agronomy

Article

Comparison of Gut Microbial Community between
Bt-Resistant and Susceptible Strains of Ostrinia furnacalis

Tingting Xu !, Yinhao Wang 12, Yueqin Wang 3, Sijia Bi !, Benjin Hu !, Fei Hu ! and Lina Xu *

check for
updates

Citation: Xu, T.; Wang, Y.; Wang, Y.;
Bi, S.; Hu, B.; Hu, E;; Xu, L.
Comparison of Gut Microbial
Community between Bt-Resistant
and Susceptible Strains of Ostrinia
furnacalis. Agronomy 2023, 13, 1923.
https://doi.org/10.3390/
agronomy13071923

Academic Editor: Paul-andré

Calatayud

Received: 29 June 2023
Revised: 16 July 2023

Accepted: 18 July 2023
Published: 20 July 2023

Copyright: © 2023 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

Institute of Plant Protection and Agro-Products Safety, Anhui Academy of Agricultural Sciences,
Hefei 230031, China; xuttingah@163.com (T.X.); b945807651@163.com (S.B.); hubenjin@126.com (B.H.);
hufly0224@163.com (F.H.)

2 School of Life Science, Anhui Agriculture University, Hefei 230036, China

State Key Laboratory for Biology of Plant Diseases and Insect Pests, Institute of Plant Protection,
Chinese Academy of Agricultural Sciences, Beijing 100081, China; yueqinqueen@126.com

*  Correspondence: caasxIn@163.com

Abstract: Bacillus thuringiensis is an effective entomopathogen, and its crystal toxin expressed in
transgenic crops has been widely used for pest control. However, insect resistance risk is the main
threat to the continued successful utility of Bt crops. Several studies reported the role of midgut
microbiota in Bt resistance, but the mechanism remains controversial. In the present study, using
high-throughput sequencing of the bacterial 16S ribosomal RNA gene, we surveyed the midgut
bacterial flora of Ostrinia furnacalis from one Bt-susceptible (ACB-BtS) and two Bt-resistant (ACB-AbR
and ACB-FR) strains and explored the mortality of O. furnacalis after eliminating the gut bacteria. Gut
bacterial diversity in Bt-resistant strains was significantly lower in Bt-resistant than in Bt-susceptible
strains. Ordination analyses and statistical tests showed that the bacterial community of ACB-
ADbR was distinguishable from ACB-BtS. The genus Halomonas was dominated in ACB-BtS, but the
unclassified_Enterobacteriaceae was the most enriched genus in ACB-AbR and ACB-FR. Furthermore,
interactions of the bacterial community are more complex in Bt-resistant strains than in Bt-susceptible
strains. Moreover, the mortalities of ACB-AbR and ACB-BtS strains treated by the Cry1Ab toxin
were significantly reduced after eliminating the gut bacteria. Our findings suggest that Bt stressors
structured in the midgut bacterial community and the microbiota have the potential to regulate the
Bt-induced killing mechanism.
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1. Introduction

Bacillus thuringiensis (Bt) is a gram-positive insect pathogenic bacterium which pro-
duces highly specific insecticidal crystal d-endotoxins during the sporulation phase [1].
The Cry toxins are activated by insect gut protease and then bind to specific receptors
of the midgut epithelium, leading to cell lysis and subsequent death [2]. Transgenic Bt
crops have been widely used to control insect pests; however, the evolution of resistance
by pests mainly threatens the continued successful utility of Bt crops [3,4]. The Asian
corn border (ACB), Ostrinia furnacalis, is a major pest in Asia, particularly in China, the
Philippines, and Vietnam [5]. ACB can feed all parts of maize and cause serious yield losses.
Field trials in China have demonstrated that Bt toxin-expressing maize can effectively
control ACB [6]. However, ACB can develop more than 150-fold resistance and 1700-fold
resistance to CrylAb and CrylFtoxins, respectively, after selection under laboratory condi-
tions [7,8]. These may be a restrictive factor for the widespread application of genetically
modified maize.

