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Abstract

Insects are the largest group within arthropods and in this group various phenotypes
and lifestyles can be found. To understand where how this diversity evolved insects are
studied on both a morphological and genomic level. The focus of the genomic research
lies on protein-coding genes.

Genomes, however, consist of different parts with different functions. Only a small
fraction (~2 % in humans) is made up of protein-coding genes, whereas the majority
of the genome consists of functional parts such as non-coding RNAs (ncRNAs), or reg-
ulatory elements, and parts where first evidence shows function but is not yet known
what it is, such as conserved non-coding elements (CNEs), transposable elements or
repeats. ncRNAs are involved in a plethora of processes in an organism, such as gene
regulation, RNA modification and processing, mRNA translation, RNA silencing, and
defence against predatory genomic elements. CNEs have been shown to be involved in
gene regulation, although the mechanism remains unclear. As stated lies the research
focus on protein-coding genes, making most other genomic parts understudied, espe-
cially in non-model organisms. In chapter 1 I provide detailed information about the
function of different ncRNA classes as well as their functions, and known presence in
insects. Regarding the CNEs I also present their background as well as the current
state of research.

Within this thesis I analyse different Hymenoptera genomes regarding their ncRNA
and CNE repertoire. In chapters 2, 3, and 4 I focus on the two species Athalia rosae

and Orussus abietinus and categorise their ncRNA repertoire through both homology
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and de novo analysis. Using the ncRNAs known from other Hymenoptera and present
in the databases Rfam and miRBase, I was able to identify a set of ncRNA families that
is present in all analysed Hymenoptera. Further de novo analysis of these two genomes
showed, that the ncRNA repertoire of miRNAs, tRNAs, IncRNAs, and snoRNAs is
larger than shown through the homology prediction alone. This emphasises the im-
portance of not only relying on data present in databases to predict the full ncRNA
repertoire of a species, especially in not well studied lineages.

Chapters 5, 6, and 7 focus on the identification of CNEs in four Hymenoptera species
(Apis mellifera, Athalia rosae, Nasonia vitripennis, and Orussus abietinus). Comparing
the genomes using pairwise whole genome alignments I was able to identify numerous
CNEs in these Hymenoptera. The CNEs were often found in cluster of at least two
(between 76 % and 89 %). My search for genes that are likely associated with these
CNE clusters identified a number of IncRNAs as potential interaction partners. Look-
ing at the CNE clusters consisting of more than 10 CNEs and having an IncRNA as
the interaction partner, I found these clusters conserved between at least two species.
My analysis shows, that these conserved regions can still be identified in lineages with
a long divergence time (over 240 million years) as well as a high sequence divergence.
Furthermore, the focus of gene interaction partners should be broadened to include
non-protein-coding genes.

The final chapter provides an overview of the results of this thesis as well as a discussion

how my findings fit into the general context of theses fields of research.
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Introduction 1

1. Introduction

Eukaryotic genomes consist of a lot more parts than just protein-coding regions. Be-
cause the protein-coding part of the human genome is only 1%, the remaining parts
of the genome were first called ’junk DNA’ (Ohno, 1972) and thought to be without
function. As research on genomes continued it became clear that this part consists
of different elements most of which are necessary for the organism. Some examples
for these elements are repeats, transposable elements, different classes of non-coding
RNA, different regulatory elements, and otherwise conserved regions such as conserved

non-coding elements.

1.1. Non-coding RNAs

Non-coding RNAs (ncRNA) are transcribed but not translated and are involved in
the workings of the cells. The different classes have different functions. They in-
teract directly with deoxyribonucleic acid (DNA) or ribonucleic acid (RNA), or are
involved in cellular processes. Currently at least nine different classes of ncRNAs are
known, with a varying number of members. The classes with most known members
are the transfer RNAs (tRNAs), micro RNAs (miRNAs), small nuclear RNAs (snRNAs),
ribosomal RNAs (rRNAs), and the long non-coding RNAs (IncRNAs). The snRNA
class has several subtypes, with the most common subtypes being the small nucle-
olar RNAs (snoRNAs). Other classes are small interfering RNAs (siRNAs) and PIWI-
interacting RNAs (piRNAs).
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The length of these vary, but all have an important secondary structure (figure 1.1).
Some of the shorter ncRNAs are often collected under the umbrella term ’small RNAs’.
These include miRNAs, siRNAs, and piRNAs. The small RNAs are all around 20-30 base
pair (bp) long and are associated with the Argonaute family proteins.

Another well studied class that consists of only a few families is rRNAs. They can be
quite long compared to the other classes.

The number of ncRNA classes shifts overtime as more becomes known about ncRNAs.
Some former classes get integrated into others (e.g., piRNAs now inlcude repeat-
associated RNAs (rasiRNAs)) or they may be split as more becomes known about their
function or biogenesis, and also completely new classes may be discovered. This creates
problems with the comparison between different ncRNA annotations as they might use

different categories and standards for their annotation.
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Figure 1.1.: Schematic overview of the secondary structures of four different non-coding

RNAs. a) shows the typical hairpin structure of a pre-micro RNA in Metazoa.
They consist of a stem and a loop, the combination of the two is called a hairpin
loop or stem loop. The stem can contain unbound nucleotides which create so
called 'bulges’. The mature miRNA (red) consists only of one half of the stem.
b) shows a tRNA which folds into a cloverleaf structure. It consists of three
hairpin loops, an additional stem, and another variable loop. The anticodon
loop binds to the corresponding amino acids and transports it to the protein
synthesis machinery. ¢) shows the secondary structures of the two most common
types of snoRNA. Left a C/D snoRNAs is shown. They fold into a short stem
and a big loop. Important are the boxes inside the loop as well as the regions
that pair with the target RNA (see subsection 1.1.3 for further details). On the
right side a H/ACA snoRNA is shown. They contain two hairpin loops that
both have an internal loop separating the stem into an upper and a lower stem.
This internal loop binds to the target RNA. Between the two hairpin loops the
H-box can be found and at the 3’ end of the snoRNA the ACA-box is present.
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1.1.1. Small RNAs

Small RNAs, also sometimes called small silencing RNAs, include several different
ncRNA classes that are associated with Argonaute proteins, are short (20-30bp), and
typically have a target gene of which they reduced the expression (Ghildiyal and
Zamore, 2009; Kim and Pritchard, 2007). The actual mechanism of the gene regu-
lation varies between the different RNA classes, as well as their biogenesis. The process
of gene regulation these siRNAs are involved in is called RNA interference (RNAi). RNAi
can be found in Metazoa as well as in plants (Ghildiyal and Zamore, 2009). Since
the first discovery of RNAi in Caenorhabditis elegans the understanding of how this
mechanism works has changed a lot.

In 1991 Fire et al. (1991) used some single-stranded antisense RNAs to disrupt the
expression of genes responsible for the encoding of myofilament proteins. They showed
that some kind of interference exists but the mechanisms was still unclear. Further
studies showed that is doesn’t matter whether a sense or antisense RNA was used for
interference, and that the effects from the interference can be passed onto an offspring
(Burton et al., 2011). The fact that sense as well as antisense RNA strands lead to
a change in gene expression led to research on the involvement of double-stranded
RNA (dsRNA). dsRNA can also interfere in protein expression, however it is highly
specific (Fire et al., 1998). Also, it is possible for the dsRNAs to spread to other cells,
crossing cellular boundaries. This discovery was a step in the right direction discov-
ering the mechanism of RNAi, but still did not reveal the mechanism itself. However,
Fire et al. (1998) proposed that a simple antisense model for RNAi is unlikely, and that
the process of RNAI itself exists because it has a biological purpose. Another result was
that a transport mechanism for dsRNA must be present to get these RNAs into other
cells or even the germline.

Other studies in plants showed that dsRNAs are involved in the targeting or viral RNAs
(Hannon, 2002). In these cases the interference works on the post-transcriptional level.

But this is not the only level where RNAi is active. In plants it has been shown that
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RNAi is involved in some methylation processes, and in Drosophila it has been found
to regulate gene expression at the chromatin structure level (Hannon, 2002).
Through further research the nuclease complex that is responsible for the gene silencing
has been discovered. It is called RNA-induced silencing complex (RISC) (Hammond
et al., 2000). This complex identifies the target of the small RNA through sequence
complementarity (Bartel, 2004). An important part of the RISC are members of the
Argonaute protein family, which play a crucial role in the RNAi process (Bartel, 2004).
The Argonaute protein family can be split into two groups. One is the Ago subfamily,
the other is the Piwi subfamily. The latter gives the piRNAs their name, as they inter-
act only with this subfamily, whereas both miRNAs and siRNAs interact with the Ago
subfamily (Kim and Pritchard, 2007).

The three most prominent classes are further described in the following sections.

MicroRNAs

MicroRNAs (miRNAs) are single-stranded RNAs (ssRNAs), short (between 22-24bp),
and have a characteristic hairpin structure (figure 1.1 a). miRNAs have a short seed
region of around 10 bp that is important for their interaction with a target gene. To get
the seed out of the whole miRNA a complex machinery is involved, called the miRNA
biogenesis machinery (figure 1.2). In this pathway the two RNase III enzymes Drosha
and Dicer are involved. Before the mature miRNA is ready a primary miRNA transcript
(pri-miRNA) is transcribed from the genome by RNA polymerase II (Pol IT) (Lee et al.,
2004) (figure 1.2). This single strand can consist of one or several neighbouring miRNA
hairpin loops with flanking regions, and the length can vary between several hundred
basepairs to kilobases (Denli et al., 2004). The whole pri-miRNA contains a cap struc-
ture on one end and a poly(A) tail on the other. Both cap and poly(A) tail are not
present in further miRNA transcripts.

