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Abstract

Research over the past 30 years has led to a widespread acceptance that
insects establish widespread and diverse associations with microorganisms.
More recently, microbiome research has been accelerating in lepidopteran
systems, leading to a greater understanding of both endosymbiont and gut
microorganisms and how they contribute to integral aspects of the host.Lep-
idoptera are associated with a robust assemblage of microorganisms, some
of which may be stable and routinely detected in larval and adult hosts, while
others are ephemeral and transient. Certain microorganisms that populate
Lepidoptera can contribute significantly to the hosts’ performance and fit-
ness,while others are inconsequential.We emphasize the context-dependent
nature of the interactions between players. While our review discusses the
contemporary literature, there are major avenues yet to be explored to de-
termine both the fundamental aspects of host–microbe interactions and
potential applications for the lepidopteran microbiome; we describe these
avenues after our synthesis.
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Endosymbiont:
an organism whose
habitat is inside the
host

Ectosymbiont:
an organism that
colonizes surfaces
exposed to the
environment, such as
the root epidermis,
mammalian skin,
insect exoskeletons, or
animal guts

Symbiosis:
an association between
dissimilar organisms
that have some degree
of physical association,
regardless of the
implications for the
fitness of either
organism

1. INTRODUCTION

Insects form ubiquitous associations withmicroorganisms, and knowledge of microbial impacts on
ecological and physiological processes is rapidly expanding (22, 25, 100). Lepidoptera (butterflies
and moths), which is the second largest insect order and includes important pollinators and agri-
cultural pests, represents one of the most complex and ubiquitous symbiotic systems in the animal
kingdom (63, 78, 94). High-throughput technologies have uncovered considerable new informa-
tion on microbial diversity, transmission, and impact on lepidopterans (15, 71, 117), representing
multiple relationships from pathogenesis to obligate mutualism.

Much of the early Lepidoptera microbiome literature focused on insect–pathogen relation-
ships, but a recent surge in research has emphasized the roles of symbionts in mediating host
interactions. Several excellent reviews address pathogens (8, 14, 86); our synthesis instead focuses
on nonpathogenic microorganisms. The first goal of this review is to assess the diversity and gen-
eral associations of microbes in Lepidoptera, first addressing intracellular endosymbionts and then
discussing extracellular microorganisms, ectosymbionts, particularly those in guts. An impressive
number (>100) of lepidopteran species have had their microbiomes surveyed with sequence-based
approaches, but in many instances, the microbiome function is unresolved. The second aim of our
review is to describe the potential impacts of microbes on their lepidopteran hosts. Finally, we
draw attention to the applications of these symbionts in agriculture and biotechnology.We expect
that, through critical exploration, evaluation, and synthesis, this review will not only reflect the
salient and critical studies in this research area, but also provide future directions and analysis of
microbial symbiosis in broader aspects of entomology.

2. DIVERSITY OF THE LEPIDOPTERA MICROBIOME

Lepidoptera occupy different dietary niches and consume dramatically different substrates across
their holometabolous development. Both larvae and adults associate with microorganisms, either
inside the host (endosymbionts) or on their body or in their gut (ectosymbionts). The unique en-
dosymbionts in any one host are limited to one or two taxa, while there is often a high diversity
of ectosymbionts. Host microbiomes are not simply static menageries but are affected by vari-
ous factors. The environment is essential for continuously supplying microorganisms and shaping
insect–microbe interactions, but interindividual transmission can also occur in the same gener-
ation (horizontal transmission) or across generations (vertical transmission). In this section, we
summarize the taxonomic composition and structural diversity of the Lepidoptera microbiomes,
including bacteria, fungi, and viruses, and discuss host and nonhost factors influencing the gut
microbiome.

2.1. Endosymbionts

Endosymbiotic bacteria are widespread in insects. It has been estimated that 51% of Hexapoda
species (insects and relatives) are infected with Wolbachia (Alphaproteobacteria), 22% with Rick-
ettsia (Alphaproteobacteria), and 8% with Cardinium (Cytophagia) (116). To date, endosymbiont
frequencies found in lepidopterans have been concordant with these general surveys (Figure 1a).

The majority of research undertaken on lepidopteran endosymbionts concernsWolbachia (27).
A global survey of 300 Lepidoptera species suggests that approximately 80% of lepidopteran
species are infected with Wolbachia (2). Wolbachia is an ancient symbiont that was introduced to
Lepidoptera approximately 22.6–4.7 Mya (3).Wolbachia lineages (supergroups) differ substantially
in their biology and host distribution, but they are all classified asWolbachia pipientis (38).Wolbachia
strains carried by Lepidoptera are nearly all from supergroups A and B, with B-group Wolbachia
having a higher frequency of association (3). Wolbachia are normally transmitted maternally in
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nature, but horizontal transmission may also take place and can be mediated by shared food
sources and natural enemies such as parasitoid wasps (3). The second most common endosymbi-
otic bacteria are Spiroplasma, detected in 4–7% of examined host species, particularly in theDanaus
butterflies (Figure 1a). The majority of Spiroplasma symbionts have been considered commensal
and have received less attention than Wolbachia (11). Despite Rickettsia being widely distributed
among arthropods, only one Rickettsia species (Rickettsia felis) has been reported in Lepidoptera
(7). Since R. felis has a diverse host range, further investigation is necessary to confirm whether
the association of this strain is host specific or accidental. Symbiotic associations withArsenophonus
and Sodalis bacteria have recently been found through metagenomic approaches (33) (Figure 1a),
but the breadth of these associations is unclear. To the best of our knowledge, Cardinium species
have not been naturally found in Lepidoptera. Similarly, several common endosymbiotic bacteria
such as Hamiltonella have never been observed; thus, their incidences, should they exist at all in
Lepidoptera, may be very rare.

