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Chapter 1

General introduction

The success of the insects

The earth's largest and most diverse group of organisms

Insects underwent unparalleled diversification and make up more than half of all animal species.
Insects (Insecta or Hexapoda) are the largest class of the phylum Arthropoda, which is itself the largest
of all animal phyla. According to the estimates from Grimaldi, 64 percent of described around 1.5
million species on earth are arthropods, of which more than 87 percent are insects (Grimaldi and
Engel, 2005) (Figure 1-1). Globally, over one million species of insect have been described to date.
The total amount of insect species is believed to vary from 2.5 to 5.5 million. It is also estimated that
the number of living individual insects has reached 10 quintillion at this moment (Berenbaum, 1996;
Stork, 2018). Insects have shown an incredible diversity, abundance and biomass over time. They
occur in practically all habitats all over the earth (Price, 1997). Before providing some hypotheses for
this spectacular success, I first introduce the taxonomy of insects in more detail, and discuss their

importance for humans.
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Figure 1-1. Relative proportions of described eukaryote taxa, with species numbers [summarized by (Grimaldi
and Engel, 2005)].

Classification

The subphylum Hexapoda consists of four groups: Insecta, Collembola, Protura, and Diplura. The
subphylum name refers to the most distinctive feature: the presence of six legs in the three
consolidated segments of the thorax. The mouthparts of insects are ectognathous, while the other
groups are endognathous. These non-insect hexapods are called the Entognatha and lack wings. In
particular, Collembola (springtails) are extremely abundant in soil and are found in almost all
terrestrial environments. I will study the immune competence of one springtail, Orchesella cincta, in
Chapter 2. Collembola comprise more than 82 percent of all described entognathan species. Strikingly,
insects comprise more than 99 percent of the Hexapod species and are thus the largest class (Zhang,
2011; Zhang, 2013) (Figure 1-2).
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Figure 1-2. Relative proportions of described species in the subphylum Hexapoda, with species numbers
[adopted from (Zhang, 2011; Zhang, 2013)].

Insects have an exoskeleton and three pairs of walking legs. The class Insecta is divided into two
subclasses: Apterygota (primitively wingless insects) and Pterygota (winged or secondarily wingless
insects). The Apterygota is a kind of small, agile insects. The Apterygota consist of the Archacognatha



(known as jumping bristletails) and the Zygentoma (known as silverfish and firebrats). There is no
metamorphosis in apterygotes as their nymphs are similar to adults. The Pterygota include the majority
of species in the class Insecta. Most of them have wings, while a few species lost their wings
secondarily due to adaptation to the living environment. One typical characteristic of the Pterygota is
the metamorphosis, namely the larva does not have wings. Some insects undergo several nymphal
stages into the adult by a series of molts (incomplete metamorphosis), while others undergo complete
metamorphosis through a pupal stage.

Incomplete metamorphosis includes three stages: egg, nymph, and adult in insect development. When
these insects hatch from the egg, the nymph resembles the miniature adult. This type of insects are
also called the hemimetabolous insects which contain orders of Hemiptera (true bugs), Orthoptera
(grasshoppers, locusts and crickets), Mantodea (praying mantis), and so on. In contrast,
holometabolous insects undergo complete metamorphosis. Their life cycle consists of four distinct
stages: egg, larva, pupa, and adult. The pupa is a tough capsule (cocoon) formed by the hardening of
the larval skin. Recent classifications showed that 39 insect orders exist in total, of which four orders
are holometabolous insects but comprise over 80% of insect species. These orders are the Coleoptera,
Diptera, Lepidoptera, and Hymenoptera (Zhang, 2011; Zhang, 2013) (Figure 1-3).
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Figure 1-3. Relative proportions of named species in the orders in the Insecta, with species numbers [adopted
from (Zhang, 2011; Zhang, 2013)].



Diptera, normally known as true flies only use a single pair of wings to fly and their hindwings have
evolved into halters that act as assistance for balance during flight. The fruit fly Drosophila
melanogaster, one of the most thoroughly studied organisms by humans, belongs to this insect order.
The knowledge on development and genetics is mostly based on experiments done on D.
melanogaster (Dubrovsky, 2005).