The next step is to cut out the pre-miRNAs which are one single hairpin loop without
any tails, with a length of around 70bp (Denli et al., 2004). This cleaving is done by

Drosha, which is a nuclear RNase I1I-type protein and is still happening in the nucleus
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(Denli et al., 2004; Kim et al., 2009b). Drosha interacts with another protein in this
step that contains domains for dsRNA-binding. This protein is DGCRS in humans (Han
et al., 2004) or Pasha in Drosophila and C. elegans (Denli et al., 2004). From this loop
a miRNA duplex is cut out by Dicer by removing the loop section. The duplex contains
a miRNA and a miRNA*. To determine which of the two strands is loaded onto RISC
the binding of the 5" end is evaluated. The one where this end is less tightly paired
enters the RISC (Bartel, 2004). The miRNA is loaded into the RISC together with the
target messenger RNA (mRNA), leading to a name change of the RISC. It is now called
microRNA-induced silencing complex (miRISC) to show that it is loaded with a miRNA.
A part of the RISC is the Argonaute protein (Bartel, 2004). The mature miRNA con-
tains a seed region that directly interacts with the target gene. The level of regulation
depends on the number of binding sites between miRNA and gene. Being part of the
miRISC leads either to an endonucleolytic cleavage of the mRNA or an interference of

the protein synthesis (Denli et al., 2004).
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Figure 1.2.: Biogenesis pathway of a micro RNA. The miRNA gene is transcribed from
theDNA inside the nucleus by Pol II. The transcription product is called pri-
miRNA and consists of one or more hairpin loops containing a cap and poly(A)
tail. The pri-miRNA is further processed by Drosha into a pre-miRNA. The
pre-miRNA is one hairpin loop without any tails, where the stem contains the
mature miRNA. The next step is to remove the loop section using Dicer. This
results in a miRNA duplex. The duplex is separated into two single-stranded
miRNAs, one called miRNA, the other miRNA*. Together with the target mRNA
the mature miRNA is loaded onto the RISC.

The seed region of a miRNA is generally 6-8bp long and binds to the mRNA of the
target gene, most of the time in the 3’ untranslated region (UTR) (Kim et al., 2009b).
The more nucleotides of the seed are paired and bonded with a nucleotide of the mRNA
without any bulges, the stronger the gene regulation through cleavage of the mRNA will
be (Doench et al., 2003; Olsen and Ambros, 1999). If the miRNA binds only partially
the mRNA is not cleaved, however it will not be translated (Doench et al., 2003; Olsen
and Ambros, 1999).
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The first discovered miRNA was called lin-4 (Lee et al., 1993). It was found in C. elegans
and was originally thought to be a protein-coding gene. However, it was discovered to
actually produce small RNAs. This miRNA is involved in a pathway that triggers the
transition to the second larval stage. Since this first discovery it has become clear that
miRNAs have many different functions and their expression can be developmental stage
or tissue dependent. They are most researched in humans, followed by other model
organisms.

miRNAs are grouped into families through their seed regions. miRNA families can be
species/lineage specific or can be shared between different organisms (Ruby et al., 2007;
Warren et al., 2008; Marco et al., 2012). The seed region is the most important part
of a miRNA to identify homologs in other species. A miRNA family can be present with
more than one member in a species. The sequence of different family members can
vary in most of their sequence as long as the seed region, and therefore also the part
that pairs with these nucleotides, is conserved. Mir-2 for example can be found with
four copies in several species. They are often present in a cluster and that cluster is
also preserved between species.

One such miRNA cluster consists of several members of the mir-2 family. This family
is present in various invertebrates, but the copy number varies. Whereas C. elegans
has only one mir-2 gene, D. melanogaster has eight, and most other insects have five
copies (Marco et al., 2012). The eight mir-2 genes in D. melanogaster are organised in
two clusters. The overall structure of mir-2 clusters varies in length in different species.
The expansion of this family happened through several tandem duplications and dele-
tions (Marco et al., 2012). One of these duplications happened in a common insect
ancestor, but the split of the cluster into two happened in an Drosophila ancestor.
After this split more duplications happened, explaining the difference in mir-2 gene
number between insects. Through all duplications the seed sequence on the 3" arm has
been conserved. The mir-2 cluster is in most organisms spatially linked to the mir-71

gene which is present in front of the cluster, but mir-71 was lost in the dipteran lineage
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(Marco et al., 2012). Both gene families are evolutionary unrelated. Target prediction
of the mir-2 family showed that this family targets genes involved in neural develop-
ment in both Drosophila and Caenorhabditis (Marco et al., 2012). Expression data
showed mir-2 products being highly expressed in the adult head of Drosophila. The
split of the mir-2 cluster in Drosophila triggered a subfunctionalization event through
decoupling of the transcription machinery leading to a change in the spatial expression
patterns in the second cluster.

Due to their high specificity of the seed region miRNAs are under high selective pres-
sure to keep their sequences conserved. In fact mutated miRNAs have been shown to be
involved in different diseases. Mutations or change of expressions patterns of miRNAs
have been linked to different types of cancer (Haller et al., 2010; Wu et al., 2008) or
hearing loss in mice (Lewis et al., 2009).

miRNAs can be found in intergenic regions, as well as in introns. The majority of
miRNA loci an be found in intronic regions, either of non-coding transcripts (~40 % of
known loci) or protein-coding transcripts (~40 % of known loci) (Kim et al., 2009b).
In mammals miRNAs tend to cluster with <10kb distance together with other miRNAs
(~50% of miRNAs can be found in close proximity to each other) (Kim et al., 2009b).
These clusters are one transcriptional unit and are transcribed together (Lee et al.,
2002). From these clusters the pri-miRNAs are formed and further processed. In hu-
mans miRNAs can be found on all chromosomes except the Y chromosome (Kim and
Nam, 2006).

Mir-196 for example targets mRNAs from the homeobox gene (Hox gene) cluster and is
located inside this gene cluster (Yekta et al., 2008). The Hox genes play a major role in
vertebrate limb development and are highly conserved. Mir-196 is not the only miRNA
found inside the Hox cluster. Both mir-196 and mir-10 are located inside one of the
Hox gene clusters and regulate the expression of different Hox genes.

All of the above describes miRNAs in animals.
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miRNAs also exist in plants. They are also ~22bp long, however the secondary struc-
ture of the precursor miRNAs is different, and the categorisation into families varies
from animals. Plant miRNAs families are bigger than animal ones, and in contrast to
animal miRNAs the whole mature sequence is conserved between members of the same
family and not only the seed region as is often the case in animals (Jones-Rhoades
et al., 2006; Bartel, 2004). The secondary structure and the sequence not belonging to
the mature miRNA, including the loop region, however can vary between members of
the same miRNA family (Jones-Rhoades et al., 2006). Mostly plant miRNAs are found
in protein-coding genes lacking regions where they can form clusters and seem to have
their own transcriptional units (Jones-Rhoades et al., 2006). However, miRNA clusters
in plants are rarer than in animals.

Because miRNAs have a specific function and a limited target list the accepted standard
for miRNA loss is that it rarely happens if they have accumulated a function (Tarver
et al., 2013). Some recent studies challenging this view through the proposal of a loss
of 80 % miRNA families, depending on the species, lead to a big analysis of microR-
NAomes by Tarver et al. (2018). They took a curated set of miRNA families present
in Eumetazoa and analysed the miRNA families present in these lineages in combina-
tion with a phylogenetic analysis. Additionally they compared the results of miRNA
diversification between their curated data set and an uncurated one. With this they
showed that miRNAs are rarely lost, but that a small amount of families is responsible

for nearly 50 % of the losses.

PIWI-interacting RNAs

PIWI-interacting RNAs (piRNAs) are important in the process of silencing transposable
elements (TEs) (Kim et al., 2009b). The name comes from their interaction with the
PIWT clade of the Argonaute protein family. This PTWI clade is present in all animals
but is absent in plants and fungi (Grimson et al., 2008). It is however also present in

ciliates and slime moulds, leading to the assumption that it is an ancient mechanism
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(Aravin et al., 2007). The proteins in this protein clade, for example the name giving
Piwi, Aubergine (Aub) and Ago3 in Drosophila, have been known longer than the small
RNAs they interact with. In most animals the PIWI proteins are only expressed in
germline cells. The PTWI proteins of mice and Drosophila are not orthologs to each
other and are in fact more closely related within a species than between two species
(Senti and Brennecke, 2010). In Drosophila the PIWI proteins are expressed in both
male and female germline cells, in mice however the PTWI proteins MIWI, MILI, and
MIWI2 are only expressed in male germline cells (Aravin et al., 2007). Individuals
with mutated proteins of this clade show defects in their germ cell development (Ar-
avin et al., 2007). In Drosophila it was shown that the expression of the three PTWI
proteins varies between cells. Germline cells express Piwi, Aub, and Ago3 cytoplasmic,
whereas somatic cells express only Piwi in their nucleus (Senti and Brennecke, 2010;
Brennecke et al., 2007; Chambeyron and Seitz, 2014).

Aravin et al. (2001) first discovered a dsRNA associated with the silencing of the repeat
locus Stellate in Drosophila. They called this dsRNA Suppressor of Stellate. Through
further studies a new category of small RNAs was discovered called rasiRNAs, where
RNAs involved in repeat silencing were categorised into (Aravin et al., 2003). Now the
rasiRNAs are handled as a subcategory of piRNAs (Aravin et al., 2007). The rasiRNAs are
not specific to a type of repeats but consist of sequences ofDNA transposons, satellites,
retrotransposons, as well as complex repeats (Aravin et al., 2003). Transposons are
mobile elements of the genome that can reproduce and insert themselves in the genome
(Slotkin and Martienssen, 2007). They target protein-coding regions for their insertion
into the genome and are therefore able to disrupt genes and the organisational struc-
ture of the genome. They are found all throughout eukaryotes (Huang et al., 2017).
piRNAs are ~25-30bp long (Grimson et al., 2008; Girard et al., 2006) and tend to be
found in clusters in the genome (Girard et al., 2006; Chambeyron and Seitz, 2014).
Unlike miRNAs their sequence is so unique for each piRNA that is is not possible to clas-
sify them into families (Huang et al., 2017). Of those piRNAs that bind to Piwi in the
cell soma 75 % carry a uridine at the 5" end, and over 60 % can be mapped to multiple

genomic loci (Senti and Brennecke, 2010). During the discovery of the siRNA pathway
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it has been shown that both sense and antisense strands of these RNAs can induce gene
silencing. For the piRNAs that are annotated as matching to a transposon, over 90 % of
the transcripts are antisense to the active transposon. It is important for an organism
to control transposons to increase their fitness (Hua-Van et al., 2011). It is possible to
pass on an immunity to a specific transposable element, but only through the female
germline (Bregliano et al., 1980). This allows a defence against new transposons where
the matching piRNAs have not yet been included in the genome. piRNAs have slight
variances in their length and sequence, which plays a role in their binding to a protein
of the PIWI class. Those with a 5’ terminal uridine tend to bind to Piwi and Aub,
whereas the ones binding to Ago3 lack this terminal uracil most of the time (Brennecke
et al., 2007). Also, the length of the piRNA is a deciding factor. piRNAs bound to Piwi
are the largest with 25.7bp mean length, and Ago3 bound are the smallest (24.1bp)
(Brennecke et al., 2007). The size difference however does not have an impact on the
corresponding genomic elements. As stated before most piRNA-Aub complexes interact
with sequences that are antisense to the transposable element. If the piRNA is part of
the Ago3 complex however, a strong bias towards sense transposon strands (75 % of
the transposon strands are sense) is observed (Brennecke et al., 2007).

piRNAs are not randomly distributed in the genome and can be found in clusters (Gi-
rard et al., 2006; Chambeyron and Seitz, 2014). Girard et al. (2006) identified piRNAs
in mice and found clusters with 10-4,500 piRNAs spanning 10-83kb. These clusters
tend to occur in repeat- and gene-poor regions of the mice genome. piRNA clusters can
form at any position of the genome. However, they show a preference to regions that
contain remnants of TEs (Olovnikov et al., 2013). Experiments showed that artificial
sequences inserted into a piRNA cluster were treated and expressed as piRNAs, show-
ing that any sequence inside this cluster can act as a piRNA (Muerdter et al., 2012;
Olovnikov et al., 2013). It is not yet known what conditions have to be met to create
a cluster of piRNAs in the genome.

