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Abstract 
 

The idea of this work has been to identify factors that determine the 

adult body plan in hemimetabolan embryogenesis, using the 

cockroach Blattella germanica as model. Comparative genomics 

studies pointed to three factors in this regard: DNMT1, Zelda and 

E93. We found that DNMT1 (DNA methyltransferase 1) methylates 

DNA, which is crucial for early embryo development. Moreover, 

methylated genes are expressed at high levels and less variably. 

Zelda activates the expression of zygotic genes in the maternal-to-

zygotic transition (MZT), and is required for proper embryogenesis, 

especially for abdomen morphogenesis. E93 is key for activating 

the zygotic genome during the MZT, which is crucial for germ band 

formation and for the adultoid nymph morphogenesis. E93 is 

expressed during embryogenesis of B. germanica, but not in the 

holometabolan Drosophila melanogaster. Data suggest that this 

could be general in hemimetabolans and holometabolans, 

respectively. If E93 determines the nymphal genetic program in the 

hemimetabolan embryo, we speculate that the loss of expression of 

this gene in the holometabolan embryo would have facilitated the 

implementation of a larval genetic program, and the evolution of 

holometaboly. 
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Resum 
 

La idea d’aquest treball ha estat identificar factors que determinin el 

pla corporal de l’adult durant l’embriogènesi hemimetàbola, 

utilitzant com a model la panerola Blattella germanica. Els estudis 

de genòmica comparativa van indicar tres factors al respecte: 

DNMT1, Zelda i E93. Hem trobat que la DNMT1 (DNA 

metiltransferasa 1) metila el DNA, la qual cosa és crucial al principi 

del desenvolupament embrionari. A més, els gens metilats 

s’expressen a nivells més alts i de manera menys variable. Zelda 

activa l’expressió dels gens zigòtics durant la transició maternal a 

zigòtica (MZT), i és necessària per a la correcta embriogènesi, 

especialment per a la morfogènesi de l’abdomen. E93 és clau per 

activar el genoma zigòtic durant la MZT, la qual cosa és crucial per 

a la formació de la banda germinal i per a la morfogènesi de la 

nimfa adultoide. E93 s’expressa durant l’embriogènesi de B. 

germanica, però no a l’holometàbol Drosophila melanogaster. Les 

dades suggereixen que això podria ser general en hemimetàbols i 

holometàbols, respectivament. Si E93 determina el programa 

genètic nimfal a l’embrió hemimetàbol, pensem que la pèrdua 

d’expressió d’aquest gen a embrions holometàbols hauria facilitat la 

implementació d’un programa genètic larvari i l’evolució de 

l’holometabolia.  
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Preface  
 

The evolutionary innovation of wings and metamorphosis made 

insects the largest and the most diverse group of animals known 

nowadays. Thus, it is not surprising that entomologists have been 

long attracted to the study of metamorphosis. During the last 20 

years, the evolution of Insect Metamorphosis Group, headed by 

Xavier Belles at the Institute of Evolutionary Biology (CSIC-

Universitat Pompeu Fabra) has been working on the genetic 

mechanisms underlying the origin and evolution of metamorphosis 

in insects. The group mainly focused on the action of juvenile 

hormone and its molecular signaling pathway in postembryonic 

development of the German cockroach Blattella germanica. This 

species shows the ancestral hemimetabolan mode of 

metamorphosis, from which derives the modified holometabolan 

mode. Therefore, B. germanica serves as a baseline model for 

evolutionary studies, allowing comparative analyses with 

holometabolan insects (such as Drosophila melanogaster which has 

been more thoroughly studied). Moreover, B. germanica is highly 

sensitive to gene transcript depletion by RNA interference (RNAi), 

which makes it especially suitable for functional studies. All this 

gives the possibility to infer molecular mechanisms implied in the 

evolutionary transition from hemimetaboly to holometaboly.  

 

Strikingly, comparative studies of hemimetabolan and 

holometabolan metamorphosis have traditionally focused on post-

embryonic development. However, the main difference between 
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both types of metamorphosis occurs in embryogenesis, as in 

hemimetabolan insects it produces a nymph with the basic 

characteristics of the adult body structures, whereas in 

holometabolans, embryogenesis produces a larva, morphologically 

divergent with respect to the adult. 

 

To help fill this gap, in this work we studied the mechanisms 

regulating embryogenesis in B. germanica in the context of 

metamorphosis. Thus, we functionally studied three factors (DNA 

methyltransferase 1, Zelda and E93) that could contribute to the 

formation of adultoid nymph in B. germanica, and we compared our 

results with those of holometabolan models described in the 

literature. We believe that the results obtained open new points of 

view to understand the evolution from hemimetaboly to 

holometaboly.   
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1. INTRODUCTION 
 
With about 1 million species formally described, insects represent 

over a half of all extant animal species on Earth. They are the most 

diverse animal group in terms of number of species and in 

morphological, physiological and life cycle diversity. This allowed 

them to colonize almost all major terrestrial and freshwater habitats, 

and even a few species can live in the open ocean. The 

extraordinary success of insects is due in great part to their long 

evolutionary history (Grimaldi and Engel 2005).   

 

The earliest fossil attributed to an insect is preserved in Lower 

Devonian materials. However, phylogenetic studies (Misof et al. 

2014, Wang et al. 2016) suggest that the first wingless and 

ectognathous (mouthparts not enclosed in a cavity) true insects 

diverged from entognathous hexapodan ancestors in the Lower 

Ordovician (Figure 1.1). During evolution, insects have achieved 

different developmental innovations. Two of these are the 

emergence of functional wings (and with that, powered flight) and 

the appearance of metamorphosis in winged insects. Metamorphosis 

is a developmental process by which the insect continues 

developing after hatching and changes its morphology until 

reaching the reproductively competent adult stage. The adult is the 

final stage, with no further molts. These two innovations, wings and 

metamorphosis, appeared almost simultaneously (about 410 Mya) 

(Figure 1.1) and allowed insects to radiate in an extraordinary way 

(Belles 2020). 
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There are different types of development and metamorphosis. In the 

most primitive wingless (or apterygote) insect groups 

(Archaeognatha and Zygentoma), postembryonic development is 

ametamorphic or ametabolan. That is, the insect reaches the 

reproductively capable adult stage through gradual growth by 

molting, and it continues molting after attaining adulthood. In 

contrast, winged (or pterygote) insects undertake metamorphosis, 

and the postembryonic morphological changes can be more or less 

dramatic depending on the group. Exopterygotes (Paleoptera, 

Polyneoptera, and Paraneoptera), follow a hemimetabolan 

metamorphosis, that is, the nymphs are like miniature adults and 

develop gradually until adulthood. Their developmental cycle 

comprises three stages: embryo, juvenile instars (called nymphs) 

and adult. The main differences of nymphs with the adult are the 

fully developed wings and functional genitalia. In contrast, 

Endopterygotes follow a holometabolan metamorphosis, with a 

developmental cycle comprising four stages: embryo, juvenile 

instars (called larvae), the pupa and the adult. The larvae are 

morphologically divergent with respect to the adult, and the pupal 

stage, usually nonfeeding and immobile stage, bridges the 

morphological gap between the larva and the adult. In both groups 

(hemimetabolans and holometabolans, but especially in the latter) 

there are dramatic diversity of forms and lifestyles in the 

postembryonic development. The differences between the juvenile 

stage and the adult allowed to exploit different habitats and food 

sources and acquire new adaptations. This explains, in great part, 

the evolutionary success of insects (Belles 2020).  
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Most of studies regarding the evolution from hemimetaboly to 

holometaboly focus on postembryonic development. However, the 

differences between both modes of metamorphosis start at 

embryogenesis. Hemimetabolan embryogenesis gives rise to a 

miniature adult, while holometabolan embryogenesis gives rise to a 

larva that can be considerably different from the adult, often 

exhibiting a vermiform shape. Therefore, a comparative study of 

embryogenesis in hemimetabolan and holometabolan insects should 

illuminate how the evolutionary transition from hemimetaboly to 

holometaboly was produced. The general aim of this thesis is to 

 Figure 1.1. Cladogenesis of the main insect groups in a chronological 

context, as proposed by Misof et al. (2014) and Wang et al. (2016). Divergence 

times here are based on the average values reported by Wang et al. (2016). The 

Blattaria branch, with the species Blattella germanica, the model used in this 

thesis, is highlighted in green. Modified from Belles (2020). 
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study embryonic factors that may have contributed to this transition. 

The main question would be how holometabolan embryogenesis 

diverged from the hemimetabolan giving rise to a kind of a worm 

instead of a miniature adult.  

 

1.1. The metamorphosis of insects and their evolution 
 

Paleontological studies indicate that the oldest insects (currently 

wingless) were ametabolan. It is at the beginning of Permian (300 

Mya) when practically all pterygotes exhibit a postembryonic 

development with metamorphic transitions between nymphal and 

adult stages. This represents the origin of hemimetaboly. The first 

fossil insects that are considered holometabolan are found in 

Permian strata (approximately 280 Mya). Nowadays, the most 

stablished hypothesis is that holometabolans originated from 

hemimetabolan ancestors (Belles 2011). Indeed, from a nymph 

similar to the adult of a hemimetabolan ancestor, it is easy to 

imagine how evolution favored morphological changes in those 

juvenile stages, improving their capabilities to exploit new 

resources (vermiform larvae are more efficient making galleries into 

a fruit, for example). This also allows the adult to improve the 

reproductive capabilities, when forming the external genitalia and 

the functional wings. Indeed, the evolvability of the larva may 

confer an advantage to holometabolan insects, who represent 

between 45% and 60% of all living species (Belles 2011).  
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1.1.1. Different modes of insect development 

 

a) The ametabolan development 
 

Ametabolan insects (Archaeognatha and Zygentoma) undergo a 

direct gradual development from the first nymphal instar to the 

adult (Figure 1.2). The first nymphal instar has a morphology and 

lifestyle similar to those of the adult, although adult morphological 

characteristics are gradually added to the nymphs. They molt during 

their whole life, with more than one sexually mature instar. They do 

not only increase in size, but the development also includes few 

metamorphic changes, like the loss of hatching structures or 

acquisition of scales and fully functional genitalia.  

 

 

 

 

b) The hemimetabolan development 
 

Hemimetaboly appeared with the emergence of wings and the 

pterygote insects. Palaeoptera, Polyneoptera and Paraneoptera 

insect superorders follow the hemimetabolan mode of development.  

When the first nymphal instar emerges, it has a morphology and 

lifestyle similar to those of the adult. Thus, the nymphal 

development basically consists in growing (Figure 1.3). While 

growing, the growth ratio of the exoskeleton linear dimensions 

Figure 1.2. Ametabolan development. The adult, reproductively competent 

stages are showed in a red square, which is open because the adult continues 

molting. Modified from Belles (2011). 
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remains approximately constant throughout all nymph-to-nymph 

molts (Dyar’s rule) (Sehnal 1985; Kivelä et al. 2016). When the 

nymph reaches a specific critical size, it molts to the adult, which is 

the final stage, as it does not molt anymore. In this transition from 

the last nymphal instar to the adult, many changes occur, the most 

important of which are the complete formation of the wings and 

functional genitalia and other reproductive organs. 

 

c) The holometabolan development 
 

Endopterygota is a monophyletic group that develops wings inside 

the body and follows a complex metamorphosis, including a pupal 

stage. This type of metamorphosis is called holometabolan. 

Moreover, the larvae of Endopterygota are morphologically 

divergent from the adult, and usually follow a different lifestyle.  

 

The holometabolan embryo gives rise to a larva that is different 

from the adult. Then, the postembryonic development consists of 

several larval instars where the insect grows (Figure 1.4). At the end 

of the larval period, the pupa is formed, which bridges the gap 

between larval-adult morphology, and finally the adult emerges.  

 

Figure 1.3. Hemimetabolan development. The adult, reproductively competent 

stage, is showed in a red square, which is closed because the adult does not molt 

anymore. Modified from Belles (2011). 
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1.1.2. Theories explaining the evolution of metamorphosis 
 

There are two main theories explaining the evolution of 

metamorphosis: the pronymph theory and the theory of direct 

homology between stages.  

 

a) The pronymph theory 
 

The pronymph theory basically proposes that the embryo of 

holometabolan species hatches in earlier stages than the 

hemimetabolan embryo (Figure 1.5). The basis of this theory was 

first advanced by Lubbock (1873) and later revived by Truman and 

Riddiford (1999; 2002). The latter authors argued that during 

hemimetabolan embryogenesis, three embryonic cuticles are 

deposited (EC1, EC2 and EC3) and after EC2 deposition, there is a 

stage called pronymph that would derive into the first nymphal 

instar. In contrast, EC3 would not be deposited in holometabolan 

embryos, and instead of pronymph formation, the embryo hatches 

Figure 1.4. Holometabolan development. The adult, reproductively 

competent stage, is showed in a red square, which is closed because the adult 

does not molt anymore. The pupal quiescent stage is showed in a green square. 

Modified from Belles (2011). 
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prematurely as a larva; later, the insect resumes the arrested 

development in the pupa, where it would form the adult structures. 

Thus, the corollary is that the hemimetabolan pronymph would be  

homologous to all the holometabolan larval instars, whereas all the 

hemimetabolan nymphal instars would be homologous to the pupa 

(Truman and Riddiford 1999; Truman and Riddiford 2002).  

Although Konopová and Zrzavý (2005) refuted the concept that 

holometabolan embryos deposit only two cuticles (the embryo of all 

species deposit EC1, EC2 and EC3, except some very derived 

species that have secondarily lost EC3), Truman and Riddiford 

adapted the theory to these evidences. They maintained that 

holometabolan embryos arrest development at specific time, and 

they resume it at the pupal stage, maintaining the homologies stated 

before (Truman 2019; Truman and Riddiford 2019). 

