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Abstract

Insects, the most successful groups in animal kingdom, harbor diverse groups of
microbes, such as bacteria, archaea, fungi, protozoa, and viruses, which pro-
foundly influence their survival and adaptations over a wide range of ecological
niches. These microbes are associated with their host insects permanently or
transiently and such associations may be beneficial or harmful to the host insect
under various instances. Attempts were made earlier to characterize insect
microbiome by isolation and cultivation techniques and polymerase chain reac-
tion (PCR)-based cloning methods that resulted in identification of a few groups
of microbes. The metagenomic approaches under the next-generation sequencing
platforms provide unparallel opportunities to understand the composition of the
microbiome and their functional role in the biology of the insects, thus expanding
our understanding from a single microbial species to the whole community.
These approaches provide an ample opportunity to understand the components
of the microbiome that can potentially and collectively affect the behavior and
physiological traits of insects through genetic and metabolic interactions. For
instance, endosymbionts (i.e., microbes that live inside host cells or tissues)
depend on the insect hosts for obtaining nutrients, provide fitness advantages to
their insect hosts in terms of the breakdown of plant cell wall components, viz,
cellulose, lignocelluloses, and xylan, supplying essential amino acids and
vitamins to host insects, thereby upgrading the nutrient status of their diet,
detoxification of lethal insecticide molecules, plant defensive compounds such
as phenolics, and production of anti-microbial peptides against insect pathogens.
However, in some instances, the microbes may also be pathogenic to the insect
hosts by producing insecticidal toxins, which reduce viability and cause
morbidity.

The culture-independent metagenomic approach allows us to characterize a
variety of genes that microbes possess or are expressing, which signifies ‘what
they are doing’ within the host. It also enables us to compare the performance of
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insect with changes in their microbiome composition. These approaches have a
wide range of applications apart from the study of insect’s microbial ecology. The
microbiota associated with wood-feeding beetles can be exploited as source of
novel enzymes in industrial bioprocesses. The information on microbial genes
and enzymes involved in cellulose hydrolysis, vitamin production, and nitrogen
fixation can be useful in improving the reliability and efficiency of industrial
processes. Furthermore, insect-microbe relationships could be manipulated to
improve pest control, by decreasing pest’s fitness or by increasing the efficacy of
pest management programs.

Keywords

Metagenome - Next Generation Sequencing - Microbial community - 16S rRNA
gene

Learning Objectives

1. Insects harbour diverse group of microbes belonging to various taxa, which
profoundly influence their survivability and adaptations over a wide range
of ecological niches.

2. Over the past two decades, the insect microbiome analyses were carried out
primarily by the classical approach involving the isolation cum cultivation
techniques and polymerase chain reaction (PCR)-based cloning methods
that resulted in identification of only a few groups of microbes.

3. However, the recent advances in metagenomic strategies and sequencing
techniques revolutionized the study of insect microbiome and provided
unparalleled opportunities to understand the composition and functional
diversity of insect microbiome.

4. The insect metagenome analysis under next-generation sequencing (NGS)
platforms offers valuable information that could be helpful in formulating
novel approaches in pest management by manipulating the insect—microbe
relationships.

6.1 Introduction

Approximately 4-6 x 10°° microorganisms are present on earth (Sleator et al. 2008).
Out of the total, nearly 99% are not amenable for culture plate, but play an important
role in a variety of environment, namely soil, water, atmosphere, plant and animal
systems. Metagenomics (also called as ecogenomics or environmental genomics or
community genomics) is the scientific study of DNA sequences collected directly
from an environment to know the diversity and ecology of microorganisms of that
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specific environment. According to Chen and Pachter (2005), it is the application of
modern genomic techniques for the study of microbial communities from an envi-
ronment directly without actually culturing them (on earth remain uncultured). The
study may help in our understanding on the microbial diversity in a specified
environment, interaction between the communities and higher animals, and the
biology, as a whole. Studies on the uncultured microorganisms will not only give
in-depth details about their ecology, it also helps in the identification of novel
enzymes, signal mimics, smart molecules and new generation antibiotics (Rajagopal
2009; Krishnan et al. 2014).

Insects, which represent more than half of all the biodiversity in the world, are one
of the most diverse and successful organisms in the history of life on earth. The
remarkable success is due to the abilities of insects to colonize highly diverse niches
and the metamorphosis in its biology. A poikilothermic form, insects cannot regulate
their body temperature, but with varied adaptations insects can survive both hot as
well as sub-zero conditions (Finn et al. 2015).

Insect’s digestive system harbours numerous microorganisms, which dictate the
growth, development, adaptation and general fitness of the host. Alimentary canal of
insects contains approximately 10 times more microorganisms than the total body
cells of the insect (Rajagopal 2009). Microbes get into the digestive system of the
insect through the food and reside inside as commensals or parasites or symbionts.
The gut microbiota influences all aspects of insect physiology, ecology and evolu-
tion (the beneficial microbes help the insect in digestion and metabolism like
cellulose and xylan hydrolysis, vitamin production, nitrogen fixation, insecticide
resistance, antibiotic resistance, signal molecules like quorum sensors, etc.). The gut
microbiota of insects also involves in food digestion, pesticide detoxification,
growth and development of the organism, pathogen resistance, intra-specific com-
munication and general physiology (Engel and Moran 2013; Douglas 2015; Jing
et al. 2020). The contributions of these gut microorganisms in relation to insect
functions are highly relevant in the field of public health and veterinary medicine,
agriculture and ecology.

6.2  History and Milestones in the Metagenomic Research

Microorganisms occur in almost all habitats in nature, even in extreme
environments, namely polar regions, desert, hot geysers, deep sea and inhospitable
rocks. They play crucial roles in biology, palacontology, soil health etc. The study of
microorganisms is based on morphological features, growth and selection of some
biochemical profiles in vogue for the past 300 years since the invention of micro-
scope by Antonie Philips van Leeuwenhoek in 1676 (Schierbeek 1959; Roszak et al.
1984). Over the years, microbiologists realized that bulk of microorganisms (99%)
cannot be cultured by routine culture media. The proposal to use ribosomal RNA
genes as molecular markers for biological classification (Woese and Fox 1977) and
automated sequencing method invented by Sangers et al. (1977a, b), in fact,
revolutionized the study and classification of microorganisms in the late 1970s.
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Stahl et al. (1984) demonstrated the direct analysis of 5S and 16S rRNA genes to
describe the microbial diversity without culturing the microorganisms per se. This
led to the subsequent isolation and cloning of DNA from environmental samples.
Begon et al. (1986) proposed the microbial community concept as the set of
microorganisms coexisting in the same space and time. During this period, the
microbiologists conclusively learnt that the number of observed microorganisms in
a microscope did not correspond with number of microorganisms obtained in culture
plates (Staley and Konopka 1985). Several advances have been made in the ensuing
decade, like polymerase chain reaction (PCR), rRNA genes cloning and sequencing,
fluorescent in situ hybridization (FISH), denaturing gradient gel electrophoresis
(DGGE and TGGE), restriction-fragment length polymorphism and terminal
restriction-fragment length polymorphism (T-RFLP). Handelsman and co-workers
in the late 1990s defined the study and characterization of uncultivable microorgan-
ism as metagenomics; it is the theoretical collection of all genomes from members in
a microbial community from a specific environment (Handelsman et al. 1998).
Metagenomics laid the foundation of the ‘-omics’ techniques and revolutionized
research in microbial ecology (Handelsman 2004).

Venter et al. (2004a, b) carried out the first ever large-scale metagenomic project
by sequencing samples from Sargasso Sea close to Bermuda, which yielded a
whopping 1.6 billion base pairs of DNA and led to the discovery of 1.2 million
new genes. Following this, many studies on the microbial community structure in
varied environment had been carried out to uncover several unknown facts as
microbes continue to play a crucial part in those habitats.

6.3 Insect Microbiome and its Functional Role

Insect gut microbiome, the collective genome of the native microbiota of the gut has
multiple relationships with their insect hosts, which range from the obligate mutual-
ism to pathogenic (Dillon and Dillon 2004). The gut microbes play vital roles in the
digestion of food ingested, produce essential vitamins, make the host to survive on
suboptimal food sources, resisting hostile pathogen infection, aid in the detoxifica-
tion of xenobiotics compounds, growth and development of overall physiology of
the host insect (Jing et al. 2020). Acquisition, colonization and transmission of
microbiome determine the success of the insect in an environment (Gupta and
Nair 2020). In a mutual relationship, insects present distinctive habit for a variety
of microorganisms to colonize and the gut microbes in turn provide numerous
benefits to their insect hosts (Douglas 2015). In rare conditions, established
symbionts can become opportunistic pathogen also, if conditions become so. A
number of factors, namely digestive enzymes, pH, redox potential of the gut, type
of food the host has ingested and the secondary plant compounds present in the food,
dictate the microbial density and diversity in the insect gut (Dillon and Dillon 2004).
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6.3.1 Nutritional Symbioses of Gut Microbes

Symbiosis is essential for the survival of insects in extreme environmental
conditions (Gupta and Nair 2020). The insect host can be primarily (obligate) or
secondarily (facultative) dependant on the microbial symbionts to get nutrition and
protection from their natural enemies, respectively (Moran et al. 2008). Major role of
gut microbes is to provide the essential nutrients to the host (Jing et al. 2020). For
instance, spirochetes through acetogenesis and nitrogen fixation provide required
carbon, nitrogen and energy requirements of termite (Breznak 2004). The symbionts
also enable the host to overcome barriers, like plant allelochemicals (Dowd and Shen
1990), nutritionally poor diets and recalcitrant food resources (Slaytor 1992).

