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ABSTRACT

Dragonflies, with their intricate wing venation, hold immense fascination for
scientists across disciplines. These structures, particularly the forewing and
hindwing venation patterns, have long fascinated biologists due to their diversity and
functional significance. This thesis delves into a multifaceted exploration of
dragonfly biology, encompassing their wing venation, embryology, predatory

potential, gut bacterial microbiome, and wing resilin protein.

Firstly, the study examines the remarkable venation patterns of selected
dragonfly species wings, elucidating their structural adaptations and aerodynamic
implications. For the study purposes, we documented the wing venation pattern of
26 dragonfly species forewings and hindwings. Dragonfly wings are characterized
by a network of veins and cross-veins that provide structural support and
aerodynamic efficiency during flight. The forewing and hindwing of dragonflies
exhibit distinct venation patterns, which vary across species. Major veins, such as
the costa, subcosta, radius, and media, form the framework of the wing, while cross-
veins connect these major veins, contributing to wing rigidity and flexibility. The
arrangement and density of these veins and cross-veins can differ significantly
between species, reflecting adaptations to specific ecological niches and flight
requirements. From the study, we revealed that hindwings exhibits high level of
structural variations as compared to forwings and these variations connected to the
flying adaptation of an organisms. Intrestingly, the morphological modifications of
wing patterns in forewing and hindwings are controlled by natural selection pressure
not by evolutionary force, which confirmed that ecology play an important role in

the flight adapation of dragonflies.

The gut microbiome plays a crucial role in various aspects of insect
physiology, including digestion, immunity, and development. Recent studies have
suggested a potential link between the gut microbiome composition and the
morphological traits of insects, particularly wing size variations. For the study
purposes, we compared the gut bacterial microbiome of migratory and non-
migratory species: Pantala flavescens and Neurothemis tullia. There is a significant

difference in the diversity of gut bacterial communities of the the dragonfly species.



Some bacterial group shows specificity towards P. flavescens like Aeromonas,
Paraclostridium, Myroides, Pseudocitrobacter, Vagococcus and Weissella. Bacterial
genus Paracoccus, Janthinobacterium, and Romboutsia are specific to N. tullia. In
addition to that, the variation in the abundance of bacterial communities has been

not limited to species wise, it also observed in the male and female dragonflies.

The wandering glider (Pantala flavescens) is a remarkable migratory
dragonfly species known for its extensive transcontinental movements. This thesis
investigates the migratory behavior of wandering gliders, focusing on the embryonic
and post-embryonic development stages, as well as their predatory potential. For the
embryonic and post-embryonic development, we developed a novel culture method,
developed a nutrient solution for the mass rearing of wandering glider. The
predatory potential of wandering glider is proved that the wandering glider could be
used as a strong biocontrol agent for mosquito control in an ecological effective
manner. The novel nutrient composition increases the physiological activies as well

as the predatory potential of the wandering glider.

The intricate relationship between dragonfly wing morphology and the role
of resilin proteins in providing structural integrity and elasticity to the wings. By
investigating the intricate details of dragonfly wing structure and the properties of
resilin proteins, this research aims to shed light on the adaptive mechanisms that
enable dragonflies to achieve exceptional flight performance. This is the first study
deals with the isolation, sequencing and characterization of wing resilin. As per the
current records, only two resilin proteins identified from the two species of the
dragonfly species. As per the records, in India there is no proper study related to
wing resilin proteins. Furthermore, the role of wing resilin protein in conferring
mechanical resilience and flexibility to dragonfly wings is investigated, unveiling

strategies for biomimetic material design and engineering applications.

Collectively, these diverse facets of dragonfly biology present a rich tapestry
of research opportunities with implications ranging from fundamental science to
technological innovation. Harnessing insights from dragonfly biology holds promise
for advancements in fields as varied as bioinspired design, ecological conservation,

and biomedical engineering.
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GENERAL INTRODUCTION

donata is one of the ancient groups of insects, and this order appeared

about 250 million years ago during the Carboniferous era (Subramanian,

2005). The insect Order Odonata comprises three suborders: the
Zygoptera (damselflies), the Anisoptera (dragonflies), and the Anisozygoptera. Over
6300 Odonate species have been identified worldwide, 493 in India, 196 in the
Western Ghats, and 175 in Kerala (Jose & Chandran, 2020). Among these, the
damselflies are very thin-bodied insects with very weak flying ability, whereas the
dragonflies are active fliers with robust body types. These are hemimetabolous
insects with three life stages: egg, naiads, and adult stage. The naiads of Odonata are
aquatic, and their adult forms are terrestrial. These adult Odonates are mainly seen
near the water bodies. Most of the Odonates show sexual dimorphism when they
attain maturation, but the newly emerged male and female dragonflies will look

similar.

An adult dragonfly’s body is divided into a head, thorax, and abdomen. The
head region of Odonates is mostly covered with compound eyes, which gives them
360° vision, and helps them capture prey. Their antenna is tiny, with about 3 to 7
antennal segments. As these Odonates are predatory insects, they exhibit biting
mouthparts. The dragonfly thorax consists of three segments: prothorax,
mesothorax, and metathorax. The meso-and meta thorax of these insects fused to
form the pterothorax. The three pairs of legs and two pairs of wings are attached to
the thoracic region of the dragonflies. The legs of Odonates help them catch and
hold the prey. The abdomen of the dragonflies is long and cylindrical with ten

abdominal segments, and the tenth abdominal segment bears the anal appendages.
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The male dragonflies' second and third abdominal segments are modified to bear the

secondary genitalia.

The naiads and adult forms of dragonflies and damselflies are carnivorous.
Birds, fishes, lizards, and frogs are some of the primary predators of these insects.
Economically, these Odonates play many significant roles. These dragonflies are
major predators of many noxious pests and vectors (mosquitoes, blackflies, etc).
Also, these Odonates are very sensitive to pollution, so they are good bioindicators
of water quality, eg., Brachythemis contaminata (Libellulidae), which is mainly seen
near polluted water bodies. Dragonflies also play a significant role in the wetland
ecosystem. Any threats to the aquatic ecosystem like pollution, eutrophication,
overexploitation, degradation of the habitats, exotic species invasion, etc., will
directly affect the life of Odonates. The long-term conservation of these Odonates
can be attained through appropriate conservation programmes of the freshwater

ecosystem.

The Odonate wings are uncoupled. Their forewing and hindwings are not
attached so they can beat their wings independently. The insect wing morphology
plays a crucial role in its flight performance. The cuticular membranes and the veins
form the insect wings. In dragonflies and damselflies, the flight performance of the
wing is critical for their predatory behaviour, long-distance migration, predator
avoidance, and courtship behaviour. The flexural rigidity and the elastic deformation
of the dragonfly’s wing are determined by the size and arrangements of the wing

veins (Combes & Daniel, 2003; Meresman & Ribak, 2017; Wehmann et al., 2019).

Studying their wing morphology, venation patterns, and evolutionary
relationships will help to understand how this wing differs between short and long-
distance dispersal and between the migratory and non-migratory species of
dragonflies. The evolution of several traits and many structural modifications will
occur in the migratory species (Dingle, 1996), and it is essential to conduct

evolutionary studies on migration.

The insect gut microbiome plays a significant role in their health and fitness,

its phenotype, innate immunities, sexual performance, oviposition, etc. (Gavriel et
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al., 2010; Sharon et al., 2010; Mueller & Sachs, 2015; Lynch & Hsiao, 2019).
Studying the gut content of the dragonflies will give an idea about their potential as
a predator and also help us understand if there are any differences between
migratory and non-migratory dragonflies. A comparative study of the gut content of
migratory and non-migratory species will give some details about this. We
conducted a detailed study on this by comparing the gut-associated bacterial
communities in Pantala flavescens (migratory) and Neutothemis tullia (non-
migratory). The molecular and morphological phylogenetic analysis of dragonflies
showed that these two species share the same clade so we selected these dragonflies
for further studies. The P. flavescens (Libellulidae), the wandering glider or globe
skimmer, is one of the longest known migratory species covering about 18,000 km
and is also a good predator of some major agricultural pests and vectors like
mosquitoes. It is a seasonal dragonfly species mainly seen in the paddy fields. V.
tullia is a non-migratory small dragonfly commonly found in paddy fields and a

good predator of paddy pests.

Copulation of the insect group Odonata occurs mainly during their flight by
forming a wheel position, which may last from a few seconds to hours. The eggs of
Odonata are divided into two groups, endophytic eggs, and exophytic eggs, based on
their deposition of eggs in plants or water. Damselflies mostly exhibit the
endophytic mode of oviposition, and their eggs are elongated types, but most
dragonflies exhibit exophytic oviposition, and their eggs are broad and elliptical.
The number of eggs the female Odonates lays varies between species, ranging from
a few hundred to thousands. The egg-hatching time of these groups varies between

species and takes a few days to several months.

The eggs of Odonata hatch to form the naiads with many instars. These
instars of the naiads of dragonflies are not fixed, and they vary between species and
even within species, ranging from 9 to 12 or 16 instars. They are bottom-living
organisms, and during their early instars, they mainly feed on tiny aquatic organisms
like Daphnia, protozoans, etc. However, in the later stages of the naiads, they feed

on larger prey like fishes, tadpoles, mosquito larvae, etc. The dragonfly naiads show
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cannibalism. That is, they even prey upon naiads of their species. The body of naiads
is also divided into three as that of their adult forms: head, thorax, and abdomen.
The extensible labium is the unique feature of the dragonfly naiads. Their thoracic
region bears three pairs of legs and two pairs of wing sheaths. They ventilate the
rectal gills by pumping water inside through the anal area. The naiad’s life stage of
Odonata varies from several months to years depending upon the species and
environmental factors like temperature. They are good predators of many pests and
vectors, especially in controlling some major agricultural pests, and these
dragonflies can easily control vectors like mosquitoes. The growth and development
of the naiads mainly depended upon the availability of food and the external
temperature. So, by providing a suitable environment for the growth of naiads, we
can easily culture them in the laboratory and release them into the field for pest and

vector control.

The wings and an elastomeric protein called resilin of dragonflies had a
significant role in their migratory behaviour of dragonflies. So, the studies on the
resilin protein and its role in migratory species like P. flavescens are critical.
Different parts of the wings have different roles; the wing vein joints, pterostigma,
costa, and nodus are some of the parts participating in the flight of dragonflies
(Marrocco et al., 2010). The resilin protein is seen in the insect cuticle, and it helps
to increase flexibility, improve efficiency, reduce stress, and store elastic energy
(Chapman, 1998; Mistick et al., 2016; Mountcastle & Combes, 2013; Gorb, 1999;
Michels et al., 2016). This resilin protein in the dragonfly's and damselflies’ wing
vein joints gives flexibility to the wings. Studies on this protein, especially in a
migratory species like P flavescens will give a good understanding of how this
resilin protein helps in the migratory behaviour of dragonflies. Studies of this resilin
protein’s structural, mechanical, and functional properties will also be applied to

biotechnology and medicine.

We have studied the morphology and venation patterns of the wings of
dragonflies and also conducted morphological and molecular phylogenetic analysis

to understand the similarities and differences between the migratory and non-
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migratory dragonfly species. Then we selected one migratory (P. flavescens) and one
non-migratory (N. tullia) species sharing similar clades in the phylogenetic tree
analysis for studying the relationships of gut-associated microorganisms, migration,
and predation. Then, we selected P. flavescens for further studies because this
species is more abundant in India during post-monsoon, September to December,
and was found to be a good predator of pests and vectors. So, we standardised a new
protocol for the mass rearing of P. flavescens in the laboratory that can be utilized in
Integrated Pest Management. As a long-distance migratory species, it is very
important to study how the wings influence its migratory behaviour. Thus, we
conducted a detailed study on that and found the importance of wing resilin protein

in its flight.
OBJECTIVES

1. Morpho-structural variability in wings of selected dragonflies with their

morpho-and molecular phylogenetic relationship.

2. Comparative gut bacterial microbiome diversity in selected dragonfly

species: Migrator vs. Non- migrator.

3. Embryonic, post-embryonic, predatory potential of the Wandering glider, P.
flavescens (Fabricius, 1798) (Libellulidae).

4. Isolation, Sequencing, and molecular structural characterisation of wing

resilin of Wandering glider, P. flavescens (Fabricius, 1798) (Libellulidae).
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Morpho-structural variability in wings of selected
dragonflies with their morpho-and molecular
phylogenetic relationship

1.1 INTRODUCTION

The flight performance of insects is influenced by the complex interactions
between their body morphology, behavior, and environment (Norberg, 1995;
Berwaerts et al., 2002; Clark & Dudley, 2009; Outomuro et al., 2013). The wing
morphology of insects directly influences their flight performance (Meresman et al.,
2020) and strongly influences the aerodynamic performance of insects (Aiello et al.,
2021). In insects, long and slender wings help in long-duration flight, whereas short
and broad wings help in slow and agile flight (Betts & Wootton, 1988; DeVries et
al., 2010). In addition to the size and shape differences of the wings, the flight
performance of the migratory species is also affected by some modifications in the
thoracic pilosity, wing microtrichia, wing venation distribution, and wing
corrugation (Wakeling & Ellington, 1997; Tillyard, 1917; Dudley, 2000). These
insect wings are composed of cuticular membrane and wing veins (Wootton, 1992).
The size and arrangement of these wing veins determine the flexural rigidity and
elastic deformation of the wings (Combes & Daniel, 2003; Meresman & Ribak,
2017; Wehmann et al., 2019). The flight of insects is important for many aspects of
their life history including migration, dispersal, predator avoidance, feeding, and
courtship behaviours (Aiello et al.,, 2021). The wing shape of insects plays an
important role in their flight performance and thus studying the phylogenetic
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changes in the wing shape will help in understanding the evolution of flight in

insects (Outomuro et al., 2013).

Migratory behaviour of animals can be defined as the displacement of an
individual from one location to another with better survival conditions (Suarez-
Tovar & Sarmiento, 2016). Most of the dragonflies show short-distance dispersal
from their emergence site, but some dragonflies migrate several kilometers to avoid
seasonal changes like drought (Corbet, 1999; Wikelski et al., 2006). The migratory
behaviour of individuals needs the evolution of several traits and these changes may
lead to several structural modifications (Dingle, 1996). This makes the evolutionary
studies on migration more interesting because natural selection directly reflects on
various morphological traits (Suarez-Tovar & Sarmiento, 2016). Dragonflies are
excellent models for conducting studies on evolutionary responses to flight because,
in dragonflies, this trait evolved a long time ago and thus exhibits the diversity of
flight strategies (Dudley, 2000; Dickinson, 2006). Approximately 50 of 5800 species
of Odonata have been recorded as migratory species (Wikelski et al., 2006), and
70% of these Odonates belong to the family Libellulidae (Suarez-Tovar &
Sarmiento, 2016). The migration of Odonate species usually occurs at night (Feng et

al., 2006).

In insects, the shape of the wing exhibits high heritability and thus the wing
morphology especially the wing venation of insects has been widely used in
phylogenetic analysis studies (Moraes et al., 2004; Grimaldi & Engel, 2005; Nel et
al., 2012) because the insect wing veins and the intersections of the veins are
homologous (Ross, 1936). The use of insect wing venation for the traditional
classification of insects was first introduced by Comstock (1893). It is one of the
major characteristics used in the identification and classification of insects (Wheeler

et al., 2001; Trautwein et al., 2012).

Before the arrival of DNA sequencing, inferring the phylogenetic
relationships among animals was one of the most challenging problems in
systematic biology (Field et al., 1988). Morphology-based phylogenesis was most

common at that time and later molecular phylogenetics became the standard for
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phylogenetic relationship studies (Ziemert & Jensen, 2012; Zhao et al., 2023).
Although molecular-based phylogenetic analysis has many advantages over
morphology-based phylogenesis, we cannot completely replace or neglect them
from the study of phylogenesis (Zhao et al., 2023). The shape and its variations
among organisms are important in the studies of evolution and interactions between
genotype, phenotype, and environmental spaces (Monteiro et al., 2002) and this

shape is also a part of phylogenetic and cladistic studies (Pretorius, 2005).

In recent decades, geometric morphometrics has become an efficient analysis
tool for the evaluation of morphological variations in insects (Tatsuta et al., 2018;
Santos et al., 2019). Geometric morphometrics was developed in the 1980s by Fred
Bookstein, James Rolf, lan Dryden, and others (Mitterocker, 2021). It is a valid tool
that can be used in wing shape analysis and can also be applied to the evolutionary

and ecological Odonate research (Cordoba-Aguilar, 2008).

Geometric morphometrics is a promising alternative technique for species
identification using landmarks (Bookstein, 1982). This landmark collection is a cost-
effective technique and it requires only little entomological experience compared to
the standard morphological identification (Sauer et al., 2020). For the analysis of
shape and size differences of insect morphological features like wings, genitals,
mandibles, and for other structures we can use landmark-based geometric
morphometrics as it utilizes powerful and comprehensive statistical procedures
(Adam et al., 2004), while the traditional morphometric methods were mainly based
on the measurement-based techniques (Rohlf & Marcus, 1993) and thus it provides
poor information about the shape. Insect wings have been widely used in the past
few years for geometric morphometric studies (Rohlf & Slice, 1990). Different tps
series of programs that are used in the geometric morphometric analysis for statistic
studies has been developed by Rohlf and he provides an overview of this technique

and its use in phylogenetic studies (Rohlf, 1993; 2001; 2002)

In the geometric morphometric analysis, the shapes are expressed as
geometric coordinates and are subjected to mathematical and statistical techniques

(Zelditch et al., 2004) and this method allows the visualization of shapes
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independent of size (Rohlf & Marcus, 1993; Adams et al., 2004). An advancement in
quantitative biological shape analysis has happened after the revolution of geometric
morphometrics in this field (Mitteroecker & Gunz, 2009; Lawing & Polly, 2010).
The geometric morphometric analysis has been successfully used in many
systematics and evolutionary biology studies (Klingenberg & Zaklan, 2000; Wappler
et al., 2012; Outomuro & Johansson, 2015).

This chapter deals with the study of dragonfly wing morphology, wing
venation, geometric morphometric analysis of the wings, and morpho- and
molecular phylogenetic analysis of dragonflies. We conducted a detailed study on
the wing venation patterns of some Anisopteran dragonflies and compared the
venation patterns of migratory species with the non-migratory species. We used a
Geometric morphometrics tool to study the wing-based morpho-phylogenetic

relationship among the dragonflies.
1.2 REVIEW OF LITERATURE

Many previous studies have been conducted on the wings of dragonflies. The
size and shape of the dragonfly wings play an important role in its flight
performance and thus studies on the wings of dragonflies are an interesting area of
research for many researchers. Geometric morphometric methods have been used by
Kiyoshi and Hikida (2012) to study the morphological variations among the golden-
ringed dragonfly Anotogaster sieboldii by comparing its hindwing shape. Romero-
Lebron et al. (2020) used a geometric morphometrics tool for the interpretation of
the egg-laying behavior of endophytic Odonates, and this method helped them to
make inferences about the oviposition behavior of an Odonate that lived around 52
million years ago. Villalobos-Jimenez and Hassall (2019) compared the Ishnura
elegans wing shape among different land use types with the help of geometric
morphometrics. Sadeghi et al. (2009) studied the wing shape variations in the
damselfly Calopteryx splendens. Cabuga et al. (2017) studied sexual dimorphism by
using geometric morphometric analysis in the wings of Neurothemis terminata and
their results showed significant differences between the female and male

populations. Tuzun et al. (2017) studied the effect of urbanization on the damselflies
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by conducting a comparative study between the damselflies in the urban and rural
areas. They used geometric morphometrics for the comparative study and their study
showed an increase in the flight performance of the urban damselflies. Bots et al.
(2012) studied the influence of wing shape on territorial contests in the damselfly
Calopteryx virgo. For this study, they have used geometrics morphometrics to
compare the wing shape between winner and loser damselflies. Kiyoshi and Hikida
(2012) studied the morphological variations in the wing shape of Anotogaster
sieboldii by using geometric morphometric methods and by using molecular
phylogenetics. The wing size and shape variations in the damselfly Argia sedula due
to environmental factors have been studied by Stewart and Vodopich (2018) and
their study revealed that seasonal and environmental variations will influence the
wing shape and size in insects. Hassall et al. (2007) studied the wing shape
variations in the damselfly Coenagrion puella using geometric morphometrics and
showed that the wing shape varies between different range margins. Gallesi et al.
(2015) conducted a comparative study on the wing shape between andromorph
females of Calopteryx splendens with their male population using geometric

morphometrics.

Outomuro et al. (2013) used geometric morphometrics and phylogenetic
comparative approaches to study the evolution of wing shape in calopterygid
damselflies and they also studied the wing size and shape relationship in 37 taxa of
calopterygid damselflies. Zikie et al. (2017) studied the evolutionary relationships of
wing venation and wing size and wing shape in the parasitic wasp Aphidiinae by
using geometric morphometrics and phylogenetic comparative methods. GMM was
used by Lopez-Aguirre et al. (2020) to study the phylogenetic, ecological, and
biological variations in the humeral morphology of bats. Perrard et al. (2016) used
the wing shape data of social wasps, hornets, and yellow jackets for the phylogenetic
analysis by using landmarks. Zhang et al. (2019) used geometric morphometrics to
study the morphological diversity and evolution of stag beetles. Pretorius and
Scholtz (2001) studied the evolution of Scarabaeoidea by using geometric
morphometric analysis. Zhao et al. (2023) investigated the phylogeny of the
cantharid beetles by applying geometric morphometrics in the hindwings. Fang et al.

(2024) investigated the interspecific relationship of Lyponia s. str. using geometric

11
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morphometrics and phylogenetic morphometric methods and their studies were
based on the shape of male genitalia. Santos et al. (2019) evaluated the phylogenetic
morphological variations among the Plebeia species by using geometric

morphometrics on the wings of stingless bee species.

Many previous studies have shown that molecular data based interspecific
relationships and morphology based interspecific relationships are consistent with
each other if the morphological characteristics are chosen correctly (Grzywacz et al.,
2017; Noguerales et al., 2018). Huang et al. (2020) compared the morphology and
molecular based phylogenesis using dragonfly wing morphology and their study
showed that there is some interspecific phylogenetic information in the wing shape
of dragonflies. The study conducted by Marin et al. (2017) on Euptychiina
butterflies showed that morphology based phylogenesis and molecular based
phylogenesis are comparable. Bocek et al. (2017) conducted a detailed comparative
study on the molecular and morphology based phylogenesis of trichaline net-winged
beetles. Marinov et al. (2016) assessed the morphological and molecular variations
of the damselfly Xanthocnemis sobrina, for the morphological examination they
used landmark-based geometric morphometrics, and for molecular analysis they
targeted the 28S and 16S rRNA genes.

Aiello et al. (2021) studied how the evolution of aerodynamically important
traits of bombycoid moths, is linked to clade divergence by using landmark-based
morphometrics. GM was used by Champakaew et al. (2021) to discriminate between
mosquito species and they constructed the phenetic relationship to illustrate the

discrimination pattern of different genera and species of mosquitos.

The Odonate evolutionary history and the relationships among them were
first published in the twentieth century (Fraser, 1954; Munz, 1919). The molecular
phylogenetic studies on the suborders Anisoptera and Zygoptera have been
conducted by many scientists (Dijkstra et al., 2014; Carle et al., 2015; Letsch et al.,
2016). Johansson et al. (2009) studied the evolution of the wing shape in
Anisopteran dragonflies and their study showed that migration and mate guarding

behaviour of the dragonflies affects the shape of their wings.

12
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1.3 MATERIALS AND METHODS
1.3.1 Data collection

The dragonflies were collected from the randomly selected regions of
Palakkad district, Kerala using a sweep net. The collected specimens were used for
morphological identification by using various taxonomic keys and with the help of
taxonomists. The comparative taxonomic documentation of wing venation of

selected dragonfly species was done according to Fraser 1936.
1.3.2 Image acquisition

Forewings and hindwings of the collected dragonfly species were dissected,
appropriately mounted in a clean, dry slide, and photographed using Canon EOS 7D
digital camera macro-lense, 180 mm, Japan (F-stop: f/ 22, Focal length 180 mm,
ISO-1000 and Expo. time 1/25). Damaged and abnormal wings were excluded from

our analyses.

GMM methods allow one to describe the shape of rigid structures using a set
of variables that can be used for statistical hypothesis testing, and to generate a
graphical representation of shape differences as variability/deformations. However,
when the landmarks (set of variables) chosen for an analysis span multiple rigid
structures that articulate, variation describing the position of landmarks on one

structure relative to those on another is also present in the data.
1.3.3 Selection and digitization of landmarks

For geometric morphometric analysis, we selected 26 landmarks (Fig. 1.1)
from the forewing (Table 1.1), and 31 from the hindwings (Table 1.2) (N=30). To
avoid an error in the landmarking procedure, a sample of individuals was
photographed and landmarked twice. Images are initially converted to mathematical

coordinates using tpsUtil V 1.68. Landmarking was done by tpsDig v2.26 software.

13
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Table 1.1: Description of landmarks used in the forewings

Landmark Anatomical description Abbreviation
1 Proximal end of the Costa C
2 Proximal end of the Subcosta Scl
3 Proximal end of the Radius + media R+M
4 Proximal end of the Cubitus Cu
5 Proximal end of the 1st anal vein A/TA
6 Basal end of the Arculus Arc
7 Proximal end of the anterior margin of the triangle T1
8 Distal end of the anterior margin of the triangle T2
9 Posterior end of the triangle T3
10 Origin of Radial branches R2 and R4
11 Origin of intercalary vein IR3
12 Nodus N
13 Distal end of the Subcosta Sc2
14 Distal end of the Radius R
15 Origin of the Radial branches R2 and R3
16 ﬁﬁfgﬂ end of the 2nd crossvein between Radial R2 and IR3a
17 bP;)asr‘gllé); end of the Ind crossvein between Radial R2 and IR3b
18 E;);I‘izﬂgsr end of the 2nd crossvein between Radial R2 and IR3c
19 Distal end of anterior media MV
20 Distal end of R4
21 Distal end of the intercalary radial vein IR2
22 Distal end of Radial branch R2
23 Antero-lateral and distal end of the pterostigma P1
24 Postero-lateral and distal end of the pterostigma P2
25 Antero-lateral and proximal end of the pterostigma P3
26 Postero-lateral and proximal end of the pterostigma P4

14
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Table 1.2: Description of landmarks used in the hindwings

Landmark Anatomical description Abbreviation
1 Proximal end of the Costa C
2 Proximal end of the Radius + media R+M
3 Proximal end of the media M
4 Proximal end of the Cubitus Cu
5 Posterior end of the anal crossing Ac
6 Basal end of the Arculus Arc
7 Posterior and proximal vertex of the hypertrigone htl
8 Anterior and proximal vertex of the hypertrigone ht2
9 Posterior and proximal vertex of the subtrigone tl
10 Distal vertex of the subtrigone t2
11 Second branch of cubital vein Cu2a
12 Distal end of the cubito-anal vein Cu2b
13 Distal end of the posterior cubital vein Cul
14 Origin of Radial branch R4
15 Origin of the intercalary radial vein IR3
16 Nodus N
17 Distal end of the subcosta Sc
18 Distal end of the radius R
19 Origin of the Radial branches R2andR3 a
20 Anterior end of the 2nd cross-vein between Radial R2and R3 b

branches
21 Posterior end of the 2nd cross-vein between Radial Rspl
branches (R2 and R3); origin of Radial supplement

22 Distal end of the Anterior media AM
23 Distal end of Radial branch R4
24 Distal end of the Intercalary Radial vein IR3
25 Distal end of Radial branch R3
26 Distal end of intercalary radial vein IR2
27 Distal end of Radial branch R2
28 Antero-lateral and distal end of the pterostigma P1
29 Postero-lateral and distal end of the pterostigma P2
30 Antero-lateral and proximal end of the pterostigma P3
31 Postero-lateral and proximal end of the pterostigma P4

15
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1.3.4 Data analysis

All GMM analysis was conducted in MorphoJ. Morpho-space boundary
analysis was done using different statistical tools like Principal Component Analysis
(PCA), Discriminant Function Analysis (DFA), Canonical Variate Analysis (CVA),
and Partial Least Square (PLS). One way Procrustes ANOVA was performed to

estimate the landmarking error in the datasets.
1.3.5 Phylogenetic signal analysis

In GM, phylogenetic signals were used to see if the size and shape of the
taxa's morphological structures evolved due to shared evolutionary history or
environmental factors. The Mesquite v3.61 modular system was used to reconstruct
ancestral states. 10000 permutational analysis was performed to estimate the
statistical significance. The phylogeny analysis has no phylogenetic signal (p>0.05),
indicating that ecology has acted as one of the primary selective forces in
diversifying dragonflies. vice versa, in phylogenetic signal (p<0.05), presence of

evolutionary constraints.
1.3.6 Molecular phylogenetic analysis

Cytochrome oxidase I (CO1) of selected dragonfly species FASTA sequences
were retrieved from NCBI GenBank. Sequences were aligned in MUSCLE.
Maximum-Likelihood phylogeny, Tamura-Nei model phylogenetic tree constructed

in MEGA X tool. Bootstrap value 100.
1.4 RESULT

A total of 26 Anisopteran species representing four families and 21 genera
were analysed in this study (Table 1.3). Of these, 4 species come under the genus

Orthetrum, 2 from Tramea, and 2 from Trithemis.
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Table 1.3: List of species collected

Sl. Species Code Family Common Remarks
No name
Aethriamanta Scarlet marsh Passive
1 brevipennis (Rambur, | AB | Libellulidae L
hawk short flight
1842)
Acisoma panorpoides Very weak
2 (Rambur, 1842) AP | Libellulidae Trumpet tail and short
flight
Brachythemis Passive
3 contaminata BC | Libellulidae Ditch jewel short fli ’h "
(Fabricius, 1793) &
Bradinopyga .
4 geminata (Rambur, BG | Libellulidae Granite ghost ACtlﬁ/.e » short
ight
1842)
Crocothemis servilia Scarlet Active, short
5 | (Drury, 1770) CS | Libellulidae iier flight
Diplacodes trivialis Active, short
. . Ground .
6 | (Rambur, 1842) DT | Libellulidae : flight
skimmer
Epophthalmia vittata Macromiidae .
7 (Burmeister, 1839) EV Torrent hawk Active
Gynacantha dravida Indian Active, short
Lieftinck, 1 i fligh
8 | (Lieftinck, 1960) GD | Aeshnidae duskhawker ight
Hylaeothemis
9 apicalis (Fraser, HA | Libellulidae Blue hawklet Active
1942)
10 Ictinogomphus rapax R | Gomphidae Common Active
(Rambur, 1842) p clubtail
Lathrecista asiatica . . Asiatic blood .
11 (Fabricius, 1798) LA | Libellulidae tail Active
Neurothemis tullia . Very weak
12 | (Drury, 1773) NT | Libellulidae Ple(.i paddy and short
skimmer .
flight
Orthetrum glaucum . . Blue marsh .
13 (Brauer, 1865) OG | Libellulidae hawk Passive
14 Orthetrum luzonicum OL | Libellulidae Tri-coloured Passive

(Brauer, 1868)

marsh hawk
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Orthetrum Crimson-tailed

15 | pruinosum OP | Libellulidae marsh hawk Passive
(Burmeister, 1839)

Orthetrum sabina . . Green marsh .

16 (Drury, 1770) OS | Libellulidae hawk Passive
Potamarcha .

17 | congener (Rambur, PC | Libellulidae Yellowttalled Active

ashy skimmer
1842)
Pantala flavescens . . Wandering Active, long,

18 (Fabricius, 1798) PF | Libellulidae glider migrator
Palpopleura Blue-tailed .

19 | sexmaculata PS | Libellulidac yellow ACt‘gf’}fth(’“
(Fabricius, 1787) skimmer &
Rhyothemis . .

20 | variegata (Linnaeus, | RV | Libellulidae Variegated Passive,

flutterer short
1763)
Trithemis aurora . . Crimson marsh .

21 (Burmeister, 1839) TA | Libellulidae olider Passive
Tramea basilaris Active. lon

22 | (Palisot de Beauvois, | TB | Libellulidae | Keyhole glider Ve, ‘ong,
1817) migrator
Trithemis festiva . : Black stream Passive

23 (Rambur, 1842) TF | Libellulidae olider
Tramea limbata . . Black marsh .

24 (Desjardins, 1832) TL | Libellulidae trotter Active
Tholymis tillarga . . Coral-tailed Passive,

25 (Fabricius, 1798) TT | Libellulidae cloudwing migrator
Zyxomma petiolatum . . Long-tailed .

26 (Rambur, 1842) ZP | Libellulidae duskdarter Passive

1.4.1 Wing morphology and venation pattern

The wing morphology and venation pattern of all the species’ forewings and
hindwings were compared (Theischinger & Gunther, 2006). Significant differences
observed in the forewings of collected species are mainly found in the veins of the
triangle, hyper triangle, sub-triangle, arculus, distal antenodals, and the regions of
the discoidal field. In the hindwings, the anal loop region, triangle, hypertriangle,
arculus, hindwing base, and distal antinodals are some of the areas that showed

variations among the species.
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Aethriamanta brevipennis

Forewing

Forewing triangle and hypertriangle free. Subtriangle single celled. Arculus
situated between the first two antenodal cross-veins, closer to the first cross-
vein. Sectors of arculus fused at their origin, forming a short stalk. Distal
antenodal is complete, both costal and subcostal cross-vein present. The
discoidal field not widens towards the wing margin. Single row of cells

between IR3 and Rspl (Fig. 1.2A).
Hindwing

Hindwing triangle and hypertriangle free. Basal side of the triangle at the line
of arculus. Sectors of the arculus fused closer to arculus, forming short stalk
separating closer to arculus. Hindwing rounded at the base. Anal loop well
developed, stocking-shaped, closed at the tip. Arculus situated between the
first and second antenodal cross-vein, closer to the first antenodal cross-vein.
Single row of cells between IR3 and Rspl. Distal antenodal is complete, both

costal and subcostal cross-veins present (Fig. 1.2B).
Acisoma panorpoides
Forewing

Forewing triangle and hypertriangle free. Subtriangle single celled. Arculus
situated between the first two antenodal cross-veins. Sectors of arculus fused
more extensive, forming a large stalk. Distal antenodal is complete, both
costal and subcostal cross-vein present. The discoidal field widens towards

the wing margin (Fig. 1.2A).
Hindwing

Hindwing triangle and hypertriangle free. Basal side of the triangle at the line
of arculus. Sectors of arculus fused more extensive, forming large stalk

separating closer to the first cross-vein beyond arculus. Hindwing rounded at
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the base. Anal loop well developed, stocking-shaped, closed at the tip.
Arculus situated between first and second antenodal cross-vein, closer to the
second antenodal cross-vein. Single row of cells between IR3 and Rspl.