Figure 1.5. Pronymph theory. This theory considers that holometabolan embryos 

hatch in earlier stages than hemimetabolan embryos. The pronymph would be 

homologous to all the holometabolan larval instars, whereas all the hemimetabolan 

nymphal instars would be homologous to the pupa. Modified from Belles (2020). 



 

9 

 

b) The theory of direct homology between stages  
  

The theory of direct homology between stages proposes that the 

stages of both modes of metamorphosis are respectively 

homologous (Figure 1.6). This theory was built on the first concepts 

of Éraste Poyarkoff, who proposed that the holometabolan pupa 

originated because the insect needed a “mold” to develop adult 

skeletal muscles (see Belles, 2020). He considered the 

holometabolan pupa homologous to the hemimetabolan adult, 

dividing the holometabolan adult stage in two phases. Poyarkoff 

also considered that the juvenile stages of both modes of 

metamorphosis hatch at a comparable stage of development. Later, 

Hinton (1963) refuted the idea of the pupa being a mold of the 

holometabolan. Importantly, Hinton concluded that the pupa would 

be homologous to the last hemimetabolan nymphal instar, thus, the 

holometabolan juvenile stages would be homologous to those of the 

hemimetabolans.  

 

Subsequently, comprehensive phylogenetic, morphological, 

physiological, and paleontological arguments were added to Hinton 

contribution (Kukalová-Peck 1991; Švácha 1992; Sehnal et al. 

1996). Among these arguments, those based on an endocrine point 

of view were especially relevant. Accordingly, hemimetabolan 

metamorphosis starts when the production of Juvenile hormone 

(JH) decreases in the last nymphal instar, whereas, in 

holometabolans the JH decrease occurs twice, firstly in the last 

larval instar, stimulating the pupa formation, and secondly in the 
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pupa, triggering adult formation. At the end, the decrease of JH lets 

to adult morphogenesis in the last nymphal instar and in the 

holometabolan pupa. Thus, the JH disappears in the last nymphal 

instar and in the pupa, which supports the homology of these two 

stages. 

 

Regarding embryo development, Poyarkoff  in 1914, and then 

Sehnal, Švácha and Zrzavý (1996) reached the conclusion that 

embryogenesis is equivalent in both modes of metamorphosis, 

hemimetabolan and holometabolan.  

 

1.2. Insect embryonic development 
 

Insect embryogenesis is the process by which a juvenile (either a 

larva or a nymph) is formed from an egg.  The oocytes developed 

by the adult female contain a single copy of the haploid genome, 

plus nutrients and other molecules important for proper embryo 

Figure 1.6. Direct homology between stages theory. This theory proposes that 

embryogenesis is equivalent in both modes of metamorphosis, and the juvenile 

stages of both modes of metamorphosis are homologous. Thus, the pupa would be 

a modified nymph. Modified from Belles (2020).  
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development. Then, the spermatozoid from the male fuses with the 

oocyte resulting in a diploid cell. This process is known as egg 

fertilization. Initially, the fertilized egg divides and produces 

hundreds of cells, which will grow, move, and differentiate into 

organs and tissues. Although embryogenesis is very diverse in 

different insects, even between closely related species, there are 

some common traits that will be explained in the following sections. 

The following data are borrowed from the comprehensive reviews 

of Jura (1972) and Anderson (1972a; 1972b). 

 

1.2.1. Egg layers 
 

Eggs have three layers protecting the internal content: the egg 

membrane, the vitelline membrane and a hard shell named chorion. 

The internal content is formed by the zygote nucleus, and nutritive 

materials for nourishment and growth of the embryo (such as yolk 

proteins, lipids, and carbohydrates). Also patterning molecules (like 

specialized proteins and mRNAs) that direct key events during 

embryogenesis, like the establishment of axis polarity, 

segmentation, and gastrulation. 

 

1.2.2. Egg cleavage 
 

In general, egg cleavage involves the subdivision of cytoplasm 

(cytokinesis) and subdivision of nuclear material (karyokinesis). 

The result are individual cells called blastomeres. During egg 

cleavage, maternal mRNAs and proteins form gradients from 

anterior to posterior poles of the egg. These gradients provide the 



12 

 

coordinates that position the front and the back of the embryo. 

However, egg cleavage in insects is very unusual: only karyokinesis 

takes place, not cytokinesis. This type of cleavage is called 

syncytial cleavage and results in a compartment occupied by a 

number of nuclei (syncytium). In most insects, after syncytial 

cleavage, syncytial nuclei are surrounded by islands of cytoplasm 

that separate the nuclei from each other. These early cleavages are 

synchronized, so, as the nuclei divide, they separate, generating a 

regular spacing between them. Nuclei and associated cytoplasm are 

referred to as energids (Figure 1.7). 

 

1.2.3. Formation of the blastoderm 
 

Once a critical density of energids is reached, they migrate to the 

periphery of the egg, where they undergo several rounds of division. 

Then, the egg membrane invaginates from the egg surface to 

surround each of the individual syncytial nuclei. The single sheet of 

cells formed in the periphery of the egg is the cellular blastoderm. 

Some of the energids do not migrate to the periphery and remain in 

the yolk mass. These energids become vitellophages, that break the 

yolk, which will be used for embryo nutrition.  

Figure 1.7 Energids in Blattella 

germanica embryo. DAPI staining 

in day 2 embryos, when energids 

are formed and migrate to the 

periphery. 
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During blastoderm formation, maternal mRNAs and proteins 

activate the expression of the embryonic Gap genes, which specify 

broad domains that will correspond to several contiguous segments. 

This process where the developmental control passes from the 

maternal components to the zygote is known as the maternal-to-

zygotic transition (MZT). The MZT comprises different molecular 

events that mediate the degradation of the maternally deposited 

mRNAs and the transcriptional activation of the zygotic genome. 

 

1.2.4. Germ anlage formation 
 

A number of blastoderm cells are destined to form the embryo. 

These coalesce to form the germ anlage, that later will develop into 

the germ band. Most of the more modified holometabolan species 

undergo long germ band development, which means that the germ 

anlage forms nearly the entire blastoderm surface. Thus, the 

complete body is established at the blastoderm stage, and all 

segments (head, gnathal, thoracic and abdominal segments) are 

formed at once. In contrast, less modified groups (ametabolan and 

hemimetabolan insects) undergo short germ band or intermediate 

germ band development, which means that after formation of 

blastoderm, a relatively small portion of blastoderm cells migrate 

and aggregate near the posterior pole, where the germ anlage forms. 

In this case, the head lobes, the most anterior trunk segments, and 

the posterior terminus are established first, and then, new segments 

are added progressively through proliferative growth. This process 
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of posterior growth is similar to the mechanism followed by 

vertebrates to form their anterior-posterior axis. Although 

holometabolans typically undergo long germ band development 

there are exceptions, like the coleopteran Tribolium casteneum, 

which follows an intermediate germ band development.  

 

1.2.5. Serosal and amnion membranes formation 
 

The cells that do not contribute to the germ anlage, form an 

extraembryonic membrane called serosa. Moreover, the cells that 

are immediately adjacent to the germ anlage form a second 

membrane, called amnion. These cells proliferate, flatten and 

elongate. As they extend over the germ band, they seem to be a 

sleeping bag that is pulled up from posterior pole and pulled down 

from the presumptive head lobes of the germ band. Then, the 

amnion cells meet in the middle of the embryo and form a single 

cell layer. This layer lies between the germ band and the now 

separated serosa and covers the germ band leaving a space called 

amniotic cavity.  

 

1.2.6. Gastrulation 
 

After blastoderm formation, there is a process of cell invagination 

called gastrulation. Those cells remaining at the blastoderm 

periphery constitute the ectoderm, and cells that invaginate below 

the ectoderm constitute the mesoderm. Gastrulation can develop in 

different ways: mesodermal cells invaginating simultaneously or 

mesodermal cells invaginating sequentially, starting at the anterior 
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pole and progressing towards the posterior pole. Regardless of the 

gastrulation mechanism, the result is a bi-layered embryo with 

mesodermal precursors underlying the ectoderm. This two-layered 

structure is called germ band.   

 

1.2.7.  Segmentation 
 

Segmentation proceeds nearly simultaneously with gastrulation. It 

consists in a division of the embryo into a series of similar or 

identical groups of cells recurring along the length of the embryo. 

These units are known as segments or metameres. Segmentation 

proceeds by a progressive refinement of positional information that 

specify the groups of cells that will form each metameric unit. 

Refinement starts with maternal mRNAs and protein gradients that 

activate the expression of Gap genes during the blastoderm 

formation. In turn, the Gap genes regulate the expression of the 

Pair-rule genes, which are the responsible for setting the para-

segmental boundaries, thus, initiating the first metameric patterns.  

 

In the case of long germ band insects, specific maternal genes are 

found in both poles (anterior-posterior), Gap genes are distributed 

all along the embryo, and Pair-rule genes specify anterior and 

posterior segments by the end of blastoderm stage (Figure 1.8). In 

contrast, in short and intermediate germ band insects, maternal 

transcripts are only found in the posterior pole of the egg, Gap 

genes are also expressed in the posterior pole of the egg, and only 

anterior segments are specified by Pair-rule gene products by the 
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end of blastoderm stage (Figure 1.8). Thus, posterior segments are 

sequentially specified in an antero-posterior progression, while the 

germ band elongates (Liu and Kaufman 2005).   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

1.2.8. Blastokinesis 
 

Around mid-embryogenesis, especially in short and intermediate 

germ band modes, the embryo moves into the yolk mass. This 

process is called blastokinesis, and normally results in partial 

revolution of the embryo. Blastokinesis develops in two steps: 

Figure 1.8. Long and short/intermediate germ band segmentation. Long 

germ band is exemplified by Drosophila melanogaster (left), whereas short 

germ band is exemplified by Oncopeltus fasciatus (right). Adapted from Liu and 

Kaufman (2005). 
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anatrepsis and katatrepsis. During anatrepsis, the embryo reverses 

its axes with respect to the egg, by being pulled into the yolk from 

the posterior end. Subsequently, during katatrepsis, there are 

reversal movements that return the embryo to its original position 

on the ventral side of the egg (Panfilio 2008).  

 

1.2.9. Organogenesis, appendage development and dorsal 

closure 
 

During the next steps, the germ band transforms into a three-

dimensional nymph or larva by differentiating the ectoderm and 

mesoderm into organ systems. The first differentiated segments 

appear in the anterior end: the eyes and the labrum and antennae, 

being formed from the ectoderm. From anterior to posterior end, the 

three first segments behind the mouth form paired appendages that 

later become the mandibles, the maxillae, and the labium. The next 

three segments form the prothorax, mesothorax and metathorax, and 

the respective appendages that become legs. The ectoderm forms 

the skin and most of the nymphal or larval external morphology, 

with bristles and sensory devices. Moreover, ventral ectoderm 

differentiates into nervous system, whereas the lateral ectoderm 

invaginates and forms the tracheal system. Other ectodermal 

invaginations form the ocelli, prothoracic gland, salivary glands, 

corpora allata-corpora cardiaca, oenocytes and silk glands. The two 

final invaginations of the ectoderm form the stomodeum and 

proctodeum.  The stomodeum is an invagination at the central-

anterior position of the germ band, when it invaginates the cells 

proliferate in the posterior pole forming the foregut. The 
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proctodeum is an invagination at the terminal segment of the germ 

band, and when it invaginates, cells proliferate to anterior pole 

forming the hindgut. A region of the proctodeum evaginates 

forming pocket-like cavities, which further develop and form the 

Malpighian tubules. At the edge of the foregut and hindgut 

invaginations, a third germ layer arises, which is known as 

endoderm. The endoderm finally fuses with the foregut and the 

hindgut, forming the midgut, thus, completing the digestive system. 

The mesoderm also invaginates, forming different segments. In 

each segment a pair of transient coelomic sacs are formed. These 

coelomic sacs develop the dorsal vessel (or “heart”), the internal 

reproductive organs, the muscles, the fat body, the subesophageal 

gland and the hemocytes. As the embryo develops, the flanks of the 

germ band, both ectoderm and mesoderm, extend around the yolk. 

Finally, the two edges of the germ band meet and fuse along the 

dorsal mid-line. Thus, the mesodermal and ectodermal layers 

enclose the yolk. This process is known as dorsal closure. In 

hemimetabolan insects, legs and wings develop as direct 

evaginations from the lateral ectoderm. Leg buds appear early, just 

after gastrulation finishes, whereas wing buds appear later, after 

lateral ectoderm has grown dorsally. In contrast, in holometabolan 

insects, instead of evagination of the lateral ectoderm, a cluster of 

cells that will form the adult leg and wing invaginates below the 

ectoderm. These cells become the leg and wing imaginal discs or 

precursor cells, and do not differentiate any further until mature 

larval instars (Heming 2003). 
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1.2.10. Hatching 
 

Once the organ formation is complete, the embryo begins to stretch 

and contract its newly formed muscles, while gas is released into 

the tracheae. Hatching can be achieved by different means, but it is 

usually a mechanical process, in which the juvenile grows by 

imbibing air until the chorion cracks, and often breaking it also with 

the jaws or with special ovirruptor structures. Sometimes there is an 

enzymatic digestion of the eggshell, following complex hydrostatic 

mechanisms. Finally, the hatchling emerges as a first nymphal or 

larval instar.  

 

1.3. Epigenetic mechanisms during embryogenesis 
 

Nowadays, the term “epigenetics” generally refers to changes on 

gene expression due to molecular mechanisms that directly affect, 

alter, or interact with chromatin. Epigenetic information can be 

transmitted through mitotic cell division within individuals, and 

through meiotic cell division as intergenerational inheritance 

(Glastad et al. 2019).  

