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Simple Summary

The striped stem borer (Chilo suppressalis) is a serious pest of water bamboo Zizania latifolia.
In this study, we characterized the structural features of the gut and ovary, as well as
the associated microbiota in C. suppressalis. We described differences in the structure and
ultrastructure of larval and adult guts, alongside variations in their associated microbial
communities. This work provides a descriptive account of the microbial community
structure associated with different tissues and life stages of C. suppressalis. These findings
not only offer important information that may support future studies on insect–microbe
associations but are also relevant to the development of biological control strategies for
this pest.

Abstract

The striped stem borer Chilo suppressalis (Lepidoptera: Crambidae) is one of the most
serious pests of water bamboo Zizania latifolia. Microbiota dynamics across the life cycle
of C. suppressalis are a prerequisite for comprehending the symbiotic relationship between
C. suppressalis and its microbiota. In this study, we characterized the structural features
of the gut and ovary, as well as the associated microbiota of C. suppressalis. The gut
is anatomically divided into the foregut, midgut and hindgut. Notable structural and
ultrastructural differences were observed between adults and larvae, the details of which
have not been previously documented. Microbial sequencing of gut, ovary, and egg samples
revealed variations in relative sequence abundances among these tissues. At the phylum
level, Proteobacteria and Firmicutes were the predominant groups. At the family level,
Bacillaceae, Enterobacteriaceae, Enterococcaceae, Halomonadaceae, Moraxellaceae, and
Streptococcaceae were detected in the gut, ovary, and egg, albeit with different relative
sequence abundances. The larval midgut exhibited the highest bacteria diversity among all
samples examined. The compositional distribution of bacterial genera varied considerably
across developmental stages, diet, and gut compartment, and some genera were identified
as core microbial taxa. These findings provide a descriptive account of the microbial
community structure associated with different tissues and life stages of C. suppressalis.
They also provided important insights into the investigation of insect–bacteria symbioses,
thereby facilitating effective biocontrol of this species.
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1. Introduction
The insect gut is generally divided into three parts: the midgut and hindgut are two of

the major regions; nutrients are absorbed in the midgut, while partial nutrients and water
are absorbed in the hindgut. Variations in gut structure among different species can be
attributed to differences in feeding biology and food types. Solid-food-feeding species
usually possess relatively short, thick guts, whereas fluid-feeding species generally have
long, narrow guts with some modified structures [1].

The gut is a desirable, nutrient-rich ecological niche where multiple microbiota flourish
and reproduce. The midgut is the main site haboring various microbiota, while the anterior
hindgut is the most densely symbiont-inhabited site due to the availability of partially
digested food from the midgut. In turn, these microbiota may help their hosts utilize life
stage-specific resources by providing various functions related to nutrient supplementa-
tion [2–4], detoxification [5,6], reproduction [7], and population differentiation [8,9]. This
is especially evident in phytophagous insects. Gut microbes can be transmitted from one
generation to the next, a process known as vertical transmission or inheritance [10,11].
Vertical transmission provides a direct way to establish a gut microbiome [12,13]. However,
the gut microbiota may also partially assemble from food and local environments in each
generation [3].

Water bamboo Zizania latifolia (Gramineae: Oryzeae) is an asexual aquatic vegetable
characterized by an edible swollen, plump fleshy stem formed by infection of its meristems
by the fungus Ustilago esculenta. The striped stem borer (SSB), Chilo suppressalis, is one
of the destructive generalists of rice Oryza sativa in Asia, southern Europe, and northern
Africa [14–16]. The intercropping pattern of O. sativa and Z. latifolia facilitates the transfer
of C. suppressalis from O. sativa plants to Z. latifolia plants. Compared to those feeding on
O. sativa plants, C. suppressalis feeding on fruit pulps of Z. latifolia possess higher survival
rate, greater pupal weight, and shorter developmental duration [17,18], thus making C.
suppressalis a serious pest of Z. latifolia. The larvae of this species bore into the sheaths, stems,
and pulps of Z. latifolia, resulting in ‘dead hearts’, ‘dead sheaths’, and ‘boring pulps’ [19,20].
These impacts emphasize the urgent need to develop innovative and effective biological
strategies against this pest.

Diet shift can lead to variations in the microbiota throughout the developmental stages
of a single host [21]. The larvae of C. suppressalis chew solid plant tissues, whereas the adults
suck nectar or fruit juice. Nutritional and chemical differences between the larval and adult
diets may significantly affect the microbiota residing at different life stages. Characterizing
the structure of the microbiota is a prerequisite for its functional roles in the gut. To date,
several studies have focused on the effects of resistance on gut microbiota [22,23] or the
influence of diet on the larval gut microbiota of C. suppressalis [9,24]. However, the structure
of the gut and ovary, as well as the associated microbiota across the entire life history of C.
suppressalis, remains unavailable.

In this study, we characterized the gut and ovary morphology and profiled the gut
microbiota of different life stages (larvae, adults, ovaries, and eggs) of C. suppressalis,
using light microscopy, electron microscopy, transmission electron microscopy, and high-
throughput pyrosequencing of microbiota 16S rRNA gene fragments. Our data will be
informative to better understand the functional roles of these organs and associated com-
munity shifts that occur during life stage transitions and in response to different dietary
regimes. These findings may inform novel pest control strategies targeting the sources and
transmission routes of gut microbiota.
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2. Materials and Methods
2.1. Plant Materials and Field Cultivation Management
2.1.1. Source of Zizania latifolia Seedlings

Ten clusters of the Z. latifolia variety ‘Zhejiao No. 7’ were obtained from the farmer
Jinhai Yao in Zhejiang Province. The farmer had been cultivating Z. latifolia for 20 years and
maintained a long-term technical collaboration with our team. No collection permit was
acquired for the obtained plant materials, as the sampling was permitted by the breeder.

2.1.2. Field Domestication and Daily Field Management

All Z. latifolia clusters were transplanted into an open-air experimental field attached
to our laboratory for adaptive cultivation prior to subsequent investigations. Routine field
maintenance was performed as follows: regular irrigation was applied to maintain a water
layer of 3~5 cm; compound fertilizer was top-dressed twice per growth month; and manual
weeding was conducted every 7 days to eliminate competing weeds.

2.1.3. Fresh Pulp Preparation for Feeding Test Insects

Fresh fleshy stem pulps of Z. latifolia were randomly harvested from cultivated field
plots. Damaged, diseased, or aging tissues were discarded, and intact pulps were cleaned
with sterile distilled water prior to feeding larvae. All plants materials were utilized
following the institutional laboratory management specifications.

2.1.4. Insect Rearing and Colony Establishment

Larvae of C. suppressalis were collected from naturally infested stalks of Z. latifolia
in a cultivated field in Lishui, Zhejiang, where large areas of Z. latifolia are exclusively
planted. Diseased, injured, and parasitized larvae were discarded prior to rearing. The
remaining larvae were transferred into canned bottles (diameter: 10.0 cm; height: 7.0 cm)
containing fresh pulps of Z. latifolia for rearing. The bottles were incubated at 28 ± 1 ◦C
with a photoperiod of 16 h: 8 h (light/dark) and relative humidity > 80%.

Newly hatched larvae were introduced into canned bottles (diameter: 10.0 cm; height:
7.0 cm) supplied with fresh pulps of Z. latifolia and incubated under the same conditions
described above. Residual Z. latifolia were replaced with fresh pulps every three days.
This procedure was repeated until the larvae reached the pupal stage. Pupae were col-
lected and placed into clean petri dishes (8.8 cm in diameter) containing a small piece
of moistened sterile sponge to maintain humidity and were incubated under identical
environmental conditions.

Approximately six days later, newly emerged females and males were paired in
a 1:1 ratio for oviposition and were provided with 8.5% (w/v) sterile sucrose water as
a nutritional supplement. The C. suppressalis colony was reared for three consecutive
generations before sampling.

2.2. Light Microscopy

Females and 4th-instar larvae of C. suppressalis were anesthetized prior to dissection.
Under a Motic SMZ168 Stereoscopic Zoom Microscope (Motic China Group Co., Ltd.,
Xiamen, China). The phosphate-buffered saline (PBS) was formulated by mixing sodium
dihydrogen phosphate solution (Sangon Biotech (Shanghai) Co., Ltd., Shanghai, China) and
disodium hydrogen phosphate solution (Sangon Biotech (Shanghai) Co., Ltd., Shanghai,
China) in a certain proportion. The guts and reproductive systems of females, as well as
the guts of larvae, were dissected out in phosphate-buffered saline (PBS, 0.2 M, pH 7.2).
The dissected tissues were carefully transferred into separate concave dishes, and each part
of the organs was observed. Relevant photographs were taken using a Scientific Digital
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Micrography System (SDMS) (Gatan, Inc., Pleasanton, CA, USA), which was equipped
with an Auto-montage imaging system (Gatan, Inc., Pleasanton, CA, USA) and a highly
sensitive Qimaging Retiga 2000R digital camera (QImaging, Burnaby, BC, Canada).