6.3.2 Protection against Natural Enemies of the Insect Host

Another important beneficial function of gut microbiota in insect is to provide a
buffering action to help prevent the proliferation of pathogens (Kodama and
Nakasuji 1971; Charnley et al. 1985; Dillon et al. 2002). Resident gut microbiota
protect their insect hosts against invaders by multiple mechanisms including
restricting nutrients or space, production of toxins and activation of insect immune
system functions that are more deleterious to the invader than the resident
(Douglas 2015).

6.3.3 Gut Microbes in Detoxification of Xenobiotics

Insect resistance or tolerance to xenobiotics is mostly mediated by the insect genome
rather than the gut microbes (Dillon and Dillon 2004; Douglas 2015). However, a
compelling evidence of gut microbiota, Burkholderia-mediated fenitrothion resis-
tance emerged in Riptortus pedestris (Kikuchi et al. 2012).

6.3.4 Gut Microbes in Insect Communication and Mating

Inter- and intra-communication of insect may be mediated by the microorganisms
associated with insects (Ezenwa et al. 2012; Gupta and Nair 2020). Gut microbe
activities result in the production of some compounds, which may act as kairomones
or pheromones. Aggregation pheromone in grasshopper, Schistocerca gregaria, is
produced by the gut microbe Pantoea agglomerans (Dillon et al. 2002). In Dro-
sophila melanogaster, mating preference is dictated by the gut microbiota where the
flies mate preferentially with individuals harbouring similar microbiota (Sharon et al.
2010, 2011).
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6.3.5 Trophic Interactions

The insect gut microbiota is involved in the behavioural aspects of the interactions
between insects, their natural enemies and the host (Campbell 1990). In course of
evolution, insects have evolved many strategies to feed on plants mediated by
mutualistic symbionts (Frago et al. 2012). Insect symbionts have been reported to
benefit their hosts; the best-known example is ambrosia beetles and their mutualistic
fungi of bark, which make wood digestible for their host (Paine et al. 1997).

6.3.6 Interaction of Gut Microbiota in Productive Insects

Gut bacteria promote populations of beneficial insects by improving the fitness of
productive insects, pollinators and biocontrol agents. In irradiated sterile male flies
of the Mediterranean fruit fly, Cerratitis capitata, mating competence can be
improved by feeding diet enriched in Klebsiella oxytoca (Lance et al. 2000; Ami
et al. 2010) as irradiation causes shift in the microbial community and results in
fitness decrease. Feeding on fortified diet significantly increased the sexual competi-
tiveness of irradiated males, enhanced their survival and inhibited sexual receptivity
of female flies (Gavriel et al. 2011). Pollinators, like bumble bees, are prone to the
attack of parasitoid Crithidia bombi and depend upon the gut microbiota (Koch and
Schmid-Hempel 2012).

6.4 Insect Microbiome Analysis: From Genomics
to Metagenomics

Over the past two decades, the insect microbiome analysis was carried out primarily
by the classical approach involving isolation of microorganisms from the various
insect physiological systems, culturing them on solid or liquid growth medium
containing appropriate sources of carbon, energy and electron acceptor and pheno-
typic characterization of isolates. This approach solely depended on the physiologi-
cal conditions under which the organism isolated and sometimes the optimal
conditions provided in the laboratory might impose selection pressure, thereby
inhibiting the growth of a large number of microorganisms (Staley and Konopka
1985). The media used to isolate insect gut microorganisms were frequently the
same as those employed in medical studies. However, some bacteria that were found
to be numerically dominating in these media may be physiologically insignifi-
cant (Dillon and Dillon 2004). Thus, the focus was on developing the media for
culturing of microorganisms, which satisfy the environmental factors, such as pH
and available nutrients encountered in the insect physiological system. Further, both
the simple morphological and physiological traits in most of the microbes provide
only a few identification clues (Pace et al. 1986) and have revealed a large discrep-
ancy between the relatively few culturable microorganisms and the significant
diversity present in insect gut (Pace 1997; Head et al. 1998). It was also recognized
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that approximately 99% of microbes in the environment cannot be cultured (Amann
et al. 1995) and due to limitations of culture methods, it was envisioned that most of
the microbes associated with the insect gut were still to be identified (Stokes et al.
2001).

From late 1970s onwards, remarkable works were carried out to exploit the
ribosomal RNA genes as molecular markers for classifying the life system (Woese
and Fox 1977) and this approach in association with the Sanger automated sequenc-
ing (Sanger et al. 1977a, b) method revolutionized the study and classification of
microorganisms. However, with the advancement in molecular techniques, three
traditional molecular approaches, namely gene targeting PCR, molecular fingerprint-
ing techniques, such as DGGE (denaturing gradient gel electrophoresis) and oligo-
nucleotide probe-based hybridization techniques, such as FISH (fluorescent in situ
hybridization) have been employed to investigate the insect gut microbial
communities (Stokes et al. 2001), whereas the recent advances in sequencing
techniques and the metagenomic strategies replaced the above techniques and
revolutionized both gene discovery and biodiversity analysis of the insect gut
symbiotic microbiota (Fig. 6.1).

6.4.1 Traditional Molecular Approaches in Microbiome Analysis

Gene-Specific PCR
This technique employs gene-specific primers to specifically amplify the target
genes, such as conserved /6S rRNA gene or a gene of specific functional interest
from insect gut symbionts. Kane and Pierce (1994) were among the first to conceive
the idea of using PCR-based ribosomal DNA sequencing to explore gut microbial
communities of termites. Further, McKillip et al. (1997) analysed the composition of
the microbiome in the midgut of leaf roller, Pandemis pyrusana Kearfott, using both
PCR and culturing techniques. Later on, Lilburn et al. (1999) sequenced 98 clones of
near-full-length 16S rDNA of Spirochaetes in the gut of termite species,
Reticulitermes flavipes and observed a substantial phylogenetic diversity in the
termite gut. Schmitt Wagner et al. (2003) carried out phylogenetic analysis of /65
rRNA genes recovered from the hindgut of soil-feeding termites and revealed an
enormous diversity of bacteria in the different gut compartments, whereas Ohkuma
and Kudo (1996) did the PCR targeting of /16S rRNA in gut of termite species,
Reticulitermes speratus and found that most of the gut microbial 7/6S rRNAs
amplified were unknown. Most of the earlier studies targeting /6S rRNA gene
analyses revealed a significant number of unknown bacterial species at the time.
Apart from /6S rRNA gene analysis, gene-specific PCR has also been widely
applied to identify genes from microbial communities, which are involved in various
metabolic pathways. Gene targeting method was followed to clone a number of
cellulases belonging to glycosyl hydrolase family 45 from the flagellates Koruga
bonita and Deltotrichonympha nana, which are associated with termite gut (Li et al.
2003). Further, Inoue et al. (2005) identified a cellulase gene from lower termite
hindgut using PCR with gene-specific primers and in situ hybridization.
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In addition to gene-targeting PCR of DNA samples, reverse transcriptase PCR
(RT-PCR) from RNA has also been employed to clone genes from environmental
samples (Manefield et al. 2002). Casu et al. (1996) identified a major excretory/
secretory protease from Lucilia cuprina larvae by combining both RT-PCR and
immune blotting technique. Later on, Noda et al. (1999) amplified a nitrogen fixing
gene from microbial RNA in the gut of the termite, Neotermes koshunensis by
RT-PCR method. Nakashima et al. (2002) carried out RT-PCR experiments and
revealed that five GHF9 EG (Glycosyl Hydrolase Family 9 Endoglucanase)
homologs were expressed in the salivary glands and the midgut of termites. Further,
the RT-PCR technique was also employed for identifying the genes from gut
bacterial communities of Helicoverpa armigera and Manduca sexta, respectively
(Chougule et al. 2005; Brinkmann et al. 2008).

Though gene-specific PCR was proven to be effective for gene discovery and
microbial diversity analysis, two major limitations have restricted the application of
this technique. The gene-targeting PCR techniques depend on existing sequence
information to design primers for PCR amplification and normally only partial
sequence of the genes could be cloned; the cloning of full-length genes would have
to involve further PCR-based chromosome walking, which greatly limited the
application of this technique (Cowan et al. 2005).

