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Introduction: Symbiotic microorganisms in insects regulate multiple physiological 
functions, widely participating in nutrient metabolism, immune regulation, and 
crucial regulatory roles in development. However, little is known about how 
microbial factors might respond to the preparation of insect diapause.

Methods: The gut bacterial communities of Loxostege sticticalis larvae induced 
at different photoperiod of long (LD16:8, nondiapause) and short (LD12:12, 
prediapause) daylength were compared, by 16S rRNA Illumina MiSeq.

Results: A total number of 42 phylum, 78 classes, 191 orders, 286 families, 495 
genera, and 424 species were identified in the intestinal bacterial community of 
L. sticticalis larvae. Alpha diversity and beta diversity analyses revealed significant 
differences between nondiapause and prediapause larvae. In non-diapause larvae, 
the dominant intestinal bacteria were Firmicutes and Proteobacteria. In specific, in 
3rd and 4th instar larvae, the main intestinal bacteria were Staphylococcus, while 
in 5th instar, it was JC017. For the prediapause larvae, the dominant phylum in 3rd 
instar larvae was Firmicutes, with the dominant genus of Staphylococcus, while in 
4th and 5th instar larvae was Bacteroidota, with the dominant genus 4th instar was 
Staphylococcus, and in 5th instar was JC017. KEGG functional prediction analysis 
revealed that functional bacterial groups involved in metabolism had the highest 
abundance values. Specifically, the amino acid metabolism of metabolism-related 
functional genes in the 3rd instar prediapause larvae was significantly lower than 
that in the 4th and 5th instar prediapause larvae and the non-diapause treatment. 
However, the carbohydrate metabolism in 3rd instar prediapause larvae was 
significantly higher than that in 4th and 5th instar prediapause larvae and non-
diapause treatments. The dominant bacterial phylum in the prediapause larvae at 
different stages of L. sticticalis was varied, and there were significant differences 
in community diversity and richness.

Discussion: These results suggest a complex interaction between the hosts’ 
physiological state and its gut microbiota, indicating that bacterial communities 
may assist insects in adapting to diapause preparation by regulating their 
metabolic levels. This study lays the foundation for further understanding 
the physiological mechanisms by which intestinal microorganisms regulate 
overwintering dormancy in the L. sticticalis.
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1 Introduction

Many insects undergo mandatory or facultative diapause stage 
during their lifecycle as an adaptive strategy to enhance their ability 
to survive under adverse environmental conditions (Denlinger, 
2002). Mandatory diapause occurs at a specific, genetically 
determined stage and is entirely regulated by endogenous factors, 
with its initiation unaffected by external environmental conditions. It 
is a stable genetic trait, usually occurring once per year. In contrast, 
facultative diapause is modulated by environmental factors (such as 
reduced photoperiod) and can occur multiple times within a year 
(Mushegian and Tougeron, 2019). The diversity of diapause strategies 
in insects has contributed to their evolution, enabling them to survive 
in fluctuating environments and adjust stable reproductive stages and 
generations events. At the same time, diapause is synchronized 
insects population development and reproduction with favorable 
seasonal conditions, thereby effectively utilizing seasonal resources 
(Dittmer and Brucker, 2021). Therefore, the significance of diapause 
for the continuity of insect populations not only to increasing insects 
survival at adverse environments, but also promotes the uniformity 
of population development, enhances the probability of mating 
between males and females, and ensures the reproduction of 
population (Li et  al., 2018; Morey et  al., 2012; Posledovich et  al., 
2015). Research on insect diapause can provide a crucial theoretical 
basis for the utilization of beneficial insects and for the management 
of insect pests (Denlinger, 2002). However, both types of diapause 
incur costs, potentially impacting longevity and reducing 
reproductive success (Matsuo, 2006; Munyiri et al., 2004; Williams 
et al., 2003).

There is an inseparable relationship between insect gut microbiota 
and their hosts. Through long-term natural selection and coevolution, 
insects provide habitats for gut microbial communities, and the gut 
microbiota provide nutritional resources for the insects growth, 
development, and reproduction (Guevara-Rozo et al., 2020; He et al., 
2022; Paniagua et al., 2018). Gut microbiota could also participate in 
the chemical information exchange and metabolism of insect hosts 
(Zhao et al., 2019). They also improve host defense and detoxification 
capabilities; affect the lifespan and development cycle of insect hosts, 
and regulate hosts mating behavior and reproductive capabilities. 
Previous studies have demonstrated that the gut microbiota regulates 
nutrient allocation in Drosophila melanogaster by regulating the 
expression of the insulin/insulin-like signaling pathway (IIS), which 
is one of the key regulatory factor for insect growth and nutritional 
homeostasis (Shin et al., 2011). Gut microbiota might also play a role 
in regulating insect diapause, especially in host nutrient allocation and 
metabolism (Dittmer and Brucker, 2021; Perrot-Minnot et al., 1996). 
For example, yeast-like symbiotic bacteria and Wolbachia in the 
brown planthopper Nilapavata lugens can provide the host with 
essential amino acids and vitamin B for growth (Ju et al., 2020). The 
host organism constitutes the ecosystem of its microbiome (Sicard 
et  al., 2014), and changes in this ecosystem will also affect the 
microbiome. For instance, some microorganisms may decrease or 
extinction under diapause conditions, causing other bacterial groups 
to over proliferate (Perrot-Minnot et al., 1996). Considering the host-
microbiome community as a whole system, insect diapause may have 
huge impacts on the change and maintenance of the interaction 
between insect host and gut microbiome community (Mushegian and 
Tougeron, 2019).

The beet webworm Loxostege sticticalis is a temperate pest that 
mainly occurring in the area between 36° to 54° North latitudes. It is 
a major pest in agriculture and natural grassland in Northern, 
Northeast and Northwest of China (Huang et al., 2024). The beet 
webworm L. sticticalis, by means of diapause and long-distance 
migration webworm, all causing huge economic losses and ecological 
disasters (Huang et al., 2024). The L. sticticalis overwinters as mature 
diapausing larvae in the cocoon. Diapause allows larvae to survival 
through periods of unfavorable, or extremely harsh, cold, and devoid 
of potential food conditions, and then safely overwintering for a long 
period of 8 months (Huang et  al., 2009). Diapause in L. sticticalis 
represents a syndrome of developmental, behavioral, eco-physiological, 
and biochemical attributes that single or together serve to enhance 
survival during overwinter. Generally, compared with non-diapause 
larvae, diapause individuals feed more during prediapause, ensure to 
accumulating more energy materials, such as trehalose, fat, and 
triglyceride (Hahn and Denlinger, 2011), and their respiratory 
metabolism decreases significantly during the whole diapause period 
(Ragland et  al., 2011). However, the relationship between energy 
metabolism, the steady state of cell function during diapause and the 
regulation of intestinal gut microbiota is still unknown.

