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	ABSTRACT	
The	fall	armyworm	is	an	important	polyphagous	insect	that	causes	widespread	damage	to	many	crops,	including	maize,	rice,	and	
sorghum.	It	poses	a	major	threat	to	food	security	in	several	developing	countries	due	to	its	rapid	spread.	Chemical	insecticides	are	
used	as	the	main	management	strategy	to	control	fall	armyworms	in	many	parts	of	the	world.	However,	there	have	been	reports	of	
insecticide	resistance	developing.	Hence,	it	requires	some	green	control	methods	to	prevent	and	control	fall	armyworm	populations.	
Fall	armyworm,	like	other	insects,	is	associated	with	various	microbiota	in	their	different	life	stages	that	in�luence	their	several	
characteristics	and	activities.	 It	 is	 found	 that	 the	manipulations	of	gut	microbiota	are	considered	as	desirable	options	 for	 fall	
armyworm	management.	The	Spodoptera	frugiperda	gut	microbiota	is	generally	different	from	microorganisms	in	the	external	
environment,	including	ingested	food.	It	can	promote	insect	�itness	by	contributing	to	nutrition,	especially	by	providing	essential	
amino	acids,	vitamins,	etc.	It	also	protects	insect	hosts	against	pathogens,	parasitoids,	and	predators	by	synthesizing	speci�ic	toxins	
or	modifying	the	insect	immune	system.	However,	so	far,	the	function	of	gut	microbiota	in	Spodoptera	frugiperda	remains	to	be	
investigated.	But,	the	research	hindrance	has	been	overcome	with	the	development	of	modern	approaches	such	as	high-throughput	
sequencing	of	the	16S	rRNA	gene	and	meta-genome	analysis.	Keeping	all	of	the	above	into	consideration,	this	review	paper	was	
written	to	study	the	structure,	evolution,	composition,	gut	microbiota	diversity,	and	microbiome-host	interactions,	as	well	as	some	
important	approaches	to	study	microbiome-host	interactions	and	the	major	roles	of	fall	armyworm	gut	microbiota.
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Introduction
The fall armyworm (Spodoptera	 frugiperda, J.E. Smith) is an 
important polyphagous insect in many crops [1]. This insect 
causes signi�icant damage to several important crops each year. 
The primary management strategies, such as the use and 
spraying of synthetic insecticides and genetically modi�ied 
crops, are used for controlling FAW insects [2]. However, there 
are various reports on the resistance developed by FAW against 
several insecticides [3] [4]. Hence, there is an urgent need for 
some green control methods to prevent and control FAW 
populations. The exploitations of Spodoptera	 frugiperda gut 
microbial communities are considered desirable options for the 
management of fall armyworms. It plays various roles in the 
growth and development of the FAW insect. These gut 
microbiomes may change insect biology, metabolism, and 
behaviour, thus in�luencing plant-insect interactions 
signi�icantly. The symbiotic associations between the insects 
and their gut bacteria have been studied in detail in other insects 
such as termites and aphids [5] [6]. And very little is studied 
about lepidopteran insects and their gut microbial associations. 
The lepidopteran larvae are alkaline (pH>10) hence, they are in 

extreme environments for the microorganisms [7]. Previous 
studies on lepidopteran insects reveal that the lepidopterans 
harbour midgut bacteria, thus suggesting that these 
microorganisms provide essential nutrients and also play some 
important roles in biochemical functions [8] [9]. There are 
various symbiotic associations of bacteria within the insect gut 
[10]. These symbiotic associations between the bacteria inside 
the insect's gut play various roles in regulating the metabolism 
of the insects and also help to improve digestion for the 
extraction of maximum energy from the ingested foods. Several 
studies have been done in the area of microbial diversity and its 
association with plants and insects, but the precise role of these 
microbial communities in plants and herbivorous insects 
remains unclear. However, the advanced sequencing methods 
and molecular technologies are a boon for us in understanding 
the role of these microbiomes in plant-insect interactions at the 
molecular level. There are two approaches, such as culture-
dependent and culture-independent which are used to study the 
microbial associations inside the insect gut. The culture-
independent method, which is based on 16S rRNA gene 
analyses, gives a clear picture of the bacterial communities and a 
more precise understanding of the microbes living inside the 
insect gut. Besides it, next-generation sequencing (NGS) 
technologies also help in assessing the higher diversity and 
structure of these microbial communities, allowing the �inding 
of the taxonomic diversity of microbes in many ecosystems and 
environmental conditions. Further, these technologies realize 
high-throughput sequencing of PCR-ampli�ied taxonomic genes 
(e.g., 16S rRNA gene for bacteria, 18S rRNA gene for fungi), 
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whole  meta-genome sequencing ,  and whole  meta-
transcriptomics. Thus, a comprehensive knowledge of the 
bacterial communities of FAW gut is vital for the full 
understanding of its host's biology and ecology and will provide 
insight into the development of novel strategies in FAW 
management. Hence, the manipulations, characterization, and 
identi�ication of FAW gut-associated microbiomes would be a 
useful tool for improving control strategies. Therefore, this 
review paper was written to study the structure, evolution, 
composition, microbiota diversity, and microbiome-host 
interactions, as well as some important approaches to study 
microbiome-host interactions and the major roles of fall 
armyworm gut microbiota.

Structure,	 evolution,	 and	 composition	 of	 gut	 microbial	
communities	in	fall	armyworm
The alimentary structure of the intestinal system is alike among 
insects, even though they have a variety of alterations connected 
with adaptation to diverse feeding styles and environmental 
conditions (Figure 1). The digestive system of Spodoptera	
frugiperda is divided into three main parts: the foregut, midgut, 
and hindgut [11]. The foregut and hindgut originate from the 
embryonic epithelium and are protected from pathogens by an 
exoskeleton of chitin and integument glycoproteins. This 
exoskeleton is shed at each ecdysis,  separating the 
gastrointestinal lumen from the epithelia. The hindgut has 
distinct portions like fermentation compartments and a distinct 
rectum for retaining faeces during earlier evacuation. In 
Spodoptera	frugiperda, the midgut is mainly responsible for 

absorption and digestion. It lacks an exoskeletal lining and 
develops from endodermal cells rather than the rest of the body 
[12]. A protective envelope known as the peritrophic membrane 
is released by the midgut epithelial cells of Spodoptera	
frugiperda. This envelope is essential for FAW survival. Further, 
the midgut has two parts. One is endo-peritrophic, and another 
is ecto-peritrophic space. Microbiomes are generally found in 
the endo-peritrophic space, which prevents them from coming 
into direct contact with the epithelium. Peritrophic matrixes are 
classi�ied into two discrete parts, namely, type I and type II. Type 
I is called the "whole midgut and is occasionally active when 
particular foods are consumed, whereas type II is called the 
"anterior midgut [12]. The peritrophic matrix shields the 
epithelium against mechanical injury by food elements, toxins in 
food, invasive microbes, absorbed food, and digestive enzymes 
[13] [14]. In other circumstances, the peritrophic medium 
wraps around the undigested food mass as it passes along the 
digestive tract. Tiny pores in the peritrophic matrix prevent 
most microbiomes from passing through while allowing 
enzymes and small molecules to digest food [12]. The 
malpighian tubules of Spodoptera	 frugiperda are excretory 
structures that extend from the anterior (Fig. 1). As a result, the 
hindgut of Spodoptera	 frugiperda comprises a distinct 
nutritional environment that is well documented for water re-
absorption [11], and further hindgut might function as a 
location of nutrient assimilation. The basic form of Spodoptera	
frugiperda gut has undergone numerous alterations due to 
adaptations to specialized niches and eating patterns.