Fungal endosymbionts are also rare compared to those of other orders (105). Interestingly, an
intracellular yeast-like endosymbiont Purpureocillium sp. (Ascomycota) was recently detected in
the Thitarodes moth that might be vertically transmitted into the offspring via the ovary (65).

Metagenomic sequencing has led to increased recognition of the nonpathogenic viral en-
dosymbionts of insects.Viral endosymbionts are transmitted through both eggs and sperm, rapidly
spread through host populations, and have complex effects on their hosts (67).Recently, sigma-like
viruses (negative-strand RNA viruses) were reported in the nymphalid butterfly Pararge aegeria
(mean prevalence of 74%), although the effects of sigma-like viruses on the host were unde-
termined (66). In Homona magnanima, a novel double-stranded RNA virus establishes benign
infections in females and is transmitted through eggs, but in males, it kills larvae late in their
development (87). A widespread densovirus (single-stranded DNA virus) found in wild popula-
tions of Helicoverpa armigera (>67% prevalence) may benefit its host, although the mechanism is
unknown (123).

2.2. Gut Microbiome

Ectosymbiotic microorganisms can efficiently colonize various host tissues including the cuticle,
hemolymph, and gut epithelium.Themain emphasis of ectosymbiont research has been on the di-
gestive system (29). The larval lepidopteran gut is often relatively simple, without any specialized
structures or complex morphology, and comprises the majority of the body cavity. Notably, meta-
morphosis radically remodels the morphology and biochemistry of the digestive system, and the
hosts consume a dramatically different diet before and after metamorphosis. Most lepidopteran
larvae feed on plant tissues, while adults consume nectar from flowers, fruits, or tree sap. Over the
past decade, amplicon sequencing of single marker genes has been used to analyze lepidopteran
microbial communities, with bacteria receiving the most attention (Figure 1b).

Most investigations of gut microbial titers have focused on larvae. The larval gut is a hostile
environment for microbial growth due to high alkalinity, rapid food transit, constantly replacing
peritrophic matrix, and an array of host-encoded antimicrobial peptides. Nonetheless, the gut
harbors abundant bacteria (from 107 to 1013 colony-forming units per larva), as determined by
traditional culturing techniques and direct analysis of gut tissues (5, 13, 106). A separate study
determined frass concentrations to be low titer [approximately 104 16S ribosomal RNA (rRNA)
copies per gram] and predominantly diet derived (42). More recently, it has been revealed that
bacterial abundance in adults can be relatively high. Total bacterial load in adult guts ranged from
5 × 105 to 1 × 1011 16S rRNA copies per butterfly, with a median of 7.5 × 108 (94).

Some studies suggest that larval gut microbes are generally transient, and continuous ingestion
of diet is needed to maintain their presence (42). Low-abundance transient microbes simply pass
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(a,b) Taxonomic
diversity of
(a) endosymbionts and
(b) the gut bacterial
microbiome in
Lepidoptera. Stacked
bars in panel b
represent changes in
the relative
abundances of
bacterial taxa.
(c) Scanning electron
microscope image of
the luminal surface of
the hindgut of Hyles
euphorbiae larvae shows
a dense biofilm of
cocci. Image courtesy
of Cristina Vilanova.
(d) Fluorescence in situ
hybridization with an
Enterococcus-specific
probe (green) shows a
high density of
bacterial cells adhering
to the mucus layer
lining the gut
epithelium of
Spodoptera littoralis
larvae. Image courtesy
of Yongqi Shao.
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through the gut, fail to establish residence, and excrete in frass. There are conflicting studies that
suggest that several microbes have residence across larval development (104, 117). Furthermore,
manipulative experiments using sterile diets and controlled microbial introductions demonstrated
that certain bacteria colonize and proliferate in the gut (16, 73). Gut bacteria are likely incorpo-
rated into the peritrophic matrix along the gut surface (17, 112), as exemplified by results from
microscopy detailing dense bacterial layers (Figure 1c,d). Initial colonization of a host and biofilm
formation provide a foundation for community development and support microbial processes.
Wild larvae possess variable communities that reflect local habitat, yet simultaneously, they can
have highly stable microbiomes (37, 43). Finally, there is evidence that some species consistently
associate with the same bacteria, independent of diet (4, 10, 35–37, 39, 47, 82, 85, 88, 93, 98).While
there are undoubtedly transient associates in lepidopterans, they may comprise a small portion of
the important components of the microbiome in some species. The fact that some lepidopterans
have a resident gut microbiome highlights interspecific differences in microbiota residency within
the same insect group.

