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The gut is a crucial organ in insect defense against various pathogens and
harmful substances in their environment and diet. Distinct insect gut
compartments possess unique functionalities contributing to their
physiological processes, including immunity. The insect gut's cellular
composition is vital for cellular and humoral immunity. The peritrophic
membrane, mucus layer, lumen, microvilli, and various gut cells provide
essential support for activating and regulating immune defense mechanisms.
These components also secrete molecules and enzymes that are imperative in
physiological activities. Additionally, the gut microbiota initiates various signaling
pathways and produces vitamins and minerals that help maintain gut
homeostasis. Distinct immune signaling pathways are activated within the gut
when insects ingest pathogens or hazardous materials. The pathway induced
depends on the infection or pathogen type; include immune deficiency (imd),
Toll, JAK/STAT, Duox-ROS, and JIJNK/FOXO regulatory pathways. These
pathways produce different antimicrobial peptides (AMPs) and maintain gut
homeostasis. Furthermore, various signaling mechanisms within gut cells
regulate insect gut recovery following infection. Although some questions
regarding insect gut immunity in different species require additional study, this
review provides insights into the insect gut's structure and composition,
commensal microorganism roles in Drosophila melanogaster and Tenebrio
molitor life cycles, different signaling pathways involved in gut immune
systems, and the insect gut post-infection recovery through various
signaling mechanisms.

KEYWORDS
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1 Introduction

Food is vital for life. To thrive in their natural environment and ensure survival, insects
must obtain nourishment through various ways such as adaptations, physiological
processes, and reproductive activities. Consequently, insects are compelled to gather
food from diverse environmental outlets that often harbor harmful microorganisms that
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can invade the insect’s digestive system. Therefore, insect digestive
systems must employ expansive defense mechanisms to counteract
infection risks or potential harm (1).

The insect gut composition is crucial for orchestrating defense
mechanisms. The peritrophic membrane, comprising chitin and
protein, collaborates with glycosylated protein-based mucus,
intestinal epithelial cells, and intestinal stem cells to establish a
robust physical shield against invading pathogenic microorganisms
(2). The peritrophic membrane is the foremost defense and a
formidable barrier that safeguards the midgut epithelium from
abrasive food particles and lethal pathogen incursions (3). The
mucosal layer, enriched with mucins, concurrently lubricates the
luminal surface and fortifies the epithelium, impeding mechanical
damage, pathogens, and toxic molecules (4). Given an insect’s
diverse dietary repertoire of decaying plants, fungal matter, and
pathogenic bacteria, these organisms have evolved an impressive
digestive enzyme arsenal for efficient carbohydrate, protein, and
lipid processing for complex food sources. Intricate intestinal pH
regulation is also pivotal in the initial food digestion stages, with a
pH of 5 in the foregut, 7 to 9 in the midgut, and 5 in the hindgut.
However, these pH fluctuations physically and chemically affect
ingested food material, influencing its overall integrity (1).

In the face of pathogen attacks on host gut epithelial cells are
tackled with a pathogen outbreak, cascades of immune responses are
triggered, involving the activation of key immune genes. Notably,
pattern recognition receptors (PRRs) and antimicrobial peptides
(AMPs) are among the immune factors that spring into action.
The immune deficiency pathway, orchestrated by the Nuclear
Factor-kappaB (NF-kB) transcription factors REL2 and REL2-F, is
stimulated, bolstering the host’s defense mechanisms (5).
Furthermore, the Dualoxidase (Duox) pathway works diligently as
another line of defense to maintain gut stability by safeguarding gut
mucosa against reactive oxygen species (ROS)-sensitive pathogens
(6). Moreover, the intricate protein interplay, including
peptidoglycan receptor proteins (PGRPs), serine proteases, serpins,
and a range of other molecules, reinforces the immune bolstering
process through melanization within the prophenoloxidase (PPO)
pathway, which varies in insect species (7). Additionally, the Janus
kinase (JAK/STAT) signaling pathway, responsible for regulating cell
growth, differentiation, apoptosis, and inflammatory reactions,
triggers diverse antimicrobial peptide production, thereby
instigating potent intestinal immunity in insects (8).

Various microorganism types have established symbiotic
relationships with their hosts throughout evolution, providing
extensive support. These microorganisms, commonly known as
“commensal/microbiota,” are integral for enhancing host fecundity,
development, and growth. Specifically, they contribute to food
digestion, vitamin production, host gut defense against pathogens,
harmful substance detoxification, and stimulating host immune
responses (9). Gut microbiota has garnered recognition as a pivotal
component for biological control and waste biodegradation while
deterring insect-borne disease transmission (9). Furthermore, the
gut microbiota provides significant functionalities in synthesizing
proteins, catecholamine cross-linkers, and chitin, inducing various
immune regulatory pathways to aid recovery from infection (10).
The gut microbiota supports host defense by modulating pH and
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digestive enzyme levels. They actively compete with pathogens for
resources, such as living space and nutrients, while producing
antimicrobial substances (11).

This review highlights contemporary advancements in
understanding the insect gut’s immune mechanisms when
combating pathogenic threats. Specifically, we delve into the
physical, biochemical, and intricate gut immune responses
observed in model organisms, such as D. melanogaster and T.
molitor, and further insight into post-infection recovery processes.

2 Insect gut structure and function
2.1 Insect gut compartments

The insect intestinal tract maintains a compartmentalized
organization comprising three distinct sections: the foregut
(stomodeum), midgut (mesenteron), and hindgut (proctodeum)
(Figure 1). The foregut encompasses anatomical components,
including the mouth, pharynx, esophagus, crop, and
proventriculus. The midgut’s peritrophic matrix and mucins
compose a formidable physical barrier, impeding pathogen
intrusion. Lastly, the hindgut is essential for nutrient absorption
and selective superfluous material exclusion (13).

2.1.1 Foregut

The foregut represents the insect gut threshold, featuring an
impermeable cuticle that imparts mechanical and chemical digestion
properties facilitated by enzymes secreted from the buccal cavity.
This section comprises salivary glands, reservoirs, and stomodeal
valves that direct food flow toward the midgut (12). The crop is also
integral to this region as it provides initial food storage, while the
proventriculus acts as a valve that modifies ingested foodstuft (14).
Certain insect species, such as Carpenter bees, symbiotically associate
with Lactobacillus and Enterobacteriaceae bacteria predominantly
located within the foregut. These microorganisms give support the
bees” digestive processes, nutrient delivery, pathogen defense, and
immune signaling mechanisms (15). Moreover, the foregut in
Bulbitermes spp is a site for xenobiotic degradation and initial
metabolic processes (16). In Anopheles culicifacies, the foregut’s
salivary gland harbors a more diverse symbiotic microorganism
array than the midgut and hindgut, responsible for food
acquisition, ingestion, and digestion (17). Research on Cephalotes
rohweri indicates that the proventriculus valve, positioned between
the crop and midgut, filters and effectively prevents pathogenic
bacteria and particles larger than 0.2 um from entering, protecting
the host and maintaining host-microbe fidelity (18). Nutrient uptake
and digestion are vital physiological processes across various life
forms, and the gut-brain axis ensures gut homeostasis by regulating
these processes through a neurohumoral communication system.
Different neuropeptide classes govern the release of digestive
enzymes, muscle activity, and engorgement, with specific
neuropeptides presenting dynamic contributions to ecological pest
management (19). Notably, Drosophila spp.’s gastric valve and crop
function analogously to the stomach. A study investigating
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Gut compartments of adult D. melanogaster. The insect intestinal tract can be anatomically divided into three distinct compartments: the foregut,
midgut, and hindgut. The foregut encompasses vital structures, such as the mouth, pharynx, esophagus, crop, and proventriculus, with robust
cuticles that form a protective barrier against invading pathogens. Moreover, the foregut facilitates enzymatic compound secretions from the buccal
cavity and salivary glands. The midgut begins at the gastric caeca and segments into anterior, median, and posterior regions, determined by their
respective lengths. This section is notable for its relatively high permeability. The midgut's epithelial lining incorporates diverse cell types with crucial
functions, including nutrient digestion and absorption, pH regulation, endocrine modulation, epithelial growth, and safeguarding against pathogenic
threats. Lastly, the hindgut starts where the Malpighian tubules and the muscular pyloric sphincter connect, followed by the ileum, colon, and
rectum. Distinctive physiological processes in this compartment primarily focus on reabsorbing water, electrolytes, and other beneficial substances
from the excreta. This illustration has been adopted from T. H. Napoleao et al (12).

Drosophila stomach stem cells unveiled that JAK-STAT signaling
regulates stem cell proliferation, Wingless signaling controls self-
renewal, and hedgehog signaling governs cellular differentiation (20).

