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Abstract: Propylea japonica (Thunberg) (Coleoptera: Coccinellidae) is a dominant natural enemy of
insect pests in farmland ecosystems. It also serves as an important non-target insect for environmental
safety evaluations of transgenic crops. Widespread planting of transgenic crops may result in direct
or indirect exposure of P. japonica to recombinant Bacillus thuringiensis (Bt) protein, which may in turn
affect the biological performance of this natural enemy by affecting the P. japonica microflora. However,
the effects of Bt proteins (such as Cry1B) on the P. japonica microbiota are currently unclear. Here, we
used a high-throughput sequencing method to investigate differences in the P. japonica microbiota
resulting from treatment with Cry1B compared to a sucrose control. The results demonstrated that
the P. japonica microbiome was dominated by Firmicutes at the phylum level and by Staphylococcus
at the genus level. Within-sample (α) diversity indices demonstrated a high degree of consistency
between the microbial communities of P. japonica treated with the sucrose control and those treated
with 0.25 or 0.5 mg/mL Cry1B. Furthermore, there were no significant differences in the abundance
of any taxa after treatment with 0.25 mg/mL Cry1B for 24 or 48 h, and treatment with 0.5 mg/mL
Cry1B for 24 or 48 h led to changes only in Staphylococcus, a member of the phylum Firmicutes.
Treatment with a high Cry1B concentration (1.0 mg/mL) for 24 or 48 h caused significant changes in
the abundance of specific taxa (e.g., Gemmatimonades, Patescibacteria, Thauera, and Microbacterium).
However, compared with the control, most taxa remained unchanged. The statistically significant
differences may have been due to the stimulatory effects of treatment with a high concentration of
Cry1B. Overall, the results showed that Cry1B protein could alter endophytic bacterial community
abundance, but not composition, in P. japonica. The effects of Bt proteins on endophytes and other
parameters in non-target insects require further study. This study provides data support for the safety
evaluation of transgenic plants.
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1. Introduction

Transgenic crops have been commercially planted for over 20 years, beginning in 1996,
and transgenic crop cultivation not only protects biodiversity but also confers economic
benefits, and can therefore reduce poverty in some regions [1]. Numerous studies have pre-
dicted the necessity of cultivating genetically modified crops across the globe in the future;
as a result, studies associated with genetically modified crops are highly significant [2].
Several transgenic crops are commonly cultivated at present, including corn, soybean,
rapeseed, papaya, beet, eggplant, and potato. Transgenic cotton serves as an exemplary

Genes 2023, 14, 2008. https://doi.org/10.3390/genes14112008 https://www.mdpi.com/journal/genes

https://doi.org/10.3390/genes14112008
https://doi.org/10.3390/genes14112008
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/genes
https://www.mdpi.com
https://doi.org/10.3390/genes14112008
https://www.mdpi.com/journal/genes
https://www.mdpi.com/article/10.3390/genes14112008?type=check_update&version=1


Genes 2023, 14, 2008 2 of 15

case of a widely adopted transgenic crop [3,4]. Nonetheless, the large-scale cultivation
of genetically modified crops faces a crucial potential issue: the possibility of adverse
effects on non-target organisms with key ecological functions [5]. Consequently, many
countries require environmental safety risk assessments and regulatory approval before
the commercial cultivation of genetically modified crops is possible [6,7]. It is therefore
imperative to assess the risks of genetically modified crops to non-target species [8].

Transgenic cotton is one of the most important export cash crops in the world. Lepi-
dopteran insects are among the 15 most economically damaging pests that affect cotton
yield [9,10]. Bt protein is a kind of protein secreted by Bacillus thuringiensis. Genes encod-
ing the B. thuringiensis (Bt) series of crystalline biotoxins are often inserted into cotton to
enable resistance to these pests [11]. Bt toxins are highly effective against a wide range of
crop pests, including lepidopteran, coleopteran, and dipteran insects, in addition to some
invertebrates such as nematodes [12,13]; they are therefore widely used as biopesticides
throughout the world. More than 100 different types of Bt proteins, including subspecies of
the types Cry1-Cry78, Cyt1-Cyt3, and Vip1-Vip3, have been identified globally [14]. Recent
research on Bt proteins has focused on their ecological roles and expression in agricultural
and natural environments, as well as the evolution of resistance mechanisms among target
pests [15]. Over the past few decades, several studies have demonstrated that Bt transgenic
cotton is not harmful to the environment or to humans [16]. Furthermore, it helps to control
major pests and reduces the need for pesticides [17]. To date, the safety of Bt proteins
in non-target predatory insects has primarily been assessed in terms of the impacts on
growth and development. For instance, one study examined the effects of transgenic rice
producing the Bt protein Cry1Ab on the biological characteristics and functional responses
of the stinkbug Cyrtorhinus lividipennis (Reuter) (Hemiptera: Miridae), an important predator
insect [18]. Another study explored whether Bt protein has a negative impact on the popu-
lation density, predation capacity, or relative abundance of a non-target spider species [19].
A separate study assessed the effects of Cry1B on Propylea japonica growth, development,
enzyme activity, and expression of genes related to detoxification and metabolism. The
results suggest that Cry1B protein has little or no effect on the biological characteristics of
P. japonica. Genes related to enzyme activity and detoxification are differentially expressed
at high-concentration stimulation [20].