Fig.1.	Structure	of	fall	armyworm	gut	microbiota

Gut	 bacterial	 diversity	 in	 different	 life	 stages	 fall	
armyworm	
According to Jaffar et al. [15] the application of high throughput 
and next-generation sequencing provides new insights into 
microbial ecology. It reveals that the diversity of microbial 
species can be increased by using independent culture methods, 
which identify a higher number of microbial communities than 
traditional culture-based or conventional molecular methods. 
In another study, using an independent culture technique and 
adopting molecular approaches such as denaturing gradient gel 
electrophoreses and 16S rRNA analysis, a high diversity of genus 

Gamma	proteobacteria was identi�ied in the gut of the locust 
Schistocerca	gregaria. The results of this study suggested that 
this diversity of bacterial species engaged in a defensive 
mechanism and enhanced it against external pathogens and 
toxic chemicals [16]. Recently, Xue et al. [17] investigated the 
diversity of gut microbial species in various life stages of 
Adelphocorissuturalis by adopting the independent culture 
technique. They explained that the gut of the �irst and second 
instars was highly accomplished with a diversity of bacterial 
species. Further, they demonstrated that in the phylum, 
Proteobacteria and Firmicutes were dominant with a ratio of 
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87.06 and 9.43%, respectively, while at the genus level, Erwinia 
(28.98%), Staphylococcus (5.69%), and Acinetobacter (4.54%) 
were dominant bacteria. Li et al. [18] experimented to study fall 
armyworm gut bacterial diversity associated with different 
developmental stages (eggs, larvae, and adults), environmental 
habitats (�ield and laboratory), and diets (corn and an arti�icial 
diet). They observed that the microbial diversity in the egg stage 
was the highest, and the microbial diversity decreased 
dramatically after the eggs hatched into larvae; in the larval 
stage, L6 had the highest microbial diversity; the adult stage had 
the lowest community richness. Firmicutes were the most 
abundant bacterial community in the larval stage; the dominant 
bacterial phylum in the egg and adult stages was Proteobacteria, 
followed by Firmicutes. At the genus level, Ralstonia was the 
most abundant bacterium in the egg stage, followed by 
Enterobacteriaceae, including Enterobacteria,	 Klebsiella, 
Pantoea, and Escherichia; the bacterial community composition 
of male and female adults was similar to that of the early larvae 
stage (L1-L2), and OTUs (operational taxonomic units) with 
abundant content were Enterococcus and Enterobacteriaceae, 
including Enterobacteria, Klebsiella,Pantoe, and Escherichia. 
The bacterial community of L3 consisted mainly of 
Enterococcus; the community composition of the late larvae (L4-
L6) harboured high proportions of Enterococcus, Rhodococcus, 
and Ralstonia. They also observed that the diversity of the gut 
microbes of the laboratory-raised S.	frugiperda was lower than 
that directly collected from the �ield. Correspondingly, the gut 
microbial diversity of S.	frugiperda	was also reduced after one 
year of continuous laboratory rearing. The environment of the 
�ield is more complex and variable than that of the laboratory, so 
S.	 frugiperda may need more symbiotic microorganisms to 
defend against adverse environments or pathogens. In addition, 
the leaf microbiome of host plants can be enriched by the 
environmental microbiome, e.g., by rain splash or wind. 
Previous studies have shown large differences in microbial 
titers between �ield and greenhouse-grown maize leaves [19], 
which may contribute to differences in gut microbes that were 
introduced into the gut of S.	 frugiperda through the diet 
consumed. Previous reports have shown that changing diets can 
dramatically alter the gut microbiome of the host insect [20]. 
Mason et al. [19] demonstrated that different diets affect the 
proliferation of gut microbes in Spodoptera	 frugiperdaby 
counting colony-forming units. Li et al. [18] further observed 
that 16S rRNA sequencing suggests that the gut microbiota of 
Spodoptera	frugiperda fed with maize leaves and arti�icial diets 
differs greatly. On the one hand, since the nutritional 
components of corn leaves and arti�icial diets are different, the 
differences in the gut microbial composition of S.	 frugiperda 
may be related to different nutrient metabolisms. A dynamic gut 
microbiome facilitates the adaptation of herbivores to a new 
diet [21]. On the other hand, maize leaves contain microbes, but 
the arti�icial diets are sterile, so differences in microbes 
introduced during feeding may lead to differences in gut 
microbes. Finally, plant tissues contain large amounts of 
indigestible and toxic compounds, so herbivorous insects have 
evolved a range of plant-adaptive strategies, including 
symbiosis with microbes, to adapt to host plants. Gichuhi and 
coworkers [22] experimented to study the diversity of the fall 
armyworm, Spodoptera	 frugiperda, and their gut bacterial 
community in Kenya. For this, they collected Spodoptera	
frugiperda larvae from four maize-growing �ields in Kenya 
between June and December 2017 and further performed high-
throughput sequencing of the bacterial16S rRNA gene. They 