2.3. Transmission Electron Microscopy (TEM)

Adults and 4th-instar larvae of C. suppressalis were anesthetized prior to dissection for
collecting their guts and ovaries. Each part of the dissected guts and ovaries was placed
in a centrifuge tube with 5.0 mL of 2.5% glutaraldehyde (Thermo Fisher Scientific Inc.,
Waltham, MA, USA) for prefixation for 12 h at 4 ◦C. Then, they were rinsed three times
in phosphate buffer (PBS, 0.1 M, pH 7.2) and post-fixed in 1% osmium tetroxide (Electron
Microscopy Sciences, Hatfield, PA, USA) (PBS, 0.1 M, pH 7.2). After three rinses in the
same phosphate buffer (0.1 M, pH 7.2), each part of the guts and ovaries was dehydrated
in graded ethanol (30-100%, v/v) and embedded in Epon 812 (Beijing Zhongjingkeyi
Technology Co., Ltd., Beijing, China) [1]. Ultra-thin sections were stained with uranyl
acetate (Electron Microscopy Sciences, Hatfield, USA) and lead citrate (Electron Microscopy
Sciences, Hatfield, USA), observed under a transmission electron microscope (JEM-1230;
JEOL, Tokyo, Japan) at 80 kV, and photographed.

2.4. Gut, Ovary and Egg Sample Collection

Healthy, uniformly developed eggs, adults, and 4th-instar larvae of the same batch
of C. suppressalis were collected. They were externally sterilized with 75% ethanol and
rinsed 3 times with sterilized water. For the 50 gut samples from the adults and 4th-instar
larvae, the specimens were anesthetized by placing them on ice. The guts and ovaries
of adults, as well as the guts of 4th-instar larvae, were dissected using sterilized fine-
tip forceps under a Motic SMZ168 Stereoscopic Zoom Microscope in 0.01 M PBS buffer
solution (pH = 7.4). The dissected tissues were collected in 1.5 mL centrifuge tubes. These
samples were immediately frozen in liquid nitrogen and stored in a −80 ◦C refrigerator.
Additionally, 100 eggs were collected in a 1.5 mL centrifuge tube. In total, six groups of
samples were established: larval midguts, larval hindguts, adult midguts, adult hindguts,
ovaries, and eggs. Each group of samples was replicated three times.

2.5. DNA Isolation, 16S rDNA Amplification and Sequencing

Total DNA was extracted from six groups of samples (guts, ovaries, and eggs) using a
Soil DNA Kit (Omega Bio-tek, Norcross, GA, USA) following the manufacturer’s instruc-
tions. The purity and concentration of the extracted DNA were measured using a NanoDrop
2000 spectrophotometer (Nanodrop Technologies, Wilmington, DE, USA) [9]. The variable
V3-V4 regions of the bacterial 16S rRNA were amplified using the universal primers 341F
(5′-CCTAYGGGRBGCASCAG-3′) and 806R (5′-GGACTACNNGGGTATCTAAT-3′). The
Polymerase chain reaction (PCR) mixture consisted of 4.0 µL 5× FastPfu Buffer (TransGen
Biotech Co., Ltd., Beijing, China), 2.0 µL of 2.5 mM dNTPs (TransGen Biotech Co., Ltd.,
Beijing, China), 0.4 µL of FastPfu Polymerase (TransGen Biotech Co., Ltd., Beijing, China),
0.8 µL of each primer (5.0 µM), and 10 ng of template DNA. The amplification procedure
included an initial denaturation at 95 ◦C for 2 min, followed by 25 cycles of denaturation
at 95 ◦C for 30 s, annealing at 50 ◦C for 30 s, and extension at 72 ◦C for 30 s, with a final
extension at 72 ◦C for 5 min [9]. The concentration of the PCR products was examined
using 2% agarose gel electrophoresis and quantified via a NanoDrop 2000 (Thermo Fisher
Scientific (Thermo Scientific), Wilmington, DE, USA). Purified amplicons were pooled in
equimolar and subjected to paired-end sequencing (2 × 250 bp) on an Illumina MiSeq6000
platform (Illumina, Inc., San Diego, CA, USA).
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2.6. Processing of Sequencing Data
2.6.1. Raw Data Quality Control

In order to obtain more accurate and reliable results in subsequent bioinformatics
analysis, the raw data were pre-processed to obtain clean data by three steps as follows [9]:
(1) raw reads were firstly filtered by Trimmomatic v0.33, and the primer sequences were
identified and removed by cutadapt 1.9.1 and a custom Perl script, which finally generated
high-quality reads without primer sequences; (2) based on overlapping sequences, high-
quality reads were assembled by FLASH v1.2.7 for generating clean reads; and (3) chimeric
sequences were identified and removed by UCHIME v4.2, generating effective reads.

2.6.2. OTU Analysis and Species Annotation

Picking the representative sequences as proxies of a species is a key step in amplicon
analysis. The representative sequence selection was clustered to operational taxonomic
units (OTUs). Sequences with ≥97% similarity were assigned to the same OTUs using
USEARCH (version 10, http://drive5.com/uparse/, accessed on 16 May 2024). The rep-
resentative sequence for each OTU was annotated with a threshold of 0.8 using UCLUST
v1.2.22q by searching the SILVA database (silva 128, http://www.arb-silva.de, accessed on
16 May 2024). For comparisons between samples, the OTU abundances were normalized
by the number obtained from the sample with the lowest counts.

2.6.3. Alpha Diversity Analysis

Alpha diversity reflects richness and diversity of species within a single sample,
including richness and evenness measurements. For each sample, alpha diversity metrics
(i.e., Chao1, Shannon and Coverage) were evaluated by Mothur (version 1.30.1, https:
//mothur.org/wiki/, accessed on 16 May 2024). Alpha diversity indices were compared
among samples using the Tukey method (p = 0.05) with R software (Version 3.4.4 https:
//www.r-project.org/, accessed on 16 May 2024).

Non-metric multidimensional scaling (NMDS) is a nonlinear dimensionality reduction
ordination method based on a distance matrix. Its core objective is to preserve the rank
order of original distances between samples in a low-dimensional space, rather than
their absolute numerical values; it is particularly suitable for datasets with nonlinear
relationships or complex data distributions, such as those in ecology and microbiome
studies. The Bray–Curtis dissimilarity algorithm was adopted to construct the sample
distance matrix, and NMDS ordination was implemented via the vegan package (https:
//cran.r-project.org/web/packages/vegan/, accessed on 16 May 2024). The stress value
was calculated to evaluate the goodness-of-fit of the final NMDS configuration, where
a lower stress value indicates a better consistency between the original sample distance
ranks and the low-dimensional ordination results. Permutational multivariate analysis
of variance (PERMANOVA) was further conducted to statistically test the significance
of intergroup separation based on the Bray–Curtis distance matrix to quantify whether
microbial community structures differed significantly across predefined sample groups.

3. Results
3.1. General Structure of Adult Gut

The adult gut is structurally divided into the foregut, midgut, and hindgut. The foregut
consists of a narrow esophagus and a bag-like crop; the esophagus extends posteriorly
into the crop and continues into the anterior midgut. The pouch-shaped midgut is well-
developed, originating from the crop to the hindgut. The hindgut comprises a long,
convoluted ileum and a well-developed rectal pouch. Malpighian tubules emerge from the
junction of the midgut and the ileum and run laterally along the midgut in the posterior
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direction. Upon reaching the anterior midgut, they follow their own course posteriorly and
gather near the rectum (Figure 1A).

Figure 1. General structure of the alimentary canal and reproductive system of the striped stem
borer, Chilo suppressalis. (A) Adult; (B) larva; (C) reproductive system of female. AD, afferent duct;
AG, accessory gland; AGR, accessory gland reservoir; ASp, accessory spermatheca; AT, anal tube;
CB, corpus bursae; Co, ileum; CO, common oviduct; Cr, crop; DAG, duct of accessory gland; DB,
ductus bursae; LO, lateral oviduct; Mg, midgut; MT, Malpighian tubules; Oe, esophagus; Ov, ovary;
PSp, principal spermatheca; Rc, rectum; SD, spermathecal duct; SpG, spermathecal gland. Scale bars:
(A,B) = 0.4 mm; (C) = 0.5 mm.

3.2. General Structure of Larval Gut

The gut of the larva is a continuous tube and is structurally divided into three distinct
segments: the foregut, midgut, and hindgut. The foregut is slender and elongate, expand-
ing posteriorly and constricted at its end. The midgut is well-developed and sac-like,
originating from the posterior end of the foregut and extending to the anterior part of the
hindgut. The hindgut is approximately one-third the length of the midgut and narrower in
width. When freshly dissected, three segments exhibit distinct coloration, making them
easily distinguishable: the foregut is translucent, the midgut is opaque and white, and the
hindgut is yellowish-brown (Figure 1B).

3.3. General Structure of Female Reproductive System

The female reproductive system is complex and consists of the following characters
(Figure 1C). An ovary (Ov) contains four ovarioles; the pedicel of each ovariole connects
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directly with a lateral oviduct (LO), and these ultimately connect with a common oviduct
(CO). The basal region of the common oviduct enters a genital chamber (GC), which is
laterally connected with a spermathecal duct (SD). The spermatheca consists of a principal
spermatheca (PSp) and an accessory spermatheca (ASp); a convoluted spermathecal gland
(SpG) emerges from the apex of the former. A duct of the accessory gland (DAG) emerges
from the lower middle region of the genital chamber and apically bifurcates into a pair of
accessory gland reservoirs (AGR). A coiled accessory gland (AG) is situated basally to the
reservoir. An afferent duct (AD) emerges from the other side of the genital chamber, and its
distal region connects with a ductus bursae (DB), which enlarges distally into a sac-like
corpus bursae (CB).