Molecular Fingerprinting Techniques

Apart from the sequence, library-based gene targeting PCR and some other
PCR-based techniques have also been widely used to analyse microbial diversity
in various environmental samples. The molecular fingerprinting techniques used for
microbiome analysis include denaturing or temperature gradient gel electrophoresis
(DGGE or TGGE), restriction fragment length polymorphisms, single strand con-
formation polymorphism and random amplified polymorphic DNA (Muyzer et al.
1993; Lee et al. 1996; Liu et al. 1997; Kauppinen et al. 1999). These techniques are
used to analyse the sequence of 165 rRNA gene from different microbial species,
where both molecular fingerprints and phylogenetic affiliation of microbial species
can be generated. These above-mentioned molecular fingerprinting techniques have
been found useful in exploring the microbial diversity associated with insect gut
also (Smalla 2004).

Among the molecular fingerprinting techniques, DGGE is the most commonly
used method to study insect gut microbial diversity that provides a much more
comprehensive understanding of insect symbionts (da Mota et al. 2005). Reeson
et al. (2003) analysed the microbial communities associated with wasp larva,
Vespula germanica based on DGGE profiling and found that the wasp larvae are
not solely dependent on one particular type of mutualist. Further, analysis of gut
bacterial communities in Mediterranean fruit fly using both culture-dependent and
culture-independent approaches, such as DGGE, revealed that the family
Enterobacteriaceae is the most dominant species in the gut of fruit fly (Behar et al.
2005). The DGGE method is also used to analyse gut microorganisms in wood
feeding termites (Hayashi et al. 2007), soil-feeding termites and their mounds (Fall
et al. 2007), hindguts of scarab beetle larvae (Pittman et al. 2008; Vasanthakumar



6 Metagenomic Approaches for Insect Symbionts 281

et al. 2006), gut of grasshoppers and locusts (Dillon et al. 2008), and diamond back
moth (Raymond et al. 2008).

Restriction fragment length polymorphism (RFLP) analysis differentiates the
homologous DNA sequences based on the distinct DNA fragment patterns
generating from the sequence specificity toward restriction enzymes (Esumi et al.
1982). Harada and Ishikawa (1993) used RFLP to analyse /6S rRNA gene from the
group of prokaryote microbes in the gut of the pea aphid and the result suggested that
gut microbes have a close relationship with aphid intracellular symbionts. However,
due to the technical limitations and low resolution of traditional RFLP technique,
terminal restriction fragment length polymorphism (T-RFLP) has been employed to
study microbial diversity in insect gut (Shinzato et al. 2005). T-RFLP separates
homologous DNA based on the length and sequence of the end sequence generated
from restriction enzyme digestion of /65 rRNA, which makes it much more efficient
in revealing microbial diversity as in the case of bacterial /6S rRNA genes analy-
sis of the midguts of European cockchafer (Melolontha melolontha) larvae (Egert
et al. 2005), soil-feeding termites (Kohler et al. 2008) and fungus-growing termites
(Shinzato et al. 2007).

Another traditional molecular fingerprinting technique is random amplified poly-
morphic DNA (RAPD) and the analysis is based on amplification of genomic DNA
using random primers. RAPD-PCR was carried out to compare the gut microbial
composition between different generations of Western flower thrips, Frankliniella
occidentalis, and the results revealed that some bacteria in the thrips could be passed
from generation to generation for up to 50 generations (de Vries et al. 2001a, b).
However, application of RAPD is very limited in gut microbiota analysis due to
technical complexity and low reproducibility of the technique.

Single-strand conformation polymorphism (SSCP) is another technique that uses
electrophoresis to separate single-strand DNA to differentiate the homologous
sequences (Yandell 1991). Mohr and Tebbe (2006) used SSCP to study the diversity
and phylogenetic relationship of bacteria in the guts of three bee species at the same
oilseed rape field, whereas Brinkmann et al. (2008) used combination of PCR-SSCP,
RT-PCR SSCP and stable isotope probing (SIP) to study the diversity of metaboli-
cally active bacteria in the larval gut of Manduca sexta.

Fluorescent in Situ Hybridization

Fluorescent in situ hybridization (FISH) is one of the most common techniques used
in microbial ecology studies to visualize the symbiotic bacteria in the gut (Aminov
et al. 2006; Cheung et al. 1977). The application of FISH in insect gut microbiota
studies often involves fluorescently labelled probes targeting /6S rRNA genes with
sequences specific for a bacterial species or genus (Turroni et al. 2008). FISH has
been used to detect, visualize and characterize the intracellular symbiotic bacteria of
insects, such as aphids (Fukatsu et al. 1998), crickets (Domingo et al. 1998) and
termites (Berchtold et al. 1999). The approach has been shown to be particularly
useful in studying uncultivated microbes to observe the dynamics of microbiota
(Santo Domingo et al. 1998). However, the analysis of complex bacterial
communities from environmental samples by FISH with rRNA-targeted probes
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often encounters several technical problems and thus the detailed composition of the
microbiota cannot be revealed. In addition, bacteria lives in less nutrient-rich
environments with low ribosome content, could affect the sensitivity of detection
(Smalla 2004).

To complement to FISH, DAPI (4,6-diamidino-2- phenylindole) and GFP (green
fluorescent protein) can been used to visualize microbial communities inhabiting
insect gut. DAPI staining of bacterial cells highlights the significant differences in
the number of bacterial cells among different insect species, when reared under the
similar conditions (Cazemier et al. 1997). Similarly, GFP can be used to track target
microbial species in the host. Hurst and Jackson (2002) used GFP to show that the
colonization of bacterium, Serratia entomophila in the gut of the host, Costelytra
zealandica, is not confined to a specific site in the gut.

6.4.2 Metagenomics

Though the various traditional molecular techniques have greatly advanced our
understanding of insect gut microbial communities, due to the inherent limitations
of these techniques, they cannot provide detailed information regarding the gene and
pathway for different biological processes and a comprehensive coverage of micro-
bial taxonomy in the insect gut. In order to understand the biological processes
involved in biomass degradation, a detailed understanding on the biocatalysts,
pathways and compositions of insect gut symbionts is required. However, the high
throughput ‘metagenomic’ approaches allow us to understand the complex
properties of the microbiota, their dynamics and function in the natural system.
Various metagenomic approaches answer fundamental questions, such as which
organisms are present? (Taxonomic diversity), and what roles they play? (Functional
metagenomics) (Vieites et al. 2008).

The term ‘metagenomics’ was coined in 1998 (Handelsman et al. 1998). It helps
us to investigate complex microbial communities sampled directly from the envi-
ronment, without culturing or isolating a single organism. The so-called
‘metagenomics’ often involves sequence-based, compositional and/or functional
analyses of the combined microbial genomes contained within an environmental
sample, such as the insect gut (Handelsman et al. 1998). The amplification of specific
targeted genes, such as (V1toV9) of 16S rRNA, 18S rRNA, ribosomal ITS, NifH,
among others, by PCR before sequencing permit diversity analysis (Morgan and
Huttenhower 2012). The diversity, composition and dynamics of a microbial com-
munity largely define its effectiveness, specificity and reactivity for a certain func-
tion related to life, biogeochemical cycles and environmental mitigation (Allen and
Banfield 2005; Falkowski et al. 2008). In the past two decades, significant works
have been carried out to explore the components of microbial communities from
different niches at the molecular, organismic and ecological levels to reveal novel
enzymes, functional pathways and requisite organisms for various applications
(Green et al. 2008; Roussel et al. 2008).
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Metagenome sequencing has also become important approaches for exploring
biomass degrading mechanisms in wood-feeding insects. Several works have been
carried out to explore the diversity of microbiota inhabiting the mid- and hindgut of
higher (Warnecke et al. 2007) and lower termites (Todaka et al. 2007). However,
some studies revealed that symbiotic bacteria and protozoa in the hindgut of the
termite play an important role in the hydrolysis of cellulose and hemicellulose
(Nakashima et al. 2002; Tokuda and Watanabe 2007; Warnecke et al. 2007; Zhou
et al. 2007). Recently, numerous studies have been carried out using metagenomic
approach under next-generation sequencing platform to explore the microbial
communities associated with insects and their role in its survival and host—insect
relationship. In addition to metagenomic approach, metatrascriptomics (refers to
sequencing analysis of mRNA from a microbial population) and metaproteomics
(refers to the quantification and identification of all the proteins in a microbial
community) approaches have also been employed for better understanding of micro-
bial diversity and function in the environment.

6.5 Types and Approaches in Metagenomics

One of the most significant developments in the field of microbial ecology in the past
decade has been the advent of metagenomics and it is the explicit method of direct
analysis of genomes present in an environmental sample. The field initially started
with the cloning of environmental DNA, followed by functional expression screen-
ing (Handelsman et al. 1998) and was then quickly complemented by direct random
shotgun sequencing of DNA from various environmental samples (Tyson et al.
2004; Venter et al. 2004a, b). Metagenomics provides an insight into the composi-
tion of functional genes present in microbial communities and gives a much broader
description than usual phylogenetic surveys, which are based only on the diversity
analysis of one gene, i.e., 16S rRNA gene. It provides the valuable genetic informa-
tion on potentially novel biocatalysts or enzymes involved in various metabolic
pathways, genomic linkages between function and phylogeny of uncultured
organisms, and evolutionary relationship of community function and structure.
The types and approaches in metagenome analysis followed in various environmen-
tal fields are discussed hereunder.