Distal antenodal is complete, both costal and subcostal cross-veins present

(Fig. 1.2B).
Brachythemis contaminata
Forewing

Forewing triangle crossed. hypertriangle free. Subtriangle three celled.
Arculus situated between the first two antenodal cross-veins. Sectors of
arculus fused more extensive, forming a large stalk. Distal antenodal is
incomplete, subcostal cross-vein absent. The discoidal field widens slightly
towards the wing margin. Some double cells between IR3 and Rspl (Fig.

1.3A).
Hindwing

Hindwing triangle and hypertriangle free. Basal side of the triangle at the line
of arculus. Sectors of arculus fused more extensive, forming large stalk
separating in the middle of arculus and the first cross-vein beyond arculus.
Hindwing rounded at the base. Anal loop well developed, stocking-shaped,
closed at the tip. Arculus situated between the first and second antenodal
cross-vein, closer to the first antenodal cross-vein. Some double cells
between IR3 and Rspl. Distal antenodal is complete, both costal and

subcostal cross-veins present (Fig. 1.3B).
Bradinopyga geminata
Forewing

Forewing triangle crossed, hypertriangle free. Subtriangle four celled.
Arculus situated between the first two antenodal cross-veins. Sectors of

arculus fused more extensive, forming a large stalk. Distal antenodal is
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incomplete, subcostal cross-vein absent. The discoidal field widens towards

the wing margin (Fig. 1.3A).
Hindwing

Hindwing triangle and hypertriangle free. Basal side of the triangle at the line
of arculus. Sectors of arculus fused more extensive, forming large stalks
separating closer to the first cross-vein beyond arculus. Hindwing rounded at
the base. Anal loop well developed, stocking-shaped, closed at the tip.
Arculus situated between the first and second antenodal cross-vein. Some
double cells between IR3 and Rspl. Distal antenodal is complete, both costal

and subcostal cross-veins present (Fig. 1.3B).
Crocothemis servilia
Forewing

Forewing triangle crossed, hypertriangle free. Subtriangle three celled.
Arculus situated between first two antenodal cross-veins, closer to second
antenodal cross-vein. Sectors of arculus fused more extensive, forming a
large stalk. Distal antenodal is incomplete, subcostal cross-vein absent. The

discoidal field widens towards the wing margin (Fig. 1.4A).
Hindwing

Hindwing triangle and hypertriangle free. Basal side of the triangle at the line
of arculus. Sectors of arculus fused more extensive, forming large stalk
separating at the middle of arculus and the first cross-vein beyond arculus.
Hindwing rounded at the base. Anal loop well developed, stocking-shaped,
closed at the tip. Arculus situated between the first and second antenodal
cross-vein, closer to second antenodal cross-vein. Single row of cells
between IR3 and Rspl. Distal antenodal is complete, both costal and

subcostal cross-veins present (Fig. 1.4B).
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Diplacodes trivialis
Forewing

Forewing triangle crossed, hypertriangle free. Subtriangle three celled.
Arculus situated between first two antenodal cross-veins. Sectors of arculus
fused more extensive, forming a large stalk. Distal antenodal is incomplete,
subcostal cross-vein absent. The discoidal field widens towards the wing

margin. Single row of cells between IR3 and Rspl (Fig. 1.4A).
Hindwing

Hindwing triangle and hypertriangle free. Basal side of the triangle at the line
of arculus. Sectors of arculus fused more extensive, forming large stalk
separating at the middle of arculus and the first cross-vein beyond arculus.
Hindwing rounded at the base. Anal loop well developed, stocking-shaped,
closed at the tip. Arculus situated between the first and second antenodal
cross-vein. Single row of cells between IR3 and Rspl. Distal antenodal is

complete, both costal and subcostal cross-veins present (Fig. 1.4B).
Epophthalmia vittata
Forewing

Forewing triangle crossed, hypertriangle crossed with three cross-veins.
Subtriangle poorly developed. Arculus situated between first two antenodal
cross-veins. Sectors of arculus fused more extensive, forming a large stalk.
Distal antenodal is complete, both costal and subcostal cross-vein present.
The discoidal field widens towards the wing margin. Single row of cells

between IR3 and Rspl (Fig. 1.5A).
Hindwing

Hindwing triangle crossed. Hypertriangle crossed with two cross-veins.
Basal side of the triangle far beyond arculus, separated it by a distance equal

to the length of arculus. Sectors of arculus fused more extensive, forming
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large stalk separating closer to the first cross-vein beyond arculus. Anal
margin of the hindwing angulated, forming anal triangle crossed with one
cross-vein. Anal loop round and poorly developed with ten cells. Arculus
situated between the first and second antenodal cross-vein, closer to second
antenodal cross-vein. Single row of cells between IR3 and Rspl. Distal
antenodal is complete, both costal and subcostal cross-veins present (Fig.

1.5B).

Gynacantha dravida

Forewing

Forewing triangle is elongated along wing axis with cross-veins.
Hypertriangle crossed with six cross-veins. Arculus situated between second
and third antenodal cross-veins. Sectors of arculus not fused. Distal
antenodal is complete, both costal and subcostal cross-vein present. The
discoidal field widens towards the wing margin. IR3 Fork present with three

cell rows (Fig. 1.5A).

Hindwing

Hindwing triangle crossed with cross-veins forming cells inside it.
Hypertriangle crossed with six cross-veins. The basal side of the triangle far
beyond the base of the arculus, separated by a distance larger than the length
of arculus. Sectors of arculus not fused, it is separated. Hindwing rounded at
the base in females, angulated in males forming an anal triangle with three
cells. Anal loop rounded, poorly developed with many cells. Arculus situated
between second and third antenodal cross-vein, closer to second antenodal
cross-vein. Distal antenodal is complete, both costal and subcostal cross-

veins present. IR3 Fork present with 3-4 cell rows (Fig. 1.5B).

Hylaeothemis apicalis
Forewing

Forewing triangle free, hypertriangle crossed with one cross-vein.

Subtriangle single celled. Arculus situated between second and third
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10.

11.

antenodal cross-veins. Sectors of arculus fused more extensive, forming a
large stalk. Distal antenodal is complete, both costal and subcostal cross-vein

present. The discoidal field widens towards the wing margin (Fig. 1.6A).

Hindwing

Hindwing triangle free, hypertriangle crossed with one cross-vein. Basal side
of the triangle beyond the base of arculus. Sectors of arculus fused more
extensive, forming large stalk separating away from the first cross-vein
beyond arculus. Hindwing rounded at the base. Anal loop rounded, poorly
developed with four cells. Arculus situated between second and third
antenodal cross-vein, closer to second antenodal cross-vein. Distal antenodal

is complete, both costal and subcostal cross-veins present (Fig. 1.6B).

Ictinogomphus rapax
Forewing

Forewing triangle crossed, forming three cells. Hypertriangle crossed with
two cross-veins. Subtriangle two celled. Arculus situated between first two
antenodal cross-veins. Sectors of arculus not fused. Distal antenodal is
complete, both costal and subcostal cross-vein present. The discoidal field

widens towards the wing margin (Fig. 1.6A).

Hindwing

Hindwing triangle transversed by cross-veins. Hypertriangle crossed with
two cross-veins. Basal side of the triangle beyond the base of arculus, which
is equal to the length of arculus. Sectors of arculus not fused. Hindwing anal
margin angulated, forming anal triangle with five cells. Anal loop rounded,
poorly developed with five cells. Arculus situated between the first and

second antenodal cross-vein. Distal antenodal is incomplete (Fig. 1.6B).

Lathrecista asiatica
Forewing

Forewing triangle crossed, hypertriangle free. Subtriangle three celled.

Arculus situated between second and third antenodal cross-veins, very closs
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12.

to second cross-vein. Sectors of arculus fused more extensive, forming a
large stalk. Distal antenodal is incomplete. The discoidal field slightly
widens towards the wing margin. Single row of cells between IR3 and Rspl

(Fig. 1.7A).
Hindwing

Hindwing triangle and hypertriangle free. Basal side of the triangle is beyond
the base of arculus, very closer to the arculus base. Sectors of arculus fused
more extensive, forming large stalk separating closer to the first cross-vein
beyond arculus. Hindwing rounded at the base. Anal loop well developed,
stocking-shaped, closed at the tip. Arculus situated between the second and
third antenodal cross-vein. Single row of cells between IR3 and Rspl. Distal
antenodal is complete, both costal and subcostal cross-veins present (Fig.

1.7B).
Neurothemis tullia
Forewing

Forewing triangle crossed, hypertriangle crossed with two cross-veins.
Subtriangle four celled. Arculus situated between first two antenodal cross-
veins. Sectors of arculus fused more extensive, forming a large stalk. Distal
antenodal is incomplete. The discoidal field not widens towards the wing

margin (Fig. 1.7A).
Hindwing

Hindwing triangle and hypertriangle crossed with one cross-vein. Basal side
of the triangle at the line of arculus. Sectors of arculus fused more extensive,
forming large stalk separating closer to the first cross-vein beyond arculus.
Hindwing rounded at the base. Anal loop well developed, stocking-shaped,
closed at the tip. Arculus situated between the first and second antenodal
cross-vein. Distal antenodal is complete, both costal and subcostal cross-

veins present (Fig. 1.7B).
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13.

14.

Orthetrum glaucum
Forewing

Forewing triangle and hypertriangle crossed with single cross-veins.
Subtriangle three celled. Arculus situated between second and third
antenodal cross-veins, closer to second cross-vein. Sectors of arculus fused
more extensive, forming a large stalk. Distal antenodal is complete, both
costal and subcostal cross-vein present. The discoidal field widens towards
the wing margin. Single row of cells between IR3 and Rspl with some

double cells in between (Fig. 1.8A).

Hindwing

Hindwing triangle and hypertriangle free. Basal side of the triangle at the line
of arculus. Sectors of arculus fused more extensive, forming large stalk
separating closer to the first cross-vein beyond arculus. Hindwing rounded at
the base. Anal loop well developed, stocking-shaped, closed at the tip.
Arculus situated between second and third antenodal cross-vein, closer to
second antenodal cross-vein. Single row of cells between IR3 and Rspl with
some double cells. Distal antenodal is complete, both costal and subcostal

cross-veins present (Fig. 1.8B).

Orthetrum luzonicum
Forewing

Forewing triangle and hypertriangle crossed with one cross-vein. Subtriangle
three celled. Arculus situated at the base of second antenodal cross-veins.
Sectors of arculus fused more extensive, forming a large stalk. Distal
antenodal is complete, both costal and subcostal cross-vein present. The
discoidal field widens towards the wing margin. One row of cells with some

double row of cells between IR3 and Rspl (Fig. 1.8A).

Hindwing
Hindwing triangle and hypertriangle free. Basal side of the triangle at the line

of arculus. Sectors of arculus fused more extensive, forming large stalk
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15.

16.

separating at the middle of arculus and the first cross-vein beyond arculus.
Hindwing rounded at the base. Anal loop well developed, stocking-shaped,
closed at the tip. Arculus situated between at or very close to second
antenodal cross-vein. Single row of cells between IR3 and Rspl with some
double cells in between. Distal antenodal is complete, both costal and

subcostal cross-veins present (Fig. 1.8B).
Orthetrum pruinosum
Forewing

Forewing triangle and hypertriangle crossed with single cross-vein.
Subtriangle three celled. Arculus situated at the base of second antenodal
cross-veins. Sectors of arculus fused more extensive, forming a large stalk.
Distal antenodal is complete, both costal and subcostal cross-veins present.

The discoidal field widens towards the wing margin (Fig. 1.9A).
Hindwing

Hindwing triangle transversed with one cross-vein, hypertriangle free. Basal
side of the triangle at the line of arculus. Sectors of arculus fused more
extensive, forming large stalk separating closer to the first cross-vein beyond
arculus. Hindwing rounded at the base. Anal loop well developed, stocking-
shaped, closed at the tip. Arculus situated between second and third
antenodal cross-vein, closer to second antenodal cross-vein. Single row of
cells between IR3 and Rspl with some double cells. Distal antenodal is

complete, both costal and subcostal cross-veins present (Fig. 1.9B).
Orthetrum sabina
Forewing

Forewing triangle and hypertriangle crossed with one cross-vein. Subtriangle
three celled. Arculus situated at the base of second antenodal cross-veins.
Sectors of arculus fused more extensive, forming a large stalk. Distal

antenodal is complete, both costal and subcostal cross-vein present. The
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17.

discoidal field widens towards the wing margin. Single and some double

cells in between IR3 and Rspl (Fig. 1.9A).
Hindwing

Hindwing triangle and hypertriangle free. Basal side of the triangle at the line
of arculus. Sectors of arculus fused more extensive, forming large stalk
separating closer to the first cross-vein beyond arculus. Hindwing rounded at
the base. Anal loop well developed, stocking-shaped, closed at the tip.
Arculus situated at or very close to the base of second antenodal cross-vein.
Single row of cells between IR3 and Rspl with some double cells. Distal
antenodal is complete, both costal and subcostal cross-veins present (Fig.

1.9B).
Potamarcha congener
Forewing

Forewing triangle crossed, hypertriangle free. Subtriangle three celled.
Arculus situated at or very close to second antenodal cross-vein. Sectors of
arculus fused more extensive, forming a large stalk. Distal antenodal is
incomplete. The discoidal field slightly widens towards the wing margin.

Single cell row between IR3 and Rspl with some double cells (Fig. 1.10A).
Hindwing

Hindwing triangle crossed with single cross-vein, hypertriangle free. Basal
side of the triangle at the line of arculus. Sectors of arculus fused more
extensive, forming large stalk separating closer to the first cross-vein beyond
arculus. Hindwing rounded at the base. Anal loop well developed, stocking-
shaped, closed at the tip. Arculus situated between at the base of second
antenodal cross-vein. Single row of cells between IR3 and Rspl with few
double cells. Distal antenodal is complete, both costal and subcostal cross-

veins present (Fig. 1.10B).
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18.

19.

Pantala flavescens
Forewing

Forewing triangle crossed, hypertriangle free. Subtriangle with many cells.
Arculus situated between first two antenodal cross-veins. Sectors of arculus
fused more extensive, forming a large stalk. Distal antenodal is incomplete.
The discoidal field reduces towards the wing margin. Single row of cells

between IR3 and Rspl with some double cells (Fig. 1.10A).
Hindwing

Hindwing triangle and hypertriangle free. Basal side of the triangle at the line
of arculus. Sectors of arculus fused more extensive, forming large stalk
separating at the middle of arculus and the first cross-vein beyond arculus.
Hindwing rounded at the base. Anal loop well developed, stocking-shaped,
closed at the tip. Arculus situated between the first and second antenodal
cross-vein, closer to first antenodal cross-vein. Single row of cells between
IR3 and Rspl with some double cells. Distal antenodal is complete, both

costal and subcostal cross-veins present (Fig. 1.10B).
Palpopleura sexmaculata
Forewing

Forewing triangle and hypertriangle crossed. Subtriangle three celled.
Arculus situated between first two antenodal cross-veins. Sectors of arculus
fused at the base of arculus forming short stalk. Distal antenodal is
incomplete. The discoidal field widens towards the wing margin. Single row

of cells between IR3 and Rspl (Fig. 1.11A).
Hindwing

Hindwing triangle crossed with single cross-vein, hypertriangle free. Basal
side of the triangle at the line of arculus. Sectors of arculus fused close to the

arculus, forming small stalk separating closer to arculus. Hindwing rounded
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20.

21.

at the base. Anal loop well developed, stocking-shaped, closed at the tip.
Arculus situated between the first and second antenodal cross-vein. Single
row of cells between IR3 and Rspl. Distal antenodal is complete, both costal

and subcostal cross-veins present (Fig. 1.11B).
Rhyothemis variegata
Forewing

Forewing triangle and hypertriangle crossed. Subtriangle many celled.
Arculus situated between first two antenodal cross-veins, closer to first
antenodal cross-vein. Sectors of arculus fused at their origin. Distal
antenodal is incomplete. The discoidal field not widens towards the wing
margin. Sigle row of cells between IR3 and Rspl with some double cells

(Fig. 1.11A).
Hindwing

Hindwing triangle and hypertriangle free. Basal side of the triangle at the line
of arculus. Sectors of arculus fused more extensive, forming large stalk
separating closer to the first cross-vein beyond arculus. Hindwing rounded at
the base. Anal loop well developed, stocking-shaped, closed at the tip.
Arculus situated between the first and second antenodal cross-vein, closer to
first antenodal cross-vein. Single row of cells between IR3 and Rspl with
some double cells. Distal antenodal is complete, both costal and subcostal

cross-veins present (Fig. 1.11B).
Trithemis aurora
Forewing

Forewing triangle crossed, hypertriangle free. Subtriangle three celled.
Arculus situated between first two antenodal cross-veins. Sectors of arculus
fused more extensive, forming a large stalk. Distal antenodal is incomplete.
The discoidal field not widens towards the wing margin. Single row of cells

between IR3 and Rspl with some double cells (Fig. 1.12A).
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22.

23.

Hindwing

Hindwing triangle and hypertriangle free. Basal side of the triangle at the line
of arculus. Sectors of arculus fused more extensive, forming large stalk
separating closer to the first cross-vein beyond arculus. Hindwing rounded at
the base. Anal loop well developed, stocking-shaped, closed at the tip.
Arculus situated between the first and second antenodal cross-vein, closer to
second antenodal cross-vein. Single row of cells between IR3 and Rspl with
some double cells. Distal antenodal is complete, both costal and subcostal

cross-veins present (Fig. 1.12B).
Tramea basilaris
Forewing

Forewing triangle and hypertriangle free. Subtriangle three celled. Arculus
situated between first two antenodal cross-veins. Sectors of arculus fused at
their origin, forming a short stalk. Distal antenodal is complete, both costal
and subcostal cross-vein present. The discoidal field slightly widens towards

the wing margin. Single row of cells between IR3 and Rspl (Fig. 1.12A).
Hindwing

Hindwing triangle and hypertriangle free. Basal side of the triangle at the line
of arculus. Sectors of arculus fused at the base of arculus, forming short stalk
separating closer to arculus. Hindwing rounded at the base. Anal loop well
developed, stocking-shaped, closed at the tip. Arculus situated between the
first and second antenodal cross-vein, closer to the first antenodal cross-vein.
Single row of cells between IR3 and Rspl. Distal antenodal is complete, both

costal and subcostal cross-veins present (Fig. 1.12B).

Trithemis festiva
Forewing

Forewing triangle crossed, hypertriangle free. Subtriangle three celled.

Arculus situated between first two antenodal cross-veins. Sectors of arculus
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24.

fused more extensive, forming a large stalk. Distal antenodal is incomplete.
The discoidal field not widens towards the wing margin. Single row of cells

between IR3 and Rspl with some double cells (Fig. 1.13A).
Hindwing

Hindwing triangle and hypertriangle free. Basal side of the triangle at the line
of arculus. Sectors of arculus fused more extensive, forming large stalk
separating closer to the first cross-vein beyond arculus. Hindwing rounded at
the base. Anal loop well developed, stocking-shaped, closed at the tip.
Arculus situated between the first and second antenodal cross-vein. Single
row of cells between IR3 and Rspl with some double cells. Distal antenodal

is complete, both costal and subcostal cross-veins present (Fig. 1.13B).
Tramea limbata
Forewing

Forewing triangle crossed with two cross-vein, hypertriangle free.
Subtriangle not well defined. Arculus situated between first two antenodal
cross-veins. Sectors of arculus fused closer to arculus, forming a short stalk.
Distal antenodal is incomplete. The discoidal field widens towards the wing
margin. Single row of cells between IR3 and Rspl with some double cells

(Fig. 1.13A).
Hindwing

Hindwing triangle and hypertriangle free. Basal side of the triangle at the line
of arculus. Sectors of arculus fused, with short stalk separating closer to
arculus. Hindwing rounded at the base. Anal loop well developed, stocking-
shaped, closed at the tip. Arculus situated between the first and second
antenodal cross-vein, closer to the first antenodal cross-vein. Single row of
cells between IR3 and Rspl with some double cells. Distal antenodal is

complete, both costal and subcostal cross-veins present (Fig. 1.13B).
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25.

26.

Tholymis tillarga
Forewing

Forewing triangle crossed, hypertriangle free. Subtriangle three celled.
Arculus situated between first two antenodal cross-veins. Sectors of arculus
fused more extensive, forming a large stalk. Distal antenodal is incomplete.
The discoidal field reduces towards the wing margin. Single row of cells
between IR3 and Rspl with some double cells (Fig. 1.14A).

Hindwing

Hindwing triangle and hypertriangle free. Basal side of the triangle at the line
of arculus. Sectors of arculus fused more extensive, forming large stalk
separating at the middle of arculus and the first cross-vein beyond arculus.
Hindwing rounded at the base. Anal loop well developed, stocking-shaped,
closed at the tip. Arculus situated between the first and second antenodal
cross-vein. Single row of cells between IR3 and Rspl with some double cells.
Distal antenodal is complete, both costal and subcostal cross-veins present
(Fig. 1.14B).

Zyxomma petiolatum
Forewing

Forewing triangle crossed, hypertriangle free. Subtriangle three celled.
Arculus situated between first two antenodal cross-veins. Sectors of arculus
fused at their origin, forming a short stalk. Distal antenodal is incomplete.
The discoidal field not widens towards the wing margin. Single row of cells
between IR3 and Rspl (Fig. 1.14A).

Hindwing

Hindwing triangle and hypertriangle free. Basal side of the triangle at the line
of arculus. Sectors of arculus fused more extensive, forming large stalk
separating closer to arculus. Hindwing rounded at the base. Anal loop open
on one side of midvein. Arculus situated between the first and second

antenodal cross-vein, closer to second antenodal cross-vein. Single row of

33



Chapter 1

cells between IR3 and Rspl. Distal antenodal is complete, both costal and

subcostal cross-veins present (Fig. 1.14B).
1.4.2 Geometric Morphometric Analysis of forewings

The morphometric analysis of the wings of 26 Anisopteran dragonfly species
was performed in this study. Three of these 26 species were migratory, P,

flavescens, T. tillarga, and T. basilaris.
1.4.2.1 Centroid size analysis

The centroid size analysis demonstrated the presence of variations in the
wing size among the Anisopteran species (Fig. 1.15). The wing centroid sizes
of 26 Anisopteran species were compared, E. vittata (83.41 £ 0.03) had the
largest forewing, and then G. dravida (80.39 + 2.13). T. limbata (71.69 +
1.7), and P. flavescens (68.92 + 1.44) are the other species with larger
forewings after E. vittata, and G. dravida. A. panorpoides (32.85 + 0.55) and
P. sexmaculata (32.9 = 1.86) are the species with the smallest forewing size.
O. pruinosum (60.13 £ 0.26), and O. sabina (60.01 £ 1.04) had similar
forewing sizes. P. congener (58.79 £ 1.5), B. geminata (58 = 1.01) and R.
variegata (58.97 + 2.84) also had identical forewing size.

1.4.2.2 GPA and % Variance analysis

48 PCs explained the 100% variance among the forewings of 26 Anisopteran
species. The first three PCs covered about 74.76 % variation (PC1 explained 38.12
% variation, PC2 covered 22.12 % variation, and PC3 explained 14.52 %) (Fig.
1.16). The forewings triangle region, apical area, pterostigmal region, and cubital

region showed more variations in the GPA analysis (Fig. 1.16).
1.4.2.3 Morphospace boundary analysis

PCA and CVA methods validated the distribution of the forewings
morphospace. A total of 48 PCs were present in the forewing analysis. In the PCs-
morphospace boundary analysis, the first two covered about 60.24% variation (PC1
explained 38.12 % variation, while PC2 covered 22.12 %). E. vittata, I. rapax and T.
tillarga were clustered separately in the PCs morphospace. All other species were

found to be clustered closely in the morphospace (Fig. 1.17A).
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In the CVA- Morphospace boundary analysis of the forewings, we found
many separate clusters, and the overlapping clusters were very low, indicating

variations among the wings of Anisopteran species (Fig. 1.17B).
1.4.2.4 Partial Least Square analysis (PLS)

In size, PLS analysis of the forewing of 26 Anisopteran species, many
species show similarities, but E. vittata and G. dravida do not show any similarities
with other species (Fig. 1.18A). The shape PLS analysis of the forewing E. vittata
and H. apicalis showed the highest dissimilarities (Fig. 1.18B).

1.4.2.5 phylogenetic signal analysis

No phylogenetic signals were observed in the size and shape-related
phylogenetic signal analysis of the forewings of 26 dragonfly species. The
phylogeny tree length for the forewing size was 2127.751, with a P=0.108, (Fig.
1.19A) and the phylogeny tree length for the shape was 0.03889, P=0.147 (Fig.
1.19B). This result indicates that the shape and size of the forewing are modulated

by environmental selection pressure rather than evolutionary force.
1.4.2.6 Hierarchical cluster dendrogram analysis

Based on the morphological data, the phylogenetic history of the wings of 26
dragonfly species was constructed. The 26 Anisopteran species were found to be
diverged into different clades, and closely related species were arranged closely in
the cluster dendrogram based on their similarities. In this analysis, the 26 dragonfly
species were first divided into two major clades at 0% similarities (Fig. 1.20). Clade
1 includes the species A. panorpoides, O. glaucum, O. luzonicum, B. geminata, I.
rapax, G. dravida, R. variegata, T. tillarga, H. apicalis, L. asiatica, P. sexmaculata,
and T aurora. Clade 2 includes A. brevipennis, E. vittata, T. limbata, Z. petiolatum,
B. contaminata, T. basilaris, T. festiva, P. flavescens, C. servilia, N. tullia, D.
trivialis, P. congener, O. sabina, and O. pruinosum. In clade 1, L. asiatica is the
most distantly related species; in clade 2, O. pruinosum is the most distantly related
species. In the forewing dendrogram analysis, R. variegata and T. tillarga showed
the highest similarities of 78% as per the dendrogram and diverged from clade 1. T.

limbata, and Z. petiolatum diverged from clade 2 with 76% similarities. B. geminata,
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and I rapax showed 77% similarities and diverged from clade 1. G. dravida

diverged from clade 1 with 70% similarities.
1.4.3 Geometric Morphometric Analysis of Hindwings
1.4.3.1 Centroid Size Analysis

The centroid size analysis demonstrated the presence of variations in the
hindwing size among the Anisopteran species (Fig. 1.21). The hindwing centroid
sizes of 26 Anisopteran species were compared, G. dravida (93.22 + 2.76) had the
largest hindwing, and then the E. vittata (89.06 £ 0.03). T. limbata (76.46 + 1.79)
and P. flavescens (76.79 + 2.05) are the other species with larger hindwings after G.
dravida and E. vittata. P. sexmaculata (33.27 = 1.97) and A. panorpoides (34.62 +
0.63) have the smallest forewing size. The species O. glaucum (65.13 £ 2.19), O.
pruinosum (65.39 £+ 0.62), and O. sabina (65.32 + 1.18) has similar hindwing size.
B. geminata (62.85 £ 1.47), L. asiatica (62.84 = 1.27), and R. variegata (62.04 +

2.83) also had similar hindwing size.
1.4.3.2 GPA and % Variance analysis

A total of 57 PCs explained the 100% variance among the hindwings. The
first three PCs covered about 75.14 % variation (PC1 explained 32.23 % variation,
PC2 covered 28.35 % and PC3 explained 14.56 %) (Fig. 1.22). In hindwings GPA
analysis, the anal region showed the maximum variations, then the wing apical

region and the pterostigmal regions also showed some variations (Fig. 1.22).
1.4.3.3 Morphospace boundary analysis

PCA and CVA methods validated the distribution of the hindwings
morphospace. A total of 57 PCs were present in the forewing analysis. In the PCs-
morphospace boundary analysis (Fig. 1.23A), the first two PCs covered about
60.58% variation (PC1 explained 32.23 % variation, and PC2 covered 28.35 %
variation). E. vittata, I. rapax, T. tillarga, and P. congener were clustered separately
in the PCs morphospace. All other species were found to be clustered closely in the
morphospace. The hindwings’ CVA- Morphospace boundary analysis showed

separate clusters for most species (Fig. 1.23).
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1.4.3.4 Partial Least Square analysis (PLS)

In size PLS analysis of the hindwings of 26 Anisopteran species, many
species show similarities, but E. vittata, H. apicalis, and G. dravida do not show any
similarities with other species (Fig. 1.24A). The shape PLS analysis of the
hindwings E. vittata, I. rapax, G. dravida, and B. contaminata showed the highest
dissimilarities (Fig. 1.24B).

1.4.3.5 phylogenetic signal analysis

No phylogenetic signals were observed in the size and shape-related
phylogenetic signal analysis of the hindwings of 26 dragonfly species. The tree
length for the size phylogeny of the hindwing was 2842.877 and P=0.128 (Fig.
1.25A), and for shape phylogeny, P=0.173 (Fig. 1.25). This result indicates that the
shape and size of the hindwing are modulated by environmental selection pressure

rather than evolutionary force.
1.4.3.6 Hierarchical cluster dendrogram analysis

Based on the morphological data, the phylogenetic history of the wings of
26 dragonfly species was constructed. The 26 Anisopteran species were found to be
diverged into different clades, and closely related species were arranged closely in
the cluster dendrogram based on their similarities (Fig. 1.26). P. sexmaculata is the
most distantly related species in the hindwing dendrogram analysis. The remaining
25 species were divided into two major clades. The clade 1 includes the species O.
luzonicum, B. geminata, G. dravida, R. variegata, T tillarga, H. apicalis, L.
asiatica, Z. petiolatum, T. festiva, C. servilia, P. congener, O. sabina, O. pruinosum,
and T aurora. Clade 2 includes A. panorpoides, O. glaucum, A. brevipennis, E.
vittata, T. limbata, B. contaminata, T. basilaris, P. flavescens, N. tullia, D. trivialis,
and /. rapax. In the hindwing dendrogram analysis, G. dravida and B. geminata
showed the highest similarities of 86% and diverged from clade 1. H. apicalis and
O. luzonicum diverged from clade 1 with 84% similarities. 7. tillarga and Z.
petiolatum showed 74% similarities and diverged from clade 1. The highest

percentage of similarities shown by the clade 2 species is 40%.
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1.4.4 Molecular phylogeny

The COI gene sequences were used for the molecular phylogenetic tree
construction (Table 1.4). The species phylogenetic tree was constructed based on the
Maximum likelihood method and Tamura-Nei model. 26 Anisopteran species were
used for the phylogenetic analysis to check the similarities and differences between
the migratory and non-migratory species (Figure 1.46). The three migratory species
P. flavescens, T. basilaris, and T. tillarga were found in the different clades. At the
same time, the non-migratory species like N. fullia and the migratory species P.
flavescens were found to be diverged at the same time. This analysis concluded that
COl-based phylogenetic analysis does not help categorize the molecular

evolutionary analysis of migratory and non-migratory species.

Table 1.4: Collected specimens with NCBI accession number

SI. No Species Accession No.
1 Aethriamanta brevipennis (Rambur, 1842) KC287158.1
2 Acisoma panorpoides (Rambur, 1842) MN689142.1
3 Brachythemis contaminata (Fabricius, 1793) MN345273.1
4 Bradinopyga geminata (Rambur, 1842) JX306648.1
5 Crocothemis servilia (Drury, 1770) MF774561.1
6 Diplacodes trivialis (Rambur, 1842) JF839454.1
7 Epophthalmia vittata (Burmeister, 1839) MW509733.1
8 Gynacantha dravida (Lieftinck, 1960) MK990607.1
9 Hylaeothemis apicalis (Fraser, 1942) ON255470.1
10 Ictinogomphus rapax (Rambur, 1842) MF358743.1
11 Lathrecista asiatica (Fabricius, 1798) MN202659.1
12 Neurothemis tullia (Drury, 1773) MH881325.1
13 Orthetrum glaucum (Brauer, 1865) OR287446.1
14 Orthetrum luzonicum (Brauer, 1868) MZ092847.1
15 Orthetrum pruinosum (Burmeister, 1839) MF358753.1
16 Orthetrum sabina (Drury, 1770) KX670387.1
17 Potamarcha congener (Rambur, 1842) MG885276.1
18 Pantala flavescens (Fabricius, 1798) OM945866.1
19 Palpopleura sexmaculata (Fabricius, 1787) MN159179.1
20 Rhyothemis variegata (Linnaeus, 1763) MN345757.1
21 Trithemis aurora (Burmeister, 1839) PP032031.1
22 Tramea basilaris (Palisot de Beauvois, 1817) MKO038728.1
23 Trithemis festiva, (Rambur, 1842) OM919689.1
24 Tramea limbata (Desjardins, 1832) KX055147.1
25 Tholymis tillarga (Fabricius, 1798) MZ127380.1
26 Zyxomma petiolatum (Rambur, 1842) MZ093432.1
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43 — MZ092847 .1 Orthetrum luzonicum
47 MF358753.1 Orthetrum pruinosum
51 OR287446 1 Orthetrum glaucum
30 KXG70387.1 Orthetrum sabina
— MN202659 .1 Lathrecista asiatica
| ss { 0ON255470.1 Hylaeothemis apicalis
2 L MG885276 1 Potamarcha congener
— MN345757 1 Rhyothemis variegata
6 PP032031.1 Trithemis aurora
4;[ OM919689.1 Trithemis festiva

[T=)

| [y

a4 — MN345273.1 Brachythemis contaminata
36 { MZ093432 1 Zyxomma petiolatum

— MZ127380.1 Tholymis tillarga

> |2s — KC287158.1 Aethriamanta brevipennis
] — MK990607.1 Gynacantha dravida

5| — MW509733 .1 Epophthalmia vittata

30 MF358743.1 Ictinogomphus rapax

5 — MNG89142.1 Acisoma panorpoides

— JF839454 1 Diplacodes trivialis

3 MN158179 1 Palpopleura sexmaculata
MHB81325.1 Neurothemis tullia

- OM945866.1 Pantala flavescens

99 L Pantala flavescens
—— MKO038728.1 Tramea basilaris

12 MF774561.1 Crocothemis servilia

; _E JX306648.1 Bradinopyga geminata
23 L KX055147 1 Tramea limbata

Figure 1.46: Maximum-likelihood phylogeny analysis of collected species with
previously deposited COlsequence, Tamura-Nei model, and MUSCLE alignment.
Bootstrap value 100.
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1.5 DISCUSSION

1.5.1 Wing morphology and venation pattern

The wing morphology of insects affects flight performance, including
manoeuvrability, agility, lift, and thrust production (Dudley, 2000; Berwaerts et al.,
2002; Bots et al., 2012). We conducted a detailed comparative study on the wing
morphology and venation patterns of 26 Anisopteran dragonflies. A study conducted
by Johansson et al. (2009) showed that the anal lobe of the hindwings is more
prominent in the migrating dragonfly species. Also, the apex region of the forewing
will be more prominent in the migratory species. The anal lobe of the hindwing
helps in the gliding of dragonflies, possibly by reducing the drag, and this gliding is
an adaptive behaviour of migration (Corbet, 1962). In our study, we observed well
developed, stocking-shaped, closed anal loop in all three migratory species, and the
anal margin is rounded in all three species. In contrast, E. vittata, G. dravida, and 1.
rapax had poorly developed rounded anal loops with angulated anal margins
forming a triangle with one to three cells in that area. Even though these three
species have the largest wing size, they cannot able to move long distances due to

the poorly developed anal loop and anal margin.