 

The most prominent epigenetic mechanisms are DNA methylation, 

modifications on histones, and regulation by noncoding RNAs 

(ncRNAs). There are few studies about how these epigenetic 

mechanisms could affect insect embryogenesis. Indeed, most of 

them focus on DNA methylation and on the action of microRNAs, 

the best-known type of ncRNAs.  
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1.3.1. DNA methylation 
 

DNA methylation has been associated with several biological 

processes in animals, including embryo development, genomic 

imprinting, X-chromosome inactivation and silencing of 

retrotransposons (He et al. 2011; Jones 2012). Mechanistically, 

DNA methylation consists of a covalent addition of a methyl group 

to DNA. In most animal species studied, this addition of a methyl 

group only happens in cytosine bases, especially those that are 

confined to CpG dinucleotides (Glastad et al. 2019).  

 

DNA methylation is catalyzed by enzymes named DNA-

methyltransferases (DNMTs). Studies in mammals have classified 

these DNMTs into “de novo” methyltransferases and 

“maintenance” methyltransferases.  De novo methyltransferases are 

those of the DNMT3 family, while maintenance methyltransferases 

belong to the DNMT1 family. In general, DNMT3 enzymes 

establish new DNA methylation patterns in the genome, while 

DNMT1 enzymes preferentially act on hemimethylated DNA, 

maintaining methylation during successive cell generations (He et 

al. 2011; Jones 2012).  

 

The sequencing of different insect genomes revealed the occurrence 

of the two DNMTs families (DNMT1 and DNMT3) in different 

insect orders (Bewick et al. 2017). A number of functional studies 

showed that those DNMTs promote DNA methylation and are key 

during insect embryo development. One example is the coleopteran 
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Tribolium castaneum (Schulz et al. 2018), where depletion of 

DNMT1 caused developmental arrest in  embryos. Another example 

is the hymenopteran Nasonia vitripennis (Zwier et al. 2012), where 

DNMT1 depletion resulted in embryo lethality at the onset of 

gastrulation. One more example is the hemipteran Oncopeltus 

fasciatus (Bewick et al. 2019), where DNMT1 depletion reduced 

egg production, and the oviposited eggs became inviable. Although 

the importance of DNA methylation for embryo development 

appears to be general in insects, depletion of DNMT1 affected 

different embryo stages in the different species. Thus, the action 

specific of DNA methylation seems to be typical of each lineage.  

 

1.3.2. MicroRNAs 
 

miRNAs are single stranded RNAs of 22-26 nucleotides that are 

loaded into the RISC complex and subsequently guided to a target 

mRNA. Then, the complex miRNA-RISC blocks the translation of 

the target mRNA. A recent study comparing miRNA expression 

during the development of Blattella germanica (hemimetabolan, 

short germ band), T. casteneum (holometabolan, intermediate germ 

band) and Drosophila melanogaster (holometabolan, long germ 

band), suggested that miRNAs may play important roles in the 

developmental transitions, specifically during embryo development, 

and they might influence the germ band type and metamorphosis 

mode (Ylla et al. 2017).  
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1.4. Embryogenesis in different metamorphosis modes 
 

1.4.1. Ametabolan embryogenesis  
 

Ametabolan embryogenesis results in a nymph that possesses the 

basic shape and features of the adult, and it follows the 

developmental steps described above: formation of the blastoderm 

and germ band (short germ band segmentation), formation of the 

serosa and amnion membranes, then formation of amniotic cavity, 

gastrulation, conspicuous blastokinesis, dorsal closure, and 

organogenesis (Larink 1983). Ametabolan embryos secrete and 

deposit three cuticles, named EC1, EC2 and EC3, as observed in the 

Zygentoma Thermobia domestica (Konopová and Zrzavý 2005). 

 

1.4.2. Hemimetabolan embryogenesis 
 

Hemimetabolan embryogenesis gives rise to a nymph that has the 

basic adult features. Hemimetabolan insects also follow the 

developmental steps generally observed in insect embryogenesis, 

from formation of blastoderm to organogenesis. They follow the 

short germ band segmentation, with some variations depending on 

the species. The most common short germ band type forms a 

blastoderm comprising the head lobes, the most apical trunk 

segments, and the terminus (Davis and Patel 2002). However, there 

is another type, named intermediate germ band, where they already 

have abdominal segments when they reach gastrulation stage. This 

is the case, for example, of the cricket Gryllus bimaculatus (Mito et 

al. 2005).  
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Blastokinesis is especially complex in hemimetabolan 

embryogenesis (Panfilio 2008), but there are also some species 

where it implies only a modest displacement of the embryo in the 

same egg side, like for example, in the cockroach B. germanica 

(Tanaka 1976).  

 

During organogenesis, the different organs differentiate from the 

mesoderm, endoderm and ectoderm. The mesoderm differentiates 

into muscular and fat body tissues, the endoderm forms the midgut 

and associated tissues, and the ectoderm differentiates into nervous 

system and cuticle structures (including the appendages, wing 

primordia and eyes). Indeed, the limb buds that give rise to the 

different appendages (antennae, mouth pieces and legs) are formed 

at early embryogenesis, but it is not until organogenesis that they 

complete segmentation. The same happens with wing primordia, a 

cluster of cells that start growing underneath ectodermal germ layer 

at early embryogenesis (Heming 2003). Most species externalize 

the wing primordia in later nymphal instars. However, some species 

externalize them already in the first nymphal instar, thus, forming 

wing pads, like in the desert locust, Locusta migratoria. In other 

species, like the cockroach B. germanica, the wing primordia are 

encapsulated into a pteroteca, a cuticle pocket placed in the 

laterobasal part of the prothorax and metathorax (see Belles, 2020). 

Also, in early embryogenesis, eyes start being developed. The eyes 

of hemimetabolan insects are compound, formed with a number of 

ommatidia that contain a dioptric apparatus, pigment cells, and 
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rhabdomeric-type photoreceptive cells. During embryogenesis, 

ommatidial precursors differentiate within an optic placode on both 

sides of the embryonic head (Heming 2003). During nymphal 

stages, new ommatidia differentiate from the anterior growth zone, 

thus, the eyes will continue expanding through successive molts 

(Belles 2020).  

 

Hemimetabolan embryos secrete and deposit three cuticles, named 

EC1, EC2 and EC3. This is observed in paleopteran, polyneopteran 

and paraneopteran species (Konopová and Zrzavý 2005). 

 

1.4.3. Holometabolan embryogenesis 
 

Holometabolan insects also follow the basic developmental 

transitions of a typical insect embryogenesis (Anderson 1972a), but 

with some differences depending on the species. Most 

holometabolans follow long germ band segmentation (Peel 2008), 

like for example, the dipteran D. melanogaster, the coleopteran 

Callosobruchus maculatus, the lepidopteran Manduca sexta, and 

the hymenopterans N. vitripennis and Bracon hebetor (Grbic and 

Strand 1998; Davis and Patel 2002; Peel 2008). However, there are 

also species that follow a short or intermediate germ band 

segmentation, like the coleopteran Tribolium casteneum, the 

lepidopteran Bombyx mori (Davis and Patel 2002; Peel 2008), and 

the hymenopterans Aphidius ervi and Macrocentrus cingulum. The 

available data suggests that long germ band segmentation evolved 

from the short germ band mode, but this transition may have 



 

25 

 

happened more than once during the endopterygote radiation (Davis 

and Patel 2002; Peel 2008), and might be reversible, as presumed in 

some hymenopterans (Grbic and Strand 1998; Sucena et al. 2014).  

 

Blastokinesis in holometabolan embryogenesis is less complex than 

in hemimetabolans. An extreme case is D. melanogaster, in which 

there is practically no blastokinesis due to the extremely reduced 

extraembryonic component (Panfilio 2008).  

 

Regarding organogenesis, appendages are formed from limb buds 

that appear at early embryogenesis, as in hemimetabolan 

embryogenesis. However, the appendages formed during 

holometabolan embryogenesis have less segments than in the adult 

(Heming 2003).  

 

Holometabolan embryos also deposit three cuticles, EC1, EC2 and 

EC3, although EC2 may be simplified, with only a reduced 

epicuticle in embryos or even absent in the most evolutionarily 

modified flies (Konopová and Zrzavý 2005).  

 

1.4.4. Transcriptomic differences between different modes 

of embryogenesis 
 

In a previous study, Ylla et al. (2018) compared the transcriptomic 

data during the ontogeny of the cockroach B. germanica 

(hemimetabolan insect) and the fly D. melanogaster 

(holometabolan). In this study, enrichment analyses revealed that 

biological functions related with DNA methylation are enriched in 
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early B. germanica embryo, but not in D. melanogaster (Figure 

1.9). In the same sense, Bewick et al. (2017) reported that 

hemimetabolan insects show higher levels of methylated CGs than 

holometabolans, relating DNA methylation in insects with DNA-

methyltransferase 1 (DNMT1) rather than with DNA-

methyltransferase 3 (DNMT3). This suggests that DNMT1 might be 

a good candidate as embryonic factor that would have contributed 

to the evolutionary transition from hemimetaboly to holometaboly.  

Figure 1.9. Comparative transcriptomic data of Blattella germanica and 

Drosophila melanogaster. Number of genes significantly (p < 0.05) upregulated 

(green) and downregulated (red) according to a differential expression analysis 

between consecutive stage-libraries of B. germanica (hemimetabolan) and D. 

melanogaster (holometabolan). Functions of gene groups determined according to 

GO Terms from Enrichment Analysis. From Ylla et al. (2018). 
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The Ylla et al. (2018) study also revealed that gene expression 

related with the maternal to zygotic transition (MZT) is 

concentrated in early stages of embryogenesis in B. germanica, 

while in D. melanogaster this expression extends during the whole 

embryogenesis. A gene expressed during the MZT that showed to 

have very different pattern in both species is zelda, a key activator 

of the zygotic genome during the MZT (Liang et al. 2008; Harrison 

et al. 2011). Zelda binds cis-regulatory elements (TAGteam 

heptamers) and makes the chromatin accessible for gene 

transcription (Foo et al. 2014; Li et al. 2014; Schulz et al. 2015; 

Hug et al. 2017; Dufourt et al. 2018). In B. germanica, zelda is 

expressed only during early embryogenesis, during the MZT, while 

in D. melanogaster the expression is maintained beyond the MZT 

(Ylla et al. 2018). Since B. germanica develops an adult-shaped 

nymph during embryogenesis, while D. melanogaster develops a 

vermiform larva, the authors speculated that zelda expression 

beyond MZT in D. melanogaster may be required to regulate the 

development of the very derived vermiform larval morphology. 

Thus, Zelda appeared as an interesting candidate of embryonic 

factor that would have a role in the evolution of holometaboly from 

hemimetaboly. 

 

Another interesting gene that came out from Ylla et al. (2018) study 

as a differentially expressed factor between B. germanica and D. 

melanogaster is E93. In postembryonic development, E93 is known 

as an adult specifier, as it triggers metamorphosis (Mou et al. 2012; 

Ureña et al. 2014). The most important hormones regulating 



28 

 

metamorphosis are 20-hydroxyecdysone (20E), and Juvenile 

hormone (JH). 20E promotes every molt, in the embryo, as in the 

postembryonic development until the adult. JH inhibits 

metamorphosis, thus maintaining the juvenile growth. A decrease 

on JH in the premetamorphic stage (last juvenile instar) results in a 

decrease of Krüppel homolog 1 (Kr-h1). The decrease of Kr-h1 

causes a disinhibition of E93, and that, triggers metamorphosis 

(Belles and Santos 2014). Thus, E93 becomes highly expressed 

during the last juvenile instar (last nymphal instar in 

hemimetabolans or pupa in holometabolans). Ylla et al. (2018) 

analyses showed this high expression of E93 in the last nymphal 

instar of B. germanica and in the pupa of D. melanogaster. 

Interestingly, however, the analyses also showed that E93 is 

expressed at early stages of development in B. germanica, showing 

a peak of expression during the MZT. This is not the case in D. 

melanogaster embryos, where E93 is not expressed during 

embryogenesis. This makes E93 a good candidate as a determining 

factor in the hemimetabolan embryogenesis, and to have a role in 

the evolution of holometaboly.  

 

1.5. The German cockroach, Blattella germanica, as 

experimental model 
 

The German cockroach B. germanica is one of the best-studied 

hemimetabolan species, especially at molecular level. This is in 

great measure due to the work of our laboratory since the 1980’s. 

Nowadays, we have access to B. germanica genome, which is 

annotated (Harrison et al. 2018), and also to a series of 
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representative RNA sequencing datasets (Cristino et al. 2011; 

Belles and Ylla 2015; Ylla et al. 2017; Ylla et al. 2018).   

 

One interesting characteristic of B. germanica is that it belongs to a 

basal insect lineage that exhibits ancestral features, like 

hemimetabolan metamorphosis and short germ band segmentation.  

Moreover, cockroaches are very sensitive to RNAi, and easily and 

inexpensively reared and maintained in the laboratory. All this 

made them a good model for insect evolutionary studies, 

particularly to study the transition from hemimetaboly to 

holometaboly. In our laboratory, it has been used as a model insect 

to study embryonic and postembryonic development, as well as to 

investigate reproduction.   

 

B. germanica has three morphologically differentiate stages: 

embryo, nymph, and adult. Females oviposit around 30-40 eggs in a 

hard capsule or ootheca. The eggs are packed in two rows, and are 

about 3 mm long, 1 mm wide and 0.3 mm thick (Tanaka 1976). 