Digestive systems are selective; thus, microbial colonization is presumably nonrandom. Ob-
taining microbiota from food, water, and soil may be commonplace across an array of insects.
For instance, Tyria jacobaeae larvae acquire specific microbial communities during each genera-
tion (37). Adult Lepidoptera may acquire their characteristic gut microbiota from flowers (41).
Similar results are reported for some plant-feeding insects in other orders (e.g., Heteroptera)
(56), suggesting that transmission from environmental sources is compatible with a high speci-
ficity of gut microbial communities. There is also potential for the spread of microbes among
individuals through social interactions (72). Communal defecating and feeding sites of gregari-
ously feeding larvae could facilitate host-to-host transmission and swap of microbiota. Acquiring
new facultative symbionts may allow for adaptive potential (45). Extracellular gut symbionts and
food-associated microbes often possess dynamic genomes that can rapidly gain and lose func-
tional genes, as is typical for most free-living bacterial taxa. Symbioses can evolve easily and
rapidly inside hosts, and new symbionts could potentially bring other novel functions to their host
(58).

Environmental transmission between generations may be less reliable, compromising the evo-
lutionary stability of microbial contributions to host fitness. There are several examples of vertical
transmission of residents (12, 30, 70, 82, 93, 109). For example, for green fluorescent protein–
labeled Enterococcus in Spodoptera littoralis, there was consistent survival of the bacteria in the gut
for all life stages across generations following ingestion (109). Microbial associations with eggs
are common. Newly hatched larvae ingest these microbes while consuming the eggshell, and the
microbes subsequently multiply inside the host (12). Additionally, it was demonstrated in Galleria
mellonella that bacteria in the larval gut pass across the gut epithelium into the hemocoel and can
be translocated into the eggs (30). An important observation in this study is that bacteria accumu-
late in the ovaries and ultimately in the chorion (and to a lesser extent the yolk) of the developing
eggs.

Lepidopteran guts are composed of a mélange of transient microbes, flexibly present taxa,
and resident symbionts. Ecological conditions and transmission mechanisms contribute to po-
tential recurrent patterns regarding microbiota structure and composition. Unfortunately, the
localization and transmission route of gut symbionts is not well elucidated in Lepidoptera, nor
is how vertical and horizontal transmission intersect. An expanded understanding of the dynamics
between residents and transients, what drives population and community changes, colonization
priority effects, and the conflicts between microorganisms within hosts is necessary to resolve the
discourse involving the stability of the lepidopteran gut microbiome.
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2.2.1. Taxonomic diversity of gut bacteria. An array of major lepidopteran families has been
investigated using modern molecular techniques (Figure 1b). Meta-analysis revealed that gut
bacterial diversity was significantly lower in herbivorous hosts compared to omnivores (127).
The majority of Lepidoptera gut bacteria belong to the Proteobacteria (56.98% of 16S rRNA
gene sequences) and Firmicutes (22.15%), followed by Bacteroidota (8.59%) and Actinobacteri-
ota (7.99%); this is similar to the gut bacteria of other insects (25, 127). The natural gut flora
normally contains only a small proportion of other bacterial phyla.

Gram-negative Proteobacteria are often detected in lepidopteran microbiomes; based on
the data shown in Figure 1b, at a class level, the Alpha- and Gammaproteobacteria represent
25.36% and 31.51% of the total sequences, respectively (Supplemental Table 1). Bacterial
families include Enterobacteriaceae, Beijerinckiaceae, and Acetobacteraceae. At the genus level,
Methylobacterium, Pseudomonas, Acinetobacter, Sphingomonas, Klebsiella, and Enterobacter were most
prevalent. Notably, many common bacteria identified in the larval gut (e.g.,Methylobacterium and
Pseudomonas spp.) are also features of the plant phyllosphere.

Gram-positive Firmicutes are the second most prevalent bacterial phylum in Lepidoptera.
The classes Bacilli and Clostridia represented 16.29% and 5.61% of the sequences, respectively
(Supplemental Table 1). Genera including Enterococcus, Staphylococcus, Lactococcus, Lactobacillus,
Streptococcus, and Bacillus are widespread across lepidopterans (21, 47, 48, 112). These taxa are less
common as plant associates, suggesting host filtering and selection of symbionts.

For the Gram-negative Bacteroidota (synonym Bacteroidetes), the most significant mem-
bers belong to the class Bacteroidia (Supplemental Table 1). Some lepidopterans also possess
Actinomycetota (synonym Actinobacteria), a diverse group of Gram-positive organisms; among
these, Actinomycetia (7.27%) and Thermoleophilia (0.49%) are the most dominant classes
(Supplemental Table 1).

2.2.2. Taxonomic diversity of gut fungi. Fungi (Ascomycota and Basidiomycota) may also
colonize insect guts (25). Fungi have been understudied in Lepidoptera, potentially because they
are more transient than bacteria (103) but also because they are less tractable with sequence-based
profiling techniques. However, some guts host a surprisingly rich diversity of fungi, especially
yeasts (Saccharomycetales) (94). Some of these fungi may play an active role in the gut (99, 118),
while others may simply use insects as a means of dispersal (44).