2.1.2 Midgut

The midgut is a crucial component of the insect’s digestive tract
that starts from the gastric caeca and serves as a primary site for
digestion and nutrient absorption (12). Structurally, the midgut is
divided into anterior, median, and posterior regions based on length
(21). Comprising a diverse cell array, the midgut epithelium digests
and absorbs nutrients and maintains luminal pH levels, endocrine
regulation, and epithelial growth in this middle region (22). Within
specific regions of this organ, messenger RNA expression governs
enzyme secretion tailored for breaking down specific food
components, such as proteins, carbohydrates, and lipids. These
enzymes, along with the luminal pH, significantly contribute to
eradicating pathogenic microorganisms that are ingested with food
(22). Moreover, the midgut epithelium employs various secretion
methods, including merocrine, apocrine, and micro-apocrine
mechanisms. Diverse symbiotic microorganisms reside in the
anterior midgut’s endoperitrophic space, assisting for digestion,
and prompting immune responses (21). Regarding Drosophila, the
midgut encompasses 14 distinct subregions that manifest distinct
morphological, histological, and genetic properties. Damage to this
compartment disrupts gut homeostasis, triggers stem cell
proliferation, and stimulates various immune signaling pathways
(23). When Nasutitermes takasagoensis digests cellulose, both
endogenous endo-b-1,4-glucanase and b-glucosidase genes are
uniformly expressed in the midgut, ensuring consistent enzyme
production (24). In Locusta migratoria, the lethal giant larvae (Lgl)
protein facilitates midgut morphology maintenance and ds-RNA-
based insecticide development (25). Throughout Drosophila spp.’s
lifespan, numerous regulatory signaling pathways operate within
the midgut: the Delta/Notch signaling pathway regulates midgut
progenitor cell differentiation, the Wingless and Int-1 (WNT)
signaling pathway is responsible for intestinal stem cell (ISC)
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proliferation and maintenance, the Cytokine/Jak/Stat and
Epidermal Growth Factor Receptor (EGFR) signaling pathways
govern ISC proliferation, the JNK signaling pathway coordinates
stress response and ISC proliferation; the Hippo/Salvador/Warts
signaling pathway regulates midgut regeneration; and the cellular
redox state influences ISC proliferation (26).

2.1.3 Hindgut

The insect hindgut is structurally divided into the ileum, colon,
and rectum, beginning at the pyloric valve after the midgut.
Malpighian tubules in this region establish the excretory organs
responsible for removing nitrogenous waste as uric acid from the
hemolymph. This gut section is entirely covered by epithelial cells,
with a muscular layer surrounding the basal membrane. The
hindgut sustains greater permeability than the foregut, primarily
absorbs nutrients and minerals, and eliminates feces (12).
Additionally, the hindgut facilitates salt and amino acid
reabsorption to maintain the hemolymph’s osmotic balance (27).
Prophenoloxidase is a notable melanin production enzyme and
serves as an immune response element at wound sites, functioning
as the last line of defense against pathogens (26). The hindgut also
harbors enteric bacteria, such as Pantoea agglomerans, which
induce diverse immune responses (14).

2.2 The insect gut's general
cellular composition

The insect intestinal system comprises a myriad of cell types,
including absorptive enterocytes, secretory enteroendocrine cells,
and pluripotent intestinal stem cells. Additionally, muscle cells are
situated beneath epithelial cells’ basement membranes (Figure 2). A
semipermeable non-cellular structure, known as the peritrophic
matrix/membrane, is positioned between the lumen and the
epithelial layer within the insect gut, protecting enterocytes
against abrasive particles and pathogens. Furthermore, a mucus

frontiersin.org


https://doi.org/10.3389/fimmu.2023.1272143
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

10.3389/fimmu.2023.1272143

Khan et al.
Intestinal Stem Cell (ISC)
Peritrophic Membrane Enteroblast (EB) Lumen Microvilli  Mucus Layer
—
Basement Membrane Muscle Layer Neuron Trachea Enteroendocrine (EE)  Enterocyte (EC)
FIGURE 2

The adult insect gut’s general cellular composition. Adult insect gastrointestinal tracts comprise various cell types, namely absorptive enterocytes
(ECs), secretory enteroendocrine cells (EEs), pluripotent intestinal stem cells (ISCs), and enteroblasts (EBs). These cells are collectively essential for an
insect’s digestive process. The peritrophic membrane situated between the lumen and epithelial cells is a semipermeable non-cellular structure that
serves as a protective barrier, shielding enterocytes from abrasive particles and invading pathogens. Adjacent to the peritrophic membrane lies a
mucus layer that further engenders a protective environment for enterocyte cells. Beneath epithelial cells’ basement membranes is a muscle cell
layer responsible for mechanical movements and contractions in the gut. Positioned underneath the muscle layer, neurons and trachea are present,
providing innervation and oxygen supply to the gastrointestinal tract. This illustration has been adopted from T. Kuraishi et al (28).

layer between the peritrophic matrix and the enterocytes extends
throughout the gut (28). Neurons and trachea are intricately
integrated into the muscle layer beneath intestinal cells’ basement
membrane, aiding the insect intestinal system’s overall functionality
and coordination (1).

2.2.1 Peritrophic membrane

The peritrophic membrane (PM) serves as a protective lining
within the insect gut that separates the digestive compartment from
the midgut lumen. Its primary functions include luminal surface
lubrication to safeguard against food abrasion and pathogen
invasion, as well as regulating immune responses. This membrane
is composed of chitin fibers cross-linked by chitin-binding PM
proteins (PMP); the PM forms a three-dimensional meshwork with
water-filled pores. The mucin-like PMPs contain extensively O-
glycosylated linker and chitin-binding domains (ChtBD2). In
particular, these O-glycans are crucial for lubrication and
controlling exclusion (29). Chitin and glycoproteins form the
intestinal PM, which activates various regulatory pathways to
defend against pathogens and prevent gut tissue damage caused
by pore-forming toxins (3). For example, the peritrophic membrane
in mosquitos is a vital gut homeostasis regulator and immune
response mediator (30). Furthermore, Heme-dependent peroxidase
1 (HPx1) promotes PM assembly and enhances antioxidant
capacity while modulating vector competence. The E75
transcription factor induces transcriptional HPxI activation, and
HPx1 knockdown accelerates DUOX-NADPH oxidase’s gut
reactive oxygen species (ROS) production, thereby enhancing the
immunological sensing of microbial infection (31). The peritrophic
membrane of insects, exposed mucins and non-mucin protein
receptors, functions as a binding site for various insect pathogens,
such as Junonia coenia densovirus (JcDV) (32). Different protein
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classes within the insect PM exhibit distinct activities: Class I PM
proteins contribute to PM integrity and function; Class II proteins
faintly interact with the PM through adsorption; Class III proteins
are released under harsher conditions; and Class IV proteins are
covalently linked to other PM proteins or chitin, making their
removal challenging (33). Seventeen peritrophic membrane
proteins have been identified in the Manduca sexta midgut, and
genes encoding peritrophic matrix proteins in Tribolium castaneum
are directly associated with insect survival (34).

2.2.2 Mucus layer and mucin

Mucus production is mediated by mucus-forming mucins (Mf-
mucins). These proteins are glycosylated and form a protective layer
on epithelial cells that line the respiratory, digestive, and urogenital
tracts in vertebrates. Their primary function is to protect the organ
cell lining against infections, dehydration, physical or chemical
damage, and other threats while facilitating nutrient flow through
the intestinal tract. In particular, studies have evidenced that the
mucus layer is involved in Mf-mucins activation (35). While the
mucus layer’s composition varies by organism, certain molecules
remain consistent, particularly proteins extensively modified with
N-acetylgalactosamine-based sugars attached to serines or
threonines through O-linked glycosylation. Mucin proteins and
their constituent O-glycans are fundamental for protecting and
maintaining internal epithelial tissue vitality (36). In female insects,
mucin proteins are localized in swollen crypts and are associated
with symbiotic bacteria that stimulate gut immune responses (37).

2.2.3 Microvilli

Microvilli form the inner intestinal cell surface and are
intricately linked to the mucus layer. Microvilli contains jelly-
associated enzymes composed of membrane-bound material.
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These enzymes are either bound to the cell membrane or entrapped
within the glycocalyx and predicate microvilli formation and
structure. The glycocalyx refers to the carbohydrate chain
connected to integral proteins and glycolipids on the microvilli.
Digestion primarily transpires on the microvilli surface, and
insights into microvillar enzymology are invaluable for
proteomics studies (38). Moreover, digestive enzymes are
synthesized in the rough endoplasmic reticulum, processed in the
Golgi complex, and packaged into secretory vesicles. Gut
microvillar membranes’ physiological operations vary among
insect taxa, influencing digestion, absorption, ion homeostasis,
signaling, and secretory mechanisms. For instance, hemipteran
gut cells manage various secretion types, including exocytic,
apocrine, micro-apocrine with budding or pinched-oft vesicles,
and modified exocytic secretions (39).