Investigations into the evolution of Bt resistance have proposed different potential
mechanisms, and most of them were focused on the receptor proteins [4]. Compared
to susceptible strains, the CrylAb resistant ACB strain (ACB-AbR) showed a reduction
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of the specific binding of both Cry1Ab and CrylAa, suggesting that part of the binding
sites were lost or altered [9]. Through RNA-seq technology, the different expressions
of several Bt resistance genes, such as aminopeptidase Ns, cadherin protein, and ATP
binding cassette transporter group gene, were found in Bt-resistant strains of ACB [10,11].
It was demonstrated that the cadherin protein was a functional receptor for CrylAc in
ACB, and its disruption conferred a moderate CrylAc resistance [12]. The in vivo func-
tional investigation demonstrated the causality of the OfABCC2 truncating mutation with
high-level resistance to the Cry1Fa toxin in ACB [13]. However, the mechanism therein
that leads to the resistance of ACB to Bt is not fully understood. The insect gut harbors
abundant bacteria that may contribute to the survival and environmental suitability of
insect hosts. Many studies reported that gut microbiota may influence the Bt susceptibility
and potentially influence the insect resistance to Bt [14,15]. Cry toxin-induced mortality of
Vanessa cardui, Manducasexta, Pieris rapae, and Heliothis virescens was reduced when reared in
an antibiotics diet but restored high toxicity to them after reintroducing the resident bacteria
Enterobacter sp. [16]. The activity of protease was not inhibited by activated CrylAc and Bt
formulation, and fewer CrylAc protein was detected in Bt/Cry1Ac protoxin-treated larvae
when Helicoverpa armigera pretreatment with antibiotics and the susceptibility of H. armigera
pretreatment with antibiotics to activated CrylAc, Bt formulation, and transgenic cotton
all significantly decreased [17]. Decreased susceptibility to Bt toxin in Plodiainter punctella,
Plutellaxylostella, Spodopteraexigua, Chilosuppressalis, and Plagioderaversicolora were all found
after removal of the gut bacteria [18-22]. These suggested that gut bacteria exercise an
important role in the toxicity of Bt toxins to insects.

The microbial community associated with insects is dynamic and shaped by stress
factors in nature conditions. Moreover, if the gut bacteria are necessary for insect resistance
to Bt, the resistant evolution to xenobiotic Bt in insects could induce changes in the gut
bacterial community. A less rich and distinct bacterial community was found in Bt-resistant
western corn rootworms compared with susceptible strains [16], while higher microbiota
diversity and more complex bacteria co-occurrence patterns in Bt-resistant strains than that
in Bt-susceptible strains were found in Chilosuppressalis [21]. The field-collected population
of Helicoverpazea from Bt cotton showed higher bacterial density and diversity than the
population collected from non-Bt cotton [23]. Bt GS57 strain infection reduced the gut
bacterial diversity and an increase in bacterial load in S. exigua [20].

To investigate the interaction between the Bt resistance of ACB and the bacterial
community, we characterized the midgut microbiota from two high Bt-resistant strains
and a Bt-susceptible strain of ACB using 16S rRNA Illumina sequencing. Moreover, the
larval mortalities of ACB with Bt toxins were conducted after larval pretreatment with
antibiotics to remove gut bacteria. This study aims to determine the role of gut bacteria in
the process of resistance evolved in ACB and the Bt selective pressure on the dynamics of
the bacterial community.

2. Materials and Methods
2.1. Insect Rearing and Bt-Resistant Strain Selection

Three ACB laboratory strains were used in the current study, including a Bt toxin sus-
ceptible strain (ACB-BtS) and two laboratory selected resistant strains: CrylAb-resistance
strain (ACB-AbR) and Cry1F-resistance strain (ACB-FR). All colonies were kindly provided
by Professor Kanglai He. ACB-BtS was originally collected from summer maize fields
in central China and reared on an artificial diet [24] without exposure to any Bt toxins.
Resistant strains were selected as described previously for ACB-ADbR [25] and ACB-FR [8].
Resistance to CrylAb and CrylF was estimated between ACB-AbR and ACB-FR larvae,
respectively, using a 7d exposure to diet incorporated dose-response assays. The ACB-AbR
and ACB-FR strains have developed more than 700 and 900-fold resistance, respectively.
All larvae were maintained at 70-80% relative humidity (RH), a photoperiod of 16:8 h (L:D)
and 27 £1°C.
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2.2. Dissection of Gut Tissues and Extraction of DNA

To remove body surface contaminations, the fifth instar larvae were immersed in 70%
ethanol, washed for 3 min, and then rinsed three times with sterile water. The midgut was
separately dissected under sterile conditions and immediately frozen in liquid nitrogen
for subsequent DNA extraction. Three biological replicates for each strain with twenty
5th instar larvae midgut per replicated were prepared. Total DNA was isolated from the
midgut using a TGuide S96 Magnetic Soil /Stool DNA Kit (Tiangen Biotech Beijing Co., Ltd.,
Beijing, China) following the manufacturer’s instructions. The concentration of all DNA
samples was measured with the Qubit dsDNA HS Assay Kit and Qubit 4.0 Fluorometer
(Thermo Fisher Scientific, Eugene, OR, USA) and the quality was assessed by agarose gel
electrophoresis.