In recent years, a wide diversity of gut microbiota was found to 
colonized in the insects gut, which are now well-known, as its always 
play key roles in the insect host, by regulating homeostasis and 
metabolic functions (Engel and Moran, 2013; Resnik-Docampo et al., 
2018). Research on the effects of gut microbiota on host physiology, 
behavior, and coevolution has becoming the frontier research topic 
(Wilson et al., 2010; Douglas, 2015). The interaction between hosts 
and its microbiota is extremely comprehensive. However, the study of 
gut microbiota related to regulating of insect rediapause is still lacking 
systematic analysis. Therefore, this study employed amplicon 
sequencing to compare the structure of the bacterial community in 
the gut of L. sticticalis larvae at three instar (3rd, 4th, and 5th), that 
reared at two different photoperiods, i.e., the diapause preparation 
condition (a short day-length of LD12:12) and non-diapause induced 
condition (a long day-length of LD16:8), to analyze the bacterial 
community and its potential function. This study aims to evaluate the 
impact of host status, whether in the nondiapause or prediapause 
stage, on the bacterial community, laying the foundation for further 
understanding the physiological mechanisms through which gut 
microbiota regulate overwintering diapause in L. sticticalis. It also 
provides new perspectives and avenues for developing effective control 
strategies for the L. sticticalis.

2 Methods

2.1 Test insects

The test insects were collected from Hohhot, Inner Mongolia 
Autonomous Region, China. After being reared for two generations 
in the laboratory, the third generation were used for the current 
experiments. The newly hatched larvae were fed with fresh leaves of 
goosefoot Chenopodium album, at a temperature of 21 ± 1°C, a relative 
humidity of 70%–80%, combined with a photoperiod of L:D = 16:8 to 
induce nondiapause, a photoperiod of L:D = 12:12 to induce diapause 
in artificial climate chambers. Each box contained at least 40 
individuals and five replicates were used for each treatment, to obtain 
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different developmental instar individuals of prediapause and 
non-diapause larvae, respectively. The larvae were identified as 3rd, 
4th, and 5th instar according to the head capsule width and body 
length (Hu et al., 2020).

2.2 Sample collection

Firstly, the collected larvae were transferred into an ice box for 
15 min chilling the larvae were immersed in the 75% ethanol solution 
for 2–3 min and washed with sterile water for 15–30 s (if the washing 
solution was turbid, it could be washed 2–3 times), to eliminate the 
possibility of epidermis microbial residues on the diversity of intestinal 
bacterial community. For the dissecting of the gut, the excess water of 
the larvae was absorbed by filter paper, and dissected the larva under 
a microscope (LEICA M250C), and the midgut was removed from the 
whole body with sterilized tweezers, and transferred in a 1.5 mL sterile 
centrifuge tube. Immediately frozen in liquid nitrogen, and store at 
−80°C for subsequent experiments.

2.3 DNA extraction and sequencing

For gut microbial community sequencing, 30 larvae from 3rd 
instar, 20 larvae from 4th instar, and 10 larvae from 5th instar were 
dissected. Total genome DNA from samples was extracted using 
CTAB method. DNA concentration and purity was monitored on 1% 
agarose gels. The V3–V4 region of the bacterial 16S rRNA gene was 
PCR amplified using the specific primers 341F (5′-CCTAYGG 
GRBGCASCAG-3′) and 806R (5′-GGACTACNNGGGTATCTAAT-3′) 
with barcodes. The PCR reaction system was 30 μL, included 15 μL 
2 × Phusion Master Mix, 1 μL each 1 μM/μLPrimer, 10 μL (10 ng) 
gDNA (1 ng/μL), and 3 μL ddH2O. The PCR program consisted of an 
initial denaturation at 98°C for 1 min, 30 cycles of 98°C for 10 s, 50°C 
for 30 s, 72°C for 30s, final extension at 72°C for 5 min. Then, the PCR 
products were purified by 2% agarose gel electrophoresis, and the 
target bands were recovered and purified using the Universal DNA 
Purification Recovery Kit (TianGen, China) based on PCR 
product concentration.

Sequencing libraries were generated using NEB Next® Ultra DNA 
Library Prep Kit (Illumina, United States) following manufacturer’s 
recommendations and index codes were added. The library quality 
was assessed on the Agilent 5400 (Agilent Technologies Co., Ltd., 
United  States). At last, the library was sequenced on an Illumina 
platform and 250 bp paired-end reads were generated.

2.4 Bioinformatics and statistical analysis

Firstly, raw data FASTQ files were imported into the format which 
could be  operated by QIIME2 system using qiime tools import 
program. Subsequently, demultiplexed sequences from each sample 
were quality filtered and trimmed, de-noised, merged, and then the 
chimeric sequences were identified and removed using the QIIME2 
DADA2 plugin to obtain the feature table of amplicon sequence 
variant (ASV) (Callahan et al., 2016). The QIIME2 feature-classifier 
plugin was then used to align ASV sequences to a pre-trained 
GREENGENES 13_8 99% database (trimmed to the V3–V4 region 

bound by the 338F/806R primer pair) to generate the taxonomy table 
(Bokulich et  al., 2018). Any contaminating mitochondrial and 
chloroplast sequences were filtered using the QIIME2 feature-
table plugin.

Rarefaction curves were calculated using the core-diversity plugin 
within QIIME2. Alpha-diversity of microbial communities was 
assessed using the Chao1, Shannon index, and Simpson evenness. All 
statistical analyses were done using SPSS Statistics 27 (IBM, Armonk, 
NY, United  States). The data for each index were subjected to a 
one-way ANOVA to determine any significant differences, then the 
LSD method for multiple comparisons. Beta-diversity was visualized 
using a principal coordinate analysis (PCoA) based on Bray–Curtis 
matrix, and dissimilarity tests based on adonis (PERMANOVA) were 
used to evaluate differences among groups (Vazquez-Baeza et  al., 
2013). Based on the species annotation results, the composition of 
species in the samples was analyzed using community bar plots. The 
linear discriminant analysis (LDA) Effect Size (LEfSe) method was 
used to assess differences in microbial communities using a LDA score 
threshold of 4 (Love et al., 2014; Mandal et al., 2015; Segata et al., 
2011). The potential KEGG Ortholog (KO) functional profiles of 
microbial communities was predicted with PICRUSt (Langille 
et al., 2013).

3 Results

3.1 Species annotation and assessment of 
gut bacteria in Loxostege sticticalis larvae

From the 18 midgut samples of non-diapausing and diapause-
preparing L. sticticalis larvae, a total of 3,178,890 raw sequence reads 
of the 16S rDNAgene were obtained. After quality filtering and 
removal of chimeras 2,501,847 high-quality sequences were retained. 
After rarefying to the minimum sample sequence number, the ASV 
count was 1,806. Taxonomic annotation of the ASVs revealed a total 
of 42 phylums, 78 classes, 191 orders, 286 families, 495 generas, and 
424 species (Supplementary Table S1). The rarefaction curves of each 
group leveled off as the sequencing depth increased, indicating that 
the sequencing depth was sufficient to reflect the microbial diversity 
(Figure 1).