Females carry the oothecae attached to the genital atrium for 18 

days (at 29ºC), until embryos hatch. Tanaka (1976) described in 

detail the embryo development of B. germanica, defining 18 

different stages. Briefly, stages 0 to 2 correspond to the egg 

cleavage, when first energids appear and start migrating to the 

periphery and begins blastoderm formation. Stages 3 to 5 

correspond to gastrulation and segmentation processes. From stage 

5 on, the stages correspond to elongation and different organ 

formation, and dorsal closure. Finally, at stage 18 the first nymphal 
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instar is formed and able to emerge. Postembryonic development 

takes between 22 and 24 days and comprises six nymphal instars (at 

29ºC) (Ewing 1970).  
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2. OBJECTIVES 
 

2.1. Hypotheses proposed in this thesis 
 

The general hypothesis of the present thesis is based on the fact that 

embryogenesis determines the type of metamorphosis, and that 

there will be differential factors in the embryogenesis of 

hemimetabolan and holometabolan species. Consequently, the study 

of these factors can provide valuable information to explain the 

evolution of holometaboly from hemimetaboly. 

 

From this general notion, we have focused on three specific 

hypotheses that correspond to three relevant differences between the 

transcriptional activity in the embryo of the hemimetabolan B. 

germanica and the holometabolan D. melanogaster, which were 

revealed in the study of Ylla et al. (2018). 

 

2.1.1. DNA-methylation has a specific role in 

hemimetabolan embryogenesis 
 

DNA methylation has been detected in different insect groups. 

However, DNA methylation levels are much higher in 

hemimetabolans than in holometabolans (Falckenhayn et al. 2013; 

Bewick et al. 2017; Provataris et al. 2018). Ylla et al. (2018) found 

a negative correlation between gene expression and possible 

candidate genes to be methylated in early embryo stages of B. 

germanica, suggesting that DNA methylation operates during the 

maternal-to-zygotic transition (MZT). Moreover, it was found that 
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DNMT1, a gene coding for a DNA methyltransferase, was 

expressed in the same stages, whereas this gene is not present in the 

holometabolan D. melanogaster. Therefore, we presumed that 

DNMT1 promotes DNA methylation in the embryo of B. 

germanica, and that DNA methylation is essential in early embryo 

development in this species. If this is true, it could represent a 

typical feature of hemimetabolans, and a possibility to explain, at 

least in part, the evolutionary transition from hemimetabolan to 

holometabolan embryogenesis.  

 

2.1.2. Zelda may have common but also differential 

functions in hemimetabolan and holometabolan 

embryogenesis 
 

In D. melanogaster, Zelda activates the zygotic genome during the 

MZT. Zelda binds specific regulatory elements in the genome, 

called TAGTeam heptamers, and makes the chromatin accessible, 

thus promoting transcriptional activation of early-gene networks in 

the MZT (Foo et al. 2014; Li et al. 2014; Schulz et al. 2015; Hug et 

al. 2017; Dufourt et al. 2018). Outside D. melanogaster, Zelda has 

been studied in the holometabolan, long germ band insects, Apis 

mellifera and Nasonia vitripennis (Pires et al. 2016; Arsala and 

Lynch 2017). In these studies, the role of activator of the zygotic 

genome during the MZT is reported. However, it is also reported 

that Zelda is important after the MZT in these holometabolan 

species, in posterior segmentation and patterning of imaginal discs. 
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Studying transcriptomic patterns of zelda along the ontogeny of D. 

melanogaster and B. germanica, we found that zelda expression 

concentrates in early embryo in B. germanica while in D. 

melanogaster zelda expression practically covers the entire 

embryogenesis. We hypothesize that the concentrated pattern in B. 

germanica reflects functions restricted to early embryogenesis and 

is related with the mode of metamorphosis. 

 

2.1.3. E93 has unique functions in hemimetabolan 

embryos 
 

E93 is a metamorphosis master regulator, driving adult specification 

forward  (Belles and Santos 2014; Ureña et al. 2014). In a great 

measure, E93 plays this role of adult specifier by acting as a 

chromatin modifier, enabling or preventing expression in given 

genomic regions (Uyehara et al. 2017). In the transcriptomic 

comparative analysis of Ylla et al. (2018), E93 appears to be 

expressed not only in pre-adult stages, but also in the early embryo 

of B. germanica. In contrast, no expression of E93 is observed in 

the embryo of D. melanogaster. This leads to wonder about the role 

of E93 in B. germanica embryo. Also, whether the expression of 

E93 in the embryo is a feature exclusive of hemimetabolan species, 

and if so, then whether changes in embryonic E93 expression may 

have contributed to the evolution of holometaboly.  
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2.2. Objectives 
 

Based on the above three hypotheses, we have stablished the 

following three corresponding objectives: 

 

2.2.1. To study whether DNMT1 methylates the DNA in Blattella 

germanica during embryogenesis, and to establish which are the 

biological consequences of such methylation. 

 

2.2.2. To study the role of Zelda during Blattella germanica 

embryogenesis, and to assess whether it shows commonalities and 

differences with respect to the role in holometabolans, as described 

in the literature.  

 

2.2.3. To study the role of E93 during Blattella germanica 

embryogenesis, and to find out whether significant expression of 

E93 in the embryo is a typical feature only of hemimetabolan 

species.



 

35 

 

3. RESULTS 
 

3.1. DNMT1 promotes genome methylation and early 

embryo development in cockroaches 
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Due to the length of some datasets, the additional supporting information is 

not included here. It can be downloaded from: 

 

https://febs.onlinelibrary.wiley.com/action/downloadSupplement?doi=10.111

1%2Ffebs.14856&file=febs14856-sup-0001-SupInfo.zip 

 

https://febs.onlinelibrary.wiley.com/action/downloadSupplement?doi=10.1111%2Ffebs.14856&file=febs14856-sup-0001-SupInfo.zip
https://febs.onlinelibrary.wiley.com/action/downloadSupplement?doi=10.1111%2Ffebs.14856&file=febs14856-sup-0001-SupInfo.zip
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INTRODUCTION 

 

Metamorphosis has been one of the most successful innovations in 

insect evolution. It originated in early-middle Devonian, some 400 

Mya (Misof et al., 2014; Wang et al., 2016), associated with the 

practically contemporaneous emergence of wings (Belles, 2019). 

Therefore, from apterous and ametabolan ancestors, emerged a new 

type of insect with direct, or hemimetabolan, metamorphosis, whose 

basic adult body structure is formed during embryogenesis. Thus, 

the hatching nymphs resemble miniature adults, and only at the end 

mailto:xavier.belles@ibe.upf-csic.es
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of the nymphal period, the insect metamorphose into a functional 

adult, fully winged and sexually competent, and stops molting. 

Subsequently, during the early Carboniferous, some 350 Mya 

(Misof et al., 2014; Wang et al., 2016), took place the evolutionary 

transition from hemimetaboly to holometaboly, or indirect 

metamorphosis. In holometabolans, embryo development gives rise 

to a larva that is morphologically divergent to the adult. At the end 

of larval period, the insect molt to the pupal stage, a kind of 

intermediate between the larva and the adult, and then to the fully 

winged and sexually competent adult, which does not molt anymore 

(see Belles, 2020 for a comprehensive review). 

 

The above definition of hemimetaboly and holometaboly already 

tells us that embryonic development will determine what type of life 

cycle and post-embryonic metamorphosis will follow. However, 

metamorphosis researchers, perhaps fascinated by the beauty of the 

post-embryonic changes, rarely concentrate their attention on 

embryogenesis. Most modern studies with observations on a 

molecular scale, have focused on the Juvenile hormone (JH), which 

is a repressor of metamorphosis (Jindra et al., 2013; Jindra et al., 

2015; Truman and Riddiford, 2007), and the transcription factor 

Broad complex (Br-C), which has a fundamental role in the growth 

of wings in hemimetabolan nymphs (Erezyilmaz et al., 2006; Huang 

et al., 2013; Konopová and Jindra, 2008), and in the formation of 

the pupa in holometabolans (Karim et al., 1993; Kiss et al., 1988; 

Konopová and Jindra, 2008; Parthasarathy et al., 2008; Zhou et al., 

1998). The studies on JH and Br-C in embryogenesis were triggered 
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by previous hypotheses considering that they would have been 

instrumental in the emergence of the larva and holometabolan 

metamorphosis, mediated by changes in the embryogenesis 

(Erezyilmaz et al., 2006; Erezyilmaz et al., 2009; Truman and 

Riddiford, 1999). 

 

Molecular-scale studies in hemimetabolan embryogenesis have 

been carried out with maternal RNAi. In the case of JH, studies on 

the cockroach Blattella germanica have shown that the interference 

of JH biogenesis and signaling pathways trigger a variety of defects, 

mainly associated with cuticle maturation and nymph hatchability 

(Fernandez-Nicolas and Belles, 2017). Analogous maternal RNAi 

experiments in the milkweed bug Oncopeltus fasciatus (Erezyilmaz 

et al., 2009) and in B. germanica (Piulachs et al., 2010), have shown 

that Br-C depletion in the embryo causes a series of defects, many 

of them associated with the development of the abdomen as well as 

with nymph hatching. In holometabolan species, clearer (and more 

surprising) results have been obtained using genome editing 

approaches. Thus, in the silkworm Bombyx mori, the suppression of 

JH signaling, as well as that of Br-C, did not cause any serious 

defect during embryogenesis, at most a reduction in larval 

hatchability (Daimon et al., 2015). 

 

In B. germanica, we have also studied the functions of Zelda in 

embryogenesis (Ventos-Alfonso et al., 2019). Zelda plays a major 

role in the activation of the zygotic genome, during the maternal-to-

zygotic transition (MZT) (Harrison et al., 2011; Liang et al., 2008; 
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Nien et al., 2011) by increasing the accessibility of chromatin, 

allowing the transcription of multiple genes, as shown in 

Drosophila melanogaster (Dufourt et al., 2018; Foo et al., 2014; 

Schulz et al., 2015). We focused on Zelda after examining its 

expression in a transcriptomic series of B. germanica that covers the 

entire ontogenesis (Ylla et al., 2018). We observed that the 

expression of zelda concentrates in very early embryogenesis, as 

maternal mRNA. On the other hand, studying an equivalent 

transcriptomic series of the holometabolan D. melanogaster, we 

observed that zelda is expressed practically during the entire 

embryogenesis ((Ylla et al., 2018), see also (Staudt et al., 2006)). 

Quantitative RT-PCR measurements confirmed the transcriptomic 

pattern in B. germanica, and maternal RNAi reveled that Zelda has 

key functions in the embryo development of the cockroach, 

especially during the elongation of the abdomen (Ventos-Alfonso et 

al., 2019). 

 

The comparative analysis of the RNA-seq data of Ylla et al. (2018) 

afforded another interesting gene: Eip93F, more familiarly termed 

E93. It was shown to be expressed only in pupae and adults in D. 

melanogaster, while in B. germanica it was expressed in the last 

nymphal instar, but also at the early stages of embryogenesis. Thus, 

we studied the role of E93 in embryo development of B. germanica, 

and the results revealed that maternal E93 activates gene expression 

in the zygote and is crucial in the early hemimetabolan 

embryogenesis. Moreover, expression of E93 in the embryo appears 

to be characteristic of hemimetabolan species, as it is practically 
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absent in holometabolans. This suggests that the loss of embryonic 

expression of E93 may have been instrumental in the evolution of 

holometaboly. 

 

RESULTS 

 

Maternal E93 is required for early embryogenesis 

 

Real-time quantitative reverse transcription PCR (qRT-PCR) 

measurements confirmed our previous observations based on RNA-

seq data that maximal levels of E93 transcripts are observed at the 

very beginning of embryogenesis, with the peak centered on day 1 

of embryo development (ED1) (Figure 3.3.1A). Then, the levels 

dramatically decrease and keep at low values during all 

embryogenesis. This pattern suggests that E93 plays a specific role 

in early embryogenesis. To address this hypothesis, we used 

maternal RNAi. Five-day-old adult females (AdD5) were injected 

with 3 µg of dsRNA targeting E93 mRNA (dsE93). Control females 

received the same dose of unspecific dsRNA (dsMock). Then, all 

females were allowed to mate. E93 expression in embryos from 

dsE93-treated insects was significantly lower (71%) than in 

controls, which indicates that maternal RNAi was efficient (Figure 

3.3.1B). All control females (n=40) formed an ootheca on day 8 of 

the adult stage (AdD8), which contained viable embryos that 

became first instar nymphs (between 35-40 emerged nymphs per 

oothecal) 18 days later. Females treated with dsE93 (n=36) also 

formed an ootheca on AdD8, and 18 of them (50%) gave first instar 
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nymphs 18 days later (between 35-40 emerged nymphs per 

oothecal). However, 10 of them (27.8%) dropped the oothecae 

between ED2-ED3 (12-17% embryogenesis), whereas 8 of them 

(22.2%) transported the ootheca beyond day 18, dropping it 

between ED19-ED21. No nymphs hatched from these 18 oothecae. 

 
Figure 3.1.1. Effects of E93 depletion on embryo development in Blattella 

germanica. (A) Expression of E93 in embryos of different ages from day 0 (ED0) 

to day 16 (ED16). (B) Expression of E93 after maternal RNAi at ED0 in control 

(C: dsMock) and treated (T: dsE93).  (C) Phenotype PA resulting from E93 

depletion: embryos that interrupted development around the formation of germ-

band anlage. (D) Phenotype PB: embryos that interrupted development between 

Tanaka stages 10 and 15. (E) Phenotype PC: apparently well-formed nymphs, 

with dark cuticle. (F) Phenotype PD: embryos that although they are similar to  

 



 

89 

 

On embryo day 19 (ED19) we examined 278 embryos from the 8 

oothecae formed by dsE93-treated females that did not hatch on day 

18 (ED18). Seventy-one of these embryos (25.5%) had interrupted 

development in a pre-blastoderm stage, and only white yolk was 

observed, which corresponds to stage 1-2 of embryogenesis defined 

by Tanaka (1976); we named this phenotype PA (Figure 3.3.1C). 