2.3. 16S rRNA Amplicon Amplification and Sequencing

The 165 rRNA amplicon of the V3-V4 regions was amplified using the primer pair
(338F, 5'-ACTCCTACGGGAGGCAGCA; and 806R, 5-GGACTACNNGGGTATCTAAT)
with a barcode. All PCR amplifications were performed in a 10 pL reaction mixture con-
taining approximately 10 ng template DNA. PCR products were mixed in the same volume
with 1 x loading buffer, and bright bands between 400 and 450 bp were chosen for further
experiments. The target bands of the PCR products were purified with AgencourtAMPure
XP Beads (Beckman Coulter, Indianapolis, IN, USA) and quantified using the Qubit dsSDNA
HS Assay Kit and Qubit 4.0 Fluorometer (Invitrogen, Thermo Fisher Scientific, Eugene, OR,
USA). The library was constructed and sequenced on an Illumina NovaSeq 6000 platform
(Iumina, Santiago, CA, USA), and 250 bp paired-end reads were generated.

2.4. Sequencing Data Analysis

Raw data was primarily filtered by Trimmomatic (v0.33) [26] and the primer sequences
were removed by Cutadapt (v1.9.1) [27]. Paired-end reads were assembled by USEARCH
(v10.0) [28] and followed by chimera removal using UCHIME (v8.1) [29]. Sequences
were clustered into operational taxonomic units (OTU) at 97% similarity by USEARCH
(v10.0) [30] and the OTUs with abundance < 0.005% were filtered. The most abundant
sequence was picked as a representative sequence for each OTU to annotate taxonomic infor-
mation with the Naive Bayes classifier in QIIME2 [31] based on the SILVA 132 database [32].
The OTU abundance of each sample was rarefied to the value corresponding to the min-
imum sum of OTU sequences across all the samples to mitigate the differences in the
sequencing effort. Then, the relative abundance was calculated based on these rarefied
abundance data by dividing the number of sequences per OTU by the total number of
sequences for a given sample. Subsequent diversity analyses were performed based on this
rarefied abundance data or relative abundance data.

2.5. Diversity Analysis

Analyses were executed with R software (v4.2.2) [33]. To evaluate the alpha diversity,
four indices, including ACE, Chaol, Shannon, and Simpson, were calculated using the
phyloseq package [34] based on the OTU table. Alpha-diversity indices and relative
abundance of microbiota between Bt-susceptible and Bt-resistant strains were compared by
Student’s t-test.

The dissimilarities of the microbial communities were quantified by calculating the
Bray-Curtis dissimilarities using the vegan package [35]. The microbial communities
among different strains were clustered using principal coordinate analysis (PCoA) based
on Bray-Curtis dissimilarities in the vegan package [35] and plotted by the ggplot2 pack-
age [36]. Permutational multivariate analysis of variance (PERMANOVA) was performed
in the vegan package to assess statistically significant differences of microbial communities
between Bt-susceptible and Bt-resistant strains.
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Linear discriminant analysis (LDA) Effect Size (LEfSe) analysis was conducted to
identify biomarkers that differed significantly between Bt-susceptible and Bt-resistant
strains with the 4.0 threshold for the LDA score [37].

Network analysis was performed on the co-occurrence patterns of the midgut mi-
crobial communities from Bt-resistant and Bt-susceptible strains using BMKCloud (www.
biocloud.net (accessed on 21 November 2022)). Spearman rank correlation analysis was
processed on the difference in the relative abundance of the top 60 genera with Ir| > 0.6 at
the 0.05 significant level. The characters of the network, including the number of nodes and
edges (positive edges and negative edges), average degree, average path length, diameter,
density, and modularity, were calculated. The ratio of positive to negative edges (P/N ratio)
in the network was calculated to reflect the balance between cooperative or competitive
interactions among bacteria [38].