In Drosophila the 15 largest piRNA clusters are responsible for up to 70 % of all piRNAs
and 57 % of the unique piRNAs (Brennecke et al., 2007). One well studied example of
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piRNA cluster is the flamenco cluster present in the Drosophila genome. This locus
can be found on the X chromosome of Drosophila and spans over 180kb (Zanni et al.,
2013). 87 % of the sequence of this cluster are transposable elements (Brennecke et al.,
2007). flamenco has been shown to control three different retrotransposons: ZAM,
Idefiz, and gypsy (Prud’Homme et al., 1995; Desset et al., 2003). The sequences of
the transposons are included in this cluster, some in multiple copies and additional
fragments. Further analysis of this locus in several Drosophila species showed it acts
as a trap for TEs that are transferred horizontally between species and contains also
recent insertions (Zanni et al., 2013). The age of the different TE inserted into a piRNA
cluster can differ, leading to the possible presence of both old and recent copies of them
in the same genome.

Studying piRNAs in mice Girard et al. (2006) found that only 17 % of piRNAs mapped
to repeats, whereas in Drosophila nearly 80 % of the piRNAs identified by Brennecke
et al. (2007) could be classified as rasiRNAs due to their repeat association. Since the
numbers for repeat association depend on the repeat annotation and especially the an-
notation of transposable elements this number is likely underestimated (Chambeyron
and Seitz, 2014).

piRNAs are not only transcribed from piRNA clusters, but in some cases also directly
from individual transposons or the 3> UTR of some genes (Huang et al., 2017). The
different origins lead to slightly different biogenesis pathways, but the piRNAs are al-
ways processed from longer precursors. So far no common secondary structural motifs
or sequences have been found in the piRNA precursors (Huang et al., 2017).

To transcribe piRNA clusters Pol II is involved, which transcribes them as long non-
coding RNAs. The transcription happens even though the piRNA clusters are enriched
with the histone 3 lysine 9 tri-methylation (H3K9me3) that usually is found on si-
lenced, heterochromatic regions. Here, the mark does not suppress the transcription,
but instead is a necessary requirement for the expression of piRNAs (Huang et al., 2017).
Furthermore, in Diptera a specific set of proteins is bound to dual-strand clusters, but
not uni-strand cluster or genic piRNAs. A dual-strand cluster has no distinct promo-

tor, no splicing, and allows transcription from both strands. This protein set consists
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of Rhino (Rhi), Deadlock (Del), and Cutoff (Cuff), and together they form the RDC
complex, which is also necessary for transcription (Huang et al., 2017). In non-Diptera
species the transcription initiation complex (TREX) is a requirement for piRNA bio-
genesis. The transcribed precursor piRNA is exported to the cytoplasm, where it is
further processed into mature piRNAs.

The further processing of the piRNA precursors involves two pathways, the Zuc-
dependent and ping-pong loop processing. The processing of mature piRNAs includes
the formation of the 5’ and 3’ ends. As stated above a bias for an uridine exists at the
5’ end of the mature piRNA. The cleavage of this end can be done in several ways. The
first is Zucchini (Zuc) mediated processing in nurse and follicular cells (Huang et al.,
2017), where the 3’ end can be formed through cleavage with Zuc. Other ways are sliver
cleavage (as part of the ping-pong loop) and further processing through other exonu-
cleases. In all theses mechanisms the last step is the 2’OMe-modification of the last
nucleotide by Henl. This is probably stabilising the piRNA (Huang et al., 2017). This
processed piRNA is loaded onto the Piwi protein and after methylation of the piRNA the
Piwi-piRNA complex is transported into the nucleus, where the mature piRNA silences
transposons (Ku and Lin, 2014).

The second processing pathway and an important defence against active transposons
is the piRNA ping-pong loop. This is an auto-amplifying biogenesis pathway possible
trough a sequence feature in piRNAs (figure 1.3) creating antisense piRNAs complemen-
tary to an expressed transposon, whereas sense piRNAs are transcribed from a piRNA
cluster (Chambeyron and Seitz, 2014). The first 10 bp of the sense and antisense piRNAs
are in general complementary to each other (Olovnikov et al., 2013). This feature
makes it possible for one mature piRNA to guide the cleavage of a piRNA precursor that
is complementary, leading to the maturation of this piRNA (Chambeyron and Seitz,
2014; Brennecke et al., 2007). This loop uses the proteins Aub and Ago3 which tend to
have piRNAs bound that are complementary to each other. The binding is referred as
the protein being loaded with the piRNA. As stated above the piRNAs loaded onto Aub
often have a 5" uridine whereas the piRNA loaded onto Ago3 tend to have an adenine

at position 10 (Chambeyron and Seitz, 2014). The loop does not only produce mature
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piRNAs through auto-amplification, but also degrades mRNAs of TEs. The TE mRNAs
are degraded through either Aub or Ago3, leading to a post-transcriptional repression.
The TE are recognised by the proteins because the piRNAs are sense or antisense to
the TE sequence (Chambeyron and Seitz, 2014). This process happens inside the nurse
cells (Huang et al., 2017) and is also responsible for the sliver cleavage of the 3’ end
of the mature piRNA. So the ping-pong loop is an adaptive immune response that

destroys active TEs through the amplification of piRNAs (Lau et al., 2009).

PiRNA cluster
transcript %

ping-pong
amplification
loop

Transposable Element mRNA

Figure 1.3.: Visualisation of the ping-pong loop that piRNAs and transposable elements are
involved in. The process happens in the cytoplasm. The two PIWI proteins
involved are Ago3 and Aub. Aub binds to a subsequence of a transposable
element mRNA whereas Ago3 binds to a partial piRNA. These protein-sequence
complexes start the so called ping-pong amplification loop. The Aub complex
binds to a TE sequence that is complementary to the piRNA. The bound part
of the TE sequence is cleaved and separated from the Aub complex.

The Piwi protein is not involved in the ping-pong loop. However, it plays a role in

the deposition of heterochromatic marking of TEs (Chambeyron and Seitz, 2014). The
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piRNA acts as a guide for Piwi by binding to the TE transcript, which triggers a local
heterochromatinization of the target gene and its neighbours (Chambeyron and Seitz,
2014).

Even though a lot of the components of the piRNA biogenesis have been identified,
there are still some open questions, such as how piRNA clusters are identified or which
proteins are involved in this pathway, or how the first piRNA is selected that is required
to recognise piRNA precursors (Huang et al., 2017).

Studies showed that piRNAs are present in Drosophila embryos (Huang et al., 2017).
The mother deposits Piwi proteins loaded with piRNAs directly into the embryo, leading
to an epigenetic inheritance of piRNAs through the maternal line (Chambeyron and

Seitz, 2014).

Small interfering RNAs

Small interfering RNAs (siRNAs) are dsRNA that are involved in RNAi. They can be
found in all lineages of eukaryotes (Zamore and Haley, 2005). Longer dsRNAs are
cleaved by Dicer, an RNase IIT enzyme into a dsRNA duplex with a length of around
22 bp. Characteristic for this duplex is the symmetric 3’ nucleotide overhang on each
end of 2-3bp as well as the 3’-hydroxyl and 5’ phosphate groups (Dykxhoorn et al.,
2003). The cleavage of the dsRNA happens in the cytoplasm. The mature siRNA is then
incorporated in the RISC which requires the 5" phosphorylation. Only the antisense
strand guides the RISC to the target. The target is identified through the sequence
homologous to the siRNA and cleaved at a single centred site. This site is 10bp away
from the 5 end of the siRNA (Dykxhoorn et al., 2003).

For the function of siRNAs the complementarity between mRNA and siRNA is the most
important part. A single nucleotide mutation at the wrong position can destroy the
activity of the siRNA, whereas mutations at other positions can just lead to a down-
regulation of activity (Bantounas et al., 2004).

Studies in Schizosaccharomyces pombe showed that siRNAs are not randomly distributed

in the genome (Cam et al., 2005). They tend to cluster in heterochromatic domains as



Introduction 17

well as in the vicinity of repeat elements that were corresponding with heterochromatic
domains.

The distinguishing factor for miRNAs and siRNAs is not their function, but the origin of
the transcripts. siRNAs derive from dsRNAs that are up to thousands of basepairs long,
whereas miRNAs derive from the pre-miRNAs that are around 70 bp long and are ssRNAs

(Zamore and Haley, 2005).

1.1.2. Transfer RNAs

Transfer RNAs (tRNAs) belong to the more commonly known types of ncRNAs. They
tend to have a typical clover leaf secondary structure (fig. 1.1 b), however some ex-
ceptions miss one or more of the arms and just contain the anticodon loop. They are
75-90bp long and are involved in mRNA translation. Each tRNA has an anticodon that
interacts with a specific amino acid. They can be found as well in the mitochondrial
genome in Metazoa (Ojala et al., 1981) and in plant chloroplasts (Leis and Keller,
1970).

The processing of tRNA includes the synthesis of a precursor tRNA that has a 5’ leader
sequence as well as a 3" ending (Phizicky and Hopper, 2010). The 5’ end is clipped by
RNase P, the 3’ end by the endonuclease RNase Z as well as different exonucleases. At
the 3’ end a CCA is added after the trimming if not already present.

tRNA genes can contain introns. At least one tRNA family with introns is present in so
far all sequenced archaea and eukaryotes, and in at least one tRNA family all members
contain one, making splicing a necessity (Phizicky and Hopper, 2010). However, tRNAs
with introns are the minority.