2.2.3. Toward uncovering a core microbiome. Identifying core constituents of animal micro-
biomes can lead to inferences related to the physiological ecology and evolution of host–microbe
interactions (96).There is evidence that some lepidopteran species may harbor a coremicrobiome,
especially bacterial core components such as Enterobacter, Pseudomonas, Enterococcus, or Acinetobac-
ter (39). These members are generally adapted to the lepidopteran gut through enriched pathways
to tolerate alkaline stress, formation of biofilms and two-component signaling systems for quo-
rum sensing, and resistance to oxidative stress (80). They may have been increasingly recruited
by the host from the environment or conspecifics over the course of evolution and have high
colonization efficiency in the gut. However, these assumptions have been tested in only a few sys-
tems (109). Field-collected T. jacobaeae larvae possess consistent, dominant bacteria in distantly
located habitats (37). A core community, consisting of Enterococcus, Lactobacillus, and Clostridium,
was identified in S. littoralis and H. armigera larvae (108). Similarly, Enterococcus and Pseudomonas
were identified as core components across different Spodoptera frugiperda strains and from different
field populations (89). Adult lepidopterans may harbor a more specific gut consortia. Phylogenet-
ically conserved gut microbiotas have been found in Heliconius butterflies (41). Notably, a core
of bacteria was shared across eggs, larvae, and adults in Plodia interpunctella, most of which were
assigned to the genus Burkholderia, a diverse group whose members can be mutualistic to insects
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(82). Similarly, 29 genera were conserved throughout the three developmental stages of Brithys
crini, mainly belonging to the Proteobacteria phylum (39).

Besides the phylogenetic core microbiome members, efforts to understand the functional core
microbiome aim to identify sets of microbes and their genes that are important for host biolog-
ical function (96). Given the importance of functional traits to understanding the mechanisms
by which microbes impact host biology, the functional core measured at the gene rather than
taxonomic level deserves more attention.

2.3. Factors That Influence the Gut Microbiome

Despite core microbiome signatures in some species, there is usually variation in gut microbial
community composition among individuals of the same species in Lepidoptera, as in other animals
(94). The larval microbiome exhibits more variation compared to that of adults, although there
is overlap in the taxa present in both (40–42). Environmental and genetic factors, such as diet,
habitat, phylogeny, and ontogeny, can contribute to this variation (53).

2.3.1. Diet and the environment. Lepidopterans acquire gut microbes from feeding. Given
that food is not sterile, this may give rise to transient–resident conflicts. Upon hatch, larvae im-
mediately consume their eggshell. Microbial diversity of eggs can be high in some instances (15,
44) and serve as an inoculant. As larvae consume plants, they may encounter new microbes that
can supplant the initial colonizers as residents, as well as taxa that are expelled from the system.
Adults consume a variety of sugary substrates, some in the form of nectar. Nectar may also be a
source of microbiota, but whether these microbiota establish and overtake existing members war-
rants additional attention. In a broad survey, the feeding guild explained only 23% of the variation
in gut flora (94), highlighting that other nondietary factors must shape the variable microbiomes
of Lepidoptera.

Habitat also contributes to microbiome variation. Plants host diverse microbial communities
that are impacted by changing environmental conditions, and temporal and spatial variation in
microbiomes of diet plants directly affect their insect consumers (47). Additionally, some lepi-
dopteran microbiomes are affected by the soil; for example, individual cabbage moths,Mamestra
brassicae, acquired their microbiomes largely from the soil rather than from their host plant (43).

2.3.2. Host phylogeny. Host phylogeny plays an important role in mediating associations with
microbial taxa. For example, three mulberry-feeding Lepidoptera species reared under identical
conditions differed greatly in their gut microbiomes (15). Similarly, it was found that one-fourth
to one-third of gut community variation in butterflies can be attributed to host species (94). Un-
doubtedly, physiology, behavior, and other characteristics conserved across host phylogeny drive
phylogenetic signals in gut microbial membership. For vertebrates, gut physiology has been sug-
gested as the most important driver of gut microbiome biodiversity (95), so it stands to reason that
the same is true for invertebrates.

Behaviorally mediatedmicrobiome associations are also likely to be phylogenetically conserved
and may affect community composition. For instance, habitat preferences between species can ex-
pose hosts to different microbial pools—species that favor the forest understory could be exposed
to more soil and wood decay fungi than those that prefer the canopy (94). Similarly, the diurnal
behavior of some lepidopterans in terms of feeding and movement between resources can result
in accessing different microbial pools (128).

2.3.3. Developmental changes. Comparisons of microbiota spanning lepidopteran ontogeny
are relatively scarce.The larval gut microbial communities often shift among instars (18). Bacterial
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diversity tends to change over larval development. Field-based surveys often involve older-instar
larvae, which may bias interpretations of functions and importance of taxa.

Transitions between the larval and adult stages can involve loss and replacement of gut micro-
biota. At the close of the final instar, larvae clear gut contents for pupation. Metamorphosis offers
the opportunity to alter gut microbiota and facilitate ecological niche shifts. After pupal emer-
gence, adults may acquire novel microorganisms. However, microbiomes of larvae and adults are
not always fully decoupled; transmission of a certain set of microbes during pupation has also been
reported (57).