Microbial community diversity in insects, especially in the gut, is a prominent area
of research at present [21]. The methods and measurement techniques employed in this
field are becoming increasingly sophisticated and mature [14]. Symbiotic bacteria and
micro-organisms play crucial roles in various aspects of insect growth and development,
reproduction, and population fitness [22]. Over time, insects have formed close, mutually
beneficial relationships with a variety of symbiotic bacteria through natural selection and
long-term co-evolution [23]. The microbiota assists the insect host by enhancing disease
resistance, adaptability, toxin metabolism, and defense functions. Compared with the
host, they are more sensitive to environmental changes [24]. Symbiotic bacteria and other
micro-organisms actively participate in various physiological and biochemical regulatory
processes and metabolic pathways within insects [23]. For instance, they influence insect
reproductive and mating behaviors by altering the flow of material information [22]. Addi-
tionally, they contribute to pathogen resistance and can synthesize and transform essential
nutrients [24,25], such as critical vitamins and amino acids that cannot be synthesized by
the host itself [26,27]. Studies conducted to date have yielded conflicting results regard-
ing whether Bt proteins affect the microbial communities of non-target organisms. For
example, although one study showed that the earthworm intestinal microbiome was not
significantly altered by consumption of Bt protein compared to the control group [28],
another study found slight differences in the relative dominant bacteria in worms fed
Cry2Ab compared to control worms [29]. In general, the potential effects of the release
and accumulation of Bt proteins on the microbial communities of non-target insects are of
increasing concern [30]. Therefore, the potential risks of GM crops must be further assessed
using high-throughput techniques.
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Predators play a crucial role in all types of ecosystems. P. japonica (Thunberg) (Coleoptera:
Coccinellidae) is a common predator that feeds on cotton bollworm larvae, aphids, and
planthoppers in farmlands [20]. P. japonica often comes into contact with Cry proteins, either
indirectly, through consumption of prey exposed to transgenic Bt cotton, or directly, through
transgenic cotton pollen [31]. As a result, P. japonica can serve as an indicator of potential
adverse ecosystem effects in transgenic crop fields [32–35]. However, only limited research has
been conducted to assess the impacts of Bt proteins on the microbial communities of non-target
insects. Examining the non-target insect microbiota could enhance our understanding of
unique biochemical mechanisms and pathways in insects, which have important implications
for pest control and natural enemy protection. Here, we treated P. japonica larvae at two
developmental stages (second and third instar) with varying concentrations of Cry1B (0.25,
0.5, and 1.0 mg/mL) for two durations (24 and 48 h). We then studied changes in the
commensal microflora of the P. japonica larvae. This study provides new data support for the
environmental safety evaluation of genetically modified crops.

2. Materials and Methods
2.1. Insects

P. japonica were collected from the East Field Test Base of Cotton Research at the
Chinese Academy of Agricultural Sciences (CAAS), Anyang City, Henan Province, China
(36◦5′34.8′′ N, 114◦31′47.19′′ E). Individuals were transferred to cages (35 × 35 × 35 cm)
that were kept in a climate-controlled chamber at 25± 1 ◦C with 70± 10% relative humidity
under a 16/8 h light/dark cycle. The P. japonica population was raised in the laboratory
for five generations prior to the start of experiments. P. japonica were fed pea aphids
(Acyrthosiphon pisum), which were raised in a climate chamber at 24 ± 1 ◦C with 60 ± 10%
relative humidity under a 16/8 h light/dark cycle and fed Vicia faba seedling.

2.2. Reagents

Sucrose (CAS: 57-50-1) was purchased from Beijing Solebo Technology Co., Ltd.
(Beijing, China). Cry1B was purchased from the Plant Protection Biotechnology Labo-
ratory of the Institute of Plant Protection, CAAS (Anyang, China). Sucrose was diluted to a
working concentration of 2 mol/L. Cry1B was dissolved in the 2 mol/L sucrose solution to
final concentrations of 0.25, 0.5, and 1.0 mg/mL [36–38]. All solutions were stored at 4 ◦C
prior to use.

