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Abstract

The evolutionary success of insects was particularly shaped by the
innovation of the metamorphosis, especially by the transition from
hemimetaboly to holometaboly. The mechanisms underlying this
evolutionary transition represent an unsolved question, although
different approaches have been used to study them. In the present
thesis we followed a transcriptomic approach, comparing data on
mRNA and miRNA expression in key developmental moments,
comprising embryonic and postembryonic stages, in species
representing the hemimetabolan and holometabolan modes. Most of
the work has been carried out in the hemimetabolan species
Blattella germanica, but we have used also other reference species
for comparison, especially the holometabolan Drosophila
melanogaster and Tribolium castaneum. The results show that there
are not qualitative gene differences between holometabolan and
hemimetabolan species, but differences in patterns of expression
and potential networking of orthologous genes. Transcription
factors, epigenetic modifiers, and miRNAs appear as important

players in both developmental modes.
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Resum

L'éxit evolutiu dels insectes ha estat marcat per la innovacié de la
metamorfosi 1, en especial, per la transicié de la metamorfosi
hemimetabola a holometabola. Els mecanismes subjacents en
aquesta transicié evolutiva representen una qiiestié no resolta. Per
tal d'estudiar aquesta transicid, en aquesta tesi hem utilitzat un
enfocament transcriptomic comparant dades de mRNA 1 miRNA en
estadis clau del desenvolupament, incloent-hi estadis embrionaris i
post embrionaris en especies representatives de metamorfosis
hemimetabola i holometabola. La major part dels analisis s'han
centrat en 'hemimetabol Blattella germanica, tot 1 que s'han utilitzat
dades d'altres espeécies com a contrast, especialment dels
holometabols Drosophila melanogaster i Tribolium castaneum. Els
resultats mostren que no hi ha diferéncies qualitatives en relacio a
gens dels hemimetabols 1 holometabols, en canvi les principals
diferéncies consisteixen en els diferents perfils d'expressié de gens
comuns i la seva xarxa de d'interacci6. Els factors de transcripcid,
els modificadors epigenetics i els miRNAs emergeixen com a
principals protagonistes dels mecanismes reguladors en ambdés

models de desenvolupament.
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Preface

Discovering the genetic mechanisms that triggered the origin and
evolution of insect metamorphosis is the ambitious aim of the Bellés
lab, while the objective of the Piulachs lab is to discover and
understand the different reproductive strategies that insects adopted
along evolution. Therefore, the general approach followed in this
thesis is to gather a robust information on this subject in a
phylogenetically basal insect (the German cockroach, Blattella
germanica is the model used in the laboratory), which shows a
gradual, hemimetabolan mode of metamorphosis, and compare this
data with equivalent information available in phylogenetically distal
species, showing a complete, holometabolan metamorphosis mode,
which has been thoroughly studied (for example, the fly Drosophila
melanogaster). In this context, the objective of the present thesis has
been to add new light on the mechanisms that control insect
metamorphosis and evolution following the approach of the
comparative analysis of “omics” data in B. germanica and in other
insect species. The starting point has been the analysis of twenty-
two transcriptomes covering the most significant transitions in the
ontogeny of B. germanica. In parallel, equivalent libraries of small
RNAs were also prepared and analyzed, in order to study the
microRNAs operating in each transition. The results of these
analyses, and the comparison with equivalent data available in D.
melanogaster and, occasionally, in the beetle Tribolium castaneum,

constitute the essential basis of our work.
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Introduction

1. INTRODUCTION

“... From so simple a beginning endless forms most beautitul

and most wonderful have been, and are being, evolved.”
- Charles Darwin

With more than 1 million described species, insects represent about
90% of the total number of animal species (Grimaldi et al. 2005).
Insects are one of the most diverse lineages on Earth in the number
of species and morphological variety, which allowed them to
colonize most of the terrestrial ecosystems (Engel et al. 2004). The

long evolution of insects explains, in part, their success.

1.1. Insect evolution

According to recent phylogenetic studies (Misof et al. 2014), insects
originated in the Early Ordovician period (Figure 1), around ~479
million years ago (Mya), although the first insect fossils available
date from the Early Devonian (~412 Mya). It is believed that insects
were among the first animals to colonize terrestrial and fresh water
ecosystems, the first animals to fly and also the first ones to develop

social behavior (Grimaldi et al. 2005).

Although some small branches of the insects phylogeny are still
not well resolved, the evolutionary relationships between the main
insect orders are well established and supported. Insect orders show
an increase in organism complexity from the less modified

Palaeoptera, to Polyneoptera, and Paraneoptera, until to the more
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modified and diverse Endopterygota (Grimaldi et al. 2005).

With the origin of Endopterygota (which emerged ~345 Mya)
occurred the most dramatic expansion of species and genera. This
expansion was accompanied by the emergence of a new kind of
metamorphosis, namely holometabolan metamorphosis. As a
consequence of Endopterygota expansion, most insect species (ca.
83%) follow the holometabolan type of metamorphosis, exhibiting a
spectacular range of morphologies and lifestyles. Hence, explaining
how holometabolan metamorphosis originated is equivalent to

explain how most of the present insect diversity emerged.

1.2. Insect metamorphosis. The transition from
juvenile stages to the adult

Insect metamorphosis has fascinated humans from all civilizations
across the centuries as can be observed in ancient art and
manuscripts. In the ancient Egypt, insect metamorphosis was
considered a representation of resurrection, and scarabs were
represented in Pharaohs’ tombs. Aristotle, in the ancient Greece,
wrote that the “caterpillar is nothing more than a soft egg”, thus

hypothesizing that the larva is still part of the embryogenesis.

Darwin also wrote about insects’ metamorphosis in his book
“The Voyage of the Beagle” highlighting that in those times, insect
metamorphosis was considered a kind of witchcraft in some

cultures.

Modern science, from the 19th century onwards, left behind part
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Figure 1: Phylogenetic tree of insects modified from Misof et al. (2014). The
Blattodea branch, which contains Blattella germanica, is highlighted in red and
the monophyletic origin of holometabolan metamorphosis is indicated with a
blue arrow.
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of the mystery associated with the insects metamorphosis.
Nowadays, the general regulatory elements of insect
metamorphosis, especially the hormonal factors, have been
elucidated. Nevertheless, how the metamorphosis is regulated at a

gene expression level is not yet fully understood.

Around 90% of the presently living insect species show some
kind of metamorphosis along postembryonic development. The
metamorphosis, from the Greek “transformation”, refers to a
biological process in which an animal changes its body form.
Depending on the degree of abruptness of the changes, insect

metamorphosis has been classified into three types (Figure 2):

a) Ametabolan, by which the changes of body morphology
are practically nonexistent, and adults and juvenile stages
differ only on size, and on minor details, like the genitalia
present in the adult. The adult continues molting after

acquiring the reproductive capabilities.

b) Hemimetabolan, by which the juvenile stages, or nymphs,
and the adult differ not only in size but also in few but
significant morphological characters, like the presence of
fully developed wings and genitalia in the adult. The adult,

once formed after metamorphosis, does not molt anymore.

c¢) Holometabolan, which has 3 different stages with
completely different morphology, such as larvae, pupa and
adult. The larva shows a morphology very different from

that of the adult and requires the intermediate pupal stage to
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bridge the transition to the adult. The adult, once formed

after metamorphosis, do not molt anymore.

From an endocrinological point of view, two main hormones
regulate insect metamorphosis. From one side, the 20-
hydroxyecdysone (Ecd) is responsible for promoting the successive
molts of the insect life cycle. While the Ecd peak occurs in presence
of Juvenile hormone (JH), the molt results in another juvenile stage,
but when Ecd secretion occurs without the presence of JH, the
insect molts to the adult form. Therefore, Ecd and JH can be

considered as key endocrine regulators of metamorphosis.

W\WW\W}WW S \m

Ametabolan mode (Example: Archaeognatha)

= aa A §

Holometabolan mode (Example: Raphidoptera)

Figure 2: The main types of insect metamorphosis, ametabolan, hemimetabolan
and holometabolan. Quiescent stage of holometabolan is framed in green. Adult,
reproductively competent stages are showed in a red square. In the ametabolans,

the red square is open because the adult continues molting. Modified from Belles
(2011).
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1.3. Insect embryo development

The embryo development of hemimetabolan insects results in a
nymphal morphology, which already exhibits the essential adult
body structure although some organs, such as wings and sexual
organs, will not be developed until the adult stage. In contrast,
holometabolan embryogenesis results in a larval morphology,
usually vermiform, thus dramatically divergent from the adult body
structure. Due to these differences in the output of embryogenesis in
both metamorphosis types, we focused part of our analyses on the

embryo development.

The oocytes developed by the adult female contain a single copy
of the haploid genome plus nutrients and other molecules needed
for embryo development. Especially important among these
molecules are the maternal mRNAs, which are crucial to start the

development of the embryo in their most early stages.

The egg fertilization occurs when the spermatozoon nucleus
fuse with the oocyte nucleus resulting in a diploid cell. Then, the
first important process that proceeds is the so-called maternal to
zygotic transition (MZT). The MZT is characterized by the
depletion of the maternal mRNAs and the transcription activation of

the zygotic genome (Schier 2007; Tadros et al. 2009).

Regarding the MZT, the main factors involved in maternal
mRNA degradation in insects are the protein Smaug and the
miRNAs belonging to the Mir-309 family (Bushati et al. 2008;
Chen et al. 2014). By contrast, the protein Zelda (also known as

Vielfaltig), has been shown to play a crucial role in the activation of
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the zygotic genome in Drosophila melanogaster (Schulz et al. 2015;

Foo et al. 2014; Sun et al. 2015; Nien et al. 2011; Laver et al. 2015).

After the MZT, the orientation of the embryo is defined on a
three-dimensional space where the segmentation pattern is
determined. The entire process, from egg polarity to embryo
segmentation, is determined by the successive expression of gap
genes, pair-rule genes and segmentation genes. During this cascade
of gene expression, the germ-band is defined and the body segments
are determined. In the case of insects, there are two different kinds
of germ-band (Liu et al. 2005): long and short germ-band (Figure
3).

Short germ-band development is typical of basal insects, such as
locusts and cockroaches, whereas more derived species like most
holometabolan insects predominantly follow the long germ-band
development (Peel et al. 2005). The differences between these two
developmental extremes are caused by a different expression of the
patterning genes (Liu et al. 2005; Lynch et al. 2012). Long germ-
band insects, such as the fruit fly D. melanogaster form the body
segments simultaneously at the blastoderm stage, i.e., before
gastrulation. In contrast, short germ-band species start gastrulation
with just head and thoracic segments, and perhaps a few abdominal
segments, and then progressively add new abdominal segments
from a growth zone located at the distal end of the embryo
(Chipman 2015).
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A) B)
Long germ-band Short germ-band

Head

Thorax Abdomen Head Thorax

Anterior <«——— Posterior

Figure 3: Germ-band types in insects. A) Long germ-band, which occupies all
the oocyte length and all the segments are formed simultaneously at the
blastoderm stage. B) short germ-band, which is formed on one extreme of the
egg and constitutes the head and the thoracic segments; in addition, in the distal
part of the germ-band successive abdominal segments will be formed from a
growth zone. Image modified from Kimelman and Martin (2012).

After the germ-band formation, segmentation and eventually
abdomen elongation, the body plan of the embryo is basically
established. Then, the Hox genes are the main specifiers of the
specific body structure (Hrycaj et al. 2016; Averof et al. 1995). Hox
genes constitute a family that contains eight genes coding for
homeobox-domain transcription factors. These genes usually cluster
together in the insects genomes, and this synteny is conserved
across distant species, such as insects and mammals, although the
later have four copies of the Hox genes cluster, whereas insects have
only one (Pace et al. 2016). The identity of the different segments is
defined by a differential expression gradient of each Hox gene along
the embryo. Interestingly, this mechanism for providing the segment
identity through an expression gradient of Hox genes is also

conserved across distant species (Figure 4).
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Drosophila

Ancestral Ancestral Ancestral
Gene Gene Gene

Chromosame 3

Antennapedia complex bithorax complex

Mouse and Human
HoxA, Chromosome 6

+

HoxB, Chromosome 11

HoxC, Chromosome 15

HoxD, Chromosome 2

| -

Paralogues  Paralogues Paralogues

Figure 4: The Hox gene family synteny on chromosome 3 of Drosophila
melanogaster and the segments where each Hox gene is expressed. The same
Hox genes are conserved on mammals, which had four duplications of the Hox
cluster. In both cases, each Hox gene is expressed on a delimited region of the
embryo giving its identity to this region. Image modified from Pang and
Thompson (2011).