Coleoptera, commonly known as beetles, are the largest insect order and account for approximately
37% of insect species. The most characteristic and diagnostic feature of beetles is the hardening of the
forewings into elytra (Crowson, 2013). The red flour beetle Tribolium castaneum belongs to this
order. In the last decades, 7. castaneum has emerged as a powerful model system for studying
evolutionary and developmental biology. The development of 7. castaneum is evolutionary more
primitive than that of D. melanogaster even though they are both holometabolous. For example,
Drosophila undergoes long-germ embryogenesis. This means that it patterns the future segments
(head, thorax and abdomen) simultaneously at the blastoderm stage, before gastrulation. 7ribolium and
most other insects undergo short-germ embryogenesis, patterning only the anterior segments (head and
thorax) at the blastoderm stage, while the remaining segments develop from a posterior growth zone
after gastrulation (Brown et al., 2009; Rosenberg et al., 2009).

Lepidoptera consist of butterflies and moths. The most obvious features of them are the scales which
cover the body and wings and are the source of various color patterns, and a proboscis (Powell, 2009).

Hymenoptera are one of the most species-rich insects orders, only behind Coleoptera and Lepidoptera.
This order includes all wasps, bees and ants, of which many are eusocial. A series of hooks act as a
key feature of this order to connect the hind wings and the fore wings (Quicke, 2009). In the updated
classification, the order Hymenoptera is consisted of two suborders (Symphyta and Apocrita) (Aguiar
etal., 2013).

In addition to the above mentioned 4 holometabolous orders, there are 35 orders in the Insecta. Insects
adapted to every land and freshwater habitat. Whether we like them or not, they interact with other
species as well as humans in countless ways.

Importance

Insects perform crucial ecological functions in all terrestrial ecosystems. For instance, butterflies and
moths play a crucial role in the natural ecosystem as pollinators and herbivores (Ahmed et al., 2015).
Hymenoptera play vital roles as pollinators as well (Peters et al., 2017) and bees are regarded as the
most known and understood insect pollinators (Gill et al., 2016; Sanchez-Bayo and Goka, 2014).
Insects are also crucial in the nutrient cycle by eating dead animals, plants, fungi or decaying organic
matter. Thus, insects act as primary or secondary decomposers in nature. At the same time, insects are
very important food sources for many amphibians, reptiles, birds, and mammals (Pough, 1991;
Rytkonen et al., 2019).

From a human perspective, insects can be beneficial or harmful. Harmful insects include blood-
feeding insects like mosquitoes, because they can be vectors of disease. For example, human malaria
is a vector-borne disease caused by the infection with the protist Plasmodium (Chulay et al., 1986;
Kaaya, 1989). The World Health Organization (WHO) estimates that there are hundreds of millions of
malaria cases and more than half a million deaths each year (Emerson et al., 2022; Organization,
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2022). Additionally, some insects can cause allergic or adverse reactions through their bite or sting.
These insects include Anoplura (lice), Siphonaptera (fleas), and Hemiptera (bed bugs) (Sarwar, 2015).

Harmful insects also include agricultural pests such as locusts. The impact of locusts dates back
millennia and locusts continue a major economic pest of agricultural crops today throughout the world
(Le Gall et al., 2019). Zhang et al. reported that locusts and grasshoppers (Orthoptera: Acridoidea) are
among the most dangerous polyphagous pests of agricultural crops (Zhang et al., 2019). Insects
consume up to 20% of global crops (Oerke et al., 2012). As insects perform better at higher
temperature, a global mean surface temperature increase of 2-degree Celsius is predicted to rise crop
losses to 46% for wheat, 31% for corn and 19% for rice (Deutsch et al., 2018). So, insect pest
management and control are essential sociological challenges associated with our economics and
politics (Shelton et al., 2002).

But in general, only 0.1% of insect species constitute pests and produce damage, disease, or even
death to humans, livestock, crops, and manufactured goods. About 1% species of insects interact with
humans directly or indirectly (Gillott, 2005). Most of them are beneficial.

For agricultural crops, for instance, insects are essential pollinators. Thus, insect pollinators play a
crucial role in affecting human food supplies. Insects also produce commercially valuable products, as
do honey bees, silkworms, lac insects, and pela wax scale insects etc. (Gillott, 2005). Honey has
served humans for many thousands of years and is nevertheless still an irreplaceable product. Silk
production greatly affected human history, during which the Silk Road increased the connections
among the world. Lac is a product from lac scale insects mainly made in India and a component of
shellac. Beeswax is a naturally occurring wax produced by worker honey bees of the genus Apis, and
used for constructing the honeycombs where to store honey and pollen as well as house their larvae
(Buchwald et al., 2006). In the past decades, the total production of beeswax exceeded 60 kilo tons
worldwide per year (see in the Food and Agriculture Organization Corporate Statistical (FAOSTAT)
database (http://faostat.fao.org/), which is more than doubled in 1960s (Phiri et al., 2022). Owing to its
higher melting point than any other wax (about 63-65 °C), beeswax was used for candles in the past,

which therefore remain upright in hot season. At present, beeswax has many uses in cosmetics and
body products, in the food industry, in pharmacy, in medicine, and in research exploiting its
antimicrobial activity (Fratini et al., 2016; Tulloch, 1980).