2.3. Insect Sample Collection and Processing

P. japonica egg masses were collected and placed in a Petri dish. Eggs were then
incubated at 25 ± 1 ◦C with 70 ± 10% relative humidity under a 14/10 h light/dark
cycle until they hatched. Hatched larvae were removed with a brush and placed into
individual 1.5 mL centrifuge tubes with holes, then enough pea aphids were provided
for them to eat so that they could survive to the second and third instars. Second- and
third-instar P. japonica larvae were treated with one of several concentrations of Cry1B
solution (C1: 0.25, C2: 0.5, or C3: 1.0 mg/mL) for two durations (24 or 48 h). The control
group was treated with a 2 mol/L sucrose solution for the same durations. Collected larvae
were snap-frozen in liquid nitrogen, then stored at −80 ◦C prior to further processing.
Each biological replicate comprised 10 larvae per treatment group and there were three
biological replicates.

2.4. DNA Extraction and PCR Amplification

Microbial DNA was extracted from larvae using the E.Z.N.A.® soil DNA Kit (Omega
Bio-tek, Norcross, GA, USA) following the manufacturer’s protocol. DNA concentration
and purity were measured with a NanoDrop 2000 UV-vis spectrophotometer (Thermo
Fisher Scientific, Wilmington, NC, USA), and DNA quality was assessed with 1% agarose
gel electrophoresis. The V3–V4 hypervariable regions of the bacterial 16S rRNA gene
were amplified with the 338F (5′-ACTCCTACGGGAGGCAGCAG-3′) and 806R (5′-GGAC
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TACHVGGGTWTCTAAT-3′) primers. PCR was conducted on a GeneAmp 9700 instrument
(ABI, Waltham, MA, USA) with the following thermocycling program: denaturation for
3 min at 95 ◦C; 27 cycles of 30 s at 95 ◦C, 30 s at 55 ◦C, and 45 s at 72 ◦C; and then maintained
at 72 ◦C for 10 min. PCR reactions were performed in technical triplicate in a 20 µL reaction
mixture containing 4 µL of 5× FastPfu Buffer, 2 µL of 2.5 mM dNTPs, 0.8 µL each of forward
and reverse primers (at 5 µM), 0.4 µL of FastPfu Polymerase, and 10 ng of template DNA.
The resulting PCR products were extracted from a 2% agarose gel and purified using the
AxyPrep DNA Gel Extraction Kit (Axygen Biosciences, Union City, CA, USA). The purified
DNA was then quantified using a QuantiFluor™-ST fluorometer (Promega, Madison, WI,
USA) following the manufacturer’s protocol.

2.5. Illumina Sequencing

A PE 2 × 300 bp Illumina MiSeq library was constructed from the purified PCR prod-
ucts following the manufacturer’s instructions (Illumina, San Diego, CA, USA). Sequencing
was performed on the MiSeq PE300 platform.

2.6. Sequencing Data Processing

The raw FASTQ files were demultiplexed and quality-filtered with Trimmomatic,
then merged using FLASH Cs6, accessed on 10 September 2022 (http://www.usadellab.
org/cms/?page=trimmomatic). The following criteria were used for quality control and
merging: (1) reads were truncated at any site with an average quality score < 20 over
a 50 bp sliding window; (2) primers were allowed 2 nucleotide mismatches; (3) reads
containing ambiguous bases were removed; and (4) sequences were merged on overlap
regions > 10 bp.

Sequences were clustered into operational taxonomic units (OTUs) at a threshold
of 97% similarity using UPARSE v7.1 (http://www.drive5.com/uparse/). Chimeric se-
quences were identified and removed using UCHIME v4.1. Taxonomy was assigned for
each OTU with the RDP Classifier algorithm (https://ngdc.cncb.ac.cn/databasecommons/
database/id/237) using the Silva (SSU123) 16S rRNA database and a confidence threshold
of 70%. The abundance-based coverage estimator (ACE) and Shannon α-diversity indices
were calculated in the vegan package of R v3.6.3, which was also used to generate rank
abundance and species accumulation curves. Rarefaction curves were also generated from
OTU counts in mothur.

2.7. Statistical Analysis

Statistical analyses were conducted in SPSS v18.0 (SPSS Inc., Chicago, IL, USA). Signif-
icant differences were determined with one-way analysis of variance (ANOVA) and post
hoc pairwise comparisons.