The hindwing of migratory dragonfly species has an expansion called a lobe
(Johansson, 2009), which helps in gliding, an adaptive behavior of migratory
dragonflies (Corbet, 1962). The wing vein distribution influences manoeuvrability
and energy usage during the flight of insects (Tillyard, 1917; Corbet, 1999; Dudley,
2000; Wootton & Newman, 2008; Zhao et al., 2012). When we compared the
morphological features and the venation patterns of the forewing and hindwings of
26 dragonfly species, we found many differences between them. The anal loop
region and the anal area of the hindwing showed more variations. These variations
in the hindwing make the differences in the flight of 26 dragonfly species: some are
active fliers, some are passive, and some are very weak fliers. Our study collected
three migratory species: P. flavescens, T. basilaris, and T. tillarga. The venation
pattern of the hindwings of all three migratory species are showing similarities,

especially the anal area. However, the forewings of P. flavescens showed some
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differences in the venation pattern compared to the other two migratory species. The
discoidal field of the forewings, triangle, arculus sectors, and distal antenodals
shows the differences. Centroid size differences of the fore and hindwing between
these three species have also been noticed, in which P. flavescens had larger wings
than the other two migratory species. 7. tillarga and T. basilaris had almost similar
wing sizes. P. flavescens is the longest known migratory species (Hobson et al.,
2012; May, 2013; Chapman et al., 2015), and it migrates around 14000 to 18000 km,
including a migration distance of about 1000 km over the open Indic Sea (Anderson,
2009). Thus, all these changes in the wings might be an adaptation for its long-

distance migration.
1.5.2 Geometric morphometric analysis

In the 26 species of dragonflies, the largest centroid size of forewing and
hindwing was observed in E. vittata and G. dravida. Then, we observed the highest
centroid size in the three migratory species P. flavescens, T. tillarga, and T. basilaris.
The wing centroid size of 1. rapax was more prominent than 7. basilaris. According
to Suarez-Tovar & Sarmiento (2016), the migratory dragonfly species will have
larger wings and smaller ridge regions in both the forewings and hindwings. The
size differences of the wings alone cannot differentiate the migratory and non-

migratory species; the shape of the wings also plays a vital role in them.

According to Suarez-Tovar & Sarmiento (2016), the wings of migratory
dragonflies will have a smaller pterostigma and more proximally located nodus. The
GPA analysis of the forewing and hindwings of the 26 species also showed some
variations between species. In the forewings, the major variations were observed in
the wing triangle, apical, and the regions of pterostigma. The hindwing showed more
variations in the anal region. The regions of pterostigma, discoidal field, and apical
area of the hindwing also show some variations. In our study shape related
variations are found to be more than the size-related variations (PLS analysis),
especially in the anal region of the hindwings (GPA analysis) and our results agree
with the fact that the shape of the flight-related structures is the better descriptors of

evolutionary response to selective factors rather than the size of flight-related
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structures (Johansson et al., 2009; Garcia & Sarmiento, 2012; Outomuro et al., 2013;

Suarez-Tovar & Sarmiento, 2016).

Dragonflies are one of the oldest living groups of insects, showing high
variations in wing morphology and shape (Wootton, 1991). In our study, shape-
related variations were more than the size-related variations among the 26
Anisopteran dragonfly species, verified by PLS analysis. In wing morphology, the
size and shape of the wing may function as independent components (Debat et al.,
2003). The shape of the wing determines the flying ability of the dragonflies. The
Aisopteran dragonflies show variations in their wing shape among genera, and the
interspecific variations in the wing shape might be partly due to the selection

(Johansson et al., 2009).

The wings of insects, birds, and bats are major morphological adaptations
that contribute to their evolutionary success (Dudley, 2002; Hedenstrom, 2002;
Sane, 2003). The morphological evolution of populations can be easily explored
using geometric morphometric analysis (Cooke & Terhune, 2015; Baylac et al.,
2003). The phylogenetic history of shape changes, the diversification and spreading
of clades through the space of morphometric variables can be graphically visualized
by the cluster dendrogram (Klingenberg & Marugan-Lobon, 2013). 26 dragonfly
species were arranged in different clades based on their similarities and differences
in the wing. Similar species were arranged closely in the dendrogram. In the
forewing and hindwing cluster dendrogram analysis P. flavescens and T. basilaris

occupied the same clade (clade 1), but 7. tillarga occupied clade 2.

For the morphospace analysis, we used PCA and CVA methods. The CVA
analysis explained the interspecific variations among the 26 Anisopteran dragonfly
species. Some species were found to be clustered together in the morphospace,
which shared similar wing morphological characters. The hindwing and forewing
CVA analysis of the dragonflies showed a clear separation of the species E. vittata,
G. dravida, H. apicalis, and I. rapax; these species occupied a distinct area in the
morphospace because these species show an apparent morphological variation in

their wing venation pattern, like poorly developed rounded anal loop area in the
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hindwings with angulated anal margin forming triangle with one to three cells in that

area but in H. apicalis the anal margin is rounded.

1.5.3 Molecular and morphological phylogenetic signal analysis

The migratory behavior of insects is also an essential aspect of evolutionary
studies because the effect of natural selection is more reflected in various insect’s
morphological traits, especially in wing morphology (Suarez-Tovar & Sarmiento,
2016). In geometric morphometrics, the phylogenetic signal analysis was performed
to understand if the size and shape of taxa’s morphological structures evolved by
evolutionary history or by environmental factors (Klingenberg & Gidaszewski,
2010). In this study, we analyzed the size and shape phylogenetic signal of the
forewing and hindwings of 26 dragonfly species. We found no size and shape-
related phylogenetic signal in the forewing and hindwings. This indicates that the
size and shape-related variations in the forewing and hindwings, not the

evolutionary ones.

The molecular phylogenetic relationship among the 26 dragonflies has also
been studied. The three migratory species P. flavescens, T. tillarga, and T. basilaris
have been found to occupy different clades, showing no relationship between them.
Suarez-Tovar and Sarmiento (2016) studied the morphologies of two major
migration-evolved clades of Libellulid dragonflies. They found no differences in the
shape of the wing especially in the hindwing anal area. Their study concluded that
parallel pleiotropic changes might be responsible for similar morphological
modifications (Prudhomme et al., 2006). In our study, we could not find any close
relationship between migratory and non-migratory dragonfly species, and this
irregularity in the relationship among them might be indicated as this behaviour may

evolve due to natural selection pressure nor by the evolutionary selection.

At present, only few studies were attempt to reveal the wing phenotypic
variations and their functional role. As we know odonates is the oldest living group
and their venation pattern not showed too much variations, and their venation pattern
is highly conserved. The flying mechanism and behvioural pattern connected with
the molecular and morphological feature of an organisms. However, more studies
are required to understand the flying mechanism of odonates in connection with the

migratory vs. non. migratory.
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1.6 KEY FINDINGS

>

A total of 26 dragonfly species wing venation patterns (fore- and hindwings)

were studied.

The wing venation patterns are correlated with the flight behavioural
patterns, especially the hindwing anal lobe and longitudinal vein

arrangements.

GMM analysis proved that wing venation patterns can be used as a valid tool

for identifying dragonfly species.

Each species occupied a unique morphospace boundary, verified in PCA,
CVA, and PLS analysis. It indicated that, each species had its own unique

wing venation patterns.

As compared to size, shape-related variations are prominent in selected

dragonfly species, which was verified in PLS analysis.

There is no size and shape-related phylogenetic signal in forewing and
hindwings among the selected dragonfly species. This indicates that the size
and shape-related variations were modulated by environmental selection

pressure, not by evolutionary force.
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Comparative Gut Bacterial Microbiome Diversity in
Selected Dragonfly Species: Migrator vs. Non-migrator

2.1 INTRODUCTION

The host-microbiome is the colonisation of microbes like bacteria, fungi,
archaea, and viruses in the mucosal surfaces, such as digestive, respiratory tissues,
and urogenital tracts (Woodhams et al., 2020). The bacterial communities associated
with the insect gut are a mix of mutualist, pathogenic, and commensal bacteria
(Jones et al., 2013). The symbiotic association of the host and microbiome is either
endosymbiotic or ectosymbiotic association based on whether the microbiota is
living within the host tissue cells or in the lining or lumen of the body cavity walls
(Pan, 2020). The microbiome’s relationship with its host is complex and will change
over time due to external and internal fluctuations (West et al., 2018). Recent
advances and developments in molecular and bioinformatics have made the study of

gut-associated bacterial taxa and assemblages of insects easier (Morrill et al., 2024).

The gut microorganism and their beneficial association with the host played
an essential role in the evolutionary success of the insects (Kaufman & Klug, 1991;
Dillon & Charnley, 2002; Engel & Moran, 2013). These insect gut microorganisms
are also crucial in many other fields like medicine, agriculture, and ecology (Engel
& Moran, 2013). These microbiome plays a significant role in the host's health and
fitness (Mueller & Sachs, 2015) and shape the host phenotype (Lynch & Hsiao,

2019). They can regulate the host's innate immunity and affect pathogen or parasite
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susceptibility (Koch & Schmid-Hempel, 2012; Cariveau et al., 2014; Li et al., 2017),
control the sexual performance, mating preferences, and oviposition of the host
(Gavriel et al., 2010; Sharon et al., 2010). The gut microbiota of insects may also
harmfully interact with the host (Hurst & Jiggins, 2000). Insects usually generate an
immune response against the pathogenic bacteria but can also able to selectively
maintain the beneficial microbes (Mikonranta et al., 2014). Some insects like
mosquitoes and fruit flies have erratic gut communities with environmental bacteria
which even shows variations among individuals (Engel & Moran, 2013; Wong et al.,
2013; Bost et al., 2018; Pais et al., 2018) and some insects like termites (Brune &
Dietrich, 2015), cockroaches (Tinker & Ottesen, 2016), bees (Kwong & Moran,
2016), and beetles (Ceja-Navarro et al., 2019; Nardi et al., 2006) harbour gut
bacterial communities largely restricted to the host gut (Warnecke et al., 2007;

Martinson et al., 2011; Anderson et al., 2012; Sudakaran et al., 2012).

The importance of gut microbiota has been tested by conducting many
experiments with microbiota lacking animals and found reduced growth and
abnormal organ development in germ-free mice (Lee & Hase, 2014); slower
development was observed in experiments conducted on germ-free drosophila (Shin
et al., 2011). Even a single host gene mutation can alter the microbiome composition
and is experimentally tested in mice and fruit flies (Ley et al., 2005; Ryu et al.,
2008). Temperature change will also influence the host-gut microbiome relationship
both negatively and positively. In some insects, an increase in temperature may
reduce some beneficial bacterial communities and increase pathogenic bacterial
communities, negatively affecting the host (Khosravi & Mazmanian, 2013). An
increase in temperature may also increase heat-tolerant bacterial taxa in some insects
that are essential for increasing the heat tolerance in the host (Sepulveda & Moeller,
2020; Sullam et al., 2018). Xenobiotic exposure of the host may also affect the
bacterial community composition of the host gut, in which the bacterial species that
can degrade the xenobiotics will increase, and those bacteria that are sensitive to the
xenobiotics will either decrease in or disappear (Russell et al., 2011). The gut
microbiome of insects is studied for many reasons, including conservation and

pest/disease management (Crotti et al., 2012).
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Dragonflies are generalist predators that feed on various insects and are
essential in freshwater and terrestrial invertebrate food webs (Corbet, 1999). As a
strong flier, dragonfly catches diverse prey and associated microbes from a broad
geographical area; thus, the gut of dragonflies may serve as a reservoir of diverse
bacteria (Nair & Agashe, 2016). The gut bacterial richness of the host is associated
with its ecological niche, habitat, and predatory ability (Cao & Bu, 2020), and some
gut bacteria are obligate symbionts of Odonata (Morrill et al., 2023). Some previous
studies on the gut microbiota of adult dragonflies suggest that their microbiome
community is more diverse than other carnivorous insects (Deb et al., 2018; Nobles

& Jackson, 2020).

The specific lifecycle of insects, holometabolous or hemimetabolous, can
also influence the gut microbiome (Price et al., 2011). Odonates are hemimetabolous
insects, and thus, they have no pupal stage, which results in high variation in the gut
microbial communities of other insects (Minard et al., 2013). Their nymphal stage
lives in water, and the adult stage is terrestrial; these differences in their lifestyles
may also influence the gut microbiome of the Odonates. The gut microbiome of the
nymph and adult life stages of Odonates differ from each other; the gut of an adult
dragonfly is dominated by the Gammaproteobacteria and that of dragonfly nymphs
are dominated by the Alphaproteobacteria and Betaproteobacteria (Nobles &
Jackson, 2020). These differences in the gut microbiome of the nymphs and adult
dragonflies are mainly due to the variations in the availability of prey at their two
life stages (Deb et al., 2019). There is also a possibility of retaining the whole or part
of the gut microbiome of the nymph in adult flies (Nobles & Jackson, 2020)

This chapter studied the gut microbiome of two adult Libellulid dragonflies,
Pantala flavescens the wandering glider, and Neurothemis tullia, the pied paddy
skimmer. N. tullia is a non-migratory small-sized dragonfly mainly found in rice
fields (Asahina et al., 1972) and is one of the significant predators of rice pests that
usually predate on smaller prey (Fraser, 1936). The migratory P. flavescens is a
typical rice field species bigger than N. tullia. They are stronger fliers and usually
prefer bigger moving prey (Kumar, 1984). N. tullia is always found throughout the
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year (Heckman, 1979), whereas P. flavesecens is a seasonal and migratory species.
Both these dragonfly species are good predators of rice pests and can be used as
potential biocontrol agents. This study compared the gut-associated bacteria of P
flavescens and N. tullia. Also, we attempt to compare the bacterial communities

between male and female flies.
2.2 REVIEW OF LITERATURE

Many studies on insect gut microbial communities have been conducted to
investigate the potential role of microbes and their impact on host ecology and
evolution (Rappe & Giovannoni, 2003). The gut microbiota of adult dragonflies has
already been studied in some species (Schilder & Marden, 2007; Yun et al., 2014;
Nair & Agashe, 2016; Deb et al., 2018). Cao and Bu (2020) studied the gut
microbiota in four dragonflies, P. flavescens, Orthetrum sabina, Coenagrion dyeri,
and Brachythemis contaminata, and showed that the dragonfly's gut was rich in
microbiota densities and species. Nair and Agashe (2016) analysed the gut microbial
communities of eight dragonfly species. They found that host-specific variation was
low, but each host species has a distinct bacterial community which is influenced by
the sampling location and season. Nobles and Jackson (2020) conducted a detailed
study on the effects of species, life stage, and environment on the gut microbiota of
13 dragonfly species, and their study showed that the gut microbiome of
metamorphosing insects harbours different gut microbiomes at different life stages.
Lim et al. (2023) investigated the gut microbiome of three adult dragonflies,
Pseudothemis zonata, Orthetrum lineostigma, and Orthetrum melania, and the

influence of host diet and specificity on the gut microbial communities.

Theys et al. (2023) studied the effect of temperature and pesticide on the gut
microbiome of two damselflies Ishnura pumilio and Ishnura elegans. Theys et al.
(2023) also studied the role of gut microbiota in pace-of-life differentiation and
thermal adaptation in damselfly larvae. Deb et al. (2019) studied the gut bacterial
communities of six species of wild dragonflies and their relation with the host

dietary specialization and neutral assembly. Colman et al. (2012) conducted a
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detailed study on the influence of diet and taxonomy in insect gut-associated

bacterial communities.

Shao et al. (2015) isolated gut-associated fungi from P. flavescens larvae and
studied their diversity, bacterial symbionts, and antibacterial potential. Lu et al.
(2016) characterized the compounds of a gut-associated fungus Aspergillus terreus,
of the dragonfly. Varg et al. (2022) Studied the effect of pollutants on the gut
microbiome at different trophic levels by conducting experiments on the planktonic
crustacean Daphnia magna, damselfly larvae I. elegans, and dragonfly larvae
Aeshna cyanea. Yin et al. (2018) isolated and studied the antifungal metabolites
from the fungus Curvularia crepinii that reside in the P. flavescens gut. Zhang et al.
(2020) conducted a detailed study on the P. flavescens gut-associated fungus

Trichoderma harzianum.

Yamaguchi et al. (2018) collected the fecal material from 383 damselflies
and conducted a detailed study on the antibiotic-resistant bacteria Enterobacterales.
Morrill et al. (2024) studied the gut-associated bacteria in three Coenagrion and one
Enallagma damselfly species. Takashi et al. (2021) investigated the fecal microflora
of two dragonfly species Sympetrum frequens and P. flavescens, and they isolated

carotenoid-producing microorganisms from the intestinal microflora of dragonflies.

Many studies have been conducted on the insect gut microbial communities
to understand the similarities, differences, and functional role of microbiota, such as
in drosophila (Chandler et al., 2011), bumble bees (Cariveau et al., 2014),
Melolontha hippocastani beetles (Arias-Cordero et al., 2012), butterfly Heliconius
erato (Hammer et al., 2014), Plutella xylostella moth (Xia et al., 2017), Gypsy moth
Lymantria dispar (Broderick et al., 2004), silkworm Bombyx mori (Chen et al.,
2018), Anopheles mosquitoes (Ngo et al., 2016) etc. Jones et al. (2013) compared
the insect gut-associated bacterial communities in 62 insect species from seven
orders, and their study showed that insect diet and taxonomy influence the gut
microbial community. Yun et al. (2014) characterised the insect gut-associated
bacteria of 218 insect species from 21 taxonomic orders, and their study showed that

gut bacterial diversity is higher in omnivorous insects than in carnivorous and
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herbivorous insects. Dinoto et al. (2022) studied the gut bacterial community of
blister beetle Mylabris pustulata, and the most abundant phylum in the beetle was
found to be Proteobacteria. The bacterial composition and diversity of Apis
nigrocincta gut were studied by Lombogia et al. (2020). Fredensborg et al. (2020)
studied the influence of invading parasites on insect gut microbes and found that
these parasites can modulate the gut microbiome. Ferguson et al. (2018) checked the
effect of seasonal changes in the environment on insect gut microbiome using
Gryllus veletis crickets as a model organism. Augustinos et al. (2019) compared the
gut-associated bacterial communities in five Tephritid species, namely Bactrocera
oleae, Anastrepha grandis, Anastrepha ludens, and two morphotypes of Anastrepha
fraterculus, and the role of diet, taxonomy, and developmental stage in the gut

microbiota.
2.3 MATERIALS AND METHODS
2.3.1 Sample collection and gut dissection

The dragonflies, P. flavescence (PF), and N. tullia (NT)were collected from
the paddy fields of Palakkad district, Kerala, India. Five male (M) and female (F)
individuals of both species were collected at noon and immediately before sunset.
The collected specimens were immediately preserved in 70% alcohol and stored at -
20°C. The whole gut of both species was dissected under a microscope using
sterilized dissecting spring scissors and fine forceps and transferred to a clean sterile
petri dish. The gut of all individuals of male and female dragonflies was dissected
separately. The dissected guts were then transferred to sterilized 2 ml centrifuge
tubes and immediately stored at -20°C till DNA extraction. DNA 1is isolated using

the QIAamp Power Pro DNA Kit as per the manufacturer’s instructions.
2.3.2 Bioinformatics Analysis

High-quality clean reads were obtained using Trimmomatic v0.38 to remove
adapter sequences, ambiguous reads (reads with unknown nucleotides “N” larger
than 5%), and low-quality sequences (reads with more than 10% quality threshold
(QV) < 25 phred scores) along with a sliding window of 20 bp and a minimum
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length of 100 bp. FLASH software was used to stitch the PE data into single-end
reads. High-quality clean reads were denoised, and chimeric sequences were filtered
through DADA2/Deblur. Taxonomic classification of amplicon sequence variants

was performed with the q2-feature classifier using a pre-trained classifier based on

the SILVA database (Fig. 2.1).
2.3.3 Alpha and Beta diversity

Diversity metrics of within-sample (alpha diversity) and between-samples
(beta diversity) were calculated. Simpson Index, Simpson reciprocal, Shannon
Index, and Goods Coverages were used as alpha diversity measures. A distance
matrix was calculated to compare microbial communities between samples to reflect
the dissimilarity between samples. The data in this distance matrix was visualized

with weighted and unweighted Principal Coordinate Analysis (PCoA).

PCoA is a technique that helps to extract and visualise a few highly
informative components of variation from complex, multidimensional data. This is a
transformation that maps samples present in the distance matrix to a new set of
orthogonal axes such that the first principal coordinate explains a maximum amount
of variation, the second principal coordinate explains the second largest amount of
variation, the principal coordinates can be plotted in two or three dimensions to
provide an intuitive visualisation of the data structure and look at differences

between the samples, and look for similarities by sample category.
2.3.4 Comparative analysis between the samples

The abundance of gut microbiome of each sample at different taxonomic
levels has been represented through pie and krona charts. The comparative analysis
between four samples at different taxonomic levels has been represented through

stacked bar plots.
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2.4 RESULTS

The gut bacterial communities of P. flavescens and N. tullia were characterised
using amplicon sequencing. These two Odonate species’ male and female gut

bacterial communities were also compared and analysed.
2.4.1 Rarefaction analysis

Rarefactions curves showed the species richness of the four samples, PFF,
PFM, NTM, and NTF. This is a plot of the number of species as a function of the
number of samples. It was performed to a depth of 5000 reads. The curves for all the

samples were plateau, indicating a credible number of samples have been taken (Fig.

2.2).
2.4.2 Alpha diversity

The diversity of the bacterial gut microbiome within the samples was
determined for all four samples (PFF, PFM, NTF, and NTM). The alpha diversity for
the four samples was determined using the Shannon index, Simpson index, Simpson
reciprocal, and Goods Coverage (Table 2.1). The gut bacterial communities of P.
flavescens male showed the highest bacterial richness value (Chaol: 837). The
female N. tullia exhibited the highest bacterial diversity indices (Shannon Index:
8.33, Simpson Index: 1.00). The bacterial diversity indices observed in the male
dragonflies (Shannon index: PFM=7.96, NTM=7.65) were lower than the females
(Shannon index: PFF=7.96, NTF=8.33)

Table 2.1: Alpha diversity of the gut bacterial communities

S. Shannon | Simpson | Observed | Goods Simpson
sample . Chaol
No Index Index features | Coverage | Reciprocal
1 PFM 7.96 0.99 837 1 160.26 837
2 PFF 7.97 0.99 653 1 183.78 653
3 NTM 7.65 0.99 625 1 70.64 625
4 NTF 8.33 1.00 794 1 224.38 794
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2.4.3 Abundance Heatmap

The abundance heatmap was used to display the bacterial abundance
distribution of the dominant phylum among all four samples: PFF, PFM, NTF, and
NTM (Fig. 2.3). Each row of the heatmap corresponds to the phyla, and each
column corresponds to a sample. In the heatmap, the lower relative abundance of
particular phyla in a sample is indicated by purple colour, and the higher relative

abundance is indicated by red colour in the heatmap.
2.4.4 Beta Diversity

Beta diversity measures the change in gut microbial diversity between
samples. Principal coordinate analysis (PCoA) was used to determine the beta
diversity of the four samples. The gut bacterial communities of the four samples
have not shown any similarities between them, and they are clustered separately. The
same species’ male and female gut population also shows some dissimilarities (Fig.

2.4).
2.4.5 The similarities and differences of gut microbiota

Venn analysis was used to visualise the shared and unshared features of the
gut bacterial microbiota of the samples. Venn diagram analysis showed that NTF had
the highest gut bacterial feature number of 545 among all the samples. The male and
female of N. tullia shared 4 features consisting of approximately 0.4% of all the
features (Fig. 2.5B). 5 features were shared by the male and female P. flavescens,
and the male samples had 528 features (Fig. 2.5A). The total number of features in
N. tullia was the highest, and the shared features were also below that of the P.
flavescens. This indicates that N. tullia has the highest diversity of gut bacterial
communities. The Venn diagram analysis of the four samples showed that no

features are shared (Fig. 2.5C).
2.4.6 Taxonomic composition of gut microbiota

A total of 26 phyla were identified in both species. The most abundant taxa at

each classification are given in (Table 4.2). The taxonomic classification from the
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kingdom to genus level of the gut microbiome of four samples is depicted as Krona

graphs (Fig. 2.21, 2.22).
2.4.6.1 Phylum level

The gut bacterial communities of both species are dominated by the phylum
Proteobacteria (PFF=55.2%, PFM=61.5%, NTF=51.6%, NTM=54.8%), Firmicutes
(PFF=19.8%, PFM=13.9%, NTF=32.3%, NTM=22.9%) and Bacteroidetes
(PFF=16.4%, PFM=15.6%, NTF=11.2%, NTM=14.8%). Proteobacteria was highly
dominant in P. flavescens, with a mean abundance of 58.35%. Actinobacteriota
(PFF=0.8%, PFM=1.8%, NTF=3%, NTM=3.9%) is seen in both the dragonfly’s gut
with less abundance. In the gut of P flavescens Desulfobacterota (PFF=3.7%,
PFM=2.3%), Rs-K70 termite group (PFF=2.9%, 1.5%), and Fusobacteriota
(PFF=0.2%, PFM=2.7%) are also seen but with less abundance (Fig. 2.6, 2.7,2.8).
All other bacterial phyla in the four gut samples are less than 1%.

2.4.6.2 Class level

At the Dbacterial class level, Gammaproteobacteria (PFF=48.01%,
PFM=55.64%, NTF=42.04%, NTM=33.59%), Bacteroidia (PFF=16.37%,
PFM=15.56%, NTF=11.14%, NTM=14.84%), Clostridia  (PFF=9.62%,
PFM=5.26%, NTF=22.39%, NTM=9.23%), Bacilli (PFF=9.64%, PFM=8%,
NTF=7.74%, NTM=12.59%) and Alphaproteobacteria (PFF=7.15%, PFM=5.69%,
NTF=9.46%, NTM=21.2%) are dominating in all the four samples. (Fig. 2.9, 2.10,
2.11)

2.4.6.3 Order level

At the order level, Enterobacterales is most dominant in P flavescens
(PFF=31.35%, PFM=26.51%), and in N. tullia Pseudomonadales is the most
dominating order (NTF=13.86%, 18.23%). Bacteroidales and Lactobacillales, are
moderately abundant in all four samples. Rickettsiales are more abundant in NTM
(16.09%) and Oscillospirales are abundant in NTF (13.83%), but in P. flavescens,
these are significantly less abundant (below 3%) (Fig. 2.12, 2.13, 2.14).
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2.4.6.4 Family level

At the family level, Enterobacteriaceae (PFF=16.63%, PFM=16.14%) is
most prevalent in P. flavescens, and Moraxellaceae (NTF=13.27%, NTM=16.31%)
is most dominant in N. tullia. Moraxellaceae is also seen in P. flavescens but with

less abundance. (Fig. 2.15, 2.16, 2.17)
2.4.6.5 Genus level

At the genus level, Dysgonomonas was most dominant in female P
flavescens (9.9%), and Escherichia-Shigella (9.51%) was the dominant genus in
male P. flavescens. In N. tullia Actinobacter (NTF=13.24%, NTM=16.27%) was the
most prevalent bacterial genus. Only the females of P. flavescens and N. tullia
contained the members of the genus Enterobacter and are absent in the males.
Members of the genus Pseudocitrobacter are present only in female P. flavescens
and Ignatzschineria is present only in female N. tullia. Male and female P

flavescens and N. tullia differ in the gut community richness (Fig. 2.18, 2.19, 2.20).

Table 2.2: Taxonomic hierarchy and relative abundance in different gut samples.

Taxonomy Abundance at Phylum level (Top 5)

PFF PFM NTF NTM
Proteobacteria Proteobacteria Proteobacteria Proteobacteria
(55.22%) (61.48%) (51.59%) (54.84%)
Firmicutes Bacteroidota Firmicutes Firmicutes
(19.8%) (15.56%) (32.27%) (22.94%)
Bacteroidota Firmicutes Bacteroidota Bacteroidota
(16.37%) (13.91%) (11.2%) (114.84%)
Desulfobacterota | Fusobacteriota Actinobacteriota Actinobacteriota
(3.71%) (2.74%) (3.02%) (3.85 %)
Rs-K70-termite Desulfobacterota | Verrucomicrobiota | Planctomycetota
group (2.93%) (2.25%) (0.36%) (0.67%)

Taxonomic Abundance at Class level (Top 5)

PFF PFM NTF NTM
Gammaproteobact | Gammaproteobact | Gammaproteobacter | Gammaproteobact
eria (48.01%) eria (55.64%) 1a (42.04%) eria (33.59%)
Bacteroidia Bacteroidia Clostridia (22.39%) | Alphaproteobacter
(16.37%) (15.56%) ia (21.2%)

Bacilli (9.64%) Bacilli (8%) Bacteroidia Bacteroidia
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(11.14%) (14.84%)
Clostridia (9.62%) | Alphaproteobacter | Alphaproteobacteria | Bacilli (12.59%)
ia (5.69%) (9.46%)
Alphaproteobacter | Clostridia (5.26%) | Bacilli (7.74%) Clostridia (9.23%)
ia (7.15%)
Taxonomic Abundance at Order level (Top 5)

PFF PFM NTF NTM
Enterobacterales Enterobacterales Pseudomonadales Pseudomonadales
(31.35%) (26.51%) (13.86%) (18.23%)
Bacteroidales Pseudomonadales | Oscillospirales Rickettsiales
(10.92%) (15.89%) (13.83%) (16.09%)
Lactobacillales Bacteroidales Enterobacterales Lactobacillales
(7.74%) (7.15%) (12.61%) (10.62%)
Burkholderiales Lactobacillales Cardiobacteriales Flavobacteriales
(5.42%) (6.71%) (5.63%) (7.08%)
Clostridiales Flavobacteriales Bacteroidales Bacteroidales
(4.54%) (4.96%) (5.45%) (5.84%)

Taxonomic Abundance at Family level (Top 5)

PFF PFM NTF NTM
Enterobacteriaceae | Enterobacteriaceae | Moraxellaceae Moraxellaceae
(16.63%) (16.14%%) (13.27%) (16.31%)
Dysgonomonadace | Moraxellaceae Ruminococcaceae Anaplasmataceae
ae (9.91%) (11.04%) (12.81%) (12.85%)
Yersiniaceae Dysgonomonadace | Wohlfahrtiimonadac | Enterococcaceae
(6.76%) ae (5.78%) eae (5.63%) (7.48%)
Clostridiaceae Morganellaceae Weeksellaceae Weeksellaceae
(4.3%) (4.97%%) (4.74%) (4.74%)
Morganellaceae Pseudomonadacea | Morganellaceae Rhodanobacterace
(3.97%) (4.85%) (3.73%%) a (5.3%)

Taxonomic Abundance at Genus level (Top 1)

PFF PFM NTF NTM
Dysgonomonas Escherichia- Acinetobacter Acinetobacter
(9.9%) Shigella (9.51%) (13.24%) (16.27%)

2.5 DISCUSSION

In this chapter, we compared the gut microbiome of two adult dragonfly

species, P. flavescens (migratory species) and N. fullia (non-migratory species). We

also studied the difference between male and female individual gut microbiome

communities.
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We have collected the P. flavescens and N. tullia from the same site. Their
gut microbial communities have shown significant diversity differences. These
differences shown by the two host species could be due to many reasons, such as the
host species differences, prey preferences by the two host species, specific selection
pressure in the gut environment of the host, host size differences, flying and
predatory ability of the host, spatial differences in the distribution of host species,
etc. Many previous studies on insect gut microbiome reported that host diet is one of
the important determinants in altering the microbiome community of insect’s guts
such as termites (Mikaelyan et al., 2015), bees (Huang et al., 2018), beetles (Kudo et
al., 2018; Kim et al., 2017), Drosophila melanogaster (Chandler et al., 2011), and
dragonflies (Deb et al., 2019; Lim et al, 2023). P. flavescens and N. tullia may
consume some distinct or similar prey. P. flavescens capture large-sized and small-
sized prey but, N. tullia mostly prefers small prey. P. flavescens even predate on
other Odonates (Deb et al., 2019), but N. tullia is not generally found to do so. Host
that prefers distinct prey species will have different gut microbial communities that
are acquired passively with the prey (neutral community assembly) and the gut
communities of hosts that are consuming similar prey also show differences due to
the specific selection pressure in the gut environment of the host (Nair & Agashe,
2016). The availability of prey in different seasons may vary, which is also an

important factor determinant of the dragonfly's gut microbiome (Deb et al., 2019).

The host sex also shows variation in the gut microbial community, e.g., the
gut microbial community of female bollworms was less diverse than that of males
(Priya et al., 2012). The gut microbial communities of male and female P. flavescens
and N. tullia also varied in our study. Nair and Agashe (2016) studied the gut
microbial communities of dragonflies. They found that the community richness and
composition of male and female dragonflies varied as a function of sampling month
and site. The female gut microbiome diversity of adult Spodoptera littoralis was
more significant than the male adults (Chen et al., 2016). Some bacteria are obligate

gut symbionts of Odonates (Morrill et al., 2024).
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The gut microbiome of P. flavescens and N. tullia is dominated by the
members of the phylum Proteobacteria; these results were parallel to some previous
studies on adult dragonflies (Nair & Agashe, 2016) and other insects (Hamdi et al.,
2011; Jones et al., 2013). Proteobacteria is the dominant phylum in insects, and this
higher abundance in the insect gut might be due to its ability to invade and
proliferate within the host compared to other bacterial groups or due to the active
recruitment of Proteobacteria by the host (Jones et al., 2013). In Hymenopteran
insects, these Proteobacteria were found to increase the host resistance to pathogenic
parasites (Kaltenpoth & Engl, 2014). A study conducted on 81 insect gut samples
was also dominated by 57.4% Proteobacteria and 21.7% of Firmicutes (Colman et
al., 2012). In the human gut microbiome, these Proteobacteria phyla are associated

with diseases (Shin et al., 2017).