Insects themselves are also important biological control agents of agricultural pests. Hymenoptera are
widely used as parasites of pests (Dongol et al., 2014). It is worth noting that Hymenopteran
parasitoids make up nearly 78% of the estimated insect parasitoid species and often cause host death
(Abram et al., 2019; Feener Jr and Brown, 1997). There are a range of control methods available to
pest insects, including chemical, biological, microbial, genetic, and physical control etc. Each of them
has its advantages and disadvantages in use in a certain situation. The use of chemicals is the oldest
approach of pest control either to kill or to repel harmful insect pests. However, today, insecticide
resistance is an increasing problem both in many insect vectors of disease and agricultural pests,
threatening effective insect pest management and control (Gillott, 2005; Hemingway and Ranson,
2000; Roush and Tabashnik, 2012). It is worth recognizing the role of insects in developing
ecofriendly approaches for the control of pests in future.
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Another potential use of insects is the feeding of livestock. This is because insects are rich in proteins,
essential amino acids, fat and active substances (such as polyunsaturated fatty acids, antimicrobial
peptides) (Jozefiak et al., 2016). Until now, one of the most popular nutrient insects, the yellow
mealworm Tenebrio molitor, is a valuable food source for fish, poultry, and human pets (Khosravi et
al., 2018; Peng et al., 2019).From another perspective, a variety of insects, including butterflies, are
sometimes used for decoration.

Finally, insects (e.g. the fruit fly Drosophila melanogaster) are also important in research, and are
used to study for instance human pathogens such as human immunodeficiency virus (HIV) or diseases
such as cancer (Bairagi, 2019; Mirzoyan et al., 2019). Common characteristics of many insects,
including short generation time and high fecundity, make them widely reared globally under
laboratory conditions for both teaching and research. Studies of the fruit fly Drosophila melanogaster
have provided crucial data to genetics, and developmental biology and behavioral biology (Mirzoyan
et al., 2019; Ugur et al., 2016). The red flour beetle T. castaneum is the second most important model
insect after Drosophila, and has provided a lot of information for fundamental and applied research
(Campbell et al., 2021). Techniques such as RNA interference (RNAi) and CRISPR/Cas are well-
established in Tribolium (Grau et al., 2017). In addition to Tribolium, non-model insects like the
cowpea seed beetle Callosobruchus maculatus, the yellow mealworm 7. molitor, the pea aphid
Acyrthosiphon pisum, the milkweed bug Oncopeltus fasciatus, the tobacco hornworm Manduca sexta
etc., are also proving to be valuable research models (Beck and Blumer, 2020).

In conclusion, without insects, many of plants including crops would not survive, and ecosystems will
collapse. However, a 27 years long study in Germany showed a seasonal decline of 76% in flying
insect biomass, and worse in mid-summer (82%) (Hallmann et al., 2017). A recent study showed that
terrestrial insect abundance declined by 9% on average per decade, while freshwater insect abundance
increased by 15%, which has raised concerns among scientists (Dornelas and Daskalova, 2020; van
Klink et al., 2020). There is no doubt that the attention of the public should continuously be drawn to

nsects.