3. Results
3.1. Sequencing Data Assessment

In total, Illumina MiSeq obtained more than 20,000 high-quality readings. After
removing chimeras and sequences with a count of 1, representative unique sequences were
selected and clustered into OTUs at 97% similarity. Most samples had between 200 and
300 OTUs, although the maximum was 605 OTUs. The average merged sequence length
was 428 nucleotides. The community diversity, richness, and coverage were high for each
sample (Table 1), demonstrating the suitability of these data for further analyses. The
rarefaction curves, which reflected the microbial diversity of each sample at a range of
sequencing depths, reached the asymptote prior to the true number of reads per sample
(Figure 1B), demonstrating that the sequencing depth was sufficient to accurately represent
community diversity in the sequenced samples.

http://www.usadellab.org/cms/?page=trimmomatic
http://www.usadellab.org/cms/?page=trimmomatic
http://www.drive5.com/uparse/
https://ngdc.cncb.ac.cn/databasecommons/database/id/237
https://ngdc.cncb.ac.cn/databasecommons/database/id/237


Genes 2023, 14, 2008 5 of 15

Table 1. Sequencing depth and α-diversity index values at different taxonomic levels for each sample.

Sample
Name

Original Tags High Quality Tags OUTs
α Diversity Index

Shannon Simpson Ace Chao Coverage

L2_1D_C1 66,516 66,516 346 2.9537 0.2055 593.04 600.54 0.9991
L2_1D_C2 61,032 60,538 331 1.0529 0.6660 340.31 342.44 0.9981
L2_1D_C3 60,905 59,015 394 2.7374 0.3999 363.07 362.32 0.9991
L2_1D_CK 60,664 57,962 458 0.9368 0.7562 305.00 301.59 0.9984
L2_2D_C1 63,288 64,417 600 2.6984 0.3527 337.38 350.43 0.9995
L2_2D_C2 60,854 60,854 236 0.9639 0.6477 245.19 245.53 0.9986
L2_2D_C3 54,419 54,419 191 0.3289 0.9000 232.71 234.11 0.9979
L2_2D_CK 48,682 48,682 532 2.6801 0.2359 575.59 563.47 0.9968
L3_1D_C1 46,717 46,717 290 0.8338 0.6178 402.64 351.45 0.9968
L3_1D_C2 48,830 48,830 249 0.8679 0.5559 404.96 345.06 0.9965
L3_1D_C3 45,021 45,021 297 0.8438 0.6575 339.16 322.41 0.9973
L3_1D_CK 56,730 56,730 281 0.9826 0.5119 351.04 336.39 0.9971
L3_2D_C1 57,147 57,147 406 0.9641 0.6492 456.31 432.79 0.9966
L3_2D_C2 57,909 57,909 451 1.7358 0.4001 576.14 487.87 0.9963
L3_2D_C3 55,863 55,863 153 0.8632 0.5460 308.40 211.03 0.9980
L3_2D_CK 43,716 43,716 662 1.7741 0.4718 746.87 738.36 0.9954

Note: L2 represents the second-instar larvae, L3 represents the third-instar larvae. 1D represents one day (24 h) of
treatment, 2D represents two days (48 h) of treatment, C1 represents 0.25 mg/mL, C2 represents 0.5 mg/mL, and
C3 represents 1.0 mg/mL. CK represents the control group. The same below.
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Figure 1. Bacterial community dynamics among Propylea japonica treated with several concentrations
of the Bt protein Cry1B for two lengths of time: (A) Principal coordinate analysis of high-throughput
sequencing data using weighted UniFrac values. Ellipses indicate 95% confidence regions for a single
treatment group. (B) Rarefaction curves based on species abundance data. C1: 0.25 mg/mL Cry1B;
C2: 0.5 mg/mL Cry1B; C3: 1.0 mg/mL Cry1B; and CK: sucrose control group.

3.2. Effects of Cry1B on P. japonica Microbial Community Diversity

There were no significant differences between the Shannon or ACE indices of larvae
treated with any concentration of Cry1B compared to those treated with the sucrose control
for 24 h. When the treatment time was 48 h, the Shannon index of the second-instar larvae
treated with 0.5 mg/mL (p = 0.039) or 1.0 mg/mL (p = 0.011) Cry1B was significantly
different from that treated with sucrose. Among the third-instar larvae, the ACE index was
significantly different among those treated with 1.0 mg/mL Cry1B compared to the control
(p = 0.011) (Figure 2).

A principal coordinate analysis (PCoA) was conducted on weighted UniFrac distance
values to assess between-sample (i.e., β) diversity. Integrating the same treatment time
at different ages with the same treatment concentration, the P. japonica samples treated
with Cry1B were more aggregated than those treated with sucrose, indicating that the
OTU of P. japonica samples at different ages fed with the protein had more similar species
composition (Figure 1A).
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Figure 2. Analysis of Propylea japonica microbial communities using 16S rDNA gene sequencing
and α-diversity indices. Assessment of differences between samples using the (A) abundance-based
coverage estimator (ACE) and (B) Shannon diversity indices. * p ≤ 0.05 (Student’s t-test). C1
represents 0.25 mg/mL Cry1B, C2 represents 0.5 mg/mL Cry1B, C3 represents 1.0 mg/mL Cry1B,
and CK represents sucrose control group.