2.6. Gut Bacteria Remove and Bioassay

Axenic larvae are generated by oral antibiotics. Neonates from the ACB-BtS and ACB-
ADR strains were reared on an artificial diet for 7 days containing 500 pg/mL antibiotic
units, including chlortetracycline, gentamicin, penicillin, rifampicin, and streptomycin
with a ratio of 1:1:1:1:1. Neonates from the two strains reared on an artificial diet without
antibiotic were used as control. Seven days after antibiotic treatment and control group,
larvae were transferred to a 24-well plate containing an artificial diet incorporated with the
LCsp dose of Cry1Ab toxin for bioassay, and all tests were replicated five times. All plates
were kept under the same conditions as insect rearing. Mortalities were recorded 7 days
after treatment and were compared using the Kruskal-Wallis test. To verify the removal
efficiency of oral antibiotics against gut bacteria, five larvae from antibiotic-treated and
control groups were surface sterilized and homogenized. The homogenates were cultured
on a Tryptone Soya Agar (TSA) plate at 37 °C, and bacterial colonies on the plate were
observed after 72 h.

3. Results
3.1. Sequencing Data

Sequencing of the 16S rRNA V3-V4 amplicons of nine samples yielded 718,315 raw
reads. After quality filtering and removal of chimeric sequences, a total of 670,340 effective
tags were obtained. The sequences were classified into 262 to 1140 OTUs for each sample at
97% similarity.

3.2. Gut Bacterial Diversity between Bt-Susceptible and Bt-Resistant Strains

The Shannon indices between ACB-BtS and ACB-ADR strains (t = —3.09, df = 4,
p = 0.04; Figure 1a) and between ACB-BtS and ACB-FR strains (t = —3.57, df =4, p = 0.02;
Figure 1b) were significantly different. The Chaol (t = —3.11, df = 4, p = 0.04; Figure 1c) and
ACE (t = —3.14, df =4, p = 0.03; Figure 1d) indices between ACB-BtS and ACB-FR strains
also differed significantly.

For the composition of the midgut microbiota, in PCoA analysis (Figure 2), the ACB-
ADR strains tended to position near each rather than away from the ACB-BtS strains, and
PERMANOVA revealed significant differences in bacterial communities between these two
strains (F1 4 = 4.93, R? = 0.55, p = 0.001). The composition of the microbiota in ACB-BtS and
ACB-FR strains did not form distinct clusters, and no significant differences were found
between the two strains (F; 4 = 2.75, R? =041, p = 0.10).
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Figure 1. Comparison of alpha diversity indices between Bt-resistant strains (ACB-AbR and ACB-FR)
and Bt-susceptible strains of Ostrinia furnacalis. Comparison of (a) Shannon index, (b) Simpson
index, (c¢) ACE index, and (d) Chaol index between ACB-AbR and ACB-BtS, ACB-FR and ACB-BtS.
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Figure 2. Principal coordinates analysis plot illustrating the separation of samples based on differ-
ences in midgut bacterial community structure between Bt-resistant and Bt-susceptible strains of

Ostrinia furnacalis.
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3.3. Gut Bacterial Abundance from Bt-Susceptible and Bt-Resistant Strains

In total, 5106 OTUs of the midgut microbiota from Bt-susceptible and Bt-resistant
strains of O. furnacalis were annotated to 37 phyla and 944 genera. Overall, 23.87% of
these OTUs were attributed to Proteobacteria, 19.98% to Firmicutes, and 15.67% to Bac-
teroidota. The most abundant phyla across the three strains of ACB were Proteobacteria
(18.47-68.66%), Firmicutes (26.94-59.39%), and Bacteroidota (1.17-6.95%) (Figure 3a). These
sequences accounted for more than 55% of the bacterial sequences in each strain. Pro-
teobacteria was dominated in the Bt-resistant strains (68.66% for ACB-AbR and 50.71% for
ACB-FR), while Firmicutes was the dominat phylum in ACB-BtS (5§9.39%) (Figure 3a). The
relative abundance of Proteobacteria (t = 11.07, df = 4, p < 0.001) and Firmicutes (t = —4.14,
df =4, p = 0.01) were significantly different between ACB-AbR and ACB-BtS.
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Figure 3. Relative abundance of the top 10 most abundant phylum (a) and top 30 most abundant
genera (b) of the gut microbiota from Bt-resistant (ACB-AbR and ACB-FR) and Bt-susceptible strains
of Ostrinia furnacalis.

