All claims expressed in this article are solely those of the authors 
and do not necessarily represent those of their affiliated organizations, 
or those of the publisher, the editors and the reviewers. Any product 
that may be evaluated in this article, or claim that may be made by its 
manufacturer, is not guaranteed or endorsed by the publisher.

Supplementary material

The Supplementary material for this article can be found online 
at: https://www.frontiersin.org/articles/10.3389/fmicb.2022.1014910/
full#supplementary-material

References
Abouelenien, F., Fujiwara, W., Namba, Y., Kosseva, M., Nishio, N., and 

Nakashimada, Y. (2010). Improved methane fermentation of chicken manure via 
ammonia removal by biogas recycle. Bioresour. Technol. 101, 6368–6373. doi: 
10.1016/j.biortech.2010.03.071

Beskin, K. V., Holcomb, C. D., Cammack, J. A., Crippen, T. L., Knap, A. H., 
Sweet, S. T., et al. The manure types by the black soldier fly (Diptera: Stratiomyidae) 
impacts associated volatile emissions. Waste Manag. 74, 213–220. doi: 10.1016/j.
wasman.2018.01.019

Borkent, S., and Hodge, S. (2021). Glasshouse evaluation of the black soldier Fly 
waste product HexaFrass™ as an organic fertilizer. Insects 12:977. doi: 10.3390/
insects12110977

Bortolini, S., Macavei, L. I., Saadoun, J. H., Foca, G., Ulrici, A., Bernini, F., et al. 
(2020). Hermetia illucens (L.) larvae as chicken manure management tool for 
circular economy. J. Clean. Prod. 262:121289. doi: 10.1016/j.jclepro.2020.121289

Cai, M., Ma, S., Hu, R., Tomberlin, J. K., Thomashow, L. S., Zheng, L., et al. 
(2018a). Rapidly mitigating antibiotic resistant risks in chicken manure by Hermetia 
illucens bioconversion with intestinal microflora. Environ. Microbiol. 20, 4051–4062. 
doi: 10.1111/1462-2920.14450

Cai, M., Ma, S., Hu, R., Tomberlin, J. K., Yu, C., Huang, Y., et al. (2018b). 
Systematic characterization and proposed pathway of tetracycline degradation in 
solid waste treatment by Hermetia illucens with intestinal microbiota. Environ. 
Pollut. 242, 634–642. doi: 10.1016/j.envpol.2018.06.105

Caporaso, J. G., Kuczynski, J., Stombaugh, J., Bittinger, K., Bushman, F. D., 
Costello, E. K., et al. (2010). QIIME allows analysis of high-throughput community 
sequencing data. Nat. Methods 7, 335–336. doi: 10.1038/nmeth.f.303

Carpentieri, P. V., Almeida, L. K. B., and Degrassi, G. (2019). Phenotypic and 
genotypic characterization of endophytic bacteria associated with transgenic and 
non-transgenic soybean plants. Arch. Microbiol. 201, 1029–1045. doi: 10.1007/
s00203-019-01672-6

Chen, Q., An, X., Li, H., Zhu, Y., Su, J., and Cui, L. (2017). Do manure-borne or 
indigenous soil microorganisms influence the spread of antibiotic resistance genes 
in manured soil? Soil Biol. Biochem. 114, 229–237. doi: 10.1016/j.soilbio.2017.07.022

Church, D. L., Cerutti, L., Gurtler, A., Griener, T., Zelazny, A., and Emler, S. 
(2020). Performance and application of 16S rRNA gene cycle sequencing for routine 
identification of bacteria in the clinical microbiology laboratory. Clin. Microbiol. 
Rev. 33:e00053-19. doi: 10.1128/CMR.00053-19

Colins, M. D., and Shah, H. N. (1986). NOTES: reclassification of Bacteroides 
praeacutus Tissier (Holdeman and Moore) in a new genus, Tissierella, as Tissierella 
praeacuta comb. nov. Int. J. Syst. Bacteriol. 36, 461–463. doi: 10.1099/00207713-36-3-461