2.3.4. Captivity- and rearing-induced changes. Like other insects, insectary-maintained lepi-
dopterans harbor gut microbiota that diverge from field-collected insects.Microbial communities
in laboratory-reared insects are generally very simple and dominated by a few species, in contrast
to communities of field populations, which have greater diversity (36).While overlap among some
bacterial taxa exists, the simplicity in these communities can lead to challenges in understanding
their ecological and physiological functions in the hosts.

Collectively,microbiome surveys in Lepidoptera suggest a complex array of factors shaping the
gut microbiota. Gut microbiota exhibit interindividual instability at the species level but conser-
vation at the phylum level. Further research is needed to understand how different traits such as
dietary specialization, habitat, and the potential environmental microbial pool govern the origins
of holometabolous insects’ gut flora. Beyond microbial diversity analysis, discrimination between
transient and persistent microbes and their levels in the gut is needed (69). As among the most
diverse insect orders, such plasticity in gut microbiomes could be beneficial if the ability to harbor
a dynamic microbiome increases opportunities for environmental adaptation or if the microbiota
provide redundant functional benefits to the host. These hypotheses require further examination.

3. IMPACTS OF MICROBES ON THEIR LEPIDOPTERAN HOST

Despite the recent interest in lepidopteran microbiomes, broad aspects of functionality remain a
mystery. Historically, endosymbionts were viewed primarily as reproductive manipulators (for a
detailed review, see 27), but some beneficial phenotypic effects have also been described, and their
interactions with the insect host can evolve rapidly. For example,Weeks et al. (115) demonstrated
that Wolbachia in natural populations of Drosophila changed from being parasitic to being more
mutualistic within two decades. For an inherited endosymbiont, the trade-off between virulence
and transmission can lead to a reduction in its pathogenicity toward the host and evolution toward
mutualism.

The gut microbiome is often considered an integral component of the host phenotype—
influencing important biological traits from nutrition to immunity to behavior—but has barely
been studied in Lepidoptera. There is an indication that functional relationships exist between
larvae and bacteria (101, 117). Metamorphosis may allow different functional microbiomes to ex-
ist in adult developmental stages (94).Many ingested microbes are likely commensal, providing no
particular benefit for the host under optimal conditions; however, this does not necessarily mean
that these microbes have no impact on their hosts, for instance, by contributing to host immunity
(126). Moreover, beneficial effects may also occur independently of any gut colonization; even
bacterial lysates improve host immunometabolic homeostasis (51). In this section, we summarize
some of the identified and predicted functions of lepidopteran microbial symbionts.

3.1. Biological Significance of Endosymbionts

Fitness benefits provided by endosymbionts include increasing host survival or fecundity, pro-
tecting the host against natural enemies, and even promoting speciation. The best-characterized
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mutualistic association is theWolbachia-mediated green-island phenotype in the leaf-mining moth
Phyllonorycter blancardella: Wolbachia indirectly affects larval nutrition by manipulating the host
plant hormones to create photosynthetically active green patches in otherwise senescent yellow
leaves (54). This phenotype thus allows larval development in a nutritionally constrained stage
of the life cycle. A Wolbachia strain (wHm-c) associated with H. magnanima also shortened larval
development time and increased pupal weight, which was beneficial for host survival and repro-
duction (6). Similarly,Wolbachia strain wGri from Ectropis grisescens could enhance the fecundity
of its host (131).

Wolbachia from Parnassius apollo protected its host from deleterious factors affecting wing
development (68). Wolbachia also reduced the susceptibility of Chilo suppressalis to two insecti-
cides (61). Interestingly, a viral symbiont (HaDNV-1) was demonstrated to protect H. armigera
against pathogenic baculovirus and Bacillus thuringiensis (Bt) biopesticides (123). Through pre- or
postmating isolation mechanisms, endosymbionts are also proposed to play a role in speciation
processes, such as within the Bicyclus genus (26). The horizontal gene transfer from an endosym-
biont to a Lepidoptera species is rarely identified. To date, there is only one report of this process,
which found a 350-bp-long Wolbachia gene insert in the genome of the butterfly Melitaea cinxia
(3); its functionality is unknown.

The intriguing discoveries of positive host fitness effects enlarge our knowledge of endosym-
bionts, which could function as both reproductive manipulators and mutualists. However, in
contrast to the well-studied reproductive manipulations (27), the extent of beneficial effects and
underlying mechanisms are still to be determined in Lepidoptera.