6.5.1 Types of Metagenome Analysis

Two types of metagenomic analysis commonly used to unravel the microbial
identity and their composition for high throughput sequencing data are:
(i) amplicon-based analysis, which includes 16S ribosomal RNA for bacteria,
internal transcribed spacer (ITS) and 18S region for fungi and eukaryotes, respec-
tively, and (ii) whole metagenomic shotgun sequencing.
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Amplicon-Based Analysis

16S sequencing is a widely used technique that relies on the variable regions
(V1-V9) of the bacterial /6S rRNA gene to make community-wide taxonomic
assignments (Chakravorty et al. 2007). It is also used for microbial diversity analysis
and for various environmental samples, such as soil (Chong et al. 2012), human gut
(Dethlefsen et al. 2008) and various insect gut specimens (Hirsch et al. 2012a, b;
Malathi et al. 2018). Some degree of divergence is allowed during the sequence
similarity assessment stage of the analysis; typically, nearly identical sequences
(>97%) are clustered into Operational Taxonomical Units (OTU) (Morgan and
Huttenhower 2012). The limitation of this method is that if any two organisms
have the same /65 rRNA gene sequence, they may be classified as the same species
in a 16S analysis, even if they are from different species. Because 16S analysis is
based on the /65 rRNA gene and OTUs are designated as taxa, it is difficult to
discriminate between strains and, in some circumstances, closely related species. For
example, 16S analysis cannot distinguish Escherichia coli O157:H7 from E. coli
K-12 (Weinstock, 2012) but it can separate Shigella flexneri from E. coli (Hilton
et al., 2016). Similarly, the /8S rRNA is mainly used for taxonomic studies of fungi,
while the ITS region is widely adopted for analysing fungal diversity in environ-
mental samples (Bromberg et al. 2015).

Shotgun Metagenome Analysis

Shotgun metagenomic analysis has the ability to identify the majority of the
organisms (culturable and unculturable bacteria) in the environmental sample. It
helps to create a community biodiversity profile, which can be further utilized for
functional composition analysis of organism lineages (i.e., genera or taxa) (Tringe
et al. 2005). Before initiating a whole metagenomic study, an understanding of the
potential microbial diversity and the relative abundance of species in the environ-
mental sample is very important. Chen et al. (2018) carried out comparative shotgun
metagenome analysis of silkworm, Bombyx mori, and the sequence datasets not only
provide first insights into all bacterial genes in silkworm guts, but also help to
generate hypotheses for subsequent analysis of functional traits of gut microbiota.
A higher sequencing depth is required to detect a rare taxa from the given environ-
mental sample (Sharpton 2014). This makes shotgun metagenomic sequencing much
more expensive than 16S sequencing (Quail et al. 2012).

6.5.2 Approaches in Metagenome Analysis

There are two principal approaches in metagenome analysis: (i) the sequence-based
metagenomics, and (ii) functional metagenomics. Sequence-based metagenomics
involves metagenome sequencing and downstream data analysis, whereas functional
metagenomics involves screening of DNA or cDNA library for gene discovery.

Sequence-Based Metagenomics
Sequence-based analysis of metagenomic DNA from insect gut has been well
explored during the past decade to mine out the associated microbial communities.
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However, metagenome analysis was first carried out with the conventional Sanger
sequencing techniques, which are mainly used toward the /6S rRNA library or
metagenomic DNA library preparations (Smalla 2004). Warnecke et al. (2007)
prepared the metagenomic DNA library of termite hindgut symbiotic microbiota
with Sanger sequencing techniques, where approximately 71 million pairs of
sequence data were generated and assembled, but they are highly fragmented in
nature. In order to have a better understanding, 15 fosmids were selected for further
sequencing and analysis through shotgun method. The data have led to a compre-
hensive coverage and quantification of the microbial composition in termite gut
symbionts.

The advances in next-generation sequencing technology have offered the poten-
tial to revolutionize metagenome analysis (Marusina 2006). When next-generation
sequencing is used, the approach can be the direct shotgun sequencing of
metagenomic DNA. 454 sequencing technology is the first available next-generation
sequencing technique and the platform is based on ‘pyrosequencing’ and emulsion
PCR amplification (Margulies et al. 2005). The sequence read length for
454 sequencing can be up to 400 bases and the throughput is relatively lower at
400 million bases per run. The advantage of the 454 sequencing is the read length,
which makes it easier for the sequence assembly in de novo sequencing (Shendure
and Ji 2008; Yuan et al. 2008).

[lumina MiSeq, formerly known as Solexa, is based on the concept of ‘sequenc-
ing by synthesis’ (SBS) (Mardis 2008; Adams et al. 2009). With the latest develop-
ment of the technology, Illumina genome analyser can generate pairwise end
sequencing of 100 base pairs and 40 gigabase sequences per run. The two NGS
platforms are ABSOLiD and Helocus, both of which have similar sequencing
throughput and less sequence read-length (Mardis 2008). Thus, 454 and Illumina
have been the major approaches for metagenome sequencing, where 454 offer the
longer read length, while the strength of Illumina is the sequence throughput
(Stangier 2009). Recently, next-generation sequencing-based metagenome analysis
was carried out to explore microbial communities associated with major insect pest
of global importance (Hirsch et al. 2012a, b; Scully et al. 2013; Ranjith et al. 2016;
Jones et al. 2019; Harish et al. 2019).

Functional Metagenomics

Functional metagenomics involves screening for target genes in a library constructed
with metagenomic DNA or RNA (Allen et al. 2009). Generally, metagenomic DNA
can be stored stably as a DNA library for further investigation. Similarly, RNA can
be reverse transcribed to build a cDNA library. The information available within a
DNA or cDNA library can be used to determine community diversity and search for
the enzymes with a particular activity (Steele and Streit 2005).

In order to construct metagenomic DNA library, the basic steps include the
extraction of metagenomic DNA, the generation of suitably sized DNA fragments,
and the cloning of these fragments into an appropriate vector (Cowan et al. 2005).
For the construction of metagenomic cDNA library, total RNA will be extracted and
cDNA will be synthesized for building into a proper vector. Both types of libraries
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can be screened for genes of interest via DNA hybridization technique using the
probes of target genes or homologous genes (Demaneche et al. 2009). The approach
has been widely used to search for various genes from insect guts. Shen and Jacobs-
Lorena (1997) were the first to clone the chitinase gene from a cDNA library through
screening and showed that it got expressed exclusively in the midgut of Anopheles
gambiae adult females using Northern Blot techniques.

One of the major limitations of the traditional screening strategy is the need for
specific probes to a certain gene. The sensitivity and reproducibility often also
depend on the probe design. The combination of library screening with gene
expression and/or enzyme activity assay has been developed to overcome such
limitations. The method has been successfully applied to discover new genes and
enzymes with different activities.

One of the recent developments in the functional metagenomics is the use of
biosensor technology for gene discovery from the insect symbionts. Guan et al.
(2007) constructed a metagenomic DNA library of midgut microbiota of gypsy
moth, and analysed it using an intracellular screen named as METREX. The
biosensor detects compounds that induce the expression of GFP from a bacterial
quorum promoter by fluorescence microscopy or fluorescence-activated cell sorting
(Williamson et al. 2005). Further, they identified an active metagenomic clone
encoding a monooxygenase homologue that mediates a pathway of indole oxidation.
Further, the metagenomic analysis of whole gut microbiota in four subspecies of
termites revealed that they have shared conserved functional and carbohydrate-
active enzyme profile and specialized in cellulose and chitin degradation (Grieco
et al. 2019).

The functional metagenomics based on the cDNA library allows us to identify the
novel enzymes and the genes encoding for particular enzymes; however, the analysis
is limited often by the availability of probes for screening the cDNA library and the
assay for determination of function of specific protein (Moran et al. 2008; Chaves
et al. 2009). A more comprehensive approach is required to sequence the
metatranscriptome of microbial communities and annotate them to discover the
novel genes.