In yeast genomes the tRNAs are randomly distributed on the chromosomes. The tran-
scription of these genes only happens in the nucleolus (Phizicky and Hopper, 2010).
The location of the splicing machinery for tRNAs varies depending on the organism.

In vertebrates the splicing happens in the nucleus, whereas in yeast it occurs in the
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cytoplasm. If not already there the mature tRNA is exported to the cytoplasm, where
it is either charged with an amino acid or, after some modifications, reimported into
the nucleus. The reimported tRNA is charged with an amino acid inside the nucleus
and then re-exported (Phizicky and Hopper, 2010).

Over 100 tRNA modifications are known so far, making tRNAs the most heavily mod-
ified cellular RNA (Vilardo et al., 2012). The modifications include changes in the
anticodon region, different kinds of methylations, and pseudouridinylations. These
changes can stabilise the 3D structure and expand the coding capacity of the anti-
codon. Even though not all modifications are completely understood they are often a

necessity (Vilardo et al., 2012).

1.1.3. Small nucleolar RNAs

Small nucleolar RNAs (snoRNAs) are mostly involved in rRNA modification, but also in
ribosomal RNA processing. They are ~70-250 bp long and can be classified into families
based on secondary structure, the two most prominent ones being H/ACA snoRNAs and
C/D box snoRNAs (Maxwell and Fournier, 1995). In these two families the secondary
structure is conserved, however the sequence can vary substantially. H/ACA snoRNAs
consist of two stem loops that contain each one interior loop where the target area
of the target rRNA is captured (figure 1.1 d). C/D snoRNAs have one big loop where
the target region binds (figure 1.1 ¢). Both types have so called boxes which consist
of a conserved nucleotide sequence and are needed for metabolic stability or help to
fold the snoRNA into the correct secondary structure. In both types of snoRNAs the
boxes function as measuring devices to get the specific position of the rRNA where the
modification should happen.

C/D snoRNAs have a C box (UGAUGA) near the 5" and a D box (CUGA) near the 3’
end, and if folded the boxes are near the stem but inside the loop (Eliceiri, 1999).
H/ACA snoRNAs have an ACA motif three nucleotide from the 3’end and an H box
(containing the nucleotide pattern ANANNA) that is located in the hinge region be-
tween the two loops (Eliceiri, 1999).
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snoRNAs are involved in different stages of rRNA pathways. Both C/D and H/ACA
snoRNAs are responsible for cleavage of pre-rRNAs, folding and nuclear exportation
(Eliceiri, 1999; Henras et al., 2015). C/D snoRNAs are also involved in pre-rRNA ri-
bose methylation, specifically 2’-O-methylation. They use an antisense element to the
rRNA target inside the loop in combination with the boxes. The H/ACA snoRNAs also
function as pre-rRNA pseudouridylation guides that are site-specific. They also use an
antisense element inside the loop to target the rRNA.

Even though there are only two families of snoRNAs there are around 200 different

snoRNAs suspected to exist in a single vertebrate cell (Smith and Steitz, 1997).

1.1.4. Ribosomal RNAs

Ribosomal RNAs (rRNAs) are part of the ribosomal complex and are involved in protein
synthesis. rRNAs are known from all organisms, however the types that are present vary.
In eukaryotes 5.8S rRNA, 285 rRNA (in Metazoa)/26S rRNA (in plants), 185 rRNA, and
5S rRNA can be found. They are split into two transcriptional units, one containing
only the 18S rRNA, called small transcriptional subunit (SSU) or 40 S subunit, and the
other containing the 5StRNA, 5.8SrRNA, and 28SrRNA, called large transcriptional
subunit (LSU) or 60 S subunit (Srivastava and Schlessinger, 1991; Fatica and Tollervey,
2002).

The 5.85, 18S, and 28S rRNAs are found in series in the genome and are also often
referred to as the ribosomal DNA (rDNA) cluster. The cluster composition is highly
conserved. The cluster starts with the 18S rRNA followed by the 5.8S rRNA and the
28S rRNA (figure 1.4). The three subunits are separated by internal transcribed spacer
(ITS), in this case ITS1 between 18S and 5.8S, and ITS2 between 5.8S and 28S. The
ITS are less conserved than the different subunits. The whole cluster can be found

multiple times in a genome.
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rDNA gene cluster

18S 5.85 28S

Figure 1.4.: Graphical overview of the rDNA cluster. It consists of an 18S rRNA gene,
followed by the first internal transcribed spacer (ITS1), the 5.8S rRNA gene,
the second internal transcribe spacer (ITS2), and the 28S rRNA gene.

The 5S rRNA is also found in multiple copies in the genome and those copies occur
in several clusters of tandem repeats (Ciganda and Williams, 2011). The single genes
have a length of about 120bp. The sequence is highly conserved and often used as a
phylogenetic marker. The secondary structure consists of four loops (two internal, two
hairpin) and five stems. One internal loop connects to three stems and acts as a hinge
(Ciganda and Williams, 2011).

In arthropods some repeat elements are known to insert themselves into rRNAs. One
of these elements is the R2 element. The R2 element is a non-LTR retrotransposon
that inserts itself at a specific position into the 28s rRNA (Burke et al., 1999). This
insertion is known throughout arthropods. The R2 element is not necessarily present
in all 285 rRNA copies in a species. Some copies may have no insertions, others may
have an insertion of another R element (Jakubczak et al., 1991).

Due to the high copy number of rRNA genes their assembly is problematic and often only
single copies of a gene can be found in a genome assembly. This also leads to problems
in identifying whole rRNA clusters. However, recent developments in sequencing will
change this. Using PacBio or Oxford NanoPore Technology machines it is now possible

to sequence several thousand basepairs continuously, or even a whole DNA molecule.

1.1.56. Long non-coding RNAs

Even though IncRNAs are classified as non-coding RNAs they differ quite a lot from the

other ncRNA types. They are defined as transcripts that are longer than 200 bp, but do
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not code for proteins and have in contrast to other ncRNA transcripts no conserved sec-
ondary structure, and mostly have a poly(A) tail. Since the first discovery, the number
of IncRNAs constantly increases and it is now thought that in humans the IncRNAs are
more abundant than the protein-coding genes (Quinn and Chang, 2016). Originally,
the transcripts of IncRNAs were thought to be just noise without a function. But further
experiments lead to the identification of functions. Already in the early 1990s some
transcript with functions that did not follow the typical protein-coding gene transcript
patterns were identified (Brannan et al., 1990). It took until the 2000s for the term of
IncRNA to come up and classifying and naming the first IncRNA HOTAIR (Rinn et al.,
2007; Baker, 2011).

IncRNAs are involved in several different processes in an organism. They play a role
in imprinting of genomic loci, dosage compensation, regulating enzyme activity, or co-
ordinate cell differentiation and development. Also, quite some IncRNAs are involved
in diseases through either a changed expression level or mutations of their sequence
(Wapinski and Chang, 2011).

Even though the general functions of IncRNAs are known, only for a small number of
IncRNA their specific function is known. In the human genome out of tens of thousands
of known IncRNAs only for 299 a known specific function is listed (Jandura and Krause,
2017). The focus of databases is still heavily biased towards model organisms and
vertebrates, especially mouse and human. In insects a bias towards certain species is
also present.

The biogenesis of IncRNAs is similar to that of mRNAs as they are often 5’-capped,
spliced, and polyadenylated, and contain exons. However, they have fewer, but longer
exons compared to mRNAs, and they lack an open reading frame. They are also ex-
pressed at lower levels and have poor sequence conservation. This poor sequence con-
servation also creates problems when identifying homologous IncRNAs between different

species.
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While IncRNAs can be found in all tissue types their expression level varies. In
Drosophila ~70% of the known IncRNAs are expressed in the testes, in humans 78 %
(Jandura and Krause, 2017).

IncRNAs can be categorised into genic and intergenic ones, the latter often called long
intergenic non-coding RNAs (lincRNAs). Genic IncRNAs overlap with a protein-coding
gene, but are often found on the opposite strand in antisense to the gene.

Legeai and Derrien (2015) looked at the IncRNAs known in insects and at ways to iden-
tify them. Most research regarding IncRNAs is focused on D. melanogaster and Apis
mellifera. Even if the IncRNA focus is on these two species, in their study Legeai and
Derrien (2015) only list ten IncRNAs as well studied, i.e. for them the function is char-
acterised. In other insect model organisms they could not find a detailed functional
analysis of IncRNAs.

IncRNA annotation faces the problem that they are mostly conserved in function, but
not their sequence or secondary structure. This means that the standard ways to iden-
tify homologous ncRNAs, where the sequence and structure of candidate hits between
different species is compared, does not work here. To identify IncRNAs in genomes the

coding potential of a candidate is calculated and combined with mapped reads.

1.1.6. Current state of non-coding RNA research

Not all known ncRNAs types can be found in all organisms. miRNAs can be found in
animals as well as in plants. However, due to their differences in structure, biogenesis,
and how they work on targets it is assumed that they have independent origins with
similar functions (Grimson et al., 2008). The number of miRNAs increases with the
complexity of organisms, leading to the idea that they played an important role in the
increasing complexity (Grimson et al., 2008).

Several databases exist that only contain ncRNA. The most prominent ones are proba-
bly Rfam (Nawrocki et al., 2014) and miRBase (Kozomara and Griffiths-Jones, 2013).

The Rfam is a general database for ncRNAs and contains all types of ncRNAs as well as
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RNA elements and motifs that can be present in different ncRNA families. In version
12 the Rfam contains 2,450 different ncRNA families. With version 13 this number was
updated to 2,686 ncRNA families. Rfam uses seed regions for each family in combina-
tion with covariance models to identify ncRNA candidates in a genome. The results are
then manually curated to create a high quality sequence background for each family.
This database contains sequences from all areas of life, however ~60 % are bacterial.
The rest are from viruses, Eukaryota, and archaea. With version 13 of the database
the focus shifted to annotate full genomes and use those as reference genomes to reduce
data redundancy (Kalvari et al., 2018).

The miRBase is a more specialised database, as it contains only miRNAs. Version 21
contains 1,983 different miRNA families. The miRNAs are mostly from Eukaryota and
plants as well as some protists and viruses. The database collects the stem loop of a
miRNA and marks the mature sequence. Ideally, experimental evidence is also provided.
The shortness and relatively simple secondary structure of miRNAs lead to an inflation
of false positives in the database (Kozomara and Griffiths-Jones, 2013; Ludwig et al.,
2017).