identi�ied Proteobacteria and Firmicutes as the most dominant 
bacterial phyla, with lesser proportions of Bacteroidetes and 
Actinobacteria. They also observed differences in bacterial 
microbiome diversity between larvae and adults that are likely 
indications that some prominent larval bacterial groups are lost 
during metamorphosis. However, several bacterial groups were 
found in both adults and larvae, suggesting that they are 
transmitted across developmental stages.
Zhang et al. [23] explained that the type of diet, host plant, 
season, population density, and geographic position in�luence 
gut bacterial diversity. Feeding can change the gut microbiota 
community of lepidopteran insects. For instance, mulberry 
leaves are primarily composed of xylan (10-40%) and cellulose 
(19-25%), which shows the importance of intestinal microbes 
for food digestion in silkworms. In 5th-instar larvae of B.	mori 
fed on mulberry leaves (the traditional rearing method), the gut 
microbiota is dominated by Rhodococcus, Escherichia, and 
Enterococcus. When the diet was changed to lettuce leaves, 
Bacteroides and Acinetobacter were the predominant species. 
In addition, the species diversity and richness of the gut 
microbial communities showed a signi�icant relationship with 
the Agrilus	 planipennisFairmaire population size [24]. 
Furthermore, lepidopteran insects are holometabolic, and few 
studies have re�lected the gut microbiota composition 
throughout development from egg to adult, especially in 
monophagous species. Gonzalez-Serrano et al. [25] showed that 
the bacterial composition of Brithyscrini was stage-speci�ic and 
that Rosenbergiella and Serratia were highly abundant in the 
eggs. Twenty-seven genera (Empedobacter, 23 %, Enterococcus, 
10 %) were statistically more abundant in larvae, while only one 
genus (Serratia, 75 %) was signi�icantly more abundant in 
adults. More surprisingly, recent work has shown that DNA 
extraction methodology has the largest effect on the outcome of 
the metagenomic analysis in B.	mori gut microbiome studies 
based on high-throughput 16S rRNA gene sequencing and 
computational analysis [26]. A taxonomic analysis revealed that 
the most common phylum was Proteobacteria, which, together 
with Firmicutes and Actinobacteria, was detected in 
lepidopteran insects. At the genus level, the dominant bacteria 
were mainly Enterococcus ,  Enterobacter ,  Clostridium , 
Acinetobacter, Pseudomonas, Pantoea, and Bacillus. The 
composition of the dominant gut microbiota in other insects 
was different. These differences depend on the diet source and 
behavioural characteristics of the host insects, which show the 
relationship between gut symbiotic bacteria and the co-
evolution of the host from another perspective [27]. Although a 
few sequencing-based studies have con�irmed the composition 
of gut bacteria, lepidopteran fungal communities have been 
largely ignored. However, endosymbiotic fungi are also 
ubiquitous among lepidopteran insects. Further, the reported 
fungal gut microbiota of lepidopteran insects, including 
Lycaeides	melissa, A.	 planipennis, A.	 major, D.	 pyloalis, and B.	
mori,	 Basidiomycota and Ascomycota predominated the gut 
fungal communities, as determined by the sequencing of the 
fungal internal transcribed spacer (ITS). Most fungal sequences 
were assigned to the genera Ascomycota and Basidiomycota. At 
the genus level, most fungal sequences were assigned to the 
genera Cladosporium, Hannaella, Kabatiella, Pyrenochaeta, 
Pyrenochaeta, Malassezia, and Rhodosporidium[28]. Another 
experiment is carried out by Wang et al. [29] to study the 
adaptive evolution in the fall armyworm that is revealed by the 
diversity of larval gut bacteria. In this experiment, they 
examined differences in the gut bacterial communities of the 
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�ifth and sixth instar larvae of S.	 frugiperda fed on leaves of 
different host plants. The 16S rDNA full-length ampli�ication 
and sequencing method was used to determine the abundance 
and diversity of gut bacteria in larval intestines. The highest 
richness and diversity of gut bacteria were found in corn-fed 
�ifth-instar larvae, whereas in sixth-instar larvae, the richness 
and diversity were higher when larvae were fed other crops. 
Firmicutes and Proteobacteria were dominant phyla in the gut 
bacterial communities of �ifth and sixth-instar larvae. A similar 
experiment was conducted by Ugwu and Asiegbu [30] to study 
the in�luence of host plants on the diversity of gut microbiota 
communities of fall armyworms. Their results revealed that gut 
bacterial composition varied among larvae samples fed on 
different host plants. Three alpha diversity indices revealed 
highly signi�icant differences in the gut bacterial diversity of 
Spodoptera	frugiperda fed with different host plants. Analysis of 
molecular variance (AMOVA) and analysis of similarity 
(ANOSIM) also revealed signi�icant variations in the bacterial 
communities among the various host plants. Five bacterial phyla 
(Firmicutes, Proteobacteria, Cyanobacteria, Actinobacteria and 
Bacteroidetes) were prevalent across the larvae samples. 
Firmicutes (44.1%) was the most dominant phylum, followed 
by Proteobacteria (28.5%). Linear discriminant analysis effect 

size analysis showed that Spodoptera	 frugiperda larvae were 
enriched by diverse bacterial groups.Additionally, Ugwu et al. 
[31] experimented to study the microbiomes of the larvae of 
Spodoptera	frugiperda from maize plants in Nigeria, and they 
observed similarities as well as variations in their studies from 
the reports of previous work on the microbiomes of Spodoptera	
frugiperda from different countries (Table 1). Among studies of 
six countries, namely, Brazil, USA, Kenya, Argentina, Nigeria, and 
India, Enterococcus was persistent in the gut of the Spodoptera	
frugiperda larvae. The genus Pseudomonas was recorded in four 
countries (Brazil, USA, Kenya, and Nigeria), while Enterobacter 
was persistent in studies in three different countries (USA, 
Argentina, and Nigeria). Similarly, Chryseobacterium, 
Comamonas, and Sphingobacterium were recorded in three 
countries (USA, Kenya, and Nigeria). Recently, Sahani and 
coworkers [32] worked on a diversity of bacterial communities 
associated with the gut of Spodoptera	 frugiperda in Eastern 
India and observed two new genera of bacteria, i.e., Kluyvera 
and Yokenella, from the gut of Spodoptera	frugiperda, which had 
not been reported so far from any other countries. Moreover, 
Gomes et al. [33] reported that Firmicutes was the predominant 
bacterial phylum in the gut of Spodoptera	frugiperda larvae. 

Table	1:	List	of	microbiomes	(dominant	bacteria	genera)	of	Spodoptera	frugiperda	from	different	countries	(Ugwu	et	al.,	2020)	

Gut	bacterial-host	interactions
Insects are the world's most diverse and abundant animals in 
terms of species diversity and body mass in all ecological 
habitats [38]. Their numerous interactions with bene�icial 
microbes are essential for survival and diversity. Microbes that 
are living in the guts of insects play a vital role in the biology and 
behaviour of their hosts, including assisting in the digestion of 
recalcitrant food components, upgrading nutrient-poor diets, 
modulating the immune response, and protecting from 
predators, parasites, pathogens, and disease vectors. Other 
functions include facilitating plant specialization, governing 
mating preference and reproductive systems, and contributing 