3.4. Ultrastructure of the Midgut and Hindgut of Adult C. suppressalis

The midgut consists of two types of cells resting on a basal lamina (~0.5 µm thick).
In the first type of cell, round or gourd-shaped nuclei with clumps of heterochromatin
bounded by the nuclear membrane are found adjacent to the middle region (Figure 2A).
Narrow, long, well-developed basal infoldings (~2.5 µm long) associated with elongated
mitochondria are observed in the basal region (Figure 2A,B). Densely packed microvilli
(~8.5 µm long) are obvious at the apical area (Figure 2A). Mitochondria occupy most of
the cytoplasm, arranged in a row below the microvilli and orient with their long axes
in the direction of the microvilli (Figure 2B). The cytoplasm contains extensive rough
endoplasmic reticulum, electron-dense secretory granules, and abundant electron-lucent
secretory vesicles (Figure 2C,D). These secretory vesicles vary in size and shape, and it
appears that some small vesicles fuse to become larger ones (Figures 2C and 3B). Many
electron-dense, lysosome-like granules containing organelle debris are also observed in the
cytoplasm (Figures 2E and 3A).

Figure 2. Electron micrographs of the first type of midgut cell in adult C. suppressalis. (A) Transverse
section of the midgut. (B) High magnification of the basal region of midgut cells, showing well-
developed basal infoldings containing abundant mitochondria and electron-lucent secretory granules.
(C–E) High magnification of the middle region of midgut cells, showing nuclei and rough endoplasmic
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reticulum, secretory vesicles, and mitochondria scattered in the cytoplasm. bl, basal lamina; if,
basal infoldings; l, lumen; ly, lysosome-like structures; Mi, mitochondria; n, nucleolus; N, nuclei;
rer, endoplasmic reticulum; sg, secretory granules; sv, secretory vesicles. Scale bars: (A) 5.0 µm;
(B–E) 0.5 µm.

Figure 3. Electron micrographs of the midgut in C. suppressalis. (A,B) High magnification of the middle
region of the first type of midgut cell. (C,D) High magnification of the middle region of the second
type of midgut cell, showing scattered nuclei and rough endoplasmic reticulum, secretory vesicles,
and mitochondria scattered in the cytoplasm. bl, basal lamina; if, basal infoldings; ly, lysosome-like
structures; Mi, mitochondria; rer, rough endoplasmic reticulum; sd, septate desmosomes; sg, secretory
granules; sv, secretory vesicles. Scale bars: (A,B) 0.2 µm; (C,D) 0.5 µm.

In contrast, cells of the second type possessed very shallow basal labyrinths, though
their apical border bears well-developed microvilli (Figure 3C). Heavy staining of the lateral
cell membrane is observed in the cytoplasm (Figure 3D). Desmosomes cannot be discerned
due to the over-staining of the membranes by osmium. Large areas of well-developed rough
endoplasmic reticulum are found in the cytoplasm (Figure 4A). Accumulations of glycogen
granules (~50.0 nm in diameter) and electron-lucent secretory vesicles are present in the
cytoplasm (Figure 4A). These particles are spherical or possibly polyhedral. Electron-dense
secretory granules and mitochondria with cristae are scattered throughout the cytoplasm
(Figure 4B). Small secretory granules appear to fuse into larger ones. Nuclei with small
nucleoli are bounded by the nuclear membrane (Figure 4B,C). The cytoplasm seems to be
ruptured due to the load of virus-like particles. Electron-dense secretory granule and nuclei
with small nucleoli are bounded by the nuclear membrane (Figure 4B,C). Microorganisms
(~2.4 µm long, 0.2–0.5 µm in diameter) are scattered among the mitochondria (Figure 4A,D).

The ileum is lined with a highly convoluted cuticle containing an electron-dense epi-
cuticle (0.5 µm thick) and an electron-lucent endocuticle (~0.3 µm thick) facing the lumen
(Figure 5A). Cells beneath the cuticle are characterized by elaborated and extensive apical
leaflets formed by invagination of the apical plasma membrane. Abundant mitochondria
pack the cytoplasm and are associated with the leaflets. The basal plasma membrane invagi-
nates into a few extremely wide and very shallow infoldings associated with mitochondria.
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Large numbers of oval or spherical microorganisms with an electron-dense membrane are
observed in the lumen of this organ (Figure 5B). Within the membrane, electron-lucent
vesicles and brush-like structures adjacent to the particles are also present (Figure 5B).

Figure 4. Electron micrographs of the second type of midgut cell in C. suppressalis. (A) Middle region
of the first type of cell, showing well-developed rough endoplasmic reticulum, accumulations of
glycogen granules (asterisks), and electron-lucent secretory vesicles. Arrows indicate microorganisms.
(B,C) Close-up views of the nucleus, secretory granules, and mitochondria. Nuclei are bounded by
the nuclear membrane (as indicated by arrows). (D) Close-up view of a microorganism. bl, basal
lamina; Mi, mitochondria; n, nucleolus; N, nuclei; rer, rough endoplasmic reticulum; sg, secretory
granules; sv, secretory vesicles. Microorganisms are arrowed in (A,D). Scale bars: (A–D) 0.2 µm.

Figure 5. Electron micrographs of the hindgut of C. suppressalis. (A) Ileum cells contain abundant
mitochondria. (B) Close-up of microorganisms in the lumen. al, apical leaflets; bl, basal lamina; en,
endocuticle; ep, epicuticle; if, basal infoldings; Mi, mitochondria. Arrows indicate microorganisms in
the lumen. Scale bars: (A) 2.0 µm; (B) 0.2 µm.
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3.5. Ultrastructure of the Midgut and Hindgut of Larvae C. suppressalis

The midgut cells rest on a basal lamina (~0.2 µm thick), and their basal region is
equipped with elongated mitochondria with prominent cristae (Figure 6A). Rough endo-
plasmic reticulum scatters among the mitochondria. The apical plasma membrane bears
well-developed apical microvilli (approximately 2.5–4.0 µm long), adjacent to which some
oval mitochondria are observed (Figure 6B). The mitochondria and rough endoplasmic
reticulum occupy most of the cytoplasm.

Figure 6. Electron micrographs of midgut cells of larvae of C. suppressalis. (A) Basal region of the cell.
(B) Apical region of the cell. (C) Basal region of the hindgut cell. (D) Apical region of the hindgut cell.
al, apical leaflets; bl, basal lamina; ep, epicuticle; if, basal infoldings; mi, mitochondria. mv, microvilli;
rer, rough endoplasmic reticulum. Scale bars (A,C,D) 0.2 µm; (B) 0.5 µm.

The hindgut cells rest on a layer of very thin basal lamina (~0.05 µm thick) (Figure 6C).
The basal plasma membrane invaginates into very wide infoldings associated with oval
mitochondria and rough endoplasmic reticulum, whereas the apical plasma membrane is
elaborated into well-developed apical leaflets (Figure 6D).
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3.6. Ultrastructure of Ovary of Female C. suppressalis

The ovary contains numerous nurse cells. Cylindrical follicle cells with evident nuclei
entirely envelop the oocyte (Figure 7A,B). The basal membrane of the follicle cells invagi-
nates into long, wide infoldings associated with elongated or oval mitochondria (Figure 7C).
Well-developed microvilli are visible at the apical area of the follicle cells, and the cyto-
plasm of these cells is filled with yolk granules and lipid droplets (Figures 7A,D and 8A).
These granules and droplets vary in size and electron density, and some smaller ones fuse
to form larger ones (Figure 8A). Rough endoplasmic reticulum and virus-like particles
are scattered among the granules and droplets (Figure 8B). Abundant elongated or oval
mitochondria of various sizes are visible throughout the cytoplasm. Sparse, less-developed
apical microvilli and numerous elongated mitochondria appear to participate in secretion
(Figure 8C). Unlike the oocyte, the nurse cell is filled with secretory granules of different
sizes and electron densities (Figure 8D).

Figure 7. Electron micrographs of the ovary of female C. suppressalis. (A) Cylindrical follicle cells
of the ovary. Arrowheads indicate lipid droplets. (B) Magnification of the follicle cells.(C) Basal
region of the oocyte.(D) Close-up of the nurse cell. fc, follicle cell; fl, infoldings; ld, lipid droplets;
mi, mitochondria; mu, muscles; n, nucleus; Nc, nurse cell; o, oocyte; vm, vitelline membrane; y, yolk
granules. Scale bars: (C) 2.0 µm; (D) 5.0 µm.

Given the structural and ultrastructural differences in the gut and ovary across de-
velopmental stages, we next characterized the associated microbiota to explore how these
anatomical features might correlate with microbial community composition and potential
transmission routes.
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Figure 8. Electron micrographs of the ovary of female C. suppressalis. (A) The basal region of the
oocyte cell. (B,C) The middle region of the cell. Asterisks indicate virus-like particles scattered
in the cytoplasm. (D) The basal region of the nurse cell. ld, lipid droplets; mi, mitochondria;
rer, rough endoplasmic reticulum; se, secretions; sg, secretory granules; y, yolk granules. Scale
bars: (A,D) 2.0 µm; (B) 0.2 µm; (C) 0.5 µm.

3.7. Analysis of Bacterial 16S rDNA Gene Sequences

A total of 687,799 sequences clustering into 2524 operational taxonomic units (OTUs)
are generated to analyze microbiota (Table 1). Detected OTU numbers, as well as Chao
and Shannon indices, are calculated as alpha diversity indicators. The relative sequence
abundance of 17 phyla differs significantly among the gut, egg and ovary (Kruskal–Wallis
test, p < 0.0001) (Table S1). The bacteria identified in the larval gut (JMG) are more diverse
than those in the adult egg (JEG) (Table 1).
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Table 1. Diversity of gut bacterial communities based on sequencing.