Traits may explain the extraordinary success of insects

Over the last century, many hypotheses have been formulated to explain the success of insects. Several
authors had suggested that the small body size of insects and their co-evolution with plants contributed
(Gillott, 2005; Grimaldi and Engel, 2005; Novotny et al., 2006). Four key evolutionary innovations
and their corresponding taxa have commonly been recognized as major contributors to this great
diversification of hexapods (Figure 1-4): (i) the Insecta possesses the insect body ground plan or
Bauplan, (ii) the Pterygota possesses wings, (iii) the Neoptera possesses wing folding, and (iv) the
Holometabola possesses complete metamorphosis (Mayhew, 2002; Mayhew, 2007; Nicholson et al.,
2014; Waegele and Bartolomaeus, 2014). The insect Bauplan (i) includes specialized legs, external
mouthparts, an ovipositor and an eleven-segmented abdomen that allow accessibility to diverse
ecological niches. Fight (ii) provides great conveniences for insects to forage, avoid enemies and
expand their distribution range. Wing folding (iii) allows neopterous insects to exploit more concealed
places such as holes, without damaging their wings; and complete metamorphosis (iv) contributes to
the utilization of different food sources for insects at different developmental stages (Rolff et al.,
2019). There is no doubt that these characters have contributed a lot to the success of insect. Fossil
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evidence also confirmed the importance of the origin of wings and complete metamorphosis for insect
diversity (Nicholson et al., 2014).

Apterygota Pterygota

Entognatha
Ectognathan
Apterygota
Palaeoptera
Polyneoptera
Holometabola

Paraneoptera
— P

<€«— (iv) complete
metamorphosis

<— (iii) wing folding

«— (ii) wings

«—— (i) insect Bauplan

Figure 1-4. Four key evolutionary innovations and their corresponding taxa. Holometabola is also referred to as

Endopterygota. Adopted from (Nicholson et al., 2014).

However, all these traits are based on traits of adult insects. In contrast to most other arthropods, there
is no parental care in the majority of insects (Rezende et al., 2016). Crustaceans, for instance, usually
carry their eggs with them (Sastry et al., 1983). Therefore, if insects eggs would not be adapted to the
diverse habitats, insects would never have been so successful. Zeh et al. (1989) proposed that
attributes of the egg stage must not be overlooked for the unparalleled diversification of insects. Egg-
stage characters include maternal effects such as the ovipositor and architecture of the eggshell; and
zygotic characters such as the amnion and serosa. These characters were proposed to have enabled the
expansion of insects into previously inaccessible niches, and to allow rapid and extensive divergence.
Additionally, the self-sufficient eggs may be associated with the low incidence of postzygotic parental
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egg care among insects compared to other terrestrial arthropods (Zeh et al., 1989). Thus, egg-stage
characters may have made significant contributions to the extraordinary success of the insects.

Development of insect eggs

Structure of insect eggs

The size of insect eggs varies greatly among species. For instance, the eggs of the desert locust
(Schistocerca gregaria) are around 7-8 mm in length while the eggs of the egg parasitoid
Trichogramma dendrolimi are around 0.2-0.3 mm long (Maeno et al., 2020; Zhou et al., 2020). The
shapes of insect eggs are also diverse. The most common shape is oval (Figure 1-5). The egg is
covered by a protective egg shell, called the chorion, which is secreted by exocrine glands before
oviposition. The chorion layer has a complex structure and is the interface between the egg and the
environment. The other layer, the vitelline envelope, is a relatively simple proteinaceous layer outside
the oocyte (Jagadeeshan and Singh, 2007; Margaritis et al., 1980). Beneath these eggshells, the serosal
cuticle is secreted by the extraembryonic serosa and becomes the innermost eggshell layer, which
serves to protect insect eggs from desiccation, physical insult and bacterial infection (Jacobs et al.,
2013; Jacobs et al., 2014a). The extraembryonic epithelium, the serosa, enfolds the embryo and yolk in
almost all insect eggs. At the same time, the other extraembryonic membrane, the amnion, covers the
embryo ventrally. Thus, the serosa and the amnion form a bilayer to protect normal development of
the embryo. Strikingly, both of them rupture and withdraw actively in late embryogenesis (Hilbrant et
al., 2016; Rezende et al., 2008).
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Figure 1-5. Schematic structure of holometabolous insect egg. Adopted from (Jacobs et al., 2015).

Early embryonic development of insect eggs

Although parthenogenesis occurs in quite some insects (e.g. aphids, ants and bees), embryonic
development of insects generally begins after the eggs are fertilized. Within the fertilized egg, the
single nucleus divides hundreds of times into many cells in the yolk. After this, these nuclei move to
the egg periphery of the yolk, become enclosed by cell membranes and form a single cell layer
surrounding the yolk, called the blastoderm. Subsequently, the cells begin to differentiate, with a
subset of cells giving rise to the embryo or germ and the remaining cells giving rise to the serosa.
Exceptionally, Drosophila eggs only develop a small dorsal region as an extraembryonic tissue called
the amnioserosa (Benton, 2018; Schmidt-Ott et al., 2010).