to inter- and intra-speci�ic communication [39] [40] [41] [42]. 
Many studies describing symbiotic connections between 
microbes and insects have been published [43] [44] [45]. Most 
insects are thought to be in symbiotic partnerships with 
microbes, with estimates ranging from 15 to 20% of the total 
[46]. The role of microorganisms, particularly gut microbes, in 
insect function is important from various viewpoints, including 
agriculture, ecology, and medicine. Few insects are good 
laboratory models for studying microbe populations and their 
associations with hosts, especially immunology and metabolic 
associations [47]. Entomological studies of parasitic and 
mutualistic connections have focused on social insects like ants, 
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which have evolved diverse interactions with other species at 
various levels,  including individual and community 
interactions. These interactions can occur between bacteria and 
different insects and plants [48]. Symbiotic bacteria can affect 
the ef�icacy of disease vectors or their developmental time, 
making them possible targets for disease control [49] [50]. 
Microorganisms allied with pollinators and herbivores, and 
insects that feed on them, are likely to impact crops' health 
substantially. Insects and their gut microbial populations play 
vital roles in the nitrogen cycle and the decomposition of plant 
material in natural and human-impacted ecosystems [12]. A 
symbiotic relationship with very adaptable bacteria may have 
opened new ecological niches and unbalanced food sources like 
plant sap or blood [51]. Mutualism between insects and 
microbes is unquestionably one of the primary drivers of insect 
evolution. It is one of the most important factors contributing to 
the remarkable success of this gigantic group of animals. 
Mutualism is described as an interaction between various 
species that is mutually advantageous to both parties [52]. 
Several �itness traits of insects are heavily in�luenced by their 
associated microbiota [53]. The association of insects with 
microbiota is very important for the evolution of ecological 
features and feeding habits in which insects exchange nutrients 
or speci�ic functions, such as protection. Insects associated with 
various microbes also play an important role in degrading 
pesticides.
Moreover, insect-microbiota interactions are quite diverse. 
Insects rely on symbiotic bacteria for a variety of essential 
activities. Symbiotic bacteria can be critical for host survival and 
growth. A diverse range of symbiotic microbial species have 
been produced within the insect gut and have signi�icantly 
contributed to the regulation of insect metabolism, enhanced 
food digestion, increased excretion of waste �luids, protecting 
the host from enemies, developing resistance against toxins, and 
degrading them into their intermediates. Many studies have 
reported that insect gut microbiota plays a signi�icant role in 
developing symbiotic insect interactions facilitated by 
secondary metabolites [15]. Besides this, they also play an 
essential role in the detoxi�ication of pesticides, providing a 
natural defense system, nutrient availability, the development of 
resistance against toxins and pathogens, the breakdown of food, 
and asuitable environment for the proper growth of insects. 
They can also help in the breakdown of food by providing 
energy, making vitamins, and even shaping the body's natural 
defenese [54]. Microbial symbionts have been proven to have 
many consequences for insect health and behaviour. Certain 
insects have specialized organs that can only house a few 
symbiont species, while others have a far more diverse and 
variable �lora in their guts and other internal organs. Numerous 
associations are developed with a few species of microbiota. 
They might require establishing specialized insect organs and 
cells to house de�inite obligate symbionts. In these partnerships, 
the genetic integral of biochemical processes essential for the 
persistence of both interrelated groups is frequently observed 
[55]. Some insect species are more involved in symbiotic 
associations with bacteria than others. Among the insects, three 
taxonomic groups are regularly involved. These groups include 
Blattaria, Coleoptera, Homoptera, and Hymenoptera. 
Additionally, certain bacteria seem to be particularly adept at 
symbiotic interactions. The microbiota of other various insects 
may be more varied and adaptable, as they do not rely on explicit 
critical symbionts. The gut biota is critical for most insect 
digestion, fertility, fecundity, and immunity [56] [57] as growing 
axenic insects can be deadly.

Approaches	to	studying	fall	armyworm	gut	microbiota
To study the link between community composition and the 
function of gut microbiota in Spodoptera	frugiperda, it would be 
very helpful if we could experimentally mix and match microbes 
[58]. For this purpose, we can use two approaches: culture-
dependent and culture-independent. In another sense, the 
identi�ication and characterization of Spodoptera	frugiperda gut 
microbiomes are investigated mainly by culture-dependent or 
culture-independent techniques [59] [60]. In the case of 
culture-dependent bacteria, we can generally culture the gut 
microbiome outside of their fall armyworm hosts. Most of the 
microbes are dif�icult to propagate or cannot be cultured. In this 
case, we can use culture-independent approaches such as 
metagenomics. Metagenomics is based on the taxonomic 
(amplicon sequencing) and functional (shotgun sequencing, 
meta-transcriptomics) characterization of microbial 
communities. The former approach allows us to characterize 
who is there (species identi�ication), whereas the latter 
approach allows us to characterize the variety of genes they 
possess or are expressing, which signi�ies 'what they are doing' 
within the host. Thus, we can say both methods indicate 
potential links between the microbiome and the fall armyworm 
host. However, the culture-dependent method usually produces 
biased results. It relies on various parameters and techniques, 
while in the culture-independent method, a lot of omics and 
molecular approaches are applied, such as 16S rRNA and BLAST 
analysis, which provide a better and more comprehensive 
picture of the microbial communities located in insect guts [61] 
[62] [63]. The application of high throughput and next-
generation sequencing provides new insights into microbial 
ecology [64]. It reveals that the diversity of microbiomes in 
Spodoptera	frugiperda was studied using independent culture 
methods, which identi�ied a higher number of microbial 
communities than traditional culture-based and conventional 
molecular methods [65].

The	major	role	of	fall	armyworm	gut	microbiota
The gut microbiota of Spodoptera	 frugiperda play very 
important roles, such as in insect �itness, by providing essential 
amino acids, vitamins, lactic acids and sterols, enhancing the 
immune system, food digestion, excretion of waste �luids, 
increasing host fertility, increasing resistance to toxins and 
external  pathogens ,  and degrading pest ic ides  and 
allelochemicals into less toxic products by the production of 
different hydrolytic enzymes (�ig. 2). Therefore, the major roles 
of the fall armyworm gut microbiota are as follows:

Development	of	resistance/tolerance	against	insecticides:	
Pesticides have been applied to manage pests and diseases since 
the start of agriculture for the production and protection of 
crops. However, the unwise use of pesticides accumulates in the 
ecosystem and contaminates plants, air, water, and soil [66]. The 
storage of pesticides in plants can develop resistance or 
tolerance against various pests [67]. Various functional parts of 
an insect's gut microbes, such as enzymes and genes, are 
responsible for developing pesticide resistance in insects. For 
example, the FAW gut microbiota develops resistance against 
organophosphate, carbaryl, and methyl parathion insecticides 
(Table 2). Further, a lot of studies have demonstrated that 
resistance is also developed due to the reduction of toxicity of a 
compound, the introduction of a new pesticide group, target site 
mutation or over-expression, pre-date or wrong selection of 
pesticide, repetition of the same chemical, environmental 
changes, and the degradation of parent compounds into their 
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metabolites by insect gut microbiota and their detoxifying enzymes [68] [69] [15]. An investigation was carried out by Gomes et al. 
[33] to study the role of gut microbiota in developing resistance against various insecticides in the laboratory and in open �ield 
conditions in the larvae of Spodoptera	 frugiperda. For this purpose, they collected insect pests from various corn �ields in �ive 
Brazilian states. In their meta-genomic experiment and 16S rRNA analysis, the isolation of bacterial species from insect gut in the 
selective medium was achieved. The maximum growth of microbial species in insecticides was observed, and it was found that all 
microbes utilized it as a sole source of carbon and energy. This study indicated that bacteria isolated from �ield larvae grew better and 
degraded insecticides more ef�iciently than those collected from laboratory-selected strains. However, this study concluded that due 
to the high ef�iciency and diversity of insect gut microbes in the �ield, larval insects are more capable of degrading pesticides and 
show high resistance.