2.2.4 Insect gut cells

Enterocytes (ECs), enteroendocrine cells (EEs), ISCs, and
enteroblasts (EBs) are the key cellular components involved in
regulating the various activities and immune responses within the
insect gut. Enterocytes primarily participate in absorption, whereas
enteroendocrine cells secrete a diverse array of secretory molecules.
ISCs are crucial for intestinal epithelium regeneration influenced by
intrinsic factors in addition local and systemic stimuli (40). ISCs
continuously generate progenitor cells that differentiate into
multiple cell types within the epithelium, thereby maintaining
homeostasis (41). Enteroblasts are transient progenitors that
differentiate into ECs (42).

3 Insect gut microbiota
3.1 Gut microbiota in D. melanogaster

An insect encounters diverse environmental conditions and
various foodstuffs harboring assorted microorganisms throughout
its life. While most of these microorganisms pass through the insect
gut’s lumen or interact with the host immune system, certain
species are permitted to establish and proliferate within the gut
environment called “commensal”. These commensal microbes
provide metabolic assistance, secondary metabolite production,
immune system support, pathogen clearance, gut homeostasis
maintenance, intestinal tissue regeneration, and other valuable
contributions to the host (43-45). In Drosophila, the gut
microbiota encompasses 5-20 commensal bacteria species, mainly
from the Acetobacteraceae and Enterobacteriaceae families or the
Lactobacillale order, including Lactobacillus plantarum, L. brevis,
Acetobacter pomorum, Gluconobacter morbifer, and
Commensalibacter intestine (45). Although gut microbiota
compositions vary due to fluctuations in environmental
conditions and food availability, numerous studies have
consistently identified the following dominant bacterial families in
the Drosophila’s gut: Acetobacteraceae (55%), Lactobacillaceae
(31%), Leuconostocaceae (4%), Enterobacteriaceae (3%), and
Enterococceae (2%) (46). Furthermore, ingesting microorganisms,
such as Rhodiola crenulate, enhances survival rates and induces
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antimicrobial peptide gene expressions in D. melanogaster following
exposure to pathogens or toxic compounds (47).

Multiple studies have revealed that the gut microbiota influences
host immune responses and various physiological activities that
include larvae development, nutrient uptake, behavior, and
environmental signal responses (48). The gut microbiota produces
distinct metabolites sensed by host intestinal receptors, thereby
triggering host metabolism (49). Interactions among microbes can
influence triglyceride content, highlighting the microbiota’s
influence on host metabolic processes (50). Notably, Acetobacter
persici in the Drosophila gut prompts age-dependent metabolic
purine level shifts by activating the innate immune signaling imd
pathway in renal tubules (51). Furthermore, selective consumption
of dietary components mediated by microbiota can modify the
nutritional balance of food and ultimately impact the nutritional
status of the host (52). Microbiota-induced signaling and regulatory
networks involving genes associated with nutritional traits
contribute to the host’s nutritional status (53). A substantial larvae
accumulation in a specific area can alter food’s chemical and
bacterial composition, effectuating growth time, pupation height,
viability, and body mass alterations without affecting gut microbiota
(54). The gut microbial community’s composition in insects depends
on host-specific factors, with colonization transpiring in specific gut
regions (55). Additionally, food sources can influence a
microbiome’s establishment by reducing predominant member
abundance and allowing new microorganisms to colonize (56).
Introducing a single microorganism to the D. melanogaster gut can
alter the microbial community’s symbiotic composition without
exhibiting extensive antibacterial activity, potentially influenced by
food sources. For example, Rhodiola rosea significantly increases
Acetobacter abundance while diminishing Lactobacillales,
engendering a symbiotic association (57).

Drosophila spp. exhibits bidirectional signaling through the
“microbiota-gut-vagus-brain axis,” where gut microbiota can
activate host neural circuitry and influence foraging behavior,
stress-anxiety responses, and empathy development (58). During
undernutrition, specific microbiomes, such as L. plantarum, induce
the insulin/IGF-1 signaling (IIS) pathway, regulate glucose import
and glycogen synthesis, and increase free amino acid levels by
promoting gut peptidase expression via the imd pathway. A genetic
L. plantarum screening identified an operon responsible for
modifying bacterial cell walls, incorporating D-alanylated teichoic
acids, which stimulate host enterocytes to induce gut peptidases
(59). The gut microbiota, including Acetobacter spp. and yeast, also
modifies host chemosensory responses, feeding preferences, and
behavior, depending on the host-microbial history and identity.
Different olfactory receptors and pathways are involved in sensing
and responding to these changes, known as Olfactory-Guided
Microbial Preferences by the host (60).

In addition, the Drosophila gut microbiota manages learning,
memory, and sleep homeostasis aspects dependent on the host’s
genetic background (61). Aggressive behaviors in both male and
female Drosophila can be regulated by the microbiome, swaying
mate selection during development (62). Interactions between
Drosophila and its gut microbiome are foundations for developing
new therapeutic drugs and understanding downstream

frontiersin.org


https://doi.org/10.3389/fimmu.2023.1272143
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Khan et al.

consequences for host health through genome analysis. Notably,
these findings have also extended to human precision medicine
(63). Various factors influence the interplay between microbiota
and their host concerning immune induction. The immune
response in D. melanogaster incorporates both humoral and
cellular components, including the production of antimicrobial
peptides, ROS, reactive chlorine species (RCS), phagocytic cells,
and melanization. The gut microbiota directly or indirectly aids in
activating the immune response (64, 65). Among prevalent D.
melanogaster microbiota, Lactobacilli spp. activate the NADPH
Oxidases (NOX) pathway in gut tissue, releasing ROS and
reducing microbiota overgrowth. Conversely, pathogenic bacteria
stimulate ROS and RCS production through the dual oxidase
system (Duox), which helps maintain host gut homeostasis (64, 65).

Microbiota and pathogens trigger the humoral immune response,
inducing the production of antimicrobial peptides through imd and
Toll regulatory pathways. These processes are initiated by PRRs in
response to conserved microbial-associated molecular patterns
(MAMPs) (64, 65). PGRPs, such as PGRP-LC, PGRP-LE, PGRP-
SD, PGRP-LB, and PGRP-SC, within the IMD signaling cascade also
recognize peptidoglycans from the microbiota. Notably, PGRP-LB has
been found to protect the host from the harmful peptidoglycan effects
on the hemolymph and other organ systems (64, 65). The EGFR and
JAK-STAT signaling pathways are responsible for gut repair
prompted by gut microbiota and pathogens, and the pathway
activated depends on the damage sustained. Additionally, histone
demethylase KDM5 deficiency begets an overactive IMD response
and dysbiosis, whereas L. plantarum normalizes IMD activation and
reduces dysbiosis (65). Vibrio cholerae’s Type 6 Secretion System
(T6SS) and its interaction with Acetobacter pasteurianus microbiota
induce the imd pathway in D. melanogaster, triggering immune
responses (66). L. plantarum, a gut microbiota, can protect D.
melanogaster from common pathogens, such as Pseudomonas
aeruginosa and Serratia marcescens, by inducing the host’s immune
response (56). Moreover, certain yeast commensals in D. melanogaster
protect against the pathogenic fungus Aspergillus flavus (67). L.
plantarum also mitigates D. melanogaster’s susceptibility to the
pathogenic fungus Diaporthe FY (68). Furthermore, Erwinia
carotovora pathogen infection and commensal microbes can trigger
lipid utilization through enterocytes, but with distinct outcomes
prevalent upon microbial cues, imd signaling, ROS production, and
lipid utilization (64). Cell type-specific responses within the gut can
also induce immune responses and are recognized by the gut
microbiota. For instance, imd pathway activation in enterocytes
invokes an immune response, activation in enteroendocrine cells
promotes lipid utilization and improves anabolic growth (64). The
microenvironment is also significant in maintaining constitutive
immunity and gut microbiota concentration (69). Similarly,
antimicrobial peptides and lysozymes, two immune effector families,
regulate gut microbiota composition and abundance (70).

3.2 Gut microbiota in T. molitor

Like Drosophila, commensal microorganisms in T. molitor also
affect gut immune responses and various physiological activities.
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The surrounding environment is a substantial source of diverse
beneficial and pathogenic microorganisms. Different
microorganism types could enter the T. molitor gut and establish
themselves as symbionts or pathogens. Symbiotic microorganisms
contribute to numerous physiological activities and
environmentally friendly actions, such as detoxification in
phytophagous insects, lignocellulose degradation in xylophagous
insects, and antimicrobial compound production to protect against
pathogens (71).

Experimental data has revealed that T. molitor harbors Bacillus,
Lactococcus, Weissella, Escherichia, and Clostridiaceae spp. in an
open environment but is dominated by Enterococcus spp. and some
unclassified Enterobacteriaceae in a closed ecosystem.
Microorganisms in the open environment actively contribute to
host metabolism and immune activity, whereas the closed
ecosystem offers the opportunity to select probiotic strains for
improving growth efficiency (72). Another study on the gut of T.
molitor identified fermentative bacteria, such as Weissella and
Lactococcus spp.; proteolytic bacteria responsible for protein
degradation, like Rahnella and Cronobacter spp.; and other
microbiota groups, including Lactobacillus, Bacillus, Spiroplasma,
Clostridium, Enterobacter, and Pantoea found in different
concentrations across gut regions, with the hindgut containing
the most diversity (73). Moreover, the gut microbiota in T.
molitor was revealed to have significant plasticity in response to
environmental factors, particularly soil. The composition of
microbiota can rapidly fluctuate from one commensal group to
another based on alterations in soil composition (74).