The gut of P. flavescens is dominated by the family Enterobacteriaceae. Most
of the members in this group have a symbiotic association with the insects and
contribute a nutritional benefit; they also play a significant role in the defense
mechanism against some pathogens (Dillon & Dillon, 2004; Rajagopal, 2008).
Enterobacter sp. has the anti-Plasmodium effect, producing reactive oxygen species
against the Plasmodium (Cirimotich et al., 2011). Enterococcus is present in P
flavescens and N. tullia. These Enterococcus help lower the gut pH and maintain the
alkaline condition of the host gut (Wilson & Benoit, 1993). Genus Wolbachia
(phylum Alphaproteobacteria, family Rickettsiaceae) is prevalent in many Odonates
(Lorenzo-Carballa et al., 2019). Wolbachia is present in both P. flavescens and N.
tullia and is more abundant in N. fullia. These influence the thermal tolerance,
reproductive behavior, nutrition, and insects survival (Lorenzo-Carballa et al., 2019).
They can induce male-specific killing, feminization, cytoplasmic incompatibility,

and parthenogenesis in the host (Kageyama et al., 2002; Werren et al., 2008).

Local variation in the diet may also influence the host gut bacterial
communities; thus, different populations of the same host may show variations in the
composition of the gut bacterial community (Nair & Agashe, 2016). We collected N.

tullia and P. flavescens from the same habitat and found differences in the gut
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bacterial communities. These differences in microbial communities might be due to
dietary specialisation and species differences. Host species differences significantly
impacted the gut microbial communities (Cao & Bu, 2020). The study by Nobles
and Jackson (2020) showed that the gut microbiome of adult dragonflies is not
strongly affected by the sample location and the host species. The gut of larger host
species will be richer in bacterial communities (Nair & Agashe, 2016). Even though
N. tullia is more diminutive than P. flavescens there is no such significant difference

in the richness of gut bacterial communities observed in our study.

Nair and Agashe (2016) studied the gut bacterial communities of some
dragonflies in the South Indian region. They found some rare groups,
Oceanospirillales, Rhizobiales, Flavobacteriales, and Aeromonadales, in some
dragonflies and were absent in P. flavescens. However, in our study, all these
bacterial groups were present in the gut of P. flavescens. Their role in carnivorous
insects is still being determined. Many previous works on gut bacterial communities
of Odonates showed a higher abundance of Alphaproteobacteria and
Gammaproteobacteria, a moderate abundance of Bacilli, and a weak representation
of Actinobacteria (Corbet, 1999; Nobles & Jackson, 2020; Morrill et al., 2023),
which is very similar to our data. Nevertheless, in P. flavescens and N. tullia a

moderate representation of Clostridia is also seen.

Hongwei et al. (2023) conducted a detailed study on the relationship
between the gut microbial diversity and the wing size of stingless bees, and their
results showed that the gut bacterial richness of the bee Tetragonula carbonaria is
positively correlated to its forewing length. In insects, the wing size is related to its
flight performance (Wootton, 1992), foraging, dispersal, and migration (Johansson et
al., 2009). P. flavescens is a migratory species and is widely distributed; their larger
wing size helps to improve their flight performance and foraging, which in turn
increases their gut microbial species. As a generalist predator, P. flavescens
consumes diverse prey with excellent mobility (Cao & Wu, 2019; Larsen, 1981) and
in the work of Cao and Bu (2019), they found the highest number of OTUs in P,

flavescens compared to other three species of dragonflies. Coenagrion dyeri, with
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the smallest body, had the second-largest number of OTUs in their study: this
indicates that the size of the species does not make any significant differences in the
gut microbial communities of Odonates. There is a size difference between P
flavescens and N. tullia, but our data also shows no significant differences in the gut

bacterial diversity between them.

Due to its limited spatial movements, N. tullia is locally distributed within its
breeding habitat (Salmah et al., 2000). Due to their short distance movement and
weak fluttering flight (Fraser, 1936), they are always seen in the rice plant areas or
the grasses around the rice field. Meanwhile, P. flavescens fly over longer distances
and are not restricted to their reproductive areas. The small body size of N. tullia
enables them to hover around rice plants to capture even very small pest species,
making them a potential predator in the rice field (Salmah et al., 2000). Both these
dragonfly species are good predators of rice fields. After harvesting, these N. tullia
move to the surrounding grasses of the rice field and consume small prey around
there. The distribution of P. flavescens in that habitat becomes very low after
harvesting, possibly due to the unavailability of large prey. Both species were
collected from the paddy fields after harvesting to analyse the gut bacterial

microbiome.

A significant difference in the gut microbiome diversity was observed in the
dragonfly species P. flavescens and N. tullia. The shared bacterial communities
between these two dragonfly species are different. These differences in the gut
microbiome of dragonflies collected from the same site and season might be due to
differences in host specificity towards prey. P. flavescens usually catch large prey,
and N. tullia catches small prey. Our data suggest that P. flavescens and N. tullia
have a good diversity of gut microbiome communities and both are good predators
of paddy pests. As a strong flier, the widespread distribution of P. flavescens makes

them an effective predator of significant pests and vectors.
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2.6 KEY FINDINGS

>

There is a significant difference in the diversity of gut bacterial communities

of the two dragonfly species, P. flavescens and N. tullia.

Some bacterial group shows specificity towards P flavescens like
Aeromonas, Paraclostridium, Myroides, Pseudocitrobacter, Vagococcus and
Weissella. Bacterial genus Paracoccus, Janthinobacterium, and Romboutsia

are specific to N. tullia.

Variation in the abundance of bacterial communities has been observed in the

male and female dragonflies.

Species and diet specificity of the two dragonflies are the major reasons for
the variations in the gut-associated bacterial communities in our study

because the samples were collected from the same habitat and season.

The size of the host species has no major role in determining the diversity of

the gut-associated microbiome in dragonflies.

P. flavescens and N. tullia have a good diversity of microbial communities in
their gut, indicating that both these Odonata species are good predators of

paddy pests.

Quantitative predatory potential assessment between two species needs to be

explored in the future.
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3

Exploring Embryonic, Post-embryonic, and Predatory
potential of the Wandering Glider, Pantala flavescens

3.1 INTRODUCTION

Odonates are hemimetabolous insects, and with three distinct life stages
(egg, naiad, and adult), the dragonfly naiads show the most incredible diversity in
functional morphology (Suhling et al., 2015). The naiad stages of Odonata varies
from a few weeks to several years, and adult life lasts only a few months (Jose &
Chandran, 2020). Pantala flavescens complete their egg and naiad development
within 50 days (Hawking & Ingram, 1994). P. flavescens, the wandering glider or
globe skimmer, is a widely distributed migratory species (Christudhas & Mathai,
2014).

The eggs of dragonflies are mainly included in endophytic and exophytic
eggs, based on their deposition of eggs into plants or in water (Hinton, 1981). P,
flavescens exhibits an exophytic mode of oviposition, and the eggs are oval/spheroid
a common feature of exophytic eggs (Corbet, 1999; Andrew, 2011). Many Libellulid
females lay their eggs in small clusters during flight by making intermittent contact
with the water surface (Miller, 1987). P. flavescens lay eggs in different open water
sources, such as rice paddy fields, small ponds, swimming pools, and puddles, by
stopping over during migration flight (Hawking & Ingram, 1994; Ichikawa, 2016).

The oviposition site selection behaviour of dragonflies can be used as a bioindicator
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tool for assessing anthropogenic impacts on the environment (Rodrigues et al.,

2018).

In insects, post-embryonic development is the period from hatching to the
emergence of adult insects. It consists of a series of structural developments and
differentiations that give rise to the adult organism (Lerum, 1968). The dragonfly
naiads can occupy different habitats as they are highly diverse in naiad form and
behaviour (Suhling et al., 2015). The number of naiad instars is not the same in all
Odonate species; it varies within and between species and ranges from 9 to 15
instars (Subramanian, 2005). The head region of the dragonfly naiad bears the
compound eyes, three ocelli, antennae, and mouthparts; the thorax has three pairs of
legs and wing sheaths in late instars; and ten abdominal segments (Tillyard, 1917,
Suhling et al., 2015). They are mandibulate insects with large, extendable labium, a
unique anatomical feature of the naiads of Odonata (Tennessen, 2019). Their
prehensile, protractile labium helps to capture the prey (Resh & Carde, 2009). The
naiad and adult dragonflies ventilate their gas exchange system by rhythmic
abdominal pumping movements; the naiads tidally ventilate their rectal gill with
water, while the adult uses its abdominal spiracles to pump the air into its tracheal

system (Ubhi & Matthews, 2018).

The naiads of dragonflies are generalist predators; their prey includes many
aquatic insects like mosquito larvae, crustaceans, molluscs, protozoans,
oligochaetes, hemipterans, mayflies, some small larval fishes and amphibians, and
the predators of dragonfly naiads include fish, frog, other naiads of Odonata, aquatic
beetles and hemipterans (Resh & Carde, 2009). The dietary preference of dragonfly
naiads includes a wide variety of prey (Akre & Johnson, 1979; Corbet, 1980; Travis
et al., 1985) and thus they regulate the community structure and abundance of
different species in water bodies (Stav et al., 2005). These are more aggressive
towards the con- or hetero-specifics (Rowe, 1980; Baker, 1981). Different foraging
modes are seen in Odonatan naiads: active foraging, sit-and-wait predation, and
visual, and tactile prey detection (Sherk, 1977). Predator-prey interaction influences

the diversity and abundance of many prey communities (Sih et al., 1985), and this
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interaction is a crucial agent of control group selection for many species (Weis et al.,

1992).

Dragonflies and damselflies have proved to be the potential biocontrol agents
of mosquitoes and rice pests worldwide (Sathe & Shinde, 2016) and play a
significant role in the wetland ecosystem (Subramanian, 2005). Urbanization and
improper management of domestic and other polluted water have led to many
mosquito breeding sites, resulting in the spread of many mosquito-borne diseases
like chikungunya, dengue, filariasis, Japanese encephalitis, etc. (Shad & Andrew,
2013). Nevertheless, we always depend on chemical insecticides to control such
vectors. The continuous use of chemical insecticides and pesticides causes
insecticide resistance in insect pests, environmental pollution, and also adversely
affects non-target organisms (Lee et al., 2001). Instead of using such harmful
insecticides, we can make use of some predators and parasites of vectors to control
their population. Dragonflies (both naiads and adult) are one of the primary
predators of mosquitoes (Corbet, 1980), and they are often referred to as “mosquito
hawks” (Kenny & Burne, 2001). The eyes and mechanoreceptors of the naiads of
Odonata play an important role in detecting prey and capturing them with the labium
or labial palps (Mandal et al., 2008; Nasrabadi et al., 2022). The naiads of Odonata
can be used in temporary or control group habitats as a potential biocontrol agent in

regulating the larval population of vector mosquitoes (Mandal et al., 2008).

Most growth and development during the naiad stages in Odonata is essential
for adult fitness (Hyeun-Ji, & Johansson, 2015). The size of the dragonfly also
influences its fitness, which is influenced by the naiad’s ecology (Sokolovska et al.,
2000). The naiads of Odonata reared under laboratory conditions have been used to
conduct many studies. Reared naiads are mainly used to document the instar stages
and anatomical features, developmental patterns, factors influencing growth,
predator-prey interactions, behavioural and physiological responses, effects of
toxicants, etc. (Rice, 2008). Nutrient conditions of the naiads are essential for
rearing potential biocontrol agents like dragonflies in the laboratory. Insufficient

nutrients will lead to a high death rate and cannibalism of dragonfly naiads.
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This chapter includes the embryonic development, post-embryonic
development, and predatory potential studies of the dragonfly P. flavescens. The
embryonic development of P. flavescens was described by mainly focusing on the
easily recognisable features of the transparent egg. Every stage of embryonic
development was studied without destroying the egg, and we divided the embryonic
development of P. flavescens into eight stages. The post-embryonic developmental
studies were also conducted under laboratory conditions. We developed a new mass-
rearing technique for the wandering glider P. flavescens with controlled or no
cannibalism by preparing a Special nutrient solution and given as an extra source of
nutrition in addition to other foods. The predatory potential of P. flavescens naiads

over the filarial vector, Culex quinquefasciatus larvae, was also studied.
3.2 REVIEW OF LITERATURE

Tillyard conducted a detailed study on the biology of dragonflies in 1917.
Miyakawa (1987, 1990) conducted an elaborate work on embryo rotation within the
eggs of dragonflies and compared the germ rudiment position inside different
dragonfly's eggs. Sahlen and Suhling (2002) studied the relationship between clutch
size and egg size among species of Sympetrinae. A detailed study on the
ultrastructural post-oviposition changes in the egg chorion was conducted in some of
the dragonflies (Ivey et al., 1988), in Ictinogomphus rapax (Andrew & Tembhare,
1992), Aeshna juncea (Sahlen, 1994), Zyxomma petiolatum (Andrew & Tembhare,
1995), Tramea virginia (Andrew, 2002), Libellula depressa (Gaino et al., 2008), in
Brachydiplax sobrina and Orthetrum sabina (Andrew, 2009), P. flavescens (Andrew
et al., 2011), Micrathyria dictynna (Andrew & Foerster, 2015). May (1995)
conducted a comparative study on the micropyle structure of Libelluloid and

Cordulegastroid dragonflies.

Hemimetabolous insects show blastokinesis during their embryonic
development, and it includes mainly three embryonic movements, anatrepsis,
intertrepsis, and katatrepsis (Masumoto & Machida, 2006; Panfilio, 2008; Donoughe
& Extavour, 2016). The embryonic and larval developmental studies of Sympetrum

danae were carried out by Waringer in 1983. Hottenbacher and Koch (2006) studied
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the influence of egg size on the egg and naiad development of the dragonfly

Sympetrum striolatum.

Mass rearing of dragonflies and releasing them into the agroecosystem,
forest ecosystem, and wetland ecosystem is a very effective biological control
method for many insect pests and vectors. Rowe (1991) reared the dragonfly
Hemianax papuensis under laboratory conditions.  Gossum et al. (2003)
demonstrated difficulties in rearing experiments under laboratory conditions. Rice
(2008) reviewed the laboratory-rearing methods of dragonfly naiads and described a
new design for the short-term maintenance of Libelluid naiads. Sathe (2013) reared
dragonflies in a glass aquarium and developed the mass culture methods of different
prey (paramecium, daphnia, and mosquitoes) of dragonfly naiads in laboratory
conditions. Piersanti et al. (2015) described a protocol to obtain at least three
generations of Ischnura elegans in laboratory conditions. Okude et al. (2017)
developed a laboratory-rearing system for the blue-tailed damselfly, Ishnura
senegalensis. In Thailand, the naiads of Bradinopyga geminata were successfully
used to control Aedes mosquito (Subramanian, 2005). Sathe and Shinde (2016)
mass-reared the dragonflies and successfully released them into the mulberry

ecosystem and paddy fields of the Kolhapur region, India.

The naiads of Odonata show cannibalism, an expected behavior in
dragonflies (Johansson, 1993; Hopper et al, 1996; Gossum et al., 2003).
Cannibalism was one of the major problems affecting the mass rearing of
dragonflies in the laboratory. Density-dependent positive correlation of cannibalism
was seen in dragonfly naiads (Buskirk, 1989). In laboratory-rearing systems, this
cannibalism can be avoided by rearing the naiads in separate vials (Johnson, 1965;
Lockline et al., 2012). However, it is difficult as it requires more materials and
laboratory space (Locklin, 2012). The body size of Odonatan naiads and cannibalism

are positively correlated (Holzmann et al., 2022).

Lerum (1968) conducted a detailed study on the development of compound
eye and optic ganglia in the dragonfly naiads. Sherk (1978) also studied the
compound eyes development in dragonfly naiads. Goretti et al. (2001) studied the

83



Chapter 3

development of dragonfly naiad, Aeshna cyanea. Busse et al. (2019) conducted a
detailed study on the exuviae, attachment devices, and their role during dragonfly

adult emergence.

Many internal and external factors affect the development of dragonfly
naiads (Pritchard et al., 1996; Corbet et al., 2006). Environmental factors like
temperature, photoperiod, and food availability play a significant role in the ecology
and evolution of many insects (Corbet et al., 2006; Bradshaw & Holzapfel, 2007).
Lutz (1974) experimented to study the effects of temperature and photoperiod on the
dragonfly naiad, Tetragoneuria cynosure. Gresens et al. (1982) studied the effect of
temperature on the functional response of the dragonfly, Celithemis fasciata. Hudson
and Berrill (1986) conducted a study on the effect of low pH (5.1 and 3.5) on the
eggs of some Odonata, Ishnura verticalis, Lestes congener, Lestes lydia, and
Sympetrum vicinum. Their study revealed that the Odonatan eggs can tolerate low
pH. Punzo (1988) conducted a study to determine the combined effects of low
environmental pH and temperature on the embryonic survival and metabolic rates of
the dragonfly, Anax junius, and also the role of hypoxia in the hatching process.
Miller (1992) studied the effect of oxygen lack on egg hatching in Potamarcha
congener, and his result showed that oxygen lack triggers egg hatching in P
congener. Koch (2015) reared the eggs of the dragonfly Sympetrum striolatum under
different temperatures and photoperiod to study its influence on embryonic
development and found that an increase in temperature causes faster egg
development. The effect of temperature on the egg development of P. flavescens was
studied by Ichikawa et al. (2017). Augustine et al. (2021) studied the effect of
temperature on the growth of P. flavescens naiads. Holzmann et al. (2022) studied

the effect of temperature on the growth and cannibalism in damselfly larvae.

Mandal et al. (2007) estimated the predatory efficacy of five Odonatan
naiads, Aeshna flavifrons, Coenagrion kashmirum, Ishnura forcipata, Rhinocypha
ignipennis, and Sympetrum durum, using C. quinquefasciatus mosquito larvae as
prey. The study of Chatterjee et al. (2007) revealed the biocontrol efficacy of the

dragonfly naiad Brachytron pratense against the Anopheles subpictus mosquito
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larvae. The presence of alternative prey forms did not inhibit the regulation of the
Culiseta longiareolata mosquito by the Anax imperator dragonfly naiad (Stav et al.,
2005). Ellis (2013) conducted a study to find whether the presence of dragonfly
naiad influences the development and survival of mosquitoes and found no influence
on the development and oviposition behaviour of the mosquito. Shad and Andrew
(2013) studied the predatory potency of naiads of B. geminata on the filarial vector,
C. quinquefasciatus. Venkatesh and Tyagi (2013) investigated the predatory
potential of larval B. geminata and Ceriagrion coromandelianum on Aedes aegypti.
Murugan et al. (2015) extracted silver nanoparticles (AgNPs) from the Datura metel
leaf and studied the influence of AgNPs on the predatory potential of dragonfly
naiads against the malarial vector Anopheles stephensi. The presence of AgNPs
boosted the predatory potential of dragonfly naiads. The naiads of dragonfly B.
contaminata can be used as a biocontrol agent against mosquito larvae, and it had
the highest predation efficacy against 4. stephensi, followed by C. quinquefasciatus
and 4. aegypti (Singh et al., 2003). Saha et al. (2012) evaluated the predation
potential of the naiads of Odonata Ceriagrion coromandelianum and Brachydiplax
chalybea chalybea on the II and IV instar larvae of C. quinquefasciatus under
laboratory condition and recommends the naiads of Odonata as a potential
biocontrol agent. Kumar et al. (2008) compared the predatory efficiency of three
aquatic predators, mosquitofish, dragonfly naiads, and copepods, over mosquito
larvae in the presence of alternative prey. Weterings et al. (2015) also studied the
predation rates of some Odonatan naiads on A. aegypti and Armigeres moultoni
larvae. Ilahi et al. (2019) studied the predatory efficiency of naiads of some
odonates, 1. elegans, Trithemis aurora, P. flavescens, Ladona fulva, Sympetrum
decoloratum and Crocothemis servilia on mosquito larvae C. quinquefasciatus.
Akram and Ali-khan (2016) studied the predation performance of Odonatan naiads,
Anax parthenope, B. geminata, Ishnura forcipate, Rhinocypha quadrimaculata, and
T aurora against the mosquito larvae A. aegypti. Moirangthem et al. (2018)
conducted a comparative study to check the efficacy of three insect larvae, Odonata
(Sympatrum sp.), Hemiptera (Diplonychus sp.), and Diptera (Lutzia tigripes), in
controlling the mosquito larvae. Lamptey and Brandl (2018) conducted a field
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experiment to study the effect of dragonflies on the density of mosquito larvae. The
practical efficacy of using the naiads of Odonata as mosquito control agents has
been evaluated by many countries in the world (Samanmali, 2018). Mataba et al.
(2023) studied the interactive effects of dragonfly larvae and Bacillus thuringiensis
var. israelensis on mosquito survival and oviposition behaviour. Myanmar
(Sebastian et al., 1990) and India (Venkatesh & Tyagi, 2013) have successfully used
many dragonflies as biocontrol agents in regulating the larval populations of

mosquitoes (Mandal et al., 2008).
3.3 MATERIALS AND METHODS
3.3.1 The embryonic developmental study

Adult P. flavescens were collected from the paddy fields in Palakkad
district, Southern Western Ghat, Kerala, India from September to November 2020,
using a sweep net. Only the females were taken to the laboratory with special care to
reduce the stress during transportation. The artificially induced oviposition (Krull,
1929) method was adopted to collect the eggs of P. flavescens. The wings of mature
females were held appropriately, and the tip of the abdomen was dipped every 15 s
into a Petri dish filled with 50 ml of de-chlorinated water. This process was repeated
until the female completely released the eggs. Then, the females were released back
to the field after collecting the eggs. The collected eggs were kept at room/water
temperature (26 £ 1° C) throughout the experiment with 14:10 hours photoperiod.
Every 12 hours, 60-70 % of water was replaced with de-chlorinated tap water. The
embryo’s developmental stages were observed and documented using a Zeiss,
SteREO Discovery V20, a modular motorised stereo zoom microscope with Zeiss
Axiocam 506 colour camera 19-bit full resolution CCD Sensor, Germany. Image
capturing was continued until the onset of hatching. Non-distractive methods were
used to visualize and document the early embryonic events of P. flavescens. Daily
changes in the length (anterior-posterior distance) and width of the eggs were

measured using ImagelJ software, n = 30, and data were represented as Mean & SD.
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3.3.2 Laboratory rearing of P. flavescens

The eggs of P. flavescens for the rearing experiment were also collected from
Palakkad district, Kerala, India. The eggs of P. flavescens were collected from the
adult females by dipping the tip of the abdomen in a beaker filled with water. A
single egg clutch contained about 800-900 eggs. The eggs from the same clutch

were used for the postembryonic developmental study.
3.3.2.1 Preparation of culture medium

Special Nutrient Composition (SNC) (Patent No: 202441072908) with
essential amino acids and nutrients has been used for the culturing of P. flavescens

naiads.
3.3.2.2 Laboratory rearing of P flavescens naiads

The experiment was conducted in the three different special nutrient
compositions (SNC) SNC 1, SNC 2 and SNC 3 and one Control group with three
replicas of each. Plastic trays (34 cm length, 26 cm breadth, and 5 cm height) with
5L capacities were used for culturing the naiads. Each tray was filled with three
liters of de-chlorinated tap water, and some small pebbles were added to make some
hiding places for the naiads. Twenty-five eggs from the same egg clutch were
transferred to each tray. The eggs were hatched within 6-7 days. After egg hatching,
the special nutrient solution was added to the trays accordingly. We changed the

water every fifth day without disturbing the naiads.

The early instars of naiads were fed daily with artemia, paramecium, and moina;
the later instars were fed with mosquito larvae and bloodworms. Paramecium was
cultured in the laboratory by using dried banana leaves. The dried banana leaves
were added into a glass beaker with one litre of tap water. The beaker was closed
with a muslin cloth to avoid the egg laying by other insects. One or two drops of
milk were also added to it to provide the required bacteria and small protozoans. The
paramecium is reproduced by simple division, and enough paramecia were produced
on the fifth day. Artemia tablets were used for the culture. For one artemia tablet, we

used one litre of de-chlorinated tap water mixed with two tablespoons of salt and
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provided continuous aeration. Moina is a crustacean mainly used as a live fish food
and is commercially available. Initial cultures of the Moina were collected from an
aquarium shop and cultured in cement tanks using fresh papaya leaves. Mosquito
larvae culture was also maintained in the laboratory. The egg rafts of mosquitoes
were collected from the cement tanks used for the Moina culture. The tanks were
filled with water, a few dry mango leaves, and one large papaya leaf, which attracted
the mosquitoes. We changed the papaya leaves every third day before they started
decaying. The collected egg rafts were then transferred to plastic trays filled with 3
L of water. The eggs were hatched within 2 days after oviposition. Powdered dog
biscuits and fish food were added to the larval trays as food. Commercially available
live bloodworms were used for feeding the later instars of P. flavescens naiads.
When the naiads reach their final instar, we provide small sticks and nets into the
trays for the adults to climb and emerge because they crawl outside the water before

emergence.
3.3.2.3 The naiad traits measurements

The wing sheath length ratio and head width were used to classify the naiad
instars (Benke, 1970; Minot et al., 2019). The final instar naiads were described as
F-0 (F = final) and the penultimate instar as F-1, F-2, and F-3 because the naiad
instars are not generally fixed in dragonflies (Okude et al., 2017). F-0 naiad instars
were again divided into three developmental stages (stage 1, stage 2, and stage 3)
based on the changes in the wing sheath and eye shape (Okude et al., 2021). Eight
different naiad traits, total naiad length, length of the abdomen, the width of the
abdomen, S8 spine length, S9 spine length, epiproct length, width of the head

region, and wing sheath length were selected for taking the measurements.
3.3.2.4 Estimation of ammonia and nitrate content in the naiad culture

Water ammonia and nitrate were monitored every fifth day using a benchtop
LAQUA PC2000 pH/Ion meter (HORIBA), Japan. The calibration of the machine
for individual tests was performed as per the manufacturer’s instruction and the

respective standard calibration solution provided by Horiba. Samples were collected
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from all the experimental groups to quantify ammonia before changing the water.

We estimated the levels of ammonia and nitrate throughout the experiment.
3.3.2.5 Elemental composition analysis using ICP-MS

Inductively Coupled Plasma Mass Spectrometry (ICP-MS) was used to
measure the elements in the water samples of naiad culture. Water samples from all
four experimental groups were collected every fifth day. The collected samples were

stored in separate vials after digestion before analysis.

Sample preparation: 1 ml of water samples from each experimental group was taken
in separate boing tubes. 4 ml nitric acid was added to each tube, and the solution was
boiled at 120°C. After cooling, two drops of hydrogen peroxide were added, and the
solution was again boiled at 120° C. After cooling, all the solutions were made up to
10 ml using double distilled water. After thoroughly mixing the solution, 1 ml from
each tube was pipetted and diluted with 9 ml of double distilled water. Then, finally,

the solution was filtered using 42-grade filter paper before doing the analysis.
3.3.2.6 Photographing

The naiads were photographed using a Stereo Microscope (Zeiss Discovery
V20 Stereo Microscope attached to a Zeiss 506 camera). Separate images of the
naiads from early to final instars were taken from all the experimental groups and

the mophological changes were observed (Fig. 3.10, 3.11, 3.12).
3.3.3 Predatory potential

Establishment of C. quinquefasciatus larval colonies: The egg rafts of
C. quinquefasciatus were collected from the cement tanks filled with water, dry
leaves, and fresh papaya leaves to attract the mosquitoes. The collected eggs were
then transferred to plastic trays filled with 3 L of water. The trays were kept inside
the greenhouse to prevent other mosquitoes from laying their eggs in the trays. The
eggs were hatched within 2 days after oviposition. Powdered dog biscuits and fish
food were added to the larval trays as food. Fourth, instar larvae were used to study

the predatory potential of P.flavescens.
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The final naiad instar of P. flavescens reared under different SNCs (SNC 1, SNC
2, and SNC 3) was used to conduct the experiments on predatory potential. Fourth
instar larvae of C. quinquefasciatus reared in the laboratory conditions were used to
assess the predatory potential of P. flavescens. One individual from each group was
introduced into separate plastic bowls with 500 ml of water and was starved for 24
hours before each predatory response trial (Figure 3.1). One hundred mosquito
larvae (4™ instar) were introduced into each bowl. New batches of mosquito larvae
were introduced into the bowls, which showed above 50% predation to maintain the
same density of prey density throughout the experiment. The number of live
mosquito larvae was counted at 1-hour intervals until 6 hours to record the
consumption rate. Ammonia excretion in each bowl was also measured during the
experiment using the ammonia meter (LAQUA PC2000 pH/Ion meter, HORIBA),

Japan.

SPSS software was used for all the statistical analysis. The significance of
ammonia and nitrate in the rearing experiment and the predation rates of P.
flavescens were statistically evaluated using One-Way ANOVA. The pairwise
comparison test was performed using Sidak and Tukey’s test. The consumption rate
of mosquito larvae by the naiads of P. flavescens was calculated by counting the live
mosquito larvae remaining in each bowl. The measurements of the selected naiad

traits were measured using ImagelJ software.
3.4 RESULTS
3.4.1 Embryonic development of P. flavescens

Newly laid eggs of P. flavescens are oval-shaped with a small nipple-shaped
micropylar apparatus at the anterior region of the egg with a length of 0.029 + 0.003
mm in length, the site of sperm entry (Fig. 3.2). The eggs were white and transparent
soon after oviposition, but the colour changed to yellowish-brown after a few hours.
The whole surface of the egg is covered with very minute pores (Fig. 3.2: 3). The
embryonic development of the P. flavescens took about 6-7 days to complete, and

the length and width of the egg increase in size as the embryo develops (Fig. 3.1).
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STAGE 1

The eggs of P. flavescens were elliptical, with a length of 0.484 + 0.016mm
and a width of 0.319 = 0.008 mm. The egg is covered with a gelatinous substance of
0.069 + 0.011mm thick. At this stage, the yolk is uniformly distributed throughout
the egg. The colour of the eggs changed to yellowish-brown after 7-10 h (Fig. 3.3:

5).
STAGE 2

Within 24 hours after oviposition, this stage of embryonic development
starts. This stage is easily distinguishable by looking at the structure of the yolk. The
grainy yolk was divided into yolk spherules; we could see many grainy yolks inside

every yolk spherule (Fig.3.3: 7).
STAGE 3

This stage occurs 24-48 hours after oviposition. The yolk near the posterior
pole of the egg was consumed for the formation of cells, and we can see a small
translucent germ band in that region (Fig. 3.3: 8,9). The presence of a germ band
denotes the onset of stage 3. The size of the eggs was 0.498 + 0.013mm long and
0.347 + 0.009mm in width. 0.12 £ 0.015mm was the thickness of the jelly coat at
this stage (Fig. 3.3: 10). Posterior blastoderm cells gave rise to the germ anlage,
which grew towards the anterior region of the egg by crossing the equator but never
reached the anterior pole. Different-sized germ bands can be seen in the posterior
region of the eggs. After germ band proliferation and elongation blastokinesis
occurs. Anatrepsis (germband penetration into the yolk mass) occurs at this stage.
Differentiation of the embryo starts now. Body segmentation, abdomen elongation,
and appendage formation all started at this stage. Anterior segments of the embryo

are formed first, and all other segments are formed afterward.
STAGE 4

Stage 4 is the beginning of katatrepsis and occurs 24-48 hours. after
oviposition. At this stage, the eggs were 0.495 + 0.016mm long and 0.378 +
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0.010mm in width. The penetrated embryo will now come out from the yolk mass,
which is called early katatrepsis. The head region of the embryo now faces the
posterior pole of the egg (Fig. 3.3: 11). The anterior and posterior axes of the
embryo and egg are reversed. This early katatrepsis of blastokinetic movement

lasted for only a few hours.
STAGE 5

This embryonic developmental stage occurred immediately after the early
katatrepsis. The last step of blastokinetic movement (final katatrepsis) happened at
this stage. The embryo rotates 180° at this final katatrepsis. Now, the anteroposterior
axes of both the embryo and egg showed similar orientation; the head region of the
embryo now faced the anterior pole of the egg (Fig. 3.3: 12). All eggs attained this
orientation 72 h after oviposition. Rudiments of antennae, labium, maxillae,
mandible, labrum, and three pairs of legs are visible through the egg at this stage and

the remaining egg was fully enclosed with the yolk.
STAGE 6

The onset of this embryonic developmental stage was the discolouration of
the eyespots and proctodaeum as orange-brown (Fig. 3.4: 13, 14). At this stage, the
size of the eggs was 0.527 £ 0.025mm in length and 0.400 + 0.008mm in width. The
abdominal tip of the embryo was positioned like a capital J at the posterior pole of

the egg.
STAGE 7

The seventh stage of development occurred between 96-144 hours. The
length and width of eggs at this stage were 0.520 = 0.016mm and 0.399 + 0.010mm.
The egg was enclosed with an almost fully developed embryo. The embryo encloses
most of the yolk mass, and only a small amount was left in the thoracic region of the
embryo. The head region, mouthparts, legs, and abdomen were easily
distinguishable. The proximally fused labial appendage was seen on the embryo’s
ventral surface. The orange-brown eyespots changed to dark reddish-brown at this

developmental stage. The embryo shows minor muscular movements and slowly
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changes its position within the egg. In some eggs, the dorsal side of the embryo was
positioned upward and the ventral side downward (dorsum-up position), but in some
eggs, the ventral side of the embryo was positioned upward and the dorsal side
downward (venter-up position), and some of them were in an intermediate position

(Fig. 3.4: 15-18)
STAGE 8

This final embryonic developmental stage of P. flavescens occurred 144
hours after oviposition. The egg size at this stage became 0.546 + 0.12mm and width
0.411 = 0.008mm. The yolk was completely enclosed into the embryo, and the egg
was now occupied by the fully developed embryo, which resembles a dragonfly’s
naiads with an almost transparent body. A tiny pointed egg tooth was present at the
central portion of the head between the eyes, and some prominent spines were seen
on the frontal region above the labrum. During hatching, these frontal spine and egg
teeth help the pre-larva rupture the egg chorion. A pair of antennae and their
segments were visible in the head region. The three pairs of legs were seen as a
coiled mass inside the egg. The abdomen at the posterior region of the egg was bent
towards the anterior pole, and the ten abdominal segments were distinguishable. A
pair of cerci was seen at the tip of the tenth abdominal segment. The fully developed
embryo which look exactly like the dragonfly naiad, can be called pre-larvae (Fig.
3.4: 19-21). Most of the embryos at this final stage were seen in the ventral-up
position (the ventral side of the embryo faces up); only a few were in the
intermediate or dorsum-up position. The thickness of the jelly coat was reduced
compared to the newly laid eggs and became tinner and tighter to form egg clutches

(Fig. 3.5).
EGG HATCHING

With the help of the egg tooth and frontal spines present in the head region of
the final embryo, the pre-larva emerged from the egg by severing the eggshell.
About 70% of pre-larva emerged on day 6; more than 30% of emergence was
recorded on day seven. The head of the naiad emerged first, then the thorax, and

finally, the abdomen by peristaltic movement. The embryonic cuticle layer was shed
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during emergence with the help of the distal part of the embryo. The newly emerged
naiad body is whitish and transparent (Fig. 3.4: 22-24). They started their active
movement within a few minutes after emergence and showed cannibalism from day

one (first instar naiad).
3.4.2 Post-Embryonic Development of P. flavescens

We successfully established a laboratory-rearing system for P. flavescens
with very low or no naiad cannibalism. The naiads from all four groups were
monitored throughout the experiment and early development was found in SNC 1
naiads. The newly emerged first instar naiads were usually in the non-feeding stage
and normally utilise the retained yolk in their midgut for nutrition, which lasts only a
few hours. The newly emerged bodies of the naiads were whitish and transparent but

became darker in later instars.
3.4.2.1 External features of dragonfly naiads.