1.4. Insects as experimental models in
developmental studies

The use of animals for experimental purposes has been documented
since the ancient Greece. Among the first reports of experiments
with living animals there are those of Aristotle (384-322 BC) and
Erasistratus (304-258 BC) (Fox et al. 2015). However, it was not
until the 18th and 19th centuries when animals became a common
model for experimentation. In particular, the use of insects as
experimental models became popular after Thomas Hunt Morgan's

(1866-1945) works with D. melanogaster in his famous Fly Room.
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1.4.1. Drosophila melanogaster

Thomas Hunt Morgan, awarded with the Nobel prize in 1933, used
the fruit fly D. melanogaster to study the heritability of phenotypic
traits. He was a pioneer in describing the heritable units, afterward
named chromosomes, and with this finding he set the first milestone

of modern genetics.

Since then, D. melanogaster became the model par excellence
for most of the genetic studies. Hence, nowadays we have a deep
understanding of D. melanogaster life cycle and embryo
development. The knowledge of the genetics and genomics of D.
melanogaster is extensive, especially since its genome was
sequenced and published in 2000 (Adams et al. 2000). The
sequencing of the D. melanogaster genome represented the first
available insect genome, and since that moment the amount of high-
throughput sequencing (HTS) data has become almost
overwhelming. For example, the modEncode project (Celniker et al.
2009) has already produced more than 1,400 HTS datasets on
different Drosophila species, with the objective of identifying all of
the sequence-based functional elements of different species of this

fly genus.

D. melanogaster is an endopterygote insect that follows the
holometaboloan mode of metamorphosis, and has a relatively short
life cycle. Embryo development takes around 24 hours, counting
from egg fertilization until larva hatching, at 25°C. The larva molts
2 times during the next 8 days, thus having 3 larval stages before the

pupal stage. The pupal stage lasts around 6 days, during which the

10
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adult insect is formed. Finally, the adult fly emerges from the pupa
exhibiting all the typically adult morphological characters, such as

wings, compound eyes and genitalia.

1.4.2. Tribolium castaneum

The red flour beetle Tribolium castaneum, a worldwide pest of
stored products (Griinwald et al. 2013), had been largely used as a
representative model of the large insect order of Coleoptera (Wang

et al. 2007).

The T. castaneum genome sequence was published in 2008
(Richards et al. 2008). The genome sequences and the gene
annotations were hosted by the BeetleBase (Wang et al. 2007),
which later became a centralized database for different kinds of

sequencing data of T. castaneum (Kim et al. 2010).

An interesting feature of 7. castaneum is that the embryo
follows short germ-band development, although the species presents
the holometabolan mode of metamorphosis. Even though the long
germ-band emerged earlier than the holometabolan metamorphosis,
and most of the holometabolans undergo the long germ-band
embryogenesis, some coleopterans like 7. castaneum, are short
germ-band. This feature made the 7. castaneum the model of choice
of several researchers for studying the evolution of embryo

development in insects.

At ~27°C, the embryo of T. castaneum develops during 5 days

until it hatches as a first instar larva. The larval life lasts for ca. 27

11
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days and involve between 6 and 7 molts. Then the larva transforms
into a pupa and remain in this stage for 5 days, until the imaginal

molt.

1.4.3. Blattella germanica

In contrast with holometabolan insects, there is much less data and
studies based on hemimetabolan insects. Among them, the German
cockroach Blattella germanica is one of the most well studied at a
molecular level, in a great measure owing to the work carried out in

the laboratory since the 1980's.

Publicly available data about B. germanica was composed by a
dozen of RNA sequencing datasets obtained in the laboratory in the
recent years (Ylla et al. 2015; Cristino et al. 2011; Rubio et al.
2012). Fortunately, since 2016 we had access to the first assembly
of the B. germanica genome in which we have later collaborated in

the annotation process (Harrison et al. 2017; see Appendix 2).

The Blattodea order, the cockroaches, is composed by more than
4,500 described species living in a wide range of environments
(Beccaloni et al. 2013). From fossils and amber inclusions, we
know that cockroaches have remained practically unchanged
morphologically for hundreds of millions of years. Considering that
the morphology is a partial reflection of the genome, we can assume
that, genetically, the cockroach genome has not significantly
changed for millions of years. Thus, Blattodea species are usually
defined as “basal” or close to “ancestral” insects and can be used as

baseline for insect evolutionary studies. As an ancestral model,

12
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cockroaches kept both basal metamorphosis (hemimetabolan) and

basal germ-band (short).

For all the given reasons, it is important to increase knowledge
about B. germanica, which has been, consequently, the main model

insect used in this thesis.

1.4.4. Termites

Termites also belong to the Blattodea order and are closely related
with cockroaches and, thus, with B. germanica. In spite of their
close phylogenetic distance, as cockroaches and termites diverged
150 Mya (Bourguignon et al. 2015; Legendre et al. 2015), termites
exhibit a dramatically derived life story and behavior. While
cockroaches are solitary or simply gregarious, termites have
developed a complex social organization, including the production

of individuals belonging to morphologically different castes.

Regarding termite genomes, in 2014 those of two different
species were released. These are the genomes of the Zootermopsis
nevadensis (Terrapon et al. 2014) and Macrotermes natalensis
(Poulsen et al. 2014).

1.4.5. Other relevant insect models

In the context of our analyses we used genomic and transcriptomic
data of other insect models, which will sporadically appear in

different sections of the present thesis.

13
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One of these insects, which has been thoroughly studied due to
its economic potential, is the silkworm Bombyx mori. This
holometabolan species was domesticated in ancient times and more
recently has been genetically selected for improving silk production.
The sequencing of the B. mori genome by two independent research
groups in 2004 (Mita et al. 2004; Xia et al. 2004), represented the
first published lepidopteran genome. Later, in 2008, both groups
collaborated and merged their genomic data for releasing and
improved assembly and annotation of the genome (The

International Silkworm Genome 2008).

Another holometabolan insect, the honey bee Apis mellifera,
has been widely studied for its role on crop pollination and honey
production, as well as for studying eusociality in holometabolan
insects. Its genome was sequenced in 2006 (Honeybee Genome
Sequencing Consortium 2006), and additional HTS datasets are
publicly available for this insect, including extensive data on
miRNAs (Macedo et al. 2016).

Regarding the hemimetabolan species, in addition to B.
germanica, other relevant insects species are the locust Locusta
migratoria, with a large genome (6.5 Gb) published in 2014 (Wang
et al. 2014), and the pea aphid Acyrtosiphon pisum with the genome
available since 2010 (International Aphid Genomics Consortium
2010). These two insects are dangerous threads for crop production,

and thus, have usually been studied in the context of pest control.

14
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1.5. The “omics” data era

We are currently immersed in the so called “omics era”, based on
managing quantitative data related to the genome and their products.
Thus, it is the era of genomics, transcriptomics, epigenomics,
integromics, etc. After the publication of the first human genome in
2001 (Venter et al. 2001; Lander et al. 2001), the sequencing
methodologies experienced a revolution with the release of the
“High-Throughput Sequencing” (HTS) technologies (Metzker
2010). Among other things, these technologies dramatically
decreased the price and timing of sequencing DNA and RNA
molecules. Never before had been so effortless to obtain so much
data from biological systems; the challenge now is to make sense

out of so much data (Sboner et al. 2011).

1.5.1. Genomics

Consequently, thousands of genomes from different animal and
plant species are being released from international projects such as
1,000 human genomes projects (Auton et al. 2015), the 5,000
arthropod genomes project (aka i5k) (I5K-Consortium 2013) or the
1,000 plant genomes project (1KP) (https://sites.google.com/a/
ualberta.ca/onekp).

With regard to insects, and as stated above, the first sequenced
genome was that of D. melanogaster in 2000 (Adams et al. 2000).
After that, insect genomes were slowly being sequenced (Figure 5).

Then, in 2013, the i5K genome project, accelerated the release of
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new insect genomes and consequently, at the end of 2016 there were

already 138 insect genomes available (Yin et al. 2016).

Among the first genome drafts released by the 15K was that of

B. germanica. We have actively participated in the B. germanica

genome annotation consortium, which annotated this genome and

that of the termite Cryptotermes secundus, which allowed the

comparative genomics analysis between non-social cockroaches and

eusocial termites. This collaboration resulted in the manuscript

included in this thesis as Appendix 2 (Harrison et al. 2017), which is

currently under revision, and available from the preprint server

bioRxiv.
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Figure 5: Chronology of the published insect genomes that are relevant for this

thesis, since the first insect genome in 2000.
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1.5.2. Transcriptomics

The word transcriptomic, refers to the study of the molecules
transcribed from DNA, namely RNA. RNA molecules can also be
sequenced taking advantage of the HTS technologies. There are
especial databases and consortia producing and storing RNA
sequencing data (RNA-seq). In the case of insects, the most relevant
is the modEncode project (Celniker et al. 2009), which focuses on
transcriptomics of different Drosophila species. In addition, the
transcriptomic data repository “gene expression omnibus” (Edgar et
al. 2002) contains RNA-seq data from different species, including a

number of insects, uploaded by different laboratories.

In this context, data on hemimetabolan insects is scarce.
Considering this unbalance, we obtained and analyzed different
kinds of transcriptomic data from our model organism, B.
germanica, during the work of the present thesis. These data,
compared to those available in holometabolan species, gave us a
number of clues on the evolution of gene expression regulation in

insects.

The two kinds of data used in this thesis are mRNA and small
RNA sequencing data. The mRNA data contains quantitative
information about the product of coding genes. This is achieved by
selecting the RNAs that contain a Poly-A tail prior to the
sequencing step. The libraries of small RNAs are obtained by
sequencing the RNA fraction containing molecules shorter than 50
nucleotides. This fraction of small RNAs contains regulators of

gene expression, such as microRNAs and Piwi-interacting RNAs.
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1.6. Gene expression regulatory networks

Comparative genomics has been useful to define phylogenetic
relationships among species (Misof et al. 2014), however, it is not
so efficient to explain phenotypic variation between close-related
species. Even at a species level, genomic analysis cannot fully
explain how a single genome produces a diversity of cell types,
tissues and organs. In the case of holometabolan species, a single
genome contains the information for producing extremely different

body morphologies.

Phenotypic differences cannot be explained only on the basis of
genomic information because the different ways that cells interpret
the genomic information. The first level of “genomic interpretation”
consists in the gene expression control. Each cell type expresses a
particular set of genes, and modulate their expression in a specific

way during development, thus producing a specialized cell type.

A precise regulation of gene expression is essential for the
viability of any living organism. Therefore, a number of elements
control gene expression at different levels. In the end, these
regulatory elements ensure that the exact amounts of the gene

products (proteins) are produced, thus determining the phenotype.

The integration of the different elements involved in the
regulation of gene expression are commonly called gene regulatory
networks (GRNs). Theoretically, it is possible to integrate all
possible regulatory elements in a computational GRN model and
simulate the functioning of a living cell or even a complete

organism. However, nowadays we are still far from this possibility
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as our knowledge of the regulatory elements and their precise
mechanisms is still limited. Nevertheless, taking advantage of the
expansion of the “omics” data, we can start to reconstruct simple
GRNs that might help to understand the associated specific
phenotypes.

In the context of this thesis, we focus on the following

regulatory elements.