T. molitor and its gut microbiota degrade polystyrene (PS),
polyvinyl chloride (PVC), polyethylene (PE), acrylonitrile
butadiene styrene (ABS), polyurethane (PU), bio-based cross-
linked polymers, and other plastic polymers (75). Research
findings have identified eight specific microorganisms responsible
for polystyrene biodegradation in T. molitor: Citrobacter freundii,
Klebsiella aerogenes, S. marcescens, Stenotrophomonas maltophilia,
Bacillus thuringiensis, P. aeruginosa, Enterococcus faecalis, and
Enterobacter asburiae. It has been studied that T. molitor gut
secretory factors and gut microbiota contribute to plastic
degradation. Emulsifying factors with 30-100 kDa molecular
weights were found in the T. molitor gut. In contrast, gut
microbiome-produced secretory factors with molecular weights
below 30 kDa were responsible for degrading plastic molecules
(76). In addition, T. molitor’s gut microenvironments may be plays
a crucial for plastic biodegradation. Therefore, combining T. molitor,
specific gut microbiota, and an artificial microenvironment’s design
will be a promising chamber for effective plastic degradation (76, 77).

Moreover, studies have demonstrated that although polystyrene
provides some nutrients to T. molitor, but polystyrene has negative
impacts on growth and development (78). T. molitor cannot survive
on a diet consisting solely of plastic; additional essential nutrients
are required (79). For example, different food supplements, such as
bran with a 7:1 (w/w) plastic ratio, can promote T. molitor growth
(80). Another study revealed that for polystyrene degradation,
Erwinia olea, Lactococcus lactis, and Lactococcus garviae were the
dominant microbiota in the gut of T. molitor (81). Similarly, for
polyurethane degradation by T. molitor’s different gut microbiota,
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such as Paraclostridium, Chryseobacterium, Kosakonia, and
Pseudomonas, were found to be responsible. During the
degradation process, they can degrade the polymer by 35% within
17 days, but it experiences a weight loss of 14% (82). On the other
hand, T. molitor’s gut microbiota breakdown long-chain and
branched polymers by diffusing extracellular depolymerase,
producing shorter chains containing 16 carbon atoms. The
microbiota utilizes fatty acid degradation pathways to generate
intermediate products during plastic degradation, while T. molitor
acts as a downstream decomposer (79). Additionally, T. molitor’s
gut microbiota can create cracks and holes in plastic sheets, form
biofilms, and utilize them as a carbon source for growth (83).
Furthermore, plastic molecular weight critically affects
biodegradation. Plastic with low, medium, high, and ultra-high
molecular weights can significantly influence metabolic pathways,
induce intestinal dysbiosis, and alter gut microbiome composition
(81, 84). Generally, T. molitor employs an extensive
depolymerization process for plastic biodegradation, although the
depolymerization of ultra-high molecular weight plastics is
limited (84).

In addition, for plastic degradation, the gut microbiota involves
the secretion of siderophores such as enterobactin and
yersiniabactin, enzymes, and specific enzymatic genes such as
undecaprenyl-phosphate galactose phosphotransferase
[EC:2.7.8.6]. Furthermore, the supernatant of intestinal content
acts as a surfactant, enhancing the hydrophilicity of plastic and
providing physical support for the gut microbiomes (77). A
fascinating discovery revealed that Enterobacter hormaechei LG3
produces a biofilm on the plastic’s surface for degradation under
anaerobic conditions. In this study, researchers identified
degradative enzyme-expressing genes of the peroxidase family,
including tpx, ahpC, and bep (85). Another study demonstrated
that phosphatases, esterases, leucine arylamidase, {3-galactosidase,
B-glucuronidase, o-glucosidase, $3-glucosidase, chitinase, o.-
mannosidase, o-fucosidase, and numerous other enzymes are
involved in plastic degradation. Furthermore, the study suggested
that enzymatic activity plays a more substantial role in plastic
biodegradation than gut microbiota (86).

Moreover, to the environmental considerations regarding
plastic degradation, T. molitor holds promise and has been
approved by the European Union as a protein source to meet
global food demand. Recent efforts have focused on enhancing T.
molitor’s nutritional value by incorporating probiotic strains, such
as Pediococcus pentosacceus KVL-B19-01 and Enterococcus faecium
669, as commensal gut bacteria. These strains contribute as gut
microbiota and promote host growth and development. Moreover,
they protect against entomopathogenic fungi, such as Metarhizium
brunneum (87). P. pentosaceus significantly protects T. molitor from
six different insect pathogenic strains, including B. thuringiensis and
species of Serratia and Pseudomonas bacteria (88). Another
research study demonstrated that introducing Lactobacillus and
Bifidobacterium strains, such as Lactobacillus casei 01 and
Bifidobacterium animalis ssp. lactis Bbl into the T. molitor gut,
optimized them as gut microbiota without adversely affecting the
host. In addition, these introduced strains can produce short-chain
fatty acids (SCFA) and lactate (89).
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J. Poveda et al. investigated T. molitor frass’ potentiality,
including gut microbiota, as a biofertilizer and verified that it can
enhance plant growth, even under stressful conditions (90).
Conversely, parasitic symbionts hinder T. molitor mass
production, as these symbionts can transfer to humans when T.
molitor is used as a food source (91). When parasites are introduced
into the insect gut microbiota, they stimulate the innate immune
system through nonspecific cellular constituents known as
hemocyte. Hemocytes respond to infectious agents by activating
the phenoloxidase enzymatic cascade, ultimately producing specific
antimicrobial peptides. However, parasites can alter the gut
microbiota due to their transient nature, and in some cases, the
host gut microbiota participates in establishing these parasites (92).
Furthermore, T. molitor gut microbiota assists in detoxifying toxic
food-derived compounds, such as plant-derived glucoside salicin. In
summary, T. molitor’s immune mechanisms and gut microbiota are
strikingly adaptable as vital host defense components (93).

4 D. melanogaster’s and T. molitor's
gut immune response

Diverse immune signaling pathways are intricately involved in
mediating the gut immune response in D. melanogaster and T.
molitor. These pathways are triggered by various signaling
molecules released by pathogens and are sometimes associated
with commensal microorganisms. The specific immune signaling
pathways activated upon gut infection depend on the infecting
microorganism’s nature and composition. The following sections
explore the immune signaling pathways crucial for maintaining gut
homeostasis and defense mechanisms.

4.1 Imd signaling pathway in
D. melanogaster

Peptidoglycan, a bacterial cell wall component derived from
Gram-negative bacteria and Gram-positive bacilli, recognition
mediates the immune response of gut cells in D. melanogaster.
The peptidoglycan structure consists of 1,4-linked N-
acetylglucosamine and N-acetylmuramic acid cross-linked sugar
chains, four amino acids, and meso-diaminopimelic acid, forming
what is known as DAP-type peptidoglycan. The detection of this
peptidoglycan by Drosophila gut cells relies on the presence of
PGRPs. Notably, the genes responsible for encoding PGRP are
categorized by their transcript lengths. Upon DAP-type
peptidoglycan binding, PGRP-LC and PGRP-LE transmembrane
receptors activate the imd pathway (Figure 3). This binding event
generates a signaling complex involving IMD, Dredd, and fas-
associated protein and the death domain (FADD), subsequently
translocating to the plasma membrane. Dredd is activated through
K63-ubiquitination mediated by the E3-ligase inhibitor of apoptosis
2 (IAP2). Dredd cleaves IMD at its N-terminus, revealing an IAP2-
binding motif and facilitating its interaction with IAP2’s BIR
domain. As a result, the TAK1/TAB2 complex is recruited to the
signaling complex. TAK1 then functions as a MAPKKK kinase and
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FIGURE 3