Both databases do not contain all known ncRNAs (of the ones they curate) because they
rely heavily on users to submit ncRNAs to be included in the database. They are still
the most useful for comprehensive analyses because they provide family alignments
and secondary structure information. There do exist other ncRNA databases, but they
are smaller and often organism or ncRNA specific, i.e. snoRNAbase (Lestrade and We-
ber, 2006), tRNAdb (Jiihling et al., 2008), noncode (Fang et al., 2017). Especially for
IncRNAs quite a few different databases exist, i.e. Incrnadb (Quek et al., 2014), linci-
pedia (Volders et al., 2014). The most extensive databases for IncRNAs contain only
information on human ones.

If one looks at the documented numbers of a certain ncRNA type in the databases a
huge variety between the actual count of e.g. miRNAs can be found. In miRBase v21
the number of annotated precursor miRNAs in insects varies between 7 (Locusta mi-

gratoria) and 487 (Bombyz mori). In humans currently 1,881 precursor miRNAs are
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annotated. The huge difference leads to the question if this number is real as a result
of different complexity of the organisms and corresponds, e.g., to phenotype changes,
or if it is a result of understudying, or a false annotation due to a lack of data. A study
by Wang et al. (2015) reported 833 identified miRNAs in L. migratoria of which the
miRBase only lists 7. The huge difference in numbers is most likely due to the limited
data that was available during the first study, which was done using only transcriptome
data as no genome was available at that time (Wei et al., 2009).

Of course, for most species it is impossible to identify all present miRNAs through ho-
mology prediction. In an understudied group all or most lineage specific miRNAs are
most likely missing from the database. This highlights the importance of using a com-
bination of homology and de novo prediction for all species to identify their ncRNA
repertoire. This problem was enhanced in the past by the focus on model organisms.
Although now the focus is shifting from model organisms to non-model organisms, a
lot of genome projects still focus on the protein-coding part of the genome. This means
that even though the genomes are available, they do not necessarily include ncRNAs
annotations. Genomes that are submitted to the NCBI are run through their ncRNA
pipeline (Thibaud-Nissen et al., 2013). This pipeline is supposed to identify ncRNAs
in genomes. However, the pipeline is not well documented and the total number of
ncRNAs types as well as ncRNA genes identified in the genomes is very low. Up to
version 8.0 only miRNAs and tRNAs were annotated through this pipeline. After the
release of version 8.0 in November 2017 rRNAs, snoRNAs, and snRNAs were added to the
annotation pipeline. Another aspect is that these are generally not manually curated
and not sent to the miRBase/Rfam to be included in the databases, however they rely
on both miRBase and Rfam for their own annotations.

How well ncRNAs are studied varies between the different classes. Some, e.g. tRNAs
and rRNAs, are quite regularly annotated in genome and other projects, making these

type of data available for a variety of species. Others, like miRNAs or snoRNAs, are quite
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often only annotated for specific questions, such as their involvement in a certain gene
regulation, but rarely the complete repertoire of a species is catalogued. Contrasting

to other ncRNAs, tRNAs are nearly always predicted and researched in genome projects.

1.1.7. Non-coding RNAs in insects

Most research of ncRNAs in insect has been done on Drosophila so far as it is a model
organism with a well annotated genome and easy availability of specimens for further
sequencing. Ylla et al. (2016) looked into the question if ncRNAs are just less studied
or if a real difference exists between species, and tried to identify the miRNA toolkit
of insects to answer it. In this case they were especially interested in the change
between hemimetabolan and holometabolan insect species. They were able to identify
65 conserved miRNA families in the insect species they looked at. Also, they conclude
that the variation in miRNA family number in insects is an artefact due to inaccurate
annotation and poor sampling. However, they also suggest to broaden the scope to
identify more lineage specific miRNAfamily gains and losses.

The focus of genome research in insects lies often on protein-coding genes. This leads
to only a small number of the available insect genomes being annotated with ncRNAs,
and even less are added to the specialised databases. For example the genomes of
several ants do exist, but none of their sparsely annotated ncRNAs were added to the
ncRNA databases. This reduces the available genomes for comparison drastically.

One of the larger comparative analyses of ncRNAs in closely related species happened
as part of the ’Anopheles Genomes Cluster Consortium’ where 16 Anopheles genomes
were sequenced and analysed (Dritsou et al., 2014). Using computational approaches
they focused on tRNAs, miRNAs, rRNAs, and snoRNAs, and also analysed their genomic
context. For this study the species set was expanded to include 20 different Anopheles
genomes as more genomes became available.

Using a combination of known sequences present in VectorBase and the Sequence Read
Archive they identified the different rRNA genes in the Anophilids. The completeness

and copy number of the different rRNA genes varied between the species. In both 185
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and 5.8S rRNA they were able to identify at least partial sequences in the majority of
species. The 18S rRNA was found at least partially in 15 out of 17 species and not
found in two, and the 5.85 rRNA was found as full sequences in 16 out of 19 species. In
case of the 285 rRNA only in four out of 17 species a complete gene was identified, with
one additional large partial gene. In nine species the found sequences were shorter than
half of the expected length of the 28S rRNA and in three species no 28S was found.
The partial genes may be the result of TE insertions, but this was not analysed in this
study. The 5S rRNA was the only rRNA were for all 19 analysed species a complete
sequence was identified.

The method they applied for the identification of snoRNAs produced only C/D snoRNAs.
Even though for some species it was necessary to use the target rRNA of a closely related
species for the analysis they were able to predict between 29 and 460 snoRNAs. Some of
the snoRNAs are shared between distant related species with fully conserved sequences

(Dritsou et al., 2014).

1.2. Conserved non-coding elements

Genomes contain a variety of different elements that are not coding for proteins, such
as non-coding RNAs, transcription factors or repeats. During the first analyses of
the human genomes some parts of the genome were identified that are not coding
for above mentioned elements, but were more conserved than expected. This led to
the assumption that these regions have some functions. They were called conserved

non-coding elements.

1.2.1. Characteristics of conserved non-coding elements

Conserved non-coding elements (CNEs) are regions of genomes that are conserved be-
tween species and are not protein-coding, repeats or non-coding RNAs. They were

first described in humans as sequences longer than 200 base pairs that are 100 % con-
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served (Bejerano et al., 2004). There is no general consensus about the definition of the
minimal length and sequence conservation of conserved non-coding elements (CNEs).
Different studies use a different minimal length of CNEs such as 45bp (Yue et al., 2016),
100 bp (Woolfe et al., 2004), or 200 bp (Bejerano et al., 2004), as well as different con-
servation over this length, such as 70 % (Woolfe et al., 2004), 90 % (Yue et al., 2016)
or 100 % (Bejerano et al., 2004). CNEs with 100 % conservation are often classified into
another category called ultraconserved elements (UCEs). For these, usually a shorter
sequence length is assumed (often 50bp) (Glazov et al., 2005).

These elements are often found in clusters as well as regulatory blocks with a gene
(Polychronopoulos et al., 2017). The definition of the maximum distance of two CNEs
for them to belong to a cluster varies. The gene a CNE regulates can be found in a
distance up to 500 kb (Woolfe et al., 2004).

To identify conserved elements at least two different genomes of different species are
compared. The first studies in humans started with the first draft of the human genome,
where it was compared to mice genomes (Hardison, 2000). They studied only one lo-
cus which contained 90 conserved non-coding sequences (CNSs), but extrapolating from
it they suspect 270,000 CNSs in the whole human genome. A later study looked for
UCEs conserved between humans, mice, and rats, which identified 481 fully conserved
sequences (Bejerano et al., 2004). They used whole genome alignments to identify the
conserved regions. The last common ancestor of human and rodents existed ~60 million
years ago (mya), but still it was possible to identify over 400 fully conserved regions that
are longer than 200 bp. Bejerano et al. (2004) also included the pufferfish to figure out
if a time limit for the identification of CNEs exists. The last common ancestor between
puffer fish and mammals was 430 mya (Aparicio et al., 1995). The puffer fish genome
is a lot smaller than the human one, but it was possible to align 12% of its genome
to the human genome. Woolfe et al. (2004) were able to identify nearly 1,400 CNEs
between the puffer fish and mammals. An observation they made was that the CNE set

conserved between the mammals and the set conserved in the vertebrates overlapped
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only partially. This led to the assumption that CNEs emerge over time and are not
only an ancient remnant. Overall it has been shown that it is possible to identify
non-coding sequence conservation after more than 400 million years (my) of evolution
in vertebrates and that this conservation exceeds the conservation of protein-coding

genes (Polychronopoulos et al., 2017).

Table 1.1.: A selection of different definitions of conserved non-coding elements and ultra-
conserved elements.

i\/[ . | Min. M| Author Element name

ength | servation

45bp | 90% Yue et al. (2016) conserved non-coding elements
50bp | 100 % Glazov et al. (2005) | ultraconserved elements

100bp | 74% Woolfe et al. (2004) | conserved non-coding sequences
200bp | 100 % Bejerano et al. (2004) | ultraconserved elements

1.2.2. Function of conserved non-coding elements
Gene regulation

Because CNEs are, as the name says, not coding for anything it was questioned after
their discovery if they have a function (Nobrega et al., 2003). The fact that these
regions are more conserved than expected by random chance suggests that they are
subject to fixating pressure. Studies that focused on the question of functionality
showed that CNEs are involved in gene regulation (Glazov et al., 2005). They were
identified as enhancers for developmental genes in Fugu rubripes (Aparicio et al., 1995)
as well as general developmental gene regulation in flies (Warnefors et al., 2016), and
it has been shown in humans that some CNEs regulate the expression of certain inter-
leukins (Hardison, 2000). Through trans-mice it has been shown that the expression

is downregulated if the CNEs are deleted from the genome.
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In their study Warnefors et al. (2016) looked for UCEs and their possible relation to
alternative splice site in flies. Focusing on a UCE that overlaps with a small exon in
the Hox gene cluster they showed that a mutation in this conserved region leads to a
reduced expression of mRNAs. This evidence of functions led to the theory that CNEs
are cis-regulatory elements that are involved in the coordination of gene expression,
especially for developmental genes (Polychronopoulos et al., 2017).