1.6.1. Transcription factors

Transcription factors (TFs) are proteins characterized by their
function as necessary elements for gene transcription. TFs bind to
the promoter region of target genes and recruit the necessary
elements for its expression. Consequently, TFs must have at least
one domain that can recognize and bind DNA (de Mendoza et al.
2013). Depending on this domain, the TF recognizes a more or less
specific DNA sequence, which will determine the genes that can be

regulated by it.

In a previous work, we unveiled the importance of TFs on the
tergal gland morphogenesis (Ylla et al. 2015) (included in this thesis
as Appendix 1) which suggested that they might be also important
in the regulation of metamorphosis. Therefore, in this thesis we

have intensively analyzed the evolution and expression of Tfs.
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1.6.2. microRNAs

Since its discovery in 1993 (Lee et al. 1993; Wightman et al. 1993),
microRNAs (miRNAs) have emerged as key regulators of gene
expression at post-transcriptional level. miRNAs consists in a single
strand RNA of 22-26 nucleotides resulting from the miRNA
biogenesis pathway (Figure 6).

The functional, mature miRNA is loaded into the RISC complex
and serves as a template for identifying a partially complementary
sequence in the target mRNA. The miRNA-RISC complex binds the

target mRNA and blocks their translation into protein.
b:%‘inﬁ) | miRNA duplex
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Figure 6: Scheme of the miRNA biogenesis process from Belles et al. 2012. The
miRNA gene is transcribed in the nucleus as a miRNA primary transcript (pri-
miRNA). Then, the pri-miRNA is processed by Drosha and Pasha enzymes
producing the precursor miRNA (pre-miRNA). The pre-miRNA is then exported
to the cytoplasm, where it is recognized by Dicer — in insects by Dicer-1 — which
gives the mature 22-26 double stranded RNA sequence, which is then loaded to
the RISC complex. The RISC complex will retain one of the two RNA strands
(the functional, mature miRNA).
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1.6.3. Epigenetic factors

Epigenetic modifications are heritable changes on the genetic
material that do not directly alter the DNA nucleotide sequence.
They form an additional regulatory layer of gene expression, usually
acting by exposing or protecting particular DNA stretches for the
accessibility of TFs. Epigenetic factors can directly affect the DNA
strand, such as the DNA methylators, or affect chromatin elements,

like histone modifiers.

DNA methylation is one of the most studied epigenetic
processes in animals. It consists on adding methyl groups at the
cytosine bases of the DNA, especially, on cytosines followed by
guanines, what is known as “CpG” regions. In mammals,
methylation has been associated with several biological functions,

especially during embryogenesis (Cedar et al. 2012).

In insects, the role of DNA methylation is unclear. It has been
reported that DNA methylation may play a role in cast
differentiation in eusocial insects (Elango et al. 2009; Bewick et al.
2016). Herein, we show that that DNA methylation may also play
an important roles on the regulation of gene expression in very early

embryo stages.
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2. OBJECTIVES

In the context of the antecedents mentioned in the Introduction, the

following specific objectives were designed for the present thesis.

1. The first was to identify the complete catalog of miRNAs in
Blattella germanica. Then, it could be used as a reference for
studying the miRNAs across other insect lineages and derive

evolutionary inferences.

2. After the first step of miRNA identification, the next goal
planned was to analyze their expression along development of B.
germanica, using 22 small RNA libraries that cover the entire
ontogeny, in order to have information about their possible roles in
the different stages of development. In addition, comparing the
miRNA expression profiles in different insect species would help to
explain the mechanisms accounting for the phenotypic differences

found in these species.

3. At the same stages from which we obtained the libraries of
small RNAs, we planned to obtain mRNA libraries. The objective
was to study the expression of coding genes along the development
of B. germanica, using the 22 mRNA libraries that cover the entire
ontogeny. This would allow comparing the expression of coding

genes along the development in our hemimetabolan model with
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equivalent publicly available data from holometabolan models. The
idea was to find differences in patterns of gene expression that could
explain the developmental differences showed by the two
metamorphosis modes, not only in postembryonic stages, but also

during embryogenesis.
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Results

3. RESULTS

The Results chapter of this thesis is composed by three sections,
each section corresponding to a scientific article resulting from the
research carried out during the doctoral thesis work. Therefore, this
thesis contains three scientific articles that the PhD candidate signs
as the first author, two of them already published in scientific
journals (Scientific Reports and BMC Genomics) while the third

one has recently been submitted for publication.

The three articles appear in chronological order of publication.
This order should allow the reader to follow and understand the
storyline of the thesis. In brief, the story starts with the
identification of the Blattella germanica miRNAs which led to an
analysis of miRNA evolution across insect lineages. This was
followed by the study of miRNA expression along the development
of B. germanica, and the comparison of the miRNA expression in
comparable stages of other insect models. Subsequently, we focused
on the effectors of the miRNAs, that is, the mRNAs. In this context,
we studied the expression of coding genes along the ontogeny of
two insects with different metamorphosis modes: the
hemimetabolan B. germanica and the holometabolan Drosophila

melanogaster.
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3.1. The microRNA toolkit of insects

Previous studies reported the importance of miRNAs in the
metamorphosis of B. germanica (Lozano et al. 2015). In this
article, we took advantage of the B. germanica genome and
small RNA-seq data for annotating the miRNA complement
of B. germanica. Then, we used this miRNA complement as a
baseline for studying the miRNA evolution across the insect

lineages.

In the context of this article, we achieved three major goals;
1) We obtained a high-quality annotation of the B. germanica
miRNAs. 2) We developed a bioinformatic tool, the mirPlot
software, which was later applied to re-annotate the miRNA
complement of 6 other insects. 3) We inferred the
evolutionary history of miRNAs in insects, which show low

rates of gains and losses of miRNA families.
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The developmental miRNA expression

3.2. Comparative analysis of miRNA expression
during the development of insects of different
metamorphosis modes and germ-band types

In the previous section, we defined the conserved miRNA
toolkit of insects. We found that major transitions in insect
evolution were not accompanied by dramatic gains/looses of
miRNAs. The next goal was to study whether the expression
pattern of miRNAs along the embryonic and postembryonic
development could contribute to determine the type of

embryogenesis, and the mode of metamorphosis.

In this article, we analyzed the miRNA expression along the
Blattella germanica development, paying special attention to
embryonic stages. In addition, in order to unveil possible
functions related with the germ-band definition and insect
metamorphosis, we compared our data on B. germanica with
public data from other insect models with different
developmental features. These models were Tribolium
castaneum, a holometabolan insect that undergoes the short
germ-band embryogenesis, and two different Drosophila
species, Drosophila melanogaster and Drosophila virilis, also
holometabolan but with a long germ-band embryo

development.
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Comparative transcriptomics: hemimetaboly vs holometaboly

3.3. Clues on the evolution of metamorphosis
revealed by comparative transcriptomics of
hemimetabolan and holometabolan insects

The following section corresponds to an article recently
submitted for publication in a scientific journal. In this
article, we analyze mRNA-seq data from the same eleven
stages of Blattella germanica where we collected small
RNA-seq data on the previous work and that cover the

entire ontogeny.

We analyzed the developmental transcriptome of the
hemimetabolan B. germanica, which was compared with
that of the holometabolan Drosophila melanogaster. We
found categorical differences in the expression of a number
of genes acting in the maternal to zygotic transition, in the
first steps of embryo patterning, in the formation of the
nymphal or larval body structures during embryogenesis,

and in postembryonic stages.
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Clues about the evolution of insect
metamorphosis revealed by comparative
transcriptomics of hemimetabolan and
holometabolan species
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Abstract

We obtained and sequenced 22 transcriptomes covering 11 key
stages of the ontogeny of the cockroach Blattella germanica, a
hemimetabolan model, and compared them with an equivalent
transcriptomic set from Drosophila melanogaster, a holometabolan
model. The analysis revealed the following important differences
between the two species. In B. germanica the most diverse changes
in gene expression occur during embryogenesis, whereas D.
melanogaster maintains a similar level of changes throughout its
ontogeny. In B. germanica, Smaug and Zelda are acutely expressed
in the maternal to zygotic transition, whereas in D. melanogaster
they maintain high expression during all embryogenesis. DNA
methylation appears to operate in B. germanica embryonic
development, but not in D. melanogaster. The expression of gap,
pair-rule and segment polarity genes reveals differences between B.
germanica and D. melanogaster; for example hairy is highly

expressed in mid-late embryonic stages of B. germanica but not in
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D. melanogaster. With regard to Hox genes, Abd-B is highly
expressed in mid-late embryonic stages of D. melanogaster but not
B. germanica. The expression of transcription factors shows many
quantitative and qualitative differences between the two species.
Finally, the expression of genes related to apoptosis is high in early
to mid-embryonic stages of B. germanica, whereas in D.
melanogaster, it is high in practically in all embryonic and
postembryonic stages. These differences may account for the
different metamorphosis modes, hemimetabolan in B. germanica
and holometabolan in D. melanogaster, and bring new light on the
mechanisms underlying the evolution from hemimetaboly to

holometaboly.

Introduction

With around 1 million species described, insects are the most
diverse animal lineage on Earth (ISK-Consortium, 2013), having
colonized practically all terrestrial and freshwater ecosystems on all
continents. Part of this evolutionary success is due to the innovation
of metamorphosis (Nicholson et al. 2014), by which the individual
acquires adult features and becomes reproductively competent
during postembryonic development. The first innovation in this
sense was hemimetaboly, characterized by a type of embryogenesis
that generates a first instar nymph displaying the essential adult
body structure, and which grows gradually during the juvenile
stages. The final molt into an adult completes the formation of the
wings and functional genital structures. From an ancestral
hemimetabolan group, some 350 Mya, holometaboly emerged. This

is a type of metamorphosis in which embryogenesis gives rise to a
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larva with a body structure considerably divergent from that of the
adult. The larva then grows through various stages until molting to
the pupal stage, which bridges the gap between the divergent larval
morphology and that of the winged and reproductively competent
adult (Belles 2011). Holometabolan metamorphosis was a very
successful innovation that was accompanied by a large radiation of
the insect lineage (Misof et al. 2014), demonstrated by the fact that,
today, more than 80% of currently known insects undergo this kind
of metamorphosis (Grimaldi et al. 2005).

Despite the importance of insect metamorphosis, the
mechanisms underlying it are far from fully understood. The
holometabolan mode has been studied in greater depth, particularly
thanks to the intensive research carried out on the fruit fly,
Drosophila melanogaster, the model par excellence for genetic
studies since the beginning of the 19" century. For example, the
modEncode project (Celniker et al. 2009), has made extensive high
throughput sequencing data available from this and other
Drosophilid species. In contrast, hemimetabolan metamorphosis has
received much less attention, and this is a serious drawback as good
knowledge of this process is essential for understanding the
evolution of the more successful holometaboly. In order to partially
cover this gap, we have produced extensive transcriptomic data
along the ontogeny of the German cockroach, Blattella germanica, a
well-known hemimetabolan model, whose genome has been
recently made available
(https://www.hgsc.bcm.edu/arthropods/german-cockroach-
genomeproject). In particular, we have produced 22 transcriptomes

covering 11 different stages along the ontogeny of B. germanica, six
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of them corresponding to embryo development. This emphasis in
embryogenesis is important as we are convinced that the
comparative study of hemimetabolan and holometabolan embryo
development can afford important clues regarding the mechanisms
differentiating both metamorphosis modes.