The body of dragonfly naiads has been divided into the head, thorax, and

abdomen.
1. Head

The head region bears the compound eyes, ocelli, antennae, and the
mouthparts. The compound eyes are made with numerous ommatidia. The number
of ommatidia increases during naiad development, and the size of the eyes also
increases. No ocelli were seen at the early stages of the naiads but they were visible
at the dorsal frons region of the head in the later instars. The antennal segments
increase in number as the naiad develops and seven antennal segments are seen in
the later naiad instars. Dragonflies are mandibulate insects and the mouth parts
consist of a labrum, mandibles, maxillae, hypopharynx and labium. The protractile,

prey-capturing labium is unique to dragonfly naiads.
2. Thorax

The thorax consists of prothorax and fused pterothorax, it has three pairs of

legs and wing sheaths. The pterothorax has meso and metathoracic legs and two
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wing sheaths. The wing sheaths are not present in the early instars of dragonfly

naiads. Then, it appears as small wing buds in the pterothorax.
3. Abdomen

The abdomen has ten segments. The eighth and ninth abdominal segments
have a pair of posterolateral spines. These spines appear on the naiad body in its
early instars. The posterolateral spines in the ninth abdominal segment appear first
and then in the eighth. The tenth abdominal segment bears the anal appendages; it

consists of an epiproct, a pair of cerci, and a pair of paraprocts (Fig. 3.6).
3.4.2.2 Naiad stages

The naiad instars of dragonflies vary even within the dragonfly species. So
instead of classifying the P. flavescens naiads into different instars, we classified the
final instar as F-0 (= Final) and the other as F -1 (F minus 1), F -2 (F minus 2), F -3
(F minus 3), etc. The final instars of P. flavescens naiads were classified based on
their wing sheath length and head width. The wing sheath length and head width
ratio were plotted against the number of days, and it revealed three clear clouds of
point and two overlapping clouds (Fig. 3.7). Each cloud indicates the different
instars, FO, F-1, and F-2. F-3 and F-4 instars were difficult to discriminate from the
plot due to the overlapping of the two instars at some points. The wing sheath length
and head width ratios of the F-0 instar ranged from 1.07 -1.26. The wing sheath
length of the naiads of P. flavescens was more significant than the head width in the
F-0 instar. The ratio for F-1 ranged from 0.63-0.89, and that of the F-2 instar was
between 0.36-0.48. The ratios of F-3 overlapped with the F-4 ratio, and it was not
easy to separate them based only on the wing sheath and head width ratios. So, for
classifying them, we also considered other features, like the position of the tip of

both the wing sheaths.
Variations in the duration of naiad instars

Observations and imaging of the naiad development were started at the
beginning of the wing development. Wing bud formation (fig. 3.8A), formation of

lateral spines in the 8" and 9" abdominal segments, appearance of black dots and
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markings on the abdomen, ocelli indication by markings, and eye enlargement are
some of the major developments noticed during the early naiad instars. During the
7% instar, the wing pad arises from the wing bud, and from the 8" instar, we started
photographing the naiads from all four experimental groups. The duration of the
naiads from the first instar to the F-3 instar was short, and it took about 12 days to
attain the F-3 instar. In all four experimental groups, there was no significant

variation in the duration of naiad instars up to the F-4 instar.
F-4 and F-3 instar

In the F-4 instar, the naiad’s forewing cases extend to the thorax's posterior
end, and the hindwing extends to the first abdominal segment (fig. 3.8B). The naiads
from all the experimental groups attained F-4 instar in 10 days. Within two days, the
naiads moult to the F-3 instar, where the forewings extend over the first abdominal

segment, and the hindwings extend over the second (fig. 3.8C).
F-2 and F-1 instar

On the 14" day of the naiad development, moulting was observed in the SNC
1 naiads to F-2 instar, and no moulting was found in other groups. The appearance of
middorsal hooks in the abdominal segments S3 and S2 (fig. 3.8D, 3.8E) was noticed
in the F-2 instar naiad. The hindwing reaches the third abdominal segment, and the
forewing reaches the second abdominal segment in the early stages of the F-2 instar
and later it exceeds the third and second abdominal segments. Also, we can easily
distinguish the anal loop region of the hindwings at this stage. On day sixteen, all
groups were moulted to the F-2 instar, and after 2 days, they moulted to F-1 instars
except the control group naiads. We noticed 3 middorsal hooks (figure 3.8F) on the
naiad’s abdominal segments S2, S3, and S4, and the wing sheaths exceed the 4"

abdominal segment.
Final instar (F-0)

Morphological changes in P. flavescens during the final instar.
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At this stage, the wing sheath completely covers the first few abdominal

segments (S1-S4), so from this stage onwards, it was difficult to see the middorsal

line and hooks. Some changes in the shape of compound eyes have also been

observed at this stage.

F-0 instar naiads have been classified into three stages (Table 3.1).

1. Stagel
2. Stage 2
3. Stage3

Table 3.1: Different stages of F-0 instar of P. flavescens naiads

Stage 1 Stage 2 Stage 3
The tip of the forewing is | The tip of the forewing is | The forewing is
not visible, hidden under | visible but not fully. completely visible.

the hindwing.

The wing sheaths are flat.

No pigmentation on the
wing sheaths.

The compound eyes
expand towards the
midline of the head
region.

The wing sheaths are flat.

No pigmentation on the
wing sheaths.

The compound eyes start
expanding posteriorly and
the boundary of expansion
is visible.

The wing sheaths appear
swollen.

Black dots and
pigmentations appear on
the wing sheaths.

The compound eyes
become larger and appear
darker.

The SNC 1 naiads reached the final instar on the 21% day, but the naiads of

the other groups (SNC 2, 3, and control) were found to be in the F-1 instar on the

24™ day. SNC 1 shows faster development (1 instar difference) than the other

groups. They were in stage 1 of the F-0 instar. At this stage, the tip of the forewing

sheath of the naiad is found hidden under the hindwing (Fig. 3.9G). The wing

sheaths were flat, and no pigmentation was observed on the wings. During stage 1,
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the wing sheaths completely cover the first few abdominal segments, so, the
middorsal hooks of the abdominal segments S2, S3, and S4 are not visible from this
stage. The compound eyes expand towards the midline of the head region (Fig.

3.9A, B, C), and the ocelli gradually get pigmented.

Stage 1 SNC 1 naiad develop into stage 2 of the final instar. At this stage, the
tip of the forewing was visible (Fig. 3.9H) and the compound eyes now start
expanding posteriorly. This expansion of the compound eye and its boundary is
distinguishable (Fig. 3.9D). We can also see specific markings on the ocelli (Fig.
3.9D).

On day 28, the SNC 1 naiads reached stage 3 of the final instar. SNC 2 naiads
moult to stage 1 of the F-0 instar, and the other groups (SNC 3 and control group)
remain in the F-1 instar. At this stage, the forewing was completely visible (Fig.
3.9I), and the compound eyes expanded posteriorly (Fig. 3.9E). The ocelli get
pigmented more. In the late phase of stage 3, just before the emergence, we can see
darkened areas and dark spots on the wings (Fig. 3.91). The compound eyes expand
more and are coloured like the eyes of an adult dragonfly. The ocelli region was
covered with many hairs (Fig. 3.9F). After two days, the SNC 1 naiads first reached
the late F-0 stage 3 and emerged on the next day (31% day). SNC 2 naiads emerged
after the emergence of the SNC 1 naiads, then the SNC 3 naiad and the control
group naiads emerged on the 42" day. In addition to that a significant morphological
developmental variation were also observed in head (Fig. 3.10), thorax (Fig. 3.11),

and abdomen (Fig. 3.12).

The adult emergence was mainly observed in the early morning. Before
emergence, the final instar naiads moved outside the water and climbed into the
offered wooden sticks and nets in the trays. The attachment of naiads to the
emerging substrates is very important. If it fails, then the naiads cannot go through
the emergence process, and they will die. Many naiads move towards the stick's tip
for attachment, mainly using their claws to interlock with the substrates. The

Odonate exuviae attaches to the substrates for several weeks or months.
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3.4.2.3 Comparison of different traits of P. flavescens naiads

Eight different P. flavescens naiad traits, total naiad length, length of the
abdomen, width of the abdomen, S8 spine length, S9 spine length, epiproct length,
width of the head region, and wing sheath length (Fig. 3.13) were measured and
compared between experimental groups and the control group. The measurements
were taken until the first emergence of the adult happened in each experimental
group. The size of the SNC 1 naiads was found to be larger than other groups, but no
significant size variation was observed. The first adult emergence date was found to
be different in all four experimental groups; the SNC 1 naiads emerged first, then

SNC 2, SNC 3, and finally the control group naiads.

The average length of the final instar naiad was about 20.43 mm in SNC 1
and in the control group, the average length was about 18.76 mm. The average
length of eight traits (Fig. 3.14, 3.15) increased faster in the SNC 1 naiads than in
SNC 2, but it was almost similar in SNC 3 and control group naiads. This increase in
length was due to the faster moulting of SNC 1 naiads. This group moulted to the
final instar after the 21°% day and thus showed a sudden length change after the 20™
days (Fig. 3.14, 3.15).

3.4.2.4 Estimation of ammonia and nitrate in the naiad culture

Ammonia and nitrate content in the naiad culture was estimated throughout
the experiment in five-day intervals. Experimental group-wise and day-wise
comparisons of ammonia and nitrate levels were statistically analyzed using one-
way ANOVA. Insignificant (p > 0.05) differences were observed in all four
experimental groups. The ammonia content in the experimental groups never
exceeded 2 ppm (Fig. 3.16), and the nitrate level was always found to be below 3
ppm (Fig. 3.16). SNC 1 showed the comparatively highest concentration of
ammonia (1.955 £+ 0.058) and nitrate (2.461 = 0.301) in the water, but gradually, its
concentration decreased below zero ppm in all the experimental groups after a few
days. The between-group comparison was analyzed using Tukey’s test, and no

significant (p < 0.05) differences were obtained in the ammonia and nitrate.
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3.4.2.5 Inductively Coupled Plasma Mass Spectrometry (ICPMS) analysis

The elemental composition of the P. flavescens naiad culture water has been
estimated through the ICPMS analysis. The concentration of some of the elements
like magnesium, potassium, and sodium has been observed to be higher in the SNC
1 naiad culture water (Fig. 3.17). A significant difference was observed in the SNC 1

naiad culture when compared to the other groups.
3.4.3 Predatory potential of P. flavescens naiads on C. quinquefasciatus larvae

In the laboratory, P. flavescens nymphs showed an effective predation on C.
quinquefasciatus mosquito larvae. The consumption rate of mosquito larvae by the
naiads of P. flavescens was observed to be high in all four groups during the first
hour, and only a low intake was observed during the subsequent hours. Among the
four groups, SNC 1 naiads showed the highest predation of (87.5 £ 8.96) mosquito
larvae within 6 hours, followed by SNC 2 (78.33 + 8.89), SNC 3 (61.33 + 5.74), and
control group (53.67 + 5.38) respectively (Fig. 3.18A).

ANOVA was used to determine the predatory efficacy between the four
experimental groups and no significant differences in the predation rate were found.
We also observed ammonia excretion in each group in a one-hour interval.
Relatively high ammonia excretion was noticed in SNC 1 naiads with mosquitoes.
No significant differences were noticed in ammonia excretion by different

experimental groups (Fig. 3.18B)
3.5 DISCUSSION
3.5.1 Embryonic development

The embryonic developmental study of the migratory dragonfly species, P.
flavescens was carried out without any preparation or dissection of the embryo from
the egg. Their eggs are oval/spheroid, which facilitates a quick sinking of the egg in
the water soon after oviposition, and this helps to avoid egg predation by some

aquatic animals (Andrew, 2011). The eggs of dragonflies get fertilized as they pass
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through the female’s vagina during oviposition, and immediately after oviposition,

embryogenesis begins (Resh & Carde, 2009).

The eggshell of odonates consists of mainly three layers: the exochorion,
endochorion, and the innermost vitelline envelope (Suhling et al., 2015). The eggs of
dragonflies are covered with a thick chorion and are filled with yolk and cytoplasm.
This yolk is the source of nutrition for embryonic development (Ando & Watanabe,
1995). Egg morphology of different species of dragonflies has been studied,
especially the vitelline and chorionic layer organization (Miller, 1987; Andrew &
Tembhare, 1995; Andrew, 2002). The eggs of P. flavescens were initially white and
transparent after oviposition, gradually the colour changed to brown, and were found
to be covered with a semitransparent jelly coat. The expansion of the exochorion
forms this transparent and sticky jelly-like structure (Andrew et al., 2011); at the
same time, the endochorion tears and the vitelline membrane expresses on the
surface of the egg, the vitelline envelope undergoes a darkening process (Gaino et
al., 2008). However, in some libellulid dragonflies like P flavescens, this
endochorion is unsculptured, and this endochorion undergoes a darkening process
from yellow to brown (Trueman, 1991; Andrew, 2011). This jelly coat has been
reported in many libelluloid species (Miller, 1987; Ivey et al., 1988; Andrew &
Tembhare, 1995; Andrew, 2002). This jelly coat helps in plastron respiration, as in
Brachythemis lacustris (Kirby, 1889), and helps in holding the egg clutch together.
Some tiny particles in the water will stick to the jelly coat and form a protective
camouflage (Corbet, 1999). In P. flavescens, this jelly coat helps attach eggs to the
control group substratum, and this coat gets thinner towards the end of embryonic

development.

A small nipple-shaped micropylar apparatus is present in the anterior apical
region of the P. flavescens egg. This is the site of sperm entry. This micropylar
apparatus comprises a small sperm storage chamber (atrium) and a median
projecting stalk with a pair of subterminal orifices (Andrew, 2011). The micropylar
apparatus of P. flavescens is not always present on the anterior apical center of the

egg, it may show some positional deviations. The embryonic development of long-
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germ insects is comparatively faster than the intermediate or short-germ types
(Davis & Patel, 2002). The embryonic development of dragonflies is intermediate
germ type (Sander, 1976). In such embryonic development, the anterior germ anlage
divides first and forms the anterior segments (protocephalon), and all other segments
are formed successively (Sander, 1996). P. flavescens took about 6-7 days to
complete their embryonic development, and egg length and width gradually
increased during its development. The egg size increases to a maximum when the
embryonic eye spots appear, and no change in the size occurs after this (Kormondy,
1959). Katatrepsis occurs midway through embryonic development in all odonates

(Ando, 1962). The same was observed in the P. flavescens.

At the seventh stage of embryonic development in P. flavescens, a slight
stretch of yolk mass is observed above the embryo’s thoracic region just before the
final enclosure of the yolk mass. A small pointed egg tooth was also noticed in the
head region of the embryo. The egg tooth is formed in the embryonic cuticle of the
pre-larva in pterygote insects, and this tooth gets shed during hatching along with
the embryonic cuticle. Thus, this egg tooth will not persist in the larval forms of
pterygote insects. Nevertheless, in some apterygote insects, this egg tooth is formed
in the larval cuticle and thus persists in the first larval instar (Konopova & Zrzavy,
2005). After hatching, the embryonic cuticle is seen as a white layer inside the
eggshell in P. flavescens. All embryos attain a venter-up position just before

hatching, which is a gravity-dependent rotation (Miyakawa, 1987).

P. flavescens lay eggs in clusters; we found some variations in the hatching
time. Meanwhile, the eggs well spread in a petri dish showed no such variations
(Gayathri et al., 2023). The eggs laid by a single female can show variations in their
development rates, these variations are more significant in females that deposit egg-
string or egg clusters (Corbet, 1962). The Tetragoneuria cynosure eggs show
variation in the hatching time, in which the innermost eggs in the string do not

develop as fast as others (Kormondy, 1959).

The eggs of P. flavescens took 6-7 days to hatch at room temperature 26 + 1°

C. Odonata’s egg development is influenced by environmental factors like water
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temperature (Ichikawa et al., 2017) and water pH (Punzo, 1988). The effect of
different temperatures on P. flavescens eggs was studied by Ichikawa et al. (2017).
They found that the hatching time of the eggs at high water temperatures (35° and
30° C) was about 5 days. However, the egg stage duration increased with declining
water temperature. The critical water temperature for P. flavescens was found to be

approximately 14.3° C.
3.5.2 Laboratory rearing of P. flavescens

SNC’s successfully established a cannibalism-free, fast, and healthy
laboratory-rearing technique for P. flavescens. Cannibalism is the best physiological
option for organisms as it provides high nutrition and also helps to reduce the
number of competitors (Polis, 1981). However, under laboratory conditions, the
dispersal of naiads is limited in the tanks or containers, and the cannibalism rate will
be very high compared to its control group habitat. Thus, for the successful mass-
rearing of dragonflies under laboratory conditions, it is necessary to reduce their
cannibalism from a physiological point of view. To reduce cannibalism and for the
healthy growth of dragonfly naiads, they must be given timely and instar-specific
food (Sathe, 2013). Even minimal size differences in naiads from the same egg
clutch can lead to cannibalism (Anholt, 1994). We provided special nutrients as an
extra source of nutrition for the naiads. Different compositions of special nutrients
and sufficient prey were given to the naiads to reduce the nutrient deficiency. We
experimentally proved that the effective management of nutrient deficiency reduced
the dragonfly naiad’s cannibalistic behaviour and increased survival rate. In each
experimental group, the cannibalism was quantified by counting the number of
missing naiads on every tenth day. We observed the culture daily but never noticed
any control group death of the naiad; thus, reducing the number of naiads indicates
cannibalism. All parameters except the composition of special nutrients were
different in the four experimental groups. The cannibalism rate was low (below
10%) in SNC 1 compared to the control group dragonfly naiads. This indicates that

SNC plays an important role in reducing cannibalism.
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The wing sheaths only appear on the naiads during their development when
stadium 5-7, and this part of the naiad is the fastest growing part compared to the
growth rate of the head width (Corbet, 1999). In the case of P. flavescens, these wing
sheaths were first detected in its sixth instar, and they first appeared as tiny buds in

the thoracic region.

The availability of food directly influences the development of dragonfly
naiad. The time naiads spent in each instar decreased with increased food
availability (Wissinger, 1988). The instar duration of the naiads was found to
decrease with an increase in the SNC content in the water. SNC was thought to
increase the naiad’s metabolic activity, leading to their early emergence. The number
of naiad moults was the same in all the groups, but the duration of time spent by
naiad in each instar was different in the four experimental groups. In all four
experimental groups, the duration of each instar up to F-4 was the same, but some
variation in the instar duration was noticed from the F-3 instar. The SNC 1 naiad
spent the least time in the F-3 instar and they moulted to the F-2 instar first. In SNC
2, 3, and control groups the duration between instars was similar up to the F-2 instar,
but from the F-1 instar, control group naiads started spending more time in between
instars. Increased metabolic activities in the SNC naiad groups help to reduce the

duration between instars, leading to the early emergence of the adults.

The naiads cultured in SNC molted slightly larger than the control group.
These results indicate that the naiad groups in the SNC 1 were grown in a nutrient-
rich environment and thus their development was faster than in other groups. The
control group naiads may have experienced nutrient deficiency, which might be the
reason for comparatively slow development. The nutritional conditions of the last
instar dragonfly naiads might be carried over into the imago, which may influence
its physiological state and cause variation in physical stamina (Whedon, 1942). The
environmental conditions of the naiads affect the size of adult dragonflies (Minot et
al., 2019). In adult dragonflies, large size increases lifetime reproductive success in
both sexes (Sokolovska et al., 2000). The success rate of predation is significant for

the fitness of adult dragonflies. The naiads of Odonata stop feeding before
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emergence due to the reorganization of the labium, and the naiad’s alimentary canal
gradually becomes empty (Whedon, 1942). They emerge with empty guts and
minimal fat but gain body mass rapidly during adulthood (Anholt et al., 1991). The
adult dragonfly gains body mass after emergence through prey capture, which,
directly influences the fecundity of female dragonflies, and in males, the predation
rate increases flight muscle mass, which is correlated with reproductive success
(Anholt et al., 1991). The SNC 1 naiads were found to be comparatively larger than
the control group naiads. The adults who emerged from SNC 1, 2, and 3 were found
to be larger than the control group. Their high flight muscle activities and larger
wing size will help to increase their predatory potential. Flight muscle activity and
wings are essential for migratory species like P. flavescens. After emergence, they
increase their body mass before reaching maturity. Increased flight muscle mass
helps to enhance the flying ability (Anholt et al., 1991). The naiads that emerged
from SNCs were believed to capture more prey and increase their flight muscle

mass, which helps to enhance the gliding and flying ability of the P. flavescens.

The P. flavescens completes the egg and naiad development phase of its life
cycle in less than 51 days (Hawking & Ingram, 1994). We provided some emergence
supports like sticks and nets in the culture trays when the naiads attained the final
instar. Before emergence, the naiads stopped feeding prey, and their wing sheaths
became swollen. Some of the naiads were found to emerge on the provided sticks
and nets but some of them escaped from the culture trays and emerged outside the
trays, that is, the naiads moved some distance away from the trays before
emergence. Some dragonfly species crawl long distances before emergence, and
thus, some of the specimens may lost, putting a screen top will help avoid this
movement (Tennessen, 2019). In our experiment, the first emergence of P
flavescens occurred in SNC 1, and it took about 31 days for emergence after
hatching. However, the emergence in the control group happened on the 42" day
after hatching. The first emergence of adult dragonflies between the control group

and SNC 1 was about 11 days.
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The SNC 1 naiads had higher melanisation than the other groups. Density-
dependent positive correlation with melanisation/immunity was observed in
dragonfly naiads (Murray et al., 2019). In many arthropods, Melanin is an essential
chemical for wound healing (Theopold et al., 2004). We assume that the high
melanisation in the SNC 1 naiads was due to the high density because cannibalism
was comparatively less in SNC 1 from the initial days, leading to the high density.
This makes the SNC 1 naiads more immunogenic towards infections and wound

healing. This helps to increase the naiad survival rates in the laboratory.

Ilahi et al. (2019) studied the sensitivity of the naiads of Odonata to
inorganic nutrient pollutants and found that P. flavescens is highly resistant to
increasing water levels of ammonia and nitrate. Their study shows that the LCso
value of ammonia for P. flavescens was 740.3 ppm and 1353.1 ppm for nitrate. In
our experiment, the ammonia and nitrate levels never exceeded 2 ppm, indicating
culture system water quality was good. Thus, any mortality of the naiads observed in

the control group was not due to the poor water quality.
3.5.3 Predatory potential

Many previous works on predatory potential studies of odonate naiads on
mosquito larvae suggest that they are one of the potential biocontrol resources.
Sebastian et al. (1980) successfully biocontrol Aedes mosquitoes using Libellula
naiads as predators, and the study was conducted in the laboratory and field
conditions. Augmentative release of dragonfly nymphs Crocothemis servilla in water
reservoirs has reduced A. aegypti mosquito larvae (Sebastian et al., 1990). Lamptey
and Brandl (2018) conducted a field experiment to determine the predatory potential
of dragonfly naiads on mosquito larvae in their control group environment, and their
result indicates that increasing the colonization of water bodies by Bradinopyga
strachani is the best strategy for controlling the mosquito populations. The naiads
of the P. flavescens grown in SNCs are more voracious and active predators of the
mosquito larvae. The density of prey or predator influences the predatory potency of
dragonfly naiads; the rate of predation increases with an increase in prey density and

size of the dragonfly naiad and is inversely proportional to the space (Shad &
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Andrew, 2013; Miura & Takahashi, 1988). The predatory potential of P. flavescens
naiads on the mosquito larvae was evaluated in the laboratory, and we maintained a
density of one hundred mosquito larvae in each bowl throughout the experiment to
record the exact predation rate. Samanmali et al. (2018) tested the larvicidal
potential of five dragonfly naiads over A. aegypti larvae, and they recommended P,
flavescens and Ana. Indicus are potential predators for field trials in biological
control of dengue outbreaks via suppression of A. aegypti larvae. The study
conducted by Ilahi et al. (2019) with six Odonata species also recommends P.
flavescens as a potential predator. The nymphs of Bradinopyga geminata show
maximum predation on the first instar larvae of C. quinquefasciatus (Shad &
Andrew, 2013). We checked the consumption rate of P. flavescens naiads on the
fourth instar larvae of C. quinquefasciatus, and the result showed maximum

predation.

The longevity of dragonfly naiads, their predatory ability, trophic position,
and habitat sharing with mosquito larvae are some of the factors that help them to
act as a potential biological control agent (Chatterjee et al., 2007). Many field and
laboratory studies have reported a reduction in the population of mosquitoes by
dragonfly naiads (Witzig et al., 1986). Many studies showed that dragonflies can
control Aedes, Culex, and Anopheles mosquito species, the artificial rearing of these
predators and releasing for biocontrol is an appropriate measure for vector control
worldwide (Vatandoost, 2021). Controlling mosquitoes using control group
predators like dragonflies can be feasible in habitats such as paddy fields and
wetlands (Saha et al., 2012). C. quinquefasciatus mosquitoes are major filariasis
vectors that cause other mosquito-borne diseases (Negi & Verma, 2018); their larval
habitat is diverse, including wetlands and rice fields (Jacob et al., 2006). Many
Odonata species, like P. flavescens, naiad habitat includes wetlands and rice paddy
fields. As both the culex mosquito larvae and the naiads of Odonata share some

common habitats, we can use the naiads of Odonata as potential biocontrol agents.
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3.6 KEY FINDINGS

>

We standardised the protocol for induced oviposition of P. flavescens in

laboratory conditions.
The egg stage duration of P. flavescens was found to be 6-7 days.
An increase in egg size was noticed during embryonic development.

A difference in hatching time was observed in eggs that were laid in clusters.

Innermost eggs in the cluster show some delay in hatching.

As a good bioindicator, these embryonic developmental studies of
dragonflies can be used in climate change and water quality checking
because water quality and climate change directly affect the embryonic

development of Odonates.

A mass-rearing technique of dragonflies in laboratory conditions was

developed with controlled cannibalism.

SNCs can be used as an additional nutrient source for the successful mass-

rearing of Odonates in the laboratory.

Dragonflies are a potential biocontrol agent of many pests and vectors, we

can utilize this rearing technique in future Integrated Pest Management.

We have also recorded different morphological changes in the P. flavescens
naiads, which helps other researchers to conduct more studies on the post-

embryonic development of the wandering glider P. flavescens.

In this study, we examined the predation efficacy of the P. flavescens naiads,
and our results show that dragonfly naiads are good predators of mosquito
larvae. Moreover, as both these insects share some common habitats like
wetlands and paddy fields, we recommend P. flavescens as a promising

biocontrol agent for mosquito larvae, C. quinquefasciatus.
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4

Isolation, Sequencing, and Molecular Structural
Characterisation of Wing Resilin of Wandering Glider,
Pantala flavescens (Libellulidae)

4.1 INTRODUCTION

The wings of Odonates are a corrugated network of veins interconnected by
thin membranes (Appel & Gorb, 2011). The longitudinal veins of dragonflies are
connected to the cross veins to form vein joints, and the thickness of the longitudinal
veins varies from the wing base to the tip (Wootton & Newman, 1986; Jongerius &
Lentink, 2010). These tubular wing veins are the central structural unit of the wing
and act as cantilever beams (Marrocco et al., 2010). Several wing vein joints in
Odonata, have been observed with different geometries and material compositions
(Appel & Gorb, 2014). Different parts of the wings of dragonflies have different
functions. The wing structure and function are mainly assisted by the costa,

pterostigma, and by the nodus (Marrocco et al., 2010)

Elastomeric proteins are seen in many organisms, such as elastin and
fibrillin in vertebrates, abductin in molluscs, wheat gluten, and insect resilin
(Shewry et al., 2004). The rubber-like protein resilin was first identified by Weis-
Fogh (1960) in the wing hinge ligament of the locust Schistocerca grigaria and the
elastic tendons of the dragonfly Aeshna grandi, and it is mainly found in the insect
cuticle. This rubber-like protein can be stretched to over 300% of the resilin’s
original length (Andersen & Weis-Fogh, 1964; Elvin et al., 2005). Later this resilin
protein was discovered in many other organs of insects also, like in the feeding

pump of Rhodnius prolixus (Bennet-Clark, 1963), the salivary pump of assassin
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bugs (Edwards, 1960), in the jumping system of fleas (Bennet-Clark & Lucey, 1967)
and the sound-producing organs of some insects like moths and cicades (Fonseca &
Bennet-Clark, 1998). In dragonflies and locusts, this resilin is mainly seen in the

wings, which beat at a frequency of 15-5-Hz (Jensen & Weis-Fogh, 1962).

The resilin protein shows structural diversity as in dragonfly tendons, this
resilin is a pure polymer, whereas in cockroach tarsal pads, fruit fly wing hinges, and
locust pre-alar arms this, protein can be seen as a composite of chitin and resilin
(Elliot et al., 1965). The level of disorder in resilin protein is very high and is highly
unstructured with little or no secondary structures like o-helices or B-sheets
(Kappiyoor et al., 2011; Petrenko, 2010). Any deformation will cause a decrease in
conformational entropy, which produces elastic force in the resilin (Weis-Fogh,

1961).

The resilin gene of Drosophila melanogaster was identified by Ardell and
Andersen (2001). The resilin sequence of D. melanogaster consists of three central
regions with a signal peptide sequence at the N-terminal domain. The three main
domains include the N-terminal elastic domain (exon 1), the chitin-binding domain
(exon 2), and the C-terminal elastic domain (exon 3) (Figure 4.1). This exon 1
(PSSSYGAPGGGNGGR) and exon 2 (GYSGGRPGGQDLG) have many repetitive
sequences that give elastic properties to the resilin protein (Lyons et al., 2009; Qin et
al., 2009). There is only a single exon in the dragonflies that is homologous to exon
1 of the other insect's resilin gene, and there is no chitin-binding domain in the
dragonfly's resilin gene (King, 2010).

Signal

- Exon 1 Exon 2 Exon 3
peptide

1 17 322 342 403 412 602 620

we-O— TN - T

GGRPSDSYGAPGGGN GYSGGRPGGQDLG

Figure 4.1: Resilin protein. Exons in resilin where exon-1 is known as N-terminal
elastic repeat and exon-3 is known as C-terminal elastic repeat. Exon 2 is known as
ChBD, which binds the chitin and helps the process of construction of the cuticle
composite. (Source: Doi: 10.1002/adfm.202215162)
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The polypeptide chains of resilin protein are linked together by covalent
cross-links, the fully cross-linked protein is called resilin, and incompletely cross-
linked proteins are called pro-resilin (Andersen, 2010). The resilin protein has a high
proportion of amino acids glycine and proline, which makes the resilin a more
flexible and disordered protein (Ardell & Andersen, 2001; Andersen, 2003; Willis,
2010). Proline forms Poly-proline (PPII) structures and will inhibit the formation of
hydrogen-bonded secondary structures (Rauscher et al., 2006). In contrast, the
absence of a side chain in glycine makes them more flexible, and this ordered nature
is entropically unfavourable (Cheng et al., 2010). The unstructured resilin protein’s
secondary structure is in dynamic equilibrium between B-turn and PPII and -strands
conformations (Bochicchio et al., 2008). The resilin protein has a unique amino acid
sequence and it differs from other elastomeric proteins like collagen, elastin, and silk

fibroin (Kovalev et al., 2018).

The structural protein resilin is present throughout the insect cuticle, and this
protein in the wing vein joints gives flexibility to the wings during flapping flight
(Weis-Fogh, 1960; Gorb, 1999; Ma et al., 2015). This resilin protein helps to
increase flexibility, improve efficiency, reduce stress, and store elastic energy, and
this resilin helps the wings to return to their original position after elastic
deformation (Chapman, 1998; Mistick et al., 2016; Mountcastle & Combes, 2013;
Gorb, 1999; Michels et al., 2016; Rajabi et al., 2016). In dragonflies and damselflies,
this resilin protein helps generate flexibility in the wing vein joints (Gorb, 1999;
Appel & Gorb, 2011; Donoughe et al., 2011). The rubber-like properties, low
stiffness, high fatigue lifetime, and high resilience (Weis-Fogh, 1960; Weis-Fogh,
1961; Gosline et al., 2002) of resilin make them an appropriate candidate for
biomaterial applications, especially in some highly repetitive movement occurring
areas, like in the joints, muscles, vocal folds, etc (Li et al., 2011; Lv et al., 2010).
Even though the resilin-filled areas of the vein joints are very tiny, they play a
significant role in bending shapes and give flexibility to the whole wing (Donoughe

et al., 2011; Mountcastle & Combes, 2011).
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The amino acids dityrosine and trityrosine give autofluorescence properties
to the resilin protein (Andersen, 1964; Andersen & Weis-Fogh, 1964). The
fluorescent microscope having a 4’6-diamino-2-phenylindole (DAPI) filter with
excitation 321-378 and emission 420-470 is very suitable for the resilin
autofluorescence visualisation (Michel & Gorb, 2012). Strong autofluorescence is
shown in the insect cuticle at different wavelengths ranging from blue-green area to
deep-red, whereas autofluorescence of resilin is at a very narrow band of
wavelengths (Andersen, 1964; Stanislav, 1999). So, immune labelling and other

treatments are unnecessary for the resilin protein (Stanislav, 1999).

The dragonfly P. flavescens (Libellulidae), the wandering glider or globe
skimmer, is widely distributed and are long-distance migratory species (Christudhas
& Mathai, 2014). In this study, we describe the distribution of resilin in different
vein joints of the dragonfly P. flavescens, and isolated, sequenced, and characterised
the resilin protein. Homology modeling was used to create the three-dimensional
protein structure of the resilin from P, flavescens. We have also validated the model

and checked the resilin protein properties.
4.2 REVIEW OF LITERATURE

Weis-Fogh (1960, 1961) pioneered studies on insect resilin in the cap tendon
cuticle of Aeshna cyanea. Baumler and Busse (2019) studied resilin in the cap
tendons of the Odonata, its distribution, biomechanical importance, and other
functions related to its flight performance. Bailey and Weis-Fogh (1961) first studied

the amino acid composition of the resilin protein.