3.2. Putative Beneficial Relationships Between Lepidoptera
and Their Gut Microorganisms

The gut microbiome has the potential to substantially impact lepidopterans, particularly in terms
of host nutrition and protection (Figure 2). Extracellular gut symbionts may augment hosts’ en-
zymatic repertoires by secreting products into the gut lumen to break down complex compounds
or detoxify toxins. Symbionts from the phyla Proteobacteria and Firmicutes possess various plant
cell wall degrading enzymes, including cellulases, hemicellulases, and pectinases (Supplemental
Table 2), which potentially aid in digesting plant material. Moreover, gut bacteria in Anticarsia
gemmatalis synthesize trypsins, which contribute significantly to protein digestion (92). The dom-
inant fungus Aureobasidium of the soil-borne Thitarodes larvae also produces useful enzymes (e.g.,
amylases, lipases, and proteases) (65). Interestingly, adult gut microbiomes specialize in digestion
of compounds abundant in the host diets (94).Gut microbiota can benefit their hosts by providing
valuable nutrients; for example, Plutella xylostella gut bacteria synthesize histidine and threonine,
which are essential for the host (121).Botrytis cinerea is a widespread plant pathogen but also a mu-
tualist of some Tortricidae, affecting their life cycle by synthesizing sterols (97). Furthermore, the
gut microbiome contributes to faster host development and higher survival rate and body weight
in Pieris canidia (114). Participation in host metabolism appears to be a general function of the gut
microbiome.

Gut microbiota also detoxify plant toxins and xenobiotics. Acinetobacter can metabolize multi-
ple classes of phenolics in culture (75) and has been linked to improvements in Lymantria dispar
growth in response to dietary phenolics (74). Similarly, gut bacteria of specialist lepidopterans can
tolerate and metabolize toxic alkaloids and latex in their host plants (112). Recently, Enterococcus
(16) and Enterobacter (77) isolates were shown to enable S. frugiperda usage of an intractable diet,
enhancing larval performance and survival. Evidence from molecular-based analyses indicates the
presence of detoxification-related genes in the gut metagenomes of Spodoptera litura, S. frugiperda,
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Figure 2

Functional diversity of the Lepidoptera microbiome. The inset indicates two coexisting symbiotic systems,
consisting of both endosymbionts and ectosymbionts including gut microbes (transient and resident) and
cuticle microbes. Numbers indicate key references in Supplemental Table 2.

and P. xylostella (107, 121).Enterococcus isolates from S. littoralis also possess catalase and superoxide
dismutase, which can mitigate oxidative stress caused by gut bacteria (80). Moreover, enrichment
of Enterococcus bacteria enhances insecticide (methomyl) metabolism, leading to increased insecti-
cide tolerance (48). Thus, gut microbiota of insecticide-resistant lines are a rich resource for the
isolation of microbes capable of degrading insecticides (Supplemental Table 2).

Several studies highlight the importance of the gut microbiome in immunity and protection
against entomopathogens. Shao et al. (101) demonstrated that Enterococcus mundtii of S. littoralis
selectively clears pathobionts from the host gut lumen by secreting a stable antimicrobial peptide,
which facilitates the normal development of gut microbiota and reduces risks of infection via the
gut. Notably, multiple Lepidoptera species have intimate interactions with Enterococcus, a diverse
group that is widespread across different environments and whose members can be mutualistic or
pathogenic (52, 79). Microbes present on the cuticle may also serve as protective guards. A recent
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study explored the transient microbe population on Citrus butterfly wings and found that many
wing isolates display antibacterial, antifungal, and biosurfactant properties; interestingly,microbes
inhabit these niches before the butterfly has contact with the environment (55). The antimicrobial
screening of insect symbionts has led to the discovery of a diverse array of new active biomolecules,
mainly peptides and polyketides (111).

Another protective effect is conferred by microbiota outcompeting pathogens, known as colo-
nization resistance (24).Aseptically rearedH.magnanima larvae supported 20 times greater growth
of B. thuringiensis than larvae with a gut microbiota, which suggests that gut bacteria suppress the
pathogen growth (106). Yeast (Metschnikowia spp.) promotes codling moth, Cydia pomonella, sur-
vival by reducing the incidence of fungal infestations in the diet (118). Lactic acid bacteria acidify
the gut environment and potentially reduce the alkaline activation of Bt toxins (21). Colonizing
gut microbes may act as a protective barrier, reducing opportunities for pathogen colonization.
Importantly, colonization resistance can readily evolve even in symbioses lacking strong host–
microbe specificity; for example, gut bacteria widely shared amongHeliconius and other heliconiine
butterflies may interact primarily with parasites (41).

Gut microbiomes can boost host immunity by immune priming. Egg surface sterilization
blocked the vertical transmission of symbionts in silkworm,Bombyx mori, which further resulted in
the perturbation of the host immune response (62). Increases in midgut microbiota load induced
immune priming in Spodoptera exigua and increased tolerance to B. thuringiensis (46). Symbionts
do not necessarily even need to be physically present to affect host life history traits. For instance,
early microbe-mediated immune priming in larvae influenced colonization of beneficial sym-
bionts in later adult life stages (52), demonstrating carryover effects shown in other insect systems
(e.g., Aedes aegypti) (23). Priming G. mellonella larvae with heat-killed bacteria enhanced immune
protection against pathogenic Photorhabdus luminescens; the immune priming phenomenon of
G. mellonella has low specificity, which was achieved mainly by regulating major innate immune
effectors such as hemocytes, antimicrobial peptides, and enzymes (lysozyme and phenoloxidase)
(120). Overall, transient gut microbes have received little attention; however, recent studies indi-
cate that they play a more important role in Lepidoptera than was previously assumed (81, 126).