Next follows gastrulation, a process that is accompanied by a considerable longitudinal stretching of
the germ Anlage. Before gastrulation, a strip of cells along the ventral midline is specified as the
presumptive mesoderm. Gastrulation then begins with cellular invagination to form two germ layers.
The outer layer is the ectoderm, and the inner germ layer is the mesoderm, which arises from the
internalization of mesodermal cells. Subsequently, the serosal cells migrate over, and then surround
the embryo and yolk, forming a complete, final barrier to protect the embryo from injury (Figure 1-
6A) (Roth, 2004). At the same time, the amnion forms a fluid-filled cavity (amniotic cavity) to protect
the embryo.
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B Dorsal closure
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Figure 1-6. A, Formation of the complete serosa during gastrulation. B, Fate of the serosa during dorsal closure.

Key: Yolk = light yellow; germ band/embryo = red; amnion = green; serosal cells = blue dots; serosal cuticle =
blue ovals.

After gastrulation, segments are added one by one from a posterior growth zone, and appendages form
on some of the segments. Strikingly, the serosa always surrounds the embryo and yolk prior to dorsal
closure (Benton et al., 2013; Miinster et al., 2019; Panfilio, 2008). Just before dorsal closure, however,
the amnion and serosa actively rupture and withdraw into the body (Figure 1-6B). Then, two edges of
the germ band meet and fuse along the dorsal midline, internalizing the yolk (Hilbrant et al., 2016;
Sander, 1976).

Function of the serosa

An evolutionary novelty in insect eggs

It has been reported that there is a correlation between the capacity of arthropod eggs to develop in
terrestrial environments, and the presence of a serosa which completely envelops the embryo and yolk
(Jacobs et al., 2013). The higher flies (Diptera), including Drosophila, are unique among insects in
that they have secondarily lost the serosa and formed a single dorsal extraembryonic epithelium called
the amnioserosa (Jacobs et al., 2013; Rafiqi et al., 2008). This might explain why eggs of these flies
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cannot survive easily outside humid environments. Most chelicerates, myriapods and crustaceans do
not have the serosa at all. They have a single extraembryonic tissue which covers the dorsal yolk but
that never enfolds the embryo (Figure 1-7). Thus, the serosa is considered to be an evolutionary
novelty in insect eggs.

j

\}‘ﬂﬁfﬁ/}

2
;-‘\'\
-,
AR
A
AR
7=
{;3"\‘
[FR ~
\ 5 “ 4 =
B 8w v 2 =
o e D 8 “ @
= = ik =25 - T 5 5 s E
= = ] = =2 E O > - e
7] £ 3 g 4 u B o @ i B =
1 -3 L S = S0 = —
s ;- 5 22 %25 Z & ]
-— = s 5 1 - = N
5 > = E B 52 g5 b 5
&} = o @ E S5 = 2 = 3
2 B2 & S
S o< = =
O

WHHIITIE

|

3
T 8 )
23 £ ©
T | Z = &
5 E R
=
I o &
50 &
=l
=
Lot e e Lo e e el >——0—0 Rey oty J oononar
extra-embryonic serosa amnion amnio-serosa embryo proper

membrane

Figure 1-7. Phylogeny of all major arthropod groups. The bar under the groups shows the egg lives in aquatic
(blue), terrestrial (yellow) or humid environments (striped). The top row shows a schematic overview of the egg,
focusing on the serosa/amnion and embryo (from (Jacobs et al., 2013)).

Function of the serosa

It is impossible to assess function of the serosa in Drosophila because it is absent. However, the serosa
is present in the second most important insect model species 7. castaneum. In 2005, van der Zee et al.
developed a technique using parental RNAi with the gene Zerkniillt] (Tc-zenl) to remove the serosa
from Tribolium eggs, without damaging the maternal eggshell layers. As a consequence, in parental
Tc-zenl RNAI eggs, the amnion only covers the yolk at the dorsal side (van der Zee et al., 2005).
These serosa-less eggs are prone to desiccation and infection (Jacobs et al., 2013; Jacobs et al., 2014a).
It is particularly the secreted serosal cuticle that protects Tribolium eggs from desiccation (Jacobs et
al., 2013). In the egg of mosquitoes, desiccation resistance also coincides with the formation of the
serosal chitinized cuticle (Goltsev et al., 2009; Rezende et al., 2008). At the same time, the serosa
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promotes correct dorsal closure by pulling the amnion and embryo dorsally (Jacobs et al., 2013; van
der Zee et al., 2005).