Table	2:	Development	of	resistance	against	pesticides	by	gut	microbiomes	of	various	insects	including	Spodoptera	frugiperda	[15]
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Pesticide	biodegradation:In FAW, resistance to pesticides has 
been con�irmed. It has been found that they are very bene�icial 
for degrading toxic compounds due to their digestion abilities 
[70] [57]. The degradation of pesticides depends on various 
factors such as microbial remediation and the chemical 
hydrolysis process, which are additionally correlated with many 
physiological properties such as pH, temperature, organic 
matter, and moisture content. However, the FAW gut provides a 
favourable environment for developing diverse microbial 
communities. Hence, they ef�iciently deliver many promising 
facilities to their host [71]. Symbiotic microbial species isolated 
from FAW gut can perform in extreme environmental conditions 
to degrade pesticides and other emerging pollutants [72] [15].

Initiating	a	leaky	gut	syndrome:Mason et al. [73] developed 
axenic and gnotobiotic methods for Spodoptera	frugiperdaand 
tested how particular members present in the gut community 
in�luence interactions with plant defenses that can alter 
peritrophic matrix (PM) permeability. Further, many plant 
defenses that deter insect herbivory target the attacker's 
digestive system. They found that plant defenses against the fall 
armyworm created opportunities for resident gut microbes to 
penetrate protective gut barriers, invading the body cavity and 
exacerbating the negative impacts of plant defenses on the 
insect. These interactions triggered insect immune responses 
and collectively overwhelmed the insect's ability to cope with 
multiple stressors. However, the effects varied between 
bacterial taxa, indicating that variation in the caterpillar 
microbiome can alter their phenotype. Their results reveal a 
previously unrecognised and likely widespread mechanism 
allowing the plant to use the insect's gut microbiota against it in 
collaboration with the plant's own defenses.	

Modulate	 plant	 defense	 responses:	 Acevedo et al. [34] 
experimented to study how fall armyworm-associated gut 
bacteria modulate plant defense responses. Mechanical damage 
caused by insect feeding, along with components present in 
insect saliva and oral secretions, is known to induce jasmonic 
acid-mediated defense responses in plants. They investigated 
the effects of bacteria from the oral secretions of the fall 
armyworm S.	 frugiperda on herbivore-induced defenses in 
tomato and maize plants. By using culture-dependent methods, 
they identi�ied seven different bacterial isolates belonging to the 
family Enterobacteriaceae from the oral secretions of �ield-
collected caterpillars. Two isolates, Pantoeaananatis and 
Enterobacteriaceae-1, downregulated the activity of the plant 
defensive proteins polyphenol oxidase and trypsin proteinase 
inhibitors (trypsin PI) but upregulated peroxidase (POX) 
activity in tomatoes. Raoultella and Klebsiella sp. downregulated 
POX but upregulated trypsin PI in this plant species. Conversely, 
all of these bacterial isolates upregulated the expression of the 
herbivore-induced maize proteinase inhibitor (Mpi) gene in 
maize. Plant treatment with P.	ananatis and Enterobacteriaceae-
1 enhanced caterpillar growth on tomato plants but diminished 
their growth on maize plants. Their results highlight the 
importance of herbivore-associated microbes and their ability 
to mediate insect-plant interactions differently in host plants 
fed on by the same herbivore.

Gut 	 microbiota 	 dysbiosis 	 in� luences 	 metabol ic	
homeostasis: According to Chen et al. [74], gut microbiota 
dysbiosis in�luences metabolic homeostasis in Spodoptera	
frugiperda. They fed S.	frugiperda larvae an arti�icial diet with an 
antibiotic mixture (penicillin, gentamicin, rifampicin, and 

streptomycin) to perturb the gut microbiota, and then examined 
the effect of gut microbiota dysbiosis on Spodoptera	
frugiperdagene expression by RNA sequencing. Firmicutes, 
Proteobacteria, Bacteroidetes, and Actinobacteria were the 
most dominant phyla in Spodoptera	 frugiperda. Further, they 
found that the composition and diversity of the gut bacterial 
community changed in S.	frugiperdaafter antibiotic treatment. 
Firmicutes were decreased, and the abundance of Enterococcus 
and Weissella genera was dramatically reduced. Finally, they 
concluded that dysbiosis of gut microbiota caused by antibiotic 
exposure affects energy and metabolic homeostasis in 
Spodoptera	frugiperda, which helps better understand the role 
of gut microbiota in insects.

Fig.	2.	Major	roleof	fall	armyworm	gut	microbiota

Conclusion
Cultivation of genetically modi�ied crops has increased annually, 
leading to a decrease in the use of pesticides, yet there are 
numerous problems associated with their approval due to a lack 
of safety issues regarding human health. Further, the 
functionality of biopesticides is slow as compared to chemical 
pesticides, therefore insect pest control methods with faster 
application are needed. The microbiome of the insect gut plays a 
crucial role in shaping the host insect's physiology. The advent of 
metagenomics and transcriptomics paved the way to identify 
the precise role of these symbionts so that one can target the 
microbiome to impede the development of the paricular host. 
The information gathered via these techniques would allow us 
to explore different ways of exploiting the metabolism of 
symbionts for pest control.
Further, the gut microbiota associated with Spodoptera	
frugiperdain different life stages plays an important role in 
insect success and adaptability by regulating insect metabolism, 
food digestion and absorption, excretion of waste �luids, 
boosting immunity, giving protection against pathogens, 
predators, and parasitoids, enhancing host fertility, developing 
resistance against pesticides, and further degrading pesticides 
into less toxic products. However, so far, the function of gut 
microbiota in Spodoptera	frugiperda remains to be investigated. 
But, with the development of modern approaches such as high-
throughput sequencing of the 16S rRNA gene and meta-genome 
analysis, the research hindrance has been overcome. In another 
sense, recent advances in independent culture methods such as 
next-generation sequencing, BLAST analysis and 16S rRNA 
analysis have provided new insights into understanding the gut 
microbial diversity and their functions with Spodoptera	
frugiperda.



	©	2024	AATCC	Review.	All Rights Reserved. 44.

Rima	Kumari	et	al.,	/	AATCC	Review	(2024)

References

Future	scope	of	the	study
So far, the function of gut microbiota in Spodoptera	frugiperda 
remains to be investigated. The detailed investigation of the gut 
microbiota of S.	frugiperda provides a basis for future research. 
Since the plasticity of insect gut microbes helps insects utilize 
different foods and enhances adaptation of insects, a 
comprehensive understanding of S.	 frugiperda's  gut 
microbiome will help in future the development of novel pest 
control strategies for preventing this invasive pest. These 
review article provides a base and some hints to further 
investigate the roles of the gut microbiota in the growth, 
development and reproduction of insects.