3.3. Effects of Cry1B on P. japonica Microbiota at the Phylum Level

Changes in the symbiotic bacterial community composition and abundance were next
analyzed at the phylum level. Second-instar larvae treated with Cry1B and those treated
with sucrose for 24 or 48 h had similar dominant phyla, including Firmicutes (p = 0.742 and
0.036), Proteobacteria (p = 0.786 and 0.1215), Bacteroides (p = 0.556 and 0.2783), and Acti-
nobacteria (p = 0.5425 and 0.1431) (p value represents a significant difference between
the two components). The change trend for dominant bacteria abundance was different
between the groups treated for 24 h and 48 h (Figure 3A). A comparison of each treatment
group to the control group revealed no significant changes in the abundance of P. japonica
bacterial community members in response to 0.25 or 0.5 mg/mL Cry1B treatment for 24 or
48 h. The only significant difference was in the abundance of Firmicutes among second-
instar larvae in the control group (47.78%) compared to those treated with 1.0 mg/mL
Cry1B for 48 h (96.26%) (p = 0.03607). Some low-abundance bacteria also responded to
treatment with exogenous Bt protein, although most taxa showed no significant changes in
abundance compared to the control group at either treatment duration or at any concentra-
tion of Cry1B. Only two low-abundance taxa were significantly differentially abundant in
any treatment group compared to the control: Gemmatimonadetes (p = 0.036) (15.13% in
C3 and 4.76% in CK) in P. japonica treated with 1.0 mg/mL Cry1B for 24 h and Patescibac-
teria (p = 0.023) (C3: 0.34%, CK: 6.83%) in those treated with 1.0 mg/mL Cry1B for 48 h
(Figure 4A,B,D).
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Figure 3. Bacterial abundance changes among Propylea japonica treated with several concentrations of
the Cry1B for two lengths of time: (A,B) Relative abundance of bacterial taxa at the phylum level in
(A) second- and (B) third-instar P. japonica larvae. (C,D) Relative abundance of bacterial taxa at the
genus level in (C) second- and (D) third-instar P. japonica larvae. All taxa with a relative abundance
of <0.01 in all samples were merged into a single taxon called “other”. C1: 0.25 mg/mL Cry1B;
C2: 0.5 mg/mL Cry1B; C3: 1.0 mg/mL Cry1B; and CK: sucrose control group.
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Among third-instar larvae, the dominant phyla in the sucrose control group were
consistent between those treated for 24 and 48 h: Firmicutes, Proteobacteria, Bacteroides,
and Actinobacteria. The abundance of each dominant phylum did not show consistent
changes along with increases in the Cry1B treatment concentration (Figure 3B). For example,
after 24 h treatment with 0.25, 0.5, and 1.0 mg/mL Cry1B, the abundance of Firmicutes
(95.73%, 91.46%, and 93.40%, respectively) and Proteobacteria (3.23%, 1.78%, and 5.55%,
respectively) first decreased and then increased. In contrast, P. japonica treated for 48 h
showed consistent decreases in the abundance of Firmicutes as the Cry1B concentration
increased from 0.25 to 0.5 and 1.0 mg/mL Cry1B (94.37%, 83.29%, and 78.31%, respectively).
However, differences in the abundance of the four dominant phyla at 24 and 48 h of
treatment compared to the control were not statistically significant (p = 0.721 and 0.691,
respectively, for Firmicutes; 0.227 and 0.698, respectively, for Protobacteria; 0.341 and 0.396,
respectively, for Bacteroides). There were no other notable changes in the abundance of non-
dominant taxa; Deinococcus-Thermus abundance was only markedly different between
treatment groups (C2_1D with C3_1D) (Figure 4C).

3.4. Effects of Cry1B Treatment on P. japonica Microbiota at the Genus Level

Further analyses were conducted to assess differences in the composition and abun-
dance of commensal bacteria at the genus level among second- and third-instar P. japonica
larvae treated with several concentrations of Cry1B for 24 and 48 h. Among the second-
instar larvae, the dominant bacterial genera were consistent between those treated with
Cry1B and those in the sucrose control group. The dominant genera were Staphylococcus,
Ralstonia, Lactobacillus, and Muribaculaceae. At 24 h of treatment, the Cry1B treatment con-
centration was inversely correlated with Staphylococcus abundance (89.17%, 84.74%, and
56.15% in those treated with 0.25, 0.5, and 1.0 mg/mL Cry1B, respectively), although the
differences were not statistically significant (p = 0.692). In contrast, Ralstonia, Muribaculaceae,
and Lactobacillus all increased in abundance along with the Cry1B concentration, but these
differences were not significant either (p = 0.484, 0.596, and 0.471, respectively). After
treatment for 48 h, those treated with higher Cry1B concentrations showed statistically
insignificant decreases in Ralstonia (p = 0.155), Lactobacillus (p = 0.383), and Muribaculaceae
(p = 0.309). Only one dominant taxon, Staphylococcus aureus, showed statistically significant
differences in P. japonica treated with 0.5 mg/mL or 1.0 mg/mL Cry1B compared to the
control group (p = 0.028 for both groups). Several low-abundance taxa were significantly
different between Cry1B treatment groups, but the differences were not significant in com-
parison to the control group. For example, there were statistically significant differences
in Chryseobacterium and Prevotella_9 abundance between P. japonica treated with different
Cry1B concentrations for 24 h (p = 0.012 and 0.030, respectively). Among second-instar
larvae treated for 48 h, there were significant differences between Cry1B treatment groups
with respect to Pelomonas and TRA3-20 abundance (p = 0.027 and 0.011, respectively)
(Figures 3C and 5A–E).