Another important function of the serosa in insect eggs is as barrier to infection. The NF-xB
homologue Dorsal, a transcription factor entering the nucleus upon Toll signaling, is present in the
serosa during early Tribolium development (Chen et al., 2000). Also, antimicrobial protein mRNAs
and lysozyme are expressed only in extraembryonic tissues of immune-challenged the tobacco
hornworm M. sexta eggs (Gorman et al., 2004).

In response to infections, the serosa mounts a full-range immune response protecting the embryo in the
red flour beetle (7. castaneum) (Jacobs et al., 2013; Jacobs et al., 2014a), the tobacco hornworm
(Manduca sexta) (Gorman et al., 2004), the milkweed bug (O. fasciatus) and the migratory locust
(Locusta migratoria) (Jacobs et al., 2022). Interestingly the carrion beetle Nicrophorus vespilloides
has a serosa, but it does not mount an immune response (Jacobs et al., 2014b). The eggs of 7.
castaneum, O. fasciatus and L. migratoria possess the extraembryonic serosa. Drosophila eggs have
lost the serosa, desiccation resistance and immune competence altogether (Jacobs et al., 2013; Rafiqi
et al., 2008). In chapter 2, I will investigate if the serosa is a prerequisite for an inducible innate

immune response in the springtail O. cincta.

Like the Drosophila embryo, the Nicrophorus egg exhibits a remarkably faster embryonic
development compared to other insect taxa (Fernandez-Moreno et al., 2007). Drosophila eggs develop
extremely quickly and hatch within 24 hours at 25 °C. Nicrophorus eggs hatch in two days at 25 °C
which is also much more rapid than in other insect taxa. On the contrary, Tribolium, Manduca,
Oncopeltus and Locusta eggs have a slow embryonic development. Embryonic development in
Tribolium, Oncopeltus and Manduca is approximately 3—6 times slower than Nicrophorus (Chipman,
2017; Howe, 1956; Kingsolver and Nagle, 2007). Embryogenesis of L. migratoria takes 14—15 days at
30 °C (Tanaka, 2017). Thus, immune competence seems to trade-off with developmental speed. This
trade-off may have driven the loss of the serosa in higher flies. In chapter 3, I will investigate whether
immune competence trades off with developmental speed in lines of Tribolium castaneum that have

been selected for fast or slow development.

Insect immunity

Insects rely completely on the innate immune system when infected by pathogens (Charles and
Killian, 2015). The two components of the innate immune system are cellular and humoral elements
(Tsakas and Marmaras, 2010). For cellular immunity, pathogenic microorganisms are eliminated by
phagocytes, such as the hemocytes of Drosophila (Kim and Kim, 2005) and mosquito (Hillyer and
Strand, 2014). For humoral immunity, microbes are eliminated mainly by antimicrobial peptides
(AMPs) that are secreted into the haemolymph. The systemic cooperation of the cellular and humoral
immune components contributes to protection against pathogenic microorganisms (Tsakas and
Marmaras, 2010; Yang et al., 2021). For instance, pro-phenoloxidase (PPO), the inactive zymogen
form of phenoloxidase (PO), is synthesized and stored in hemocytes (cellular). Upon infection,
however, the activation of PPO to the active PO is executed by humoral immune reactions (Gonzalez-
Santoyo and Cérdoba-Aguilar, 2012; Yang et al., 2021).
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The innate immune system is activated by pattern-recognition receptors (PRRs) that recognize specific

pathogen-associated molecular patterns (PAMPs). These PAMPS are mainly peptidoglycans, that are

present on both pathogenic and non-pathogenic bacteria (Janeway Jr and Medzhitov, 2002).

Diaminopimelic (DAP) type peptidoglycans of Gram negative bacteria mainly activate the IMD

pathway, while Lysine (Lys) type peptidoglycans of Gram positive bacteria mainly activate the Toll

pathway. Through a cytoplasmic signaling cascade, this leads to the nuclear localization of NF-xB that

inducing the expression of effectors such as antimicrobial peptides, propheonoloxidases, or other

genes involved in the oxidative response such as the Dual oxidase (DUOX) (Davis and Engstrom,
2012; Ferrandon, 2013; Lemaitre and Hoffmann, 2007; Ligoxygakis, 2013).