The most abundant genera across the three strains were unclassified_Enterobacteriaceae
(0.6-63.28%), Enterococcus (24.94-48.78%), and Halomonas (0.99-6.81%) (Figure 3b). The
unclassified_Enterobacteriaceae was dominated in Bt-resistance strains (63.28% for ACB-AbR
and 46.26% for ACB-FR), while Enterococcus was dominated in the susceptible strain, ACB-
BtS (48.78%), followed by the Halomonas (6.81%). There was a significant difference in
the relative abundance of unclassified_Enterobacteriaceae between ACB-AbR and ACB-BtS
(t =16.36, df =4, p <0.001). The relative abundance of Halomonas was significantly different
between Bt-resistance strains and Bt-susceptible strains (t = —3.47, df = 4, p = 0.03 for
ACB-AbR vs. ACB-BtS; t = —3.60, df = 4, p = 0.02 for ACB-FR vs. ACB-BtS).

The abundance of genus Enterococcus belonging to Firmicutes phylum and Actinobac-
teriota phylum were significantly different between ACB-BtS and ACB-ADbR in LEfSe
analysis (LDA score = 5.01 > 4.0 for Enterococcus genus, LDA score = 4.15 > 4.0 for Acti-
nobacteriota phylum; Figure 4a). The abundance of genus Halomonas, belonging to Pseu-
domonadales order, was significantly higher in the susceptible strain ACB-BtS than in
the resistant strains, ACB-AbR (LDA score = 4.44 > 4.0; Figure 4a) and ACB-FR (LDA
score = 4.48 > 4.0; Figure 4b). The abundance of the Lachnospiraceae family classified as
Clostridia class, Bacteroidales order classified as Bacteroidota phylum, and Acidobacteri-
ota phylum were enriched in ACB-BtS strain, which was significantly higher than those
in the resistant strains, ACB-AbR (LDA score = 4.05 > 4.0 for Lachnospiraceae family,
LDA score = 4.40 > 4.0 for Bacteroidales order, LDA score = 4.22 > 4.0 for Acidobacteri-
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ota phylum; Figure 4a) and ACB-FR (LDA score = 4.12 > 4.0 for Lachnospiraceae family,
LDA score = 4.36 > 4.0 for Bacteroidales order, LDA score = 4.20 > 4.0 for Acidobacteriota
phylum; Figure 4b). The abundance of unclassified Enterobacteriaceae, belonging to the
Proteobacteria phylum, was enriched in the ACB-ADR strain and was significantly higher
than in the ACB-BtS susceptible strain (LDA score = 5.47 > 4.0; Figure 4a). The Actinobac-
teria class, belonging to the Actinobacteriota phylum, and unclassified Enterobacteriaceae,
belonging to Enterobacterales order, were significantly different in ACB-BtS and ACB-FR
(LDA score =4.02 > 4.0 for Actinobacteria class, LDA score = 5.36 > 4.0 for unclassified
Enterobacteriaceae; Figure 4b).
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Figure 4. Significantly different biomarkers between ACB-AbR and ACB-BtS (a) and between ACB-
FR and ACB-BtS (b) using linear discriminant analysis effect size (LEfSe) analyses with an LDA
score > 4.0.
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3.4. Network Analysis of the Gut Microbiota between Bt-Resistant and Bt-Susceptible Strain

There were 53 and 60 nodes in the networks of Bt-resistant and Bt-susceptible strains,
respectively (Table 1). The average degree, average path length, graph diameter, density,
clustering coefficient, and modularity were 3.77, 3.95, 26.31, 0.07, 0.59, and 0.64 in the
Bt-resistant strains, which were higher than those of 3.33, 1.83, 12.00, 0.06, 0.18, and
0.59 in the Bt-susceptible strain (Table 1). There were 100 edges in the two networks, with
78 positive edges and 22 negative edges in the Bt-resistant strains, and 64 positive edges
and 36 negative edges in the Bt-susceptible strain. The P/N ratio was 3.55 in the Bt-resistant
strains and 1.78 in the susceptible strains, which suggested a more cooperative interaction
between bacteria in Bt-resistant strains. The genus Enterococcus had complex correlations
with other genera in the ACB-BtS strain, which had 19 strong negative correlations with
other genera. While it had only three positive correlations and one negative correlation
with other genera in Bt-resistant strains. The genus Halomonas had 21 strong positive links
and 3 negative links to other nodes in ACB-BtS strains, while it had only 4 positive links
and 1 negative link to other nodes in Bt-resistant strains (Figure 5).