Notably, not all organisms rely on gut symbionts for specialized functional purposes or well-
being under certain conditions. To address how gut bacteria may be useful to the model species
Manduca sexta, thesemicrobes were suppressed by antibiotic treatment, but the caterpillars showed
no apparent negative consequences in a short-term bioassay (42). Similarly, introduction of bac-
teria to mid-instar, axenic S. frugiperda did not yield any differences in performance, even though
the same bacteria introduced in early instars were crucial for robust growth and development un-
der the same conditions (16, 76). Ontogeny and dietary context may be critical for determining
microbiome-mediated effects on some lepidopteran species. Later-stage larvae are typically more
resilient to toxins, pathogens, and low-quality diets, so they may derive less assistance from gut
symbionts.

3.3. Multitrophic Interactions Mediated by Lepidopteran Microbes

Recent evidence is revealing that the Lepidoptera gut microbiome can alter the magnitude of
plant defenses in various ways (83). As larvae consume plants, they mechanically disrupt and
deposit various elicitors from their oral secretions (OSs), which the plant can perceive to initiate
defense responses. In some instances, gut microbiota may confound the plant perception of
the herbivore to attenuate responses. In S. frugiperda, reducing microbial populations from
field-collected larvae by antibiotic feeding increased plant responses to caterpillar feeding and
OSs (1). The bacteria isolated from the OSs of field-collected larvae, such as Pantoea,Rahnella, and
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Enterobacter, suppressed peroxidase and protease inhibitor activities in tomato (1). Similar patterns
were observed for S. litura interactions with Arabidopsis (124). OSs from axenically reared larvae
initiated higher antiherbivore defense responses than those from larvae reared conventionally in
the laboratory; the addition of Staphylococcus epidermidis to the OSs of axenic larvae recapitulated
the suppressive ability of S. lituraOSs (124). An important consideration for microbial mediation
of plant defenses is that the suppression of responses is contextual and may depend on the plant
species (and presumably genotype) involved in the interaction (1).

Parasitoids are major natural enemies of lepidopteran larvae, and parasitism has been shown to
abruptly shift the lepidopteran gut microbiome (20, 113, 130).While this phenomenon is interest-
ing,we currently cannot determine if microbial changes facilitate or attenuate parasitism.Notably,
the endosymbionts Wolbachia and Spiroplasma can improve host defense against parasitoids in
Drosophila (31, 122), and other symbionts confer similar advantages for aphids (90). An expanded
understanding of multitrophic interactions mediated by lepidopteran microbes is needed.

4. APPLICATION POTENTIAL OF LEPIDOPTERA-ASSOCIATED
MICROBES

Lepidoptera-associatedmicrobes represent an important source of novel chemical compounds and
enzymes with potential biotechnological applications in medicine, industry, bioremediation, and
agriculture. The silkworm gut bacterium Streptomyces produces small-molecule bombyxamycins,
which have significant antibacterial and antiproliferative effects against several human pathogens
(102). Similarly, the peptide mundticin, identified as an antibiotic modulating the gut microbiota,
was discovered from a S. littoralis gut symbiont.The core gut fungusPhoma isolated fromThitarodes
moths also can produce antibiotics and economically useful secondary metabolites (65).

Lepidoptera is a well-studied insect group in relation to the reported enzyme-producing mi-
crobial partners (9). A wide range of commercially significant enzymes, such as amylase, cellulase,
protease, and lipase, could be harvested from this microbial source. Bacillus and Enterococcus spp.
commonly produce enzyme cocktails useful in the starch processing, textile, paper, and baking in-
dustries (34, 64). Lipase, another important digestive enzyme with applications in bioremediation,
is produced by Pseudomonas spp. (32). Notably, numerous plastic-degrading microbes have been
isolated from lepidopterans (125, 129). A recent study isolated a Klebsiella strain from S. frugiperda
that secretes the key enzymesmethyllohydrilase and alkyl hydroperoxide reductase,which degrade
polyvinyl chloride—the world’s third-most widely produced synthetic polymer of plastic (132).

Gut microbiomes contain plant-growth-promoting bacteria (PGPB) that could have enor-
mous agricultural value. Several gut bacteria isolated from the P. xylostella larval gut showed PGPB
features, including the ability to fix nitrogen and produce salicylic and indole-3-acetic acids (49,
50). Enterobacter ludwigii isolated from the Helicoverpa zea digestive tract, when applied to tomato
seeds, promoted plant growth and yield without compromising antiherbivore defenses (91).These
studies demonstrate the translational potential of innovative microbiome science.

5. CONCLUSIONS AND OUTLOOK

Recently, the lepidopteran microbiome has received an impressive amount of attention. Much of
the emphasis has been on unveiling the patterns of association and general ecology. Interestingly,
while host-associated microbiomes are not necessarily simple and static communities, similar mi-
crobial taxa populate within Lepidoptera. Our understanding of the impacts of microbes on their
lepidopteran hosts is still in its infancy; fundamental information is lacking for many associations,
such as the localization of putative microbial symbionts in the host and their potential metabolic
activities in vivo. Studies on discernible functions are often complicated by dynamic communities
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and the occurrence of transients in the community. Moreover, the outcomes of microbial inter-
actions with hosts are likely context dependent; for instance, a benefit from honeybee larval gut
microbes would likely be measurable only when (opportunistic) pathogens are encountered (59).
This scenario could be the case for lepidopterans as well. It is also not surprising that antibiotics,
applied to healthy animals, have no adverse effects on the host under optimal conditions (110). To
progress the field from description to explanation of function and, eventually, application, further
exploration using new strategies and tools is needed to characterize microbe–host relations.