It has also been shown in humans that a disruption in a regulatory block involving
CNEs can lead to developmental diseases or cancer (Calin et al., 2007). For the func-
tion of the CNE it is therefore important that the organisation of a CNE or a CNE
cluster and the regulated gene together with the promotor architecture are conserved
(Polychronopoulos et al., 2017). This should show in a synteny analysis of older CNE
regulatory blocks in inter species comparisons.

It is very specific which gene is regulated by a CNE and so it can happen that genes are
located inside a CNE cluster but are not affected by the regulation (Polychronopoulos
et al., 2017). This shows that the position alone of a gene in relation to a CNE is not
enough evidence for it to be a potential target.

For vertebrates some characteristics of these target genes have been described. They
have longer CpG islands, a certain histone modification pattern, a different distribution
of transcription start sites (TSSs) for alternative splicing, and a certain spatial organi-
sation of transcription factor binding sitess (TFBSs) (Polychronopoulos et al., 2017). A
closer look at the CNE target genes in Drosophila showed that they also have extensive
Polycomb binding, and longer introns, that often have a CNE inside (Polychronopoulos

et al., 2017).

Results of CNE loss

A loss of a CNE does not necessarily result in a non-viable organism, but can result in a

change of phenotype. In snakes, for example, CNEs associated with limb development
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genes are partially or fully deleted from the genome leading to the limblessness of
snakes (Polychronopoulos et al., 2017).

In a study in mammals Marcovitz et al. (2016) predicted the function of CNEs through
so called "reverse genomics". They compared morphological changes between lineages
with the loss or gain of CNEs. Overall they identified 2,759 CNEs in humans associated
with certain mammalian phenotypes, including an aquatic forelimb CNE, a pelvic
CNE, a brain morphology element, and an ear element (Marcovitz et al., 2016). They
also assume that the number of CNE and phenotype associations will rise with more
sequences genomes and more trait annotations.

If a CNE becomes disease associated a single point mutation can already be enough
to create a change in function (Polychronopoulos et al., 2017). Such single point
mutations of CNEs are involved with Pierre Robin syndrome, cleft lip, but also in
behavioural disorders such as autism or restless leg syndrome. But also complete
deletion of CNEs or a duplication can lead to a disease. Diseases associated with a
duplication event of a CNE include brachydactyly or syndactyly. CNE deletions can be
associated with deafness, Leri-Weill dyschondrosteosis or blepharophimosis syndrome
(Polychronopoulos et al., 2017). In all these listed diseases a change in CNEs leads to
a phenotypic effect. However, there also exist cases were CNE deletions do not lead
to a visible change in phenotype. This has been shown in knock-out mice, where CNE
deletions did not lead to phenotype changes (Polychronopoulos et al., 2017). Still the

results might differ in wild conditions.

1.2.3. Where are conserved non-coding elements known so far?

In Metazoa CNEs have been found in several lineages and are most studied in verte-
brates. Starting with the discovery in humans and mice the research broadened to
include several fish species, cephalochordates, and insects. They have not been iden-
tified in every lineage in Metazoa so far, but CNEs seem to be an ancient feature of

metazoan genomes (Polychronopoulos et al., 2017).



Introduction 31

Outside of Metazoa, CNEs are also known in higher plants. There they have been shown
to be around genes involved in hormonal stimuli, regulation of organ development, and
flowering time (Polychronopoulos et al., 2017). However, they are understudied in re-
gards to their specific roles and the distribution in the genome. So far the assumption
is that CNEs are an ancient part of multicellular eukaryotes. How they emerged, are
maintained, or whether their function is conserved over all eukaryotic lineages still

remains unclear (Polychronopoulos et al., 2017).

1.2.4. Conserved non-coding elements in insects

CNEs have been rarely studied in insects so far. The only group of insects where they
have been studied are Drosophilids. But the focus lies on UCEs (Warnefors et al.,
2016). UCEs are also used in hybrid enrichment as a targeting tactic. So far baits from
UCEs have been created for Hymenoptera (Faircloth et al., 2015) and some other insect
lineages (Faircloth, 2017). Still, these studies have a different focus than CNEs shared
between species or the genes that they are associated with.

The availability of more insect genomes makes it likely that more research in this
direction will be done in the future. The more fully sequenced genomes of a group
exist, the better CNEs can be studied, as all methods rely on at least one full genome

in combination with other genomes or transcriptomes.

1.3. Aim of this thesis

The focus of this thesis are non-protein-coding regions of insect genomes, especially
non-coding RNAs and conserved non-coding elements.

We characterised the ncRNA repertoire of the two Hymenoptera species Athalia rosae
(Scopoli, 1763) and Orussus abietinus (Linnaeus, 1758) through homology and de novo
prediction.

So far only two Hymenoptera species have a more comprehensive repertoire of ncRNAs

characterised: the jewel wasp Nasonia vitripennis (Walker, 1836) and the honeybee
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Apis mellifera Linnaeus, 1758. Looking at the species richness of the Hymenoptera
this number is too low to get a comprehensive overview of the ncRNA repertoire in the
different Hymenoptera lineages or even of the Hymenoptera ancestral state of ncRNAs.
With this study we add two more Hymenoptera genomes to the well annotated ones,
the turnip sawfly A. rosae and the parasitic wood wasp O. abietinus.

We also identified CNEs conserved between four different Hymenoptera species (A.
rosae, O. abietinus, A. mellifera, N. vitripennis). CNEs have not been studied in this
group so far and also in insects no study with such a distance to the last common
ancestor has been done. We chose this set to get a species set that includes as many
different annotated gene features as possible. The gene features are necessary to exclude
areas of the genomes that are conserved due to a gene function and would therefore

not fall under the CNE definition.
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2. Methods non-coding RNAs

2.1. Genomic data

The genome assemblies of Apis mellifera and Nasonia wvitripennis were downloaded
from GenBank. We used assembly version Nvit 2.1 of N. vitripennis (GenBank assem-
bly accession GCA _000002325.2) (Werren et al., 2010) and Amel 4.5 for A. mellifera
(GCA _000002195.1) (Elsik et al., 2014).

The genome assemblies of Athalia rosae and Orussus abietinus were downloaded from
the 15k server (ftp://ftp.hgsc.bem.edu/I5K-pilot/). We used assembly version Aros 1.0
of A. rosae and Oabil.0 of O. abietinus.

We sequenced RNA short reads for both A. rosae and O. abietinus using Illumina
machines of the company StarSEQ. From samples preserved in RNAlater, short read
libraries with different size ranges were prepared using the Illumina TrueSeq Small
RNA kit. One range contained fragments of the size 18-30bp, the other 30-200 bp,
both without strand information. Separated by sex, two short read libraries for each
sample were sequenced using Nextseq 500 machines. This resulted in four libraries for
A. rosae (two different lengths for each sex) and two in O. abietinus (no females were
available for sequencing).

All RNA short reads were clipped using the program Trimmomatic version 0.33 (Bol-
ger et al., 2014) before further processing. We clipped the Illumina adaptors and kept

reads with a minimal length of 18 bp.
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2.2. Homology prediction of non-coding RNAs

We relied on two databases for the homology prediction of ncRNAs. The first one is the
Rfam version 12 (Nawrocki et al., 2014), which is a database containing 2,450 different
ncRNA families in this version, as well as a list of species were the family is identified so
far. We excluded the annotated miRNAs and tRNAs because they were either analysed
using a special database (miRNAs) or through de novo prediction (tRNAs).

The second database is the miRBase version 21 (Kozomara and Griffiths-Jones, 2013),
which focuses on miRNAs and currently contains 1,983 different miRNA families.

Both databases contain ncRNAs from all domains of life.

The two databases were kept separate for the analysis, but the handling was the same.
For our search we created subsets of the families listed in these databases. To this
end, we first removed all ncRNA families that are known to only exist outside of Meta-
zoa (miRBase) or outside of eukaryotes (Rfam). Afterwards we manually curated all
remaining families and removed false-positive families. As false-positives we classified
such ncRNAs that are majorly found outside of Metazoa but contained one or two hits
for Metazoa, and which are also most likely a contamination of a sample. These lists
were used for filtering steps later in the analyses.

We searched for ncRNAs in our genomes using the cmsearch script of the program Infer-
nal version 1.1.1 (Nawrocki and Eddy, 2013). It requires a genome file in fasta-format
as well as covariance models of the ncRNAs of interest as input. A covariance model
is a multiple sequence alignment (MSA) with additional information on the secondary
structure of the sequences. Rfam provides a file that contains a covariance model for
each family present in the database. The miRBase only provides MSAs for each family.
We used the script cmbuild from the program Infernal to create the miRNA-models
from stockholm alignments. The stockholm format is a MSA format with a strict layout.
The MSAs provided by miRBase are not in this format, so we used the script aln2sto.pl
to translate the MSA to stockholm format and created the covariance models out of
these alignments by using the Infernal scripts cmbuild, cmcalibrate, and cmpress.
Although we have already created filter lists, we ran the analysis on all families present

in the databases and removed false-positives and hits in families outside of Metazoa
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afterwards using the script cmsearch analysis.pl. This stemmed from the experience
that using the covariance model file containing all families provided by Rfam and filter-
ing it afterwards is less time consuming. The covariance models were then used with
the cmsearch function of the program Infernal to search for ncRNA candidates in the
genomes of A. rosae and O. abietinus. This analysis was done on the complete dataset
from the databases and the results were filtered.

Cmsearch returns hits in two confident settings depending on the e-value. All hits with
an e-value <10 are marked with an ’?” (weak hits) and all hits with an e-value <0.01

" which indicates a reliable hit. All weak hits were filtered out,

are marked with an
leaving only the reliable hits to be used in further analysis. Additionally, we removed
all hits in ncRNA families not present in Metazoa and all hits on the false-positive list.
We aligned the sequence of all remaining hits with the corresponding ncRNA family
alignment to manually inspect the fit of the predicted ncRNA with the family. The
alignments were created using the cmalign function of Infernal. Using the sequence
information provided by each reliable hit we cut out this sequence from the correspond-
ing genome with focus on the predicted directionality of the ncRNA (figure 2.1). The
sequence was added to the covariance model file of the corresponding ncRNA family
using the Infernal script cmalign. The resulting alignment was manually curated using
the ralee mode of emacs (Griffiths-Jones, 2004; Stallman, 1981).

In case of the miRNAs, hits were excluded based on the alignments, if the loop region
of the miRNAs was too long, the secondary structure did not fit the expected stem loop
structure, or the base pair conservation was too low. Regarding the base pair conserva-
tion the focus lay on the seed region of the miRNA. If more than three nucleotides varied
from the seed ,the conservation was deemed too low. For this we directly compared
the sequences of A. rosae and O. abietinus with the phylogenetically closest species
possible in the alignment. This was a Hymenoptera if present, otherwise another insect
or arthropod. If none of these were present, the consensus sequence of the alignment
was used.