Developmental
Stages

Diet Type Sample Abbreviations Reads Bases (bp) OTUs Coverage Richness Estimate Diversity Index
Chao1 S Shannon

Larvae/Adults

Pulps

Midgut
JMG1 40,138 17,434,180 248 0.998729 303 40,769 1.82
JMG2 30,164 13,022,139 156 0.998110 225 30,361 1.76
JMG3 38,225 16,566,823 185 0.998483 242 38,626 2.03

Hindgut
JHG1 39,198 17,058,995 154 0.998954 182 39,778 1.78
JHG2 29,999 13,129,341 97 0.999033 142 30,626 1.84
JHG3 41,964 18,898,628 105 0.999261 129 44,068 1.45

No

Midgut
AMG1 29,622 13,457,815 116 0.999122 134 31,413 1.29
AMG2 30,500 13,485,925 117 0.999512 138 32,143 1.30
AMG3 31,377 14,267,149 119 0.999076 140 33,296 1.31

Hindgut
AHG1 42,226 18,171,436 94 0.999124 145 42,360 1.65
AHG2 40,005 17,192,557 137 0.998700 178 40,081 0.78
AHG3 36,054 15,537,581 100 0.998835 151 36,219 1.35

Ovary/Egg -

Ovary
JOV1 38,043 16,419,021 60 0.999448 95 38,220 0.86
JOV2 42,406 18,247,431 77 0.999245 148 42,501 1.00
JOV3 37,306 16,100,611 66 0.999383 94 37,483 0.89

Egg
JEG1 30,535 14,170,587 102 0.999247 115 33,125 1.85
JEG2 41,371 18,295,563 106 0.999202 150 42,683 1.68
JEG3 35,379 16,197,473 117 0.998954 159 37,890 1.94

Note: JMG1–JMG3, larval midgut; JHG1–JHG3, larval hindgut; AMG1–AMG3, adult midgut; AHG1–AHG3, adult hindgut; JOV1–JOV3, adult ovary; JEG1–JEG3, adult egg.
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3.8. Diversity of Gut Microbiota

A total of 46 OTUs are shared by all samples (gut, ovary, and egg) (Figure 9), and
the core OTUs belong to the following four phyla: Proteobacteria, Bacteroidetes, Firmi-
cutes, and Actinobacteria (Figure S1). The OTUs detected from different samples are
grouped into distinct families, with varying relative sequence abundances: those from the
midgut comprise 85 families, with Enterobacteriaceae (35.93–94.12%) and Enterococcaceae
(3.86–12.41%) being the most abundant families (Tables S2A and S3); those from the hindgut
are classified into 71 families, with Enterobacteriaceae (67.25–77.89%) and Enterococcaceae
(10.4–11.4%) as the predominant families (Tables S2B and S3); those identified from the egg
are classified to 101 families, with Bacillaceae (32.5%), Streptococcaceae (16.2%), Enterococ-
caceae (8.3%), Enterobacteriaceae (5.3%), and Flavobacteriaceae (5.1%) being the prevalent
families (Table S3); and those from the ovary are grouped into 96 families, with Enterobac-
teriaceae (40.7%), Enterococcaceae (28.8%), and Bacillaceae (13.1%) as the predominant
families (Table S3).

Figure 9. Venn diagram showing OTUs unique to each sample and those common to two or more
samples. AHG, hindguts of adult; AMG, midguts of adults; JHG, hindguts of larvae; JEG, eggs laid
by females; JMG, midguts of larvae; JOV, ovary of females.

OTUs from the different gut compartments show great variation between larvae and
adults. OTUs from the adult hindgut (AHG) are grouped into 45 families, with Enterobac-
teriaceae (78.4%), Enterococcaceae (11.5%), and Bacillaceae (4.0%) being the predominant
ones (Table S3). OTUs from the adult midgut (AMG) are classified into 35 families, of
which Enterobacteriaceae (94.1%) is the dominant taxa (Table S3). In comparison, OTUs
from the JHG are grouped into 67 families, with Enterobacteriaceae (66.7%), Bacillaceae
(11.3%), Enterococcaceae (10.1%), and Streptococcaceae (5.9%) being the prevalent fam-
ilies (Table S3). OTUs from the larval midgut (JMG) are classified into 84 families, and
Enterobacteriaceae (35.9%), Bacillaceae (26.9%), Streptococcaceae (14.1%), Enterococcaceae
(12.4%), and Halomonadaceae (4.9%) are the predominant families (Table S3).
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3.9. Taxonomic Distribution of Gut Microbiota of C. suppressalis

At the phylum level, a homogeneous distribution is observed in all samples (AHG,
AMG, JMG, JEG, JHG JOV), dominated by Proteobacteria (8.6–96.3%) and Firmicutes
(2.5–89.7%), respectively (Figure S1; Table S4). The two predominant phyla, Proteobacte-
ria and Firmicutes, show significant changes between JEG and JMG (Figures 10 and S1;
Tables S3 and S4). A total of 17 bacterial phyla are grouped into 129 families, with En-
terobacteriaceae being the most predominant family, followed by Bacillaceae and Ente-
rococcaceae (Table S3). The families Bacillaceae, Enterobacteriaceae, Enterococcaceae,
Halomonadaceae, Moraxellaceae, Streptococcaceae, and Pseudomonadaceae are found
across all samples (AHG, AMG, JHG, JMG, JEG, JOV), although they exhibit different
relative sequence abundances. In contrast, Brucellaceae, Clostridiaceae, Lactobacillaceae,
Microbacteriaceae, and Planococcaceae are only found in JEG, JOV, JHG, and JMG, despite
their low relative sequence abundances (Figures 10 and 11; Table S3). Bacillaceae is en-
riched in the egg (32.5%), followed by JMG (26.9%) and JOV (13.1%). Enterobacteriaceae is
enriched in AMG (94.1%), AHG (78.4%), and JHG (66.7%). Enterococcaceae predominates
in JEG (28.8%), JMG (12.41%), and AHG (11.5%). Halomonadaceae and Streptococcaceae
are abundant in JOV (5.8%, 6.4%), JEG (5.2%, 16.2%), and JMG (4.9%, 14.1%), respectively.
Moraxellaceae is enriched in JEG (4.4%) and presents lower relative sequence abundances
in JOV (0.4%), AHG (0.2%), and JMG (0.2%). Some families have much lower relative se-
quence abundances; for example, Brucellaceae in JEG (0.4%) and JOV (0.2%); Clostridiaceae
and Lactobacillaceae in JMG (0.2%, 0.7%) and JEG (0.2%, 1.0%); Microbacteriaceae and
Planococcaceae in JEG (0.2%); and Pseudomonadaceae in JOV (0.4) and JMG (0.4%). These
bacteria exhibit variation in relative sequence abundance associated with developmental
stage, diet, and gut compartment.

Figure 10. Composition of gut microbiota at the family level across different developmental stages
of C. suppressalis. The Y-axis represents the proportion of each taxon. Abbreviations: AHG1–AHG3,
hindguts of adults; AMG1–AMG3, midguts of adults; JEG1–JEG3, eggs oviposited by females;
JHG1–JHG3, hindguts of larvae; JMG1–JMG3, midguts of larvae; JOV1–JOV3, ovaries of females.
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Based on the analysis of developmental stage and gut compartments, the bacterial
genera from adults and larvae show distinct distributions (Figure 11; Table S5). Klebsiella
is dominant in AMG (64.3%) and AHG (75.6%), followed by Enterococcus in AHG (11.4%)
and Morganella in AMG (12.4%). Citrobacter and Enterococcus in AHG (5.1%, 11.4%) exhibit
higher relative sequence abundances than those in AMG (2.2%, 3.8%). In JEG, Bacillus
(32.5%) prevails, followed by Lactococcus (15.8%), Enterococcus (8.3%), and Halomonas (5.2%).
Citrobacter is dominant in the JHG (40.81%), followed by Klebsiella (25.7%). Klebsiella (35.1%)
is dominant in JMG, followed by Bacillus, Lactococcus, and Enterococcus (26.9%, 13.9%,
12.4%). Halomonas is present in JHG and JMG with lower relative sequence abundances
(3.4%, 4.9%). Enterococcus is notably dominant in JOV (28.4%), followed by Klebsiella (28.4%),
Bacillus (13.1%), and Lactococcus (6.3%); Halomona and Morganella are present with similar
abundances (5.8% each). Providencia is only identified in AMG, AHG, and JOV (3.7%, 5.6%,
and 8.2%, respectively).

Figure 11. Compositions of the gut microbiota at the genus level across different developmental
stages of C. suppressalis. The composition of each sample is based on the taxonomic assignment
of the 16S rDNA sequences. The Y-axis represents the proportion of each taxon. Abbreviations:
AHG1–AHG3, hindguts of adults; AMG1–AMG3, midguts of adults; JEG1–JEG3, eggs oviposited
by females; JHG1–JHG3, hindguts of larvae; JMG1–JMG3, midguts of larvae; JOV1–JOV3, ovary
of females.

3.10. Development-, Compartment- and Diet-Related Variations in the Microbiota

In C. suppressalis, 99 bacterial genera are identified. The influence of gut compartment
proves to be significant, with well-defined clusters forming within larvae (i.e., JHG, JMG)
and adults (i.e., AHG, AMG). Bacteria from the JOV and JEG are more heterogeneous in
terms of cluster formation (Figure 12). Enterobacteriaceae, Bacillaceae, and Streptococcaceae
exhibit significant differences in relative sequence abundance among the gut compartments.
Enterobacteriaceae is dominant in the AHG and AMG (78.4%, 94.1%) but decreases in the
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JHG and JMG (66.7%, 35.9%). In contrast, Bacillaceae is less abundant in the AHG and
AMG (4.0%, 0.7%) but increases significantly in the two larval gut regions (11.3%, 26.9%).
Streptococcaceae and Halomonadaceae are less abundant in the AHG (1.9%, 1.6%) and
AMG (0.3%, 0.3%) but increase in the JHG (5.9%, 3.4%) and JMG (14.1%, 4.9%) (Figure 12;
Table S3).