Forty embryos (14.4%) had interrupted development between 

Tanaka stages 10 and 15, showing a vermiform aspect, with poorly 

defined segments and appendages, and with diverse malformations 

such as imperfectly sealed dorsal closure, a reduced abdomen or  

imperfect eyes; we named this phenotype PB (Figure 3.3.1D). Fifty-

four embryos (19.4%) were apparently well-formed nymphs, but 

with a featured and intensely sclerotized cuticle; we named this 

phenotype PC (Figure 3.3.1E). Finally, we named phenotype D to 

113 embryos (40.6%) that were nymphs practically 

indistinguishable from control pre-hatched nymphs. If the chorion 

was artificially broken, then most phenotype PD specimens showed 

the shape of naturally hatched first instar nymphs (Figure 3.3.1F). 

Figure 3.1.1 (continued) pre-hatched nymphs, they could not hatch, but if the 

chorion was artificially broken, they looked like naturally eclosed first instar 

nymphs, as shown in the picture. (G) Accumulation of energids in the ventral side 

of the embryo (white asterisks) in control (dsMock-treated) and E93-depleted 

specimens, in ED2. In (A) and (B), each qRT-PCR expression measurement 

represents three biological replicates, and results are expressed as copies of the 

examined transcript per 1000 copies of BgActin-5c mRNA; data are represented 

as the mean ± SEM. In (B), the asterisk indicates statistically significant 

differences with respect to controls (p-value < 0.05), calculated on the basis of the 

REST (Pfaffl et al, 2002). Scale bars in (C) to (F): 500 µm; in (G): 200 µm. 

 



90 

 

 

The dropping of the ootheca at early embryogenesis (ED2-ED3) in 

dsE93-treated females is interesting as it happens just after the 

maximum levels of E93 mRNA, which occurs at ED1. Thus, we 

studied embryos from oothecae that were dropped on ED2, 

compared with ED2 embryos from control females. We analyzed 

350 embryos from control females (control embryos) and 235 

embryos from dsE93-treated females (E93-depleted embryos). 

Control embryos were between Tanaka stages 1-2, showing a high 

density of energids accumulated on the ventral side of the egg, 

where they will contribute to the formation of the germ-band anlage 

(Figure 3.3.1G, left panel). Although E93-depleted embryos were 

also around Tanaka stages 1-2, in all embryos examined, the 

accumulation of energids in the ventral side of the egg was lower 

than in controls, and their distribution was more heterogeneous, 

forming discrete groups separated from each other (Figure 3.3.1G, 

right panel).  

 

Depletion of E93 modifies gene expression at the MZT and 

prevents the decline of zelda expression  

 

We presumed that the critical problems observed in the 

development of E93-depleted embryos in ED2 might be associated 

to the MZT, which takes place around this stage (Ventos-Alfonso et 

al., 2019) during which early zygotic genes become upregulated, 

while maternal mRNAs vanish. Examining the differential 

expression of genes around the MZT in the transcriptomes of B. 
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germanica (Ylla et al., 2018), we found examples of both categories 

of genes. We obtained the profiles of Krüppel (Kr), caudal (cad) 

and even-skipped (eve), genes whose expression increases at the 

MZT (Figure 3.3.2A). Then, we measured the expression of Kr, cad 

and eve in ED2 in control and in E93-depleted embryos, observing 

that the corresponding mRNA levels were significantly lower in 

E93-depleted embryos than in controls (Figure 3.3.2B). This 

suggests that the activation of the zygotic genes in E93-depleted 

embryos was impaired. On the other hand, the same differential 

expression examination in the B. germanica transcriptomes (Ylla et 

al., 2018), afforded the profiles of orthodenticle (otd), nanos (nos) 

and odd skipped (odd), as examples of genes whose mRNA levels 

decline at the MZT (Figure 3.3.2C). The mRNA levels of otd, nos 

and odd were much higher in E93-depleted embryos than in 

controls (Figure 3.3.2D), which suggests that the clearance of 

maternal mRNAs in E93-depleted embryos was impaired.  

 

Given the important functions of Zelda as an activating factor of the 

zygotic genome, we measured the mRNA levels of zelda in ED2, 

finding that they were higher in E93-depleted embryos than in 

controls (Figure 3.3.2E). In B. germanica embryos, zelda mRNA is 

of maternal origin, and their levels sharply decline in ED2 (Ventos-

Alfonso et al., 2019). Thus, the observations suggest that this 

decline is regulated by the same mechanism that operates in otd, nos 

and odd, a mechanism that would have been impaired in E93-

depleted embryos. 
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Figure 3.3.2. Effects of E93 depletion on gene expression in Blattella 

germanica embryo. (A) Transcriptomic pattern of genes that become 

upregulated at the MZT: Kruppel (Kr), caudal (cad), and even skipped (eve). (B) 

Expression of Kr, cad and eve after maternal RNAi of E93. (C) Transcriptomic 

pattern of genes that become downregulated at the MZT: orthodenticle (otd), 

nanos (nos), and odd skipped (odd). (D) Expression of otd, nos and odd after 

maternal RNAi of E93. In (A) and (C), expression is expressed in FPKM and, in 

addition to embryo stages ED0 to ED13, it was also measured in freshly 

emerged first instar nymph (N1); the dashed line indicates the stage ED2, around 

which takes place the MZT. (E) Expression of zelda (zld) after maternal RNAi 

of E93. In (B) (D) and (E), qRT-PCR measurements were carried out in ED2, in 

control (C, dsMock-treated) and treated (T, dsE93-treated). Each qRT-PCR 

expression measurement represents three biological replicates, and results are 

expressed as copies of the examined transcript per 1000 copies of BgActin-5c 

mRNA. Data are represented as the mean ± SEM. The asterisk indicates 

statistically significant differences with respect to controls (p-value < 0.05), 

calculated on the basis of the REST (Pfaaffl et al, 2002). 

 



 

93 

 

mir-309 miRNAs would contribute to remove zelda transcripts 

in the MZT 

 

Obvious candidates to regulate the reduction of maternal mRNAs 

are the miR-309 family of miRNAs, given their role as scavengers 

of these mRNAs in the MZT (Bushati et al., 2008). In the B. 

germanica genome, the miR-309 cluster includes four miRNA 

precursors: miR-309a, miR-309b, miR-309c and miR-309d (Ylla et 

al., 2017). The miR-309a precursor gives the mature miR-309A: 

TCACTGGAAAGGCAATATCATT. Both, the miR-309b and miR-

309c precursors give the same mature miR-309B: 

TCACTGGGAAGACATTATCGT. Finally, the miR-309d 

precursor gives the mature miR-309D: 

TCACCGGAAGGAATCCACAGT, which is significantly 

divergent with respect to the other two, where even the seed region 

(CACCGG) differs from the canonical seed region of miR-309 

(CACTGG) that is conserved in all insects (Ylla et al., 2017). 

Therefore, miR-309D was not further studied in the present work. 

 

From the small RNA libraries prepared and studied by Ylla et al. 

(2017), we obtained the expression profiles of miR-309a, miR-309b 

and miR-309c precursors during embryogenesis. The three profiles 

were practically coincident, showing a peak on ED2 (Figure 

3.3.3A). Then we measured the levels of mature miR-309A and 

miR-309B in E93-depleted embryos in ED2, observing that the 

levels of both were reduced in comparison with the controls (Figure 

3.3.3B). This suggests that E93 promotes the production of miR-309  
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Figure 3.3.3. Expression of miR-309 microRNAs during the embryogenesis of 

Blattella germanica, effects of E93 depletion, and miR-309 binding sites in the 

3’UTR of zelda mRNA. (A) Transcriptomic pattern of miR-309a, miR-309b and 

miR-309c and corresponding mature miRNAs during embryogenesis; expression 

is expressed in FPKM and, in addition to embryo stages ED0 to ED13, it was also 

measured in freshly emerged first instar nymph (N1); the dashed line indicates the 

stage ED2, around which takes place the MZT. (B) Levels of miR-309A and miR-

309B after maternal RNAi of E93; measurements were carried out in ED2, in 

control (C, dsMock-treated) and treated (T, dsE93-treated), and results are 

expressed as copies of the examined microRNA per 1000 copies of U6 miRNA. 

(C) Scheme of the zelda mRNA 3’UTR showing the binding sites for miR-309A 

(A1, A4 and A6 sites) and miR-309B (B1, B2 and B3 sites) predicted with ΔG < -

15 Kj mol-1 (see Table 3.3.S1 and Supplementary Figure 2). (D) Luciferase assays 

testing the sites A (A1, A4 and A6) and B (B1, B2 and B3), with the respective  
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miRNAs, and that these miRNAs would regulate the decline of 

zelda transcripts (as well as those of otd, nos, odd). To further 

support this conjecture, we searched binding sites for miR-309A 

and miR-309B in the 3’UTR region of zelda mRNA. Using the 

algorithms StarMir, miRanda, PITA, RNA22 and RNAhybrid, we 

predicted seven binding sites for miR-309A and four for miR-309B 

(SI Appendix, Figure 3.3.S1 and Table 3.3.S1). Six of these putative 

sites having a ΔG < -15 Kj mol-1 (Figure 3.3.3C) were selected to 

test their functionality. Accordingly, we examined these six sites A 

and B with a conventional luciferase reporter assay conducted in 

Drosophila S2 cells and using synthetic miR-309A and B mimics, 

respectively. As a negative control, we used the complementary 

sequences of the A and B sites. Luciferase activity significantly 

decreased only for the sites A1 and A4 under the presence of miR-

309A. This indicates that these sites are functional for miR-309A 

(Figure 3.3.3D). 

 

The whole data suggest that E93 contributes to the expression 

decline of zelda at ED2, as well as to the expression of miR-309 

miRNAs at the same stage. Moreover, the finding of functional 

Figure 3.3.3 (continued). miR-309A and miR-309B mimics; as negative 

controls, the complementary sequences of miR-309A and miR-309B sites were 

used; each measurement represents 3 biological replicates and results are given 

as Renilla luciferase activity relative to that of Firefly luciferase. In (B) and (D), 

each measurement represents three biological replicates, and data are represented 

as the mean ± SEM; the asterisk indicates statistically significant differences with 

respect to controls (p-value < 0.05), calculated on the basis of the REST (Pfaffl, 

2002). 
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miR-309A binding sites in the 3’UTR of zelda mRNA, and the 

respective patterns, suggest that miR-309A removes zelda 

transcripts at ED2. The model emerging (Figure 3.3.4A) is that the 

contribution of E93 to the decline of zelda mRNA levels is 

mediated by its stimulatory action on miR-309A production. 

Intriguingly, Zelda also stimulates the production of miR-309 

miRNAs in B. germanica during embryogenesis (Ventos-Alfonso et 

al., 2019), thus producing a short, negative feedback loop. The data 

suggest that regulation of mir-309 and Zelda are very fine-tuned 

thanks to a relatively simple system based on three players (Figure 

3.3.4A, inset). It is possible that the decline of otd, nos and odd 

mRNA levels that was impaired in E93-depleted embryos (Figure 

3.3.2D) was also due to the reduced stimulation of miR-309A 

production found in these embryos (Figure 3.3.3B). 

 

E93 expression is higher in hemimetabolan than in 

holometabolan embryos 

 

On the other hand, the expression of genes that should become 

stimulated in the MZT, like Kr, cad and eve, did not increase in the 

E93-depleted embryos (Figure 3.3.2B). This suggests that E93 may 

have an activation effect on the zygotic genome of B. germanica, 

eventually additional to that of Zelda, which would drive the 

development of the hemimetabolan nymph. Intriguingly, E93 is 

practically not expressed during embryogenesis of D. melanogaster, 

according to Northern blot data (Baehrecke and Thummel, 1995) 

and transcriptomic analyses (Ylla et al., 2018). This led us to 
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wonder whether significant levels of E93 expression in the embryo 

are typical of hemimetabolan species. To address this conjecture, 

we look for sets of publicly available transcriptomes covering the 

embryonic development, finding those of the hemimetabolan 

species Cloeon dipterum (Palaeoptera, Ephemeroptera), and 

Nilaparvata lugens (Paraneoptera, Hemiptera), in addition to B. 

germanica. Of holometabolan species (Endopterygota), we find that 

of Tribolium castaneum (Coleoptera) and the aforementioned D. 

melanogaster (Diptera). We retrieved the expression profiles of E93 

and zelda, observing that the latter is consistently expressed in the 

embryo of all species, hemimetabolan and holometabolan (Figure 

3.3.4B). In contrast, we observed a tendency to show very low or 

null E93 expression in holometabolan embryos. In those species 

where the transcriptomes set covers the entire life cycle, like B. 

germanica, T. castaneum and D. melanogaster, we compared the 

expression of E93 in the preadult stage, when E93 reach the highest 

values which trigger metamorphosis (Belles, 2020), with embryo 

stages. In B. germanica the mRNA levels of E93 are within the 

same order of magnitude in the last nymphal instar and in early 

embryo (Figure 3.3.4B). The transcriptomic profiles of T. 

castaneum and D. melanogaster indicate that E93 values in the 

embryo are one to two orders of magnitude lower than those in the 

pupa. To further validate the transcriptomic observations, in B. 

germanica we have comparable qRT-PCR data (obtained in the 

same laboratory) for E93 expression in the embryo, where values 

reach an average of 23 copies of E93 mRNA per 1000 copies of 

Actins (this report, Figure 3.3.1A), and in the last nymphal instar, 



98 

 

when the values are similar, reaching as average 21 copies of E93 

mRNA per 1000 copies of Actins (Belles and Santos, 2014). 