Imd pathway in D. melanogaster and T. molitor. (A) The immune deficiency (imd) pathway in the Drosophila midgut concurrently initiates in the
proventriculus, anterior, median, and posterior regions. All receptors in these regions are essential for imd pathway activation. Peptidoglycan (PGN)
recognition proteins (PGRP)-LEs and PGRP-LCs within the insect gut identify the polymeric and monomeric diaminopimelic acid (DAP) type PGN
derived from gram-negative bacteria and gram-positive bacilli. These recognition signals are then translocated to the imd pathway within the
cytoplasm. The intracellular domain of PGRP-LCs is subsequently activated and recruit IMD and, form a complex with the fas-associated protein and
the death domain (dFADD). This complex facilitates cleaving phosphorylated Relish, a protein with an N-terminal Rel DNA-binding domain and
inhibitory ankyrin (ANK) repeats. The Relish domain is translocated to the nucleus, where it binds to NF-kB-response elements and begins
transcribing genes encoding antimicrobial peptides. Meanwhile, the inhibitory Relish domain remains in the cytoplasm. Relish phosphorylation is
mediated by a kB kinase (IKK) complex inhibitor, comprising immune responses deficient 5 (Ird5) and Kenny. This complex is activated by the
mitogen-activated protein (MAP) kinase transforming growth factor (TGF)-B activated kinasel (dTAK1), operating in an IMD and FADD-dependent
manner. (B) The imd pathway activates in response to Gram-negative bacteria and Gram-positive bacilli infection in T. molitor’s gut. Signal
transduction within gut cells hypothetically incorporates imd pathway activation, which comprises a death domain that facilitates TmFADD (TAK1
activator) and TmDredd (a caspase) recruitment. The activated TmTAKL, a protein kinase, then phosphorylates Relish through TmIKK-, -y, and -e.
This phosphorylation event translocates the Rel domain into the nucleus, initiating antimicrobial peptide gene transcription. This illustration has been
adopted from M. A. M. Kojour et al and Y. Lu et al (94, 95).
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activates the IKK complex, which comprises the catalytic activity
subunit IRD5 and the regulatory subunit “Kenny”. Next, the
activated IKK complex phosphorylates Relish at multiple sites,
activating various transcription factors, including RNA
polymerase II. Negative imd pathway regulation incorporates the
amidase activity of specific PGRPs, including PGRP-LB, PGRP-
SCla, PGRP-SCl1b, and PGRP-SC2, to reduce bacterial
peptidoglycan levels. Additional negative regulators include
defense repressor 1 (Dnrl) to inhibit Dredd, Caspar for impeding
Dredd-dependent Relish cleavage, Trabid at the TAKI level, the
deubiquitinating enzyme cylindromatosis (CYLD), SkpA (a subunit
of the SCF E3 ubiquitin ligase targeting Relish), and transcriptional
repressors that include caudal and the Octl homolog Nubbin (45,
96, 97).

The predominant intracellular receptor for monomeric
peptidoglycan (PGN) in the Drosophila midgut is PGRP-LE.
Conversely, in the proventriculus and hindgut, PGRP-LC binds to
PGRP-LE in the ventriculus, facilitating the identification of
monomeric and polymeric PGN structures. Commensal bacteria
commonly present in the Drosophila gut, such as Acetobacter and
Lactobacilli spp., harbor DAP-type PGNs. These bacteria maintain
basal imd pathway activation and contribute to gut homeostasis
(96). A comprehensive investigation concluded that the imd
pathway is pivotal in governing antimicrobial peptide production
and preserving barrier integrity within the gut. Remarkably, the
coordinated imd and JNK signaling activities have been implicated
in gut cell shedding regulation and controlled transcription factor
GATAe expression, effectively controlling pathogen infections (98).
Intriguingly, another experimental study revealed that microbial
metabolic signals, specifically the short-chain fatty acid acetate, can
induce imd pathway activation in enteroendocrine cells. This
activation subsequently triggers endocrine peptide Tachykinin
(Tk) upregulation, promoting larval development by influencing
lipid metabolism and insulin signaling (99).

The imd pathway is a crucial immune signaling pathway in D.
melanogaster, strictly regulated by various factors. Negative
regulators, such as Pirk and PGRP-LB, balance bacterial infection
and gut microbiota tolerance, while PGRP-LE acts as a sensor (100).
In investigating the response to killed bacteria in Drosophila,
specifically Escherichia coli and Staphylococcus aureus, gender-
specific variations were observed due to differential receptor,
signaling molecule, and protein expressions (101). Several common
pathogenic microbes inhabit Drosophila’s intestinal tract, including
Pseudomonas entomophila, Vibrio cholerae, Candida albicans,
Enterococcus faecalis, and Staphylococcus xylosus. Certain
pathogens, like S. marcescens and P. aeruginosa, can breach the
intestinal barrier and activate the imd pathway (102, 103). While
gram-positive bacteria generally activate the Toll pathway, a study
demonstrated that the imd pathway and ROS partake in clearing
ingested S. aureus, highlighting their versatile roles in insect gut
immune defense (104). Microbial metabolites, such as acetate, can
stimulate the imd pathway in anterior midgut enteroendocrine cells,
producing antimicrobial peptides to protect against pathogens (105).
In addition, Histone acetyltransferase Tip60 is an essential regulator
in downregulating the imd signaling pathway by blocking dietary
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acetate and other acetyl-CoA sources, thereby blocking the pathway
and fine-tuning gut immunity (106). On the other hand, the
commensal gut microbiota can induce necrosis, activate the imd
pathway, and alter bacterial populations, impacting D. melanogaster’s
lifespan (107). Furthermore, the imd pathway and mustard mutants
suppress V. cholerae infection and cholera toxins by inducing
intestinal stem cell proliferation. This protective mechanism
facilitates epithelial regeneration, protecting against pathogenic
invasion (108). The imd signaling pathway is also vital for
maintaining gut microbiota lysozyme concentrations, further
contributing to gut homeostasis (70). The basic similarities and
differences of imd and Toll signaling pathways in D. melanogaster
and T. molitor have mentioned below in consideration of recognition
receptor, adapter molecule, regulatory molecule, transcription factor
and proteolytic cascades (Table 1). Experimental studies reveal that
gut and Malpighian tubules of D. melanogaster are not directly related
to the expression of genes related Toll signaling pathway. However, in
consideration of T. molitor the gut immune response is stimulated by
the Toll and imd immune signaling pathways (Table 2). The imd is
the major regulatory pathway for gut and Malpighian tubules in
D. melanogaster.

4.2 Imd signaling pathway T. molitor

The imd pathway in T. molitor is activated upon the recognition
of pathogens by PRRs, such as PGRP-LC or PGRP LE. An
intracellular signal is transmitted to the adaptor protein IMD.
The IMD forms a signal complex with dFADD, K63, and caspase
DREDD which induces IMD cleavage (Figure 3). Then, the K63-
polyubiquitin molecule activates TAK1 and TAB2’s ubiquitin-
binding domain. Relish phosphorylation and the subsequent
translocation, which produce antimicrobial peptides for pathogen
clearance, depend on the Imd signaling upstream receptors; PGRP
LE/LC, relevant adaptor molecules; FADD, DREDD, TAB2, TAK1,
and the IKK complex comprising TmIKK- and (94). Moreover,
IKK/NEMO as a non-catalytic regulatory subunit is pivotal in the
NEF-xB pathway signaling (136).

Specific immune responses in various T. molitor tissues,
particularly the gut, are mediated by nine distinct AMP genes:
Tenecinl, Tenecin4, Attacinla, Attacinlb, Attacin2, ColeoptericinA,
ColeoptericinC, Defensin, and Defensin-like. Notably, suppressing
IMD expression during E. coli infection exacerbates mortality rates
and downregulates these nine AMP genes. Similarly, C. albicans
infection reduces five AMP gene expressions, namely Tenecin2,
Defensin-like, ColeoptericinA, Attacinla, and Attacin2 (137, 138). A
comprehensive scientific study has elucidated TmPGRP-LE’s
significance as a sensor for inducing AMP production via the Imd
pathway in T. monitor’s gut. TmPGRP-LE mRNA levels increase
during Listeria monocytogenes, E. coli, and C. albicans infections,
influencing TmRelish, TmDorX1, and TmDorX2 expression levels
in T. molitor’s gut (139, 140). Furthermore, TmRelish’s mRNA
expression is upregulated in the gut following gram-negative
bacteria infection, such as E. coli, and downregulation of
TmRelish leads to repression of the nine AMP genes (141).
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TABLE 1 Basic similarities and differences of imd and Toll signaling
pathway in D. melanogaster and T. molitor.

imd Signaling Pathways

Functions D. T. References

melanogaster = molitor

Recognition PGRP-LCx PGRP-LC (94, 109, 110),
receptors PGRP-LCa PGRP-LE
PGRP-LE
Adapter molecules IMD IMD (94, 109),
FADD FADD
DREDD DREDD
Regulatory IKK IKK (109)
molecule
Transcription Relish Relish (109)
factor

Toll Signaling Pathways

Functions D. T. References
melanogaster  molitor
Recognition PGRP-SA PGRP-SA (94, 109),
receptors PGRP-SD PGRP-SD
GNBP1 GNBP1
GNBP3 GNBP3
Proteolytic ModSP MSP (94, 109,
cascades Grass SAE 111-117)
Sphinx1/2 SPE
Spirit Pro-spitzle
Spheroide Spitzle-1b
SPE Spitzle-like
Pro-spitzle Spitzle-3
Spitzle-1 Spitzle-4
Spitzle-2 Spitzle-5
Spitzle-3 Spitzle-6
Spitzle-4
Spitzle-5
Spitzle-6
Receptors Toll-1 Toll-2 (118-121)
Toll-2 Toll-3
Toll-3 Toll-7
Toll-4
Toll-5
Toll-6
Toll-7
Toll-8
Toll-9
Toll-10
Regulatory MyD88 MyD88 (94, 122, 123),
molecules Tube Tube
Pelle Pelle
Pellino Pellino
TRAF
Cactin
Transcription DIF DIF (94, 124),
factor Dorsal Dorsal

4.3 JAK/STAT signaling pathway in
D. melanogaster

When D. melanogaster ingests gram-negative bacteria, the imd

signaling pathway activates, producing various antimicrobial peptides.
The JAK/STAT signaling pathway synthesizes antibacterial and
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Drosomycin-like peptides with antifungal properties, specifically
within D. melanogaster’s anterior midgut (142, 143). Scientific
investigations have demonstrated that the JAK/STAT, JNK, and
DUOX pathways contribute to epithelial renewal through cell
proliferation, ensuring gut homeostasis when faced with pathogenic
infections. The JAK/STAT signaling pathway’s activation is facilitated
by hop Tum-1 or upd-3 expressions, encouraging gut renewal during
infection, and may also be involved in non-infectious stages (143).