3.2 Diversity of gut bacterial communities 
in Loxostege sticticalis larvae

Alpha diversity analysis results suggest that there are outstanding 
differences in the gut bacterial alpha diversity indices of L. sticticalis 
under different treatments (p < 0.05) (Figure 2). The gut bacterial 
community diversity index and evenness of 3rd instar larvae during 
the diapause preparation period were significantly lower (p < 0.05) 
(Figures  2A,B). The gut bacterial community richness of 
non-diapausing 3rd instar larvae was significantly higher than that of 
non-diapausing 5th instar larvae and 3rd instar larvae during the 
diapause preparation period (p < 0.05) (Figure 2C).

The beta diversity analysis results demonstrated that there are 
differences in the composition of gut microbiota between diapause-
prepared larvae and non-diapause larvae (Figure  3 and 
Supplementary Table S2). Further permutation multivariate analysis 
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of variance was conducted to assess the significance of inter-group 
differences. The results suggested that there is an outstanding 
difference in the composition of gut microbiota between diapause-
prepared larvae and non-diapause larvae (p < 0.05). However, there is 
no significant difference in the composition of gut microbiota between 
diapause-prepared and non-diapause larvae at the same developmental 
stage (p > 0.05).

3.3 Composition of intestinal bacterial 
communities in larvae of Loxostege 
sticticalis

At the phylum level analysis of intestinal bacterial communities in 
larval stages of L. sticticalis (Figure 4A), the dominant phylum in the 
midgut of non-diapausing 3rd and 4th instar larvae is Firmicutes, 
accounting for 79.4 and 75.3%, respectively, followed by 
Proteobacteria, accounting for 17 and 21.3%, respectively. In the 
midgut of non-diapausing 5th instar larvae, the dominant phylum is 
Firmicutes, accounting for 54.3%, followed by Bacteroidota, 
accounting for 44%. During the diapause preparation period, the 
dominant phylum in the midgut of 3rd instar larvae is Firmicutes, 

accounting or 96%, followed by Bacteroidota, accounting for 3.2%. In 
the midgut of 4th and 5th instar larvae, the dominant phylum is 
Bacteroidota, accounting for 57.2 and 75%, respectively, while the 
subdominant phylum is Firmicutes, accounting for 36.7 and 20.1%, 
respectively.

At the genus level (Figure  4B), in non-diapausing larvae, the 
predominant genera in the midgut of 3rd and 4th instar larvae are 
Staphylococcus, while in 5th instar larvae, the predominant genus is 
JC017. Under diapause conditions, the predominant genus in the 
midgut of 3rd, 4th, and 5th instar larvae is JC017. In the midgut 
bacterial community of non-diapausing 3rd instar larvae, 
Enterococcus_B and Mangrovibacter were not detected. Additionally, 
certain bacterial genera are present in specific larval stages’ midguts, 
such as Zoogloea found in the midgut of non-diapausing 3rd instar 
larvae, while Marinomonas and Shewanella are specific to the midguts 
of non-diapausing 3rd and 4th instar larvae.

Cladograms were generated for each gut bacterial and fungal 
sample, depicting hierarchical relationships from phylum to genus. 
The analysis identified 15 biomarkers with significant differences 
between treatments (LDA >4). Notably, both the non-diapause group 
and the pre-diapause 3rd instar larvae harbored distinct dominant 
bacterial taxa (Figure  5). At the phylum level, Firmicutes were 

FIGURE 1

Dilution curves were generated to assess the bacterial composition in the intestines of diapause-preparation and non-diapause larvae of L. sticticalis. 
The following groups were analyzed: D3 (intestinal tract of 3rd instar larvae in diapause-preparation), D4 (intestinal tract of 4th instar larvae in 
diapause-preparation), D5 (intestinal tract of 5th instar larvae in diapause-preparation), N3 (intestinal tract of 3rd instar larvae in non-diapause), N4 
(intestinal tract of 4th instar larvae in non-diapause) and N5 (intestinal tract of 5th instar larvae in non-diapause).

FIGURE 2

Alpha-diversity of gut bacteria in larvae during pre-diapause and non-diapause stages was assessed using the Shannon index (A), Simpson evenness 
(B) and Chao1 index (C). Different letters above the means indicate significant differences between cultivars (one-way ANOVA, p  <  0.05).
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significantly present in the non-diapausing 3rd instar larvae stage, 
while Bacteroidota were significantly present in the non-diapausing 
5th instar larvae stage. At the class level, Bacteroidia were significantly 
present in the non-diapausing 5th instar larvae stage, and Bacilli were 
illustriously present in the non-diapausing 3rd instar larvae stage. At 
the order level, Bacteroidales were significantly present in the 
non-diapausing 5th instar larvae stage, Staphylococcales were 
significantly present in the non-diapausing 3rd instar larvae stage, and 

Pseudomonadales_650611 were significantly present in the diapause 
preparation period 3rd instar larvae stage. At the family level, 
Staphylococcaceae were significantly present in the midgut microbial 
community of non-diapausing 3rd instar larvae, Vibrionaceae were 
significantly present in the non-diapausing 4th instar larvae stage, 
Marinilabiliaceae were significantly present in the non-diapausing 5th 
instar larvae stage, and Pseudomonadaceae were significantly present 
in the diapause preparation period 3rd instar larvae stage. At the genus 

FIGURE 3

Principal coordinate analysis based on Bray–Curtis distance matrices was conducted on bacterial communities from diapause-preparation and non-
diapause L. sticticalis. (A) Principal coordinate analysis was performed on 3rd, 4th, and 5th instar larvae in both non-diapause and diapause-preparatory 
stages. (B) Principal coordinate analysis was performed on the overall non-diapause and diapause preparation periods. “D” represents diapause-
preparation, and “N” represents non-diapause.

FIGURE 4

Composition of gut bacteria in diapause-preparing and non-diapause larvae of L. sticticalis. The relative abundance of bacterial communities is 
presented at the phylum (A) and genus (B) levels. Columns represent different samples, different colors represent distinct bacterial taxa, and “others” 
represents all species except those annotated above.
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level, Staphylococcus were significantly present in the non-diapausing 
3rd instar larvae stage, Vibrio_678715 were significantly present in the 
non-diapausing 4th instar larvae stage, JC017 were significantly 
present in the non-diapausing 5th instar larvae stage, and 
Pseudomonas_E_647464 were significantly present in the diapause 
preparation period 3rd instar larvae stage.