Figure 12. Relative sequence abundance and composition of gut microbiota in all samples. The
heatmap represents the proportions of OTUs at the family level. The X-coordinate represents the
sample of each population, and the Y-coordinate represents the taxon. The color code indicates
relative sequence abundance, ranging from blue (low relative sequence abundance) through yellow
to red (high relative sequence abundance). Abbreviations: AHG1–AHG3, hindguts of adults; AMG1–
AMG3, midguts of adults; JEG1–JEG3, eggs oviposited by females; JHG1–JHG3, hindguts of larvae;
JMG1–JMG3, midguts of larvae; JOV1–JOV3, ovary of females.

The non-metric multidimensional scaling (NMDS) analysis reveals a clear separation of
all samples according to developmental stage and gut regions, as well as a closer association
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between JMG and JOV. Clusters are well-defined, with relatively great variability observed
in the samples (i.e., JMG, JHG, AMG, AHG, EGG), except for JOV. The JEG cluster exhibits
the most distinct microbiota, followed by the AHG and AMG clusters; the JHG cluster
shows an intermediate composition. The JEG and JOV clusters exhibit higher inter-sample
variation. The JHG cluster shows an intermediate composition with respect to AMG, AHG,
and JHG clusters. The JMG and JOV clusters are similarly homogeneous; the JEG is the
most heterogeneous, followed by JOV (Figure 13).

Figure 13. NMDS of the gut, ovary and egg microbiota of C. suppressalis. The samples are clustered
by developmental stage, diet, and compartment and are represented with different colors and shapes:
The ellipses represent the standard error of the centroid for each group of samples with a confident
limit of 95%. Abbreviations: AHG1–AHG3, hindguts of adults; AMG1–AMG3, midguts of adults;
JEG1–JEG3, eggs oviposited by females; JHG1–JHG3, hindguts of larvae; JMG1–JMG3, midguts of
larvae; JOV1–JOV3, ovaries of females.

4. Discussion
4.1. Morphology and Ultrastructure of Gut in C. suppressalis

In the present study, three types of basal infoldings were observed in the gut cells
of C. suppressalis: (1) very narrow, long infoldings; (2) shallow, scattered infoldings; and
(3) extremely wide, very shallow infoldings. The first type of infolding was frequently
reported in many insects, such as the filter chamber of leafhopper Cicadella viridis and
midgut of midge Belgica antarctica [1,25]; the second type of infolding was morphologically
similar to those previously found in the midgut of the leafworm Alabama argillacea [26],
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the ileum of C. viridis and the rectum of the hangingfly Bittacus cirratus [1,27]. Well-
developed apical microvilli only observed in the midgut of C. suppressalis were similar to
those reported in the same region of katydids Gampsocleis gratiosa and the black soldier
fly Hermetia illucens [28,29]. The microvilli and infoldings can enormously increase the
surface area of the cell membrane and are generally considered to indicate a secretory
or ion-transport function [30]. Some investigators have suggested that such structures
provide “effective coupling of passive solvent movements to active salt transport during
fluid” [31,32]. Well-developed infoldings, microvilli, abundant mitochondria, extensive
rough endoplasmic reticulum and many secretory vesicles observed in the cytoplasm of
C. suppressalis are likely to suggest a potential role in ion transport, and this needs to be
investigated further.

Lysosome-like granules were observed in the midgut epithelium of C. suppressalis,
resembling those in the midgut of the cockroach Periplaneta americana [33] and G. gra-
tiosa [28]. Since such structures are involved in the ultrastructural changes via phagocytic
or autophagic activity, this suggests that the midgut cells of C. suppressalis are probably
in an aging stage and undergoing an ultrastructural alteration. The most striking char-
acter of ileum cells in C. suppressalis was well-developed apical leaflets associated with
abundant mitochondria, resembling those found in the C. viridis and the fruit fly Bactro-
cera dorsalis [1,34]. Such leaflets can greatly increase the contact surface with the luminal
fluid [35], and it has been proposed that “apical infoldings and their associated mitochon-
dria form mitochondrial pumps for ion transport from the gut lumen to the hemocoel” [36].
Thus, the extensive apical leaflets in the hindgut cells of C. suppressalis might play a role in
ion reabsorption.

4.2. Morphology and Ultrastructure of the Ovary of C. suppressalis

The female reproductive system of C. suppressalis was similar to other lepidopter-
ans, such as Psilogramma menephron, Tirathaba rufivena, Holcocerus hippophaecolus, Opisina
arenosella [37–40], and they shared the following characters: (1) it consisted of paired ovaries,
each containing three to five ovarioles; (2) two lateral oviducts fused into a common oviduct;
(3) a genital chamber connected laterally with a long, convoluted spermatheca gland; and
(4) a spermatheca composed of a primary gland and an accessory gland. However, some dif-
ferences exist among species, such as the moths Grapholita molesta, Phauda flammans, species
of the genus Palumbina, Sphecodoptera sheni and the butterfly Tirumala limniace [7,41–44].

Follicle cells play an important role in egg formation, and margins of the follicular cells
were blurred at the beginning of oogenesis [45]. The distribution of abundant mitochondria
and rough endoplasmic reticulum was very similar to that observed in the bug Lygus
lineloaris [46], possibly suggesting that the follicle cells of C. suppressalis require substances
from the hemolymph to synthetize egg precursors. In the early stage of eggshell formation,
follicular cells begin to secrete and form proteinaceous yolk membrane [45]. With the
gradual densification of the yolk membrane, follicular cells may secrete a dense inner
eggshell. Subsequently, secretions continue to accumulate on the inner eggshell to form the
outer eggshell.

4.3. Microbiota Associated with Gut, Ovary and Egg

In the present study, we characterized the microbiota composition and relative se-
quence abundance of C. suppressalis across its life stages. The phyla Proteobacteria, Firmi-
cutes, Bacteroidetes, and Actinobacteria together constituted the majority of the microbiota
(90.7–99.9%), although their relative abundances exhibit considerable variation. Proteobac-
teria has been reported to be involved in nitrogen [47] and carbohydrate degradation,
such as starches and hemicellulose [48]. Firmicutes has been suggested to participate in
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energy absorption from the diet and may influence insect development [49]. Bacteroidetes
promoted lignocellulose breakdown in anaerobic environments, resulting in the release
of sugars and volatile fatty acids [50]. Actinobacteria produces cellulase, xylanases and
lignases that facilitate the degradation of lignocellulosic substances in wood-feeding or-
ganisms [51] or aid in lipid digestion in grain-feeding beetles [52]. Bacterial diversity was
notably greater in the larval midgut of C. suppressalis compared with other regions or eggs.
Since the midgut is the main region of food digestion, its pH, physiological habitat and
available food may facilitate the residence of abundant microbiota.

The recurrent detection of these core genera in the ovary, egg and gut indicates a
partial overlap in bacterial composition among these compartments. Klebsiella has been
suggested to contribute to nitrogen requirements [25,53]; Enterococcus has been reported to
be associated with insecticide and pathogen resistance in other insect species [22,54]; and
Bacillus is a major bacterial group for producing cellulases and proteases, so as to enhance
digestion and absorption [55]. Lactococcus and Enterococcus influence the degradation of
free amino acids [56]; Citrobacter in the gut produce proteases involved in proteolysis [3].
Whether these bacteria are capable of surviving, replicating, or exerting any biological
function within these organs remains unknown and merits further investigation.

Diet and developmental stage are known to modulate microbiota in many in-
sects [57–60], and some bacteria may suppress other phyla in the same habitat [61]. The
potential symbiont or beneficial bacteria may have evolved in close association with their
hosts or was simply transient in the gut from food and may be able to colonize in different
gut regions [62,63]. The diets of adults and larvae of C. suppressalis are markedly differ-
ent in nutritional ingredients, and the pulps ingested by larvae contain some secondary
compounds (i.e., oxalic acid and tannin). Substantial variation in microbiota composition
among AMG, JMG and JEG may be attributed to a combination of metamorphosis and
diet, as holometabolous insects typically empty their gut contents and undergo gut re-
modeling during pupation. After emergence, adult feeding might stimulate the growth of
persisting bacteria, or new bacterial taxa derived from the diet could restore community
richness. Further research is necessary to elucidate the potential functions of the core
bacteria identified in C. suppressalis. Our findings suggest that the rapid fluctuation of
microbiota from larval to adult guts is probably influenced by dietary shift and microbial
community reassembly, factors known to modulate microbiota as previously indicated in
other Lepidopterans, Coleopterans, and Isopterans [58,61,64–67]. Further investigations
involving culture-based methods, fluorescence in situ hybridization (FISH), and gnotobiotic
experiments are required to examine whether these bacteria are genuinely transmitted and
whether they have any impact on host biology.