Embryo development begins with the maternal to zygotic
transition (MZT), during which maternal mRNAs are cleared and
the zygotic genome is activated (Schier 2007; Tadros et al. 2009). In
insects, the main factors contributing to maternal mRNA clearance
are the protein Smaug and the MIR-309 family of miRNAs (Tadros
et al. 2007; Ylla et al. 2016; Bushati et al. 2008; Chen et al. 2014).
In contrast, the protein Zelda (=Vielfaltig), plays a crucial role in
zygotic genome activation, at least in D. melanogaster (Schulz et al.
2015; Foo et al. 2014; Sun et al. 2015; Nien et al. 2011; Laver et al.
2015). A process that could be important in the MZT is DNA
methylation. Given that methylated cytosines tend to experience
spontaneous deamination, DNA methylation can be studied
indirectly given that genomic CpG depletion (CpGo/e) strongly
correlates with highly methylated DNA regions (Bewick et al. 2016;
Glastad et al. 2013; Park et al. 2011). During early patterning, gap
genes are expressed under the control of the maternal mRNAs and
typically encode transcription factors that control the expression of
pair-rule genes. In turn, pair-rule genes activate the expression of
the segment polarity genes, thus determining the general polarity of
the embryo (Peel et al. 2005). Subsequently, the Hox genes are
expressed and play key roles in morphogenesis and body structure

shaping (Averof et al. 1995).
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Embryo development results in a nymph or larvae in
hemimetabolan and holometabolan  species, respectively.
Subsequently, postembryonic development up to the adult stage is
mainly regulated by ecdysteroids, which promote the successive
molts, and juvenile hormone (JH), which essentially represses the
adult molt until a critical size is reached (Belles 2011). Ecdysteroids
and JH are synthesized through a number of enzymatically
regulated steps (Niwa et al. 2014; Bellés et al. 2005), whose
expression can be modulated by different factors, like myoglianin,
which represses the expression of JH acid O-methyl transferase, the
last and key enzyme of JH biosynthesis (Ishimaru et al. 2016). In
turn, the action of ecdysone and JH is mediated by transcription
factors that transduce the hormonal signal (King-Jones et al. 2005;
Jindra et al. 2013). Recent studies have shown that the molecular
action of JH on metamorphosis is based on the MEKRE93 pathway
(Belles et al. 2014; Jindra et al. 2015). In pre-last juvenile instars,
the MEKRE93 pathway starts with JH interactig with its receptor,
Methoprene-tolerant (Met) and stimulating the expression of the
transcription factor, Kriippel homolog 1 (Kr-hl); this represses
another transcription factor, E93, which triggers adult
morphogenesis. Thus, when JH vanishes in the last juvenile instar,
E93 becomes de-repressed and metamorphosis proceeds (Belles et
al. 2014). Many other transcription factors are crucial for regulating
developmental processes. As they bind to specific DNA regions,
they contain a characteristic set of DNA binding motifs (de
Mendoza et al. 2013; Ylla et al. 2015), which serve for identification

and comparison. Finally, apoptosis is also important in the context
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of metamorphosis to eliminate old structures that must be replaced
by new ones (Suzanne et al. 2013; Accorsi et al. 2015).

All these aspects were analyzed in the transcriptomes we
obtained covering the entire ontogeny of B. germanica.
Subsequently, the same analysis was carried out on a publicly
available equivalent transcriptomic set of D. melanogaster.
Comparing the results of the two analyses highlighted key
differences in regulatory mechanisms that could account for the
different modes of metamorphosis utilized by these two species, and
which could shed light on the basis of the evolutionary transition

from hemimetaboly to holometaboly.

Results

General transcriptomic and genomic data

The analyses were based on 22 mRNA libraries of B. germanica,
prepared in our laboratory, representing the following 11 selected
stages (2 replicates each): non-fertilized egg (NFE), 8, 24, 48, 144
and 312 h after fecundation (EDO, ED1, ED2, ED6 and ED13), first,
third, fifth and sixth (last) nymphal instars (N1, N3, N5 and N6),
and adult female (Table 1). From the 22 libraries, we obtained a
total of 198,970,437 read pairs (the data from the 22 libraries is
accessible at GEO: PRINA382128, GSE99785). After removing the
adapters, filtering low quality reads, and merging read pairs, we
obtained a total of 193,014,748 read pairs (corresponding to 97.01%
of the total sequenced read pairs) (Supplemental Table S1), 66.84%
of which mapped to the B. germanica genome. On the basis of
normalized gene expression (Fig. 1A), we obtained the hierarchical

clustering of samples, which demonstrated that the two replicates of
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each stage-library grouped together (Supplemental Fig. S1A). The
only exception was N5, which clustered as a sister group of N5-
2+N6. Given the high similarity between the two library replicates
of the same stage, we joined these for further gene expression

analyses.

Table 1. Biological data corresponding to the 11 key stages in which mRNA
libraries were obtained in the present work.
Developmental |Age after oviposition| % Embryo

Library period (AO) development Embryo stage Hormonal context
Day 8 of the first Not determined within the egg.
NFE Egg gonadotrophic cycle (inf - High levels of 20E and JH in the
preoviposition) B surrounding haemolymph.
8 h AO, when the 3
EDO Embryo 2%. Only yolk granules observed.|No detectable levels of 20E and JH|

ootheca is still vertical

Energids at low density
EDI1 Embryo 24h AO 6% spread among the yolk  [No detectable levels of 20E and JH]
oranules. Tanaka stage 1
Abundant energids, germ
band anlage well delimited,
slightly expanded at both
sides. Tanaka stage 2
Pleuropodia well apparent,
ED6 Embryo 144 h AO 33% legs segmented, caudal space|Peak of 20E. Very low levels of JH
arises. Tanaka stage 8
Eyes well colored, antennae
and legs reaching the 5th

Burst of 20E inferred from the
expression of HR3 (a 20E-
dependent gene). No detectable JH

ED2 Embryo 48 h AO 12%

EDI13 Embryo 312h AO 2% abdominal segment. Tanaka Peak of 20E. High levels of JH
stage 15
N1 1st nymphal instar 1-2 days old - - High levels of 20E and JH
N3 |3rd nymphal instar 2-4 days old - - High levels of 20E and JH
N5 |5th nymphal instar 3-5 days old - - High levels of 20E and JH
N6 |6th nymphal instar 5-7 days old - High levels of 20E, no JH
Adult Adult (female) 5 days old _ _ Low (ovarian) levels of 20E and

high JH levels

A similar RNA-seq dataset of D. melanogaster that is
available at GEO GSE18068 was used for comparative purposes. It
comprises 22 libraries from 11 developmental stages (2 replicates
each) covering the entire embryo development (six chronologically
sequential stages: 0-4h, 4-6h, 6-12h, 12-16h, 16-20h, 20-24h), the
three larval stages (L1, L2, L3), the pupa, and the adult male and
female. In the case of the adult stage, we chose the female library as
this was comparable with the equivalent library of B. germanica.
For the other postembryonic stages, pre-last nymphal instars of B.
germanica can be compared to D. melanogaster larvae, and the last

nymphal instar can be compared to pupae. Equivalencies between
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embryo stages are not direct, thus a detailed examination based on
developmental and molecular data led us to propose the
correspondences between the transcriptomes of B. germanica and
D. melanogaster summarized in Supplemental Table S2. When
analyzed with the procedure used on the libraries of B. germanica, a
total of 129,507,378 RNA-seq fragments were obtained from the 22
libraries, 95.19% of which mapped to the D. melanogaster genome
(Supplemental Table S3). The expression of all genes in each library
is shown in Figure 1A, and the results of the associated clustering
analysis are summarized in Supplemental Figure S1B. This shows
that the two replicates of each stage-library clustered together, a fact
that led us to join the two replicates in further analyses. Among all
the RNA-seq libraries from each insect, we detected expression
evidence (>1 FPKM) for 90.07% of the annotated genes of B.
germanica (25,643 out of 28,471), and 97.33% of D. melanogaster
(17,004 out of 17,471).

In order for the datasets to be comparable from the point of
view of functional annotation, we annotated the B. germanica genes
with reference to orthologous D. melanogaster genes. We retrieved
the protein sequences from the 28,471 annotated genes of B.
germanica and those of the 17,471 annotated genes of D.
melanogaster. Following the best blast reciprocal hit (BBRH)
approach, we identified 7,169 orthologous genes common to B.
germanica and D. melanogaster. This corresponds to 25.18% of the
B. germanica genes and 41.03% of those from D. melanogaster. The

gene names used are those currently applied to D. melanogaster.
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Figure 1: Overall gene expression along ontogeny, and selected GO terms
from enrichment analysis. A) Heatmap showing the expression of all genes in
each of the libraries studied of Blattella germanica (left) and Drosophila
melanogaster (right). B) Selection of GO terms of biological process from the
enrichment analysis performed with the expressed genes at each stage in B.
germanica (upper panel) and D. melanogaster (lower panel). For each selected
GO-term the p-value of the hypergeometric test is shown and the color scale goes
from red (low p-value) to blue (high p-value) normalized in each row.
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General expression

Expression in each stage-library

The expression of all the genes in each library of B. germanica
shows that many of them are more expressed in embryonic stages,
whereas a relatively small set of genes are specific to postembryonic
stages (Fig. 1A). In D. melanogaster, many genes are well expressed
in embryonic and larval stages, whereas a smaller set of genes is
highly expressed in pupal and adult stages (Fig. 1A). To analyze
how the different stages of B. germanica compare with those of D.
melanogaster, we carried out a differential expression analysis of
the 7,169 orthologous genes with each possible library pair of the
two species. From each comparison we obtained the number of
genes which are differently expressed at a significant level (adjusted
p-value < 0.01). Within each species, the results show that B.
germanica stage-libraries form more or less well defined
transcriptomic similarity groups in the very early and early
embryonic stages. Conversely, no large groups are observed in D.
melanogaster (Supplemental Fig. S2). Considering interspecific
relationships, the analysis revealed clear transcriptomic similarities
between B. germanica nymphs and D. melanogaster larvae, but the
pupal stage (D. melanogaster) appears quite unique. The lowest
number of differences of the pupa was found with the adult and the
last larval instar (L3) of D. melanogaster, and with the last nymphal

instar (N6) of B. germanica (Supplemental Fig. S2, inset).
Functional enrichment at each stage

GO-terms and enrichment analyses of the expressed genes in each

library revealed different biological functions at different stages
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within the same species, and general differences between B.
germanica and D. melanogaster (Fig. 1B, & Supplemental Figs. S3,
S4). In the embryonic stages, the results show that both species are
enriched with respect to functions relating to “cell cycle control”,
“gene  expression”, and “translation”, suggesting active
transcriptional activity and cell proliferation (Fig. 1B, &
Supplemental Figs. S3, S4). Functions relating to epigenetic control
such as “chromatin organization” are also enriched but, intriguingly,
“DNA methylation” functions are enriched in the early B.
germanica embryo, but not in D. melanogaster. In postembryonic
development, we observed a clear enrichment in genes relating to
“cuticle development” in D. melanogaster pupae and B. germanica
nymphs. In both species, the adult stage is enriched in genes relating
to homeostasis, such as metabolism, catabolism, and immune

defense functions (Supplemental Figs. S3, S4).

Differential expression between stages

In B. germanica, differential expression changes between successive
stages reveal that embryonic stages experience the most dynamic
changes, whereas changes are much less conspicuous during
postembryonic life, especially between nymphal stages (Fig. 2).
Thus, while the strongest difference is between ED2 and ED6, with
5.694 differentially expressed genes, the lowest number of changes
is observed between N5 and N6 with only 69 genes significantly
changing their expression. In contrast, the differential expression
analysis of D. melanogaster revealed that number of changes is

similar in all transitions (Fig. 2).
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Blattella germanica

Number of genes differentially
expressed (X1000)

3 ED2 ED6

Drosophila melanogaster
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Figure 2: Differential expression analysis between consecutive stage-
libraries. Number of genes significantly (p < 0.05) upregulated (green) and
downregulated (red) according to the differential expression analysis between
consecutive libraries of Blattella germanica and Drosophila melanogaster.