3.4 Functional prediction of intestinal 
bacteria 16S in larvae of Loxostege 
sticticalis

Based on the information compared to the KEGG database, the 
Pathway information was obtained, and the abundance of each 
functional category was calculated based on the ASV abundance. 
According to the level stacking diagram analysis of the primary 
classification of pathway, the main pathways include metabolism, 
genetic information processing, cellular processes, environmental 
information processing and organic system, among which the 
metabolic pathway has the highest phase abundance (Figure 6A). The 
secondary classification level analysis of metabolic pathways 
demonstrate that the metabolic pathway with the highest abundance 
of functional flora was amino acid metabolism, followed by 
biosynthesis of other secondary metabolites, carbohydrate 

metabolism, chemical structure transformation diagram, and energy 
metabolism (Figure 6B). The relative abundance of lipid metabolism 
ranked eighth, indicating a low probability of gut microbes 
participating in host lipid metabolism. At the same time, found amino 
acid metabolism, biosynthesis of other secondary metabolites, the 
single factor variance test carbohydrate metabolism, chemical 
structure transformation pathways, metabolism, global and overview 
diagram, glycan biosynthesis and metabolism, lipid metabolism, 
cofactor and vitamin metabolism, other amino acid metabolism, 
terpenoid and polyketone metabolism, nucleotide metabolism, and 
exogenous compound biology degradation and metabolism were 
different in the six groups. The metabolic functions of intestinal 
bacteria in amino acid metabolism, biosynthesis of other secondary 
metabolites, energy metabolism, global and overview maps, terpenes 
and polyketones of 3rd instar larvae in diapause preparation stage 
were significantly lower than those of non-diapause larvae and 4th 
and 5th instar larvae in diapause preparation stage. The carbohydrate 
metabolism, chemical structure transformation map, nucleotide 
metabolism, exogenous compound biodegradation and metabolic 
functions of intestinal bacteria of the 3rd instar prediapause larvae 
were significantly higher than those of the non-diapause larvae and 
the 4th and 5th instar prediapause larvae. The lipid metabolism 
function of intestinal bacteria of the 3rd instar larvae was significantly 
higher than that of the 4th instar larvae (Figure 6B).

FIGURE 5

Linear discriminant analysis effect size (LEfSe) analysis of gut bacterial communities in pre-diapause and non-diapause larvae. (A) represents the LEfSe 
analysis bar chart; (B) represents the LEfSe analysis cladogram. LDA scored >4.
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4 Discussion

We examined the gut bacterial communities of 3rd, 4th, and 5th 
instar of nondiapause larvae induced at LD16:8 and prediapause 
larvae induced at LD12:12 daylength. We found that: (1) gut bacterial 
communities shown significant differences between nondiapause and 
prediapause larvae both in alpha diversity and beta diversity; (2) 
functional gut bacterial groups involved in metabolism had the 
highest abundance values; (3) gut bacterial communities may assist 
L. sticticalis larvae in adapting to diapause preparation by regulating 
their metabolic levels. Diapause is the primary strategy by which the 
L. sticticalis survives low temperatures and overwinters safely. Gut 
microbiota plays a crucial role in regulating the physiological 
processes in preceding diapause. For one aspect, monitoring shifts in 
the gut microbial community can help predict transactions in diapause 
cycles, which may providing an early warning system for pest 
management. For another aspect, alterations in gut microbiota can 
impact the immune system of L. sticticalis, which may rendering it 
more susceptible to external pathogens. In the future, microbial 
modulation technique during insects diapause may become a new 
direction for more sustainable and eco-friendly pest management.

Insect diapause is a complex developmental process that includes 
the pre-diapause period (diapause induction and diapause 
preparation), the diapause period (diapause entry, diapause 
maintenance, and diapause release), and the post-diapause period 

(Colinet et al., 2015). Each stage is characterized by significant changes 
in endocrine activity (Bajgar et al., 2013; Didion et al., 2021; Kucerova 
et al., 2016), cell proliferation (Shimizu et al., 2018), stress resistance, 
and nutrient metabolism (Hao et  al., 2016; Poelchau et  al., 2013; 
Urbanski et al., 2010). Previous studies have found that glucose and 
protein levels in Nasonia vitripennis larvae increase during diapause, 
indicating that the microbiome may be involved in diapause-related 
metabolic remodeling and significantly impact host diapause survival 
and post-diapause adaptability (Dittmer and Brucker, 2021). 
Therefore, outsourcing some functions to microorganisms during 
dormancy may be a strategic adaptation for the host. For example, 
during reproductive diapause in shield bugs, uricase activity appears 
to be mediated by Enterobacter-like gut bacteria. Eliminating these 
bacteria leads to a reduction in amino acids in the hemolymph and 
results in the rapid death of the host (Kashima et  al., 2006). 
Nitrogenous waste recycling was similarly carried out by bacteria in 
the guts of hibernating frogs (Wiebler et al., 2018). In hibernating 
mammals, the composition of the microbial community during 
diapause shifts to become dominated by bacterial taxa that feed on 
host epithelial mucins (Dill-McFarland et al., 2014). In this study, 
we  analyzed changes in the gut microbiota of non-diapause and 
pre-diapause 3rd, 4th, and 5th instar larvae. The results revealed that 
in pre-diapause 3rd instar larvae, the relative abundance of Firmicutes 
increased, while Bacteroidetes became a sub-dominant phylum, and 
the dominant gut bacterial genus shifted from Staphylococcus to 

FIGURE 6

Prediction of intestinal bacterial function in diapause-preparing and non-diapause larvae of the L. sticticalis. (A) Presents a horizontal stacked chart 
analysis of first-level classification pathways. (B) Illustrates the secondary classification level analysis of metabolic pathways. Different letters above the 
means indicate significant differences between cultivars (one-way ANOVA, p  <  0.05).
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JC017. Additionally, the genus Enterococcus_B appeared in the midgut 
microbiota during this stage. Functional prediction analysis showed 
that pre-diapause 3rd instar larvae have significantly higher 
carbohydrate metabolism compared to other instar stages, while 
amino acid metabolism is significantly lower.

Previous research has demonstrated that the gut microbiota plays 
a crucial role in the nutritional metabolism of insect hosts (Jing et al., 
2020). The phylum Bacteroidetes plays a crucial role in the biosynthesis 
of essential amino acids and vitamins and maintains host gut health 
through processes such as polysaccharide metabolism and 
carbohydrate fermentation (Chang et al., 2000; Jing et al., 2020; Wang 
et al., 2020). Therefore, we hypothesize that the increased abundance 
of Bacteroidetes in pre-diapause 3rd instar larvae may be related to the 
increased demand for essential amino acids and vitamins during the 
pre-diapause period, aiding the larvae in maintaining normal 
physiological functions. On the other hand, Firmicutes may enhance 
the larvae’s ability to digest and metabolize these nutrients through its 
role in carbohydrate metabolism. This improvement can help the 
larvae synthesize and store energy, preparing them for the forthcoming 
diapause stage.

The presence of the genus Enterococcus_B may be closely related 
to immune regulation. Studies have suggested that the main bacterial 
community in the midgut of Galleria mellonella larvae is Enterococcus 
(Kong et al., 2023), and the increase in the number of Enterococcus is 
positively correlated with the increase in the expression level of 
immune-related genes (Krams et al., 2017). Related studies have also 
found that Enterococcus bacteria play an important role in protecting 
insects from external damage. Enterococcus bacteria can produce 
bacteriocins, active antibacterial compounds, and can also play a role 
in the hydrolysis of cellulose (Dantur et al., 2015; Kwaadsteniet et al., 
2006). Therefore, in pre-diapause 3rd instar larvae, the increase in 
Enterococcus may be related to an immune response to environmental 
stress, aiding the larvae in coping with adverse conditions.