Table 1. Key topological parameters of co-occurrence networks of the midgut microbiota from
Bt-susceptible and Bt-resistant strains of Ostrinia furnacalis.

. P/N Average Average Graph . Clustering .
Strains Ratio Degree Path Length  Diameter Density Coefficient Modularity
Bt susceptible

strain (ACB-BtS) 3.55 3.77 3.95 26.31 0.07 0.59 0.64
Bt resistant strains
(ACB-AbR, ACB-FR) 1.78 3.33 1.83 12.00 0.06 0.18 0.59
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Figure 5. The co-occurrence networks of the gut microbial community from (a) Bt-resistant (ACB-AbR
and ACB-FR) and (b) Bt-susceptible (ACB-BtS) strains of Ostrinia furnacalis at the genus level.
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3.5. Effect of the Gut Microbiota on the Toxicity of Bt Toxin

The efficacy of the antibiotic elimination of gut microbiota was confirmed by inocu-
lating the homogenates of ACB larvae in the TSA plate (Figure S1). After 7 days of oral
antibiotic, neonates developed into the third or fourth instar larvae, and the larvae were
transferred into a 24-well plate with a Cry1Ab diet (LCsy dose) for bioassay. The larvae
mortalities of the ACB-BtS (x* = 6.99, df = 1, p = 0.008) and ACB-AbR (x* = 6.82,df =1,
p = 0.009) strains treated with antibiotic were both significantly decreased compared with
those that were not treated (Table 2).

Table 2. Analysis of larval mortality of ACB-AbR and ACB-BtS strains of Ostrinia furnacalis treated
with an LCsy dose of CrylAb toxin after treating the larvae from these strains with 500 ug/mL
antibiotic cocktail for 7 days.

Mortality £ SE (%)

Strains Larvae Pre-Treated 2
by Antibiotic Control x°,p Value
ACB-AbR 43.17 £ 0.02 59.50 & 0.03 6.82,0.009 *
ACB-BtS 20.83 = 0.05 49.17 £ 0.03 6.99, 0.008 *

Note: Asterisks indicate significant differences according to Kruskal-Wallis test (* p < 0.05).

4. Discussion

Transgenic Bacillus thuringiensis plants provide an effective means to control insect
pests. However, the evolution of resistance by target pests is a great threat to the con-
tinued success of Bt toxins used in insecticide formulations or expressed by transgenic
plants. Bt cotton has been planted since 2003 in India, and the resistance of the target
pest, Pectinophoragossypiella, to the plant was detected in 2008 [39]. After Bt cotton express-
ing CrylAc was planted in China in 2000, the resistance of Helicoverp aarmigera [40] and
P. gossypiella [41] to the cotton were successively detected. Transgenic maize expressing
Cry1F protein was planted in Puerto Rico in 2003, and the commercial sales of this maize
were stopped in 2007 because of the resistance of Spodoptera frugiperda to CrylF [42]. The
resistance mechanisms to Bt crops mainly focus on mutations and altered expressions of
the toxin receptors and variations in toxin activation [43-45]. During recent years, gut
microbiota participated in susceptibility or resistance of host insects to Bt toxin have been
reported [46]. In this study, using 165 rRNA amplicon sequencing and eliminating the
bacterial flora by antibiotic methods, we investigated the effect of gut bacteria in ACB. The
results showed that bacterial diversities of Bt-resistant strains were significantly higher
than Bt-susceptible strains, and a more complex occurrence network in Bt-resistant strains
was found. In addition, larval mortalities treated by LCsg values of CrylAb protein were
reduced significantly after eliminating the gut bacteria. These results indicated that midgut
bacteria are involved in the process of Bt-induced mortality in ACB, and Cry toxin struc-
tured the composition and abundance of midgut bacterial flora.