The JAK-STAT pathway, consisting of hopscotch/hop (JAK) and
Stat92E (STAT transcription factor), in D. melanogaster responds to
IL-3, IL-5, and IFN-y hematopoietic cytokines and growth factors
including granulocyte-macrophage colony-stimulating factor (GM-
CSF), erythropoietin (EPO), growth hormone (GH), and prolactin.
JAK activates when cytokines bind to their respective receptors,
leading to receptor dimerization and subsequent association with
the receptor’s cytoplasmic tail (Figure 4). Consequently, JAKs
undergo phosphorylation at tyrosine residues, which serve as
docking sites for STAT molecules (Stat92E)’s Src homology 2
(SH2) domains. Simultaneously, STAT is phosphorylated at
tyrosine (Tyr-704) by JAKs, enabling STAT dimer formation and
translocation into the nucleus. Subsequently, the STAT dimers bind
to specific genes with the TTCCCGGAA binding sequence (108).
Notably, a scientific study highlights the JAK-STAT pathway’s
prominence in controlling intestinal stem cell differentiation, gut
immunity, tissue regeneration, cell fate determination, and overall cell
homeostasis in D. melanogaster. Additionally, D. melanogaster
enteroendocrine cells secrete assorted neuropeptides responsible for
regulating gut physiology and promoting growth (145).

4.4 Duox-ROS defense mechanism in
D. melanogaster

A rapid reactive oxygen species burst is crucial for controlling
bacterial growth in D. melanogaster’s gut. This ROS surge is facilitated
by membrane-associated dual oxidase (Duox), a member of the
nicotinamide adenine dinucleotide phosphate (NADPH) oxidase
family (Figure 5). The p38, PGN-dependent, and PGN-independent
pathways, which are integrated with the MEKK1-MEK3-p38-ATF2
pathway, regulate DUOX gene transcription (147). Certain gut-
pathogenic bacteria, such as Candida intestine, Vibrio, Klebsiella,
Shigella, Pseudomonas, and Serratia, secrete uracil, a nucleobase
found in uridine. Moreover, DUOX activity is regulated by calcium
ions released from the host gut cells’ endoplasmic reticulum, controlled
by the inositol 1,4,5-triphosphate (IP3) receptor, phospholipase C-3
(PLCB), and G protein a-q (Goq). Hence, researchers propose that
DUOX-ROS activation transpires through the peptidoglycan-
dependent pathway and a PGRP-LC/IMD/MEKK1/MKK3/p38/
ATF2 cascade or the uracil-dependent PLCf3 pathway (45).

Drosophila gut cells’ intricacy includes the ability to discern
commensal bacteria from their pathogenic counterparts by detecting
uracil’s metabolic signature and secretion from pathogens during the
stationary growth phase. Intriguingly, diverse phenotypic activities
manifest among genetically similar strains of Drosophila gut
epithelia. For example, while the Lactobacillus brevis strain EW
exhibits colitogenic behavior, another L. brevis strain is a harmonious
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TABLE 2 Tissue specific gene expression of imd and Toll pathway in D. melanogaster and T. molitor.

imd Signaling Pathway

Tissue/ D. Responsible References T. Responsible References
Organs melanogaster Gene molitor Gene
Gut Yes IMD/Relish (109, 125), Yes PGRP-LE (109)
IKKy
Relish
Malpighian tubules yes Relish (126) Yes IKKB (127)
Fat bodies Yes IMD/Relish (109) Yes IKKy (109)
IKKe
Relish
Whole body Yes PGRP-LC (128) Yes IMD (109)
Hemolymph Yes IMD/Relish (109) Yes IKKy (109)
Relish

Toll Signaling Pathway

Tissue/ D. Responsible References T. Responsible References
Organs melanogaster Gene molitor Gene
Gut No “N/A” (129) Yes PGRP-SA (111, 113, 124,
Spiitzle-4 130, 131)
Spiitzle-5
Toll-7
DorX2
Malpighian tubules No “N/A” (129) Yes Spiitzle-5 (111, 130),
Toll-7
Fat bodies Yes Toll-1 (132) Yes PGRP-SA (111, 113, 124,
Toll-2 Spiitzle-1b 130, 131)
Toll-4 Spiitzle-4
Toll-5 Spiitzle-5
Toll-6 Toll-7
Toll-7 DorX2
Toll-8
Toll-9
Whole body Yes MyD88 (129) Yes Spiitzle-like (130, 133, 134),
Hemolymph Yes Toll-1 (132) Yes Spiitzle-1b (113, 124, 130, 135),
Toll-2 Spiitzle-4
Toll-8 Spiitzle-5
Toll-7
DorX2

N/A, Not Applicable.

commensal bacterium. Uracil, notably integral to this intricate system,
induces gut epithelium cell renewal through the DUOX signaling
pathway and activates the JAK-STAT pathway via cytokine
Unpaired-3 expression, orchestrating gut homeostasis (148). Uracil is
formidably intricate, as it activates the Hedgehog (Hh) signaling
pathway and spurs the cell adhesion molecule Cadherin 99C
(Cad99C) into action. The resulting endosome formations are pivotal
for activating PLCB/PKC/Ca2"-dependent DUOX machinery (149,
150). Furthermore, studies have unveiled the complex dance between
lipogenesis induction, DUOX activity blockade, and ATGI-dependent
lipophagy-induced lipolysis, a process indispensable for DUOX
activation. TRAF3-AMPK/WTS-ATGI1 pathway components deftly
modulate infection-induced lipolysis, diminishing DUOX activation
and any lingering D. melanogaster gut infections (151). Amidst
intricacies, the Mesh protein regulates DUOX expression and gut
bacteria proliferation by forming an Arrestin-mediated MAPK JNK/

Frontiers in Immunology

ERK phosphorylation cascade (152). In the grand tapestry of gut
biology, DUOX-dependent reactive oxygen species are invaluable as
they dictate the delicate balance between gut cell repair, pathogenic
bacteria eradication, and host survival during infection (153).

4.5 INK/FOXO signaling pathway in
D. melanogaster

Within the realm of cellular intricacies, the c-Jun N-terminal
kinases, esteemed members of the mitogen-activated protein kinase
family, stand as guardians of tissue homeostasis, diligently overseeing
gut functionality, cell damage repair, the delicate dance between cell
survival and death, the orchestrated responses to DNA damage, and
regulate inflammatory cytokines. While /NK1, JNK2, and JNK3 genes
are responsible for JNK protein production in most organisms, a solitary
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FIGURE 4

JAK/STAT pathway in D. melanogaster. The JAK/STAT pathway is activated upon pathogen invasion and produces antimicrobial peptides in the
midgut, including antifungal Drosomycin-like peptides. This pathway is also vital for cell proliferation. Tissue damage prompted by pathogenic
infection induces upd3 cytokine expression. Upon upd3 cytokine binding, the dimerized domeless receptors Hopscotch (Hop)/JAK activate, and
Hopscotch phosphorylates itself and specific tyrosine residues on the receptors in cytoplasmic regions. These phosphorylated tyrosine residues
serve as Stat92E binding sites, a transcription factor component of the STAT family. Hopscotch further phosphorylates Stat92E at tyrosine residues,
promoting its dimerization and subsequent translocation into the nucleus. Once in the nucleus, Stat92E binds to the promoter regions of its target
genes. The JAK/STAT signaling pathway also upregulates Socs36E gene expression This illustration has been adopted from C. Kietz and A. Meinander
et al (144).
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FIGURE 5