Additionally, during diapause in the Clanis bilineata tsingtauica, 
the amino acid metabolism pathways of the gut microbiota are 
upregulated with the prolongation of diapause, whereas the abundance 
of Enterococcus shows an opposite trend (Qian et al., 2024). A similar 
phenomenon has been observed in the Bombyx mori (Li et al., 2022). 
Liang et  al. (2022) suggested that Enterococcus may maintain the 
nutritional balance of diapause insects by regulating amino acid 
metabolic pathways. Therefore, we  hypothesize that the reduced 
amino acid metabolism level in 3rd instar larvae during the 
pre-diapause stage may be  a result of regulation by Enterococcus, 
aimed at conserving amino acids for nutritional needs during diapause.

The results of beta diversity analysis suggested (Figure  3 and 
Supplementary Table S2) that the species composition structure of the 
intestinal flora of larvae in the diapause preparation stage and those in 
non-diapause stage were quite different. Alpha diversity analysis 
(Figure 2) demonstrated that the diversity index and evenness of the 
intestinal bacterial community of 3rd instar larvae in the diapause 
preparation period were significantly reduced (p < 0.05). This suggests 
that some bacterial taxa may be lost during the early stages of diapause 
preparation. During hibernation, bacterial taxa that rely on dietary 
polysaccharides decrease in abundance in the mammalian gut, whereas 
bacteria that degrade host-derived nutrients increase in abundance 
(Carey et al., 2013; Dill-McFarland et al., 2014). Compared with the 
3rd instar larvae, the diversity of intestinal bacteria increased in the 4th 
and 5th instar larvae during the diapause preparation period. Studies 

have shown that the abundance of a few bacterial genera increases 
during diapause, such as Terriglobus, which thrives in low temperatures 
and nutrient-poor environments (Eichorst et al., 2007; Rawat et al., 
2012) and Arsenophonus nasoniae (Darby et al., 2010; Nadal-Jimenez 
et al., 2019), a symbiont kills males. The increase in these taxa may 
be related to their metabolic diversity, the availability of new ecological 
niches due to the reduction of diapause-sensitive taxa, or the reduction 
of host regulatory mechanisms (Brucker and Bordenstein, 2014).

5 Conclusion

This study demonstrated that: (1) there are differences in the 
intestinal bacterial communities between larvae in the diapause 
preparation stage and those in the non-diapause stage; (2) the 
abundance of gut bacterial communities involved in metabolism was 
highest during the preparation for diapause; and (3) there are complex 
interactions between the host and the intestinal microbiota. These 
findings lay a foundation for further understanding the physiological 
mechanisms by which intestinal microbes regulate the preparation of 
overwintering dormancy in the L. sticticalis.

Data availability statement

The original contributions presented in the study are publicly 
available. This data can be found here: http://www.ncbi.nlm.nih.gov/
bioproject/1167676.

Ethics statement

The manuscript presents research on animals that do not require 
ethical approval for their study.

Author contributions

JW: Data curation, Formal analysis, Investigation, Methodology, 
Writing – original draft, Writing – review & editing. HC: Investigation, 
Methodology, Resources, Writing – review & editing. DL: Data 
curation, Formal analysis, Writing – review & editing. SC: Data 
curation, Methodology, Writing – review & editing. YS: Formal 
analysis, Investigation, Methodology, Writing – review & editing. JH: 
Investigation, Methodology, Writing – review & editing. TB: Formal 
analysis, Writing – review & editing. DZ: Funding acquisition, 
Investigation, Supervision, Writing – review & editing. HX: 
Conceptualization, Data curation, Formal analysis, Funding 
acquisition, Investigation, Methodology, Project administration, 
Resources, Supervision, Validation, Visualization, Writing – original 
draft, Writing – review & editing.

Funding

The author(s) declare that financial support was received for the 
research, authorship, and/or publication of this article. This research 
was financially supported by the National Key R&D Program of China 

https://doi.org/10.3389/fmicb.2024.1469140
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org
http://www.ncbi.nlm.nih.gov/bioproject/1167676
http://www.ncbi.nlm.nih.gov/bioproject/1167676


Wang et al. 10.3389/fmicb.2024.1469140

Frontiers in Microbiology 09 frontiersin.org

(2022YFD1400600) and the National Natural Science Foundation of 
P. R. China (32072488).

Acknowledgments

Sequencing service and data analysis service were provided by 
Wekemo Tech Group Co., Ltd. Shenzhen China.

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.2024.1469140/
full#supplementary-material

References
Bajgar, A., Jindra, M., and Dolezel, D. (2013). Autonomous regulation of the insect 

gut by circadian genes acting downstream of juvenile hormone signaling. Proc. Natl. 
Acad. Sci. U.S.A. 110, 4416–4421. doi: 10.1073/pnas.1217060110

Bokulich, N. A., Kaehler, B. D., Rideout, J. R., Dillon, M., Bolyen, E., Knight, R., 
et al. (2018). Optimizing taxonomic classification of marker-gene amplicon sequences 
with QIIME 2’s q2-feature-classifier plugin. Microbiome 6:90. doi: 10.1186/
s40168-018-0470-z

Brucker, R. M., and Bordenstein, S. R. (2014). Response to comment on “The 
hologenomic basis of speciation: gut bacteria cause hybrid lethality in the genus 
Nasonia”. Science 345, 1011–1669. doi: 10.1126/science.1256708

Callahan, B. J., McMurdie, P. J., Rosen, M. J., Han, A. W., Johnson, A. J. A., and 
Holmes, S. P. (2016). DADA2: High-resolution sample inference from Illumina amplicon 
data. Nat. Methods 13, 581–583. doi: 10.1038/NMETH.3869

Carey, H. V., Walters, W. A., and Knight, R. (2013). Seasonal restructuring of the 
ground squirrel gut microbiota over the annual hibernation cycle. Am. J. Physiol. Regul. 
Integr. Comp. Physiol. 304, R33–R42. doi: 10.1152/ajpregu.00387.2012

Chang, C. C., Hsu, C. W., and Lin, C. J. (2000). The analysis of decomposition methods 
for support vector machines. IEEE Trans. Neural Netw. 11, 1003–1008. doi: 
10.1109/72.857780

Colinet, H., Sinclair, B. J., Vernon, P., and Renault, D. (2015). Insects in fluctuating 
thermal environments. Annu. Rev. Entomol. 60, 123–140. doi: 10.1146/annurev-
ento-010814-021017

Dantur, K. I., Enrique, R., Welin, B., and Castagnaro, A. P. (2015). Isolation of 
cellulolytic bacteria from the intestine of Diatraea saccharalis larvae and evaluation of 
their capacity to degrade sugarcane biomass. AMB Express 5:15. doi: 10.1186/
s13568-015-0101-z