6.6  Steps Involved in Metagenomic Studies

Metagenomics is the study of collective genomes and genes from the members of a
microbiota residing at a particular environment. This collection is obtained through
sequencing of DNA extracted from an environmental sample followed by annotating
the sequence data in silico, thereby increasing the understanding of the dynamics of
the microbial community understudy. The various steps involved in insect
metagenomic studies (Fig. 6.2), and tools and techniques used in metagenome
sequence data analysis are discussed hereunder.
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6.6.1 Sample Preparation

The sample preparation step for metagenomic analysis is crucial and must be
carefully designed, with immediate analysis or freezing of samples for late analysis.
Proper care must be taken to avoid multiple freeze-thaw cycles, which can alter the
profile of the microbial community under investigation (Quince et al. 2017). The
insect specimens collected from field should be kept overnight for starving and
further immobilize them by treating with chloroform (100%). In order to make the
surface of insect free from other extraneous microbial communities, which may
interfere during the downstream analysis of gut microbiota, it should be surface
sterilized with an antibacterial agent, such as streptomycin (0.05%) for approxi-
mately 1 h. Further, the antibacterial agent should be removed by surface washing
with sufficient quantity of sterile water. As per the objective of study, the gut regions
of the insects should be dissected out with utmost care under aseptic conditions.
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6.6.2 Metagenomic DNA Extraction

Most of the insect gut metagenomic DNA extraction procedure has been adopted
from soil DNA isolation methods (Zhou et al. 1996) with slight modifications. In
metagenomic DNA isolation, two major strategies have been employed viz., cell
recovery method and the direct lysis method (Roose-Amsaleg et al. 2001). In the cell
recovery method, prior to cell lysis, the intact microorganisms associated with insect
gut will be isolated by following either frequent homogenization or differential
centrifugation or by gradient centrifugation in media, such as percoll or sucrose
(Hopkins et al. 1991; Robe et al. 2003). However, in the direct lysis method, either
SDS or CTAB containing buffer is used for extracting the metagenomic DNA. Some
commercially available kits can also be used for the extraction of metagenomic DNA
from uncultured organisms. However, the extraction protocol must be standardized
under laboratory conditions, since most of these kits are not designed specifically for
insect metagenomic DNA isolation.

6.6.3 Purification of Metagenomic DNA

If the total content of microorganisms from samples may not be efficiently extracted,
it may lead to loss of DNA diversity (Josefsen et al. 2015). Since the extracted
metagenomic DNA is prone to degradation by nucleases from the external environ-
ment, its integrity needs to be protected by inhibiting those enzymes with denaturing
agents, which are commonly available in commercial kits. It is also necessary to
remove the metal ions to avoid interference with DNA purification steps based on
ion exchange. Silica-based columns are also used to bind DNA under high pH and
salt concentrations, which helps to remove metal ion interferents (Bag et al. 2016).
The DNA interference from dead microbial cells may be eliminated by treatment
with propidium monoazide (PMA) or ethidium monoazide (EMA) before DNA
extraction. These are DNA intercalating agents that pass only through ruptured
membranes and after exposure of the treated cells to ultraviolet light; these agents
prevent PCR amplification of the DNA of dead cells (Mayo et al. 2014).

6.6.4 Metagenomic DNA Library Preparation

After metagenomic DNA extraction and purification, the DNA fragmentation and
insertion of adapters into the end regions of fragments will be carried out according
to various protocols, depending on the sequencing platform (Van Djick et al. 2014).
The DNA fragmentation can be performed with physical methods (i.e.,
ultrasonication), chemical reagents and enzymes with or without transposase activity
(Head et al. 2014). Enzymes with transposase activity are highly advantageous
because they perform both fragmentation and insertion of labelled or unlabelled
sequencing adapters simultaneously, depending on the protocol of choice.
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The sequencing adapters will be inserted in the DNA fragments and are specific to
each sequencing platform (Van Djick et al. 2014). The adapters are ligated to a
support or solid surface to enable spatial separation of fragments. Each fragment will
serve as a template for the synthesis of new fragments in the amplification phase and
different samples can be sequenced simultaneously during the process (Metzker
2010). The use of DNA indexes allows the processing of a pool of samples and
correlates a given fragment with its original sample. The Illumina® platform has a
unique indexing process that combines both the adapter and the indexes (barcodes)
instead of adding the indexes to the ends of the each mould molecule, as performed
for other sequencing platforms (Meyer and Kircher 2010).

For the preparation of libraries, two different approaches can be adopted:
(i) paired-end, and (ii) mate-pair. Libraries with short-sized inserts are called
paired-end libraries, whereas libraries with long-sized inserts are called mate-pair
libraries. Both libraries support the sequencing data to discriminate the physical
distance between two reads aligned in the reference genome. According to Van
Nieuwerburgh et al. (2012), the success of de novo assembly from short reads
depends on the determination of physical distance of the fragment, which is very
important to specify the order and orientation of a contig in the genome. Thus, the
preparation of a paired-end library is highly recommended to complete the regions of
the genome containing small gaps, because the short-sized fragments can easily fill
empty spaces and provide confirmation for the closing of a draft genome.

6.6.5 Purification of Metagenomic DNA Library

The generated libraries need to be purified before sequencing by selecting appropri-
ately sized fragments and removing free adapters, dimers of adapters and other
possible artifacts. This step can be performed with magnetic beads or agarose gel.
If dimers of adapters are not removed, they can form clusters in the flow cell and lead
to the generation of unwanted sequencing data (Head et al. 2014).

6.6.6 Metagenomic DNA Sequencing

The first step in metagenomic DNA sequencing is to choose a sequencing platform
of a particular manufacturer, with due attention given to the set of data generated
from the platform in each run (output). Among the companies that market sequenc-
ing platforms, Illumina® currently stands out for offering a variety of highly com-
patible platforms (Goodwin et al. 2016). In addition, Illumina® platforms provide the
highest high-throughput per run and the lowest cost per sequenced base among all
companies (Van Djick et al. 2014).

IMlumina® platform uses the Sequencing By Synthesis (SBS) technique coupled
with bridge amplification process in the flow cell (Shokralla et al. 2012). SBS
sequencing uses the enzymes, such as DNA polymerase or DNA ligase, for the
massive parallel amplification of template DNA. During the operation of SBS
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platforms, DNA polymerase adds labelled dNTPs on real time uninterruptedly,
which are easily distinguishable from nucleotides not incorporated into the template
DNA with the aids of an optical reader (Fuller et al. 2009).

Either single-end (SE) or paired-End (PE) sequencing can be opted and this
profoundly influences the downstream analysis. SE sequencing refers to sequencing
from a single end of the library fragment, whereas PE sequencing refers to sequenc-
ing from both ends of the fragment in a two-way elongation process (Van Djick et al.
2014). Paired-end sequencing is the most common approach and it is cost-effective,
because it generates two reads for the same fragment per run.

6.6.7 Metagenomic Sequence Data Analysis

Various pipelines are used for downstream analysis in different metagenomic
methods and the requisite bioinformatics’ tools (Table 6.1).

Shortgun Metagenome-Sequence Analysis

Pre-Processing of Sequence Reads

The raw reads generated from the next-generation sequencing platform are subjected
to adapter trimming, quality filtration and de-replication. If the metagenomic sample
is isolated from a host organism, then host contamination is typically removed by
aligning to the reference genome of the host organism, using Bowtie2 or other short-
read mapper (Oulas et al. 2015).

De Novo Assembly

Assembly is computationally expensive and it requires sophisticated algorithms
based on de Bruijn graphs. Tools that are specifically designed for metagenomic
applications are mainly built on de Bruijn graph algorithms. A few common
metagenomics assembly tools include CLC workbench, Meta-Ray, MetaVelvet-
SL, MetaVelvet, Meta-IDBASOAP and metaSPAdes (Nurk et al. 2017; Luo et al.
2012). If an appropriate reference metagenome is available in the database, a
reference-based assembly may be performed (Nagarajan et al. 2010).

Binning

Binning is the process of clustering the reads or contigs into a highly similar groups,
and assigning the groups to specific taxa, such as species, subspecies or genera. Two
types of algorithms are available: (a) composition-based binning, and (b) similarity-
based binning. Certain binning tools make use of hybrid approaches, which run both
kinds of algorithms. In composition-based binning, the groups occur in a supervised
or semi-supervised manner, where the DNA fragments are with similar composition,
whereas in similarity-based binning, it aligns the DNA fragments to database or
reference sequences (Leung et al. 2011).
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Annotation

Annotation is the prediction of CDS (coding DNA sequences) of the genome,
followed by its functional assignment based on similarity searches of query
sequences against databases containing a known functional and/or taxonomic infor-
mation. The taxonomic information can be displayed using Krona, which plays
hierarchical data as an interactive multi-layered pie-chart (Ondov et al. 2011). The
predicted genes are annotated to identify homologous genes using Gene ontology
terms, KEGG pathways, protein families using Pfam or TIGRfams, clusters of
orthologous genes (COGs/KOGs) or orthologous families and functional motifs
using Inter Pro. Some tools, such as Kaiju, assign taxonomy status using a reference
database, and also integrate the Krona tool for visualization of taxonomic composi-
tion, whereas COGNIZER can be used for functional annotation, which applies a
new approach of search strategy that helps in reducing the computational
requirements (Gosh et al. 2018).

Amplicon-Based Metagenomic Analysis

Pre-Processing of Reads for Amplicon Analysis

During this process, the raw files generated from the next-generation sequencing
platform will be subjected to de-multiplexing, adapter trimming, and quality filtra-
tion (Plummer et al. 2015) and the detection of PCR chimera and its removal will be
carried out using UCHIME algorithm (Sinclair et al. 2015).