Figure 3.3.4. E93, zelda and miR-309 during Blattella germanica 

embryogenesis, and comparison with E93 and zelda in other insects. (A) 

Schematic profiles of E93, zelda and miR-309 in embryos of different ages from 

day 0 (ED0) to day 18 (ED18, the last day of embryo development); the inset 

shows the inferred interactions between the three factors. (B) Transcriptomic 

pattern of E93 and zelda in hemimetabolan and holometabolan insects; in 

Cloeon dipterum and Nilaparvata lugens, the transcriptome set covers 

practically the entire embryogenesis, each stage is defined in days or in hours; in 

B. germanica, Tribolium castaneum and Drosophila melanogaster, the 

transcriptome set covers the entire life cycle, including embryo stages (E), 

nymphal stages (N), larval stages (L), pupal stages (P), and the adult (Ad); in 

these three species, the embryonic period is indicated with a red square; 

expression is given in FPKM, and in all diagrams the left ordinate refers to E93 

and the right ordinate to zelda (zld). 
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DISCUSSION 

 

E93 is required for early cockroach embryogenesis 

 

Maternal RNAi showed that E93 is required for proper early 

embryogenesis, as the most frequent abnormal phenotype of E93-

depleted embryos was associated with an interruption of 

development before germ band formation, around ED2. In 

particular, all observed embryos from oothecae of dsE93-treated 

females that were dropped on ED2 did not form a proper germ band 

due to a deficit in the accumulation of energids. In contrast, the 

germ band was completed in most Zelda-depleted embryos, where a 

large part of the defects were related with the elongation of the 

abdomen, as observed by Ventos-Alfonso et al. 2019. Indeed, there 

are practically no studies regarding the role of E93 during insect 

embryogenesis. The only antecedent is the report of Lee et al. 

(2002) showing that overexpression of E93 in embryos of the 

holometabolan D. melanogaster -where E93 is practically not 

expressed (Baehrecke and Thummel, 1995)- induces cell death, and 

impaired development, including problems to retract the germ band, 

and to pattern the cuticle. This obviously indicates that E93 is 

detrimental to the development of the embryo in D. melanogaster. 
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E93 promotes the production miR-309 miRNAs, which 

contribute to clear maternal transcripts, including those of zelda 

 

We observed that maternal transcripts that should have disappeared 

in the MZT, including those of zelda, kept their levels high in E93-

depleted embryos, which led us to examine the miR-309 miRNAs. 

In D. melanogaster, miR-309 miRNAs are required for the 

degradation of at least 14% of maternal transcripts in the MZT 

(Bushati et al., 2008). In B. germanica, miR-309 miRNAs have an 

expression peak at ED2 ((Ylla et al., 2017) and this report), thus in 

the MZT. Moreover, the 3’UTR of zelda mRNA contains functional 

binding sites for miR-309A, which suggests that zelda transcripts 

are eliminated by miR-309 in the context of B. germanica MZT. 

The steep drop in zelda transcripts beyond ED1 may suggest that 

the clearing action of miR-309A is very efficient. Previous studies 

had reported that Zelda promotes miR-309 production, as shown in 

D. melanogaster (Fu et al., 2014; Liang et al., 2008), and in B. 

germanica (Ventos-Alfonso et al., 2019). Intriguingly, we have 

shown here that E93 also promotes the production of miR-309 

miRNAs in B. germanica, and, in turn, miR-309A contributes to 

eliminate zelda transcripts. This short Zelda inactivation loop can 

explain the transience of the zelda mRNA peak (Ventos-Alfonso et 

al., 2019). 
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E93 is crucial for the activation of the zygotic genome 

 

However, and most interestingly, the activating action of embryonic 

E93 goes beyond miR-309 miRNAs, extending to other genes. The 

pioneer factor par excellence in the activation of the zygotic 

genome in the MZT is Zelda, which facilitates an increase of 

chromatin accessibility, thus allowing the transcription of multiple 

genes, as elegantly shown in D. melanogaster (Dufourt et al., 2018; 

Foo et al., 2014; Schulz et al., 2015). In B. germanica, zelda 

maternal transcripts are abundant in early embryo, and its depletion 

results in a diversity of developmental defects, most of them related 

to the elongation of the abdomen (Ventos-Alfonso et al., 2019). Our 

present results suggest that, in B. germanica, E93 plays an 

activating role of the zygotic genome similar to that of Zelda, which 

affects earlier in development. 

 

A pioneer role for E93 in the activation of the zygotic genome is not 

surprising, given its role as modulator of chromatin accessibility in 

postembryonic development. In D. melanogaster, chromatin 

accessibility is highly dynamic during wing development, and 

correlates with the activity of cis-regulatory elements. Importantly, 

E93 plays a critical role in regulating both opening and closing 

chromatin, as well as activating and deactivating the activity of cis-

regulatory elements (Uyehara et al., 2017). Even more, precociously 

expressed E93 in larval wings promotes accessibility changes at 

many of its target sites, including functional of cis-regulatory 

elements with dynamic activity, which were precociously activated 
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or deactivated (Nystrom et al., 2020). Indeed, the observed changes 

mimic those that occur later in normal development of the adult 

wing, thus indicating that E93 triggers the metamorphic program 

through modulating chromatin accessibility. 

 

Embryonic E93 and the evolution of metamorphosis 

 

The data obtained in B. germanica suggest that E93 plays a role of 

master regulator of genome activation in the MZT, similar to that 

observed for Zelda in D. melanogaster. A relevant question that 

emerges is how general is this role in insects. The available data 

indicates that E93 expression is high in the embryo of the 

hemimetabolan species, and low in that of holometabolans. This 

leads to presume that the expression of E93 in the hemimetabolan 

embryo is associated with the formation of the nymph, a juvenile 

stage already exhibiting the adult body plan. In contrast, the 

practical absence of E93 in the holometabolan embryo could lead to 

the activation of an alternative genetic program in the zygote, 

leading to the development of the larva, a juvenile stage 

morphologically divergent from that of the adult. We realize that 

the differences observed might be due to the different germ band 

type, as holometabolan species generally follow the long germ band 

segmentation, whereas the hemimetabolans develop through the 

short germ band mode (Davis and Patel, 2002; Liu and Kaufman, 

2005). However, E93 expression is low in the embryo of the beetle 

T. castaneum, a holometabolan that follows a short germ band 

development ((Davis and Patel, 2002), but see also (Benton, 2018)). 
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The above considerations led to speculate that a loss of expression 

of E93 in the embryo may have facilitated the transition from 

hemimetaboly to holometaboly. Two main theories are competing 

to explain the evolution of the holometabolan metamorphosis (see 

(Belles, 2020)). One is the theory of the pronymph, by which, the 

holometabolan embryo would arrest development at the late stage 

of pronymph, giving rise to the larva; development to the adult body 

plan would resume at the pupal stage. The corollary is that the 

hemimetabolan pronymph would be homologous to the set of 

holometabolan larval instars, while the set of hemimetabolan 

nymphal instars would be homologous to the holometabolan pupa 

(Truman, 2019; Truman and Riddiford, 1999; Truman and 

Riddiford, 2019). The other is the theory of direct homology 

between stages, which maintains that there is no arrest in the 

development of the embryo, but that ancestral hemimetabolan 

embryogenesis was modified to give rise to the larva. Accordingly, 

the nymphal instars would homologous to the larvae, and the last 

nymphal instar would be homologous to the pupa (Belles, 2020; 

Belles and Santos, 2014; Hinton, 1963; Jindra, 2019; Sehnal et al., 

1996). 

 

The mechanistic explanation of the pronymph theory is based on a 

shift in Juvenile hormone (JH) production during the development 

of the embryo, which would have been instrumental in the transition 

to holometaboly (Truman and Riddiford, 1999). In the theory of 

direct homology between stages, a mechanism proposed to 

contribute to the emergence of holometaboly is a shift in the action 
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of the JH on the Br-C gene in juvenile stages, from stimulatory in 

hemimetabolan nymphs to inhibitory in holometabolan larvae 

(Belles, 2020; Huang et al., 2013). This would mainly lead to a 

postponement of wing formation until the pupal stage in 

holometabolans. With the data revealed in the present work, we can 

hypothesize an additional mechanism to explain the origin of 

holometabolan metamorphosis, which considers that E93 and Zelda 

modulate chromatin in the hemimetabolan embryo and establish the 

genetic program that gives rise to the formation of the adult body 

plan exhibited by the nymph. In this context, a loss of expression of 

E93 in the embryo (or in the preceding oocytes) in the last 

holometabolan common ancestor, would lead to a change in the 

modulation of chromatin without the effect of E93 and based on 

Zelda, which would lead to the formation of a larva instead of a 

nymph. This mechanism is compatible with the one proposed for 

Br-C, which would specifically delay wing formation in 

holometabolans. In the end, the adult-building properties of E93 

manifested at the end of the juvenile period in direct developing 

insects, appear intriguingly mirrored at the onset of embryogenesis. 

Or vice versa. 

 

MATERIALS AND METHODS 

 

Insects and dissections 

 

B. germanica specimens used in the experiments were from a 

colony reared in the dark at 30 ± 1ºC and 60-70% r.h. Freshly 



 

105 

 

emerged females were maintained with males during the first 

gonadotrophic cycle; mating was confirmed at the end of 

experiments by assessing the occurrence of spermatozoids in the 

spermathecae. For dissections and tissue sampling, specimens were 

anesthetized with carbon dioxide. For RNA extractions we used 

non-fertilized eggs (NFE, see below), entire oothecae (to establish 

the expression patterns along embryogenesis and in oothecae from 

treated females dropped between days 2 and 3) or individual 

embryos dissected out from artificially opened oothecae. 

 

RNA extraction and reverse transcription to cDNA 

 

RNA extractions were performed with Gen Elute Mammalian Total 

RNA kit (Sigma- Aldrich, Madrid, Spain). An amount of 100 ng 

from each RNA extraction was treated with DNase (Promega, 

Madison, WI, USA) and reverse transcribed with Superscript II 

reverse transcriptase (Invitrogen, Carlsbad, CA, USA) and random 

hexamers (Promega). RNA quantity and quality were estimated by 

spectrophotometric absorption using a Nanodrop 

Spectrophotometer ND-1000® (452 NanoDrop Technologies, 

Wilmington, DE, USA). 

 

To measure mature miRNA levels, total RNA extractions were 

performed with miRNeasy Mini Kit (Qiagen). Then, all the volume 

extracted was lyophilized in the freeze dryer FISHER ALPHA 1 

LDplus and resuspended in 8 μl of miliQ H2O. These 8 μl were 

treated with DNase I (Promega, Madison, WI, USA) and reverse 
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transcribed with miRNA First-Strand cDNA Synthesis and qRT-

PCR Kit (Agilent).  

 

Quantitative reverse transcription PCR 

 

Quantitative reverse transcription PCR (qRT-PCR) reactions were 

carried out in triplicate in an iQ5 Real-Time PCR Detection System 

(Bio-Rad Laboratories, Madrid, Spain), using SYBR®Green 

Supermix (iTaq™ Universal Supermix; Applied Biosystems, 

Madrid, Spain). A control without a template was included in all 

batches. The primers used to measure the transcripts studied are 

indicated in SI Appendix, Table 3.3.S2. The efficiency of the 

primers was first validated by constructing a standard curve through 

four serial dilutions. mRNA levels were calculated relative to 

BgActin-5c expression, and miRNA levels were calculated relative 

to U6 miRNA expression using the Bio-Rad iQ5 Standard Edition 

Optical System Software (version 2.0). In the case of mRNA, 

results are given as copies of mRNA per 1000 copies of BgActin-5c 

mRNA, and in the case of miRNA measurements results are given 

as copies of miRNA per 1000 copies of U6 miRNA. 

 

RNA interference 

 

Detailed procedures for dsRNA preparation were as described 

previously (Ciudad et al., 2006). A dsRNA from Autographa 

californica nucleopoydrovirus was used for control treatments 

(dsMock). The primers used to prepare the dsRNAs are detailed in 
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SI Appendix, Table 3.3.S2. Maternal RNAi treatments were carried 

out essentially as previously reported (Fernandez-Nicolas and 

Belles, 2017; Ventos-Alfonso et al., 2019). A volume of 1 μL of 

dsRNA solution (3 μg/μL) was injected into the abdomen of 5-day-

old adult females. Then the effects of the treatment were examined 

in the first oothecae formed by treated and control females. 

 

Examination of embryos 

 

Expression studies were carried out in embryos on days 0, 1, 2, 4, 6, 

7, 9, 11, 13, 14 and 16 (ED0 to ED16). ED0 to ED2 cover the 

maternal to zygotic transition, ED3, ED6 and ED13 coincide with 

respective pulses of 20-hydroxyecdysone (20E) (Piulachs et al., 

2010), and from ED6 to ED16 there is a cycle of JH production 

(Maestro et al., 2010). To examine the embryos microscopically, 

the oothecae were opened after 5 min in a water bath at 95ºC and 

the embryos were dechorionated and individualized. Then, they 

were fixed in 4% paraformaldehyde, permeabilized in PBS-0.2% 

tween (PBT) and incubated for 10 min in 1 μg/ml DAPI in PBT. 

They were then mounted in Mowiol (Calbiochem, Madison, WI, 

USA) and examined and photographed using epifluorescence with 

an AxioImager Z1 microscope (ApoTome System, Zeiss). 