Darby, A. C., Choi, J. H., Wilkes, T., Hughes, M. A., Werren, J. H., Hurst, G. D. D., 
et al. (2010). Characteristics of the genome of Arsenophonus nasoniae, son-killer 
bacterium of the wasp Nasonia. Insect Mol. Biol. 19, 75–89. doi: 
10.1111/j.1365-2583.2009.00950.x

Denlinger, D. L. (2002). Regulation of diapause. Annu. Rev. Entomol. 47, 93–122. doi: 
10.1146/annurev.ento.47.091201.145137

Didion, E. M., Doyle, M., and Benoit, J. B. (2021). Bacterial communities of lab and 
field northern house mosquitoes (Diptera: Culicidae) throughout diapause. J. Med. 
Entomol. 59, 648–658. doi: 10.1093/jme/tjab184

Dill-McFarland, K. A., Neil, K. L., Zeng, A., Sprenger, R. J., Kurtz, C. C., Suen, G., et al. 
(2014). Hibernation alters the diversity and composition of mucosa-associated bacteria 
while enhancing antimicrobial defense in the gut of 13-lined ground squirrels. Mol. Ecol. 
23, 4658–4669. doi: 10.1111/mec.12884

Dittmer, J., and Brucker, R. M. (2021). When your host shuts down: larval diapause 
impacts host-microbiome interactions in Nasonia vitripennis. Microbiome 9:85. doi: 
10.1186/s40168-021-01037-6

Douglas, A. E. (2015). Multiorganismal insects: diversity and function of resident 
microorganisms. Annu. Rev. Entomol. 60, 17–34. doi: 10.1146/annurev-
ento-010814-020822

Eichorst, S. A., Breznak, J. A., and Schmidt, T. M. (2007). Isolation and characterization 
of soil bacteria that define Terriglobus gen. nov., in the phylum Acidobacteria. Appl. 
Environ. Microbiol. 73, 2708–2717. doi: 10.1128/AEM.02140-06

Engel, P., and Moran, N. A. (2013). The gut microbiota of insects—diversity in 
structure and function. FEMS Microbiol. Rev. 37, 699–735. doi: 
10.1111/1574-6976.12025

Guevara-Rozo, S., Hussain, A., Cale, J. A., Klutsch, J. G., and Erbilgin, N. (2020). 
Nitrogen and ergosterol concentrations varied in live jack pine phloem following 
inoculations with fungal associates of mountain pine beetle. Front. Microbiol. 11:1703. 
doi: 10.3389/fmicb.2020.01703

Hahn, D. A., and Denlinger, D. L. (2011). Energetics of insect diapause. Annu. Rev. 
Entomol. 56, 103–121. doi: 10.1146/annurev-ento-112408-085436

Hao, Y., Zhang, Y., Si, F., Fu, D., He, Z., and Chen, B. (2016). Insight into the possible 
mechanism of the summer diapause of Delia antiqua (Diptera: Anthomyiidae) 
through digital gene expression analysis. Insect Sci. 23, 438–451. doi: 
10.1111/1744-7917.12323

He, M., Chen, H., Yang, X., Gao, Y., Lu, Y., and Cheng, D. (2022). Gut bacteria induce 
oviposition preference through ovipositor recognition in fruit fly. Commun. Biol. 5:973. 
doi: 10.1038/s42003-022-03947-z

Hu, M., Cheng, Y. X., Zhang, L., Luo, L. Z., Ji, R., and Jiang, X. F. (2020). Methods for 
identification of the morphological character and sex of Loxoostege sticticalis larvae and 
pupae (Lepidoptera: Crambidae). Plant Prot. 46, 181–185. doi: 10.16688/j.zwbh.2019450

Huang, S. H., Jiang, X. F., and Luo, L. Z. (2009). Effects of photoperiod and 
temperature on diapause induction in the beet webworm Loxostege sticticalis Linnaeus 
(Lepidoptera: Pyralidae). Acta Entomol. Sin. 52, 274–280. doi: 10.16380/j.
kcxb.2009.03.00550

Huang, S. Z., Zhang, L., Xie, D. J., Tang, J. H., Jiang, Y. Y., Mijidsuren, B., et al. (2024). 
Transboundary migration of Loxostege sticticalis (Lepidoptera: Crambidae) among 
China, Russia and Mongolia. Pest Manag. Sci. 80, 4650–4654. doi: 10.1002/ps.81836

Jing, T. Z., Qi, F. H., and Wang, Z. Y. (2020). Most dominant roles of insect gut 
bacteria: digestion, detoxification, or essential nutrient provision? Microbiome 8:38. doi: 
10.1186/s40168-020-00823-y

Ju, J., Bing, X., Zhao, D., Guo, Y., Xi, Z., Hoffmann, A. A., et al. (2020). Wolbachia 
supplement biotin and riboflavin to enhance reproduction in planthoppers. ISME J. 14, 
676–687. doi: 10.1038/s41396-019-0559-9

Kashima, T., Nakamura, T., and Tojo, S. (2006). Uric acid recycling in the shield bug, 
Parastrachia japonensis (Hemiptera: Parastrachiidae), during diapause. J. Insect Physiol. 
52, 816–825. doi: 10.1016/j.jinsphys.2006.05.003

Kong, H. G., Son, J. S., Chung, J. H., Lee, S., Kim, J. S., and Ryu, C. M. (2023). 
Population dynamics of intestinal enterococcus modulate Galleria mellonella 
metamorphosis. Microbiol. Spectr. 11:e0278022. doi: 10.1128/spectrum.02780-22

Krams, I. A., Kecko, S., Joers, P., Trakimas, G., Elferts, D., Krams, R., et al. (2017). 
Microbiome symbionts and diet diversity incur costs on the immune system of insect 
larvae. J. Exp. Biol. 220, 4204–4212. doi: 10.1242/jeb.169227

Kucerova, L., Kubrak, O. I., Bengtsson, J. M., Strnad, H., Nylin, S., Theopold, U., et al. 
(2016). Slowed aging during reproductive dormancy is reflected in genome-wide 
transcriptome changes in Drosophila melanogaster. BMC Genomics 17:50. doi: 10.1186/
s12864-016-2383-1

Kwaadsteniet, M. D., Todorov, S. D., Knoetze, H., and Dicks, L. M. T. (2006). 
Characterization of a 3944 Da bacteriocin, produced by Enterococcus mundtii ST15, with 
activity against Gram-positive and Gram-negative bacteria. Int. J. Food Microbiol. 105, 
433–444. doi: 10.1016/j.ijfoodmicro.2005.03.021

Langille, M. G. I., Zaneveld, J., Caporaso, J. G., McDonald, D., Knights, D., Reyes, J. A., 
et al. (2013). Predictive functional profiling of microbial communities using 16S rRNA 
marker gene sequences. Nat. Biotechnol. 31, 814–821. doi: 10.1038/nbt.2676