OTU Picking and Taxonomic Assignment

OTU picking groups are the similar sequences by clustering or a similarity-based
method. OUT picking in the most popular tool QIIME is performed using the
UCLUST programme. The UCLUST program uses the algorithm USEARCH to
assign the sequences to clusters (Edgar 2010). Each OUT represents a cluster of
sequences with similarity greater than a threshold, typically 97-98%, which is then
assigned to a corresponding taxonomic group. There are various OUT picking
strategies: (1) De novo, wherein the reads are clustered without reference to
known sequences; (2) Closed-reference, where the reads are clustered based on the
alignment to a reference database; or (3) Open reference method, where clusters read
against a reference database and also clusters unaligned reads using a de novo
approach. All these methods are incorporated in the tool, QIIME (Oulas et al. 2015).

Statistical Analysis
The taxonomic tree in Newick format can be obtained from QIIME tool and it can be
visualized using any tree display tool, such as FigTree. The alpha diversity measures
the variability within a single population, which measures the richness, dominance
and evenness. Rarefaction analysis is used to assess the coverage of the microbial
community contained in the sample and the resultant rarefaction curves plot the
sample size versus the estimated number of genera (Jaenicke et al. 2011).

Beta diversity measures the diversity across many samples or populations, which
is calculated using various matrices, such as weighted and unweighted UniFrac and
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PCoA (Principal Coordinate Analysis). It includes the absolute or relative overlap
between the samples for estimating the taxa shared among them. The calculation of
both the alpha and beta diversity is well supported by QIIME tool.

Phylogenetic Analysis

The phylogenetic analysis helps in identifying the species and its lineages at
taxonomic levels. The various tools used for analysing the phylogenetic relationship
in metagenomes are AmphoraNet, TIPP (taxonomic identification and phylogenetic
profiling) and Phylosift (Gosh et al. 2018).

Functional Analysis

In order to predict the functional composition of microbial communities from the
16S profile, the tool PICRUSt can be used. It employs an extended ancestral-state
reconstruction algorithm, which predicts the gene families and further combines the
gene families to estimate the composite metagenome. The annotation of the
predicted gene family counts can be obtained from orthologous groups of gene
families, KOGs, COGs, NOGs, or Pfam families (Langille et al. 2013).

6.7 Metagenome Analysis of Insect Pests: An Overview

Nowadays, the insect-associated microbial communities are attracting wide attention
mainly because of their ecological and economic importance. Microorganisms have
been investigated for their profound influence on their host partner by directly
mediating interactions with other species or indirectly by impacting the host genetic
diversity. Moreover, microorganisms can help insects to counteract the defence
mechanisms offered by the host plants, provide protection against natural enemies,
influence the reproductive ability and help to survive on nutritionally marginal diets
(Ferrari and Vavre 2011). Recently, the study of host-microorganism interactions
has attracted a wide attention with the introduction of metagenomic techniques. A
wide range of research described the insect-associated microbial community using
metagenomic tools and the glimpse on metagenome analysis of insect pests of global
importance are discussed hereunder.

6.7.1 Termites

Termites pose serious threat to a wide range of agricultural crops, structures,
especially wooden materials and prove themselves a major insect-pest to human-
kind. The gut of termite is a rich reservoir of microbes, belongs to Bacteria, Archea
and Euckarya and the higher termites are capable of digesting the lignocellulose in
various stages of humification with the help of an array of symbiotic prokaryotic
microbiota housed in their compartmented intestinal tract. The metagenomic
profiling of hindgut pouches of wood (Amitermes wheeleri) and dung (Nasutitermes
corniger) feeding termites based on /6S rRNA pyro-sequencing revealed that
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Firmicutes and Spirochaetes were the most abundant phyla in A. wheeleri in con-
trast to N.corniger where Spirochaetes and Fibrobacteres dominated. Further,
functional analysis revealed that the microbiota associated with A. wheeleri involved
in hemicellulose breakdown and fixed-nitrogen utilization, whereas, those associated
with N. corniger possess glycoside hydrolases attacking celluloses and nitrogen
fixation genes (He et al. 2013).

Later on, metagenomic profiling of highly compartmented hindgut of six wood or
soil feeding termite reveals that P1 compartment of the most of termite species
is dominated by Firmicutes, whereas P4 is generally more diverse when compared to
other compartments and displayed an increasing abundance of Bacteroidetes
(Rossmassler et al. 2015). Metagenomic analysis of whole gut microbiota in seven
species of termites (Termitidae) with different feeding habits from four locations at
Brazil reveals that in termite species feeding on litter, the bacteria belong to the
phylum Firmicutes are abundant, whereas in humus feeding termite species, the
bacteria belonging to the phylum Proteobacteria are abundant. The gut microbiota of
all four examined subfamilies of termites shared a conserved functional
carbohydrate-active enzyme profile specialized for cellulose and chitin degradation
(Grieco et al. 2019).

6.7.2 Pea Aphid, Acyrthosiphon pisum

The pea aphid, Acyrthosiphon pisum, a pest of legume crops represents a well-
studied case of symbiotic associations. The 454 pyro-sequencing of pea aphid
resulted in a range of 2838-16,637 sequence reads with a median of 4199 reads
per sample. In total, Buchnera sequences comprised an average of 88.4% of the
sequence reads followed by Serratia symbiotica with an average sequence read
abundance of 4.3%. The X-type, Rickettsia, H. defensa and R. insecticola were
next in read abundance, ranging from 1.2 to 1.7% of sequence reads, on average,
across all samples (Russell et al. 2013).

The diversity analysis of bacterial communities associated with nine biotypes of
the pea aphid complex using pyro-sequencing of /6S rRNA genes reveals that
Spiroplasma was the most dominant taxon in number of sequences (48%) followed
by Rickettsia (25%) and Buchnera (21%) (Gauthier et al. 2015). Cariou et al. (2018)
compared both /6S rDNA amplicon sequencing and hybridization capture for pea
aphid microbiota diversity analysis and found that both the methods provide descrip-
tion of 8 bacterial taxa, namely Buchnera aphidicola, Hamiltonella defensa,
Rickettsiella viridis, Rickettsia sp., Regiella insecticola, Fukatsuia, Serratia
symbiotica and Spiroplasma sp. and considered as qualitatively and quantitatively
robust on such a sample with low microbial complexity.
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6.7.3 Boll Worm, Helicoverpa Armigera

Helicoverpa armigera (Hiibner), commonly known as American bollworm or gram
caterpillar or tomato fruit borer, is a polyphagous insect pest known to infest many
economically important crops throughout the world. The dreaded nature of this pest
is attributed to number of factors, among which the gut microbiota also play a major
role to thrive in various crop ecosystem. T-FRLP analysis of the gut bacterial
community associated with H. armigera from tomato, chickpea and cotton crops
at different locations showed that among the 12 bacterial phylotypes detected,
Enterococcus faecalis and Enterobacter sp. were the major phylotypes found in all
the larvae regardless of the crop or location of samples collected including artificial
diets (Priya et al. 2012).

Further, Ranjith et al. (2016) analysed the composition and diversity of gut
bacterial communities associated with H. armigera based on Illumina Next-
Generation Sequencing (NGS) of 16S ribosomal RNA. The NGS dataset consisted
of 864,813 high-quality paired end sequences with mean length of 150 base pairs. A
highly diverse groups of bacteria were present in the sample with an approximate of
2303 operational taxonomic units (OTUs). A total of 17 bacterial phyla, 34 classes,
84 orders, 173 families, 334 genera, and 707 species were deduced from the
sequence analysis. Actinobacteria was the most dominant taxon, followed by
Proteobacteria and Firmicutes. Dar et al. (2018) identified cellulose degrading
bacteria Klebsiella sp. MD21 from the gut of cotton bollworm, Helicoverpa
armigera based on 16S rRNA gene sequencing and demonstrated that H. armigera
can be used as source of cellulolytic bacteria, which can be utilized in both
biorefinery and pulp industries.

6.7.4 Whitefly, Bemisia tabaci

Silverleaf whitefly, Bemisia tabaci (Gennadius), is one of the polyphagous sucking
insect pests, infesting more than 900 species of plants and serve as a vector for
spreading more than 200 viral diseases. Harish et al. (2019) studied the composition
of bacterial communities associated with whitefly infesting cassava from two differ-
ent zones (zone P: plains; zone H: high ranges) of Kerala, India, using the next-
generation sequencing of /6S rDNA. Sequence analysis revealed a marked differ-
ence in the relative abundance of gut inhabiting bacteria present in the populations.
In the P population, the taxonomic status of bacteria identified were 16 phyla,
27 classes, 56 orders, 91 families, 236 genera and 409 species, whereas in H
population, it was earmarked as 16, 31, 60, 88, 225 and 355, respectively. The
most dominant bacterium present in P population was Arsenophonus
sp. (Enterobacteriaceae), which aids in virus transmission, whereas in the H popula-
tion, Bacillus sp. was found relatively abundant. This study pinpoints the association
between whitefly biotypes and secondary symbionts and the role of bacteria in
modifying the host characteristics, such as transmission of various virus groups,
expanding the host range, imparting the insecticide resistance and speciation.
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The comparative analysis of endosymbionts present in 21 globally collected
species in the B. tabaci complex, and two samples of B. afer using PacBio sequenc-
ing of full-length bacterial /6S rRNA gene amplicons revealed the new putative
bacteria and one among them was Halomonas, first confirmed to be present in MED
B. Tabaci (Indiragandhi et al. 2010). Similarly, new secondary endosymbiotic
strains of Rickettsia and Arsenophonus were also found associated with the whitefly
samples collected from different locations (Wang et al. 2019).