Maternal to zygotic transition

Maternal transcripts

The NFE libraries of B. germanica contain maternally loaded
mRNAs that, unsurprisingly, are enriched for functions relating to
“cell cycle” and “embryo development” (Fig. 1B & Supplemental
Fig. S3). Interestingly, they are also enriched for genes linked to
epigenetic regulation, like those with the GO-terms “epigenetic

regulation of gene expression”, “DNA methylation”, and
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“Chromatin organization”, but these GO-terms do not appear in the
earliest stage libraries of D. melanogaster (Fig. 1B Supplemental
Fig. S4). Especially intriguing are the genes with the GO-terms
“metamorphosis” and “wing disc development”, which are well
represented in the NFE library of B. germanica (284 and 360 genes,
respectively) but do not figure in the 0-4h embryo library of D.
melanogaster (Fig. 1B). A number of genes corresponding to these
GO-terms, are typical of adult morphogenesis, involved in the
formation of bristles (hairless, spineless), legs (croocked legs,
rotund, spineless, vulcan), antennae (rotund, spineless), and
compound eyes (Tartan, Hyperplastic discs, eyes absent,
rotund).Their occurrence as maternal transcripts in B. germanica is

enigmatic as these processes develop later in embryogenesis.

Smaug, Zelda and DNA methylation

In B. germanica, Smaug shows a peak in EDO, whereas Zelda peaks
in ED1, in both cases followed by an abrupt decrease, so that the
levels are very low in mid and late embryonic and in postembryonic
stages (Fig. 3A). In contrast, Smaug and Zelda are well expressed
during all the embryogenesis stages in D. melanogaster, as well as
in the first larval instar (Fig. 3A). Moreover, the functional
enrichment analysis (Fig. 1B) suggests DNA methylation operates
in early B. germanica embryos during the MZT (NFE, EDO and
EDI1 libraries), whereas this is not the case with D. melanogaster.
Thus, we studied DNA methylation in B. germanica using the
indirect approach of examining the relationship between CpGo/e
and expression in each one of the 11 stage-libraries of B. germanica.

The results revealed a significant negative correlation between gene
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Figure 3: Gene expression and methylation during the maternal to zygotic
transition in Blattella germanica and Drosophila melanogaster.
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Expression of Smaug and Zelda along the different stage-libraries.

CpGol/e distribution of the differentially expressed genes in each stage-library of
B. germanica. C) Expression of DNA methylation enzymes, DNMT and UHRF,
along the different stage-libraries. In A and C, the left diagrams correspond to B.
germanica and the right diagrams to D. melanogaster; and identical bar colors
indicate equivalent developmental periods according to the criteria summarized in

Supplemental Table S2.
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expression and CpGo/e at EDO, ED1 and ED2. The strongest and
most significant correlation coefficient between CpG depletion and
expression was observed at EDO. Indeed, the genes overexpressed at
EDO show the lowest levels of CpGo/e (Fig. 3B). Moreover, the
genes coding for enzymes that catalyze DNA methylation, like
DNMT (DNA methyltransferase) 1, 2 and 3, and UHRF1 (Ubiquitin
like with PHD and ring finger domains 1), are well expressed in the
early embryo. DNMT1 and 2, and UHRFI peak at EDO and EDI,
whereas DNMT 3 shows lower expression levels and peaks at ED2
(Fig. 3C). In D. melanogaster, methylation enzymes DNMT2 and
UHRF1 show moderate to low, and relatively sustained levels of
expression throughout ontogeny (Fig. 3C), which is consistent with
data suggesting that DNA methylation is irrelevant in dipterans

(Marhold et al. 2004).

From gap to hox genes

Early patterning

The expression of the most representative gap, pair-rule and
segment polarity genes is shown in Figure 4A. In B. germanica,
nanos appears to be maternal but continues to be expressed in EDO
and ED1, whereas hunchback and caudal show an expression peak
in ED2. The gap-gene cascade is initiated by maternal tailless,
followed by orthodenticle, huckbein, and Kiippel. In contrast, the
pair-rule genes show a delimited peak at ED2, except hairy which
has a delayed expression, with a peak at ED13. Segment polarity
genes are expressed from ED2 to ED13. D. melanogaster libraries
do not show the cascade of maternal, gap, pair rule and segment

polarity genes very well, possibly due to the arbitrary staging of
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Figure 4: Expression of maternal and early embryo genes, hox genes and
transcription factors. A) Expression of maternal, gap, pair-rule and
segmentation genes along the different stage-libraries. B) Expression of Hox
genes. C) Expression of a selection of 34 orthologous transcription factors
common to Blattella germanica and Drosophila melanogaster.

these libraries. In any case, bicoid, nanos, hunchback, and caudal,
which are described as maternal genes in D. melanogaster, show the
highest mRNA abundance in the earliest stage available (E0-4h)
(Fig. 4A). The other genes appear in the mid-late embryo stage, and
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only hairy has an atypical pattern, being predominantly expressed in

postembryonic stages.

Hox genes

We identified the eight canonical Hox genes in the B. germanica
genome, which are well conserved with respect to other species
(Supplemental Fig. S5). Most of them are fully expressed in ED6
and ED13. Abd-A and lab continue to be expressed in the first
nymphal stages. Intriguingly, maximal mRNA levels of Abd-B
occur in NFE and EDO. Ubx is interesting because it is also present
in NFE and is additionally expressed in N6 (Fig. 4B). In D.
melanogaster, Hox genes are expressed between E8-12 and E16-
20h. Only lab shows signs of expression beyond the embryo, in L1
(Fig. 4B). In the equivalent embryo libraries of B. germanica, ED6
and ED13, Hox genes are also abundantly expressed, with the
exception of Abd-B, which is, in contrast, expressed in N6 (Fig.
4B).

General development and metamorphosis

Transcription factors

As a first step in studying transcription factors, we performed a
PfamScan search among all annotated B. germanica and D.
melanogaster proteins. This gave 17,196 PFAM-A motifs (4,280
unique) associated to 12,789 B. germanica genes, and 15,5475
PFAM-A motifs (4,339 unique) associated to 10,759 D.
melanogaster genes. Among these, we identified 600 B. germanica

genes and 458 D. melanogaster genes containing at least one Pfam
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motif unequivocally linked to a transcription factor function (de
Mendoza et al. 2013; Ylla et al. 2015).

Most of these transcription factors are more highly
expressed in the embryo stages of both species (Supplemental Fig.
S6). Characteristically, many of them are also highly expressed in
the pupal and adult stages of D. melanogaster. In any case, there are
stage-specificities characterized by the high or low expression of a
given set of transcription factors. In order to see comparable
qualitative differences between the two species, we retrieved the
subset of orthologous transcription factor genes common to B.
germanica and D. melanogaster. In total we found 297 genes
common to both species (Supplemental Table S4). The expression
profiles in B. germanica and D. melanogaster (Supplemental Figs.
S7, S8) are reminiscent of those observed when studying all genes
(Fig. 1A). A selection of those that display a greater contrast in
expression between species and stages is shown in Figure 4C. We
can see, for example, that vismay, SREBP (Sterol regulatory
element binding protein), and HLH3B (Helix loop helix protein 3B)
are specifically highly expressed in the very early embryonic stages
(EDO and ED1) of B. germanica, whereas the EO-4h stages in D.
melanogaster are characterized by a high level of expression of
lateral muscles scarcer, hinge 1 and calmodulin-binding
transcription activator. In mid-late embryo stages, lethal of scute is
characteristically highly expressed in ED6 to ED13 in B. germanica,
whereas shuttle craft, rotund, orthopedia, little imaginal discs,
HR78 (Hormone-receptor-like in 78), ELL-associated factor (Deaf),
cropped, and crooked legs are highly expressed in D. melanogaster

in E8-20h. With respect to postembryonic stages, unplugged,
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senseless, sortilin, Ets65A, and orthopedia are typically highly
expressed in B. germanica nymphs, whereas SREBP, Sox 14, relish,
and hairy are typical of D. melanogaster larvae. The pupa of D.
melanogaster continue to express high levels Sox/4 and relish,
which are also expressed in the adult, and have characteristic
expression peaks for vismay, apterous, and glial cells missing.
Interestingly, glial cells missing shows also an expression peak in

L6 of B. germanica.

Apoptosis

Among the genes involved in programmed cell death, we studied
the expression of Dredd (coding for caspase 8), Dronc (caspase 9),
Drice (caspase 3), and Dark (contributing, with Dronc, to the
formation of the apoptosome). In B. germanica, the expression of
these 6 genes is generally high in early to mid-embryo stages, but
then decreases substantially in late embryonic stages, nymphal
stages, and adults (Fig. 5). In D. melanogaster, their expression is
generally also high in early embryonic stages, but this remains high

in late embryogenesis, as well as in larva, pupa and adult (Fig. 5).

Ecdysone and JH biosynthesis

In B. germanica, the genes involved in ecdysone biosynthesis are
more highly expressed in all embryonic stages than in nymphs or
adults (Figs. 6A). In D. melanogaster, however, they are mostly
expressed in very early embryos and late postembryonic stages
(Figs. 6A). The genes involved in JH biosynthesis are expressed

throughout the ontogeny of B. germanica, although there is a
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tendency for the genes coding for the mevalonate branch to be more
highly expressed in the embryonic stages, whereas those coding for
enzymes specific to the JH branch are, in general, more highly
expressed in the postembryonic stages (Figs. 6B). A similar
situation, but with a more marked difference between the embryonic
and postembryonic stages is observed in D. melanogaster. The
genes coding for the mevalonate branch show a window of high
expression in the late embryonic stage (E16-20h), whereas the
expression of those coding for enzymes specific to the JH branch is
predominantly seen in the postembryonic stages (Figs. 6B).
Interestingly, there is no conspicuous expression of any enzymes in
early embryonic stages of D. melanogaster, in contrast to that seen

in B. germanica.

Ecdysone and JH signaling

The main genes regulating metamorphosis include those belonging
to the signal transducer pathways of ecdysone and JH. In B.
germanica, the expression of typical transducers of the ecdysone
signal, like ecdysone receptor (EcR), ultraspiracle (USP), E75, HR3
and HR4, are distributed over the embryonic and postembryonic
stages. Interestingly, Fushi tarazu factor 1 (Ftz-f1) shows a clear
expression peak in N5. There is comparatively higher expression of
typical JH transducers, like Met, Taiman (7ai)) and Kr-hl in
embryonic than in postembryonic stages. Interestingly, this is also
the case for Broad-complex (BR-C) expression. Ecdysone-induced
protein 93F (E93) peaks are seen on N6, as expected. Myoglianin
shows a clear peak on N5 (Fig. 6C & Supplemental Fig. S7). In

D.melanogaster, the expression of most of the ecdysone and JH
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signal transducers shows the highest levels in the late embryonic
stage (E16-20h), and then pupa and adult. BR-C is practically not
expressed in the early embryo, E93 expression concentrates in the
pupa and adult, and myoglianin is more expressed in embryonic

than postembryonic stages (Fig. 6C & Supplemental Fig. S7).
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Discussion

Cockroach and fly gene expression. General features

Gene expression in ontogeny reveals that while B. germanica has
the highest diversity of genes expressed during embryogenesis, the
genes expressed in D. melanogaster are rather diverse in the
embryonic and larval stages, and show a peak of intense expression
in the pupal stage (Fig. 1A). Similarly, the results of the differential
expression analysis between successive stages show that the most
dynamic changes in B. germanica occur during embryogenesis,
whereas in D. melanogaster quite dynamic changes are seen all
through ontogeny (Fig. 2). These general differences may be related
to the fact that in the hemimetabolan mode the essential adult body
structure is built during embryogenesis, while postembryonic stages
essentially focus on growth. In contrast, in holometabolan species
the adult morphology is completed in postembryonic stages, mainly

in the transitions from the last instar larvae, to pupa and then adult.

The maternal to zygotic transition

Intriguingly, the pool of maternal mRNAs of B. germanica includes
transcripts enriched for genes with the GO-term “metamorphosis”,
which is not the case in the early embryogenesis of D. melanogaster
(Fig. 1B). Specifically, in B. germanica, the maternal material
includes significant amounts of BR-C transcripts (Fig. 6C), which is
a factor typically promoting morphogenesis, notably the formation
of the holometabolan pupa (Zhou et al. 2002). The occurrence of
BR-C and other transcripts currently involved in morphogenesis in
the pool of maternal mRNAs in B. germanica could be related to the

hemimetabolan mode of metamorphosis. Alternatively, these types

91



Comparative transcriptomics: hemimetaboly vs holometaboly

of transcripts in the very early embryo might be related to the
different germ-band types: short in B. germanica and long in D.
melanogaster.