Li, Y., Gao, M. Z., Zhang, F., and Chen, H. Z. (2018). Exploiting diapause and cold 
tolerance to enhance the use of the green lacewing Chrysopa formosa for biological 
control. Biol. Control 127, 116–126. doi: 10.1016/j.biocontrol.2018.08.024

https://doi.org/10.3389/fmicb.2024.1469140
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org
https://www.frontiersin.org/articles/10.3389/fmicb.2024.1469140/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fmicb.2024.1469140/full#supplementary-material
https://doi.org/10.1073/pnas.1217060110
https://doi.org/10.1186/s40168-018-0470-z
https://doi.org/10.1186/s40168-018-0470-z
https://doi.org/10.1126/science.1256708
https://doi.org/10.1038/NMETH.3869
https://doi.org/10.1152/ajpregu.00387.2012
https://doi.org/10.1109/72.857780
https://doi.org/10.1146/annurev-ento-010814-021017
https://doi.org/10.1146/annurev-ento-010814-021017
https://doi.org/10.1186/s13568-015-0101-z
https://doi.org/10.1186/s13568-015-0101-z
https://doi.org/10.1111/j.1365-2583.2009.00950.x
https://doi.org/10.1146/annurev.ento.47.091201.145137
https://doi.org/10.1093/jme/tjab184
https://doi.org/10.1111/mec.12884
https://doi.org/10.1186/s40168-021-01037-6
https://doi.org/10.1146/annurev-ento-010814-020822
https://doi.org/10.1146/annurev-ento-010814-020822
https://doi.org/10.1128/AEM.02140-06
https://doi.org/10.1111/1574-6976.12025
https://doi.org/10.3389/fmicb.2020.01703
https://doi.org/10.1146/annurev-ento-112408-085436
https://doi.org/10.1111/1744-7917.12323
https://doi.org/10.1038/s42003-022-03947-z
https://doi.org/10.16688/j.zwbh.2019450
https://doi.org/10.16380/j.kcxb.2009.03.00550
https://doi.org/10.16380/j.kcxb.2009.03.00550
https://doi.org/10.1002/ps.81836
https://doi.org/10.1186/s40168-020-00823-y
https://doi.org/10.1038/s41396-019-0559-9
https://doi.org/10.1016/j.jinsphys.2006.05.003
https://doi.org/10.1128/spectrum.02780-22
https://doi.org/10.1242/jeb.169227
https://doi.org/10.1186/s12864-016-2383-1
https://doi.org/10.1186/s12864-016-2383-1
https://doi.org/10.1016/j.ijfoodmicro.2005.03.021
https://doi.org/10.1038/nbt.2676
https://doi.org/10.1016/j.biocontrol.2018.08.024


Wang et al. 10.3389/fmicb.2024.1469140

Frontiers in Microbiology 10 frontiersin.org

Li, G., Zheng, X., Zhu, Y., Long, Y., and Xia, X. (2022). In-depth insights into the 
disruption of the microbiota-gut-blood barrier of model organism (Bombyx mori) by 
fluoride. Sci. Total Environ. 838:156220. doi: 10.1016/j.scitotenv.2022.156220

Liang, X., He, J., Zhang, N., Muhammad, A., Lu, X., and Shao, Y. (2022). Probiotic 
potentials of the silkworm gut symbiont Enterococcus casseliflavus ECB140, a promising 
l-tryptophan producer living inside the host. J. Appl. Microbiol. 133, 1620–1635. doi: 
10.1111/jam.15675

Love, M. I., Huber, W., and Anders, S. (2014). Moderated estimation of fold change 
and dispersion for RNA-seq data with DESeq2. Genome Biol. 15:550. doi: 10.1186/
s13059-014-0550-8

Mandal, S., Van Treuren, W., White, R. A., Eggesbo, M., Knight, R., and Peddada, S. D. 
(2015). Analysis of composition of microbiomes: a novel method for studying microbial 
composition. Microb. Ecol. Health Dis. 26:27663. doi: 10.3402/mehd.v26.27663

Matsuo, Y. (2006). Cost of prolonged diapause and its relationship to body size in a 
seed predator. Funct. Ecol. 20, 300–306. doi: 10.1111/j.1365-2435.2006.01097.x

Morey, A. C., Hutchison, W. D., Venette, R. C., and Burkness, E. C. (2012). Cold 
hardiness of Helicoverpa zea (Lepidoptera: Noctuidae) pupae. Environ. Entomol. 41, 
172–179. doi: 10.1603/EN11026

Munyiri, F. N., Shintani, Y., and Ishikawa, Y. (2004). Evidence for the presence of a 
threshold weight for entering diapause in the yellow-spotted longicorn beetle, Psacothea 
hilaris. J. Insect Physiol. 50, 295–301. doi: 10.1016/j.jinsphys.2004.01.005

Mushegian, A. A., and Tougeron, K. (2019). Animal-microbe interactions in the 
context of diapause. Biol. Bull. 237, 180–191. doi: 10.1086/706078

Nadal-Jimenez, P., Griffin, J. S., Davies, L., Frost, C. L., Marcello, M., and Hurst, G. D. 
D. (2019). Genetic manipulation allows in vivo tracking of the life cycle of the son-killer 
symbiont, Arsenophonus nasoniae, and reveals patterns of host invasion, tropism and 
pathology. Environ. Microbiol. 21, 3172–3182. doi: 10.1111/1462-2920.14724

Paniagua, V. L. R., Enric, F., Martin, K., Monika, H., and Fatouros, N. E. (2018). 
Bacterial symbionts in Lepidoptera: their diversity, transmission, and impact on the host. 
Front. Microbiol. 9:556. doi: 10.3389/fmicb.2018.00556

Perrot-Minnot, M. J., Guo, L. R., and Werren, J. H. (1996). Single and double 
infections with Wolbachia in the parasitic wasp Nasonia Vitripennis: effects on 
compatibility. Genetics 143, 961–972. doi: 10.1093/genetics/143.2.961

Poelchau, M. F., Reynolds, J. A., Elsik, C. G., Denlinger, D. L., and Armbruster, P. A. 
(2013). RNA-Seq reveals early distinctions and late convergence of gene expression 
between diapause and quiescence in the Asian tiger mosquito, Aedes albopictus. J. Exp. 
Biol. 216, 4082–4090. doi: 10.1242/jeb.089508

Posledovich, D., Toftegaard, T., Wiklund, C., Ehrlén, J., and Gotthard, K. (2015). 
Latitudinal variation in diapause duration and post-winter development in two pierid 
butterflies in relation to phenological specialization. Oecologia 177, 181–190. doi: 
10.1007/s00442-014-3125-1

Qian, L., Wang, Y., Deng, P., Zhang, J., Qin, Y., Li, Z., et al. (2024). Enterococcus 
casseliflavus regulates amino acid metabolism in edible insect Clanis bilineata 
tsingtauica: a functional metagenomics study. Front. Microbiol. 15:1343265. doi: 10.3389/
fmicb.2024.1343265