5. Conclusions
In summary, our study revealed that the larval midgut harbored the highest bacterial

diversity. The predominant phyla were Proteobacteria and Firmicutes, and the dominant
families were Enterobacteriaceae, followed by Bacillaceae and Enterococcaceae. Diet,
developmental stage, and gut compartment likely contributed to the high genus-level
diversity observed in both larvae and adults. These findings provide important insights
into insect–bacteria symbioses and may offer a microbiota-based perspective for the future
control of lepidopteran pests.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/insects17070682/s1, Figure S1. Bacterial composition (phylum
level) of the microbiota along the midgut, hindgut, ovary and egg of Chilo suppressalis; Table S1.
Relative bacterial abundance belonging to 18 phyla across all samples; Table S2A. OUT name of
bacteria of all midgut samples in venn; Table S2B. OUT name of bacteria of all hindgut samples in
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venn; Table S2C. The OTUs coming from the ovary and egg in venn; Table S3. Mcrobial community
percent at family level (unmerged biological replicates); Table S4. Mcrobial community percent at
phylum level; Table S5. Mcrobial community percent at genus level.

Author Contributions: H.Z. conducted the experiments, analyzed the data and wrote the original
draft. F.L. sampled the insects and conducted part of the experiments. K.Y. reared and sampled
the insects and analyzed the data. J.Z. conceived and conceptualized the research, designed the
methodology, analyzed the data and reviewed and edited the draft. All authors have read and agreed
to the published version of the manuscript.

Funding: This work is financially supported by the Zhejiang Provincial Natural Science Foundation
of China (Grant No. LY24C040001), the Science and technology planning project of Huangyan
District (Grant No. 2023031) and the China Agriculture Research System of MOF and MARA (Grant
No. CARS-24-G-07).

Data Availability Statement: The raw reads were deposited into the National Center for Biotechnol-
ogy Information (NCBI) Sequence Read Archive (SRA) database under the BioProject: PRJNA1142714.
https://dataview.ncbi.nlm.nih.gov/object/PRJNA1142714?archive=sra (accessed on 4 May 2025).

Acknowledgments: The authors sincerely thank the editors for their critical review and for providing
valuable comments to this manuscript. The authors are grateful to the laboratory staff for technical
assistance, especially for the microbiota and transcriptome analysis support by Mingke Biotechnology
(Hangzhou) Co., Ltd. We would also like to thank the laboratory staff member Liao Zhenfeng of the
Transmission Electron Microscope Facility for her technical assistance.

Conflicts of Interest: The authors declare no conflicts of interest.

Abbreviations
AHG: Hindgut of adult; AMG: Midgut of adult; JEG: Egg deposited by female; JHG: Hindgut of

larvae; JMG: Midgut of larvae; JOV: Ovary of female; NCBI: National Center for Biotechnology Infor-

mation; NMDS: Non-metric multidimensional scaling; OTUs: Operational Units; PCR: Polymerase

chain reaction; SSB: Striped stem borer; SRA: Sequence Read Archive.

References
1. Zhong, H.; Zhang, Y.; Wei, C. Morphology of the alimentary canal of the leafhopper, Cicadella viridis (Hemiptera: Cicadellidae).

Ann. Entomol. Soc. Am. 2015, 108, 57–69.
2. Chen, B.; Xie, S.; Zhang, X.; Zhang, N.; Feng, H.; Sun, C.; Lu, X.; Shao, Y. Gut microbiota metabolic potential correlates with body

size between mulberry-feeding lepidopteran pest species. Pest Manag. Sci. 2020, 76, 1313–1323. [PubMed]
3. Wang, S.C.; Wang, L.Y.; Fan, X.; Yu, C.; Feng, L.; Yi, L. An insight into diversity and functionalities of gut microbiota in insects.

Curr. Microbiol. 2020, 77, 1976–1986. [CrossRef] [PubMed]
4. Zhu, D.; Rao, Q.; Zou, C.; Ban, F.; Zhao, J.; Liu, S. Genomic and transcriptomic analyses reveal metabolic complementarity

between whiteflies and their symbionts. Insect Sci. 2022, 29, 539–549. [PubMed]
5. Ceja-Navarro, J.A.; Vega, F.E.; Karaoz, U.; Hao, Z.; Jenkins, S.; Lim, H.C.; Kosina, P.; Infante, F.; Northen, T.R.; Brodie, E.L. Gut

microbiota mediate caffeine detoxification in the primary insect pest of coffee. Nat. Commun. 2015, 6, 7618. [CrossRef] [PubMed]
6. Cheng, D.; Guo, Z.; Riegler, M.; Xi, Z.; Liang, G.; Xu, Y. Gut symbiont enhances insecticide resistance in a significant pest, the

oriental fruit fly Bactrocera dorsalis (Hendel). Microbiome 2017, 5, 13. [CrossRef] [PubMed]
7. Lee, G.E.; Li, H. Ovoviviparity and morphology of the female reproductive system in Palumbina (Lepidoptera, Gelechiidae,

Thiotrichinae). J. Asia-Pac. Entomol. 2018, 21, 772–777. [CrossRef]
8. Brucker, R.M.; Bordenstein, S.R. The hologenomic basis of speciation: Gut bacteria cause hybrid lethality in the genus Nasonia.

Science 2013, 341, 667. [CrossRef] [PubMed]
9. Zhong, H.; Chen, J.; Zhang, J.; Li, F. Gut microbial communities associated with phenotypically divergent populations of the

striped stem borer Chilo suppressalis (Walker, 1863). Sci. Rep. 2021, 11, 15010. [CrossRef] [PubMed]
10. Hammer, T.J.; Moran, N.A. Links between metamorphosis and symbiosis in holometabolous insects. Philos. Trans. R. Soc. B Boil.

Sci. 2019, 374, 20190068. [CrossRef]
11. Shan, H.; Liu, Y.; Luan, J.; Liu, S. New insights into the transovarial transmission of the symbiont Rickettsia in whiteflies. Sci.

China Life Sci. 2020, 64, 1174–1186. [CrossRef] [PubMed]

https://doi.org/10.3390/insects17070682

https://dataview.ncbi.nlm.nih.gov/object/PRJNA1142714?archive=sra
https://www.ncbi.nlm.nih.gov/pubmed/31603616
https://doi.org/10.1007/s00284-020-02084-2
https://www.ncbi.nlm.nih.gov/pubmed/32535651
https://www.ncbi.nlm.nih.gov/pubmed/34264019
https://doi.org/10.1038/ncomms8618
https://www.ncbi.nlm.nih.gov/pubmed/26173063
https://doi.org/10.1186/s40168-017-0236-z
https://www.ncbi.nlm.nih.gov/pubmed/28143582
https://doi.org/10.1016/j.aspen.2018.05.011
https://doi.org/10.1126/science.1240659
https://www.ncbi.nlm.nih.gov/pubmed/23868918
https://doi.org/10.1038/s41598-021-94395-y
https://www.ncbi.nlm.nih.gov/pubmed/34294783
https://doi.org/10.1098/rstb.2019.0068
https://doi.org/10.1007/s11427-020-1801-7
https://www.ncbi.nlm.nih.gov/pubmed/33021711
https://doi.org/10.3390/insects17070682


Insects 2026, 17, 682 22 of 24

12. Leftwich, P.T.; Edgington, M.P.; Chapman, T. Transmission efficiency drives host-microbe associations. Proc. R. Soc. B Biol. Sci.
2020, 287, 20200820.

13. Wierz, J.C.; Dirksen, P.; Kirsch, R.; Krüsemer, R.; Weiss, B.; Pauchet, Y.; Engl, T.; Kaltenpoth, M. Intracellular symbiont symbiodolus
is vertically transmitted and widespread across insect orders. ISME J. 2024, 18, wrae099. [CrossRef] [PubMed]

14. Jiang, M.; Cheng, J. Interactions between the striped stem borer Chilo suppressalis (Walk.) (Lep., Pyralidae) larvae and rice plants
in response to nitrogen fertilization. J. Pest Sci. 2003, 76, 124–128. [CrossRef]

15. Alfaro, C.; Navarrollopis, V.; Primo, J. Optimization of pheromone dispenser density for managing the rice striped stem borer,
Chilo suppressalis (Walker), by mating disruption. Crop Prot. 2009, 28, 567–572. [CrossRef]

16. Chen, M.; Shelton, A.; Ye, G. Insect-resistant genetically modified rice in China: From research to commercialization. Annu. Rev.
Entomol. 2011, 56, 81–101. [CrossRef] [PubMed]

17. Chen, J.; Yu, X.; Zhen, X. Biological performances of the striped stem borer, Chilo suppressalis Walker fed on Jiaobai, Zizania
caduciflora, and rice plants. Acta Agric. Zhejiangensis 2003, 15, 139–143. (In Chinese) [CrossRef]

18. Ding, N.; Dalin, P.; Zhu, Q.; Ma, W.; Zhu, F.; Wang, X. A comparison of the larval overwintering biology of the striped stem borer,
Chilo suppressalis (Lepidoptera: Crambidae), in rice and water-oat fields. Appl. Entomol. Zool. 2013, 48, 147–153. [CrossRef]

19. Guo, H.; Li, S.; Peng, J.; Ke, W.D. Zizania latifolia Turcz. cultivated in China. Genet. Resour. Crop Evol. 2007, 54, 1211–1217.
[CrossRef]

20. Hou, M.; Han, Y.; Lin, W. Influence of soil moisture on supercooling capacity and associated physiological parameters of
overwintering larvae of rice stem borer. Entomol. Sci. 2009, 12, 155–161. [CrossRef]

21. Huang, K.; Wang, J.; Huang, J.; Zhang, S.; Vogler, A.P.; Liu, Q.; Li, Y.; Yang, M.; Li, Y.; Zhou, X. Host Phylogeny and diet shape gut
microbial communities within bamboo-feeding insects. Front. Microbiol. 2021, 12, 633075. [CrossRef] [PubMed]

22. Zhang, J.; He, Y.; Chen, J. Diversity analysis of bacterial community in midguts of larvae of the striped stem borer, Chilo suppressalis
(Lepidoptera: Crambidae), with different levels of resistance to insecticides. Acta Entomol. Sin. 2013, 56, 1075–1082. [CrossRef]

23. Chen, G.; Li, Q.; Yang, X.; Li, Y.; Liu, W.; Chen, F.; Han, L. Comparison of the co-occurrence patterns of the gut microbial
community between Bt-susceptible and Bt-resistant strains of the rice stem borer, Chilo suppressalis. J. Pest Sci. 2023, 96, 299–315.