Shah et al. (2020) characterized bacterial communities present in wild adult
B. tabaci infesting cotton plants in eight major cotton growing districts of southern
Punjab, Pakistan based on 16S rDNA next-generation sequencing and identified
50 known and 7 unknown genera of bacteria belonging to 10 phyla, 20 classes,
30 orders and 40 families. Proteobacteria was the most abundant phylum followed
by Bacteriodetes, Firmicutes and Actinobacteria.

6.7.5 Diamond Back Moth, Plutella xylostella (L.)

The diamond back moth, Plutella xylostella (L.) (Lepidoptera: Plutellidae), is one of
the most destructive insect pests infesting the cruciferous vegetables, such as
cabbage, broccoli and cauliflower across the globe. The first report of high-
throughput DNA sequencing of the entire microbiota of DBM reveals that more
than 97% of the bacteria were from three orders, namely Enterobacteriales,
Vibrionales and Lactobacillales. Both chlorpyriphos and fipronil resistant lines
used in the study had more Lactobacillales and the much scarcer taxa
Pseudomonadales and Xanthomonadales with fewer Enterobacteriales compared
with the susceptible strain and this is consistent with the hypothesis that
Lactobacillales or other scarcer taxa play a role in conferring DBM insecticide
resistance (Xia et al. 2013).

Metagenomic analysis of diamond back moth reveals that the phylum,
Proteobacteria was the dominant taxon in the P. xylostella gut microbiota, followed
by Firmicutes. Functional metagenome analysis reveals the role of gut bacteria in
metabolic activities associated with glycans, carbohydrates, amino acids, vitamins,
xenobiotics and terpenoids, which are linked to digestion, nutrition and detoxifica-
tion. The most enriched functions within these activities were carbohydrate metabo-
lism and amino acid metabolism (nutrition), followed by xenobiotic degradation and
terpenoid metabolism (detoxification of plant defensive compounds) (Xia et al.
2017).

6.8 Application of Metagenomics in Insect Pest Management

Metagenomics has wide range of application from clinical to environmental
samples, from food safety to industrial waste and also in identifying the pathogens,
which can infest various hosts including humans and animals. Metagenome analysis
provides the information on both the diversity and function of microbiota associated
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with insect pest. These inherent gut microbiota play a crucial role in its insect
survival by upgrading the nutrient status of diet, aids in digestion of recalcitrant
food, protection from parasites, pathogens, lethal insecticidal molecules and devel-
opment and maintenance of host immune system (Gill et al. 2004; Wernegreen
2002). The metagenomics offers new technologies and conceptual approaches to the
entomologists by facilitating the study of impacts of microbes on insect function and
to adopt various pest control strategies based on manipulation of microbial partners.

The application of insect metagenomic studies in formulating various novel
approaches in pest management and few are discussed hereunder.

6.8.1 Improve Biosurveillance Programme

Metagenomics techniques can be used to improve bio-surveillance programmes, as a
tool to detect the arrival, origin, invasion pathways and adaptation traits of invasive
species (Roe et al. 2018) in different ecosystems. It can be employed in the
monitoring of critical areas viz., port of entry where massive trapping is the most
common practice followed to identify the arrival of invasive insect species (Rassati
et al. 2018; Poland and Rassati 2018; Rassati et al. 2015). This regular mass trapping
is time-consuming and laborious process, often requires extensive taxonomic knowl-
edge of different systematic groups. However, the metagenome analysis simplifies
the process by analysing the entire genetic pool of single traps, and detecting not
only the arrival of an invasive insect species, but also likely plant pathogens
(Malacrino et al. 2017; Roe et al. 2018).

6.8.2 Suppression of Vector Competence of Insects

On the basis of comparative metagenome analysis, Hajeri et al. (2014) developed a
novel method of RNAi mediated control for the Asian citrus psyllid, Diaphorina
citri, a vector for multiple citrus diseases, by modifying the genome of the citrus
tristeza virus into a stable vector producing dsRNA. The progeny of D. citri
individuals feeding on plants infected with the modified virus showed increased
mortality.

6.8.3 Manipulation of Host Range of Insect Pests

Microbial symbionts play a major role in determining the host range of phytopha-
gous insects, but persuasive evidence is rare (Hansen and Moran 2014). However,
exceptional phenomenon has been noticed in two plataspid stinkbugs, Megacopta
punctatissima and M. cribraria. In their native range in Japan, M. punctatissima is an
agricultural pest, especially of soybean crops, but M. cribraria performs very poorly
on soybean. Metagenome profiling reveals that the capacity of M. punctatissima to
utilize soybean is mediated by the bacterial symbiont Ishikawaella localized to the
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distal portion of the insect gut. When the newly hatched nymphs of M. punctatissima
were administered with Ishikawaella symbiont of the other species, M. cribaria
leads to poor consumption with high mortality on soybean (Hosokawa et al. 2007).
The Megacopta association has great potential for manipulation to suppress the
infestation of soybean crops because heterologous associations can be generated
very easily by feeding neonate nymphs on symbionts from a different insect species
and the acquired partner is then transmitted vertically with high fidelity (Hosokawa
et al. 2005).

6.8.4 Heterologous Symbionts those Are Insecticidal

Many insect-microbial associations are co-evolved, with the implication that certain
microorganisms that are benign in their native insect host may be deleterious when
introduced to a different insect. Incompatibility can occur naturally on hybridization
between two related insect species with maternally inherited symbionts. This phe-
nomenon has been demonstrated very clearly through metagenomic profiling of two
species of jewel wasps, Nasonia vitripennis and N. girauldi, with genetic evidence
that interspecific crosses yield incompatibilities between a maternally inherited
‘factor’ and the nuclear genome of the hybrid (Breeuwer and Werren 1995). Identi-
fication of the microbial symbionts as the ‘factor’ comes from the finding that
antibiotic treatment protects against hybrid lethality and that lethality is revived by
adding back specific gut bacteria, Providencia sp. and Proteus mirabilis, derived
from each of the two parental jewel wasp species (Brucker and Bordenstein 2013).
The high populations of P. mirabilis in hybrid insects are indicative of immunologi-
cal dysfunction even though the underlying mechanisms are not understood fully
(Chandler and Turelli 2014).

For application to control insect pests, there are two key requirements: (1) the pest
and non-pest species hybridize under field conditions, yielding viable progeny; and
(2) an association can be constructed between the non-pest species and microorgan-
ism(s) that are benign in the non-pest species but lethal to hybrids between the
non-pest and pest species, as well as posing no risk to other species or the wider
environment. Under these conditions, implementation would have many parallels to
the sterile insect technique, but with the mass release of the non-pest species bearing
the microorganisms instead of sterile conspecific male insects.

6.8.5 Paratransgenesis and Induced Lethality in Insect Pests

The most developed application of genetically modified microorganisms in insect
pest control is paratransgenesis, which can be defined as the alteration of insect traits
by genetic manipulation of associated microorganisms (Beard et al. 1998). The
potential of this technology in insect pest control has been appreciated for more
than twenty years (Beard et al. 1993), especially in relation to mosquito vectors of
human disease agents. The key requirements for paratransgenesis are that the
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microbial partner is culturable under ideal condition and amenable to genetic
manipulation as well as readily transmitted among insects to facilitate the transfer
of the desired trait (Beard et al. 2002). The possibility of using this technique to
manage the agriculturally important insect pests is to be thoroughly explored with
metagenome analysis.

6.8.6 Genetically Modified Microorganisms as Insecticides

Genetic technologies can be applied to modify microorganisms to express traits that
are virulent to the insect. The use of microorganisms for delivery of dsRNA relates to
the promise of RNA-interference (RNAI) to target insect pests by suppressing the
expression of essential insect genes. In planta RNAI is now used widely in research
on herbivorous insects, with an insecticidal RNAi against the Western corn
rootworm Diabrotica virgifera virgifera reported to be close to commercial release
in transgenic corn. In addition, the environmental release of dsRNA against insect
pests found associated with soils, water and other natural habitats are being pro-
moted by advanced encapsulation technologies (Scott et al. 2013).

6.8.7 Elimination of Vertically Transmitted Obligate Microbial
Partner

The goal of targeting microbial partners is to control insect pests by eliminating the
microorganisms required for sustained insect growth, reproduction and survival.
Unlike the use of heterologous or genetically modified microorganisms, which
involve the administration of microorganisms to insects, this strategy involves the
use of specific symbiocides, i.e., effectors that perturb the resident microbial partners
and their interactions with the insect.