Cui, Z., Zhang, X., Yang, H., and Sun, L. (2017). Bioremediation of heavy metal 
pollution utilizing composite microbial agent of Mucor circinelloides, Actinomucor 
sp. and Mortierella sp. J. Environ. Chem. Eng. 5, 3616–3621. doi: 10.1016/j.
jece.2017.07.021

Cutrignelli, M. I., Messina, M., Tulli, F., Randazzo, B., Olivotto, I., Gasco, L., et al. 
(2018). Evaluation of an insect meal of the black soldier Fly (Hermetia illucens) as 
soybean substitute: intestinal morphometry, enzymatic and microbial activity in 
laying hens. Res. Vet. Sci. 117, 209–215. doi: 10.1016/j.rvsc.2017.12.020

Drobish, A. M., Emery, B. D., Whitney, A. M., Lauer, A. C., Metcalfe, M. G., and 
McQuiston, J. R. (2016). Oblitimonas alkaliphila gen. Nov., sp. nov., in the family 
Pseudomonadaceae, recovered from a historical collection of previously unidentified 

clinical strains. Int. J. Syst. Evol. Microbiol. 66, 3063–3070. doi: 10.1099/
ijsem.0.001147

Edgar, R. C., Haas, B. J., Clemente, J. C., Quince, C., and Knight, R. (2011). 
UCHIME improves sensitivity and speed of chimera detection. Bioinformatics 27, 
2194–2200. doi: 10.1093/bioinformatics/btr381

Ellegaard, J. L., Aamand, J., Kragelund, B. B., Johnsen, A. H., and Rosendahl, S. 
(2013). Strains of the soil fungus Mortierella show different degradation potentials 
for the phenylurea herbicide diuron. Biodegradation 24, 765–774. doi: 10.1007/
s10532-013-9624-7

Fan, L., Li, F., Chen, X., Liping, Q., Dong, X., Hu, G., et al. (2021). Metagenomics 
analysis reveals the distribution and communication of antibiotic resistance genes 
within two different red swamp crayfish Procambarus clarkii cultivation ecosystems. 
Environ. Pollut. 285:117144. doi: 10.1016/j.envpol.2021.117144

Fang, H., Han, L., Zhang, H., Long, Z., Cai, L., and Yu, Y. (2018). Dissemination 
of antibiotic resistance genes and human pathogenic bacteria from a pig feedlot to 
the surrounding stream and agricultural soils. J. Hazard. Mater. 357, 53–62. doi: 
10.1016/j.jhazmat.2018.05.066

Garttling, D., Kirchner, S. M., and Schulz, H. (2020). Assessment of the N-and 
P-fertilization effect of black soldier Fly (Diptera: Stratiomyidae) by-products on 
maize. J. Insect Sci. 20, 1–11. doi: 10.1093/jisesa/ieaa089

Gold, M., Tomberlin, J. K., Diener, S., Zurbrügg, C., and Mathys, A. (2018). 
Decomposition of biowaste macronutrients, microbes, and chemicals in black 
soldier fly larval treatment: a review. Waste Manag. 82, 302–318. doi: 10.1016/j.
wasman.2018.10.022

Guo, H., Chen, Q., Hu, H., and He, J. (2020a). Fate of antibiotic resistance genes 
during high-solid anaerobic co-digestion of pig manure with lignite. Bioresour. 
Technol. 303:122906. doi: 10.1016/j.biortech.2020.122906

Guo, X., Zhao, S., Chen, Y., Yang, J., Hou, L., Liu, M., et al. (2020b). Antibiotic 
resistance genes in sediments of the Yangtze estuary: from 2007 to 2019. Sci. Total 
Environ. 744:140713. doi: 10.1016/j.scitotenv.2020.140713

Gurmessa, B., Milanovic, V., Foppa Pedretti, E., Corti, G., Ashworth, A. J., 
Aquilanti, L., et al. (2021). Post-digestate composting shifts microbial composition 
and degrades antimicrobial resistance genes. Bioresour. Technol. 340:125662. doi: 
10.1016/j.biortech.2021.125662