Ragland, G. J., Egan, S. P., Feder, J. L., Berlocher, S. H., and Hahn, D. A. (2011). 
Developmental trajectories of gene expression reveal candidates for diapause 

termination: a key life-history transition in the apple maggot fly Rhagoletis pomonella. 
J. Exp. Biol. 214, 3948–3960. doi: 10.1242/jeb.061085

Rawat, S. R., Mannisto, M. K., Starovoytov, V., Goodwin, L., Nolan, M., Hauser, L., 
et al. (2012). Complete genome sequence of Terriglobus saanensis type strain SP1PR4T, 
an Acidobacteria from tundra soil. Stand. Genomic Sci. 7, 59–69. doi: 10.4056/
sigs.3036810

Resnik-Docampo, M., Sauer, V., Schinaman, J. M., Clark, R. I., Walker, D. W., and 
Jones, D. L. (2018). Keeping it tight: the relationship between bacterial dysbiosis, septate 
junctions, and the intestinal barrier in Drosophila. Fly 12, 34–40. doi: 
10.1080/19336934.2018.1441651

Segata, N., Izard, J., Waldron, L., Gevers, D., Miropolsky, L., Garrett, W. S., et al. 
(2011). Metagenomic biomarker discovery and explanation. Genome Biol. 12:R60. doi: 
10.1186/gb-2011-12-6-r60

Shimizu, Y., Mukai, A., and Goto, S. G. (2018). Cell cycle arrest in the jewel wasp 
Nasonia vitripennis in larval diapause. J. Insect Physiol. 106, 147–152. doi: 10.1016/j.
jinsphys.2016.11.011

Shin, S. C., Kim, S. H., You, H., Kim, B., Kim, A. C., Lee, K. A., et al. (2011). Drosophila 
microbiome modulates host developmental and metabolic homeostasis via insulin 
signaling. Science 334, 670–674. doi: 10.1126/science.1212782

Sicard, M., Dittmer, J., Greve, P., Bouchon, D., and Braquart-Varnier, C. (2014). A host 
as an ecosystem: Wolbachia coping with environmental constraints. Environ. Microbiol. 
16, 3583–3607. doi: 10.1111/1462-2920.12573

Urbanski, J. M., Benoit, J. B., Michaud, M. R., Denlinger, D. L., and Armbruster, P. 
(2010). The molecular physiology of increased egg desiccation resistance during 
diapause in the invasive mosquito, Aedes albopictus. Proc. R. Soc. B 277, 2683–2692. doi: 
10.1098/rspb.2010.0362

Vazquez-Baeza, Y., Pirrung, M., Gonzalez, A., and Knight, R. (2013). EMPeror: a tool 
for visualizing high-throughput microbial community data. GigaScience 2:16. doi: 
10.1186/2047-217X-2-16

Wang, S., Wang, L., Fan, X., Yu, C., Feng, L., and Yi, L. (2020). An insight into diversity 
and functionalities of gut microbiota in insects. Curr. Microbiol. 77, 1976–1986. doi: 
10.1007/s00284-020-02084-2

Wiebler, J. M., Kohl, K. D. Jr., Lee, R. E., and Costanzo, J. P. (2018). Urea hydrolysis by 
gut bacteria in a hibernating frog: evidence for urea-nitrogen recycling in Amphibia. 
Proc. R. Soc. B 285:20180241. doi: 10.1098/rspb.2018.0241

Williams, J. B., Shorthouse, J. D., and Lee, R. E. Jr. (2003). Deleterious effects of mild 
simulated overwintering temperatures on survival and potential fecundity of rose-
galling Diplolepis wasps (Hymenoptera: Cynipidae). J. Exp. Zool. A 298, 23–31. doi: 
10.1002/jez.a.10264

Wilson, A. C. C., Ashton, P., Calevro, F., Charles, H., Colella, S., Febvay, G., et al. 
(2010). Genomic insight into the amino acid relations of the pea aphid, Acyrthosiphon 
pisum, with its symbiotic bacterium Buchnera aphidicola. Insect Mol. Biol. 19, 249–258. 
doi: 10.1111/j.1365-2583.2009.00942.x

Zhao, T., Kandasamy, D., Krokene, P., Chen, J., Gershenzon, J., and Hammerbacher, A. 
(2019). Fungal associates of the tree-killing bark beetle, Ips typographus, vary in 
virulence, ability to degrade conifer phenolics and influence bark beetle tunneling 
behavior. Fungal Ecol. 38, 71–79. doi: 10.1016/j.funeco.2018.06.003

https://doi.org/10.3389/fmicb.2024.1469140
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org
https://doi.org/10.1016/j.scitotenv.2022.156220
https://doi.org/10.1111/jam.15675
https://doi.org/10.1186/s13059-014-0550-8
https://doi.org/10.1186/s13059-014-0550-8
https://doi.org/10.3402/mehd.v26.27663
https://doi.org/10.1111/j.1365-2435.2006.01097.x
https://doi.org/10.1603/EN11026
https://doi.org/10.1016/j.jinsphys.2004.01.005
https://doi.org/10.1086/706078
https://doi.org/10.1111/1462-2920.14724
https://doi.org/10.3389/fmicb.2018.00556
https://doi.org/10.1093/genetics/143.2.961
https://doi.org/10.1242/jeb.089508
https://doi.org/10.1007/s00442-014-3125-1
https://doi.org/10.3389/fmicb.2024.1343265
https://doi.org/10.3389/fmicb.2024.1343265
https://doi.org/10.1242/jeb.061085
https://doi.org/10.4056/sigs.3036810
https://doi.org/10.4056/sigs.3036810
https://doi.org/10.1080/19336934.2018.1441651
https://doi.org/10.1186/gb-2011-12-6-r60
https://doi.org/10.1016/j.jinsphys.2016.11.011
https://doi.org/10.1016/j.jinsphys.2016.11.011
https://doi.org/10.1126/science.1212782
https://doi.org/10.1111/1462-2920.12573
https://doi.org/10.1098/rspb.2010.0362
https://doi.org/10.1186/2047-217X-2-16
https://doi.org/10.1007/s00284-020-02084-2
https://doi.org/10.1098/rspb.2018.0241
https://doi.org/10.1002/jez.a.10264
https://doi.org/10.1111/j.1365-2583.2009.00942.x
https://doi.org/10.1016/j.funeco.2018.06.003

	Comparison of distinct gut bacterial communities in different stage of prediapause and nondiapause larvae in Loxostege sticticalis
	1 Introduction
	2 Methods
	2.1 Test insects
	2.2 Sample collection
	2.3 DNA extraction and sequencing
	2.4 Bioinformatics and statistical analysis

	3 Results
	3.1 Species annotation and assessment of gut bacteria in Loxostege sticticalis larvae
	3.2 Diversity of gut bacterial communities in Loxostege sticticalis larvae
	3.3 Composition of intestinal bacterial communities in larvae of Loxostege sticticalis
	3.4 Functional prediction of intestinal bacteria 16S in larvae of Loxostege sticticalis

	4 Discussion
	5 Conclusion

	References