Among third-instar P. japonica larvae, the predominant genera were Staphylococcus and
Ralstonia among both those treated with Cry1B and those treated with sucrose for 24 or
48 h. At 24 h, there were some alterations in the abundance of Staphylococcus (p = 0.744)
and Ralstonia (p = 0.270) along with increased Cry1B concentrations, but there were no sig-
nificant differences compared to the control group. At 48 h, increased Cry1B concentrations
were associated with alterations in the abundance of the dominant genera Staphylococcus
(p = 0.717), Ralstonia (p = 0.054), Acinetobacter (p = 0.524), and Lactobacillus (p = 0.269), but
none of the differences were statistically significant compared to the control group. Several
low-abundance taxa did show significant differences compared to the control. For example,
there were significant differences in Thauera (p = 0.044) and Microbacterium (p = 0.031) be-
tween third-instar larvae treated with a high Cry1B concentration (1.0 mg/mL) for 24 h
compared to the control. In addition, there were statistically significant differences in
the abundance of Subgroup_2 (p = 0.022) and Delftia (p = 0.022) between the Cry1B treat-
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ment groups at 48 and 24 h, respectively, but not between the Cry1B and control groups
(Figures 3D and 5F–I).
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A comprehensive analysis of all samples at the genus level yielded 20 genera with
high abundance. Staphylococcus was the most abundant genus in all samples, followed by
Ralstonia. A heatmap analysis showed that the compositions of dominant bacteria were
largely consistent between the Cry1B treatment groups and the control. Compared with
the control group, the largest changes in abundance were in the genera Acinetobacter, Vibrio,
and Glutamicibacter (Figure 6).
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4. Discussion

P. japonica is a common arthropod with high temperature resistance and strong preda-
tion abilities, and it is the dominant natural enemy in many farmland ecosystems and preys
on cotton aphids, plant hoppers, cotton bollworms, and other pests [20]. It comes in contact
with Bt proteins both directly and indirectly during insect predation, and is therefore often
used as an indicator insect to assess the potential risks of transgenic crops [39]. Numerous
studies have examined the effects of Bt proteins on non-target insect growth, development,
enzyme activity, and expression of detoxification metabolism genes. For instance, one
study examined the pupation rate, emergence rate, 7 d larva weight, and sexual ratio of
Harmonia axyridis (Pallas) (Coleoptera: Coccinellidae) to assess the environmental risks of
the Bt proteins Cry1Ac, Cry2Ab, Cry1Ca, and Cry1F [40]. Other studies focusing on the
food chain have shown that aphids are not affected by Bt proteins, eliminating the impact
of prey on the natural enemy Eupeodes americanus (Wiedemann) (Diptera: Syrphidae) [41].
In addition to the evaluation of Bt safety in natural enemies, it is also important to consider
the responses of non-target insect microbiota. Micro-organisms are integral to ecological
functions; endophytic bacteria play crucial roles in parasitism, reproduction, resistance
to foreign pathogens, and even key nutrient synthesis [21]. Therefore, the study of endo-
phytic bacteria is of great significance to understanding insect mechanisms of action [42].
Endophytic bacteria differ from rhizosphere bacteria in numerous ways. For example, the
indoor feeding conditions of insects cause endophytic bacteria to be in a stable state [43].
As a result, insect endophytic bacteria can be used to assess the environmental risks of
Bt protein to non-target insects [44]. However, the effects of the Bt protein Cry1B on the
bacterial community of P. japonica have not been well characterized. In the present study,
the P. japonica bacterial community was used as an indicator of Bt protein environmental
risks. Investigating the effects of Bt proteins on the composition and structure of commensal
bacteria in insects is crucial to evaluations of transgenic crop safety.