 

Cell culture and Luciferase Report Assay 

 

We follow similar protocol than (Zhang et al., 2016). Briefly, 

Drosophila S2 cells (Invitrogen) were grown in Schneider’s 
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Drosophila medium (Gibco, Life Technologies) containing 10% 

(vol/vol) heat-inactivated FBS (Gibco) and 1×Antibiotic-

Antimycotic (Gibco) at 23°C in a humidified incubator. The 

psiCheck-2 reporters were constructed by inserting the miR-309 

putative site into 3′-UTR from the renilla luciferase of psiCheck-2 

vector (Promega). As negative controls, complementary sequences 

of the miR309 putative sites were inserted into 3′-UTR from the 

renilla luciferase of psiCheck-2 vector (Promega). Thereafter, 1000 

ng of psiCheck-2 reporters with 1000 nM of synthetic bge-miR-309 

miRNA Mimic (GenePharma) were cotransfected into Drosophila 

S2 cells by using Effectene Transfection Reagent (Qiagen). Cells 

were collected and lysed at 48 h after transfection, and luciferase 

activities were measured by using the dual luciferase reporter assay 

system (Promega). Each sample was performed in duplicate, and 

transfections were repeated three times.  

 

Statistical analyses of qRT-PCR and luciferase assays 

 

To test the statistical significance differences between control and 

treated samples in qRT-PCR experiments, we used the Relative 

Expression Software Tool (REST), which evaluates the significance 

of the derived results by Pair-wise Fixed Reallocation 

Randomization Test (Pfaffl et al., 2002). In the luciferase assays, to 

test the statistical significance of the differences between the three 

groups we used Statistical Package for the Social Sciences (SPSS) 

performing ANOVA test, and using a p-value<0.005. 
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Transcriptome analyses 

 

The transcriptome sets used to estimate the expression of E93 and 

zelda in the embryo were as follows: Blattella germanica 

(GSE99785), Cloeon dipterum (PRJEB34721), Nilaparvata lugens 

(SRP227154), Tribolium castaneum (GSE63770), Drosophila 

melanogaster (GSE18068). The E93 and zelda respective 

homologues were annotated in each species as follows: B. 

germanica (E93 ID: HF536494.1; zelda ID: LT717628.1), C. 

dipterum (E93 ID: gene-CLODIP_2_CD15741; zelda ID: gene-

CLODIP_2_CD14567), N. lugens (E93 ID: XM_022347627; zelda 

ID: XM_022345079), T. castaneum (E93 ID: gene12027 

(LOC655012); zelda ID: gene7124 (LOC655012)), D. 

melanogaster (E93 ID: FBgn0264490; zelda ID: FBgn0259789). In 

all cases, the amount of expression was estimated as FPKM in the 

context of the whole transcriptomic set. 
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Figure 3.3.S1. miR-309A and miR-309B putative binding sites predicted 

in the 3’UTR of zelda. The seven miR-309A and the four miR-309B sites 

(highlighted in blue and brown, respectively) were predicted with the StarMir, 

miRanda, PITA, RNA 22 and RNAhybrid algorithms (see Table 3.3.S1). 
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 Table 3.3.S1. Features of the miR-309 predicted sites on the 3 ’UTR of 

zelda mRNA. The information includes the binding alignment (the seed region 

of the miRNA is highlighted in blue), the predicted 𝚫G (KJ mol-1) and the 

algorithm that predicted each site.  
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Gene Name Accession 

number 

Forward primer sequence Reverse primer sequence 

qRT-PCR 

Actin 5c AJ862721.1 AGCTTCCTGATGGTCAGGTGA TGTCGGCAATTCCAGGGTACATGGT 

cad Bger_M0002* GCAAAGTCATCAACCGTCCT ATGCTGAGGGGGTGTTACTG 

eve Bger_18070* AGGTGCGGGATTGTTAACTG AGGGTTGGAAAAGCTTTGGT 

E93  HF536494 TCCAATGTTTGATCCTGCAA TTTGGGATGCAAAGAAATCC 

hb LT717629.1 TCTAAATTGCCCACCAGGTC CCATGAGTTGGAGCCTGAAT 

Kr LT717630  CGTACACACACGGGAGAAAA AACAAATTGCCGGTCACAAT 

nos Bger_23144* CGCATTTGACTGTAGTAACGC CTCATCTCCGCTAGCATTGC 

Odd-skipped 

(odd) 

Submitted to 

GenBank 

CATCCACTCGAAGGAGAAGC 

 

CTCCTCCATGTGCAGGATCT 

zelda LT717628.1 TGTCCCAAACAGTTCAACCA  AAAGGGTTTCTCTCCCGTGT  

mir-309A MF574891 TCACTGGAAAGGCAATATCATT Universal from kit 

mir-309B MF574892 TCACTGGGAAGACATTATCGT Universal from kit 

dsRNA 

E93 dsRNA HF536494 AAAGAGTTGTCGGGAGCAGA CCACTGCTAGAAGCCACTCC 

polyhedrin K01149 ATCCTTTCCTGGGACCCGGCA ATGAAGGCTCGACGATCCTA 

Luciferase constructs 

Site A1 wt LT717628.1 ATCGCTCGAGTTGGTTCAAGTTCCCTGACA TAGAGCGGCCGCAACATACAGAGGAATCAAGA 

Site A4 wt LT717628.1 ATCGCTCGAGTGATTGATCCAATATGCCACA TAGAGCGGCCGCAGCATTCCGAGGCTACACAC 

Site A6 wt LT717628.1 ATCGCTCGAGGAGCTTTTTGGCAAGTTGTCT TAGAGCGGCCGCCCTGGACACGGAGTTTCAGT 

Table 3.3.S2. Primer sequences used for qRT-PCR, RNAi experiments and luciferase construct preparation 
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Site B1 wt LT717628.1 ATCGCTCGAGTTGGTTCAAGTTCCCTGACA TAGAGCGGCCGCAAGAGAATGCCCAGCAACAT 

Site B2 wt LT717628.1 ATCGCTCGAGGCCAGTCAGATATTGGTTATGG TAGAGCGGCCGCTGTGTGAATCCCTTGCAGTG 

Site B3 wt LT717628.1 ATCGCTCGAGTATGCACTGCAAGGGATTCA TAGAGCGGCCGCTGACTGTCCCAGTGACTTGTG 

Site A1 

complementary 

LT717628.1 ATCGCTCGAGCATAACCAATATCTGACTGG TAGAGCGGCCGCTGCATCAGATGATATACT 

Site A4 

complementary 

LT717628.1 ATCGCTCGAGAGCATTCCGAGGCTACACAC TAGAGCGGCCGCCCCCAATAGTGCTCTCTT 

Site A6 

complementary 

LT717628.1 ATCGCTCGAGTGTGAAAAATAAAAATGTCA TAGAGCGGCCGCCTTGCAGTCTTGCATCGT 

Site B1 

complementary 

LT717628.1 TAGAGCGGCCGCTTGGTTCAAGTTCCCTGA ATCGCTCGAGAAGAGAATGCCCAGCAACAT 

Site B2 

complementary 

LT717628.1 TAGAGCGGCCGCGCCAGTCAGATATTGGTT ATCGCTCGAGTGTGTGAATCCCTTGCAGTG 

Site B3 

complementary 

LT717628.1 TAGAGCGGCCGCTATGCACTGCAAGGGATT ATCGCTCGAGTGACTGTCCCAGTGACTTGT 

Table 3.3.S2 (continued). Primer sequences used for qRT-PCR, RNAi experiments and luciferase construct preparation 
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4. GENERAL DISCUSSION 
 

Insect metamorphosis is a developmental process by which the 

insect continues developing after hatching, changing its morphology 

until reaching the adult stage. There are two basic modes of 

metamorphosis: hemimetabolan metamorphosis, where the juvenile 

stages are like miniature adults and develop gradually until 

adulthood; and holometabolan metamorphosis where the juvenile 

stages are morphologically divergent with respect to the adult. 

Metamorphosis studies mainly focus on post-embryonic 

development, but crucial differences between the two modes of 

metamorphosis appear during embryogenesis. Moreover, most of 

the available data on insect studies rely in holometabolan models 

(especially Drosophila melanogaster and Tribolium castaneum). In 

this work, we have focused on the embryogenesis of a 

hemimetabolan insect, Blattella germanica, and then, we have 

compared the data generated with available data in holometabolan 

models. With this, we aim at stablishing differences between the 

respective modes of embryogenesis, which could help to understand 

the evolution from hemimetaboly to holometaboly.  

 

In previous studies of our laboratory, Ylla et al. (2018) analyzed a 

series of transcriptomes at different stages of B. germanica 

embryogenesis. The comparative analysis of these transcriptomes 

with an equivalent transcriptome of the holometabolan D. 

melanogaster, led to the identification of a number of genes that 

show differential expression patterns between the two species.  
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Some of them have general and important functions like DNA 

methylation, juvenile hormone and determination of 

metamorphosis, and regulatory aspects in the maternal to zygotic 

transition (MZT). DNA methylation genes and metamorphosis 

genes were found to be expressed in the embryo of B. germanica, 

but not in the embryo of D. melanogaster. Moreover, MZT genes 

were found to be expressed in a narrow window in early 

embryogenesis in B. germanica, while they are expressed during the 

whole embryogenesis in D. melanogaster. Therefore, three 

representative genes were considered good candidates to play 

significant roles determining the adult structures of a 

hemimetabolan nymph, thus, stablishing the mode of 

metamorphosis: DNMT1 (a DNA methylation gene), Zelda (a MZT 

gene) and E93 (a metamorphosis gene, related to Juvenile 

hormone). Figure 4.1 summarizes the main findings of this work, 

specifically related with the profiles of expression and the 

interactions of these three factors.   

 

4.1. DNMT1 promotes gene methylation, early embryo 

development and regulates transcriptional noise in B. 

germanica 
 

DNA methylation is a covalent union of a methyl group to a DNA 

nucleotide; typically it occurs in cytosines in a CpG context (He et 

al. 2011; Hunt et al. 2013; Bewick et al. 2017). In mammals, it has 

been associated with several biological processes, including embryo 

development, genomic imprinting, X-chromosome inactivation, and 

silencing of retrotransposons (He et al. 2011; Jones 2012). 
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Figure 4.1. E93, zelda, mir-309 and DNMT1 during Blattella germanica 

embryogenesis and comparison with Drosophila melanogaster. (A) Schematic 

profiles of E93, zelda, mir-309 and DNMT1 in B. germanica embryos from 

different ages from day 0 (ED0) to day 18 (ED18, last day of embryo 

development); the inset shows the inferred functions and interactions between the 

four factors. (B) Schematic profiles of E93, zelda, mir-309 and DNMT1 in D. 

melanogaster embryos from different ages from 0-4 hours to 20-24h (last hour of 

embryo development); the inset shows the functions and interactions described in 

the bibliography (Liang et al. 2008; Harrison et al. 2011; Foo et al. 2014; Schulz 

et al. 2015). 
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DNA methylation is catalyzed by DNA methyltransferases 

(DNMTs). In mammals, DNMTs are classified into DNMT3 that 

establishes new DNA methylation patterns, and DNMT1 that 

maintains methylation patterns during different cell generations (He 

et al. 2011; Jones 2012). In B. germanica, we have reported both 

DNMTs, that are well conserved and show a specific expression 

pattern at the beginning of embryogenesis.  However, the low levels 

of expression of DNMT3, the impossibility to deplete them, and 

previous reports showing that insect’s DNA methylation is more 

related with DNMT1 than with DNMT3 (Bewick et al. 2017), led 

us to focus our study on DNMT1. Maternal RNAi of DNMT1 and 

RRBS analyses showed that DNMT1 promotes DNA methylation 

during early B. germanica embryogenesis. Moreover, RNAi 

experiments also showed that DNMT1 (thus, DNA methylation), 

promote the formation of germ band in early embryogenesis 

(around 12% of embryo development). DNMT1 is required for 

embryo development in other species, including mice (Li et al. 

1992; Jackson-Grusby et al. 2001), frogs (Stancheva et al. 2001), 

zebrafish (Rai et al. 2006), or other insects like the hymenopteran 

Nasonia vitripennis and the beetle Tribolium castaneum. However, 

DNMT1 depletion in insects affected different embryo stages, in N. 

vitripennis, DNMT1 depletion caused embryos death at the onset of 

gastrulation (around 40% of embryo development) (Zwier et al. 

2012), and in T. castaneum, it affected the first cleavage cycles, 

around 4% of embryo development (Schulz et al. 2018). This 
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suggests that although DNA methylation is necessary for 

embryogenesis from insects to mammals, its specific action varies 

in different lineages.  

 

Another relevant finding of this study is the relationship between 

expression variability and DNA methylation. Our results showed 

that methylated genes show lower expression variability than 

unmethylated genes. There is a hypothesis positing that DNA 

methylation in gene regions reduces transcriptional noise (Bird 

1995), but information supporting this focused on human tissues 

(Huh et al. 2013; Bashkeel et al. 2019). Thus, our data in B. 

germanica afforded the first association between high DNA 

methylation and low expression variability in an insect. Bewick et 

al. (2017) showed that hemimetabolans present higher levels of 

DNA methylation than holometabolans. Indeed, some of the most 

derived holometabolan species, such as D. melanogaster, have lost 

both DNMT1 and DNMT3 (Bewick et al. 2017). Thus, 

holometabolan insects might have compensated the lack regulation 

of expression variability by DNA methylation with other features 

pertaining to genomic, epigenomic, regulatory, polymorphic, 

functional, structural and gene network characteristics (Alemu et al. 

2014). 