In insects, a potent immune response has been identified in post-embryonic development in many

species. In Table 1-1, I present a selection of immune studies in larvae and adults of the most used

insect models. In eggs, however, innate immunity has only been experimentally demonstrated in a few

insect species to date, including the tobacco hornworm M. sexta (Gorman et al., 2004), 7. castaneum
(Jacobs et al., 2014a), T. molitor (Jacobs et al., 2017), the milkweed bug O. fasciatus and the
migratory locust L. migratoria (Jacobs et al., 2022). These eggs do have a serosa as described under

‘Function of the serosa’. Thus, the serosa seems to be a prerequisite for an inducible innate immune

response. In chapter 2, [ will test this hypothesis by investigating the immune response in Orchesella

cincta, a species outside of the insects that does not have a serosa.

Table 1-1. A few examples of studies describing the immune response of insects during post-embryonic

development.

Common name

Scientific name

References

Fruit fly

Red flour beetle

Yellow mealworm
Monarch butterfly
Tobacco budworm
Honey bees

Red imported fire ant

Kissing bugs

Migratory locust

Drosophila melanogaster

Tribolium castaneum

Tenebrio molitor
Danaus plexippus
Heliothis virescens
Apis mellifera

Solenopsis invicta

Rhodnius prolixus and
Triatoma infestans
Locusta migratoria

(Ghosh et al., 2015; Hoffmann, 2003; Jacobs
and van der Zee, 2013)

(Altincicek et al., 2008; Behrens et al., 2014;
Bi et al., 2019; Choi et al., 2022; Contreras et
al., 2013; Jacobs et al., 2014a; Jacobs and van
der Zee, 2013; Milutinovi¢ et al., 2013; Zou
et al., 2007)

(Johnston et al., 2014)

(Lindsey and Altizer, 2009)

(Barthel et al., 2015)

(Barribeau et al., 2015; Evans et al., 2006)
(Holmes and Johnston, 2023; Schluns and
Crozier, 2009; Wei et al., 2021)

(Lobo et al., 2015; Salcedo-Porras and
Lowenberger, 2019; Vieira et al., 2015)
(Mullen and Goldsworthy, 2003; Zhang et al.,
2015)
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Evolutionary trade-offs

All living organisms are subject to finite resources. This means that life-history traits (or fitness
components) are often negatively related to each other, resulting in trade-offs. At its core, a trade-off is
a process of optimization and occurs when a beneficial change in one life-history trait is linked to a
detrimental change in another (Stearns, 1989). So, trade-offs are typically seen as the result of tactical
or strategic choices over limited resources of organisms. In other words, these trade-offs are the
manifestation of the resource allocation of organisms. For instance, investment in immune defense
must reduce investment in traits. Thus, trade-offs are used to optimize the competing requirements of
life-history traits, such as growth, maintenance and reproduction, preventing sole allocation of limited
resources to a single trait (Adamo et al., 2001; Bolund, 2020; Schmid-Hempel, 2005) (Figure 1-8).
Trade-offs have played a key role in the development of life-history theory and interpretation (Zera
and Harshman, 2001).

Growth and development

{}

Food intake
and

Limited resources » Defense
energy storage

ags

Reproduction

Figure 1-8. A conceptual diagram of trade-offs associated with the allocating of limited resources to competing
physiological functions. Adopted from (Ziist and Agrawal, 2017).

In the absence of trade-offs, an organism could maximize all its fitness components simultaneously
and therefore become a ‘Darwinian Demon’ that reproduces directly after being born, lives forever and
produces infinitely many offspring (Bonsall et al., 2004; Stearns, 1992). However, such an organism
would not exist in nature. All living organisms undergo birth, development, growth, reproduction and
death. The evolutionary trade-offs are ubiquitous and of fundamental importance in the evolution of
life-history traits. Insects need to perform multiple tasks during their lifetime, such as growth,
maintenance and defense. Such functional trade-offs must exist in insects. Evolutionary trade-offs
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have been widely investigated in a diverse range of insect species, such as the tobacco hornworm M.
sexta (Diamond and Kingsolver, 2011; Mira and Bernays, 2002), parasitoid wasps (e.g. Aphaereta
minuta) (Jervis et al., 2008; Schwenke et al., 2016), and the fruit fly D. melanogaster (Ahmed et al.,
2020; Chippindale et al., 1996). For instance, shorter developmental time is predicted to lead to
reduced adult weight and fecundity.