Gorb (1999) studied the wing vein joints of the damselfly Enallagma
cyathigerum and revealed the presence of resilin in the flexible vein joints. Appel
and Gorb (2011) compared the distribution of resilin in different wing vein joints of
the dragonfly Epiophlebia superstes and found that the distribution differs between
the dorsal and ventral sides of the wing. Stanislav (1999) conducted a detailed study
on the wing vein mobile joints of the damselfly Enallagma cyathigerum and
revealed the presence of resilin in the mobile joints. The ultrastructure of the wing

veins of dragonflies Sympetrum vulgatum and Matrona basilaris has been studied by
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Appel et al. (2015), and their study revealed that resilin is also present in the internal
cuticle layer of the veins. The function and diversity of resilin and cuticular spikes in
the wings of dragonflies and damselflies have been studied by Donoughe et al.
(2011). Fouziyah et al. (2014) studied the morphological and mechanical
characteristics of the hindwing nodus of some Libellulid dragonflies, and they also
studied the resilin in the nodus of the hindwing. Rajabi et al. (2016) studied the
mechanical properties of the wing vein joints in dragonflies and the role of resilin in
the vein joints. Rajabi et al. (2018) conducted a detailed study on the micro-
morphological differences in the wings of perchers and flier dragonfly species from
the family Libellulidae. Also, they compared the role of resilin in the nodus of both
the forewing and hindwing. Marrocco et al. (2010) conducted a detailed study to
understand the effect of resilin joints on the structural dynamics of the dragonfly
wing. Noorhidayah et al. (2018) studied the morphological and mechanical
properties of the resilin vein joints of the damselfly. They used the techniques of
laser scanning microscopy and scanning electron microscopy to understand the
structure and function of the vein joints, and they also used atomic force microscopy
to study the elasticity of different parts of the wings. Li et al. (2014) conducted a
detailed study on the antifatigue properties of the wings of P. flavescens. Their study
showed that the sandwich microstructure of the veins of dragonflies gives the wing
more strength, flexibility, and toughness, which helps in load bearing during flight
and also plays a vital role in the antifatigue properties of the wings. Hou et al. (2017)

studied the role of soft vein joints with resilin in dragonfly flight.

Sebastian and Gorb (2018) studied the material composition of the
damselfly naiads Erythromma najas mouthparts cuticle and its influence on
biomechanics. Resilin was also found to be dominant in the membranous transition
between the labrum and anteclypeus, and this resilin helps in the labrum’s mobility
and shock absorption (Sebastian & Gorb, 2018). Pikkarainen and Kulonen (1972)

studied the relationship between different collagens, fibroin, elastin, and resilin.

Andersen (2004) studied the distribution of dityrosine and trityrosine

content of resilin in different cuticular regions of the adult and nymphs of the desert
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locust Schistocerca gregaria and found a variation in the distribution of the di- and
trityrosine ratio in different cuticular regions. Lombardi and Kaplan (1992) isolated
resilin from the cockroach, Periplaneta americana, and characterized the protein.
Andersen et al. (2023) studied the distribution and abundance of resilin protein at
different ages of the honey bees Apis mellifera and their study revealed higher levels
of resilin at the pupal stage but observed a significant decline in the level of resilin
with age. Huo and Zhong (2023) studied the resilin joints and resilin stripes in the
honeybee wings and their influence on the mechanical properties of the wings. Ma et
al. (2015) studied the different functions of resilin in the wings of honeybees,
especially the role of resilin in the camber changes during flapping flight. The
functional role of resilin in the wings of beetles Pachnoda marginata and Coccinella
septempunctata was studied by Haas et al. (2000), and they found that resilin plays
an important role in wing deformation during wing folding and flight. Neff et al.
(2000) identified the presence of resilin in the legs of a cockroach, Periplaneta
americana by UV illumination and histological staining using toluidine blue. They
have also developed a new confirmation method for identifying resilin by altering
the pH and causing changes in the UV fluorescence. Burrows et al. (2008) studied
the role of resilin in the jumping of froghopper insects. Kovalev et al. (2018)
determined the mechanical properties of resilin in compression, and they studied the
viscoelastic response of the resilin through microindentation of the wing hinge of
Locusta migratoria. Michels et al. (2012) study revealed the existence of the elastic
protein resilin in the mandibles of the copepod Centropages hamatus that helps

crush the mineralised shells of diatoms.

After the reporting of resilin gene CG15290 from the D. melanogaster
(Ardell & Anderson, 2001) many recombinant proteins based on resilin sequences
have been designed by researchers with additional biological characteristics. Zhao et
al. (2023) successfully inserted the resilin protein from D. melanogaster into the
silkworm, and their result showed that the resilin protein improves the mechanical
properties of the silk. Resilin’s properties, like the high-frequency responsiveness,
can be utilised in treating vocal fold pathologies by developing resilin-based

material (Li et al., 2011). Resilin-based hydrogels have been engineered by Li et al.
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(2013) with many beneficial mechanical and cell adhesive properties. Using a
Drosophila Anti-Rec 1 resilin antibody, Wong et al. (2012) studied the expression of
resilin in the developing insect cuticle. This was the first study detecting the

expression of resilin during embryogenesis.

Lyons et al. (2011) studied the functional and molecular characterisation of
resilin from three different insects: a flea (Ctenocephalides felis), a buffalo fly
(Haematobia irritans exigua), and a dragonfly (Aeshna sp.). Their study showed that
resilin’s gene and protein sequence is conserved in many regions, and cross-linked
recombinant resilin proteins show similar mechanical properties in flying and

jumping insects.

Elliott et al. (1965) studied the structure of resilin using X-ray diffraction and
electron microscopy, revealing that the resilin protein is highly amorphous. Nairn et
al. (2008) evaluated the structure and the secondary structure distribution of a
synthetic resilin AN16, based on the repeat units of resilin from Anopheles gambiae.
The structure and functions of the resilin from Drosophila were studied by Qin et al.
(2012). They proposed a resilin model to explain the resilin elasticity and energy
conservation mechanisms. Khandaker et al. (2016) have done the molecular
modelling of the resilin protein from D. melanogaster to study the relationship
between amino acid sequences and the elastomeric behaviour of the resilin.
Woodrow et al. (2024) introduced a new methodology for identification of the resilin
in the insect cuticle by using Raman spectroscopy and they used the desert locust
Schistocerca gregaria as the model species. Qin et al. (2009) generated the
recombinant full-length resilin of D. melanogaster and also characterised the resilin.
Hu et al. (2010) studied the structure and elastic properties of full-length resilin
protein by using Temperature-modulated Differential Scanning Calorimetry
(TMDSC), Real-time Fourier Transform Infrared Spectroscopy (FTIR), synchrotron
Real-time X-ray, and AFM.
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4.3 MATERIALS AND METHODS
4.3.1 Sample collection and Morphological characterization

The adult P. flavescens were collected from Palakkad district, Kerala, India,
and their wings were used for the resilin protein studies. The forewing and
hindwings of P. flavescens have been taken for the studies. The dissected wings were
cleaned with a fine brush to remove dust contamination. The wings were then placed
in a clean slide, covered with a coverslip for examination under the microscope
Zeiss Axio Scope A.1 Fluorescence microscopes with Axiocam 305 multi-
chrome CCD camera. We used fluorescence microscopy to confirm resilin in the
wings of P flavescens. Fore and hind wing morphological variability was
documented in light, fluorescence microscope (DAPI filter), and FTIR imaging. In
this DAPI filter, the resilin regions of the wings displayed a blue autofluorescence.
We have taken images of the same area of the wings using fluorescence bright-field
microscopy. The fluorescence intensity of wing joints was also measured using the

Imagel tool.
4.3.2 The P. flavescens naiad culture

Eggs of the adult female P. flavescens were collected and cultured in the
laboratory. Plastic trays (34 cm length, 26 cm breadth, and 5 cm height) with 5L
capacities were used for culturing the naiads. The tray was filled with de-chlorinated
tap water, and some small pebbles were added to make hiding places for the naiads.

We used to change the water every fifth day without disturbing the naiads.

The early instars of naiads were fed daily with artemia, paramecium, and
moina, the later instars were fed with mosquito larvae and blood worms.
Paramecium was cultured in the laboratory by using dried banana leaf. The dried
banana leaves were added into a glass beaker with one-litre of dechlorinated tap
water. The beaker was closed with a muslin cloth to avoid the egg laying by other
insects. One or two drops of milk were added to provide the required bacteria and
small protozoans. The paramecium is reproduced by simple division, and a sufficient

number of paramecia are produced on the fifth day. Artemia tablets were used for the
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culture. For one artemia tablet, we used one litre of de-chlorinated tap water mixed
with two tablespoons of salt and provided continuous aeration. Moina is a crustacean
mainly used as a live fish food and is commercially available. Initial cultures of the
moina were collected from a fish shop, and then we cultured them in cement tanks
using fresh papaya leaves. Mosquito larvae culture was also maintained in the
laboratory. The egg rafts of mosquitoes were collected from the cement tanks used
for the moina culture. The tanks were filled with water, a few dry leaves, and one
large papaya leaf, which attracted the mosquitoes. We changed the papaya leaves
every third day before they started decaying. The collected egg rafts were then
transferred to plastic trays filled with 3 L of water. The eggs were hatched within 2
days after oviposition. Powdered dog biscuits and fish food were added to the larval
trays as food. Commercially available live blood worms were used to feed the later
naiad instars of P. flavescens. This final instar naiads of P. flavescens were preserved

and used for the resilin gene isolation.
4.3.3 Molecular characterization
4.3.3.1 Isolation of resilin

The last instar naiads of P. flavescens were stored in 75% alcohol for resilin
gene isolation. We used entire specimens to isolate DNA, which was appropriately
cleaned and transferred to a sterilised, clean, dry Eppendorf tube. DNA was
extracted from the tissue by using Nucleospin® Tissue Kit (Macherey-Nagel)

following the manufacturer's instructions as follows:
1. Cut 25mg tissue into small pieces and transfer it into a microcentrifuge tube.

2. Add 180uL Buffer T1 and 25 pL Proteinase K solution. Vertex well and
ensure that the samples are entirely covered with lysis solution and incubate
at 56° C until complete lysis is obtained. Vertex occasionally occurs during

incubation.

3. Vertex the samples and add 200 pl. Buffer B3. Vertex vigorously and
incubated at 70° C for 10 min.
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4. Add 210 pL ethanol (96-100%) to the sample and vertex.

5. For each sample, place one Nucleospin® Tissue column into a collection
Tube. Apply the sample to the column -centrifuge for 1 Min at 11,000 xg.
Discard the Collection Tube with flow through and place the column in a

new collection Tube.

6. Add 500 pL Buffer BW-centrifuge for 1 min at 11.000 xg. Discard the flow-

through and place the column back into the collection tube.

7. Add 600 pL Buffer BS to the column and centrifuge for 1 min at 11,000 xg.

Discard the flow-through and place the column back into the collection tube.
8. Centrifuge the column for 1 min at 11,000 xg

0. Place the Nucleospin® Tissue column into a 1.5ml microcentrifuge tube and
add 100 pL Buffer BE. Incubate at room temperature for 1 min-centrifuge 1
min at 11,000 xg.

4.3.3.2 Agarose gel electrophoresis

To assess integrity, the extracted DNA was subjected to 0.9% Agarose gel
electrophoresis, the gel imaging was done using the SynGene gel documentation

system GBox F3, UK.
4.3.3.3 PCR amplification and sequencing

The extracted DNA was subjected to PCR amplification. PCR was
performed in a reaction mixture containing 6.25uL master mix, 1.25uL forward and
reverse primer, 1pL extracted DNA sample, and 3.25uL water. The total volume of

the reaction mixture is 13 pL.

The Primer 3 Plus tool designs the primer for resilin amplification when
performing PCR. The primer is designed based on the previously deposited resilin

sequence.
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The designed primer:

. Res-F:
. Res-R:

4.3.3.4 PCR amplification profile of Resilin

5> TCTCCAGTGCTTCGAGGATA 3°
5> GCGCTCCGTAACTAGATGAAA 3°

Table 4.1: PCR amplification profile

PCR conditions Time Conditions step
94°C 5 min. Initial denaturation
94°C 30 Sec. Denaturation
55°C 30 sec. Annealing cy3c?es
72°C 1 min. Extension
72°C 10 min. Final extension

The purified PCR products were sequenced from both ends using forward

and reverse primer by Sanger’s dideoxy chain termination method (Sanger &

Coulson, 1975) at Rajiv Gandhi Center for Biotechnology (RGCB), Trivandrum,

Kerala, India.

4.3.3.5 Sequence quality checking

The quality of the chromatogram was checked and validated in MEGA X

software. Forward and reverse primer sequences were removed to eliminate

sequence ambiguity. The Resilin sequences obtained were multiple-aligned using

ClustalW and the MEGA X tool. The aligned sequences have been translated to

amino acids to assess for the presence of premature stop codons that indicate the

presence of nuclear pseudogenes or sequencing errors. The final sequence’s FASTA

formats were used to search for its similarity in NCBI BLAST.
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4.3.4 Insilico analysis
4.3.4.1 Template-based molecular modeling: Homology modeling

The FASTA sequence of the protein is given as the input. A new threading
algorithm, MUSTER, extends the previous sequence profile-profile alignment (PPA)
method. It combines various sequence and structure information into single body
terms which can be conveniently used in dynamic programming search: (1)
sequence profiles; (2) secondary structures; (3) structure fragment profiles; (4)
solvent accessibility; (5) dihedral torsion angles; (6) hydrophobic scoring matrix.
The balance of weighting parameters is optimized by a grading search based on the
average TM-score of 111 training proteins, which perform better than conventional

optimisation methods based on the PROSUP database (Wu & Zhang, 2008).

The algorithm is tested on 500 non-homologous proteins independent of
training sets. After removing the homologous templates with sequence identity to the
target >30%, in 224 cases, the first template alignment has the correct topology with
a TM-score >0.5. Even with a more stringent cut-off by removing the templates with
a sequence identity >20% or detectable by PSIBLAST with an E-value <0.05,
MUSTER can identify correct folds in 137 cases with the first model of TM- score
>(0.5. Depending on the homology cut-offs, MUSTER's average TM-score of the
first threading alignments is 5.1-6.3% higher than that by PPA. This improvement is
statistically significant by the Wilcoxon signed-rank test with a P-value <I.0,
demonstrating additional structural information’s effect on the protein fold

recognitions (Wu & Zhang, 2008).

The best models were evaluated in PROCHCEK (Laskowski et al., 1993) &
PDBsum server (Laskowski et al.,2005). PROCHECK evaluates the stereochemical
quality of the model through the Ramachandran plot. Good quality models were
selected by more than 90% of residues in the most favoured and additional allowed

regions and visualized in PyMol and EzMol 2.1 (Reynolds et al., 2018).

130



Chapter 4

4.3.4.2 Signal peptide prediction

Phobius was used to predict the resilin’s signal peptide topology. In Phobius,
a hidden Markov model that combines transmembrane topology and signal peptide
Predictions. The method optimises between transmembrane segments and signal
peptides and allows constrained and homology-enriched predictions. The Phobius
web server provides an easy and accurate means to predict signal peptides and
transmembrane topology from an amino acid sequence. The sequences were
submitted in Fasta format and preferably uploaded as a file. The predictions are
given either in ‘short’ — signal line text output or ‘long’ — UniProt feature table-

styled output (Kall et al., 2007).
4.3.4.3 Chemical structural characterization

SAPS evaluates a wide variety of protein sequence properties using statistics.
Properties considered include compositional biases, clusters, runs of charge and
other amino acid types, different kinds and extents of repetitive structures, locally
recurring motifs, and anomalous spacing between identical residue types (Madeira et

al., 2019).
4.3.4.4 Physico-Chemical characterization

ExPASy ProtParam computes various physicochemical properties that can be
deduced from a protein sequence. The parameters computed by ProtParam include
the molecular weight, theoretical pl, amino acid composition, atomic composition,
extinction coefficient, estimated half-time, instability index, aliphatic index, and
grand average of hydropathicity (GRAVY). Extinction coefficient (EC) indicates
how much light a protein absorbs at a specific wavelength. It is helpful to estimate
this coefficient for following a protein’s spectrophotometer when purifying it (Pace
et al., 1995; Edelhoch, 1967; Gill & von Hippel, 1989). In-vivo half-life, it is
predicted that half of the protein amount in a cell to disappear after its synthesis in
the cell. ProtParam relies on the “N-end rule”, which relates the half-life of a protein
to its N-terminal residue identity. The rule was established from experiments that

explored the metabolic fate of artificial beta-galactosidase proteins with different N-
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terminal amino acids engineered by site-directed mutagenesis (Bachmair et al.,1986;
Gonda et al., 1989; Varshavsky, 1997). The instability index (II) provides an
estimate of the stability of the protein in a test tube. A protein whose instability
index is smaller than 40 is predicted as stable; a value above 40 predicts that the
protein may be unstable (Guruprasad et al., 1990). The aliphatic index (AI) of
protein is defined as the relative volume occupied by aliphatic side chains (alanine,
valine, isoleucine, and leucine) (Ikai, 1980). The grand average of hydropathy
(GRAVY) value for a peptide or protein is calculated as the sum of all the amino
acids’ hydropathy values divided by the number of residues in the sequences (Kyte
& Doolittle, 1982).

4.3.4.5 Solvent Accessible Surface Area (ASA) analysis

VADAR (Volume, Area, Di-hederal Angle Reporter) is a compilation of more
than 15 different algorithms and programs for analyzing and assessing peptide and
protein structures from their PDB coordinate data. The results have been validated
through extensive comparison to published data and careful visual inspection. The
VADAR web server supports the submitting of either PDB formatted files or PDB
accession numbers. VADAR produces extensive tables and high-quality graphs for
quantitatively and qualitatively assessing protein structures determined by X-ray
crystallography, NMR spectroscopy, 3D-threading, or homology modelling. The
server evaluates key structural parameters for individual residues and the complete
protein. These include excluded volume, accessible surface area, backbone, side
chain dihedral angles, secondary structure, hydrogen bonding partners, hydrogen
bond energies, steric quality, solvation-free energy, and local and overall fold
quality. These derived parameters can rapidly identify both general and residue-

specific problems within newly determined protein structures (Willard et al., 2003).

132



Chapter 4

4.4 RESULTS
4.4.1 Resilin in the vein joints of P. flavescens

We have taken images of different wing vein joints of the P. flavescens in
light, and fluorescence microscopy (Fig. 4.3, 4.4), and FTIR imaging (Fig. 4.5).
Wing resilin is present in the forewing and hindwing and the selected vein joints
were documented. Fluorescence was found to be present only in the mobile joints of
the wing vein where the longitudinal vein meets the cross vein and is not seen in the
immobile joints (Fig. 4.31, 4.3L, 4.41, 4.4L). The longitudinal veins are more robust
and thicker than the cross veins. Most of the resilin was noticed in the ventral side of
the wings rather than the dorsal side. Compared to the forewing, a high level of
resilin fluorescence was observed in the hindwings. The fluorescence intensity was
found to be different in different areas of the wings of P flavescens. Resilin
fluorescence is also seen in the dorsal and ventral side of the nodus and the veins of

the anal area of both the fore-and hindwings (Fig. 4.2).
Fluorescence intensity measurement

Five forewing and hindwing mobile joints, R1, R2, R3, R4, and R5 (Table
4.2, 4.3) were selected for the fluorescence intensity comparison (Fig. 4.3, 4.4). The
hindwing showed the highest fluorescence intensity (Fig. 4.6B). The highest
intensity area of the forewing and hindwing was found to be different. In the
forewing, the R1 (nodus) shows the highest resilin fluorescence (Fig. 4.6A), whereas
in the hindwings, the R2 (Posterior and proximal vertex of the subtriangle) shows

the highest fluorescence (Fig. 4.6B).

Table 4.2: Forewing vein joints

R1 Nodus (N)

R2 The distal end of the anterior margin of the triangle (T)
R3 The posterior end of the triangle (T)

R4 The distal end of radial supplement (Rspl)

RS Distal end of anterior media (MA)
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Table 4.3: Hindwing vein joints

R1 Nodus (N)

R2 Posterior and proximal vertex of the sub-triangle (t)
R3 Distal vertex of sub-triangle (t)

R4 Basal end of anal vein (A3)

R5 Posterior end of first cross-vein between R2 & R3

4.4.2 Sequencing of resilin from P. flavescens

Partial resilin of the P. flavescens was isolated, sequenced, and characterised.
The partial sequence contained 250 bp (Fig. 4.7). The nucleotide sequences were
then converted into protein sequences (77 amino acids sequence). While blasting
this P. flavescens sequence, it showed similarity with the resilin gene of the Ladona
fulva and Aeshna sp. This protein sequence of the resilin was then used for further

insilico analysis.
The amino acid sequence of the resilin from P. flavescens:

RRGNFARDMGGWERRVHGCCFVWSSKAQVAKKLGSRIGKVPESNMKCRLL
LEKASNGFNLLLDNGKLRNKITHSFVK

We compared the resilin protein sequence of P. flavescens with two
Anisopteran dragonfly species, L. fulva (Libellulidae) (Fig. 4.8) and Aeshna sp.
(Aeshnidae) (Fig. 4.9). The resilin sequence showed similarities with both species.
The P. flavescens resilin sequence showed more similarities with the exon region of

the resilin sequence of L. fulva.
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BLAST ® > Global Alignment > results for RID-YSDBGSD5114

Job Title

RID

Program
Query ID

Query Descr

Query Length

Subject ID

Subject Descr

tr|AOABKOKOT6|AOA8KOKOT6_LADFU Pro-resilin... ...
Y8DBGSD5114 Search expires on 03-04 15:31 pm
Needleman-Wunsch alignment of two sequences
Icl|Query_3883643 (amino acid)

trlAOABKOKOT6|AOABKOKOTE_LADFU Pro-resilin OS=Ladona fulva OX=123851 GN=J437_LFUL006303 PE=4 SV=1

521
Icl|Query_3883645 (amino acid)
PE...

Subject Length 77

Descriptions
Description Score Percent Ident Accession
PF -459.0 3.00% Query_3883645
Graphic Summary
Distribution of the top 1 Blast Hlts on 1 subject sequences
1 100 200 300 400 500
Alignments

Alignment view | Pairwise with dots for identities v | [J cps feature Restore defaults

PF

Sequence ID: Query_3883645 Length: 77 Number of Matches: 1
Range 1:1to 77

NW Score

Identities Positives Gaps

Frame

-459

Query
Query
Query
Query
Query
Query

ouerv
sbjct

ouerv
Sbjct

ouerv
sbjct

61
121
181
241
301
361
1
421
26

481
66

15/523(3%) 27/523(5%) 448/523(85%)
MLAMSALALLCVSAEPPVSNEYLPPNGGAGMYSNGLTGAISSSYGAPNGNGNGGNGGRPS
STYGAPNGNGIGGNGLSSTYGAPNGNGLGGNGGLSSTYGAPNGNGFGGNGGRPSSTYGAP
NGNGNGGNGLSSTYGAPNGNGNGGNGLSSTYGAPNGNGFGRNGGRPSSTYGAPNGNGLGG
NGGRPSSTYGAPNGNGNGNGGRLSSTYGAPNGNGFGNGNGGRPSSTYGAPNGNSYNGNGG
RPSSTYGAPNGNGLGGNGGRPSSTYGAPNGNGFGNGNGGRPSSTYGAPNGNGNGGNGGRP
SSTYGAPNGNGYNGNGGRPSSTYGAPNGNGLSGNGGRLSSTYGAPNGNGFGGNGLSSTYG

APNGNGIGNGNGRPSS TYGAPNGGNGGYAGRNGGYAGGNGGYANGNGGYAGGNGGYANGN
------------------------------ -R.NF.RDM. .WERRVH.CC- - - - -FVWSS

GGYAGGNSGYAGGNGDEYSEPASYOFOYEVNDOEGTEFGHOEOREGDEAOGEYRVLLPDG
KAQVAKKL .SRI.KVP.SNMKCRLLLE-=-=-=-=======c-ccc-u-u- K.SNGFNL. .DN.

- -RROTVSYTADOOGYOPEIRYEDTGAGNGYGRGGNAGGONGY 521
KL .NK. THSFVK= = === === === e e mm e mmmm e m 77

60
120

240
300
360
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25
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65

Figure 4.8: protein blast of P. flavescens resilin with Ladona fulva
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BLAST © 5> Global Alignment > results for RID-Y8D650G1114

Job Title tr|G4Y9J5|G4Y9J5_90DON Resilin isoform ...

RID Y8D650G 1114 Search expires on 03-04 15:28 pm

Program Needleman-Wunsch alignment of two sequences

Query ID Icl|Query_3776819 (amino acid)

Query Descr tr|G4Y9J5|G4Y9J5_90DON Resilin isoform B OS=Aeshna sp. REL-2011 OX=1095469 PE=2 SV=1 ...

Query Length 477

Subject ID

Icl|Query_3776821 (amino acid)

Subject Descr PF ...
Subject Length 77

Descriptions
Description Score Percent Ident Accession
PF -406.0 4.00% Query_3776821
Graphic Summary
Distribution of the top 1 Blast Hits on 1 subject sequences
1 90 180 270 360 450
Alignments
Alignment view | Pairwise v | [ cos feature
PF
Sequence ID: Query_3776821 Length: 77 Number of Matches: 1
Range1:1t0 77
NW Score Identities Positives Gaps Frame
-406 21/477(4%) 28/477(5%) 400/477(83%)
Query 1  MTSFRKGCFLGLLAVVALCSAEPPVGGSQSYLPPSSSYGAPSAGTGFGHGGGSPSQSYGA 60
sbjct 1 ----E;ENE --------------------------------------------------- 5
Query 61  PSFGGGSVGGGSHFGGGSHSGGGGGGYPSQSYGAPSRPSGSSFQAFGGAPSSSYGAPSSQ 120
] 0 T S e
Query 121 YGAPSGGGGSYAIQGGSFSSGGSRAPSQAYGAPSNNAGLSHQSQSFGGGLSSSYGAPSAG 180
sbjct 6 --ﬁRDMggNERR\tHgCCEVNS --------------------------------------- 24
Query 181 FGGQSHGGGYSQGGNGGGHGGSSGGGYSYQSFGGGNGGGHGGSRPSSSYGAPSSSYGAPS 240
Shjct e e e
Query 241 GGKGVSGGFVSQPSGSYGAPSQSYGAPSRGGGHGGGSISSSYGAPSKGSGGFGGGSISSS 300
SbJCt e s
Query 301 YGAPSKGSVGGGVSSSYGAPAIGGGSFGGGSFGGGSFGGGSFGGGAPSSSYGAPSSSYSA 360
sbjct 25 ----gﬁAquxxtsgnng -------------------------- vgegﬁmxcmusxﬁ 54
Query 361 PSSSYGAPSKGSGGFGSgGgESFSSAPSSSYGAPSASYSTPSSSYGAPSSGGFGAGGGF 420
Sbjct 55 —-----e-ooooooo-- SNGFNLLLD- === === m e m oo 63
Query 421 SSGGYSGGGGGYSSGGSGGFGGHGGSGGAGGYSGGGGYSGGGSGGGQKYDSNGGYVY 477
Sbjct 64  m-mm e NgKL;NKIIHsallk 77

Figure 4.9: protein blast of P. flavescens resilin with Aeshna sp.
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CLUSTAL multiple sequence alignment by MUSCLE (3.8)

Resilin

tr|G4Y915|G4Y915_90DON
AEQ49438.1

tr| ABABKOKOTE | ABABKEKET6_LADFU
NP_611157.1

Resilin

tr|G4Y915|G4Y915_9000N
AEQ49438.1

tr| ABASKOKET6 | ABABKBKBTE_LADFU
NP_611157.1

Resilin

tr|G4Y915|G4Y915_90DON
AEQ49438.1

tr| ABABKOKOTE | ABABKEKET6_LADFU
NP_511157.1

Resilin

tr|G4Y915|G4Y915_90DO0N
AEQ49438.1

tr| ABASKOKOT6 | ABABKOKBTS_LADFU
NP_611157.1

Resilin

tr|G4Y915|G4Y915_90DON
AEQ49438.1

tr| ABABKOKOTE | ABABKEKET6_LADFU
NP 611157.1

Resilin

tr|G4Y915|G4Y9I5_90DO0N
AEQ49438.1
tr|AGASKOKETE | ABASKOKET6_LADFU
NP_611157.1

Resilin

tr|G4Y915|G4Y9I5_90DO0N
AEQ49438.1
tr|ABABKOKOT6 | ABABKBKBTH_LADFU
NP_611157.1

Resilin

tr|G4Y915|G4Y9I5_90DO0N
AEQ49438.1
tr|AGASKOKETE | ABASKOKET6_LADFU
NP_611157.1

Resilin

tr|G4Y915|G4Y9I5_90DO0N
AEQ49438.1

tr| ADASKOKOTS | AGASKBKOTS_LADFU
NP_611157.1

Resilin

tr|G4Y935|G4Y9I5_90D0N
AEQ49438.1
tr|AGASKOKETE | ABASKOKET6_LADFU
NP_611157.1

m— e RR----m s e
MTSFRKGCFLGLLAVVALC - SAEPPVGGSQSYLPP - - - - - - oo o oo SSSYGAPSAG
MTSFRKGCFLGLLAVVALC - SAEPPVGGSQSYLPP - - - - - - oo oo oo SSSYGAPSAG
-------- MLAMSALALLCVSAEPPV - - SNEYLPPNGGAGMYSNGLTGATSSSYGAPN -G
- -MFKLLGLTLLMAMVVLG-RPEPPY - - -NSYLPP - - - - - - oo oo SDSYGAP - - -
--------------------- 1

TGFGHGGGSPSQSYGAPSFGGRGSVGEE - - SHFGGGSHSGGLGGEGYPSQSYGAP - -SRPSG
TGFGHGGGSPSQSYGAPSFGGRGSVGGE - - SHFGGGSHSGGGGGEGYPSQSYGAP - -SRPSG

NGNGGNGGRPSSTYGAPN - GNGIGGNGLSSTYGAPNGNGLGGNGGLSS TYGAP - - - - - NG
-GQSGPGGRPSDSYGAP - ~GGGNGGR - - =~ == - = - - PSDSYGAPGQGQGQG
----- MGEWERRVHGCC ~ -~ — = - — -~ — oo oo
SSFQAFGGAPSSSYGAP - - - - - - —--- SSQYGAPSGG-- - -

SSFQAFGGAPSSSYGAP - - - - - -—--- SSQYGAPSGG-- -~ - = - -m oo
NGFGGNGGRPSSTYGAPNGNGNGGNGLSS TYGAPNGNGNGGNGLSS TYGAPNGNGFGRNG
QGQGGYAGKPSDTYGAPGGGNGNGGRPSSSYGAPGGG -~ - -~ -~ - === - == NG
------------- FVISSKAQUAKKLGSRIGKV - - - - == - = - oo ooomo o

G----SYAIQGGSFSSGGSRAPSQAYGAPSNNAGLSHQSQSFGGGLSSSYGAP-SAGRGG
G- ---SYAIQGGSFSSGGSRAPSQAYGAPSNNAGLSHQSQSFGGGLSSSYGAP - SAGFGG
GRPSSTYGAPNGNGLGGNGGRPSSTYGAPNGNG-- - - - - NGNGGRLSSTYGAPNGNGFGN
GRPSDTYGAPGG- - - -GNGGRPSDTYGAPGGGG- - - - - - NGNGGRPSSSYGAP - GQGQGN|

R

QSHGGGYSQGGNGGRGHGGSSGEEYSY)SFGGGNGGGHG - -GSRPSSSYGA- - - - - - - - - -
QSHGGGYSQGGNGGEGHGGSSGEEYSYSFGGGNGGGHG - -GSRPSSSYGA- - - - - - - - - -
GNGGRPSSTYGAPNGNSYNGNGGRPSSTYGAPNGNGLGGNGGRPSSTYGAPNGNGFGNGN
GNGGRSSSSYGAPGG - - - -GNGGRPSDTYGAPGGGN - - - -GGRPSDTYGAPG- - - -GGNN

QSHGGGYSQGGENGGGHGGESSGGEYSYQSFGGGNGGGHG - -GSRPSSSYGA- -
QSHGGGYSQGGENGGGHGGRSSGAEYSYSFGGENGGGEHG - -GSRPSSSYGA- - - - - - - - - -
GNGGRPSSTYGAPNGNSYNGNGGRPSSTYGAPNGNGLGGNGGRPSSTYGAPNGNGFGNGN
GNGGRSSSSYGAPGG- - - -GNGGRPSDTYGAPGGGN - - - -GGRPSDTYGAPG- - - -GGNN

———————————————————————————————————————————— PESNMKCR--------
---PSSSYGAPSG-GKGVSGGFVSQPSGSYGA------------ PSQSYGAP - SRGGGHG
---PSSSYGAPSG-GKGVSGGFVSQPSGSYGA------------ PSQSYGAP - SRGGGHG
GGRPSSTYGAPNGNGNGGNGG- - -RPSSTYGAPNGNGYNGNGGRPSSTYGAPNGNGLSGN
GGRPSSSYGAPGG-GNGG------ RPSDTYGAPGGGNGNGSGGRPSSSYGAP - GQGQGGF
GGSISSSYGAPSK----------- GSGGFGGGSISSSYGAPSKGSV - -GGG-VSSSYGAP
GGSISSSYGAPSK----------- GSGGFGGGSISSSYGAPSKGSV - -GGG-VSSSYGAP
GGRLSSTYGAP------------- NGNGFGGNGLSSTYGAPNGNGIGNGNGRPSSTYGAP

GGRPSDSYGAPGQNQKPSDSYGAPGSGNGNGGRPSSSYGAPGSG- - - -PGGRPSDSYGPP

-------------------------------------------------------- LLLE
PN (el o GSFGGESFGGGSFGGGAPSSSYGAPSSSYSA
PN (el o GSFGGESFGGGSFGGGAPSSSYGAPSSSYSA
NGGNGGYAGRNGGYAGGNGGYANGNGGYAGGNGGYANGNGGYAGGNSGYA-GGNGDEYSE
ASGSGA- -~ —m oo GGAGGSGPGGADYDNDEPA-KYEFNYQVEDA
KAS - - oo - oo e =
PSS-Som oo YGAPSKGSGGFGSSGGFSSF - - - SSAPSSSYGAPSASYSTPSS
PSS-Gm oo YGAPSKGSGGFGSSGGFSSF - - - SSAPSSSYGAPSASYSTPSS
PASYQFQYEVNDQEGTEFGHQEQREGD - EAQGEYRVLLPDGRRQIVSYTADQQGYQ-PET
PSGLS - - oo oo m e FGHSEMRDGDF - TTGQYNVL LPDGRKQIVEYEADQQGYR - PQT
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Resilin

tr|G4Y9J5|G4Y915_90D0N
AEQ49438.1

tr| ABASKBKETS | AGABKBKET6E_LADFU
NP_611157.1

Resilin

tr|G4Y9J5|G4Y915_90DON
AEQ49438.1

tr| ABASKBKETS | AGABKOKETE LADFU
NP_611157.1

Resilin

tr|G4Y9J5|G4Y915_90DON
AEQ49438.1

tr| ABASKBKETS | AGABKBKET6_LADFU
NP_611157.1

-------------------------------------- LDMGKLRN- -~ == -==—-—---
) 1cT:)- SSGGFGAGGGFSSGGYSG-----———-——---
£ 7Y SSGGFGAGGGFSSGEYSG- -~~~ —- -~~~
) GAGNGYGRGGNAG-- -~ - - - - - -~

777777777 GGEGYSSG- -~~~ ~GSGGEFGG -~~~ -~~~ oo
--------- e T 1 c = c
--------- GQNGY ==~ = - oo

NGRPGGNGNGGSDGGRVIIGGRVIGGHDGGDOGYSGGRPGGQDLGRDGYSSGRPGGRPGG

Resilin e KITHSFVK
tr|GAY9I5|GAYOIS_90DON e GGYSGGESGGEQKYDSNGEYVY
AEQA9438.1 e GGYSGGESGGEOKYDSNGEYVY
tr| ABABKOKOTE | ABABKBKOTE LADFU  —ooo o ommoo oo oo
NP_611157.1 NGQDSQDGQGYSSGRPGOGGRNGF GPGGONGDNDGSGYRY

Figure 4.10: Multiple sequence alignment
4.4.3 Insilico analysis of P. flavescens resilin
4.4.3.1 Homology modeling of the sequenced resilin protein

The isolated partial sequence of the P. flavescens resilin protein consists of
one beta-sheet, one beta-alpha beta unit, two beta-hairpins, one beta-bulge, four

strands, one helix, and four beta turns.
4.4.3.2 Amino acid composition of resilin protein

A total 77 amino acids were present in the sequenced resilin protein of P,
flavescens (Table 4.4). The primary amino acid compositions of resilin are Lysine

(11.7%), Glycine (10.4%), Arginine (10.4%), and Leucine (10.4%).
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Table 4.4: Amino acid composition of resilin

Amino acid Number Percentage composition
Ala (A) 4 5.2%
Arg (R) 8 10.4%
Asn (N) 6 7.8%
Asp (D) 2 2.6%
Cys (C) 3 3.9%
GIn (Q) 1 1.3%
Glu (E) 3 3.9%
Gly (G) 8 10.4%
His (H) 2 2.6%

Ile (I) 3 3.9%
Leu (L) 8 10.4%
Lys (K) 9 11.7%
Met (M) 2 2.6%
Phe (F) 4 5.2%
Pro (P) 1 1.3%
Ser (S) 6 7.8%
Thr (T) 0 0.0%
Trp (W) 2 2.6%
Tyr (Y) 0 0.0%
Val (V) 5 6.5%
Phl (O) 0 0.0%
Sec (U) 0 0.0%
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4.4.3.3 Physiochemical characterization of resilin

The physicochemical properties of the resilin protein were studied using the
Expasy Protparam server. The expected half-life of resilin is more than one hour in
mammalian reticulocytes and two minutes in yeast and Escherichia coli. The
molecular weight of the resilin protein is 8759.31, and the Isoelectric point (pl) is
10.75. other characteristic properties like the Instability Index (II), Aliphatic Index,
and Grand Average of Hydropathicity (GRAVY) of the resilin protein are 31.62,
79.74, and -0.471. The resilin protein is highly stable because the Instability Index

value is less than 40.
4.4.3.4 Quality of the protein

QMEAN Z-Scores were checked to check the quality of the resilin protein
model. The resilin protein model’s QMEAN score was compared with the QMEAN
scores of the reference structures solved by X-ray crystallography from the Protein
Data Bank (PDB), and the Z-score was calculated. The low-quality protein models
are expected to have high negative QMEAN Z-score values, and they belong to the
red regions in the colour gradient, but the suitable structures are mainly seen in the
light red or blue region (Benkert et al., 2008; Benkert et al., 2011). The QMEAN Z-
score value for the resilin protein model was found to be -2.66 (Fig. 4.11), indicating
that it is a bad model, and this might be due to the unavailability of the previously
deposited NMR-based or X-ray crystallography-based models of resilin protein.