The insect systems ideally suited to this strategy involve bacteria that are
localized to specialized insect cells known as bacteriocytes. Because the bacterial
partners are obligately vertically transmitted and unknown apart from their insect
hosts (Buchner 1965; Douglas 1989) a treated insect cannot regain the association
horizontally from other insects or the environment.

A strong motivation to develop methods that target the bacteriocyte symbioses
comes from the expectation of specific molecular targets linked to the coevolution-
ary interactions between the participating insect and microbial lineages (Douglas
2015). This can be explicitly studied based on metagenome analysis of pest taxa
potentially amenable to this strategy include sap feeding hemipterans (aphids,
whiteflies, planthoppers, leafthoppers etc.), and various xylophagous and stored
product coleopteran pests (many curculionids and chrysomelids, the anobids and
bostrychids).

Grape plants transformed with constructs coding the anti-microbial peptide,
cecropin B, with either melittin or elastase, reduced the Xylella abundance and
disease symptoms in the plants (Dandekar et al. 2012; Li et al. 2015). The
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antimicrobials circulating in the xylem sap of these plants are presumably ingested
by the xylem-feeding insects, including the leafthoppers that vector Xylella, but their
activity against the obligate bacterial symbionts in the leafhoppers (Wu et al. 2006)
needs to be investigated. The feasibility of selective symbiocides is supported further
by the relative ease with which orally delivered antibiotics and antibodies can cross
the gut wall to the hemocoel and internal organs of insects (Bonning and Chougule
2014; Jeffers and Roe 2008).

6.8.8 Elimination of Horizontally Transmitted Obligate Microbial
Partner

This strategy combines the use of genetically modified microorganisms as a delivery
vehicle to target obligate microbial partners. Gut metagenome analysis reveals that
the lower termites are absolutely dependent on cellulose degrading trichomonad and
hypermastigote protists in their hindgut, providing an opportunity to control the pest
by targeting the protist symbionts. Various antimicrobial peptides, including
melittin, cecropin, and the synthetic product Hecate have been demonstrated to
lyse these protists, but their application has been constrained by challenges in their
delivery to the hindgut. This limitation has been overcome by using microorganisms
as the delivery vehicle to target the obligate symbiont of the insect pest instead of the
insect.

The commercially available yeast, Kluyveromyces lactis, engineered to express
melittin was used as microbial delivery vehicle and administrated to the termite
Coptotermes formosanus was found effective in eliminating the protists without
detectable direct damage to the insect gut (Husseneder et al. 2016). It was also
demonstrated that a bacterial isolate from C. formosanus, Trabulsiella
odontotermitis, is genetically transformable and transmitted efficiently among
termites (Tikhe et al. 2016) and offers a route to use a natural symbiont as the
delivery vehicle for the toxic peptides.

6.9 Future Perspective

The study of insect metagenome analysis yields valuable information on role of
different groups of microbes in insect physiology, pest management, evolutionary
relationships and the tritrophic interactions existing in the nature. It also gives an
insight into the various microbe derived novel biocatalysts, which can be used for
various applications, including pest management and biorefinery development. In
particular, the gut systems of many herbivore insects can be considered as effective
bioreactors, where biomass material can be deconstructed for the synthesis of
various bioproducts important for insect growth and development (Breznak 2004).
The coordinative function of both host insect and symbiont derived enzymes plays
an important role in biomass processing and degradation. Thus, study of insect gut
symbiotic microbiota at the systems level will enable us to design the next-
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generation biorefinery for various levels of industrial applications. Similarly, the
insect microbiome analysis provides the role of different microbiota in insect
survival and development in a particular environment.

The insect metagenome analysis has experienced dramatic changes during the
past two decades. The initial studies of insect gut microbes were based on culture-
dependent platforms, which provided a very limited information on the diversity and
functions. The culture-dependent analysis was quickly replaced and complemented
by the advancement in molecular techniques, which is a key partner in culture
independent methods. The molecular fingerprinting techniques, like DGGE, SSCP,
RFLP and FISH, allow us to better explore the complexity of natural microbial
communities present in an ecosystem. However, the development of metagenomic
approaches and the advancements in next-generation sequencing techniques allow
us to explore the metagenomes from insect gut symbiotic microbiota to an unprece-
dented depth and comprehensiveness.

In addition to metagenomics, metatranscriptomic and metaproteomic profilings
are also providing important information regarding the function of insect hosts and
symbionts from different perspectives. The integration of information will lead to a
systems-level understanding of insect gut as the system for biomass deconstruction,
nutrient biosynthesis and to formulate various novel approaches in pest manage-
ment. Despite significant progresses, several aspects of research need to be
emphasized to better exploit insect gut systems for various biotechnology
applications.

Though the metagenomic approach provided a thorough knowledge on the
microbial census in the insect gut, identification of novel genes and the development
of potential biotechnological applications is a great challenge due to the presence of
both diverse microbial communities and the variability existing in their genomes.
Most of the bioinformatics programmes are designed for collecting and depositing of
the metagenomic sequence composition, and their respective data management.
However, more sophisticated bioinformatics tools are yet to be developed to analyse
the hitherto unexplored microbial genes of insect gut metagenomics. Though the
new high throughput next sequencing technologies enable us for identifying a novel
candidate gene, the assay for protein function exemplify one of the most important
and inimitable tools for identifying their target genes. Thus, the development of high
throughput functional screening methods will also be necessary to assess the func-
tional role in particular system.

Most of the insect metagenomic studies are focusing merely on exploring the gut
microbial composition and their functional diversity. However, metagenome analy-
sis also provides valuable information to formulate various pest management
strategies based on manipulation of insect-associated microorganisms. The status
of the various strategies varies from generalized concepts and experimental proof-of-
principle under defined laboratory conditions to products suitable for field applica-
tion and ongoing field trials in multiple countries. Furthermore, knowledge of the
molecular basis of most strategies on microbial manipulations offers the opportunity
for modification of the product in response to a novel insect pest and resistance
evolution in insect pests.
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6.10 Conclusions

Insect-associated microbial communities are attracting increasing interest nowadays,
mainly because of their ecological and economic importance. They play essential
roles in the growth, development, pathogenesis and environmental adaptation of host
insects. At present, we are capable of exploring the microbial communities
associated with insects, their composition, diversity and interaction with their
hosts. In particular, the modern molecular techniques, metagenomics revolutionized
the field with enormous data to enable unprecedented understanding of insect gut
symbiotic microbiota and their interactions with hosts. The metagenome approaches
together with the recent advancements in next-generation sequencing provide enor-
mous sequencing information, allowing in-depth microbial diversity analysis and
modelling of pathways for biological processes, such as biomass degradation. In
addition, insect gut metagenome analysis data also provide conceptual approaches to
the plant protection specialists to formulate various novel pest management
strategies based on manipulation of insect-associated microorganisms. Certainly,
metagenomics in combination with metaproteomic and metatranscriptomic
approaches and modern bioinformatics tools enable us to retrieve pivotal informa-
tion that can effectively be used in combating ravages of insect pests.

6.11 Points to Be Remember

* Insects, the most successful groups in animal kingdom, harbour diverse groups of
microbes viz., bacteria, archaea, fungi, protozoa and viruses.

* These microbes are associated with their host insects permanently or transiently
and such associations may be beneficial or harmful to the host insects under
various instances.

* The initial studies of insect microbiome were based on culture-dependent
platforms, which provided very limited information for the diversity and
functions of insect gut symbiotic microbiota.

» This classical approach was quickly replaced and complemented by traditional
molecular approaches, like gene specific PCR, molecular fingerprinting
techniques (DGGE or TGGE, RFLP, SSCP and RAPD) and FISH allowed us
to better explore the complexity of natural microbial communities.

* The recently developed metagenome sequencing techniques, in particular, the
advancements in next-generation sequencing techniques allow us to explore the
metagenomes from insect gut symbiotic microbiota to an unprecedented depth
and comprehensiveness.

* Two types of metagenomic analysis are commonly used to unravel the identity
and composition of microbes for a high throughput sequencing data are amplicon-
based analysis and shotgun metagenome analysis and the two principal
approaches in metagenome analysis are sequence-based metagenomics and func-
tional metagenomics.
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e The major steps involved in metagenomic studies include sample preparation,
extraction and purification of metagenomic DNA, metagenomic DNA library
preparation, sequencing under various next-generation platforms, sequence data
analysis and interpretation.

* Recently, a number of researches have been carried out to explore metagenome of
insect pest of global importance, viz. termite, pea aphid, cotton bollworm, silver
leaf whitefly, diamond back moth, etc. reveals the crucial role played by the
microbes in insect nutrition, protection from parasites, pathogens, lethal insecti-
cidal molecules and development and maintenance of immune system.

¢ Insect metagenomic research will aid in formulation of various novel pest man-
agement approaches viz, improved bio-surveillance programme, suppression of
vector competence of insects, manipulation of insect host range, use of heterolo-
gous symbionts, paratransgenesis and induce lethality in insects, genetically
modified microorganisms as insecticides and elimination of both vertically and
horizontally transmitted obligate microbial partners.
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