In many organisms, the most prominent trade-off between life-history traits is associated with the cost
of reproduction which has two major parts: costs paid for survival, such as parental survival; and costs
paid for reproduction, such as fecundity (Stearns, 1989). A classic example of this kind of trade-off is
that long-lived flies have decreased early fecundity in the fruit fly D. melanogaster (Djawdan et al.,
2004; Leroi et al., 1994; Zwaan et al., 1995). The trade-off between reproduction and immune
responses has been observed in a diversity of insects, probably owing to the alternative allocation of
resources (Schwenke et al., 2016). In recent years, it has been demonstrated that reproduction trades
off with many other life-history traits in insects, such as survival, maintenance, migration, flight
capability (or dispersal), longevity and body structures (Ellers, 1996; Hanski et al., 2006; Langellotto
et al., 2000; Lin et al., 2016; Rodrigues and Flatt, 2016; Tanaka and Suzuki, 1998; Wilson et al.,
2020).

However, what remains unclear is whether there are any proximate mechanisms underlying these
trade-offs. These proximate mechanisms could be shared across insect taxa (Harshman and Zera,
2007; Schwenke et al., 2016). In insects, most decisions on physiological, developmental, and
behavioral events are mediated by hormones (Gade et al., 1997; Ketterson and Nolan, 1999; Losel and
Wehling, 2003; Stearns, 1989). There are two major classes of hormone in insects: (i) the true
hormones produced by conventional glandular tissues comprising the prothoracic glands for
ecdysteroids and the corpora allata for juvenile hormones; (ii) the neuropeptide hormones produced by
the neurosecretory cells that reside in the central nervous system. Molting and metamorphosis are the
best studied hormonal-stimulated events in the life cycle of insects, of which ecdysone executes these
events, and juvenile hormone modulates ecdysteroid action. By contrast, most insect hormones are
neurosecretory products. They play a crucial role in physiological, developmental, and behavioral
processes controlled by the neurosecretory cells in the central nervous system (Gade et al., 1997;
Nijhout, 1998; Rolff et al., 2019). However, it is still unknown how so many hormones cooperate to
mechanistically regulate the trade-off in a molecular network. In chapter 4, I will study the genetic
basis of different developmental speed caused by altered ecdysone pulses.

Aim and outline of this thesis

The general aim of this work is to investigate:

1) the relation between the presence of a serosa and the innate immune response in the eggs of
hexapoda;

2) the trade-offs between developmental speed and other life history traits including immune
competence, pupal weight and fecundity;

3) the genetic basis of this trade-off in insects.
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In Chapter 2, I ask whether focus on the evolution of the immune competence in eggs of a very basal
non-insect springtail (Orchesella cincta), which belongs to the closely related hexapod subclass
Collembola (Figure 1-7) that do not have a serosa. We do not find any evidence for maternal provision
of antimicrobials to Orchesella eggs in zone-of-inhibition assays of egg extracts. However, we find
that Orchesella eggs can upregulate immune genes after bacterial challenge in the absence of a serosa.
Thus, I conclude that the serosa is not an absolute prerequisite for an innate immune response in insect

eggs.

In Chapter 3, I ask what trade-offs are associated with increased developmental speed. We set up an
evolutionary experiment comparing fast vs. slow embryonic development in the model organism 7.
castaneum. We do not find a trade-off between immune defense and embryonic development time in
the selection populations. We do demonstrate a strong negative correlation between fast embryonic
development and early fecundity. These results broaden our understanding of trade-offs between
fitness components in life-history theory.

In Chapter 4, I analyze the genetic underpinning of fast embryonic development in 7. castaneum. 1
identify two genomic regions under the selection by pooled resequencing. Using qPCR and a small-
scale RNAi screen, we identify two alleles: a deletion upstream of the ecdysone-degrading enzyme
cytochromel8al, and a region upstream of melted, a gene involved in insulin signaling (Baker and
Thummel, 2007; Teleman et al., 2005). The first allele is associated with a peak of ecdysone that
induces dorsal closure during embryonic development. This is a major finding, as ecdysone is mainly
known from larval and pupal development of insects (Dubrovsky, 2005; Moeller et al., 2017; Robbins
et al., 1968). Finally, I confirm the functionality of the deletion upstream of cytochromel8al using
Crispr/cas9 technology. This deletion advances ecdysone peaks and also mediates the trade-off with
pupal weight and fecundity.

In Chapter 5, I discuss the results in an evolutionary perspective.
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