Henderson, M., Ergas, S. J., Ghebremichael, K., Gross, A., and Ronen, Z. (2022). 
Occurrence of antibiotic-resistant genes and bacteria in household greywater treated 
in constructed wetlands. Water 14:758. doi: 10.3390/w14050758

Karkman, A., Do, T. T., Walsh, F., and Virta, M. P. J. (2018). Antibiotic-resistance 
genes in waste water. Trends Microbiol. 26, 220–228. doi: 10.1016/j.tim.2017.09.005

Kawasaki, K., Kawasaki, T., Hirayasu, H., Matsumoto, Y., and Fujitani, Y. (2020). 
Evaluation of fertilizer value of residues obtained after processing household organic 
waste with black soldier Fly larvae (Hermetia illucens). Sustainability 12:4920. doi: 
10.3390/su12124920

Lalander, C. H., Fidjeland, J., Diener, S., Eriksson, S., and Vinnerås, B. (2015). 
High waste-to-biomass conversion and efficient salmonella spp. reduction using 
black soldier fly for waste recycling. Agron. Sustain. Dev. 35, 261–271. doi: 10.1007/
s13593-014-0235-4

Li, F., Chen, L., Redmile-Gordon, M., Zhang, J., Zhang, C., Ning, Q., et al. (2018). 
Mortierella elongata's roles in organic agriculture and crop growth promotion in a 
mineral soil. Land Degrad. Dev. 29, 1642–1651. doi: 10.1002/ldr.2965

https://doi.org/10.3389/fmicb.2022.1014910
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org
https://www.frontiersin.org/articles/10.3389/fmicb.2022.1014910/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fmicb.2022.1014910/full#supplementary-material
https://doi.org/10.1016/j.biortech.2010.03.071
https://doi.org/10.1016/j.wasman.2018.01.019
https://doi.org/10.1016/j.wasman.2018.01.019
https://doi.org/10.3390/insects12110977
https://doi.org/10.3390/insects12110977
https://doi.org/10.1016/j.jclepro.2020.121289
https://doi.org/10.1111/1462-2920.14450
https://doi.org/10.1016/j.envpol.2018.06.105
https://doi.org/10.1038/nmeth.f.303
https://doi.org/10.1007/s00203-019-01672-6
https://doi.org/10.1007/s00203-019-01672-6
https://doi.org/10.1016/j.soilbio.2017.07.022
https://doi.org/10.1128/CMR.00053-19
https://doi.org/10.1099/00207713-36-3-461
https://doi.org/10.1016/j.jece.2017.07.021
https://doi.org/10.1016/j.jece.2017.07.021
https://doi.org/10.1016/j.rvsc.2017.12.020
https://doi.org/10.1099/ijsem.0.001147
https://doi.org/10.1099/ijsem.0.001147
https://doi.org/10.1093/bioinformatics/btr381
https://doi.org/10.1007/s10532-013-9624-7
https://doi.org/10.1007/s10532-013-9624-7
https://doi.org/10.1016/j.envpol.2021.117144
https://doi.org/10.1016/j.jhazmat.2018.05.066
https://doi.org/10.1093/jisesa/ieaa089
https://doi.org/10.1016/j.wasman.2018.10.022
https://doi.org/10.1016/j.wasman.2018.10.022
https://doi.org/10.1016/j.biortech.2020.122906
https://doi.org/10.1016/j.scitotenv.2020.140713
https://doi.org/10.1016/j.biortech.2021.125662
https://doi.org/10.3390/w14050758
https://doi.org/10.1016/j.tim.2017.09.005
https://doi.org/10.3390/su12124920
https://doi.org/10.1007/s13593-014-0235-4
https://doi.org/10.1007/s13593-014-0235-4
https://doi.org/10.1002/ldr.2965


Chen et al. 10.3389/fmicb.2022.1014910

Frontiers in Microbiology 14 frontiersin.org

Li, H., Li, Y., Zou, S., and Li, C. (2014). Extracting humic acids from digested 
sludge by alkaline treatment and ultrafiltration. J. Material Cycles Waste Manag. 16, 
93–100. doi: 10.1007/s10163-013-0153-6