24. Zhu, P.; Mamdouh, B.; Magdy, M.; Chen, J.; Ma, W.; Xu, L. Diet induced variation in gut microbiota is linked to the growth
performance of an agricultural pest Chilo suppressalis. Agronomy 2023, 13, 304. [CrossRef]

25. Nardi, J.B.; Mackie, R.I.; Dawson, J.O. Could microbial symbionts of arthropod guts contribute significantly to nitrogen fixation in
terrestrial ecosystems? J. Insect Physiol. 2002, 48, 751–763. [CrossRef] [PubMed]

26. de Sousa, M.E.C.; Wanderley-Teixeira, V.; Teixeira, A.A.C.; de Siqueira, H.A.A.; Santos, F.A.B.; Alves, L.C. Ultrastructure of the
Alabama argillacea (Hübner) (Lepidoptera: Noctuidae) midgut. Micron 2009, 40, 743–749. [CrossRef] [PubMed]

27. Liu, L.; Hua, B. Ultrastructure of the rectum of the soil-spraying larva in Bittacus cirratus (Mecoptera: Bittacidae). Protoplasma
2019, 256, 1487–1494. [CrossRef] [PubMed]

28. Li, K.; Zhang, J.; Yang, Y.; Han, W.; Yin, H. Morphology and fine organization of the midgut of Gampsocleis gratiosa (Orthoptera:
Tettigoniidae). PLoS ONE 2018, 13, e0200405. [CrossRef] [PubMed]

29. Bruno, D.; Bonelli, M.; Cadamuro, A.G.; Reguzzoni, M.; Grimaldi, A.; Casartelli, M.; Tettamanti, G. The digestive system of the
adult Hermetia illucens (Diptera: Stratiomyidae): Morphological features and functional properties. Cell Tissue Res. 2019, 378,
221–238. [CrossRef] [PubMed]

30. Chapman, R.F. The Insects: Structure and Function; American Elsevier: New York, NY, USA, 1998.
31. Maddrell, S.H.P. Fluid secretion by the Malpighian tubules of insects. Philos. Trans. R. Soc. Lond. B Biol. Sci. 1971, 262, 197–207.

[CrossRef]
32. O’ Donnell, M.J.; Maddrell, S.H. Paracellular and transcellular routes for water and solute movements across insect epithelia.

J. Exp. Biol. 1983, 106, 231–253. [CrossRef] [PubMed]
33. Park, M.S.; Park, P.; Takeda, M. Starvation induces apoptosis in the midgut nidi of Periplaneta americana: A histochemical and

ultrastructural study. Cell Tissue Res. 2009, 335, 631–638. [CrossRef] [PubMed]
34. Lee, W.Y.; Lin, T.L. Morphology and ultrastructure of the hindgut of the oriental fruit fly Bactrocera dorsalis (Diptera: Tephritidae).

Formos. Entomol. 2003, 23, 113–128.
35. Smith, D.S.; Littau, V.C. Cellular specialization in the excretory epithelia of an insect, Macrosteles fascifrons Stål (Homoptera).

J. Cell Biol. 1960, 8, 103–133.
36. Alexander, N.J.; Fahrenbach, W.H. Fine structure of endocrine hindgut cells of a Lepidopteran, Ostrinia nubilalis (Hübn.).

Z. Zellforsch. Mikrosk. Anat. 1969, 94, 337–345. [CrossRef] [PubMed]
37. Li, Z.; Zheng, F.; Song, D. Anatomy of the female reproductive systems of sphingids (Lepidoptera: Sphingidae). J. Shandong Agric.

Univ. 1993, 24, 160–168. (In Chinese)
38. Zhou, J.; Li, J.; Weng, Q.; Luo, Y. Morphological and histological observations on the reproductive system of Holcocerus

hippophaecolus. Chin. J. Appl. Entomol. 2012, 49, 1629–1635. (In Chinese)

https://doi.org/10.3390/insects17070682

https://doi.org/10.1093/ismejo/wrae099
https://www.ncbi.nlm.nih.gov/pubmed/38874172
https://doi.org/10.1007/s10340-003-0001-x
https://doi.org/10.1016/j.cropro.2009.02.006
https://doi.org/10.1146/annurev-ento-120709-144810
https://www.ncbi.nlm.nih.gov/pubmed/20868281
https://doi.org/10.1105/tpc.011775
https://doi.org/10.1007/s13355-013-0164-8
https://doi.org/10.1007/s10722-006-9102-8
https://doi.org/10.1111/j.1479-8298.2009.00316.x
https://doi.org/10.3389/fmicb.2021.633075
https://www.ncbi.nlm.nih.gov/pubmed/35197946
https://doi.org/10.1139/gen-2013-0051
https://doi.org/10.3390/agronomy13020304
https://doi.org/10.1016/s0022-1910(02)00105-1
https://www.ncbi.nlm.nih.gov/pubmed/12770053
https://doi.org/10.1016/j.micron.2009.04.008
https://www.ncbi.nlm.nih.gov/pubmed/19497756
https://doi.org/10.1007/s00709-019-01394-y
https://www.ncbi.nlm.nih.gov/pubmed/31139972
https://doi.org/10.1371/journal.pone.0200405
https://www.ncbi.nlm.nih.gov/pubmed/30596762
https://doi.org/10.1007/s00441-019-03025-7
https://www.ncbi.nlm.nih.gov/pubmed/31053891
https://doi.org/10.1098/rstb.1971.0089
https://doi.org/10.1242/jeb.106.1.231
https://www.ncbi.nlm.nih.gov/pubmed/6361206
https://doi.org/10.1007/s00441-008-0737-y
https://www.ncbi.nlm.nih.gov/pubmed/19132397
https://doi.org/10.1007/bf00319181
https://www.ncbi.nlm.nih.gov/pubmed/4893053
https://doi.org/10.3390/insects17070682


Insects 2026, 17, 682 23 of 24

39. Lin, Y.; Jin, T.; Gan, T.; Jin, Q.; Wen, H.; Peng, Z. A Preliminary Study on the Reproductive System of Opisina arenosella Walker.
Chin. J. Trop. Crops 2017, 38, 1704–1711. (In Chinese)

40. Du, Z.; Cui, G.; Li, Z.; Zhou, X.; Guo, J. Morphological characteristics of female reproductive system and ovarian gradation of
Tirathaba rufivena Walker. South China Fruits 2024, 53, 130–135. (In Chinese)

41. Zhang, Z.; Men, L.; Peng, Y.; Li, J.; Deng, A.; Chen, Y.; Liu, X.; Ma, R. Morphological differences of the reproductive system could
be used to predict the optimum Grapholita molesta (Busck) control period. Sci. Rep. 2017, 7, 8198. [CrossRef] [PubMed]

42. Mao, Y.; Jia, R.; Zhu, C.; Shi, X.; Zhang, S.; Ma, T.; Wen, X. Identification of sexing and observation on reproductive system of
Phauda flammans. J. Zhejiang For. Sci. Technol. 2017, 37, 87–92. (In Chinese)

43. Liang, T.; Ju, Y.; Peng, F.; Zhou, J.; Feng, W.; Wang, C. Morphology and structure of the reproductive system of Sphecodoptera
shenia dult. For. Pest Dis. 2023, 42, 31–36.

44. Liu, W.; Liao, H.; Shi, L.; Du, T.; Zhou, C.; Deng, J.; Ma, Y. Morphology and development of reproductive system of female adult
Tirumala limniace (Cramer). For. Res. 2017, 30, 125–130. (In Chinese) [CrossRef]

45. Simiczyjew, B. Structure and formation of the eggshell in Panorpodes paradoxa McLachlan 1875 (Mecoptera: Panorpodidae). Pol.
Pismo Entomol. 2003, 72, 89–97.