Duox-ROS defense mechanisms in D. melanogaster. The immune response in the insect gut produces reactive oxygen species. Similar to the IMD
pathway, ROS is activated under basal conditions in response to gut microbiota and ingested microorganisms. However, this response is significantly
amplified upon microbial infection. Microbially derived uracil triggers the activation of the adaptor molecules guanine-nucleotide-binding protein q
subunit-o (Gag) and phospholipase CB (PLCB). These molecules stimulate inositol-3-phosphate synthesis, releasing intracellular calcium and
transcribing Duox, the gene responsible for encoding oxidase enzymes. Duox transcription can also be induced by the p38 mitogen-activated
protein kinase pathway and transcription factor Atf2. Under basal conditions, the activity of the Duox pathway is tightly regulated. The transcription
of Duox is downregulated by MAPK phosphatase 3 (Mkp3), which is induced by PLCB and Calcineurin B (CanB) in the absence of microbial
infections. The specific activities of G protein-coupled receptors (GPCRs) in this pathway remain to be determined and require further investigation.
This illustration has been adopted from N. Buchon et al (146).
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basket (bsk)-encoded JNK gene and the two Hemipterous (hep) and
DJun/DFos JNK kinases activate this multifaceted pathway in
D. melanogaster. When the JNK signaling pathway diverges from the
imd pathway, a distinct cascade at the dTAKI stage begins (Figure 6).
Traversing D. melanogaster’s embryonic stage, the JNK pathway relies
on the slipper (slpr) for activation, setting transcription factors AP-1
into motion while simultaneously stimulating the Forkhead Box O
transcription factor FOXO, thus maintaining gut homeostasis (155).
Inquiries into dietary influences have revealed that high-sugar edibles
incite gut stem cell differentiation, showcasing the JNK pathway’s
complexity and prominence (156). Another study unveiled that
activating the JNK/FOXO pathway stimulates dPrxV, essential for the
subsequent pathogenic onslaught within D. melanogaster’s gut (157).

4.6 Other signaling pathways in
D. melanogaster

Safeguarding against viral invasion in D. melanogaster’s gut
epithelia is entrusted to the ERK signaling pathway. This intricate
defense mechanism unfolds through two signals. First, the

10.3389/fimmu.2023.1272143

peptidoglycan recognition secretion factor Pvf2 emanates from the
gut microbiota A. pomorum. The virus sets off a signaling cascade,
triggering kinase Cdk9 release, which is indispensable for Pvf2
production (158). Further revelations have verified that the p38
pathway-mediated heat-shock factor is pivotal for safeguarding the
gut against pathogenic assault by managing the JNK pathway (159).

5 T. molitor’s gut immune response

The pathways in T. molitor’s gut immune response are each
directed by a diverse array of signaling molecules released by the gut
and its commensal inhabitants. These immune signaling pathways
vary by the specific invading microorganisms, unveiling a
fascinating interplay between host and pathogen.

5.1 Toll signaling pathway

The Toll signaling pathway begins when GNBP3 recognizes
fungal 3-glucan and Lys-type PGN, namely PGRP-SA and GNBP1,
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JINK pathway in D. melanogaster. The JNK pathway branches off from the Immune deficiency pathway at dTAK1, comprising the single gene basket
(bsk) and two JNK kinases, Hemipterous (hep) and DJun/DFos. A broad range of intrinsic and extrinsic factors can activate this pathway. For
example, the slipper (slpr) triggers INK activation during embryonic dorsal closure, prompting various tissue- and context-specific cellular responses.
The JNK signaling pathway is pivotal for regulating and promoting several crucial physiological processes that influence gut immunity and
homeostasis, including antimicrobial responses regulated by the transcription factor Relish. This process also involves cytoprotection, which induces
protective gene expressions, such as hsp68, gstD1, fer1HCH, and mtnA, in response to oxidative damage. Furthermore, the JNK pathway influences
metabolism and controls inflammation-induced apoptosis, wound healing, and cell proliferation, which are regulated by Upd3. Negative JNK
pathway regulation occurs through Puckered (Puc) and Pvr activity. This illustration has been adopted from G. Tafesh-Edwards and I. Eleftherianos

et al (154).
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from gram-positive bacteria. These extracellular PRRs activate a
serine cascade, culminating in extracellular cytokine Spatzle
induction and its binding with the Toll receptor ligand. Within
this intricate network, the trimeric complex formed by adaptor
protein MyD88, Tube, and the kinase Pelle invoke a series of
phosphorylation events. Pelle phosphorylates Cactus, an
inhibitory protein. Meanwhile, the transcription factors Dorsal
and Dorsal-related immunity factor (Dif) within the cytoplasm
traverse into the nucleus, where they generate an array of
antimicrobial peptides (Figure 7) (161). Remarkably, the Toll
signaling pathway’s activation is not initiated through direct
contact with the microorganisms but rather upon detecting the
cytokine-like polypeptide Spitzle, evidencing Semmelweis and
Osiris genes’ influence in gram-positive-dependent Toll
activation (94).

10.3389/fimmu.2023.1272143

Regarding T. molitor’s gut immunity, TmPGRP-SA mRNA levels
are upregulated in response to E. coli and C. albicans invasion. This
upregulation triggers antimicrobial peptide transcription, including
TmTenecin-2, -4; TmDefensin-2; TmColeoptericin-1, -2; and
TmAttacin-1a, 1b, and -2 (139). The cystine knot protein TmSpz-
like is expressed upon E. coli invasion, generating numerous AMPs to
protect the gut epithelia (162). Through a study on Coleoptericin gene
expression in T. molitor’s gut immunity among E. coli, S. aureus, and
C. albicans; it was discovered that the infection of E. coli tantalized the
genes TmCole B and TmCole C of Coleoptericin, while fungi did not
share the same allure (163). In addition, TmToll-2 expression was
elevated in young larvae gut after E. coli, S. aureus, and C. albicans
invasion (164). C. albicans infection in young T. molitor larvae
induced TmToll-3 within the gut; however, AMP gene transcription
factors were downregulated by E. coli infection (165).
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Toll signaling pathway in T. molitor. Circulating pathogen recognition receptor GNBP3 recognizes the fungal cell walls’ f-1,3 glucan component and
activates the Toll pathway in T. molitor. Simultaneously, GNBP1 and the peptidoglycan recognition proteins PGRP-SA and PGRP-SD recognize
Gram-positive bacteria’s lyse-type peptidoglycan (PGN). In Tm, PGN/B-1,3-glucan exposure binds Lys-type PGN to TmPGRP-SA, thereby recruiting
TmGNBP1 and Tm modular serine protease (MSP) zymogen. In the presence of calcium ions (Ca2*), the PGN/TmPGRP-SA/TmGNBP1 complex
induces the activation of the TmMSP zymogen, resulting in the activation of TmMSP. This initiates a proteolytic cascade involving three serine
proteases: MSP, Spz processing enzyme (SPE), and SPE-activating enzyme (SAE). The activated SPE cleaves pro-Spz, leading to the generation of
processed Spz. A specific three-serpin complex (SPN40, 55, and 48) combines with serine proteases to prevent pro-Spz processing and
phenoloxidase-mediated melanin synthesis. Next, downstream signaling through the Toll pathway is activated when mature Spz binds to its
receptor, triggering the TmMyD88, TmTube, TmPelle, TmPellino, and TmTumor necrosis factor receptor-associated factor (TRAF) association in the
cytosol. TmCactin binds to Cactus, resulting in the release of Dorsal-related immunity factor (Dif) and Dorsal from Cactus. This process translocates
Dif and Dorsal into the nucleus, where they promote antimicrobial peptide gene transcription. This illustration has been adopted from M. A. M.

Kojour et al and K. Ryu et al (94, 160).
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6 Insect gut post-infection recovery

The potent production and proliferation of specialized daughter
cells from intestinal stem cells are crucial in gut cell self-renewal
following infection (136). ISC proliferation generates two distinct
daughter cell types: ISC with self-renewal capacity and enteroblast
cells capable of differentiating into enterocytes or enteroendocrine
cells. Controlling ISC proliferation is paramount during gut
epithelial damage from pathogens or toxic substances. Rapid ISC
proliferation excessively accumulates cells, exhibiting pathogenic
behavior. Conversely, if ISC proliferation is slowed, damaged cells
cannot be adequately replaced, resulting in compromised gut
integrity and ultimately leading to the demise of the host (166).

Moreover, a multitude of signaling pathways, namely JNK,
JAK/Stat, Hippo, EGFR, Wg, Hh, and Dpp/BMP, are intricately
involved in the complex process of gut recovery in insect (136). The
regulatory molecule Myc influences downstream events within the
Wingless, EGFR, Jak-Stat, and Hippo pathways, effectively
proliferating intestinal stem cells (Figure 8). Conversely, in
conditions of cellular stress within enterocytes the Upd3 ligands
of the Jak-Stat pathway exhibit the ability to activate the JNK
pathway, whereas the Keren ligands of the EGFR pathway can
induce the activation of the Hippo pathway. When enteroblasts are
stressed, Upd2 ligand production activates the Hedgehog pathway,
and EBs activate Wingless ligands to stimulate the JNK pathway.