Two important players in the MZT are Smaug, which
contributes to the clearance of maternal mRNA (Tadros et al. 2007;
Chen et al. 2014), and Zelda, which activates the zygotic gene
expression (Schulz et al. 2015; Foo et al. 2014; Sun et al. 2015). In
B. germanica ontogeny, Smaug and Zelda show respective
expression peaks in EDO and ED1 (Fig. 3A), which suggests that
the MZT takes place between these two stages. Additionally, we
recently reported (Ylla et al. 2017) that microRNAs of the MIR-
309 family, which in D. melanogaster contribute to clearing
maternally loaded mRNAs (Bushati et al. 2008), show an acute
expression peak at ED2. If, as suggested (Ylla et al. 2017), the
MIR-309 microRNAs play the role of maternal mRNA scavengers
in B. germanica, as occurs in D. melanogaster, then their expression
in ED2 may characterize a final step of the MZT. In D.
melanogaster, Smaug and Zelda maintain quite high levels of
expression throughout embryogenesis and even the first larval instar
(Fig. 3A). This continued expression of Smaug and Zelda may be
related to the evolutionarily derived embryogenesis in D.
melanogaster and, by extension, of holometabolan species.

A process that may be relevant in very early ontogenetic
stages of B. germanica, but not D. melanogaster, is DNA
methylation (Fig. 1B). DNA methylation is associated with a
repressed chromatin state and inhibition of gene expression
(Siegfried et al. 2010), and is generally conserved among insects
(Zemach et al. 2010; Bewick et al. 2016). DNA methylation is
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important in the caste differentiation of social insects (Elango et al.
2009; Wang et al. 2006), but does not appear relevant in dipterans
(Marhold et al. 2004). In B. germanica, DNA regions which are
prone to methylation (with a low CpGo/e) show the highest levels of
expression in early embryogenesis, from day O to day 2 (Fig. 3B).
They then vanish in subsequent embryonic and postembryonic
stages. In parallel, the DNMT enzymes also show high levels of
expression from day O to day 2 (Fig. 3C). Different DNMTs have
been associated to different methylation roles. DNMT3 is
considered to methylate de novo, whereas DNMT1 and UHRF1
maintain the established methylation profiles (Bostick et al. 2007;
Bestor et al. 2015). DNMT2 was first reported as an enzyme
methylating DNA, but it was later discovered that it methylates
tRNAs (Goll et al. 2006). This data taken as a whole leads us to
propose that in the first moments when the zygotic program is
activated, between EDO and EDI1, DNA is poorly or not at all
methylated, allowing the expression of those genes prone to
methylation. Thereafter, and considering the expression patterns of
DNMTs, especially DNMT1 and DNMT3, a wave of DNA
methylation would silence the expression of the above genes for the
remaining developmental stages. In any case, our data show that
DNA methylation appears to play a role in the regulation of gene
expression in the B. germanica embryo, which might be a feature of

hemimetabolan embryogenesis.
Gene expression in the embryo

The most obvious difference in the expression of gap, pair-rule and

segment polarity genes between B. germanica and D. melanogaster
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is the absence of bicoid in the former species (Fig. 4A), as this gene
is exclusive to higher dipterans (Schroder 2003). In D.
melanogaster, bicoid organizes the patterning of the anterior region
by activating zygotic hunchback and Kriippel (Driever et al. 1989;
Hiilskamp et al. 1990). In short germ-band hemimetabolan species,
like the cricket Gryllus bimaculatus, the role of bicoid appears to be
replaced by caudal, which triggers a slightly different genetic
cascade of genes (Shinmyo et al. 2005). The expression of hairy is
especially interesting, as in mid-late embryo stages its expression is
intense in B. germanica but very weak in D. melanogaster (Fig. 4A).
In D. melanogaster, hairy acts as a pair-rule in early embryo
development, whereas in larvae, by binding to the protein achaetae,
it allows the proper patterning of sensory organs in the developing
wings and legs (Fisher et al. 1998). Through other mechanisms,
hairy might also contribute to regulating the progression of the
morphogenetic furrow in the developing eye (Bhattacharya et al.
2012). The latter functions explain the expression that we observed
in D. melanogaster larvae (Fig. 4A), and we speculate that the high
level of expression in the mid-late embryo of B. germanica (Fig.
4A) might be due to the generation of nymphal structures like the
formation of proper chaetotaxy or compound eyes.

Among the Hox genes, Abd-A is well expressed in the mid-
late embryo in B. germanica, when dorsal closure occurs, but Abd-B
is not. Conversely both Abd-A and Abd-B are abundantly expressed
in the equivalent stages of D. melanogaster (Fig. 4B). In D.
melanogaster, mixer cell remodeling regulates tension along the
leading edge during dorsal closure. Abd-A is a pro-mixing factor in

the first five abdominal segments, whereas Abd-B represses mixing
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in posterior segments. At closure in the central segments, which
close last, the tension increases; thus in these segments Abd-A is not
repressed by Abd-B (Roumengous et al. 2017). If Abd-A and Abd-B
play the same role in B. germanica, then the low level of expression
of Abd-B would suggest that the pro-mixing action of Abd-A is
needed all along the leading edge during dorsal closure.

The study of transcription factors highlighted a number of
genes which are specifically important in the embryonic
development of B. germanica, compared with D. melanogaster (Fig.
4C). For example, high expression of SREBP in EDO and ED1 of
B. germanica suggests that lipogenesis and lipid homeostasis (Shao
et al. 2012) is important in early embryogenesis of the cockroach.
Conversely, in D. melanogaster SREBP appears to be not as
relevant, but others, like lateral muscles scarcer, involved in the
development of embryonic lateral transverse muscles (Miiller et al.
2010), are highly expressed in early embryo development. In mid-
late embryonic stages, lethal of scute, a gene involved in the
neurogenesis and specification of sensory organs (Negre et al
2015) is highly expressed in in B. germanica, whereas shuttle craft,
which is required to maintain the proper morphology of
motoneuronal axon nerve routes (Stroumbakis et al. 1996) is highly
expressed in D. melanogaster. Also typical of the late embryonic
stages of D. melanogaster is the high level of expression of little
imaginal discs, a histone demethylase that specifically removes
H3K4me3, a mark associated with active transcription (Li et al.
2010), and cropped, a gene essential for embryonic tracheal

terminal branching (Wong et al. 2015).
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A gene showing high expression levels in B. germanica
embryogenesis, but not D. melanogaster, is BR-C (Fig. 6C), which
is consistent with its important functions in cockroach embryo
development (Piulachs et al. 2010). Conversely, a gene that is highly
expressed in D. melanogaster embryogenesis, but whose expression
is not relevant in B. germanica (Fig. 6C), is myoglianin, which is
involved in the formation of glial cells and myoblasts (Lo et al.
1999). Finally, a difference that could be functionally significant in
late embryo stages is the relatively low expression levels of genes
related to apoptosis in B. germanica, in contrast with D.
melanogaster (Fig. 5), suggesting that the formation of derived
vermiform body morphology requires extensive processes of

programmed cell death.

Postembryonic development

With respect to transcription factors (Fig. 4C), unplugged, required
for the formation of specific tracheal branches, specifically the
cerebral branch (Chiang et al. 1995), and senseless, which is crucial
for the development of the peripheral nervous system (Nolo et al.
2000), are typically highly expressed in B. germanica nymphs. In
D. melanogaster these genes are not highly expressed. Conversely,
Sox14, required for 20E signaling at the onset of metamorphosis
(Ritter et al. 2010), relish, which promotes the transcription of
innate immune response genes (Petersen et al. 2013) and hairy,
which is involved in sensory organ patterning (Fisher et al. 1998),
are characteristically expressed in D. melanogaster larvae. The pupa
of D. melanogaster continues to express Sox/4 and relish at high

levels, and shows a characteristic expression of apterous, a gene
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involved in wing morphogenesis (Michel et al. 2016) (which, in B.
germanica is well expressed during embryo development), and glial
cells missing, a gene that controls the determination of glial versus
neuronal fate (Egger et al. 2002). Interestingly, glial cells missing
also shows a peak of expression in L6 of B. germanica, suggesting
that it has a conserved neuromorphogenetic role in the pre-adult
stage of both hemimetabolan and holometabolan species.

The higher expression of apoptosis-related genes in D.
melanogaster with respect to B. germanica (Fig. 5) might indicate
that extensive processes of programmed cell death are required in
the latter species. This observation stands not only for the pupal
stage, which experiences an obvious process of disintegration and
construction of new body structures, but also in larvae, despite the
apparent morphological conservation during the three larval stages.
Related to ecdysone and JH, an important difference between B.
germanica and D. melanogaster is the expression of BR-C'in L3 and
the pupa of D. melanogaster, whereas in the postembryonic stages
of B. germanica this transcription factor is expressed only at low
levels (Figs.6C). These differences are due to the fact that BR-C has
a key function in pupal morphogenesis in D. melanogaster (Zhou et
al. 2002), whereas in B. germanica it plays a minor role in wing pad
growth (Huang et al. 2013). Also of interest is the characteristic
expression peak of Ftz-f1 and myoglianin in N5 of B. germanica
(Figs.6C), suggesting that these factors play important roles in the
penultimate nymphal instar, possibly related to the genetic program
that is installed in the last nymphal instar, where the metamorphosis
is determined. We have reported previously that Ftz-f1 has critical

functions during the last nymphal molts in B. germanica (Cruz et
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al. 2008), and a recent report on the cricket G. bimaculatus reveals
the crucial role of myoglianin in the regulation of the JH decrease
that occurs in the last nymphal instar (Ishimaru et al. 2016).
Expression of E93 in pre-adult stages in both species is consistent
with its role as adult specifier in hemimetabolan and holometabolan

species (Urena et al. 2014; Belles et al. 2014).

Conclusions

Gene expression in ontogeny reveals that B. germanica shows the
most dynamic and diverse changes during embryogenesis. In
contrast, D. melanogaster maintains a similar level of gene
expression throughout ontogeny. This general difference may be
related to the different types of metamorphosis: hemimetabolan in
B. germanica, where the adult body structure is shaped during
embryogenesis, and holometabolan in D. melanogaster, which
completes the adult morphogenesis in postembryonic stages.

In B. germanica, Smaug and Zelda are acutely expressed in
the MZT, whereas in D. melanogaster quite high expression levels
are maintained throughout embryogenesis. This continued
expression of Smaug and Zelda may be related to the evolutionarily
derived embryo morphogenesis in D. melanogaster and, by
extension, of holometabolan species.

DNA methylation appears relevant in the early embryonic
development of B. germanica, but not D. melanogaster. We suggest
that a wave of DNA methylation in the early embryogenesis of B.
germanica silences the expression of a set of earlier genes. If so,
then this mechanism has been lost in D. melanogaster, as well as

perhaps in other holometabolan species.
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The expression of gap, pair-rule, and segment polarity genes
shows differences between B. germanica and D. melanogaster. For
example, hairy is highly expressed in the mid-late embryonic stages
of B. germanica but not D. melanogaster. This stage-specific
expression of hairy in B. germanica might be related to the
formation of nymphal structures, like the formation of proper
chaetotaxy or compound eyes.

Concerning Hox genes, Abd-B is highly expressed in the
mid-late embryonic stage of D. melanogaster but not B. germanica,
which could be related to different mechanisms for achieving dorsal
closure in the two species.

The expression of transcription factors reveals many
quantitative and qualitative differences between B. germanica and
D. melanogaster in embryonic and postembryonic stages. For
example, BR-C appears to be important in embryo morphogenesis
in B. germanica whereas it is crucial for pupal morphogenesis in D.
melanogaster.