 

4.2. Zelda contributes to activate the zygotic genome and 

is key for abdomen elongation in B. germanica 
 

The MZT is an important event during early embryo development 

in all metazoans. During this transition, maternal mRNAs are 
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eliminated, while zygotic genome is activated. In this context, zelda 

was found to be a key activator of the zygotic genome in D. 

melanogaster (Liang et al. 2008; Harrison et al. 2011). In D. 

melanogaster, Zelda increases the accessibility of chromatin to 

those regions that need to be activated during the MZT, promoting 

the transcriptional activation of early gene networks (Foo et al. 

2014; Li et al. 2014; Schulz et al. 2015; Hug et al. 2017; Dufourt et 

al. 2018). Maternal RNAi experiments showed that Zelda has an 

important role on the development of the abdomen and the growth 

of posterior zone during embryo development of B. germanica. 

Moreover, qRT-PCR transcript measurements in the same 

cockroach showed that Zelda promotes the expression of early 

zygotic genes (gap, pair-rule and segment polarity genes). This 

functionality has been described in other insects, such as the beetle 

T. castaneum and the bug Rhodnius prolixus (Liang et al. 2008; 

Ribeiro et al. 2017).  

 

Our comparative analyses showed that the expression pattern of 

zelda between species is different: in B. germanica it is 

concentrated in early embryogenesis, specifically during the MZT, 

while in D. melanogaster and T. castaneum zelda expression is 

maintained beyond MZT, covering the entire embryogenesis 

(Figure 4.1). Moreover, the patterns not only differ in timing but 

also in localization. In situ hybridization showed that zelda is 

localized in the growth zone of B. germanica embryos, as occurs in 

T. castaneum (Ribeiro et al. 2017), while in D. melanogaster it is 

generally expressed in the whole embryo (Koromila and 
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Stathopoulos 2017). The differences observed in the expression 

pattern can be due to the different type of germ band or different 

mode of metamorphosis. T. castaneum and B. germanica embryos 

develop through short germ band, while D. melanogaster embryos 

develop through long germ band. However, T. castaneum and D. 

melanogaster develop through holometabolan metamorphosis, 

while B. germanica follows a hemimetabolan metamorphosis. The 

whole data suggest that Zelda localization may be important to 

determine the type of germ band, while Zelda timing may be 

important to determine the mode of metamorphosis. Thus, 

hemimetabolan insects may have specific factors regulating zelda 

temporal expression pattern that may be different from 

holometabolan insects. Knowing those factors may be important to 

understand the mechanisms that drove the transition from 

hemimetabolan to holometabolan embryogenesis.  

 

In holometabolan species, embryogenesis gives rise to a larva, with 

a body structure divergent from that of the adult, while in 

hemimetabolan species, embryogenesis gives rise to a nymph 

displaying the essential adult body shape. It could be speculated that 

the ancestral role of Zelda might be to activate the expression of 

zygotic genes related with posterior growth and abdomen 

elongation during early embryogenesis, as suggested by its role in 

the hemimetabolan B. germanica. Then, Zelda could have acquired 

new functions that extend beyond the early embryo development, as 

shown by its role on patterning of imaginal disc-derived structures 

(wings, legs, elytra and antenna) in T. castaneum (Ribeiro et al. 
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2017), and in the genesis of neuroblasts in D. melanogaster larvae 

(Reichardt et al. 2018). Thus, the presence of Zelda during the 

entire embryogenesis in holometabolan species could be needed to 

acquire these new functionalities and help to maintain chromatin 

accessible and to activate different transcription factors needed to 

build the derived larva during holometabolan embryogenesis. 

 

Interestingly, zelda depleted embryos showed downregulation of 

DNMT1, another modulator of chromatin accessibility.  

Holometabolan species do not show high levels of DNA 

methylation, and D. melanogaster even lost DNMT1. Maybe, Zelda 

acquired more functional roles in holometabolan species regarding 

the regulation of chromatin accessibility, which would replace in 

part the role of DNA methylation in this regard. 

 

4.3. E93 has an essential role in the MZT of the 

hemimetabolan B. germanica 
 

The molecular mechanisms that regulate insect metamorphosis is 

condensed in the MEKRE93 pathway (Belles and Santos 2014), by 

which, Juvenile hormone (JH) induces the expression of the 

transcription factor Krüppel homolog 1 (Kr-h1), and this, in turn, 

represses the expression of E93. In holometabolan insects, such as 

D. melanogaster and T. casteneum, E93 depletion causes death at 

the end of the pupal stage (Mou et al. 2012; Ureña et al. 2014). In 

the hemimetabolan B. germanica, E93 depletion in the nymph 

prevents the nymph-adult transition (Belles and Santos 2014; Ureña 

et al. 2014). Thus, E93 is known as the master trigger of 
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metamorphosis or adult specifier. More recently, Uyehara et al. 

(2017), showed that E93 controls temporal identity by regulating 

chromatin accessibility across the genome in D. melanogaster.  

 

In B. germanica we found that E93 is highly expressed during the 

embryogenesis and during the last nymphal instar. In contrast, E93 

is expressed only in pupae and adult stages, but not during 

embryogenesis in D. melanogaster (Figure 4.1). Maternal RNAi 

experiments showed that E93 activates the expression of zygotic 

genes (gap and pair-rule genes) and is crucial for a proper germ 

band in the B. germanica embryo. Although both Zelda and E93 

show similar roles in activating the zygotic genome in B. 

germanica, Zelda-depleted embryos show developmental problems 

later (during abdomen elongation) than E93-depleted embryos 

(during blastoderm formation). Therefore, it seems that E93 is 

acting earlier (and has a broader impact on the zygotic genome 

activation) than Zelda during B. germanica embryogenesis.  

Comparing the expression patterns of E93 and zelda in different 

insects, we have found that in hemimetabolan insects E93 has a 

peak of expression in early embryogenesis (not only in B. 

germanica but also in Cloeon dipterum and Nilaparvata lugens) 

whereas in the holometabolan insects that we examined (T. 

castaneum and D. melanogaster), E93 is practically not expressed 

during embryogenesis. Moreover, in hemimetabolan insects zelda 

shows a specific expression pattern, concentrated in the early 

embryogenesis, while in holometabolan insects, zelda is expressed 

during the whole embryogenesis. This suggests that two chromatin 
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accessibility regulators operate at the beginning of embryogenesis 

in hemimetabolans: E93 and Zelda. Both would act as pioneer 

factors, regulating chromatin accessibility in the whole embryo, but 

whereas E93 might have a broader action, implementing the genetic 

program that drives the formation of an adultiform nymph, Zelda 

would have a more specialized function in the formation and 

elongation of the abdomen.  

 

Interestingly, depletion of E93 in B. germanica prevented the 

expression decline of zelda that normally occurs at ED2. Moreover, 

E93 stimulates the expression of miR-309 miRNAs, which 

contribute to remove maternal transcripts during the MZT, as 

demonstrated in D. melanogaster (Bushati et al. 2008). These data 

and the observation that zelda mRNA contains functional binding 

sites for miR-309 miRNAs, strongly suggest that E93 produced in 

early oogenesis contributes to shape the peak of zelda expression. 

Thus, E93 becomes the key factor that regulates zelda temporal 

expression, and this appears to be a feature characteristic of the 

hemimetabolan embryo.  

 

4.4. DNA methylation, Zelda and E93, and the evolution 

of holometaboly 
 

The evolutionary transition from hemimetaboly to holometaboly 

involves the transformation of a type of embryogenesis that gives 

rise to a nymph, which has adult features, to an embryogenesis that 

gives rise to a larva, with features very different from those of an 

adult, which in very derived species takes a vermiform shape. In 
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other words, during hemimetabolan embryogenesis a genetic 

program is installed that leads to the development of a nymph, 

while in holometabolan a larval genetic program is implemented. 

 

Therefore, the emergence of holometaboly would entail a kind of 

replacement (or modification) of the nymphal genetic program by a 

larval genetic one. The comparative genomic data in both types of 

embryogenesis (for example, those of Ylla et al., 2018) suggest at 

least three genes that change significantly from the hemimetabolan 

type of embryogenesis to the holometabolan: DNMT1, zelda and 

E93. DNMT1 expression is reduced in holometabolan 

embryogenesis, even the gene can disappear in the most derived 

species. The expression of zelda widens, from only the beginning of 

embryogenesis in the hemimetabolan to all embryogenesis in the 

holometabolan species. Finally, the expression of E93 is 

dramatically reduced in the holometabolan embryo, until being 

practically undetectable. 

 

Certainly, other genes must involve in the hemimetabolan to 

holometabolan embryogenesis transformation. This is shown by the 

large number of genes that are differentially expressed in both types 

of metamorphosis (see, for example, Ylla et al., 2018). But the three 

genes mentioned may have an especially relevant role, especially 

due to their modulatory properties of chromatin, which can have 

effects on a broad genomic scale. Of these, E93 seems especially 

interesting, since it is an adult specifying factor in the post-

embryonic development of hemimetabolan and holometabolan 
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species (Ureña et al., 2014). It is plausible, then, that this adult 

specifying role is beginning to be exercised in the embryogenesis of 

the hemimetabolan. 

 

 

 
 

 

 

 

 

Figure 4.2 summarizes the changes in the three genes studied, 

which would be involved in the evolutionary transition from 

hemimetabolan to holometabolan embryogenesis. The loss of DNA 

methylation in holometabolan embryos, or even the loss of DNMT1 

in the derived holometabolan D. melanogaster, suggest that 

holometabolan embryos found alternative mechanisms to enhance 

the expression of metabolic genes and to reduce transcriptional 

noise. The expression of E93 would have been lost in the transition 

to holometaboly, with the consequent total or partial loss of the 

Figure 4.2. Factors studied in the present work, and changes in the 

ancestrally hemimetabolan embryo that would have facilitated the 

transition towards the formation of a holometabolan embryo. 

Hemimetabolan embryo is represented with Blattella germanica late embryo, 

and holometabolan embryo is represented with Drosophila melanogaster late 

embryo. 
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genetic program of the adult-shaped nymph. In return, zelda would 

have expanded the time frame of its expression, whereas their 

chromatin modulating functions would have contributed to 

implement the larval genetic program. 

 

It is clear that this is a simplistic and speculative scenario, in which 

many other players and interactions are missing. However, it can be 

the beginning of new reflections on the never-ending theme of the 

evolution of metamorphosis. 
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5. CONCLUSIONS 
 

From the results obtained, the following ten conclusions can be 

inferred. All of them refer to the German cockroach, Blattella 

germanica (Insecta, Polyneoptera, Blattodea), unless specifically 

indicated. 

 

1. Depletion of DNMT1 resulted in a reduction of DNA methylation 

levels in the genome and impaired embryo development. This 

indicates that DNMT1 promotes DNA methylation in B. germanica, 

as observed in other insect species, and that this DNA methylation 

is necessary for proper embryo development. 

 

2. Methylated genes showed higher levels of expression than 

unmethylated genes and GO enrichment analyses revealed that 

methylated genes are involved in metabolic processes, while 

unmethylated genes are more related with signaling pathways. This 

indicates that DNA methylation influences the level of expression 

of the genes, maintaining highly expressed those genes with 

housekeeping functions, as shown in other insect species. 

 

3. High levels of DNA methylation correlated with low expression 

variability, both between biological replicates and between different 

developmental stages. This supports the hypothesis positing that 

DNA methylation in gene regions reduces transcriptional noise as 

previously suggested by authors working on human tissues. 
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4. zelda depletion impaired embryo development mainly involving 

different degrees of abdomen malformation. This indicates that 

Zelda is required for proper embryogenesis, in particular regarding 

the formation and elongation of the abdomen. 

 

5. Expression of early zygotic genes and miR-309 miRNAs was 

downregulated in Zelda depleted embryos. These observations 

indicate that Zelda induces the activation of the zygotic genome, 

including the production of miR-309 miRNAs in the maternal-to-

zygotic transition (MZT) context. 

 

6. In B. germanica zelda expression concentrates in early 

embryogenesis, during the MZT, whereas in D. melanogaster and 

T. casteneum it continues beyond MZT. This suggests that the 

mechanisms regulating zelda temporal expression is different in 

hemimetabolan and holometabolan species, and that the narrow 

peak of zelda at the beginning of embryogenesis of B. germanica 

may be associated with the formation of the adultoid nymph, 

whereas its extension in holometabolan species may be associated 

with the formation of a derived larva. 

 

7. Depletion of E93 impaired embryo development before germ 

band formation and triggered a number of malformations in 

embryos that passed that stage, including the formation of 

individuals with a vermiform shape. The whole data suggests that 

E93 is crucial for the germ band formation of the adult-shaped 

nymph.  
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8. E93 depleted embryos showed early zygotic genes and miR-309 

miRNAs downregulated. This indicates that E93 activates the 

zygotic genome, including the production of miR-309 miRNAs, 

thus having a key role in the MZT.  

 

9. The RNAi experiments showed that E93 contributes to the 

increase of miR-309 miRNA levels and to the decline of zelda 

expression in early embryogenesis. Moreover, luciferase assays 

demonstrated that zelda mRNA contains functional miR-309a target 

sites. These evidences suggest that E93 indirectly downregulates 

zelda expression by enhancing the production of miR-309a. 

 

10. E93 is consistently expressed in early embryogenesis of B. 

germanica, which is not the case in Drosophila melanogaster. The 

data available in other species suggest that this could be general in 

hemimetabolans and holometabolans, respectively. If E93 

determines the nymphal genetic program in the hemimetabolan 

embryo, it could be that the loss of expression of this gene in the 

holometabolan embryo has facilitated the implementation of a larval 

genetic program, and the evolution of holometaboly. 
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