Here, we found that the P. japonica larval bacterial community was dominated at the
phylum level by Firmicutes and Proteobacteria and at the genus level by Staphylococcus
and Ralstonia. The abundance levels of the dominant bacterial taxa were altered by treat-
ment with different Bt concentrations and by treatment for different lengths of time, but the
dominant species remained the same. These results were consistent with a previous study
analyzing the microflora of non-target insect fourth-instar larvae treated with Bt protein.
In that study, the most abundant phyla in P. japonica were Firmicutes, Proteobacteria, and
Actinobacteria, and the most abundant genera were Staphylococcus, Ralstonia, Acinetobacter,
and Lactobacillus [45]. Another study examined the effects of conventional feed and food
containing Cry2Ab on the P. japonica bacterial community [44]. There were no significant
differences in the microbial community diversity or structure between Cry-protein-treated
groups; furthermore, the results showed that Cry2Ab had no effect on P. japonica develop-
ment or reproduction. That study also showed that the most abundant bacterial taxa at the
phylum and genus levels were Firmicutes and Staphylococcus, respectively; the differences
in the total number of bacteria were not significant at the larval stage; and Bt protein had a
greater influence on the abundance of various bacterial genera than on community mem-
bership [44]. A comparison of previous studies on bacterial community diversity revealed
that different Bt proteins had varying effects on the diversity of endophytic bacteria in
P. japonica. These prior experimental results are consistent with the findings of the present
study, demonstrating that Bt protein treatment did not significantly alter the dominant
bacterial species or membership of endophytic bacteria in P. japonica.

The comparison of the microbial communities in insects treated with different con-
centrations of Bt protein presented here showed differences in the abundance of several
genera. The abundance of most taxa did not change significantly after treatment with
low Bt concentrations for different lengths of times, and very few taxa showed significant
changes at high concentrations of Bt protein. However, there were significant differences
between treatment groups in the abundance of taxa such as Chryseobacterium, Prevotella-9
(2L1D), Pelomonas, TRA3-20 (2L2D), and Subgroup-2 (3L2D). Only a few of the treatment
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groups showed significant differences compared to the control. Further analysis showed
that differences in community structure between those treated with a high concentration of
Cry1B (1.0 mg/mL) and those treated with sucrose were primarily due to altered abundance
of Staphylococcus (2L2D), Thauera, and Microbacterium (3L1D). Comparisons of α-diversity
indices (namely ACE and Shannon) were consistent with the results at the genus level, with
significant differences in the control group compared to the high-Cry1B treatment. Previous
studies have examined the effects of Cry1B treatment on P. japonica growth, enzyme activity,
and expression of detoxification metabolism genes. Those studies showed no significant
effects of Cry1B at three different concentrations on the biological performance of P. japonica,
and only the highest Cry1B concentration significantly affected enzyme activity and the
expression of detoxification metabolism genes [20]. Some researchers have also found that
changes caused by genetic engineering in maize pollen may not lead to biological effects in
P. japonica [46]. However, silkworm larvae treated with a high concentration of Bt pollen
show significant differences in weight after molting compared with a control group [47]. In
Pardosa pseudoannulata, individuals treated with Bt protein have lower microbial species
abundance than the control group, but higher species uniformity [48]. Another study in
the non-target pest Nilaparvata lugens (Stal) (Hemiptera: Delphacidae) (using the Biolog-
Eco method) found that exposure to transgenic Cry1Ab (KMD1/KMD2) had no obvious
negative impact on intestinal microbial community diversity [49]. A study examining
the microbial community composition of honeybee (Apis mellifera ligustica) individuals
in different Bt treatment groups used a denaturing gradient gel electrophoresis (DGGE)
map, which revealed some differences in bacterial community structure between those
treated with non-transgenic cotton pollen and those treated with a sucrose control [50].
Summarizing the above, it can be found that differences that were statistically significant
may have been due to stimulation with high concentrations of exogenous protein. Different
types of Bt proteins could have varying effects on non-target insect bacterial communities.
The abundance of endophytic bacteria in insects is obviously related to the concentration
of Bt protein. However, the concentrations of Bt protein that are expressed in the field by
transgenic insect-resistant crops are well below the minimum concentrations used in the
present study [31]. It is highly unlikely that insects would be exposed to Bt proteins at
concentrations as high as 1.0 mg/mL in the field, suggesting that environmentally relevant
concentrations of Cry1B may not have a significant effect on the predator P. japonica [47].
Many studies have shown that predators are only affected when Bt-sensitive herbivores
are used as prey, with no evidence of direct toxic effects [41]. Field survey data have also
confirmed that the abundance and diversity of target and non-target insects are similar in
Bt and non-Bt fields; this again suggests that Bt may not be toxic to non-target insects [51].