4.4.3.5 Functional characterisation of resilin

Feature-Based Function Prediction (FFPred) server was used for the analysis
of protein in biological process prediction, molecular function prediction, and
cellular component prediction. By analysing the biological process (Table 4.5) of the
resilin protein, it was found to participate in the regulation of the metabolic process
(GO:0019222) and the cellular macromolecule biosynthetic process (GO:0034645).
The resilin protein exhibits three major molecular functions (Table 4.6), including
nucleic acid binding (GO:0003676) and organic cyclic compound binding

(GO:0097159). This protein also acts as the structural constituent of ribosome
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(GO:0003735). The cellular component prediction (Table 4.7) shows that the protein
is mainly seen in the mitochondrion (GO:0005739) and its membrane (GO:0005743,

GO:0031966).

Table 4.5: Biological process prediction. SVM reliability is regarded as High (H)
when MCC, sensitivity, specificity, and precision are jointly above a given threshold
(0.9). Otherwise, Reliability is indicated as Low (L).

SVM
GO term Name Prob
Reliability
G0:0034645 | cellular macromolecule biosynthetic 0.959 H
process
G0:0019222 | regulation of the metabolic process 0.930 H
GO:2001141 | regulation of RNA biosynthetic process 0.929
GO:0051171 | regulation of nitrogen compound metabolic | 0.924
process
GO:0006355 | regulation of transcription, DNA-templated | 0.923 H
GO:0010468 | regulation of gene expression 0.912 H
GO:0051252 | regulation of RNA metabolic process 0.907 H
GO0:0044237 | cellular metabolic process 0.972 L
GO:0008152 | metabolic process 0.911 L
G0O:0009058 | biosynthetic process 0.905 L

Table 4.6: Molecular function prediction. SVM reliability is regarded as High (H)
when MCC, sensitivity, specificity, and precision are jointly above a given threshold
(0.9). Otherwise, Reliability is indicated as Low (L).

SVM
GO term Name Prob Reliability
GO:0003676 | nucleic acid binding 0.989 H
GO:0003735 | structural constituent of ribosome 0.935 H
GO:0097159 | organic cyclic compound binding 0.914 L

141




Chapter 4

Table 4.7: Cellular component prediction. SVM reliability is regarded as High (H)
when MCC, sensitivity, specificity and precision are jointly above a given threshold
(0.9). Otherwise, Reliability is indicated as Low (L).

GO term Name Prob RelSile)\i/{i ty
GO0:0005743 | mitochondrial inner membrane 0.980 H
GO:0031966 | mitochondrial membrane 0.959 H
GO:0005739 | mitochondrion 0.912 H
G0:0043229 | intracellular organelle 0.957 L
GO:0005737 | cytoplasm 0.922 L
G0:0043231 | intracellular membrane-bounded organelle | 0.901 L

4.4.3.6 Validation of resilin protein model

Ramachandra plot was used to check the model’s stability. Above 90% of the
amino acid residue were found to be occupied in the core or most favoured (91.7%)
and additional allowed region (8.3%) of the Ramachandran plot, and no residues
were found to be occupied in the disallowed region, which indicates that the resilin

protein model is highly stable (Fig. 4.14).
4.4.3.7 Residue Properties of resilin

A high level of torsion and omega angle is observed in the analysis of
residue properties of the resilin protein model (Fig. 4.15). Thus, this analysis

revealed that the resilin model has a high level of flexibility.
4.4.3.8 Hydrophobicity of the protein

Most of the structure contains highly hydrophobic regions, and the remaining
regions have moderate and neutral hydrophobic areas (Fig. 4.16). This indicates that

the protein is hydrophobic.
4.4.3.9 Signal peptide prediction

Phobius software was used for verifying the signal peptide in the resilin
protein model. The protein model of the partial sequence of resilin from P

flavescens doesn’t contain any signal peptide region (Fig. 4.17A). However, in the
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protein — protein net work interaction analysis clearly demonstrated the resilin
protein interacted with several other functional proteins which were mainly

connected to the cellular signally mechanisms (Fig. 4.17B).
4.4.3.10 Property characterization

The total accessible surface area (ASA) was found to be 5015 A°, exposed
non-polar ASA was 515.7 A°, exposed polar ASA was 922.4 A°, and % side ASA
hydrophobicity was 34.76 A° (Table 4.8).

Table 4.8: Accessible surface area of resilin

Property Observed A°
Total ASA 5015.0
Exposed nonpolar ASA 515.7
Exposed polar ASA 922.4
% side ASA hydrophobic 34.76

4.5 DISCUSSION
4.5.1 Resilin in the wings of P. flavescens

In flying insects, resilin is mainly seen in the wing vein joints (Gorb,1999),
veins, folding lines (Haas et al., 2000), internal cuticle layers of the veins (Appel et
al., 2015), veins and membranes transition areas, wing and thorax connecting area,
and in elastic tendons (Andersen & Weis-Fogh, 1964; Jakle et al., 2003). The
presence of resilin in the internal cuticle layers of the wing veins of dragonflies
prevents vein damage (Appel et al., 2015). In this study, we observed resilin in the
vein joints, veins, and membrane transition areas of the P. flavescens wing. The
veins of the anal region of both the hindwing and forewing showed the presence of
resilin and were more prominent in the hindwings. The longitudinal veins of the
leading edge of P flavescens mainly bear pressure and have the strongest
mechanical properties, which play the role of a girder and help reduce the wings’
bending angle during flapping flight (Li et al., 2014). Our study observed resilin in

the posterior end of some cross veins joining the leading-edge vein.
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In dragonflies and damselflies, the wing vein joints have been divided into
two, mobile and immobile joints. In the mobile joints, the longitudinal wing veins
are elastically jointed with the cross veins, whereas in immobile joints, they are
firmly jointed (Stanislav, 1999). The rotational stiffness of the wing vein joints with
more resilin will be low, and such vein joints can deform more when a load is
applied to an intact wing (Donoughe et al., 2011). These wing vein joints give
flexibility to the insects (Newman, 1982) and contain resilin protein (Gorb, 1999).
The mobile joints of dragonflies are generally single-sided (suborder Epiprocta). In
such wings, the resilin is either seen dorsally or ventrally but not seen on both sides
(Donoughe et al., 2011). In P. flavescens, we observed resilin present in both dorsal
and ventral sides of the wing at some mobile joints, and present on both sides but in
some joints, they are seen either ventrally or dorsally. Resilin was absent in the
immobile joints of the P flavescens. The abundance of resilin was found to be
different in the vein joints of the wings, and this variation might be due to the
specific functions of different areas of the wings during the flight of dragonflies.
Variations in the distribution of resilin in the ventral or dorsal surface of the wings
will influence the flight pattern of dragonflies between species (Mamat-

Noorhidayah, 2018).

A high level of resilin has been observed in the nodus of both the forewing
and hindwings of P. flavescens, and it is present on the dorsal and ventral surfaces of
the wing. This nodus with high resilin plays an important role in enabling wing
torsion (Donoughe et al., 2011). When compared to the percher dragonfly’s active
flier P. flavescens has a low level of resilin in the nodus that helps to reduce the
flexibility, which in turn helps to reduce large displacement of the wing nodi and so
the size of the knot-shaped protrusion on the nodus in P. flavescens is small

compared to the percher dragonflies (Rajabi et al., 2017; Rajabi et al., 2018).

During aerial flight Odonata, wings and wing sclerites experience many
non-natural impacts like displacement and deflection (Rajabi et al., 2017). In such
situations, resilin absorbs the shock against the mechanical impacts on the wings

(Weish-Fogh, 1960; Lyons et al., 2011) which helps in the uniform distribution of

144



Chapter 4

the stress that reduces the risk of structural failure (Haas et al., 2000; Michels et al.,
2012; Rajabi et al., 2017; Busse & Gorb, 2018; Rajabi et al., 2015; Manoonpong et
al., 2016). As a long-distance migratory dragonfly species, P. flavescens might
experience such mechanical impact on wings, and this resilin helps them to recover
the structural failure. So, studies on resilin in migratory species are very important to
understand how the resilin protein influences the flight of such long-distance

migratory insects.
4.5.2 Resilin gene of P. flavescens

Ardell and Andersen, (2001) were the first to report the resilin gene
CG15290 from D. melanogaster. Lyons et al. (2011) used a degenerate primer
approach for the amplification of the resilin gene from fleas (Ctenocephalides felis),
buffalo fly (Haematobia irritans exigua), and dragonfly (Aeshna sp.). In dragonflies
(Anistoptera), the resilin gene sequence studies were conducted only in the Aeshna
sp. (Aeshnidae) and in L. fulva (Libellulidae). This was the first study of the resilin
gene of the wandering glider P. flavescens. In this study, we compared the partial
sequence of P. flavescens resilin protein with the whole genome sequence of the L.
fulva and with the isolated resilin sequence from the Aeshna sp. (1820 bp length).
While blasting, P. flavascens resilin sequence showed lesser similarities with the L.
fulva (521 aa) and Aeshna sp. (477 aa) because we have isolated only the partial
sequence of the resilin protein. Thus, the sequence length is much less (77 aa). These

length differences in the sequences might be the reason for the lesser similarities.

The insect resilin gene has both conserved and non-conserved domains, and
the conserved domain participates in the cross-linking of tyrosine residues forming
di- and tri-tyrosine, which influences the elastic properties of the resilin (Andersen,
1964; King, 2010). Thus, based on the functions of insects, the form of resilin also
shows variations in the amino acid sequences, composition, and mechanical
properties among insects so that each species has its form of resilin (King, 2010). In
our study, the P. flavescens resilin sequence showed more similarities with the L.

fulva than Aeshna sp. because P. flavescens and L. fulva are from the same family
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Libellulidae. Further studies on this resilin gene of Odonata are necessary to

understand more mechanical and functional properties of the resilin in dragonflies.
4.5.3 In silico analysis of resilin protein

In silico studies, it helps to understand proteins’ structure, function, and
mechanism of action (Agarwal et al., 2013). We created a model for resilin protein
from P. flavescens. We validated and characterised the protein model, and then

finally, we confirmed the protein as resilin.

The D. melanogaster gene product (CG15920) is hydrophobic only in the
signal peptide region and in a very short region of residues (between 537 and 544).
All other regions that is, the two flanking regions and the central regions, are mainly
dominated by hydrophilic amino acids (Ardell & Andersen, 2001). The resilin
protein mainly comprises polar amino acids and is hydrophilic (Charati et al., 2009).
In our study, 52% of the total amino acids (77 aa) were polar amino acids, and 48%
were non-polar amino acids. As the isolated resilin sequence length of P. flavescens
is very less it is difficult to interpret the hydrophobicity of the resilin protein by
looking at the amino acid composition. The amino acid glycine was found to be
more in the resilin protein of P. flavescens, and the absence of a side chain in glycine

makes them more flexible (Cheng et al., 2010).

The physiochemical characterisation and the Ramachandran plot of the
resilin model showed that the protein is highly stable. The residue property analysis
of the resilin revealed that the resilin model has high torsion and omega angle,
giving the protein more flexibility. In this study, the QMEAN Z-score value of the
resilin model was not satisfactory. We got a negative Z-score value (<-2), indicating
that quality of the protein model is bad. Previously deposited NMR-based or X-ray
crystallographic-based structure of the resilin was unavailable for comparison and
this might be the major reason for the negative Z-score value of our resilin model.
However, the resilin model would have been a good model if the templates were

available for comparison.
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The resilin gene product (CG15920) of D. melanogaster is 620 residues
long, and it contains a short (17 residues) signal peptide region at the N-terminal of
the resilin gene (Nielsen et al., 1997). The signal peptide prediction of the P.
flavescens resilin model showed the absence of signal peptide in the protein. We
have isolated only the partial sequence of the resilin protein with a concise length of
amino acid sequences (77 aa), and we may have gotten the sequences away from the
signal peptide region. This might be the reason for our study’s absence of signal

peptides.

The property characterisation of the resilin model showed that it has all the
properties of a good protein. As all these characteristics match with the previously
available resilin protein, we confirm the protein model as resilin. As this is the first
study of the resilin protein from the wandering glider P. flavescens, more studies in
the future are necessary to understand the mechanical and functional properties of

resilin and its influence on the long-distance migration of P. flavescens.

4.6 KEY FINDINGS

> Resilin is present in the major vein junction of the fore and hindwing of the
P. flavescens.

> More prominent resilin fluorescence was observed in the ventral region of

the wings than in the dorsal regions.

> A higher level of resilin fluorescence was observed in the hindwings than in

the forewings.
> Partial resilin of P. flavescens was isolated, sequenced, and characterized.

> This is the first study of resilin protein from the wandering glider P

flavescens.
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Figure 1.1: Wings of dragonfly with landmarks. (A) Forewing, (B) hindwing




Aethriamanta brevipennis (Rambur, 1842)
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Figure 1.2: Wings of Aethriamanta brevipennis and Acisoma panorpoides. (A) forewing,
(B) hindwing



Brachythemis contaminata (Fabricius, 1793)

— =
S e

Z N
5 ..ﬁig?ﬁ.%t:

S
0:‘
7o
LR
NSV
o

LS

Figure 1.3: Wings of Brachythemis contaminata and Bradinopyga geminata. (A) forewing,
(B) hindwing



Crocothemis servilia (Drury, 1770)

Figure 1.4: Wings of Crocothemis servilia and Diplacodes trivialis. (A) forewing, (B)
hindwing



Epophthalmia vittata (Burmeister, 1839)
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Figure 1.5: Wings of Epophthalmia vittata and Gynacantha dravida. (A) forewing, (B)
hindwing



Hylaeothemis apicalis (Fraser, 1942)

Ictinogomphus rapax (Rambur, 1842)
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Figure 1.6: Wings of Hylaeothemis apicalis and Ictinogomphus rapax. (A) forewing, (B)
hindwing



Lathrecista asiatica, (Fabricius, 1798)

Figure 1.7: Wings of Lathrecista asiatica and Neurothemis tullia. (A) forewing, (B)
hindwing



Orthetrum glaucum (Brauer, 1865)
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Figure 1.8: Wings of Orthetrum glaucum and Orthetrum luzonicum. (A) forewing, (B)
hindwing



Orthetrum pruinosum (Burmeister, 1839)
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Figure 1.9: Wings of Orthetrum pruinosum and Orthetrum sabina. (A) forewing, (B)
hindwing



Potamarcha congener, (Rambur, 1842)

Figure 1.10: Wings of Potamarcha congener and Pantala flavescens. (A) forewing, (B)
hindwing



Palpopleura sexmaculata (Fabricius, 1787)

Figure 1.11: Wings of Palpopleura sexmaculata and Rhyothemis variegata. (A) forewing,
(B) hindwing



Trithemis aurora (Burmeister, 1839)

Figure 1.12: Wings of Trithemis aurora and Tramea basilaris. (A) forewing, (B) hindwing



Trithemis festiva (Rambur, 1842)

Figure 1.13: Wings of Trithemis festiva and Tramea limbata. (A) forewing, (B) hindwing



Tholymis tillarga (Fabricius, 1798)

Figure 1.14: Wings of Tholymis tillarga and Zyxomma petiolatum. (A) forewing, (B)
hindwing
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Figure 1.15: Centroid size analysis of forewing. AP - Acisoma panorpoides; AB -
Aethriamanta brevipennis; BC - Brachythemis contaminata; BG - Bradinopyga geminata;,
CS - Crocothemis servilia; DT - Diplacodes trivialis;, EV - Epophthalmia vittata, GD -
Gynacantha dravida; HA - Hylaeothemis apicalis; IR - Ictinogomphus rapax; LA -
Lathrecista asiatica; NT - Neurothemis tullia; OG - Orthetrum glaucum,; OL - Orthetrum
luzonicum; OP - Orthetrum pruinosum; OS - Orthetrum sabina; PS - Palpopleura
sexmaculata; PC - Potamarcha congener, PF - Pantala flavescens;, RV - Rhyothemis
variegata, TT - Tholymis tillarga; TB - Tramea basilaris; TL - Tramea limbata;, TA -

—

Trithemis aurora; TF - Trithemis festiva; ZP - Zyxomma petiolatum
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Figure 1.16: GPA and Percentage variance analysis in forewings
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Figure 1.17: PC and CVA morphospace boundary analysis of forewings. (A) PC1 vs. PC2
morphospace analysis representing 60.24% of variance; (B) CVA morphospace analysis.
AP — A. panorpoides; AB — A. brevipennis; BC — B. contaminata; BG — B. geminata;, CS —
C. servilia; DT — D. trivialis; EV — E. vittata;, GD — G. dravida; HA — H. apicalis; IR — L
rapax; LA — L. asiatica; NT — N. tullia; OG — O. glaucum; OL — O. luzonicum,; OP — O.
pruinosum; OS — O. sabina; PS — P. sexmaculata; PC — P. congener, PF — P. flavescens;
RV —R. variegata; TT — T. tillarga; TB — T. basilaris; TL — T. limbata;, TA — T. aurora; TF
— T. festiva; ZP — Z. petiolatum
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Figure 1.18: PLS analysis of forewing. (A) PLS analysis of forewing size; (B) PLS analysis
of forewing shape. AP — A. panorpoides; AB — A. brevipennis; BC — B. contaminata; BG —
B. geminata; CS — C. servilia; DT — D. trivialis; EV — E. vittata;, GD — G. dravida;, HA —
H. apicalis; IR — I rapax; LA — L. asiatica; NT — N. tullia; OG — O. glaucum; OL — O.
luzonicum; OP — O. pruinosum,; OS — O. sabina; PS — P. sexmaculata; PC — P. congener,
PF — P. flavescens; RV — R. variegata; TT — T. tillarga; TB — T. basilaris; TL — T. limbata,
TA —T. aurora; TF —T. festiva; ZP — Z. petiolatum
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Figure 1.19: Phylogenetic analysis of forewings. (A) Size-based phylogenetic analysis of
forewings; (B) Shape-based phylogenetic analysis of forewings. AP — A. panorpoides; AB —
A. brevipennis; BC — B. contaminata;, BG — B. geminata; CS — C. servilia; DT — D.
trivialis; EV — E. vittata;, GD — G. dravida; HA — H. apicalis; IR — I rapax; LA — L.
asiatica; NT — N. tullia; OG — O. glaucum; OL — O. luzonicum,; OP — O. pruinosum,; OS —
O. sabina; PS — P. sexmaculata; PC — P. congener, PF — P. flavescens;, RV — R. variegata,
TT - T. tillarga; TB — T. basilaris;, TL — T. limbata; TA — T. aurora; TF — T. festiva; ZP —
Z. petiolatum
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Figure 1.20: Hierarchical cluster dendrogram analysis of forewing. AP — A. panorpoides,
AB — A. brevipennis, BC — B. contaminata;, BG — B. geminata; CS — C. servilia; DT — D.
trivialis;, EV — E. vittata; GD — G. dravida; HA — H. apicalis; IR — I. rapax; LA — L.
asiatica; NT — N. tullia; OG — O. glaucum; OL — O. luzonicum,; OP — O. pruinosum, OS —
O. sabina; PS — P. sexmaculata;, PC — P. congener; PF — P. flavescens, RV — R. variegata;,
TT - T. tillarga; TB — T. basilaris;, TL — T. limbata;, TA — T. aurora; TF — T. festiva; ZP —
Z. petiolatum
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Figure 1.21: Centroid size analysis of hindwing. AP — A. panorpoides;, AB — A. brevipennis;
BC — B. contaminata; BG — B. geminata;, CS — C. servilia; DT — D. trivialis;, EV — E.
vittata, GD — G. dravida; HA — H. apicalis; IR — I. rapax; LA — L. asiatica; NT — N. tullia;
OG - O. glaucum; OL — O. luzonicum; OP — O. pruinosum, OS — O. sabina; PS — P.
sexmaculata; PC — P. congener; PF — P. flavescens; RV — R. variegata; TT — T. tillarga;
TB — T. basilaris; TL — T. limbata; TA — T. aurora; TF — T. festiva;, ZP — Z. petiolatum
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Figure 1.22: GPA and Percentage variance analysis in hindwings
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Figure 1.23: PC and CVA morphospace boundary analysis of hindwings. (A) PC1 vs. PC2
morphospace analysis representing 60.58% of variance; (B) CVA morphospace analysis. AP
— A. panorpoides;, AB — A. brevipennis;, BC — B. contaminata; BG — B. geminata;, CS — C.
servilia; DT — D. trivialis; EV — E. vittata, GD — G. dravida; HA — H. apicalis; IR — I.
rapax;, LA — L. asiatica; NT — N. tullia; OG — O. glaucum; OL — O. luzonicum,; OP — O.
pruinosum; OS — O. sabina; PS — P. sexmaculata; PC — P. congener; PF — P. flavescens;
RV — R. variegata; TT — T. tillarga; TB — T. basilaris; TL — T. limbata;, TA — T. aurora; TF
—T. festiva; ZP — Z. petiolatum
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Figure 1.24: PLS analysis of hindwing. (A) PLS analysis of hindwing size; (B) PLS analysis
of hindwing shape. AP — 4. panorpoides; AB — A. brevipennis;, BC — B. contaminata; BG —
B. geminata; CS — C. servilia; DT — D. trivialis; EV — E. vittata;, GD — G. dravida;, HA —
H. apicalis; IR — I rapax; LA — L. asiatica; NT — N. tullia; OG — O. glaucum; OL — O.
luzonicum; OP — O. pruinosum,; OS — O. sabina; PS — P. sexmaculata; PC — P. congener,
PF — P. flavescens; RV — R. variegata; TT — T. tillarga; TB — T. basilaris; TL — T. limbata,
TA —T. aurora; TF —T. festiva; ZP — Z. petiolatum
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Figure 1.25: Phylogenetic analysis of hindwings. (A) Size-based phylogenetic analysis of
hindwings; (B) Shape-based phylogenetic analysis of hindwings. AP — 4. panorpoides;, AB
— A. brevipennis;, BC — B. contaminata, BG — B. geminata; CS — C. servilia; DT — D.
trivialis; EV — E. vittata;, GD — G. dravida; HA — H. apicalis; IR — I rapax; LA — L.
asiatica; NT — N. tullia; OG — O. glaucum,; OL — O. luzonicum,; OP — O. pruinosum; OS —
O. sabina; PS — P. sexmaculata; PC — P. congener, PF — P. flavescens;, RV — R. variegata,
TT - T. tillarga; TB — T. basilaris;, TL — T. limbata;, TA — T. aurora; TF — T. festiva; ZP —
Z. petiolatum
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Figure 1.26: Hierarchical cluster dendrogram analysis of hindwing. AP — A. panorpoides;
AB — A. brevipennis; BC — B. contaminata;, BG — B. geminata; CS — C. servilia; DT — D.
trivialis;, EV — E. vittata; GD — G. dravida; HA — H. apicalis; IR — I. rapax; LA — L.
asiatica; NT — N. tullia; OG — O. glaucum,; OL — O. luzonicum; OP — O. pruinosum,; OS —
O. sabina; PS — P. sexmaculata;, PC — P. congener; PF — P. flavescens, RV — R. variegata;,
TT - T. tillarga; TB — T. basilaris;, TL — T. limbata;, TA — T. aurora; TF — T. festiva; ZP —
Z. petiolatum
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Figure 2.1: The bioinformatics analysis workflow
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Figure 2.2: Rarefaction curve. the vertical axis displays the community’s diversity, and the
horizontal axis displays the number of sequences considered in the diversity calculation.
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Figure 2.3: Abundance heatmap of dominant phylum. Red colour indicates a higher relative
abundance of particular phyla in a sample, while Purple colour indicates a lower relative
abundance of particular phyla.
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Figure 2.4: Principal Coordinate plot. (A) weighted Unifrac distances of the four samples,
(B) unweighted Unifrac distances of the four samples
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Figure 2.5: Venn diagram. (A) P. flavescens male and female, (B) N. fullia male and female,
(C) Venn diagram showing the number and percentage of the 1933 OTUs observed in the
four samples and from each combination of the four samples.
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Figure 2.6: Pie chart of bacterial Phyla in P. flavescens. (A) PFF, (B) PFM
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p_Bacteroidota 11.2%
p_Actinobacteriota 3.02%
p_Verrucomicrobiota 0.36%
p_Deferribacterota 0.23%
p_Fusobacteriota 0.19%
p_Planctomycetota 0.18%
p_Chloroflexi 0.16%
p_Patescibacteria 0.13%
p_Cyanobacteria 0.13%
p_Acidobacteriota 0.1%
p_Synergistota 0.09%
p_Hydrogenedentes 0.09%
p_Myxococcota 0.07%
p_Desulfobacterota 0.04%
| p_Nitrospinota 0.03%
| p_Marinimicrobia_(SAR406_clade) | 0.02%
| p_Spirochaetota 0.02%
| Others 0.08%
Taxonomy Adundance
p_Proteobacteria 54.84%
p_Firmicutes 22.94%
p_Bacteroidota 14.84%
p_Actinobacteriota 3.86%
p_Planctomycetota 0.67%
p_Verrucomicrobiota 0.58%
p_Chloroflexi 0.44%
p_Patescibacteria 0.4%
p_Fusobacteriota 0.21%
p_Gemmatimonadota 0.18%
p_Myxococcota 0.17%
p_Desulfobacterota 0.16%
p_Spirochaetota 0.14%
p_Euryarchaeota 0.09%
p_Sumerlaeota 0.08%
p_Cyanobacteria 0.07%
p_Nitrospinota 0.07%
p_Deferribacterota 0.06%
p_Acidobacteriota 0.06%
Others 0.15%

Figure 2.7: Pie chart of bacterial Phyla in N. tullia. (A) NTF, (B) NTM




Abundance

1]

Taxon

Remainder

d__Bacteria; Bdellovibrionota
d__Bacteria; Abditibacteriota
d__Bacteria; Hydrogenedentes
d__Bacteria; Sumerlaeota
d__Bacteria; Nitrospinota
d__Bacteria; Dependentiae
d__Archaea; Euryarchaeota
d__Bacteria; Acidobacteriota
d__Bacteria; Spirochaetota
d__Bacteria; Gemmatimonadota
d__Bacteria; Myxococcota

d__Bacteria; Cyanobacteria

100 il adl
75
50
25
.
& &

Sample

PFF PFM
« &

d__Bacteria; Synergistota
d__Bacteria; Patescibacteria
d__Bacteria; Chloroflexi

d__ Bacteria; Deferribacterota
d__Bacteria; Planctomycetota
d__Bacteria; Verrucomicrobiota
d__Bacteria; Fusobacteriota
d__Bacteria; Rs-K70_termite_group
d__Bacteria; Desulfobacterota
d__Bacteria; Actinobacteriota
d__Bacteria; Bacteroidota

d__ Bacteria; Firmicutes

d__Bacteria; Proteobacteria

Figure 2.8: Bar plot of bacterial Phyla. Comparison of bacterial gut samples NTF, NTM,

PFF, and PFM



PFF Class

PFM Class ﬁ

Legends | Taxonomy Abundance
c_Gamma proteobacteria | 48 .01%
¢_Bacteroidia 16.37%
c_Bacilli 9.64%
c_Clostridia 9.62%
c_Alphaproteobacteria 7.15%
c_Desulfovibrionia 3.71%
¢_Rs-K70_termite_group 2.93%
c_Actinobacteria 0.66%
c_ Negativicutes 0.52%
c_Deferribacteres 0.37%
c_Synergistia 0.27%
¢_Fusobacteriia 0.16%
c_vadinHA49 0.1%
c_Thermoleophilia 0.08%
p_Proteobacteria;_ 0.06%
¢_Cyanobacteriia 0.06%
¢_Planctomycetes 0.04%
c_Babeliae 0.04%
c_Acidimicrobiia 0.03%
Others 0.17%

Taxonomy Abundance
¢_ Gamma proteobacteria | 55.64%
c_Bacteroidia 15.56%
c_Bacilli 8.0%
c_Alphaproteobacteria 5.69%
¢_Clostridia 5.26%
-| c_Fusobacteriia 2.74%
¢_Desulfovibrionia 2.24%
c_Actinobacteria 1.64%
m ¢_Rs-K70_termite_group 1.49%
c_ Negativicutes 0.61%
¢_ Chlamydiae 0.17%
p_Proteobacteria;_ 0.15%
c_Deferribacteres 0.13%
¢_Planctomycetes 0.12%
c_Coriobacteri ia 0.1%
¢_Verrucomicrobiae 0.08%
c_Varn pirivibrionia 0.05%
p_Firmicutes;_ 0.04%
¢_ Spirochaetia 0.04%
Others 0.26%

Figure 2.9: Pie chart of bacterial Class in P. flavescens. (A) PFF, (B) PFM




NTF Class o

NTM Class Legends

Taxonomy Abundance
c_ Gamma proteobacteria | 42 .05%
c_Clostridia 22 .4%
c_Bacteroidia 11.15%
c_Alphaproteobacteria 9.46%
c_Bacilli 7.74%
c_Actinobacteria 2 .6%
c_ Negativicutes 2.07%
c_Coriobacteriia 0.24%
c_Deferribacteres 0.23%
c_Verrucomicrobiae 0.22%
¢_Fusobacteriia 0.19%
| c_Acidimicrobiia 0.15%
c_Planctomycetes 0.14%
¢_Saccharimonadia 0.13%
c_Synergistia 0.09%
c_Hydrogenedentia 0.09%
¢_Cyanobacteriia 0.08%
p_Proteobacteria;_ 0.08%
c_ Kiritimatiellae 0.07%
Others 0.84%
Taxonomy Abundance
c_Gamma proteobacteria | 33.59%
c_Alphaproteobacteria 21.2%
¢_Bacteroidia 14.84%
¢_Bacilli 12.59%
c_Clostridia 9.23%
c_Actinobacteria 3.31%
c_ Negativicutes 1.03%
¢_Verrucomicrobiae 0.5%
c_Planctomycetes 0.45%
¢_Chloroflexia 0.44%
c_Coriobacteriia 0.36%
c_Saccharimonadia 0.26%
c_Fusobacteriia 0.21%
c_Phycisphaerae 0.17%
c_Acidimicrobiia 0.16%
c_ Spirochaetia 0.14%
c_Polyangia 0.13%
q c_Parcubacteria 0.13%
c_Gemmatimonadetes 0.13%
‘ Others 1.1%

Figure 2.10: Pie chart of bacterial Class in V. fullia. (A) NTF, (B) NTM




PFF PFM

Abundance

NTF NTM

100

75

50

25

® :
@4 é\h

Qé‘
Sample
Taxon
. Remainder . d__Bacteria; Planctomycetota; Planctomycetes
. d__Bacteria; Firmicutes; NA . d__Bacteria; Deferribacterota; Deferribacteres
. d__Bacteria; Spirochaetota; Spirochaetia . d__Bacteria; Verrucomicrobiota; Verrucomicrobiae

. d__Bacteria; Cyanobacteria; Cyanobacteriia . d__Bacteria; Fusobacteriota; Fusobacteriia