Acknowledgments:	I, as a �irst author, would like to be thankful 
to Bihar Agricultural University, Sabour for assisting in writing a 
review paper on Gut bacterial diversity in different life stages of 
Fall Armyworm. I would also like to thank and support given by 
the Department of Science and Technology, Govt. of India.

Con�licts	of	Interest:	All authors have no con�lict of interest.

Yu SJ Nguyen SN Abo-Elghar GE (2003).Biochemical 
characteristics of insecticide resistance in the fall 
armyworm, Spodoptera	 frugiperda (J.E. Smith). Pesticide 
Biochemistry and Physiology 77:1-11.

Sisay B Tefera T Wakgari M Ayalew G Mendesil E 
(2019).The ef�icacy of selected synthetic insecticides and 
botanicals against fall armyworm, Spodoptera	frugiperda, 
in maize. Insects 10:1-14. doi:10.3390/insects10020045

Fritz S et al (2015).Mapping global cropland and �ield size. 
G l o b a l  C h a n g e  B i o l o g y  2 1 :  1 9 8 0 - 1 9 9 2 .  d o i : 
10.1111/gcb.12838

Abrahams P Bateman M Beale T Clottey V Cock M 
Colmenarez Y Corniani N Day R Early R Godwin J et al 
(2017).Fall armyworm: impacts and implications for 
Africa.  Evidence Note (2),  UK. 28:196-201. doi: 
https://doi.org/10.1564/v28_oct_02

Breznak JA (1982).Intestinal microbiota of termites and 
other xylophagous insects. Annual review of microbiology 
36:323-343.

Chen DQ Purcell AH(1997) Occurrence and transmission of 
facultative endosymbionts in aphids. Current microbiology 
34:220-225.

Harrison JF(2001). Insect acid-base physiology. Annual 
r e v i e w  o f  e n t o m o l o g y  4 6 : 2 2 1 - 2 5 0 .  d o i : 
10.1146/annurev.ento.46.1.221

Campbell BC(1989). Insect-plant interactions. On the role 
of microbial symbiotes in herbivorous insects. CRC Press, 
1st Edition, 44.

McKillip JL CL Small JL Brown JF (1997).Brunner Spence 
KD. Sporogenous midgut bacteria of the leafroller, 
Pandemispyrusana  ( L e p i d o p te ra :  To r t r i c i d a e ) . 
EnvironEntomol26:1475-1481. 

Hooper LV Gordon JI (2001). Commensal host-bacterial 
relationships in the gut. Sci. 292:1115-1118.

Simpson SJ (2013). Mouthparts and feeding in the insects 
structure and function. 5th Edn, eds S. J. Simpson and A. E. 
Douglas (Cambridge: Cambridge University Press) 15-45. 
doi: 10.1017/cbo9781139035460.005

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

Kuraishi T Hori A Kurata S (2013). Host-microbe 
interactions in the gut of Drosophila	 melanogaster. 
FrontPhysiol 4:375. doi: 10.3389/fphys.2013.00375

Dastranj M Gharechahi J Salekdeh GH (2016). “Insect pest 
proteomics and its potential application in pest control 
management,” in Agricultural Proteomics Volume 2, G. H. 
Salekdeh ed (Berlin: Springer), 267-287. doi: 10. 
1007/978-3-319-43278-612

Jaffar S Ahmad S Lu Y (2022).Contribution of insect gut 
microbiota and their associated enzymes in insect 
physiology and biodegradation of pesticides. Front 
Microbiol 13:1-25. doi: 10.3389/fmicb.2022.979383

Dillon RJ Webster G Weightman AJ Keith Charnley A (2010). 
Diversity of gut microbiota increases with aging and 
starvation in the desert locust. Antonie Van Leeuwenhoek. 
97: 69-77. doi: 10.1007/s10482-009-9389-5

Xue H Zhu X Wang L Zhang K Li D Ji J et al (2021)Gut 
bacterial diversity in different life cycle stages of 
Ade l pho co r i s s u t u ra l i s  ( H e m i p t e r a :  M i r i d a e ) . 
FrontMicrobiol 12:1258. doi: 10.3389/fmicb.2021.670383

Li DD Li JY Hu ZQ Liu TX Zhang SZ (2022)Fall armyworm 
gut bacterial diversity associated with different 
developmental stages, environmental habitats, and diets. 
Insects 13:762. https:// doi.org/10.3390/insects
13090762

Mason CJ Clair AS Peiffer M Gomez E Jones AG Felton GW 
Hoover K (2020) Diet in�luences proliferation and stability 
of gut bacterial populations in herbivorous lepidopteran 
larvae. PLoS One 15: e0229848.

Erkosar B Yashiro E Zajitschek F Friberg U Maklakov AA Van 
der Meer JR Kawecki TJ (2018)Host diet mediates a 
negative relationship between abundance and diversity of 
Drosophila gut microbiota. EcolEvol 8:9491-9502.

McMurdie PJ Holmes S (2013)Phyloseq: an r package for 
reproducible interactive analysis and graphics of 
m i c r o b i o m e  c e n s u s  d a t a .  P L o S  O n e  8 : 1 - 1 1 . 
doi:10.1371/journal.pone.0061217

Gichuhi J Sevgan S Khamis F Van den Berg J du Plessis H 
Ekesi S Herren JK(2020) Diversity of fall armyworm, 
Spodoptera	frugiperda and their gut bacterial community 
in Kenya. Peer J 8:e8701 DOI 10.7717/peerj.8701

1.

2.

3.

4.

5.

6.

7.

8.

9.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.



	©	2024	AATCC	Review.	All Rights Reserved. 45.

Rima	Kumari	et	al.,	/	AATCC	Review	(2024)

Almeida LGD Moraes LABD Trigo JR Omoto C Consoli 
FL(2017). The gut microbiota of insecticide-resistant 
insects houses insecticide-degrading bacteria: A potential 
source for biotechnological exploitation. PLoS One 12:1-19 
https://doi.org/10.1371/journal.pone.0174754

Jones AG Mason CJ Felton GW Hoover K(2019). Host plant 
and population source drive diversity of microbial gut 
communities in two polyphagous insects. Sci Rep 9:1-11. 
https://doi.org/10.1038/s41598-019-39163-9

Rozadilla G Cabrera NA Virla EG Greco NM McCarthy 
CB(2020). Gut microbiota of Spodoptera	 frugiperda (JE 
Smith) larvae as revealed by meta transcriptomic analysis. J 
ApplEntomol 144:351-363.