First, we propose employing promising model organisms to demonstrate symbiotic associa-
tions. Drosophila melanogaster has long been used as a model system to study host interactions with
gut bacteria; such studies uncovered the first true resident gut symbiont in Drosophila (69). The
inconstant gut microbiota ofDrosophila species has not held the fruit fly back from contributing to
host–microbiota interaction research (119). Similarly, studies on budding Lepidoptera model or-
ganisms, for example, the silkworm, B. mori; fall armyworm, S. frugiperda; and tobacco hornworm,
M. sexta, have increased our fundamental understanding of symbioses.Due to their fully sequenced
genomes, elaborate molecular genetic tools, and well-understood biology, it is possible to obtain
detailed insights into symbiont-related aspects of their physiology and behavior. Second, germ-
free animals have proved powerful in elucidating the causal relationships between hosts and their
microbial residents. However, there is little research regarding the exploitation of microbiome-
free lepidopterans. In one example,Chen et al. (19) provided convincing evidence of the metabolic
functions of the core silkworm microbiome. This simple but powerful tool will be important for
assessing the relative roles of symbionts in Lepidoptera. Third, many surveys employing DNA-
based polymerase chain reaction approaches are limited. Identification of biologically active taxa,
such as by using transcriptomics, is necessary to confirm their functional significance for the hosts.
Thus, incorporating high-throughput sequencing of DNA,RNA, or proteins provides insight into
not only which microbial partners are present, but also what they are doing. Fourth, it is now in-
creasingly recognized that strain-level variation may be an important contributor to host fitness.
Even bacteria with identical 16S rRNA sequences may differ greatly in function. For instance, the
honeybee gut microbiota consists of a handful of core bacteria, which themselves consist of multi-
ple, functionally diverse strains (28). Since strain-level diversity is likely correlated with functional
diversity, culturing interesting symbionts using efficient culturomics may lead to important dis-
coveries (60). Finally, emphasizingmultispecies interactions and environmental variation is critical
for determining the functions of potentially facultative symbionts.

The most recent authoritative summary of lepidopteran diversity recognizes 157,424 extant
species in 43 superfamilies and 133 families (84). Deciphering the true nature of microbial associ-
ations is an important direction for the field.Future investigations that adopt these complementary
approaches and principles would facilitate hypothesis testing and a mechanistic understanding of
host–microbe relationships across this complex, abundant insect group.

FUTURE ISSUES

1. The incidence of endosymbionts varies in lepidopterans, which are particularly common
hosts forWolbachia; Spiroplasma infections are also common, but infections of Rickettsia,
Cardinium, and others are not.Why host species vary in the frequency of their interaction
with inherited endosymbionts remains one of the most challenging questions.

2. Whole-genome sequencing of lepidopteran specimens has inadvertently sequenced
genomes of endosymbionts; however, we know little about the functions of these
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associates in nature. Using genomic resources to discover and develop models would
illuminate whether these associates exhibit reproductive pathologies and/or protect the
host from potential attackers.

3. How do hosts and microbes maintain commensal relationships?While the answer to the
question of whether lepidopterans require a microbiome is unclear, the fact remains that
these relationships exist and must be accounted for. Currently, we do not have a grasp
on what initiates and promotes colonization of microorganisms and the adaptations that
microorganisms possess to tolerate the digestive tract of lepidopterans. Development of
manipulative axenic models and systematic colonization of guts using gnotobiotic com-
munities and varying isolates would better reveal the mechanisms of both associates in
stabilizing the relationship. Greater access to high-quality host genomes and affordable
sequence-based approaches will only facilitate answering these questions.

4. Are symbiont strains interchangeable? Recently, we observed that beneficial functions of
gut bacteria were not only strain specific, but also host specific. Considering that similar
taxa are often featured in the gut of lepidopteran larvae, this result begs the question of
whether all gut bacteria colonize equally and confer like functions.Reciprocal transplants
of isolates into different axenic hosts would help address concepts of phylosymbiosis that
are lacking in these systems.

5. Are pathobionts a broader feature of Lepidoptera, and how are they constrained? Patho-
bionts are microorganisms that function commensally in healthy hosts but can cause
illness or pathologies when the host is stressed. Many of the taxa present in the guts
of field-collected lepidopteran larvae can also be virulent, so how these microorgan-
isms overtake hosts and under what conditions they do so are important questions to
understand for potential pest management applications.

6. Do microbial interactions in early life stages of hosts translate to prolonged ef-
fects? Microbial acquisitions early in development can have long-lasting outcomes.
Understanding how larval microbiome functions change over time is important for de-
termining ultimate functions. Additionally, larval microbiomes have received a greater
amount of attention compared to adult microbiomes. Greater understanding of how
larval microbiomes affect adult fitness and foraging behaviors is needed.
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