In case of the other ncRNAs that were curated using the Rfam database a mismatch of

the predicted secondary structure was evaluated depending on the type of ncRNA fam-
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ily. For example, in case of H/ACA snoRNAs, we checked if two loops were predicted.
Also, the sequence conservation was checked in the same way as for the miRNAs. In
case of long ncRNAs such as rRNAs we also allowed partial matches.

We compared the ncRNAs predicted through this method with those found in other
Hymenoptera in the miRBase and the Rfam. For this we used Apis mellifera and Na-
sonia vitripennis, however we included two additional Nasonia species N. longicornis
and N. giraulti to get a more complete picture of the ncRNA distribution in Nasonia.
As an outgroup we used Tribolium castaneum. For these comparisons we extracted
the ncRNAs annotated for these species from the two databases. We then removed all
ncRNAs present in our false-positive lists and compared all remaining ncRNAs to our re-
sults from A. rosae and O. abietinus. If a ncRNA was only present in one of those species
we additionally did a search with Infernal to check whether it really cannot be found in
the remaining species. For this we used the genomes of the Hymenoptera present in the
databases (A. mellifera, N. vitripennis, N. longicornis (Nlon 1.0, GCA_000004759.1,
(Werren et al., 2010)), and N. giraulti (Ngir 1.0, GCA_000004775.1, (Werren et al.,
2010)), as well as the 7. castaneum genome (Tcas 3.0, GCA_000002335.2, (Kim et al.,
2009a)) and specifically did cmsearch with the ncRNA family in question.
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Figure 2.1.: Graphical overview of the steps in the pipeline used for homology prediction of
miRNAs.
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2.3. de novo prediction of non-coding RNAs

Using de novo prediction we annotated the tRNAs in A. rosae and O. abietinus and
identified more ncRNAs than predicted through the homology analysis using the DARIO
pipeline (Fasold et al., 2011).

2.3.1. tRNAscan-SE

To identify tRNAs we used the program tRNAscan-SE version 1.3.1 (Lowe and Eddy,
1997) with the settings -C -H -0. We discarded all tRNA candidates with a score below
55 and those that were classified as pseudo-tRNAs. This cut-off value removed pseudo-
tRNAs, but kept those with introns. We kept tRNAs which were predicted as containing

an intron.

2.3.2. DARIO pipeline

The software pipeline DARIO (Fasold et al., 2011) was used to do a de novo search for
miRNAs, H/ACA snoRNAs, C/D snoRNAs, and tRNAs. DARIO uses an existing ncRNA
annotation of these four classes and short reads to classify the read stack pattern of
the different ncRNA classes. We did this analysis three times with three different read
mapping strategies to identify the best treatment for short reads.

For all three strategies we used the reads were the adaptors were already clipped. We
combined the male and female short reads for A. rosae. After this step the libraries
for O. abietinus and A. rosae were treated the same.

Our first dataset consisted of only merged reads. For this we took those reads of the
short read library with the smaller insert size (read length 20-40bp) that were still
paired after trimming and merged the paired-end reads for each species using bbmerge
(version 8.0) of bbmap (version 35.14) (Bushnell, 2014)) with the minimal insert size
set to 17bp. This produced three output files, one containing all successfully merged

reads and two with the non-merged reads separated by first or second mate. All reads
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that were successfully merged were used in further analysis making up our first set,
called 'merged’.

Using the reads of the short read libraries that were left after trimming we created two
datasets were the reads were not merged. The one set, called "paired’, contained all
reads that still had a partner after trimming and the second, called 'paired unpaired’,
contained all reads left after trimming regardless whether they still had a partner or
not.

The next step was mapping the reads onto the corresponding genome. Using segemehl
(version 0.2.0) (Hoffmann et al., 2009)) with split read option but otherwise default
settings, we mapped the three different read sets per species.

DARIO is only available as a web service with a preset of species. For our analyses the
developer set up two special data sets with the genomes of A. rosae and O. abietinus.
The mapped reads were used as input for the DARIO pipeline. Due to a restriction of
DARIO all reads that were > 54 bp were removed before the analysis.

We used the annotation of miRNAs and both types of snoRNAs from our homology
prediction as well as the tRNAs from the de novo prediction as the basis for DARIO.
DARIO uses the reads mapped onto these annotations to train a random forest classi-
fier the stack pattern of ncRNAs to predict further ncRNAs in these classes.

The three different results, one per input file, per species were compared afterwards.
The total amount of predicted ncRNAs were compared by type. We also checked whether
the same ncRNAs were predicted, and if so, whether they have the same length to com-
pare the accuracy between the sets. To separate the results by ncRNA type we used
custom scripts. To visualise the results we created venn diagrams. The venn diagrams
were either created using the R package vennDiagram (Chen et al., 2016) or the web
service venny (Oliveros, 2015).

Two predictions were classified as overlapping if at least 70 % of the predictions over-
lapped and they were predicted on the same strand. For our final list of ncRNAs we

excluded all predicted ncRNAs that overlapped with an exon from the official protein-
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coding gene set, those that overlapped with an ncRNA prediction from the OGS, and
all predicted genes from DARIO that overlapped with another DARIO prediction.

2.3.3. RNA:z

We also used another method for the prediction of non-coding RNAs using the pro-
gram RNAz (version 2.1) (Gruber et al., 2010)). It uses a secondary structure approach
to predict novel ncRNAs. To predict the likelihood of a secondary structure we used
RNAfold from the ViennaPackage (Lorenz et al., 2011). This calculates for each can-
didate the minimal free energy (MFE). The MFE measures the binding energy between
the paired nucleotides predicted in the secondary structure. If this value is too low or
too high it is unlikely that this structure is stable and real.

RNAz used whole genome alignments as input. These alignments between the four
species A. mellifera, N. vitripennis, O. abietinus, and A. rosae were created using Pro-
gressive Cactus v0.0 (Date of Download: 30.03.2016) (Paten et al., 2011). Progressive
Cactus needs a guide tree for the alignments, which was extracted as a subtree from the
IKITE tree (Misof et al., 2014). Because the 1KITE tree did not include A. rosae, Ten-
thredo koehleri was used as a substitute, because both belong to the Tenthredinidae.
Using the perl-script ‘rnazWindow.pl” provided by the RNAz suite we extracted all
parts from this WGA that contained sequences in all four species. This filtered align-
ment was provided to RNAz, which was run with the —both-strands option but other-
wise default settings. The default strand setting of RN Az searches for ncRNA candidates
only on the +-strand. The results from this RNAz run were clustered by position us-
ing the script 'rnazFilter.pl’. We also removed all hits with a p-value below 0.9 in
this step to remove unreliable hits. The clustered and filtered RNAz results were then
compared with the existing annotations (official gene set (0GS), three different DARIO
annotations, mapped reads) using 'rnazAnnotate.pl’. Using ’rnazlndex.pl —html’ the

annotated results were transformed into html format for visual inspection.
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2.3.4. FEELnc

IncRNAs in A. rosae and O. abietinus were predicted using FEELnc (v0.1.0 pre-release)
(Wucher et al., 2017). We followed the workflow described on the FEELnc github-page
(https://github.com/tderrien/FEELnc, May 2018). The first step was to mask ar-
eas with protein-coding gene candidates. For this we first indexed the genome using
bowtie (v.2.3.2) (Langmead et al., 2009) and then mapped RNA-Seq reads of protein-
coding genes onto the respective genome. The reads were either downloaded from the
RefSeq database or the i5k server. The mapped reads were assembled using Cufflinks
(v.2.2.1) (Trapnell et al., 2010). The reference genomes and annotation combined with
these transcript models were analysed with the FEELnc pipeline. This pipeline uses
RNA-Seq reads to identify regions of a genome that might contain IncRNAs.

First all transcript that overlapped in sense with an exon of the reference annotation
were filtered out. In this FEELnc filter step we kept monoexonic hits which differs
from the default setting.

The next step was to calculate the coding potential for these candidates using
FEELnc codpod. In this step a kmer-approach is used to asses the candidates. We
tested different kmer-combinations to obtain optimal results. For Orussus we finally
selected 1-2-3-4-6-7-12 and for Athalia it was 1-2-3-5-6-7-12. The kmers were used to
simulate IncRNAs for training the models, because no IncRNA are available for A. rosae
or O.abietinus. We kept all IncRNA predictions with at least one exon.

The final step was the classification of the predicted IncRNAs according to their locali-
sation and transcription direction using FEELnc classifier. The file with the classified
IncRNAs included several IncRNA-gene interactions for each IncRNAs. For further analy-
sis we excluded all those results that were not classified as ’isBest’. The interactions
between IncRNA and gene were classified into two different types, each with several
subtypes and locations (figure 2.2). The types were ’genic’ and ’intergenic’ depend-
ing on whether the IncRNA was found overlapping a known gene or not. IncRNAs of
the ’intergenic’ types are also called lincRNAs. The subtypes for ’intergenic’ were 'di-
vergent’, ’convergent’, 'same strand’, and 'unknown strand’. ’Divergent’ means the

IncRNA is transcribed on the other strand as the gene is present on with a head to
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head orientation, 'convergent’ means the IncRNA is found on the other strand with a
tail to tail orientation, and ’same strand’ means both IncRNA and gene are found on
the same strand but are not overlapping. "Unknown strand’ means it was not possible
to categorise the interactions. The location for all these subtypes are either 'upstream’
or 'downstream’. For ’genic’ interactions the subtypes ’overlapping’, 'containing’, and
nested’ exist. ’Overlapping’ means the IncRNA partially overlaps the gene, 'containing’
means the gene is completely found inside the IncRNA prediction, and 'nested’” means
the IncRNA is completely found inside the gene. For all these cases the location ’exonic’

and ’intronic’ exist.
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Figure 2.2.: FEELncclassifier description.  Sub classification of intergenic and genic

IncRNA /transcripts interactions by the FEELncclassifier module. Taken from
Wucher et al. (2017).