Nagarajan VM Yuvan M Srinivasan R Satagopan NR Asokan 
A Anooja A(2022). Status of important coastal habitats of 
North Tamil Nadu: Diversity, current threats and 
approaches for conservation. Reg Stud Mar Sci 49:102106. 
doi: 10.1016/j.rsma.2021.102106

Sharon G Segal D Ringo JM Hefetz A Zilber-Rosenberg I 
Rosenberg E (2010).Commensal bacteria play a role in 
mating preference of Drosophila	melanogaster. Proc Natl 
Acad Sci USA 107:20051-20056. doi: 10.1073/pnas. 
1009906107

Engel P Martinson VG Moran NA (2012).Functional 
diversity within the simple gut microbiota of the honey bee. 
P r o c  N a t l  A c a d  S c i  1 0 9 : 1 1 0 0 2 - 1 1 0 0 7 .  d o i : 
10.1073/pnas.1202970109

Tokuda G Mikaelyan A Fukui C Matsuura Y Watanabe H 
Fujishima M et al(2018). Fiber-associated spirochetes are 
major agents of hemicellulose degradation in the hindgut of 
wood-feeding higher termites. Proc Natl Acad Sci 
115:11996-12004. doi: 10.1073/pnas.1810550115

Xia X Sun B Gurr GM Vasseur L Xue M You M (2018).Gut 
microbiota mediate insecticide resistance in the 
diamondback moth. Plutellaxylostella (L.). FrontMicrobiol 
9:25. doi: 10.3389/fmicb.2018.00025

Funaro CF Kronauer DJC Moreau CS Goldman-Huertas B 
Pierce NE Russell JA(2011). Army ants harbor a host-
speci�ic clade of Entomoplasmatales bacteria. Appl 
EnvironMicrobiol 77:346-350. doi: 10. 1128/AEM.01896-
10

Dang K Doggett SL Singham GV Lee CY (2017). Insecticide 
resistance and resistance mechanisms in bed bugs. Cimex 
spp. (Hemiptera: Cimicidae). Parasit Vectors 10:318.

Nicoletti R Becchimanzi A (2022).Ecological and Molecular 
Interactions between Insects and Fungi. Microorganisms 
10:96. doi: 10.3390/microorganisms10010096

Zhou LF Wu J Li S Li Q Jin LP Yin CP et al(2021) Antibacterial 
potential of termite-associated streptomyces spp. ACS 
omega. 6:4329-4334. doi: 10.1021/acsomega.0c05580

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

Zhang X Zhang F Lu X (2022)Diversity and functional roles 
of  the  gut  microbiota  in  lepidopteran insects . 
Microorganism 10:1234. https://doi.org/10.3390/ 
microorganisms10061234

Mogouong J Constant P Lavallee R Guertin C (2020)Gut 
m i c ro b i o m e  o f  t h e  e m e ra ld  a s h  b o re r,  Agri lus	
planipennisFairmaire, and its relationship with insect 
population density. FEMS MicrobiolEcol 96:141.

Gonzalez-Serrano F Perez-Cobas AE Rosas T Baixeras J 
Latorre A Moya A (2020).The gut microbiota composition 
of the moth Brithyscrinire�lects insect metamorphosis. 
MicrobEcol 79:960-970.

Zhang N He J Shen X Sun C Muhammad A Shao Y 
(2021).Contribution of sample processing to gut 
microbiome analysis in the model lepidoptera, silkworm 
Bombyx	mori. Comput Struct Biotechnol J 19:4658-4668.

Camus MF Huang CC Reuter M Fowler K(2018) Dietary 
choices are in�luenced by genotype, mating status, and sex 
in Drosophila melanogaster. EcolEvol 8:5385-5393.

Chen K Lu ZJD (2018).Immunology, C. Immune responses 
to bacterial and fungal infections in the silkworm, Bombyx	
mori. Dev Comp Immunol 83: 3-11.

Wang YP Liu X Yi CY Chen XY Liu CH Zhang CC Chen QD Chen 
S Liu HL Pu DQ (2023). The adaptive evolution in the fall 
armyworm Spodoptera	 frugiperda  (Lepidoptera: 
Noctuidae) revealed by the diversity of larval gut bacteria. 
Genes 14:321. https://doi.org/10.3390/ genes14020321

Ugwu JA Asiegbu FO(2021) In�luence of host plants on the 
diversity of gut microbiota communities of fall armyworm 
Spodoptera	frugiperda J.E. Smith (Lepidoptera: Noctuidae). 
Res Sq 1-19. DOI: https://doi.org/10.21203/rs.3.rs-
657579/v1

Ugwu JA Liu M Sun H Asiegbu FO (2020).Microbiome of the 
larvae of Spodoptera	frugiperda (J.E. Smith) (Lepidoptera: 
Noctuidae) from maize plants. J Appl Entomol 144:764-
776. https://doi.org/10.1111/jen.12821

Sahani SK Saha T Kumari K Ansar M(2023). Diversity of 
bacterial communities associated with the gut of the fall 
armyworm, Spodoptera frugiperda ( J .E .  Smith) 
(Lepidoptera: Noctuidae) in Eastern India.Phytoparasitica 
00:1-14.https://doi.org/10.1007/s12600-023-01077-8

Gomes AFF Omoto C Consoli FL (2020).Gut bacteria of 
�ield-collected larvae of Spodoptera	 frugiperda undergo 
selection and are more diverse and active in metabolizing 
multiple insecticides than laboratory selected resistant 
strains. J Pest Sci 93:833-851.https://doi.org/10.1007
/s10340-020-01202-0

Acevedo FE Peiffer M Tan CW Stanley BA Stanley A Wang J 
Jones AG Hoover K Rosa C Luthe D Felton G (2017). Fall 
armyworm-associated gut bacteria modulate plant defence 
responses. Mol Plant Microbe Interact 30:127-137.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.



	©	2024	AATCC	Review.	All Rights Reserved. 46.