46. Ma, P.W.K.; Baird, S.; Ramaswamy, S.B. Morphology and formation of the eggshell in the tarnished plant bug, Lygus lineloaris
(Palisot de Beauvois) (Hemiptera: Miridae). Arthropod Struct. Dev. 2002, 31, 131–146. [CrossRef] [PubMed]

47. Pinto-Tomas, A.A.; Anderson, M.A.; Suen, G.; Stevenson, D.M.; Chu, F.S.T.; Allace Cleland, W.W.; Weimer, P.J.; Currie, C.R.
Symbiotic nitrogen fixation in the fungus gardens of leaf-cutter ants. Science 2009, 326, 1120–1123. [CrossRef] [PubMed]

48. Adams, A.S.; Jordan, M.S.; Adams, S.M.; Suen, G.; Goodwin, L.A.; Davenport, K.W.; Currie, C.R.; Raffa, K.F. Cellulose-degrading
bacteria associated with the invasive woodwasp Sirex noctilio. ISME J. 2011, 5, 132–1331. [CrossRef]

49. Chen, B.; Teh, B.; Sun, C.; Hu, S.; Lu, X.; Boland, W.; Shao, Y. Biodiversity and activity of the gut microbiota across the life history
of the insect herbivore Spodoptera littoralis. Sci. Rep. 2016, 6, 29505. [CrossRef] [PubMed]

50. Auer, L.; Lazuka, A.; Sillam-Dussès, D.; Miambi, E.; O’Donohue, M.; Hernandez-Raquet, G. Uncovering the potential of termite
gut microbiome for lignocellulose bioconversion in anaerobic batch bioreactors. Front. Microbiol. 2017, 8, 2623. [CrossRef]
[PubMed]

51. Viswan, A.; Augustine, N. Insect gut microbiota as a reservoir of industrially relevant enzymes: A comprehensive review. Microb.
Ecol. 2026, 89, 107. [CrossRef] [PubMed]

52. Wang, L.; Li, C.; Wang, X.; Wang, G.; Shang, S.; Dou, Z.; Luo, Y. Gut lignocellulose activity and microbiota in Asian longhorned
beetle and their predicted contribution to larval nutrition. Front. Microb. 2022, 13, 899865. [CrossRef]

53. Behar, A.; Yuval, B.; Jurkevitch, E. Enterobacteria-mediated nitrogen fixation in natural populations of the fruit fly Ceratitis capitata.
Mol. Ecol. 2005, 14, 2637–2643. [CrossRef] [PubMed]

54. Shao, Y.; Ariascordero, E.; Guo, H.; Bartram, S.; Boland, W. In vivo Pyro-SIP assessing active gut microbiota of the cotton
leafworm, Spodoptera littoralis. PLoS ONE 2014, 9, e85948. [CrossRef] [PubMed]

55. Hou, P.; Liu, L.; Ma, X.; Men, Y.; Ding, Y.; Wang, J.; Zhang, C. Diversity Characteristics and Composition of Gut Microbiota in
Antheraea pernyi (Lepidoptera: Saturniidae) Larvae Across Different Instars. Insects 2025, 16, 909. [CrossRef] [PubMed]

56. Tavaria, F.K.; Dahl, S.; Carballo, F.J.; Malcata, F.X. Amino acid catabolism and generation of volatiles by lactic acid bacteria.
J. Dairy Sci. 2002, 85, 2462–2470. [CrossRef] [PubMed]

57. Kudo, R.; Masuya, H.; Endoh, R.; Kikuchi, T.; Ikeda, H. Gut bacterial and fungal communities in ground-dwelling beetles are
associated with host food habit and habitat. ISME J. 2018, 13, 676–685. [CrossRef] [PubMed]

58. Mason, C.J.; Abbi, S.C.; Peiffer, M.; Gomez, E.; Jones, A.G.; Felton, G.W.; Hoover, K. Diet influences proliferation and stability of
gut bacterial populations in herbivorous lepidopteran larvae. PLoS ONE 2020, 15, e0229848. [CrossRef] [PubMed]

59. Meng, L.; Xia, C.; Jin, Z.; Zhang, H. Investigation of gut bacterial communities of asian citrus psyllid (Diaphorina citri) reared on
different host plants. Insects 2022, 13, 694. [CrossRef] [PubMed]

60. Huang, Q.; Shan, H.; Chen, J.; Wu, W. Diversity and dynamics of bacterial communities in the digestive and excretory systems
across the life cycle of leafhopper, Recilia dorsalis. Insects 2023, 14, 545. [CrossRef] [PubMed]

61. Strano, C.O.; Malacrinò, A.; Campolo, O.; Palmeri, V. Influence of host plant on Thaumetopoea pityocampa gut bacterial community.
Microb. Ecol. 2018, 75, 487–494. [PubMed]

62. Negash, K.B.; Curto, M.; Domig, K.J.; Abebe, G.B.; Fanta, S.W.; Waidbacher, H.; Meimberg, H. Metabarcoding analyses of
gut microbiota of nile tilapia (Oreochromis niloticus) from Lake awassa and lake chamo, ethiopia. Microorganisms 2020, 8, 1040.
[CrossRef]

63. Berg, R.D. The indigenous gastrointestinal microflora. Trends Microbiol. 1996, 4, 430–435. [CrossRef] [PubMed]
64. Yun, J.; Roh, S.W.; Whon, T.W.; Jung, M.; Kim, M.; Park, D.; Yoon, C.; Nam, Y.; Kim, Y.; Choi, J. Insect gut bacterial diversity

determined by environmental habitat, diet, developmental stage, and phylogeny of host. Appl. Environ. Microbiol. 2014, 80,
5254–5264. [CrossRef] [PubMed]

https://doi.org/10.3390/insects17070682

https://doi.org/10.1038/s41598-017-08549-y
https://www.ncbi.nlm.nih.gov/pubmed/28811621
https://doi.org/10.1007/s10905-017-9602-8
https://doi.org/10.1016/s1467-8039(02)00019-1
https://www.ncbi.nlm.nih.gov/pubmed/18088976
https://doi.org/10.1126/science.1173036
https://www.ncbi.nlm.nih.gov/pubmed/19965433
https://doi.org/10.1038/ismej.2011.14
https://doi.org/10.1038/srep29505
https://www.ncbi.nlm.nih.gov/pubmed/27389097
https://doi.org/10.3389/fmicb.2017.02623
https://www.ncbi.nlm.nih.gov/pubmed/29312279
https://doi.org/10.1007/s00248-026-02726-1
https://www.ncbi.nlm.nih.gov/pubmed/41936687
https://doi.org/10.3389/fmicb.2022.899865
https://doi.org/10.1111/j.1365-294x.2005.02615.x
https://www.ncbi.nlm.nih.gov/pubmed/16029466
https://doi.org/10.1371/journal.pone.0085948
https://www.ncbi.nlm.nih.gov/pubmed/25372882
https://doi.org/10.3390/insects16090909
https://www.ncbi.nlm.nih.gov/pubmed/41009092
https://doi.org/10.3168/jds.s0022-0302(02)74328-2
https://www.ncbi.nlm.nih.gov/pubmed/12416797
https://doi.org/10.1038/s41396-018-0298-3
https://www.ncbi.nlm.nih.gov/pubmed/30333525
https://doi.org/10.1371/journal.pone.0229848
https://www.ncbi.nlm.nih.gov/pubmed/33031464
https://doi.org/10.3390/insects13080694
https://www.ncbi.nlm.nih.gov/pubmed/36005319
https://doi.org/10.3390/insects14060545
https://www.ncbi.nlm.nih.gov/pubmed/37367361
https://www.ncbi.nlm.nih.gov/pubmed/28735425
https://doi.org/10.3390/microorganisms8071040
https://doi.org/10.1016/0966-842x(96)10057-3
https://www.ncbi.nlm.nih.gov/pubmed/8950812
https://doi.org/10.1128/aem.01226-14
https://www.ncbi.nlm.nih.gov/pubmed/24928884
https://doi.org/10.3390/insects17070682


Insects 2026, 17, 682 24 of 24

65. Kim, J.M.; Choi, M.; Kim, J.; Lee, S.A.; Ahn, J.; Song, J.; Kim, S.; Weon, H. Effects of diet type, developmental stage, and gut
compartment in the gut bacterial communities of two Cerambycidae species (Coleoptera). J. Microbiol. 2017, 55, 21–30. [PubMed]

66. Su, L.; Yang, L.; Huang, S.; Li, Y.; Su, X.; Wang, F.; Bo, C.; Wang, E.; Song, A. Variation in the gut microbiota of termites (Tsaitermes
ampliceps) against different diets. Appl. Biochem. Biotechnol. 2017, 181, 32–47.

67. Jones, A.G.; Mason, C.J.; Felton, G.W.; Hoover, K. Host plant and population source drive diversity of microbial gut communities
in two polyphagous insects. Sci. Rep. 2019, 9, 2792. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.3390/insects17070682

https://www.ncbi.nlm.nih.gov/pubmed/28035595
https://doi.org/10.1038/s41598-019-39163-9
https://www.ncbi.nlm.nih.gov/pubmed/30808905
https://doi.org/10.3390/insects17070682

	Introduction 
	Materials and Methods 
	Plant Materials and Field Cultivation Management 
	Source of Zizania latifolia Seedlings 
	Field Domestication and Daily Field Management 
	Fresh Pulp Preparation for Feeding Test Insects 
	Insect Rearing and Colony Establishment 

	Light Microscopy 
	Transmission Electron Microscopy (TEM) 
	Gut, Ovary and Egg Sample Collection 
	DNA Isolation, 16S rDNA Amplification and Sequencing 
	Processing of Sequencing Data 
	Raw Data Quality Control 
	OTU Analysis and Species Annotation 
	Alpha Diversity Analysis 


	Results 
	General Structure of Adult Gut 
	General Structure of Larval Gut 
	General Structure of Female Reproductive System 
	Ultrastructure of the Midgut and Hindgut of Adult C. suppressalis 
	Ultrastructure of the Midgut and Hindgut of Larvae C. suppressalis 
	Ultrastructure of Ovary of Female C. suppressalis 
	Analysis of Bacterial 16S rDNA Gene Sequences 
	Diversity of Gut Microbiota 
	Taxonomic Distribution of Gut Microbiota of C. suppressalis 
	Development-, Compartment- and Diet-Related Variations in the Microbiota 

	Discussion 
	Morphology and Ultrastructure of Gut in C. suppressalis 
	Morphology and Ultrastructure of the Ovary of C. suppressalis 
	Microbiota Associated with Gut, Ovary and Egg 

	Conclusions 
	References