Lim, S. L., Lee, L. H., and Wu, T. Y. (2016). Sustainability of using composting and 
vermicomposting technologies for organic solid waste biotransformation: recent 
overview, greenhouse gases emissions and economic analysis. J. Clean. Prod. 111, 
262–278. doi: 10.1016/j.jclepro.2015.08.083

Liu, C., Yao, H., Chapman, S. J., Su, J., and Wang, C. (2020). Changes in gut 
bacterial communities and the incidence of antibiotic resistance genes during 
degradation of antibiotics by black soldier fly larvae. Environ. Int. 142:105834. doi: 
10.1016/j.envint.2020.105834

Liu, B., Yu, K., Ahmed, I., Gin, K., Xi, B., Wei, Z., et al. (2021). Key factors driving 
the fate of antibiotic resistance genes and controlling strategies during aerobic 
composting of animal manure: a review. Sci. Total Environ. 791:148372. doi: 
10.1016/j.scitotenv.2021.148372

Magoc, T., and Salzberg, S. L. (2011). FLASH: fast length adjustment of short reads 
to improve genome assemblies. Bioinformatics 27, 2957–2963. doi: 10.1093/
bioinformatics/btr507

Marco, D. M., Martínez, S., Hernandez, F., Madrid, J., Gai, F., Rotolo, L., et al. 
(2015). Nutritional value of two insect larval meals (Tenebrio molitor and Hermetia 
illucens) for broiler chickens: apparent nutrient digestibility, apparent ileal amino 
acid digestibility and apparent metabolizable energy. Anim. Feed Sci. Technol. 209, 
211–218. doi: 10.1016/j.anifeedsci.2015.08.006

Maus, I., Bremges, A., Stolze, Y., Hahnke, S., Cibis, K. G., Koeck, D. E., et al. 
(2017). Genomics and prevalence of bacterial and archaeal isolates from biogas-
producing microbiomes. Biotechnol. Biofuels 10, 264–286. doi: 10.1186/
s13068-017-0947-1

Mei, Z., Xiang, L., Wang, F., Xu, M., Fu, Y., Wang, Z., et al. (2021). Bioaccumulation 
of manure-borne antibiotic resistance genes in carrot and its exposure assessment. 
Environ. Int. 157:106830. doi: 10.1016/j.envint.2021.106830

Miranda, C. D., Crippen, T. L., Cammack, J. A., and Tomberlin, J. K. (2021). Black 
soldier fly, Hermetia illucens (L.) (Diptera: Stratiomyidae), and house fly, Musca 
domestica L. (Diptera: Muscidae), larvae reduce livestock manure and possibly 
associated nutrients: an assessment at two scales. Environ. Pollut. 282:116976. doi: 
10.1016/j.envpol.2021.116976

Nazir, R., Shen, J., Wang, J., Hu, H., and He, J. (2017). Fungal networks serve as 
novel ecological routes for enrichment and dissemination of antibiotic resistance 
genes as exhibited by microcosm experiments. Sci. Rep. 7:15457. doi: 10.1038/
s41598-017-15660-7

Niu, S., Liu, S., Deng, W., Wu, R., Cai, Y., Liao, X., et al. (2022). A sustainable and 
economic strategy to reduce risk antibiotic resistance genes during poultry manure 
bioconversion by black soldier fly Hermetia illucens larvae: larval density adjustment. 
Ecotoxicol. Environ. Saf. 232:113294. doi: 10.1016/j.ecoenv.2022.113294

Ozimek, E., and Hanaka, A. (2021). Mortierella species as the plant growth-
promoting fungi present in the agricultural soils. Agriculture 11:7. doi: 10.3390/
agriculture11010007