In the present study, the richness (Chaol and ACE index) and diversity (Shannon
index) of ACB-BtR strains were significantly lower than that in ACB-BtS strains. Ordi-
nation analysis and statistical tests revealed that the bacterial community of ACB-AbR
was distinct from that of other strains. These findings are consistent with previous stud-
ies in Diabrotica virgifera [16] and C. suppressalis [21]. However, the microbiota diversity
was significantly lower in ACB-ADbR in the present study and D. virgifera Bt-resistant
strains [16], but was higher in C. suppressalis Cry1Ca resistant strains [21]. In addition, Bt
strain infection significantly reduced the richness and diversity of the gut microbiota in
the Galleria mellonella-resistant strains [47]. The CrylAc treatment significantly reduced the
bacterial diversity and changed the composition of the microbiota in P. xylostella [19]. It
suggested that the low diversity of gut bacteria may contribute to the host resistance to Bt.

The relative abundances of some midgut bacteria exhibited significant differences
between Bt-resistant and Bt-susceptible strains. The phylum Firmicutes, gram-positive
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bacteria, was enriched in ACB-BtS, while the phylum Proteobacteria, gram-negative bac-
teria, was enriched in ACB-AbR. Similarly, post- B. thuringiensis subsp. galleriae treat-
ment, the gram-negative Enterobacteraceae was prevalent in the midgut of Bt-resistant
Galleria mellonella, while the gram-positive Enterococcus and Bt were enriched in the sus-
ceptible strain, which indicated that clearing the midgut from gram-positive bacteria may
contribute to the resistance in G. mellonella [48]. Furthermore, the larval mortalities of
both ACB-BtS and ACB-ADbR treated by CrylAb protein were reduced significantly after
eliminating the gut bacteria. The similar results were reported in other insects, including
Plodiainter punctella [18], P. xylostella [19], Spodoptera exigua [20], Chilo suppressalis [21], and
Plagiodera versicolora [22]. Broderick et al. [14] revealed that B. thuringiensis-mediated killing
for gypsy moths relied on the presence of indigenous midgut bacteria. Moreover, rein-
troducing the indigenous gut bacteria to axenic larvae restored host sensitivity to Bt [16].
These provide clear evidence that midgut bacteria play an important role in the killing
mechanism of Bt against pest insects.

Bt treatment can lead to the disruption of the insect midgut epithelium, and gut
bacteria can enter the hemocoel through the damaged areas [20,23,49]. The translocation of
bacteria from the midgut to hemocoel may become from commensal bacteria to pathogens,
thus accelerating host mortality. Mason et al. [50] showed that E. faecalis is a commensal
gut bacterium in Manduca sexta but becomes a pathogen in the hemocoel and accelerates
the larvae mortality. The higher relative abundance of Enterococcus was found in ACB-BtS
in the present study. We speculate that Enterococcus spp. could play an important role
in the process of Bt treatment death, which may be similar to that in M. sexta. However,
the killing process of septicemia introduced by gut bacteria was lost in axenic larvae for
the absence of gut bacteria, and the death of axenic larvae is probably only due to the Bt
toxicity. Moreover, the study found that the level of gut lesions was different in axenic and
nonaxenic larvae and that epithelium was severely damaged in nonaxenic larvae [20]. The
reason for this difference is unclear. However, the dysbiosis of midgut bacteria exaggerates
the host immune response [20,49], and an over-activated gut immune response may be
detrimental to the gut epithelium. Additionally, the exacted interactions between insects,
gut bacteria, and immune response need to be further explored in the future.

In terms of microbiota, the ACB-AbR was separately clustered from t ACB-BtS; how-
ever, the ACB-FR could not be separated from ACB-BtS. In C. suppressalis, the bacterial flora
of Ab-R strains was difficult to separate from that of the corresponding susceptible strains,
while the Cry1Ca-resistant strain was separately clustered from the other strains [21]. These
imply that the composition of the gut bacteria community of ACB from different Bt-resistant
strains displayed different patterns.

In conclusion, the present study provided evidence that midgut bacteria participated
in regulating the Bt toxin-killing mechanism in O. furnacalis. The Bt-resistant strains of
O. furnacalis exhibited a significantly lower diversity of bacterial flora than that from
susceptible strains and a distinct composition of the bacterial community. Elimination of
the gut bacteria significantly affects the susceptibility of O. furnacalis to Bt toxin.

Supplementary Materials: The following supporting information can be downloaded at: https://
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