During insect development, many commensal micro-organisms are inherited through
vertical transmission, although some beneficial commensal bacteria are also acquired
through contact with the external environment [23]. These commensal bacteria can con-
tribute to host insect development and reproduction by altering host mating behavior,
enhancing tolerance or resistance to pathogenic fungi and natural enemies, or influencing
the host species population dynamics and genetic diversity [52,53]. Through the previous
research results, we can speculate on the function of endophytic bacteria in P. japonica.
For example, Staphylococcus is also a prominent component of the Apriona germari (Hope)
(Coleoptera: Cerambycidae) larval microbial communities and plays a positive role in host
growth and development [54]. The largest differences in microbial community structure
between Cry1Ac-resistant and Cry1Ac-sensitive strains are in the phylum Firmicutes [55].
In the present study, the most abundant Firmicutes genus in P. japonica was Staphylococcus,
which increased in abundance after feeding on exogenous Bt protein. We therefore specu-
late that the increased abundance of Staphylococcus promoted host resistance to adverse
reactions to Cry1B. Staphylococcus remained the dominant genus across treatment groups
with different concentrations of Bt protein and treatment lengths; the relative abundance
of this genus did not consistently change with increased host age, and there were no
significant fluctuations in the abundance. Therefore, it is inferred that the abundance of
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Staphylococcus has nothing to do with the host age, which indicates that Staphylococcus may
be vertically inherited in P. japonica. In other related studies, compared with the control,
the abundance of Botulinum in the P. japonica and Plutella xylostella fed with Bt changed
irregularly, indicating that Botulinum does not respond to Bt protein; changes in Botulinum
abundance are therefore only related to the environmental conditions in which the host
insects are located [56]. Here, treatment with Bt protein decreased the abundance of Bacillus
and Stenotrophomonas, indicating that these species may not have contributed to host Cry1B
resistance. Conversely, Enterococcus abundance increases along with the larval growth stage
of Bt-treated P. japonica, suggesting that Enterococcus may increase Bt protein resistance [29].
In this study, the possibility of changes in several dominant genera was obtained based on
the above-mentioned series of research rules. For example, P. japonica treated with Cry1B
showed significant increases in Ralstonia abundance, leading to the speculation that this
genus may have resistance to Cry1B. Levels of Acinetobacter and Lactobacillus did not show
consistent changes among P. japonica treated with Bt protein compared with the control
group, and we therefore speculated that their abundance was related to environmental
conditions rather than Bt protein exposure. At present, some studies have found that Enter-
obacteriaceae can prolong the life of insects [57]; it can significantly improve the adult size,
pupa weight, survival rate and mating competitiveness [58]; it can significantly increase
the weight and body length of the host and significantly shorten its growth cycle [59]; and
it was also found that the nutritional metabolism of Rhynchophorus ferrugineus (Olivier)
(Coleoptera: Curculionidae) was significantly affected and the immune defense function
was also significantly reduced after the main endophyte Lactobacillus was completely re-
duced or eliminated [60,61]. When the core bacterium Lactobacillus is absent from the
intestine of Drosophila melanogaster, its pupation time is prolonged and its wings become
smaller [62]; Pseudomonas protegens, a rare bacterium in Nasonia vitripennis, can improve
the drug resistance of this parasitic wasp by metabolizing atrazine [63]. In this study, the
relative abundance of Salmonella (of Enterobacteriaceae), Lactobacillus, and Pseudomonas
all changed in different degrees, speculating that the relative abundance changes in these
endophytes may have an impact on the growth and development, immune defense, and
other aspects of P. japonica.

In this study, P. japonica was treated with Cry1B protein for a short time, and then the
effect of this protein on the bacterial community of P. japonica was analyzed. However, it
is important to note that long-term exposure of P. japonica to Bt proteins in the field may
yield different results, and the impact of a single strain on the growth and development
of P. japonica remains unclear. Future studies are necessary to verify the influence of
endophytic bacteria on P. japonica biology and to evaluate microbial community changes in
response to stressors and other external pressures found in the farmland environment. In
addition, this study was based on sucrose solution as the control, and no other protein was
added as the supplementary control. The differences in the influence of common proteins
and Bt proteins on the biology of P. japonica need further study.

5. Conclusions

In this study, a high-throughput sequencing method was used to compare the bacterial
communities of P. japonica given Cry1B protein or a sucrose control. Cry1B treatment will
have some influence on endophytic bacteria in this non-target insect. Cry1B ingestion did
not change the microbial community membership in P. japonica, but altered the abundance
of some dominant and some less abundant bacteria. Together with data from prior studies,
these results suggested that high Bt protein concentrations significantly altered the bacterial
communities in P. japonica without affecting insect biological performance. The precise
effects of changes in the abundance of some endophytic bacteria require further evaluation.
Furthermore, field studies should be conducted to directly assess the potential individual
and synergistic impacts of large-scale Bt crop cultivation on non-target organisms. This
experiment provides data support for the safety evaluation of genetically modified crops.
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