10.3389/fimmu.2023.1272143

Consequently, every cell within the gut possesses the remarkable
capacity to regulate ISC proliferation; thus, each type is crucial in
restorative processes following gut infection (166).

Nonetheless, researchers are actively investigating the interplay
between intestinal renewal and immune pathways. While the imd
pathway does not directly induce intestinal stem cell division, it
does modulate commensal microorganisms within the gut to ensure
homeostasis (168). Conversely, reactive oxygen species molecules,
including SDS, DSS, and bleomycin, can stimulate ISC proliferation
through the DUOX pathway. Similarly, ROS molecules can activate
the Jak-Stat pathway by inducing redox-sensitive protein tyrosine
phosphatases, the JNK pathway through thioredoxin, and the Wnt
pathway via nucleoredoxin (166). One scientific study
demonstrated that translational blockage triggered by P.
entomophila infection subsequently released pore-forming toxins,
and the host response producing reactive oxygen species can hinder
immune response and impair gut repair. This impairment
transpires through GCN2 kinase activation and rapamycin
pathway inhibition (169). In response to apoptosis, pathogenic
infections, and JNK-mediated stress signaling, enterocytes
produce various cytokines, such as Upd, Upd2, and Upd3. These
cytokines activate Jak/Stat signaling in ISC, promoting their
proliferation and stimulating Delta/Notch signaling to facilitate
gut tissue repair (170). In addition, the epidermal growth factor
receptor (EGFR) pathway is initiated by Spitz, Keren, and Vein EGF
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Insect gut renewal through different signaling pathways during infection in D. melanogaster. Various signaling pathways have been recently identified
as regulators for intestinal stem cell proliferation. Jak/Stat, EGFR, Hippo, JNK, or Wingless pathway activation in ISCs alone can induce ISC
proliferation. The transcription factor Myc functions as a downstream effector shared by Jak/Stat, EGFR, Hippo, and Wingless pathways in promoting
ISC proliferation. Additionally, proper insulin receptor signaling in ISCs is necessary for its proliferation. In response to cellular stress, Enterocytes
exhibit changes in gene expression regulated by the JINK and Hippo pathways, resulting in the induction of Jak/Stat pathway ligands, particularly
Upd3, and EGFR pathway ligands, particularly Keren. Ligands of the EGFR pathway namely Vein and Spitz are expressed in visceral muscles and
progenitors, respectively. Under stressed conditions, Enteroblasts produce Upd2 through activation of the Hedgehog pathway. EBs also express the
Wingless ligand, regulated by the JNK pathway. The activity of the Hippo pathway in ISCs may be modulated by the intercellular interaction between
two atypical cadherins: Fat in ISCs and Dachsous in ECs. Collectively, the diverse cellular components within the gut epithelium possess the ability to
regulate ISC proliferation, functioning as intricate sensors that respond to environmental damage and initiate the gut renewal program. This

illustration has been adopted from J.-H. Lee et al (167).
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ligands. Combined with the JAK/STAT pathway, this effectively
triggers intestinal stem cell proliferation, facilitating proper infected
gut tissue renewal from pathogen-induced damage (171).

Another investigation uncovered EGFR/MAPK pathway
induction by the Insulin/Pi3K/TOR signaling cascade, serving as a
crucial mechanism for gut renewal under stressful conditions by
promoting the growth of EBs and ECs. The E2fl transcription
factor is essential for this induction; the Ras/Raf signaling pathway
actively upregulates E2f1 levels and ensures proper transcriptional
induction and fine-tuning of the EGFR/RAS/MAPK pathway
activity, ultimately driving efficient gut regeneration (172).
Moreover, during pathogenic infections within the gut, the YKi
pro-growth transcription factor activates the Hippo pathway,
influencing ISC differentiation and contributing to gut defense
and repair (173). In a comprehensive gene expression study, 1833
genes were identified as responsible for ISC expression, 233 genes
governed enterocyte function, 433 genes regulated enteroendocrine
cell activity, and 2646 genes influenced Enteroblast behavior. Either
directly or indirectly, these genes are vital for intricate gut tissue
damage repair (174).

7 Conclusions and prospects

Despite these insights and explanations, numerous questions
pertaining to insect gut immunity defense mechanisms of gut
immunity in insects remain unanswered. Notably, inquiries arise
regarding the mechanisms by which the immune system controls
the composition and abundance of gut microorganisms.
Additionally, the intricate relationship between gut microbiota
and host behavior and physiological activities warrants further
exploration. Furthermore, elucidating the precise mechanisms
underlying gut microbiota dysbiosis remains a critical area of
investigation. The differential activation of the Toll pathway in
gut immunity between D. melanogaster and T. molitor raises
intriguing questions, necessitating an examination of the
underlying reasons for this discrepancy study. Moreover,
unraveling the exact mechanisms that trigger the activation of
intestinal renewal pathways in T. molitor presents an intriguing
avenue for future research. Furthermore, understanding the
intricate mechanisms underlying gut immunity during both
pathogenic and non-pathogenic viral infections in T. molitor is of
paramount importance. Exploration of the stages of infection, the
duration required for gut tissue recovery following pathogen
incorporation, and the precise pathogenic dose or number of
infectious doses required for infection in D. melanogaster and T.
molitor are crucial aspects that demand further investigation.

In the context of considering the utilization of T. molitor as a
viable food source for human consumption, it is important to
investigate the intricate interplay between the pathogens harbored
within the T. molitor gut and the commensal microorganisms
residing within the human intestinal ecosystem. A critical inquiry
arises as to whether the commensal microorganisms present in T.
molitor confer any advantageous attributes upon their introduction
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into the human intestinal milieu. Furthermore, during gut
infections, T. molitor elicits the production of antimicrobial
peptides as a defense mechanism against invading pathogens. An
intriguing avenue for exploration emerges regarding the potential
implications of these AMPs on human intestinal immunity. Could
these AMPs be harnessed as a means to fortify human immune
responses, potentially through targeted injections or other
innovative modalities? Moreover, as T. molitor is ingested as a
food source, various metabolites derived from diverse metabolic
pathways are generated. It is imperative to ascertain the potential
repercussions of these intermediate products on the integrity and
functionality of the human intestinal tract. Meticulous
investigations encompassing these concerns are promising for
unraveling the intricacies underlying insect gut immune defense.
Furthermore, such endeavors bear the potential for far-reaching
applications spanning a vast array of disciplines.
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Ird5 Immune responses deficient 5
TGF Transforming growth factor
PRRs Pattern recognition receptors
dTAK1 Activated kinasel
AMPs Antimicrobial peptides
Hop Hopscotch
imd Immune deficiency
JAK Hopscotch/hop
NF-kB Nuclear Factor-kappaB
Stat92E STAT transcription factor
Duox Dualoxidase
GM-CSF Granulocyte-macrophage colony-stimulating factor
ROS Reactive oxygen species
EPO Erythropoietin
PPO Prophenoloxidase
GH Growth hormone
JAK/STAT Janus kinase
SH2 Src homology 2
WNT Wingless and Int-1
Tyr-704 Tyrosine
IsC Intestinal stem cell
NADPH Nicotinamide adenine dinucleotide phosphate
EGFR Epidermal Growth Factor Receptor
1P3 Inositol 1
EECs Enterocytes (ECs) Enteroendocrine cells
4 5-triphosphate
EBs Enteroblasts
PLC8 Phospholipase C-f8
PM Peritrophic membrane
Gogq G protein o-q
ChtBD2 Chitin-binding domains
Hh Hedgehog
PMP PM proteins
Cad99C Cadherin 99C
HPx1 Heme-dependent peroxidase 1
CanB Calcineurin B
JcDV Junonia coenia densovirus
MAPK Mitogen-activated protein kinase
Mf-mucins mucus-forming mucins
Mkp3 MAPK phosphatase 3
Insulin/IGF-1 signaling (IIS) pathway
GPCRs G protein-coupled receptors
RCS Reactive chlorine species
JNKs c-Jun N-terminal kinases
NOX NADPH Oxidases
bsk Basket
MAMPs Microbial-associated molecular patterns
hep Hemipterous
PGRPs Peptidoglycan receptor proteins
slpr Slipper
T6SS Type 6 Secretion System
Puc Puckered
PS Polystyrene
GNBP3 Gram-negative binding protein 3
PVC Polyvinyl chloride
PGN Peptidoglycan
PE Polyethylene
Dif Dorsal-related immunity factor
ABS Acrylonitrile butadiene styrene
Dm Drosophila melanogaster
PU Polyurethane
Tm Tenebrio molitor
SCFA Short-chain fatty acids
MSP Modular serine protease
IAP2 Inhibitor of apoptosis 2
SPE Spz processing enzyme
Dnrl Defense repressor 1
SAE SPE-activating enzyme
CYLD Cylindromatosis
TRAF TmTumor necrosis factor receptor-associated factor
DAP Diaminopimelic acid
DS Dachsous
dFADD fas-associated protein and the death domain
ANK Ankyrin
IKK Inhibitor kB kinase
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