Parodi, A., Gerrits, W. J. J., Van Loon, J. J. A., De Boer, I. J. M., Aarnink, A. J. A., 
and Van Zanten, H. H. E. (2021). Black soldier fly reared on pig manure: 
bioconversion efficiencies, nutrients in the residual material, greenhouse gas and 
ammonia emissions. Waste Manag. 126, 674–683. doi: 10.1016/j.wasman.2021.04.001

Peng, S., Wang, Y., Zhou, B., and Lin, X. (2015). Long-term application of fresh 
and composted manure increase tetracycline resistance in the arable soil of eastern 
China. Sci. Total Environ. 506-507, 279–286. doi: 10.1016/j.scitotenv.2014.11.010

Qian, X., Gunturu, S., Guo, J., Chai, B., Cole, J. R., Gu, J., et al. (2021). 
Metagenomic analysis reveals the shared and distinct features of the soil resistome 
across tundra, temperate prairie, and tropical ecosystems. Microbiome 9:108. doi: 
10.1186/s40168-021-01047-4

Romano, N., Fischer, H., Powell, A., Sinha, A. K., Islam, S., Deb, U., et al. (2022). 
Applications of black solider Fly (Hermetia illucens) larvae Frass on Sweetpotato slip 
production. Mineral Cont. Benefit Cost Anal. Agron. 12:928. doi: 10.3390/
agronomy12040928

Rudra, B., and Gupta, R. S. (2021). Phylogenomic and comparative genomic 
analyses of species of the family Pseudomonadaceae: proposals for the genera 
Halopseudomonas gen. Nov. and Atopomonas gen. Nov., merger of the genus 
Oblitimonas with the genus Thiopseudomonas, and transfer of some misclassified 
species of the genus pseudomonas into other genera. Int. J. Syst. Evol. Microbiol. 
71:005011. doi: 10.1099/ijsem.0.005011

Ruhnke, I., Normant, C., Campbell, D. L. M., Iqbal, Z., Lee, C., Hinch, G. N., et al. 
(2018). Impact of on-range choice feeding with black soldier fly larvae (Hermetia 

illucens) on flock performance, egg quality, and range use of free-range laying hens. 
Anim. Nutrition 4, 452–460. doi: 10.1016/j.aninu.2018.03.005

Schiavone, A., De Marco, M., Martínez, S., Dabbou, S., Renna, M., Madrid, J., et al. 
(2017). Nutritional value of a partially defatted and a highly defatted black soldier 
fly larvae (Hermetia illucens L.) meal for broiler chickens: apparent nutrient 
digestibility, apparent metabolizable energy and apparent ileal amino acid 
digestibility. J. Anim. Sci. Biotechnol. 8, 51–60. doi: 10.1186/s40104-017-0181-5

Shen, S., Yang, S., Zhang, D., Jia, Y., Zhang, F., Wang, Y., et al. (2022). Spatial 
distribution of antibiotic resistance genes of the Zaohe–Weihe Rivers, China: 
exerting a bottleneck in the hyporheic zone. Environ. Sci. Pollut. Res. 29, 
38410–38424. doi: 10.1007/s11356-022-18579-3

Shi, Y., Tian, Z., Leclercq, S. O., Zhang, H., Yang, M., and Zhang, Y. (2019). 
Genetic characterization and potential molecular dissemination mechanism of 
tet(31) gene in Aeromonas caviae from an oxytetracycline wastewater treatment 
system. J. Environ. Sci. 76, 259–266. doi: 10.1016/j.jes.2018.05.008

Sun, Y., Snow, D., Walia, H., and Li, X. (2021). Transmission routes of the 
microbiome and Resistome from manure to soil and lettuce. Environ. Sci. Technol. 
55, 11102–11112. doi: 10.1021/acs.est.1c02985

Wang, Z., Han, M., Li, E., Liu, X., Wei, H., Yang, C., et al. (2020). Distribution of 
antibiotic resistance genes in an agriculturally disturbed lake in China: their links 
with microbial communities, antibiotics, and water quality. J. Hazard. Mater. 
393:122426. doi: 10.1016/j.jhazmat.2020.122426