. d__Bacteria; Myxococcota; Polyangia . d__Bacteria; Firmicutes; Negativicutes

. d__Bacteria; Verrucomicrobiota; Chlamydiae . d__Bacteria; Rs-K70_termite_group; Rs-K70_termite_group
. d__Bacteria; Planctomycetota; Phycisphaerae . d__Bacteria; Desulfobacterota; Desulfovibrionia

. d__Bacteria; Actinobacteriota; Acidimicrobiia . d__Bacteria; Actinobacteriota; Actinobacteria

. d__Bacteria; Protecbacteria; NA . d__Bacteria; Firmicutes; Bacilli

. d__Bacteria; Synergistota; Synergistia . d__Bacteria; Protecbacteria; Alphaprotecbacteria

. d__Bacteria; Patescibacteria; Saccharimonadia . d__Bacteria; Firmicutes; Clostridia

. d__Bacteria; Chloroflexi; Chloroflexia . d__Bacteria; Bacteroidota; Bacteroidia

. d__Bacteria; Actinobacteriota; Coriobacteriia . d__Bacteria; Protecbacteria; Gammaproteobacteria

Figure 2.11: Bar plot of bacterial Class. Comparison of bacterial gut samples NTF, NTM,
PFF, and PFM



PFF Order

PFM Order

Legends | Taxonomy Abundance
o_Enterobacterales 31.35%
o_Bacteroidales 10.92%
o_Lactobacillales 7.74%
o_Burkholderiales 5.42%

|"o_Clostridiales 4.50%
o_Pseudomonadales 4.41%
o_Flavobacteriales 4.4%

. o_Cardiobacteriales 3.94%

: o_Desulfovibrionales 3.71%

l o_Acetobacterales 3.53%

_I o_Rs-K70_termite_group 2.93%

I o_Rhizobiales 2.4%
o_Oscillospirales 2.16%
o_Peptostreptococca les-Tissierellales | 2.05%

[ o_Entomoplasmatales 1.44%

I o_Aeromonadales 1.27%

| o_Rickettsiales 0.96%

| ¢_Gammaproteobacteria ;_ 0.92%
o_Sphingobacteriales 0.74%

| Others 5.17%

Legends | Taxonomy Abundance
o_Enterobacterales 26.51%
o_Pseudomonadales 15.89%
o_Bacteroidales 7.15%
o_Lactobacillales 6.71%
o_Flavobacteriales 4.96%
o_Cardiobacteriales 4.17%
o_Burkholderiales 4.09%
c_Gammaproteobacteria ;_ 2.99%
o_Fusobacteriales 2.74%
o_Sphingobacteriales 2.7%
o_Rhizobiales 2.53%
o_Oscillospirales 2.37%
o_Desulfovibrionales 2.24%
o_Acetobacterales 1.98%
o_Xanthomonadales 1.56%
o_Rs-K70_termite_group 1.49%
o_Peptostreptococca les-Tissierellales | 1.44%
o_Micrococcales 1.43%
o_Erysipelotrichales 0.62%
Others 6.44%

Figure 2.12: Pie chart of bacterial Order in P. flavescens. (A) PFF, (B) PFM




NTF Order

NTM Order

Legends | Taxonomy Abundance
o_Pseudomonadales 13.86%
o_Oscillospirales 13.83%
o_Enterobacterales 12 .61%
o_Cardiobacteriales 5.63%
o_Bacteroidales 5.45%
o_Flavobacteriales 5.17%
o_Rickettsiales 4.47%
o_Lactobacillales 3.88%
o_Burkholderiales 3.36%
o_Peptostreptococca les-Tissierellales | 3.31%
o_Erysipelotrichales 3.06%
o_ Lachnospirales 2.86%
¢_Gammaproteobacteria ;_ 2.69%
o_Orbales 2.64%
o_Rhizobiales 2.47%
o_Micrococcales 1.83%
o_Acidaminococca les 1.59%
o_Rhodobacterales 1.44%
¢_Clostridia ;_ 0.72%
Others 9.11%

Legends | Taxonomy Abundance

H o_Pseudomonadales 18.23%
o_Rickettsiales 16.09%

' o_Lactobacillales 10.62%
o_Flavobacteriales 7.08%
o_Bacteroidales 5.84%
o_Xanthomonadales 5.81%
o_Burkholderiales 5.09%
o_ Lachnospira les 3.8%
o_Oscillospirales 3.3%
o_Enterobacterales 1.9%
o_Rhizobiales 1.69%
o_Sphingomonadales 1.07%
o_Micrococcales 1.05%
o_Ve illonellales-Se | dal 1.03%
o_Erysipelotrichales 0.9%
o_Peptostreptococca les-Tissierellales | 0.87%
o_Bacillales 0.86%
o_Rhodobacterales 0.78%
o_Orbales 0.78%
Others 13.2%

Figure 2.13: Pie chart of bacterial Order in N. tullia. (A) NTF, (B) NTM




Abundance

NTF NTM PFF PFM
& %
& & & &

Sample

; Proteobacteria; Alphaprotecbacteria; Rhodobacterales

Selenan

; Firmicutes; Negativicutes; Veill
: Fusobacteriota; Fusobacteriia; Fusobacteriales
ia; Protecbacteria; Gammaproteobacteria; Orbales

: Bacteroidota; Bacteroidia; Sphingobacteriales

. d__Bacteria; Rs-K70_termite_group; Rs-K70_termite_group; Rs-K70_termite_group
. d__Bacteria; Actinobacteriota; Actinobacteria; Micrococcales

. d__Bacteria; Firmicutes; Bacilli; Erysipelotrichales

. d__Bacteria; Firmicutes; Clostridia; Clostridiales

. d__Bacteria; Protecbacteria; Alphaprotecbacteria; Acetobacterales

d__Bacteria; Desulfobacterota; Desulfovibrionia; Desulfovibrionales

- d__Bacteria; Protecbacteria; Gammaproteobacteria; NA
. d__Bacteria; Firmicutes; Clostridia; Lachnospirales

: Firmicutes; Clostridia; Peptostreptococcales-Tissierellales

o
m
o
n
=
]
=
]

d__Bacteria; Protecbacteria; Gammaproteobacteria; Xanthomonadales

d__Bacteria; Protecbacteria; Alphaprotecbacteria; Rhizobiales

d__Bacteria; Protecbacteria; Gammaproteobacteria; Cardiobacteriales
d__Bacteria; Protecbacteria; Gammaproteobacteria; Burkholderiales
: Bacteroidota; Bacteroidia; Flavobacteriales

d__Bacteria; Firmicutes; Clostridia; Oscillospirales

d__Bacteria; Protecbacteria; Alphaprotecbacteria; Rickettsiales
d__Bacteria; Firmicutes; Bacilli; Lactobacillales
d__Bacteria; Bacteroidota; Bacteroidia; Bacteroidales

d__Bacteria; Pr teria; G proteobacteria; Pseud

o
|
m
o
n
o
w
=
»

. d__Bacteria; Protecbacteria; Gammaproteobacteria; Enterobacterales

Figure 2.14: Bar plot of bacterial Order. Comparison of bacterial gut samples NTF, NTM,
PFF, and PFM



PFF Family

PFM Family

Legends | Taxonomy Abundance
f_Enterobacteriaceae 16.63%
f_Dysgonornonadaceae 9.91%
f_Yersiniaceae 6.76%
f_Clostridiaceae 4.3%
f_Morganellaceae 3.97%
f_Woh Ifahrtiirnonadaceae 3.94%
f_Desulfovibrionaceae 3.71%
f_Acetobacteraceae 3.53%
f_Streptococcaceae 3.01%
f_Rs-K70_terrnite_group 2.93%
f_Enterococcaceae 2.82%
f_Cornar daceae 2.61%
f_Moraxellaceae 2.39%
o_Enterobacterales;_ 2.31%
f_Flavobacteriaceae 2.27%
f_Weeksellaceae 2.12%
f_Rurninococcaceae 2.04%
f_Pseudornonadaceae 2.03%
f_Peptostreptococcaceae 1.94%
Others 20.78%
Taxonomy Abundance
f_Enterobacteriaceae 16.14%
f_Moraxellaceae 11.04%
f_Dysgonomonadaceae 5.78%
f_Morganellaceae 4.97%
f_Pseudomonadaceae 4.85%
f_Weeksellaceae 4.76%
f_Wohlfahrtiimonadaceae 4.17%
f_Yersiniaceae 3.17%
¢_Gammaproteobacteria;_;_ 2.99%
f_Fusobacteriaceae 2.69%

- f_Sphingobacteriaceae 2.68%
7 f_Burkholderiaceae 2.47%
f_Desulfovibrionaceae 2.24%
f_Rhizobiaceae 2.14%
f_Ruminococcaceae 2.07%
o_Enterobacterales ;_ 2.0%
f_Acetobacteraceae 1.98%
f_Va gococca ceae 1.83%
f_Streptococcaceae 1.79%
” Others 20.23%

Figure 2.15: Pie chart of bacterial Family in P. flavescens. (A) PFF, (B) PFM




Legends | Taxonomy Abundance
f_Moraxellaceae 13.28%
f_Rurninococcaceae 12.81%
f_Woh Ifahrtiirnonadaceae 5.63%
f_Weeksellaceae 4.74%
f_Morganellaceae 3.73%
f_Yersiniaceae 3.61%
f_Peptostreptococcaceae 3.25%
f_Rickettsiaceae 2.92%
f_Enterobacteriaceae 2.86%
¢_Garnrnaproteobacteria;_;_ | 2.69%
f_Lachnospiraceae 2.68%
f_Orbaceae 2.64%
f_Dysgonornonadaceae 2.59%
f_Erysipelotrichaceae 2.51%
f_Burkholderiaceae 2.07%
o_Enterobacterales;_ 2.02%
f_Microbacteriaceae 1.59%
f_Acidarninococcaceae 1.59%
f_Anaplasrnataceae 1.55%
Others 25.25%

Legends | Taxonomy Abundance
NTM Fam“y f_Moraxellaceae 16.31%

f_Anaplasmataceae 12.85%

f_Enterococcaceae 7.49%

f_Weeksellaceae 6.23%

f_Rhodanobacteraceae | 5.3%

f_Lactobacillaceae 2.0%

f_Pseudomonadaceae 1.92%

f_Lachnospiraceae 3.73%

f_Rickettsiaceae 3.22%

f_Prevotellaceae 2.26%

f_Alcaligenaceae 2.12%
—

f_Oxalobacteraceae 1.6%
f_Ruminococcaceae 1.59%
i f_Enterobacteriaceae 1.39%
f_Bacteroidaceae 1.16%
f_Sphingomonadaceae 1.07%
f_Streptococcaceae 0.97%
f_Burkholderiaceae 0.96%
f_Rhizobiaceae 0.93%
Others 26.9%

Figure 2.16: Pie chart of bacterial Family in N. tullia. (A) NTF, (B) NTM



Abundance

NTF NTM PFF PFM
100
2 & < >
£ & &

Sample

Taxon

. Remainder

. d__Bacteria; Firmicutes; Bacilli; Lactobacillales; Vagococcaceae
. d__Bacteria; Firmicutes; Clostridia; Clostridiales; Clostridiaceae

. d__ Bacteria; Bacteroidota; Bacteroidia; Bacteroidales; Prevotellaceae

d__Bacteria; Protecbacteria; Gammaproteobacteria; X

. d__Bacteria;
. d__Bacteria; Protecb ia; Alphap b ia; ial

. d__Bacteria; Protechbacteria; Alphaprotecbacteria; Acetobacterales; Acetobacteraceas

teraceae

teria; eobacteria; Burk {eriales; Burkholderiaceas

d__Bacteria; Desulfobacterota; Desulfovibrionia; Desulfovibrionales; Desulfovibrionaceas

d__Bacteria; Firmicutes; Bacilli; Lactobacillales; Streptococcaceae

d__Bacteria; F teria; teria; Er b les; NA

d__Bacteria; Firmicutes; Clostridia; PeptostreptococcalesTissierellales; Peptostreptococcaceas

d__Bacteria; Proteobacteria; Gammaproteobacteria; NA; NA

d__Bacteria; Firmicutes; Clostridia; Lact pi . Lac iraceas
d__ Bacteria; P bacteria; Alphap bacteria; Ric Rickettsiaceae
d__Bacteria; Protecbacteria; o bacteria; Pseud dales; Pseud daceas

d__Bacteria; Firmicutes; Bacilli; Lactobacillales; Enterococcaceae

d__Bacteria; Protecbacteria; Gammaprotechacteria; Enterobacterales; Morganellaceae

d__Bacteria: Protecbacteria; e bacteria: E

d__Bacteria; Proteobacteria; Gammaproteobacteria; Cardiobacteriales; Wohifahrtiimonadaceae

d__Bacteria; P bacteria; Alpt bacteria; Rick ales; A | ean

d__Bacteria; Bacteroidota; Bactercidia; Flavobacteriales; Weeksellaceae

d_ Bacteria; Firmicutes; Clostridia; Osclllospirales; Ruminococcaceas

d__Bacteria; Bacteroidota; Bacteroidia; Bac! les; Dy laceas

d__Bacteria; P bacteria; bacteria; E bacterales; Enterobacteriaceae
d__Bacteria; Protecbacteria; bacteria; Pseud, dales; M llaceae

Figure 2.17: Bar plot of bacterial Family. Comparison of bacterial gut samples NTF, NTM,
PFF, and PFM



Legends | Taxonomy Abundance
PFF GenUS g_Dysgonomonas 9.9%
f_Enterobacteriaceae ;_ 9.71%
g_Serratia 6.19%
g_Desulfovibrio 3.71%
f_Clostridiaceae ;_ 3.42%
g_Pseudocitrobacter 3.31%
f_Acetobacteraceae;_ 3.02%
f_Wohifahrtiimonadaceae;_ | 2.93%
g_Rs-K70_termite_group 2.93%
g_Arsenophonus 2.92%
g_lactococcus 2.89%
g_Enterococcus 2.82%
o_Enterobacterales;_;_ 2.31%
g_Comamonas 2.31%
g_Acinetobacter 2.27%
g_Myroides 2.26%
g_Pseudomonas 2.0%
g_Enterobacter 1.93%
g_Apibacter 1.92%
Others 31.22%
PFM Genus
Taxonomy Abundance
g_ Escherichia-Shigella 9.51%
g_Acinetobacter 9.42%
f_Enterobacteriaceae ;_ 6.62%
£_Dysgonomonas 5.69%
E_Arsenophonus 4.88%
E_Pseudomonas 4.85%
g_Apibacter 3.78%
g_Serratia 3.08%
¢_Gammaproteobacteria; ;_;_ 2.99%
g_Cetobacterium 2.52%
£ Wohlfahrtiimonas 2.31%
g_Burkholderi ia-P, 2.27%
g_Desulfavibrio 2.24%
g_Sphingobacterium 2.05%
o_Enterobacterales; ;_ 2.0%
f_Acetobacteraceae;_ 1.86%
. Vagococcus 1.83%
E_uncultured 1.67%
g_Allorhizobium-Neorhizobium-Pararhizobium-Rhizobi 1.64%
Others 28.77%

Figure 2.18: Pie chart of bacterial Genus in P. flavescens. (A) PFF, (B) PFM




NTF Genus

NTM Genus Legesds

Legends | Taxonomy Abundance
g_Acinetobacter 13.24%
g_Candidatus_ Soleaferrea 6.76%
g_Arsenophonus 3.65%
g_Serratia 3.55%
f_Wohlfahrtiimonadaceae;_ 2.99%
f_Ruminococcaceae;_ 2.97%
g_Rickettsia 2.92%
g_Apibacter 2.7%
¢_Gammaproteobacteria;_;_;_ | 2.69%
g_lgnatzschineria 2.64%
f_Orbaceae;_ 2.64%
g_Dysgonomonas 2.47%
g_ZOR0006 2.23%
g_Romboutsia 2.11%
o_Enterobacterales;_;_ 2.02%
g_Enterobacter 1.92%
g_uncultured 1.85%
g_Chryseobacterium 1.84%
g_uncultured 1.74%
Others 37.06%

Taxonomy Abundance
g_Acinetobacter 16.27%
g_Wolbachia 12.85%
g_Enterococcus 7.49%
f_Rhodanobacteraceae;_ 5.09%
g_Apibacter 3.9%
g_Rickettsia 3.22%
g_Prevotella 2.09%
g_Lactobacillus 2.0%
g_Chryseobacterium 1.98%
g_Pseudomonas 1.91%
f_Alcaligenaceae ;_ 1.9%
g_Janthinobacterium 1.4%
f_Enterobacteriaceae ;_ 1.3%
g_Bacteroides 1.16%
g_Streptococcus 0.97%
f_Lachnospiraceae;_ 0.91%
g_Ralstonia 0.82%
f_Orbaceae;_ 0.78%
g_[Ruminococcus]_torques_group | 0.76%
Others 33.2%

Figure 2.19: Pie chart of bacterial Genus in N. tullia. (A) NTF, (B) NTM




Abundance

NTF NTM PFF PFM
& & & ¢

Sample

.d_Ba:terIa;. bacteria; G teria; bacterale bacteriaceae; bacter

. d__Bacteria; Bacteroidota; Bacteroidia; Flavobacteriales; Weeksellaceae; Chryseobacterium

. d__Bacteria; Bacteroidota; Bac idia; Bac idales; Pr laceae; F 1l
. d__Bacteria; Rs-K70_termite_group; Rs-K70_termite_group; Rs-K70_termite_group; Rs-K70_termite_group; Rs-K70_termite_group
. d__Bacteria; Firmicutes; Bacilli; Lactobacillales; Vagococcaceae; Vagococcus

- d__Bacteria; Firmicutes; Bacilli; Lactobacillales: Streptococcaceae; Lactococcus

. d__Bacteria; Firmicutes; C idia; Osci i Ruminococcaceas; uncultured

. d__Bacteria; Proteobacteria; Alphaprotecbacteria; Acetobacterales: Acetobacteraceae; NA

. d__Bacteria; teria; p cteria; Xanth Rhaod teraceae; NA

. d__Bacteria; Dy terota; ibrionia; Desulfovibrionales; D ibrionaceae; Desulfovibri
. d__Bacteria; Protecbacteria; protechacteria; terales; NA; NA

- d__Bacteria; Protecbacteria; Gammaprotecbacteria; NA; NA; NA

. d__Bacteria; Firmicutes; Clostridia; Oscillospirales; Ruminococcaceas; Candidatus | ferrea

. d__Bacteria; Protecbacteria; Gam P teria; Cardiobacterial tiimonadaceae; NA
- d__Bacteria; Protecbacteria; Alphaprotecbacteria; Rickettsiales; Rickettsiaceae; Rickettsia

. d__Bacteria; F bacteria; Gammap teria; Pseudor jales; F i eae; Pseud
. d_ Bacteria; Protecbacteria; G P teria; Enterobacterales; Enterobacteriaceae; Escherichia-Shigella
. d__Bacteria; P bacteria; Garn P bacteria; Enterobacterales; Morganellaceae; Arsenophonus

. d_ Bacteria: Bacteroidota; Bacteroidia; Flavobacteriales; Weeksellaceae; Apibacter

. d__Bacteria; Firmicutes; Bacilli; Lactobacillales; Enterococcaceae; Enterococcus

. d__Bacteria; F bacteria; teria; Enterobacterales; Yersiniaceae; Serratia

. d__Bacteria; Protecbacteria; Alphaproteobacteria; Rickettsiales; Anaplasmataceae; Wolbachia

. d__Bacteria; Bacteroidota; Bacteroidia; Bac idales; Dysg jaceae; Dy

. d_ Bacteria; Protecbacteria; Gan P teria; Enterobacterales; Enterobacteriaceae; NA

. d__Bacteria; P bacteria; o bacteria; Pseud dales; Moraxellaceae; Acinetobacter

Figure 2.20: Bar plot of bacterial Genus. Comparison of bacterial gut samples NTF, NTM,
PFF, and PFM
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Figure 2.21: Krona chart of gut bacterial groups in P. flavescens. (A) PFF, (B) PFM



Figure 2.22: Krona chart of gut bacterial groups in N. tullia. (A) NTF, (B) NTM
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Figure 3.2: Illustration of eggs of P. flavescens. Scanning electron micrographs; (A) and (B)
anterior end of egg showing micropyles and tiny pores, (C) egg surface showing small
pores, (D) micropyle opening.



Figure 3.3: Embryonic development of P. flavescens 1. (1-6) stage 1; (7) stage 2, without
germ band; (7-10) stage 3; (11-12) stage 4. eg: egg, j: jelly, y: yolk, mc: micropylar cone,
ch: chorion, g: germ band, em: embryo, se: serosa.



Figure 3.4: Embryonic development of P. flavescens 2. (13—14) stage 4; (15-17) stage 5;
(18-21) stage 6; (22-23) hatching; (24) newly emerged larva. y: yolk, e: eye, pr:
proctodacum, em: embryo, 1: leg, a: abdominal segment, abd: abdomen, an: antennae, ce:
cercus, ec: embryonic cuticle, es: eggshell, et: egg tooth, ep: epiproct, fs: frontal spines, 1b:
labium, Ir: labrum, la: larva, md: mandible, mx: maxillae, mc: micropylar cone, st:
stomodaeum.
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Figure 3.5. Different stages of the jelly coat in P. flavescens egg.
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Figure 3.6: Naiad of P. flavescens. a: antennae, al: anal appendage, c: cerci, ce: compound
eye, e: epiproct, hw: hindwing sheath, 1: leg, m: mouthparts, o: ocelli, p: paraproct, pr:
prothorax, pt: pterothorax, S8, S9: posterolateral spine of abdominal segments eight and
nine



@ Control @ SNC1 ® SNC2 SNC3

20 F-3

® e
15 e

F-4 oo e

0O 01 02 03 04 05 06 07 08 09 1 11 12 13 14
Wing/Head

Figure 3.7: Graphical representation of different naiad instars of P. flavescens. Ratio of
wing sheath length and head width plotted against the developmental days showing different
naiad instars F-4, F-3, F-2, F-1, and F-0.
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Figure 3.8: Morphological changes in the naiads. (A) wing bud, (B) wing sheath in the F-4
instar, (C) wing sheath in the F-3 instar, (D) appearance of middorsal hook on S3, (E)
middorsal hooks on S2 and S3, (F) middorsal hooks on S2, S3, and S4
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Figure 3.9: Morphological changes in the compound eye and wing sheath of final instar
naiads. (A-F) morphological changes of the compound eyes in F-0 instar naiad: dorsal view
of the head region showing different stages of F-0 instar. (B & C) stage 1 image shows the
dorsal expansion of the compound eyes. (D) stage 2 image, the white arrowheads indicate
the posterior expansion of the compound eyes. (E & F) stage 3 image, the white arrowheads
indicate the hairs in the ocelli region. (G-I) developmental stages of the wing sheath in F-0
instar naiad, dorsal view of wing sheath of different stages of final instar larvae. (G) stage 1,
(H) stage 2 image, white arrowheads indicate the wing tips, (I) stage 3 image in which the
white arrowheads indicate the black dots on the wing sheaths



Figure 3.10: Major developmental changes in the head of P. flavescens naiads



Figure 3.11: Major developmental changes in the thorax of P. flavescens naiads



Figure 3.12: Major developmental changes in the abdomen of P. flavescens naiads
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Figure 3.13: Different trait measurements of P. flavescens naiads. (A) Head width, (B) wing
sheath length, (C) a: length of the abdomen, b: S8 spine length, c: S9 spine length, d:
epiproct length, (D) total length



ha
w

—e— Control  —8— SNC1 ~ —@— SNC2 SNC3 (A)

| ot )
w o

Total length
=
[=]

w

(=]

10 15 20 25 30 35 40 45
Days
(B)

14 —&— Contral —8— SNC1 —@— SNC2 SNC 3

\.

8 ‘/

6 /—/

o| &

Abdomen length

10 15 20 25 30 35 40 45
Days

(€)

~&— Control —&8— SNC1 —— SNC2 SNC3

Abdomen width
O B N W s U O N 0 W

10 15 20 25 30 35 40 45

Days
(D)

1.4 ~&— Control —@— 5NC1 —&@— S5NC2 SNC 3

1.2

S8 spine length
o 2o
[=2] =] -

o
=

o
~

(=]

10 15 20 25 30 35 40 45
Days

Figure 3.14: Graphical representation of different traits of naiads la. (A) total length of the
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Figure 3.17: ICPMS analysis of the experimental groups
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Figure 4.2: Resilin in the vein joints of the forewing and hindwing




Figure 4.3: Forewing vein joints of P. flavescens. (A-H, J, K) mobile vein joints, (I, L)
Immobile vein joints



Figure 4.4: Hindwing vein joints of P. flavescens. (A-H, J, K) mobile vein joints, (I, L)
Immobile vein joints
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Figure 4.5: FTIR image of wing vein joints of P. flavescens. (A) forewing FTIR imaging,
(B) hindwing FTIR imaging
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Figure 4.12: 3D structure of Resilin protein of P. flavescens
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Figure 4.15: Residue properties of resilin




Figure 4.16: Hydrophobicity analysis of P. flavescens resilin protein model
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Figure 4.3: Forewing vein joints of P. flavescens. (A-H, J, K) mobile vein joints, (I, L)
Immobile vein joints



Figure 4.4: Hindwing vein joints of P. flavescens. (A-H, J, K) mobile vein joints, (I, L)
Immobile vein joints
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Figure 4.12: 3D structure of Resilin protein of P. flavescens






SUMMARY

he dragonflies exhibit unique flight characteristics; thus, the wing

morphology and its influence on the flight have been studied extensively.

The corrugated structure makes the wings stiffer and strengthens them.
This makes the wing more lightweight and increases the aerodynamic performance
of the dragonfly wings. In this study, we studied 26 dragonfly species' wing
morphology, explicitly focusing on the diversity of wing venation patterns. The anal
region of the hindwing and the venation patterns are the central wing characteristic
features present in active and long-distance flight. The study documented three
migratory species: Pantala flavescens, Tholymis tillarga, and Tramea basilaris.
Among this species, P. flavescens is the longest migratory species. The wings of
migratory dragonflies have more enormous and smoother wings with well-
developed, large anal lobes. These differences between the migratory and non-
migratory species might favour the gliding of migratory dragonflies. We noticed

most of the changes in the hindwings.

The GMM analysis on the forewing and hindwings of selected dragonfly
species proved that each species had its species boundary. From the analysis, we can
conclude that the hind-wing venation analysis of dragonfly wings can be used as a
prominent tool for species identification. In the morpho-phylogeny analysis, there is
no phylogenetic signal in the forewing and hindwing (size and shape of the wings),
which indicated that the morphological variability or diversity in the dragonfly was
mainly modulated by the natural selection pressure nor by the evolutionary
selection. Based on the environmental condition and associated requirements of the

organism play a vital role in the wing morphological size and shape-related
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Summary

variations. There is no proper close relationship between migratory and non-
migratory species. For comparative purposes, we documented the phylogeny of
wing morphology and COlI-based phylogeny analysis. This irregular relationship
between the migratory fly and the non-migratory indicates that this behaviour may

have evolved due to natural selection pressure nor by evolutionary selection.

Migration-associated gene-based analysis is required for understanding the
relationship between migratory and non-migratory dragonfly species. In the gut
bacterial microbiome analysis, there is a significant difference between the gut
bacterial microbiome of migratory (P. flavescens) and non-migratory species (V.
tullia). Both species (migratory and non-migratory) were collected from the same
region and at the same period. Even though they shared similar ecological and
environmental factors, a significant difference in the gut-associated bacterial
communities was observed. The food differences between these two species play an
essential role in gut microbiome diversity. However, both species were collected
from the same area in this study. Nevertheless, species-specific and sex-specific

microbial community differences were documented in the P. flavescens and N. tullia.

The naiads and adult P. flavescens are one of the prominent predators that
can be used for mosquito control. We studied the embryonic and post-embryonic
development of P. flavescens. Culture standardisation is achieved through the
supplementation of special nutrient composition. The unique nutrient solution can be
used for successful laboratory-based mass culturing of P flavescens and can be
released into the agricultural field for control of pests. Dragonflies are potential
biocontrol agents of major pests and vectors. This mass-rearing technique can be

utilised in the Biological Control method of Integrated Pest Management.

Resilin protein plays an essential role in the elasticity of body parts in
Arthropods. The high flapping, angle change, wing stretchability, and sudden
modulation of wings in Odonates were mainly due to the presence of resilin protein
in the wing joints. Resilin is primarily present in the vein junction, especially the
flexible joints. It is also present in the anal region’s veins of both the forewing and

hindwing of P. flavescens, and this might be helping the P. flavescens during
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migration. In the case of Odonate’s, the resilin protein sequence is only available
from Ladona fulva and Aeshna sp. Present study, that provides with the partial
sequence of resilin from P. flavescens. This protein is highly stable, with a high level

of ASA, and hydrophobic regions.

Future work related to dragonfly resilin protein may help explore its
expression and functional characterisation for use in industry and biomedical

applications.
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FUTURE PERSPECTIVES

1. Bioinspired Engineering: Dragonfly wings are known for their intricate
venation patterns and lightweight yet resilient structure. By understanding
these patterns, engineers can design biomimetic materials for various
applications such as lightweight structures, flexible -electronics, and

advanced aerospace materials.

2. Medical Devices: The study of wing resilin protein, which gives dragonflies
their remarkable flexibility and durability, could inspire the development of
biocompatible materials for medical devices such as implants, prosthetics,
and surgical instruments. resilin protein could inspire advancements in
biotechnology, such as the development of novel materials for tissue

engineering, drug delivery systems, or biodegradable packaging.

3. Biological Pest Control: Understanding the relationship between dragonfly
gut microbiome and their predatory behavior could inform strategies for
biological pest control. Harnessing specific microbial communities that
enhance predation could lead to more effective and environmentally friendly

pest management techniques.

4. Environmental Monitoring: Dragonflies are sensitive to changes in water
quality and habitat degradation. Monitoring the health of dragonfly
populations through the analysis of wing venation patterns and gut
microbiome could serve as a bioindicator for ecosystem health and assist in

environmental conservation efforts.
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Future Perspectives

Overall, the interdisciplinary study of dragonfly biology holds promise for a
wide range of applications, from engineering and medicine to environmental

monitoring and biotechnology.
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Abstract

The present study aimed to determine the wing asymmetry and sexual asymmetry of Pantala flavescens (Fabricius 1798)
collected from a paddy field. P. flavescens is known as the longest migratory insect species and the morphological architecture
of their hindwing aids in long-distance gliding. In our study, we collected F1 generation of male and female P. flavescens
and used for geometric morphometric study to investigate wing asymmetry. We observed no difference in wing size between
sexes from the study, but there are significant (p <0.05) shape differences. The female population was more asymmetric
than male population, with a high shape-related fluctuation asymmetry (FA). Discriminant function analysis was used to
validate wing asymmetry (right-left) and sexual asymmetry of P. flavescens. Canonical variant analysis discriminated the
forewings and hindwings of P. flavescens both sexes in a distinct morphospace. The PC’s warp shape analysis proved that,
when compared to forewings, the highest amount of shape variations was observed in hindwings, especially in anal lobe
regions. Based on the results, pesticide and fertilizer used in the paddy fields are the primary reason for the high level of
FA, and the morphological variations observed in the hindwings may influence the migratory behaviour of P. flavescens.

Keywords Wandering glider - Geometric morphometrics - Wing shape and size - Wing asymmetry - Fluctuation
asymmetry

Introduction is the longest migratory species among dragonfly species

and among all known insects (Hobson et al. 2012; May

Dragonflies and damselflies are well known for their
remarkable flight abilities, which facilitating long-distance
migration (Russell et al. 1998; Rajabi et al. 2016). Wing
morphology and their unique architectural organization
play an essential role in the high-flying maneuverability of
dragonflies and damselflies (Rajabi et al. 2016). Approxi-
mately 6000 Odonata species are known to exist (Suhling
et al. 2015), and it is estimated that only 25-50 of these
species are migratory (Russell et al. 1998). Pantala flaves-
cens (Fabricius 1798) (Globe skimmer or wandering glider)
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2013; Chapman et al. 2015). And it is widely distributed
throughout the tropics and many temperate areas (Hobson
etal. 2012) and has been categorized as an obligate Inter-
tropical Convergence Zone (ITCZ) migrant (Corbet 2004).
In P. flavescens, multigenerational migration route from
India to East Africa and back again, swarms of millions
of P. flavescens can cover a total distance ranging from, or
possibly exceeding, 14,000-18,000 km (Russell et al. 1998;
Anderson 2009). In comparison to the forewing, the unique
morphology of the hindwing aids in gliding of P. flavescens,
and these features support long-distance migration (Garrison
et al. 2006; May 2013; Suhling et al. 2015).

Compared to other dragonflies, migratory dragonflies
were subjected to highly dynamic environmental modula-
tions, which may have played a role in their morphological
variations. Morphological variation is caused by devel-
opmental and environmental processes that result in dif-
ferences between individuals and populations (Hoffmann

@ Springer
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ABSTRACT ARTICLE HISTORY

The embryonic development of Pantala flavescens (Fabricius, Received 4 April 2022
1798) is documented for the first time. In contrast to previously ~ Revised 17 November 2022
reported insect embryonic development, we describe the embryo- ~ Accepted 7 December 2022
logical development of P. flavescens in living conditions by focus-
ing on its externally recognisap|e features, ie., we gonducted thg Dragonfly; embryology;
study in a purely non-destructive manner. The entire embryonic light-microscopic imaging;
development was completed within six to seven days. We pic- wandering glider

tured the eggs at successive embryonic developmental stages:

embryogenesis starts, germband formation, segmentation, blasto-

kinesis, appendage formation, and dorsal closure. These findings

can be helpful in future studies regarding the impacts of pollu-

tants and climate change on the early embryonic development of

dragonflies.

KEYWORDS

Introduction

Embryogenesis, the mid-life cycle of insects, is recognised with different developmen-
tal stages such as zygote formation, morula formation, blastoderm formation, germ
band formation, elongation, segmentation, appendage formation, and dorsal closure
(Davis and Patel 2002). Hemimetabolous insects like Odonata show blastokinesis dur-
ing their embryonic development and so embryogenesis can be divided into germ
band formation, anatrepsis, intertrepsis, and katatrepsis (Masumoto and Machida
2006; Panfilio 2008; Donoughe and Extavour 2016). Tillyard (1917) conducted a
detailed study on the biology of dragonflies, including their embryology. Ando (1962)
studied the embryology of Odonata with special reference to Epiophlebia surperstes
(Sélys, 1889) in Sélys-Longchamps and Palaeophlebia (1889) (Epiophlebiidae).
Miyakawa (1987, 1990) carried out an elaborate work on the rotation of embryos in
the eggs of some dragonflies (Odonata), studied the difference in the degree of rota-
tion in seven dragonfly species, and compared the germ rudiment position in the egg.
A preliminary study of egg chorion features in different dragonfly spp. (Anisoptera)
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