Rima	Kumari	et	al.,	/	AATCC	Review	(2024)

Eski A Demir I Gullu MDemirbag Z (2018).Biodiversity and 
pathogenicity of bacteria associated with the gut microbiota of 
beet armyworm, Spodoptera	 exigua Hubner (Lepidoptera: 
N o c t u i d a e ) .  M i c r o b P a t h o g  1 2 1 : 3 5 0 - 3 5 8 .  d o i : 
10.1016/j.micpath.2018.05.012

Erlandson MA Toprak U Hegedus DD (2019).Role of the 
peritrophic matrix in insect-pathogen interactions. J Insect 
Physiol 117:103894. doi: 10.1016/ j.jinsphys.2019.103894 

Erb M Kliebenstein DJ (2020).Plant secondary metabolites as 
defenses, regulators, and primary metabolites: The blurred 
functional trichotomy. Plant Physiol 184:39-52. doi: 
10.1104/pp.20.00433 

Harishankar M Sasikala C Ramya M (2013).Ef�iciency of the 
intestinal bacteria in the degradation of the toxic pesticide, 
chlorpyrifos. 3Biotech 3:137-142. doi: 10.1007/s13205-012-
0078-0

Mishra S Pang S Zhang W Lin Z Bhatt P Chen S(2021). Insights 
into the microbial degradation and biochemical mechanisms of 
c a r b a m a t e s .  C h e m o s p h e r e  2 7 9 : 1 3 0 5 0 0 .  d o i : 
10.1016/j.chemosphere.2021.130500

Lewis KA Tzilivakis J Warner DJ Green A (2016).An 
international database for pesticide risk assessments and 
management. Hum Ecol Risk Assess Inter J 22:10501064. doi: 
10.1080/10807039.2015.1133242

Ramakrishnan B Venkateswarlu K Sethunathan N Megharaj M 
(2019). Local applications but global implications: Can 
pesticides drive microorganisms to develop antimicrobial 
r e s i s t a n c e .  S c i  To t a l  E n v i r o n  6 5 4 : 1 7 7 - 1 8 9 .  d o i : 
10.1016/j.scitotenv.2018.11.041

Hawkins NJ Bass C Dixon A Neve P (2019). The evolutionary 
origins of pesticide resistance. Biol Rev 94:135-155. doi: 
10.1111/brv.12440

Matsuda K Ihara M Sattelle DB (2020).Neonicotinoid 
insecticides: Molecular targets, resistance, and toxicity. Annu 
Rev PharmacolToxicol 60:241-255. doi: 10.1146/annurev-
pharmtox-010818-021747

Schmidt K Engel P (2021).Mechanisms underlying gut 
microbiota-host  interact ions in  insects .  J  ExpBiol 
224:jeb207696 doi: 10.1242/jeb.207696

Shan H Wu W Sun Z Chen J Li H (2021)The gut microbiota of the 
insect Infraorder	pentatomomorpha (Hemiptera: Heteroptera) 
for the light of ecology and evolution. Microorganisms 9:1-16. 
https://doi.org/10.3390/microorganisms9020464

Francis C Aneesh EM (2022).Gut bacterium induced pesticide 
resistance in insects with special emphasis to mosquitoes. Int J 
Trop Insect Sci 42:2051-2064. doi: 10.1007/s42690-022-
00761-2

Mason CJ Ray S Shikano I Peiffer M Jones AG Luthe DS Hoover K 
Felton GW (2019).Plant defenses interact with insect enteric 
bacteria by initiating a leaky gut syndrome. PNAS 116:15991-
15996.doi:10. 1073/pnas.1908748116

Chen Y Zhou H Lai Y Chen Q Yu X-Q Wang X (2021).Gut 
microbiota dysbiosis in�luences metabolic homeostasis in 
Spodoptera 	 f rugiperda .  Fro n t M i c ro b i o l  1 - 1 3 :  d o i : 
10.3389/fmicb.2021.727434

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

Hamilton PT Perlman SJ (2013).Host defense via symbiosis in 
D r o s o p h i l a .  P L o S P a t h o g .  9 : e 1 0 0 3 8 0 8 .  d o i : 
10.1371/journal.ppat.1003808

Moreau CS (2020)Symbioses among ants and microbes. 
CurrOpin Insect Sci. 39:1-5. doi: 10.1016/j.cois.2020.01.002

Chouaia B Rossi P Epis S Mosca M Ricci I Damiani C et 
al(2012).Delayed larval development in Anopheles mosquitoes 
deprived of Asaia bacterial symbionts. BMC Microbiol 12:1-8. 
doi: 10.1186/1471-2180/12/S1/S2

Ricci I Damiani C Capone A Freece CD Rossi P Favia G 
(2012).Mosquito/microbiota interactions: from complex 
r e l a t i o n s h i p s  t o  b i o t e c h n o l o g i c a l  p e r s p e c t i v e s . 
C u r r O p i n M i c r o b i o l .  1 5 : 2 7 8 - 2 8 4 .  d o i :  1 0 . 1 0 1 6 / 
j.mib.2012.03.004

Sudakaran S Kost C Kaltenpoth M (2017)Symbiont acquisition 
and replacement as a source of ecological innovation. Trends 
Microbiol. 25:375-390. doi: 10.1016/j.tim.2017.02.014

Armitage SAO, Genersch E, McMahon DP, Rafaluk-Mohr C, Rolff 
J(2022). Tripartite interactions: how immunity, microbiota and 
pathogens interact and affect pathogen virulence evolution. 
C u r r O p i n  I n s e c t  S c i  5 0 : 1 0 0 8 7 1 .  d o i : 
10.1016/j.cois.2021.12.011

De Almeida LG De Moraes LAB Trigo JRJR Omoto C et al 
(2017).The gut microbiota of insecticide-resistant insects 
houses insecticide degrading bacteria: A potential source for 
biotechnological exploitation. PLoS One 12:e0174754. doi: 
10.1371/journal.pone.0174754 

Cheng D Chen S Huang Y Pierce NE Riegler M Yang F et 
al(2019)Symbiotic microbiota may re�lect host adaptation by 
resident to invasive ant species. PLoSPathog 15:1-22. doi: 
10.1371/journal.ppat.1007942

Hansen AK Moran NA(2011). Aphid genome expression 
reveals host-symbiont cooperation in the production of amino 
acids. Proc Natl Acad Sci USA 108:2849-2854. doi: 
10.1073/pnas.1013465108

Heys C Lize A Blow F White L Darby A Lewis ZJ (2018).The 
effect  of  gut microbiota el imination in Drosophila	
melanogaster: A how-to guide for host-microbiota studies. 
EcolEvol 8:4150-4161. doi: 10.1002/ece3. 3991

Siddiqui JA Khan MM Bamisile BS Hafeez M Qasim M Rasheed 
MT Rasheed MA Ahmad S Shahid MI Xu Y (2022).Role of insect 
gut microbiota in pesticide degradation: A Review. 
FrontMicrobiol 13:870462. doi: 10.3389/fmicb.2022.870462

Gurung K Wertheim B Salles JF(2019).The microbiome of pest 
insects: it is not just bacteria.Entomol Exp Appl 167: 156-170. 

Bourguignon T Lo N Dietrich C Sobotnik J Sidek S Roisin Y et al 
(2018).Rampanthost switching shaped the termite gut 
m i c r o b i o m e .  C u r r B i o l  2 8 : 6 4 9 - 6 5 4 .  d o i : 
10.1016/j.cub.2018.01.035

Bruno D Bonelli M Cadamuro AG Reguzzoni M Grimaldi A 
Casartelli M et al (2019). The digestive system of the adult 
Hermetiaillucens (Diptera: Stratiomyidae): Morphological 
features and functional properties. Cell Tissue Res 378:221-
238. doi: 10.1007/s00441-019-03025-7

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.