Wang, Q., Ren, X., Sun, Y., Zhao, J., Awasthi, M. K., Liu, T., et al. (2021). 
Improvement of the composition and humification of different animal manures by 
black soldier fly bioconversion. J. Clean. Prod. 278:123397. doi: 10.1016/j.
jclepro.2020.123397

Wang, M., Xiong, W., Liu, P., Xie, X., Zeng, J., Sun, Y., et al. (2018). Metagenomic 
insights into the contribution of phages to antibiotic resistance in water samples 
related to swine feedlot wastewater treatment. Front. Microbiol. 9:2074. doi: 10.3389/
fmicb.2018.02474

Wang, H., Zhang, Z., Czapar, G. F., Winkler, M. K., and Zheng, J. (2013). A full-
scale house fly (Diptera: Muscidae) larvae bioconversion system for value-added 
swine manure reduction. Waste Manag. Res. 31, 223–231. doi: 
10.1177/0734242X12469431

Wu, N., Liang, J., Wang, X., Xie, S., and Xu, X. (2021). Copper stimulates the 
incidence of antibiotic resistance, metal resistance and potential pathogens in the 
gut of black soldier fly larvae. J. Environ. Sci. 107, 150–159. doi: 10.1016/j.
jes.2021.02.008

Wu, X., Liu, Z., Li, M., Bartlam, M., and Wang, Y. (2022). Integrated metagenomic 
and metatranscriptomic analysis reveals actively expressed antibiotic resistomes in 
the plastisphere. J. Hazard. Mater. 430:128418. doi: 10.1016/j.jhazmat.2022.128418

Yang, Y., Chen, Y., Cai, Y., Xing, S., Mi, J., and Liao, X. (2020). The relationship 
between culturable doxycycline-resistant bacterial communities and antibiotic 
resistance gene hosts in pig farm wastewater treatment plants. Ecotoxicol. Environ. 
Saf. 206:111164. doi: 10.1016/j.ecoenv.2020.111164

Yanlong, C., Kejian, Y., Yin, Y., Yuhan, Z., Huizi, M., Cui, L., et al. (2021). 
Reductive soil disinfestation attenuates antibiotic resistance genes in greenhouse 
vegetable soils. J. Hazard. Mater. 420:126632. doi: 10.1016/j.jhazmat.2021.126632

Zhang, Y., Hu, H., Chen, Q., Singh, B. K., Yan, H., Chen, D., et al. (2019). Transfer 
of antibiotic resistance from manure-amended soils to vegetable microbiomes. 
Environ. Int. 130:104912. doi: 10.1016/j.envint.2019.104912

Zhang, L., Li, L., Sha, G., Liu, C., Wang, Z., and Wang, L. (2020). Aerobic 
composting as an effective cow manure management strategy for reducing the 
dissemination of antibiotic resistance genes: an integrated meta-omics study. J. 
Hazard. Mater. 386:121895. doi: 10.1016/j.jhazmat.2019.121895

Zhang, W., Xu, M., Wang, B., and Wang, X. (2009). Soil organic carbon, total 
nitrogen and grain yields under long-term fertilizations in the upland red soil of 
southern China. Nutr. Cycl. Agroecosyst. 84, 59–69. doi: 10.1007/
s10705-008-9226-7

Zhang, X., Zhang, J., Jiang, L., Yu, X., Zhu, H., Zhang, J., et al. (2021). Black soldier 
Fly (Hermetia illucens) larvae significantly change the microbial Community in 
Chicken Manure. Curr. Microbiol. 78, 303–315. doi: 10.1007/s00284-020-02276-w

Zhou, F., Tomberlin, J. K., Zheng, L., Yu, Z., and Zhang, J. (2013). Developmental 
and waste reduction plasticity of three black soldier Fly strains (Diptera: 
Stratiomyidae) raised on different livestock manures. J. Med. Entomol. 50, 
1224–1230. doi: 10.1603/ME13021