In B. germanica, the expression of genes related to apoptosis
is high in early to mid-embryonic stages of development, whereas in
D. melanogaster it is high in practically in all embryonic and
postembryonic stages. This indicates a differential use of apoptosis

to shape morphologies, which is more extensive in D. melanogaster.
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Methods

Insect colony

B. germanica specimens were obtained from a colony reared in the
dark at 29 + 1°C and 60-70% relative humidity. All dissections and
tissue sampling were carried out on carbon dioxide-anesthetized
specimens. Tissues were frozen on liquid nitrogen and stored at

-80°C until use.

Preparation and sequencing of mRNA libraries

We sequenced two biological replicates of each chosen stage along
the ontogeny of the cockroach B. germanica (Table 1). Data on
juvenile hormone (JH) and ecdysteroids (20E) for the chosen stages
are from (Treiblmayr et al. 2006) (JH in nymphal stages), (Maestro
et al. 2010) (JH in embryo stages), (Cruz et al. 2003) (20E in
nymphal stages) and (Piulachs et al. 2010) (20E in embryo stages).
Tanaka stages are from Tanaka (1976). Total RNA was extracted
using the GenElute Mammalian Total RNA kit (Sigma) following
the manufacturer's protocol. Up to 10 pg of total RNA from pooled
samples were used to prepare transcriptomes. The mRNAs were
isolated by magnetic beads using the Dynabeads® Oligo (dT)25
(Invitrogen, Life Technologies) and following the manufacturer's
protocol. Quality and quantity of mRNAs were validated by a
Bioanalyzer (Aligent Bioanalyzer® 2100). Libraries were prepared
using NEBNext mRNA library Prep Master Mix Set for Illumina
sequencing (New England Biolabs) and sequenced with 6
multiplexed runs of Illumina MiSeq. We did paired-end sequencing,
with read length of 300 nucleotides. To avoid batch effects,

replicates were never multiplexed together in the same run. We
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made all the datasets publicly available at Gene Expression
Omnibus (Edgar et al. 2002) under the accession codes
PRINA382128 & GSE99785.

Analysis of the RNA-seq data

In the B. germanica libraries, we removed the adapters and trimmed
the low quality bases on the reads extremes using Trimmomatic
(Bolger et al. 2014) with the parameters ‘2:30:10:8:TRUE
SLIDINGWINDOW:4:15”. RNA-seq data along the development
of D. melanogaster was retrieved from Gene Expression Omnibus
(Edgar et al. 2002) under the accession GSE18068. All the RNA-seq
datasets, were mapped to their correspondent insect genome
(dmel_r6.12 and Bger_0.5.3) using the STAR software (Dobin et al.
2013) and the table of counts obtained with the R implementation of
featureCounts (Liao et al. 2014) using the correspondent gene
annotation of each insect. For clustering purposes reads were
normalized with the “varianceStabilizingTransformation” function
implemented at DESeq2 R package (Love et al. 2014), for gene
expression profiles and visualization we used the FPKMs

normalization.

Functional annotation of genes

Functional annotation of genes based on their protein sequence was
obtained using PfamScan (Li et al. 2015) together with the PFAM-A
database version 30.0 (Bateman et al. 2004). To obtain the
transcription factor genes, we selected those genes with a Pfam
motifs unequivocally related to transcription factor activity (de

Mendoza et al. 2013; Ylla et al. 2015). Another level of functional
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annotations are the GO-terms, which we retrieved for the D.
melanogaster genes using the Annotation Forge package (Carlson et
al. 2016), and used for the corresponding B. germanica orthologs.
Gene orthology between B. germanica and D. melanogaster where
obtained by using Blastp (version 2.5.04+) (Camacho et al. 2009)
reciprocal best hits (BRBHs) strategy (Rivera et al. 1998). In the
case of the Hox genes, we aligned the candidate of B. germanica
protein sequences with the eight canonical Hox genes (Negre et al.
2007) of different insect species with ClustalX (Larkin et al. 2007)
and we carried out a phylogenetic reconstruction with RAXxML
(Stamatakis 2014). For all the genes whose expression profile is
shown, their accession code in both insects is shown at
Supplemental Table S4. The enrichments analysis tests for PFAM
motifs and GO-terms was performed using the expressed genes at
each stage (>1FPKM) and the hypergeometrical test applied with
the GOstats package (Falcon et al. 2007).

Differential expression analysis

The differential expression (DE) analysis tests, were performed with
DESeq2 package (Love et al. 2014). The obtained P-values were
adjusted for multiple testing using the FDR (False Discovery Rate),
and the threshold for significant expression change was set at an
adjusted p-value < 0.01. When comparing gene expression between
two insect species, we used only the subset of orthologous genes

common to both species.
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Methylation

The CpG depletion it is a robust indicator of with DNA methylation
(Upadhyay et al. 2013; Xiang et al. 2010; Bewick et al. 2016).
Consequently, following the method described by (Elango et al.
2009), we calculated the ratio between the observed frequency of

CpG and the expected frequency for each annotated gene.

The regression between CpG,. of each gene and their expression
level at each library was tested in R using the Pearson's product

moment correlation coefficient.

Data access
All sequencing data from the 22 transcriptomes of Blattella
germanica analysed in the present work is accessible at NCBI Gene

Expression Omnibus (GEO: PRINA382128, GSE99785).
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4. GENERAL DISCUSSION

Each section of the Results chapter of this thesis corresponds to a
research paper. Thus, each section has its own introduction, results
and discussion. Nevertheless, the different sections should not be
considered as isolated blocks of information, but a set of articles
with the same ultimate objective of elucidating the mechanisms
regulating insect metamorphosis and their evolution. Each article is
a step forward towards the objective, and the purpose of this chapter
is to give an overview of the work carried out, as well as a global

integration and interpretation of the results obtained.

The chosen approach was the analysis of transcriptomic data,
obtained particularly in our model species, the German cockroach
Blattella germanica, and comparative transcriptomics with other
species, especially with Drosophila melanogaster and Tribolium
castaneum, for which a considerable amount of transcriptomic data
is publicly available (Celniker et al. 2009; Kim et al. 2010). In total,
we have used 150 libraries for RNA-seq, of small RNAs and
mRNAs, from 7 insect species (including those mentioned above).
A remarkable number of these datasets, 55 libraries, were obtained
in our laboratory. From these 55 RNA-seq libraries, 48 were
specifically prepared and sequenced in the context of the present
thesis. This thesis represents the most extensive source of
transcriptomic data on B. germanica, and, by extension, the most
extensive source of transcriptomic data from a hemimetabolan

insect.

Although most of our work is based on transcriptomic data, the
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genome sequence is an important tool for our analyses, since a
reference of the gene sequences allows using the RNA-seq reads to
quantify the expression of annotated genes. While in our previous
works (i.e. Appendix 1) the sequence of the B. germanica genome
was not available, since 2016, thanks to the iS5k project (ISK-
Consortium 2013), we have had access to the B. germanica genome
assembly. The first version of the gene models annotation had a
rather poor quality, containing pseudo-genes annotated as genes,
exons of the same gene annotated as independent genes, regions of
bacterial contamination, etc. Nevertheless, the last gene model
version (v0.6.2) produced in the context of an international
collaboration (Appendix 2), was greatly improved. This updated
annotation, which is the one used in the present thesis, was
improved in a great measure thanks to our RNA-seq datasets, which

allowed to better delimit the transcribed regions of the genome.

Besides the coding genes, the genome contains other genetic
elements which also have an impact on the phenotype. Among the
regulatory elements, the most relevant at a post-transcriptional level
are the microRNAs (miRNAs). Therefore, we proceed to annotate
them in the B. germanica genome (chapter 3.1) using 7 small RNA-
seq from different tissues and developmental stages previously
sequenced in the laboratory. The use of the small RNA-seq data
together with stringent filtering criteria resulted in a high confidence
miRNA catalog for B. germanica. In our article (chapter 3.1), we
considerably improved the previously published list of miRNA
annotations of B. germanica (Cristino et al. 2011). This
improvement was mainly due to newly acquired small RNA-seq

datasets, the availability of the genome assembly and the
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implementation of stringent biogenesis criteria. Therefore, we were
able to report 40 miRNA families and about 50 miRNA genes

previously not identified.

Then, in order to put our miRNA annotations in an evolutionary
context, we needed to have comparable miRNA catalogs of similar
quality from other insects. Consequently, we proceeded to gather
public small RNA-seq data from the following six insect species: D.
melanogaster, Locusta migratoria, Acyrtosiphon pisum, Apis
mellitera, T. castaneum and Bombyx mori. Then, we re-annotated
their miRNA complement following the stringent biogenesis criteria
used in the case of B. germanica. This procedure allowed us to
obtain comparable miRNA complements from each of the six
insects. The comparisons of the miRNA complement between insect
species revealed low ratios of loses/gains of miRNA families along
insect evolution and a strongly conserved minimal insect miRNA
toolkit, composed of a subset of 62 miRNA families. The
establishment of an accurate miRNA toolkit in a given clade has
also practical applications such as predictive power, thus facilitating
the empirical identification of the conserved miRNA complement in
a given species of the clade. Our results on insect miRNA
annotations were in accordance with that of miRNA phylogenetic
studies (Tarver et al. 2012, 2013) and in contrast with those
miRNAs complements available in public repositories such as
miRBase (Kozomara et al. 2011), which evidences the need for
revised and updated miRNA databases. A recent attempt for
gathering high-quality miRNA annotations in a database is the
initiative of MirGeneDB (Fromm et al. 2015) which will soon

include the miRNAs revised in this thesis.
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The annotation of the B. germanica miRNAs was also necessary
in order to later quantify their expression in different developmental
stages (chapter 3.2). The stages in which we quantified the miRNA
expression were carefully chosen considering the best ratio between
economic cost and potential interest of the obtained information.
Thus, in order to prepare the corresponding small RNA libraries, we
selected eleven stages: non-fertilized eggs, five embryo stages, four
nymphal stages and adult females. For each of the eleven stages,
two replicates were obtained and sequenced in independent
sequencing “runs” in order to be able to detect possible technical or
methodological errors. Interestingly, the analysis of the small RNA-
seq data from embryo libraries revealed 67 novel miRNA genes that
were not identified during the microRNA toolkit project (chapter
3.1). The reason explaining why these newly found miRNAs were
not previously detected is because they were preferentially
expressed during embryo stages, for which we did not have RNA-
seq data previously. These newly found miRNAs are mostly embryo
specific, and in general, expressed in lower amounts in comparison
with conserved miRNAs. Previously, the only sequencing data
available for miRNA expression on insect embryos was from
holometabolan models such as Drosophila spp. (Ninova et al. 2014)
and T. castaneum (Ninova et al. 2016). Therefore, our contribution
was relevant in order to observe that the preferential expression of
novel miRNAs in early embryo stages it is not an exclusive feature

of holometabolan insects.

With all these data, we obtained the expression pattern of the
167 miRNA genes of B. germanica along the 11 developmental
stages represented in the 11 small RNA libraries. To convert the 167
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patterns into more tractable and useful information, we generated
coexpression networks. The networks obtained showed three clear
coexpression modules, each of them corresponding to three wave of
miRNA expression in the embryo, while a wave was observed in
postembryonic development. Among other data, these results
suggest an important role of miRNAs regulating the maternal to
zygotic transition (MZT) and the embryo development of B.
germanica. The idea of applying coexpression networks for
collapsing large datasets of expression data originated with the
popularization of micro-arrays, and later adopted for mRNA-seq
experiments (Ballouz et al. 2015; Iancu et al. 2012). Inspired by the
results using coexpression networks for mRNA-seq datasets, we
decided to implement it to our small RNA-seq data, which resulted
in a comprehensive way to collapse and interpret the expression of

167 miRNAs at 11 time points of development.

In addition, in order to gain knowledge about miRNA functions
along insect evolution, we retrieved similar small RNA datasets

from D. melanogaster, Drosophila virilis and T. castaneum.

These models allowed us to compare the embryonic miRNA
expression between a short germ-band hemimetabolan (B.
germanica), a short germ-band holometabolan (7. castaneum) and
two long germ-band holometabolans (Drosophila spp.). Thus, we
were able to identify miRNAs involved in both, germ-band and
metamorphosis type, such as members of MIR-276, MIR-279, Let-
7, and MIR-92 families, which were identified as putatively
involved in short-germ band definition. In terms of gains and losses

of miRNA families, holometabolan insects gained MIR-1006, MIR-
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989 and MIR-1007 during evolution, while T. castaneum lost MIR-
1006 and MIR-1007. Thus, the only miRNA family specific and
common to all studied holometabolan species is MIR-989. On the
other hand, MIR-bg5 appeared as the only common miRNA family
exclusive of hemimetabolan insects. Therefore, we did not observe
dramatic changes in the miRNA complement between
hemimetabolans and holometabolans, but differences on their
expression patterns. In contrast to the acute peaks of the embryo
miRNAs in B. germanica, the available data on holometabolan
insects (Ninova et al. 2016, 2014) shows a more prolongate miRNA
expression patterns. Similar patterns were later observed at mRNA
level. These differences may account for the different embryonic
developments: the hemimetabolan, which forms a nymph with an
adult-like general structure, and the holometabolan that forms a

larval structure, very divergent from that of the adult.

The analysis of miRNA expression gave us information about
which are the most expressed miRNAs at each stage, and which of
them could be related to germ-band or metamorphosis definition.
Nevertheless, miRNA action is indirect, by targeting mRNAs, thus
blocking the translation into proteins, which are the ultimate
functional molecules. Therefore, to better understand how miRNAs
contribute to regulate a given biological process, we must also
consider the mRNAs as potential miRNA targets. For this reason,
we studied the expression of mRNAs at the same stage-libraries in
which we studied the miRNAs (chapter 3.4). Therefore, we
prepared and sequenced the mRNA fraction of samples obtained at

the 11 developmental stages used in the study of miRNAs.
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The 11 mRNA libraries allowed us to track the expression of the
coding genes at each development stages and identify key regulators
at each stage. In addition, we used similar public datasets from the
holometabolan D. melanogaster which allowed us to compare the
gene expression between the two insect models. The general
analysis shows that the most dynamic changes in B. germanica are
found during embryogenesis, whereas D. melanogaster maintains a
high dynamics of changes all along ontogeny, including the larval
and pupal stages. A similar study analyzed the expression patterns
in different developmental stages of the holometabolan D.
melanogaster (Graveley et al. 2011). In our case, we went a step
forward, and we not only analyzed the transcriptomic changes along
the development of our insect model, but we additionally compared
the developmental transcriptome of our model with that of other
insects with different developmental modes. This allowed us to infer

evolutionary conclusions.

Detailed analysis focused on the regulatory genes in key
development stages revealed interesting differences between B.
germanica and D. melanogaster. For example, in the MZT, the two
main players Zelda and Smaug show a clear expression peak at EDO
and ED1 in B. germanica, whereas in D. melanogaster, they keep
high levels of expression during all embryogenesis and even the first
larval instar. In mid-late embryo, we compared the expression
profiles of gap, pair-rule, and segment polarity genes, and some of
them showed clear differences between both insect models, like the
occurrence of a peak of hairy in D. melanoagaster larvae and the
conspicuous embryonic expression of this gene in B. germanica. In

this context, the expression of other genes families such the Hox
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genes, JH and Ecd synthesis and signaling genes, transcription
factors and apoptotic genes have been compared between the two
insect models. These comparisons revealed strong conservation of
genes between the two insect models, but with some radically
different expression patterns of some of them. These conserved
genes with different expression patterns are important since they
could be responsible for the different developmental modes of B.
germanica and D. melanogaster. Consequently, functional studies

focused on these genes are presently in progress in our laboratory.

An interesting finding regarding chapter 3.4 was the discovery
that DNA methylation may have an important role in early embryo
development of B. germanica. The role of DNA methylation in
insects has been largely discussed (Glastad et al. 2015; Park et al.
2011; Marhold et al. 2004; Glastad et al. 2013), and here, we
reported a new role on hemimetabolan embryo development. Most
of the articles published regarding insect DNA methylation
investigate its role on cast differentiation and social behavior,
although there is no clear agreement concerning the respective
results (Wang et al. 2006; Bewick et al. 2016; Honeybee Genome
Sequencing Consortium 2006; Elango et al. 2009). Our findings
open a door to a new possible role of this epigenomic marker in
insect embryo development, although they will require further

research, especially from a functional point of view.
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5. CONCLUSIONS

1) The elaboration of the present thesis has involved the
generation of the richest source of transcriptomic data along
the development of a hemimetabolan insect. As
transcriptomic information from hemimetabolan species is
very scarce (although it is essential for understanding the
evolution of hemimetaboly), we can conclude that the
transcriptomic data generated is in itself an important
contribution to the study of the evolution of insect

metamorphosis.

2) The study of the miRNA complement of Blattella germanica,
using RNA-seq data, miRNA biogenesis information, and
phylogenetic analyses, revealed that it is composed of 61
conserved and 58 specific miRNA families. This suggests
that the 61 conserved miRNA families regulate more
ancestral functions, whereas the 58 specific contribute to

regulate more derived functions.

3) An equivalent study of the miRNA complement in two other
hemimetabolan insects (Locusta migratoria and Acyrtosiphon
pisum) and in four holometabolans (Apis mellifera,
Tribolium castaneum, Bombyx mori and Drosophila

melanogaster) has allowed the identification of 62 miRNA
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families highly conserved across these species. This, together
with the wide and generally high expression levels of these
miRNAs, suggests that they regulate basic and more ancestral
functions that are conserved in hemimetabolan and

holometabolan species, and probably in all insects.

4) The 62 highly conserved miRNA families have been defined
as the insect minimal miRNA toolkit, which led to predict
that any insect species may possess these miRNAs. This
predictive power can facilitate the empirical identification of
the conserved miRNA complement in other, unstudied insect

species.

5) Species-specific miRNAs are characteristically highly
expressed during embryogenesis. This suggests that these
miRNAs are especially important in embryo development,

and become less relevant in nymphal and adult stages.

6) In B. germanica, MIR-309 miRNAs are dramatically
expressed in a narrow temporal window during the maternal
to zygotic transition (MZT). In D. melanogaster, MIR-309
miRNAs have a key role in eliminating maternal mRNAs.
These two facts suggest that MIR-309 might play the same
role in B. germanica during the MZT.
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7) The hemimetabolan embryo shows a high and very diverse
transcriptomic activity that contrasts with the conservative
activity in postembryonic stages. Conversely, transcriptomic
activity is relatively constant along holometabolan ontogeny.
This can be related to the fact that the hemimetabolan embryo
constructs the essential adult body structure during the
embryogenesis, whereas holometabolans delay the
completion of the adult body structure building until the last

juvenile stage (the pupa) of postembryonic development.

8) The expression patterns of a number of early embryonic, gap,
pair-rule, segment polarity, and Hox genes in B. germanica
differ from what has been observed in D. melanogaster.
These differences can account for the divergent body
structure patterning between these two species, which
represent hemimetabolan and holometabolan embryogenesis,

respectively.

9) A correlation between gene expression and DNA methylation
marks has been observed in early embryogenesis in B.
germanica but not in D. melanogaster. This difference
suggests that DNA methylation can be an important process
for hemimetabolan embryogenesis that might have been lost
in holometabolans, at least in D. melanogaster, during

evolution.
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6. APPENDIX

This appendix consists of two articles authored by the PhD
candidate, which do not perfectly fit into the main story line of the
thesis. However, they are included here because they have
conceptual connexions with the thesis. Moreover, they can be
relevant for the comprehension of the work carried out during the

preparation of the thesis.

The Appendix 1 is a paper published in 2015 with the results of
my final master project of the candidate undertaken in Belles' Lab.
In this work, we explored the role of transcription factors on the
morphogenesis of the Blattella germanica tergal glands during
metamorphosis. Although this article was published before starting
the PhD project, it clearly had an impact on the present thesis. Most
of the technical and conceptual knowledge and skills obtained on

that project were later applied on the PhD project.

The Appendix 2 is a co-authored manuscript that resulted from a
collaboration in a large consortium. The consortium was established
for sequencing and annotateing the genomes of two Blattodean
insects, the cockroach B. germanica and the termite Cryptotermes
secundus. These genomes, plus other insect genomes available and
several transcriptomic datasets, were used for studying the evolution
of insect sociality. My participation in this project focused on the B.
germanica genome. I collaborated by manually annotating genes,
providing and analyzing the RNA-seq datasets, interpreting results

and revising the successive versions of the manuscript.
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6.1. Appendix 1

This Appendix is the published article about the B.
germanica tergal glands. The results of this work were
obtained during my master project in 2015, which was based

on the analysis of RNA-seq data.

For that project, we obtained 4 transcriptomes of tergites 7
and 8 at different stages and conditions. At that time, the B.
germanica genome assembly was not yet released, and thus
we built a reference transcriptome by assembling a total of
11 RNA-seq datasets from Roche-454 technology. The 4
RNA-seq libraries of tergites 7 and 8 were mapped against
the transcriptome assembly to quantify the expression of
each transcript in each condition. The assembled transcripts
were later annotated by Blast and their function extracted

from the GO terms of orthologous genes
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Towards understanding the molecular
basis of cockroach tergal gland
morphogenesis. A transcriptomic
approach.

Guillem Ylla & Xavier Belles

Institute of Evolutionary Biology (CSIC-Universitat Pompeu
Fabra), Passeig Maritim 37, 08003 Barcelona, Spain.

Ylla G, Belles X. Towards understanding the molecular basis of

cockroach tergal gland morphogenesis. A transcriptomic approach.

Insect Biochemistry and Molecular Biology (2015), 63: 104-12.
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Appendix 2

6.2. Appendix 2

This Appendix is a manuscript resulting from a large
international consortium in which we actively participated.
The consortium was established in order to study and
annotate the B. germanica genome. In addition to it, the
consortium also studied and annotated that of the termite

Cryptotermes secundus.

The comparison of these two genomes -plus that of two
other termites and other non-Blattodean insects- gave clues
about the emergence of eusociality in hemimetabolans. This
work provided us with an essential tool for our studies,

which is the annotated genome of B. germanica.

I actively participated in this project and thus, I'm one of the
co-authors of the manuscript (note that the central authors
are arranged alphabetically). The contributions of the
Barcelona group (X. Belles, M.D. Piulachs and G. Ylla)
focused on gene annotation, mRNA sequencing and

interpretation of results.
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Hemimetabolous genomes reveal
molecular basis of termite eusociality

Mark Harrison**, Evelien Jongepier®**, Hugh Robertson**, Nicolas
Arning, Tristan Bitard-Feildel, Hsu Chao, Christopher Childers, Ms.
Huyen Dinh, Harshavardhan Doddapaneni, Ms. Shannon Dugan,
Johannes Gowin, Ms. Carolin Greiner, Yi Han, Haofu Hu, Daniel
Hugher, Ann Kathrin Huylmans, Carsten Kemena, Lukas Kremer,
Mrs. Sandra Lee, Alberto Lopez-Ezquerra, Ludovic Mallet, Jose
Monroy-Kuhn, Ms. Annabell Moser, Ms. Shwetha Murali, Ms.
Donna Muzny, Saria Otani, Maria-Dolors Piulachs, Monica
Poelchau, Jiaxin Qu, Ms. Florentine Schaub, Ayako Wada-
Katsumata, Kim Worley, Qiaolin Xi, Guillem Ylla, Michael
Poulsen, Richard Gibbs, Coby Schal, Stephen Richards, Xavier
Belles*, Judith Korb*, Erich Bornberg-Bauer*

Hemimetabolous genomes reveal molecular basis of termite
eusociality._bioRxiv_(2017). Publication in progress in Nature

Ecology and Evolution (2017).
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molecular basis of termite eusociality. Nat Ecol Evol. 2018 Mar
5;2(3):557-66. DOI: 10.1038/s41559-017-0459-1
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