Zhu, P., Qin, H., Zhang, H., Luo, Y., Ru, Y., Li, J., et al. (2021). Variations in antibiotic 
resistance genes and removal mechanisms induced by C/N ratio of substrate during 
composting. Sci. Total Environ. 798:149288. doi: 10.1016/j.scitotenv.2021.149288

https://doi.org/10.3389/fmicb.2022.1014910
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org
https://doi.org/10.1007/s10163-013-0153-6
https://doi.org/10.1016/j.jclepro.2015.08.083
https://doi.org/10.1016/j.envint.2020.105834
https://doi.org/10.1016/j.scitotenv.2021.148372
https://doi.org/10.1093/bioinformatics/btr507
https://doi.org/10.1093/bioinformatics/btr507
https://doi.org/10.1016/j.anifeedsci.2015.08.006
https://doi.org/10.1186/s13068-017-0947-1
https://doi.org/10.1186/s13068-017-0947-1
https://doi.org/10.1016/j.envint.2021.106830
https://doi.org/10.1016/j.envpol.2021.116976
https://doi.org/10.1038/s41598-017-15660-7
https://doi.org/10.1038/s41598-017-15660-7
https://doi.org/10.1016/j.ecoenv.2022.113294
https://doi.org/10.3390/agriculture11010007
https://doi.org/10.3390/agriculture11010007
https://doi.org/10.1016/j.wasman.2021.04.001
https://doi.org/10.1016/j.scitotenv.2014.11.010
https://doi.org/10.1186/s40168-021-01047-4
https://doi.org/10.3390/agronomy12040928
https://doi.org/10.3390/agronomy12040928
https://doi.org/10.1099/ijsem.0.005011
https://doi.org/10.1016/j.aninu.2018.03.005
https://doi.org/10.1186/s40104-017-0181-5
https://doi.org/10.1007/s11356-022-18579-3
https://doi.org/10.1016/j.jes.2018.05.008
https://doi.org/10.1021/acs.est.1c02985
https://doi.org/10.1016/j.jhazmat.2020.122426
https://doi.org/10.1016/j.jclepro.2020.123397
https://doi.org/10.1016/j.jclepro.2020.123397
https://doi.org/10.3389/fmicb.2018.02474
https://doi.org/10.3389/fmicb.2018.02474
https://doi.org/10.1177/0734242X12469431
https://doi.org/10.1016/j.jes.2021.02.008
https://doi.org/10.1016/j.jes.2021.02.008
https://doi.org/10.1016/j.jhazmat.2022.128418
https://doi.org/10.1016/j.ecoenv.2020.111164
https://doi.org/10.1016/j.jhazmat.2021.126632
https://doi.org/10.1016/j.envint.2019.104912
https://doi.org/10.1016/j.jhazmat.2019.121895
https://doi.org/10.1007/s10705-008-9226-7
https://doi.org/10.1007/s10705-008-9226-7
https://doi.org/10.1007/s00284-020-02276-w
https://doi.org/10.1603/ME13021
https://doi.org/10.1016/j.scitotenv.2021.149288

	Transmission of tetracycline resistance genes and microbiomes from manure-borne black soldier fly larvae frass to rhizosphere soil and pakchoi endophytes
	Introduction
	Materials and methods
	Acquisition of manure, BSFL, soil, and pakchoi
	Pot experiment and processing
	BSFL frass and pakchoi characteristics and DNA extraction
	TRGs and bioinformatics analysis
	Statistical analysis

	Results
	Physicochemical parameters of BSFL frass and pakchoi samples
	TRG abundance In BSFL frass, rhizosphere soil, and pakchoi samples
	Microbial diversity
	Microflora community composition
	Correlation between TRGs, microflora, and physicochemical parameters
	Potential host microbes
	Application value and risk assessment of BSFL frass

	Discussion
	Nutritional and economic value of pakchoi and residual TRGs
	Potential host microorganisms for TRGs
	Key abiotic factors affecting TRG abundance and potential host microorganisms
	Optimal BSFL addition rate

	Conclusion
	Data availability statement
	Author contributions
	Funding
	Conflict of interest
	Publisher’s note
	Supplementary material

	References