Additionally we used the FEELnc classifier script to classify the interaction between

IncRNA and protein-coding genes of the IncRNAs present in the official gene set of A.
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mellifera and N. vitripennis. The filtering was done the same way we used for A. rosae

and O. abietinus.
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3. Results non-coding RNAs

3.1. Database curation

The Rfam 12 contains 2,450 different ncRNA families. After filtering these families for
sequences that are only present in eukaryotes, 1,661 families remain. However, this
number still contains false positives. After we removed the 123 families we classified as
false positives, 1,538 families remain, of which 1.107 are found only in Metazoa. This
list still contains tRNAs and miRNAs, which were later removed during the analysis.

The miRBase v21 contains 1,983 different miRNA families. After manual curation we
excluded 564 as non-metazoan miRNAs and used the remaining 1,419 miRNA families

in our further analysis.

3.2. Results of the homology prediction

Through the homology prediction using the manually curated databases miRBase and
Rfam we identified miRNAs and the different ncRNA types listed in Rfam. Because we
either used a specialised database or a specialised prediction program, we excluded
miRNAs and tRNAs that are listed in Rfam. The ncRNAs identified using the Rfam be-
long to the classes of snoRNAs (C/D, H/ACA, small Cajal body-specific RNA (scaRNA)),
rRNA, mitochondrial RNA processings (MRP RNAs), suRNA, as well as some types of

regulatory RNAs, such as 3’-UTR and RNA editing signal.
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3.2.1. Predicted ncRNAs in Athalia rosae
microRNAs

Without any curation the Infernal search predicted 248 miRNA families in A. rosae.
After removing all hits with an e-value >0.01, removing all families that are listed
in our false positive list, and manually curating the MSA of each miRNA family we
identified 80 miRNAs belonging to 62 different families (table 3.1, figure 3.1).

Some miRNA families are present with multiple copies in a genome. In these multiple
copies the seed region is highly conserved. Of the miRNA families present with multiple
copies in A. rosae, two were present with two copies (mir-67, mir-263), one with three
copies (mir-25), one with four copies (mir-9), and two with five copies (mir-2, mir-
279). All five copies of mir-2 occurred in a cluster on a single scaffold all oriented in
the same strand direction (figure 3.2). The distance between the different copies of
mir-2 in this cluster ranged between 130bp and 269bp. In front of this cluster with
only 364 bp distance to mir-2¢ we found a miRNA belonging to the mir-71 family. In
all other multi-copy cases only some of them were clustered on the same scaffol,d but
never all copies.

The miRNA family mir-1923 was found only in A. rosae in our analysis. It is however

also known from Acyrthosiphon pisum and Bombyx mori.
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Figure 3.1.: Absolute numbers of the different types of ncRNAs found through homology
analysis (miRNAs, other ncRNAs) or through de novo prediction (tRNAs) in
Athalia rosae and Orussus abietinus. The number of tRNAs results from the
analysis with tRNAscan-SE, the numbers of miRNAs through a homology search
using the miRBase, and for all other ncRNAs the Rfam was used for the homol-
ogy search.

Other ncRNA families

We predicted 103 other ncRNAs (excluding tRNAs) belonging to 35 families in A.
rosae (figure 3.1). This includes 14 snoRNA families, two IncRNA families (Sphinx 1 and
Sphinx 2), two RNase families, four rRNA families, one signal recognition particle RNA
(SRP RNA), 10 snRNA families, and two cis-regulatory elements (potassium channel
RNA editing signal (K_chan_res), histone 3’ UTR stem-loop (Histone3)) (table 3.2).
Of the snoRNA families five are present with multiple copies in the genome. SNORD31
is present with four copies, which all cluster on the same scaffold oriented in the same
strand direction. Additionally, all five copies of snosnR60 _Z15 are oriented in a cluster
on the same scaffold.

The ten snRNA families were comprised of 29 snRNAs. With only one copy present we
found five snRNAs (Arthropod 7SK, Udatac, Ubatac, Ul1, U12). We found one famliy
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present with two copies (U4), two with four copies (Ub, U6), one with five copies (U2),
and one with nine copies (U1).

We identified one complete rRNA gene cluster consisting of 285, 18S, and 5.85 rRNA.
The 28S rRNA was split in two parts through the insertion of an R2 element. The
R2 element is a non-LTR retrotransposon which can be found as an insertion in the
28S rRNA throughout arthropods (Burke et al., 1999). Including the 18S that is part
of the rRNA gene cluster we found four copies of this rRNA and four 5.8S rRNA copies.
The 5.8S copies are all found on different scaffolds, whereas one copy of the 18S can
be found next to the 18S that is part of the rRNA gene cluster. Of the 5S rRNA we
identified 11 copies. The split 285 rRNA was the only copy found of this rRNA.

3.2.2. Predicted ncRNAs in Orussus abietinus
microRNAs

In O. abietinus we predicted miRNAs belonging to 380 families. After removing all
families that are listed in our false positive list, manual curation of the sequence align-
ments of each miRNA family and removal of all hits with an e-value > 0.01 76 miRNAs
belonging to 60 different miRNA families remained (table 3.1, figure 3.1). Six families
are present in multiple copies, with either two copies (mir-263), three copies (mir-25),
four copies (mir-10, mir-279, mir-9) or five copies (mir-2). The five copies of mir-2 can
be found in one cluster all in the same orientation on one scaffold (figure 3.2). Even
if the name suggests otherwise, mir-13a does belong to the mir-2 family, as sometimes
miRNA families are combined if new evidence is found without changing the names of
the members. The distance between the miRNAs in this cluster varies between 82 and
326 bp. In front of this cluster mir-71 can be found in 276 bp distance. This miRNA
does not belong to the mir-2 family, however the position in front of the mir-2 cluster
is conserved between different species.

All of the miRNAs identified in Orussus were present in at least one other species in

our analysis.
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Figure 3.2.: Graphical overview of the mir-2 cluster in Athalia rosae, Orussus abietinus, Apis
mellifera, and Nasonia vitripennis. In front of the cluster mir-71 is shown which
is not part of the mir-2 family but has a conserved position next to the cluster.
The data for A. mellifera and N. vitripennis were taken from the miRBase.
Not shown is the mir-2b of A. mellifera as it is orientated differently and lies
completely inside of mir-2-1.

Table 3.1.: List of all miRNAs present in the species Tribolium castaneum (Tcas), Apis mel-
lifera (Amel), Nasonia vitripennis (Nvit), N. longicornis (Nlon), and N. giraulti
(Ngir) as listed in miRBase, after manual curation, sorted by families and copy
number per family. Athalia rosae (Aros) and Orussus abietinus (Oabi) are the
results of our homology analysis.

miRNA | Tcas | Aros | Oabi | Amel | Nvit | Nlon | Ngir
bantam 1 1 1 1 1

let-7 1 1 1 1 1 1
mir-1 1 1 1 2 1 1
mir-2 ) 5) ) 6 ) 2 2
mir-7 1 1 1 1 1 1

mir-8 1 1 1 1 1 1

mir-9 4 4 4 4 1 1 1
mir-10 4 4 4 4 4 3 2
mir-11 1 1 1 1 2

mir-12 1 1 1 1 1 1

mir-14 1 1 1 1 1 1
mir-25 3 3 3 4 1 1 1
mir-29 1 1 1 1 1
mir-31 1 1 1 1 1 1 1
mir-33 1 1 1 1 1

mir-34 1 1 1 1 1 1 1
mir-46 1 1 1 1 1 1 1
mir-67 1 2 1 1 1

Continued on next page
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Table 3.1.: Continued from previous page.

miRNA

Tcas

Aros

Oabi

Amel

Nvit

Nlon

Ngir

mir-71
mir-87
mir-124
mir-133
mir-137
mir-184
mir-190
mir-210
mir-216
mir-219
mir-252
mir-263
mir-275
mir-276
mir-277
mir-278
mir-279
mir-282
mir-305
mir-315
mir-316
mir-317
mir-375
mir-750
mir-927
mir-928
mir-929
mir-932
mir-965
mir-970
mir-971
mir-980
mir-981
mir-1000
mir-1175
mir-1923
mir-2765
mir-2788
mir-2796
mir-2944
mir-3477
mir-3478
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Table 3.1.: Continued from previous page.
miRNA | Tcas | Aros | Oabi | Amel | Nvit | Nlon | Ngir
mir-3718 2
mir-3747 2
mir-3804
mir-3811
mir-3817
mir-3836
mir-3851
mir-6012
mir-6497
mir-iab-4
mir-iab-8

== = = =1 NN 00N

—_ = = =

Other ncRNA families

Using the Rfam as reference for the homology prediction of other ncRNAs we identified
95 ncRNAs (excluding tRNAs and miRNAs) belonging to 30 families (figure 3.1). Of the
predicted ncRNAs 22 were classified as snRNAs, 11 as snoRNAs, 40 tRNAs, two IncRNAs
(Sphinx 1 and Sphinx 2), two RNase families, one SRP RNA, and 17 cis-regulatory ele-
ments (10 histone 3° UTR stem-loops (Histone3), four potassium channel RNA editing
signals (K_chan_res), three R2 RNA elements (R2_retro_el)) (table 3.2).

The 11 identified snoRNAs belong to 10 families and only snosnR60 715 was found
with two copies. These two copies were found on the same scaffold with only 278 bp
between them.

We found 22 snRNAs belonging to ten different families. Of those six were found with
only one copy (Arthropod 7SK, U4, Udatac, Ubatac, Ull, Ul2), one with two copies
(U6), two with four copies (U2, U5), and one with six copies (Ul). In no multi copy
case all copies were found on the same scaffold.

Of the four expected rRNA families we were only able to identify the 18S and 5S rRNA.
We identified two copies of the 18S rRNA and 38 5S rRNA copies. No complete rRNA
gene cluster was found due to the lack of 285 and 5.8S rRNAs. No R2 element was

found, as the insertion site is missing, however in the Rfam an R2 RNA element is
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listed, which was found with three copies.

Table 3.2.: List of all regulatory elements and ncRNAs, excluding miRNAs and tRNAs,
present in the species Tribolium castaneum (Tcas), Apis mellifera (Amel), Na-
sonia vitripennis (Nvit), N. longicornis (Nlon), and N. giraulti (Ngir) and listed
in Rfam, after manual curation. For Athalia rosae (Aros) and Orussus abietinus
(Oabi) the results are from our homology analysis.

ncRNA Tcas | Aros | Oabi | Amel | Nvit | Nlon | Ngir
RF00001 55 rRNA 225 11 38 62 31 19 20
RF00002 58S rRNA 4 1 1 1 3
RF00003 U1 5 9 6 7 8 8 7
RF00004 U2 5 5 4 7 5 3 4
RF00007 U12 1 1 1 2 2 2 2
RF00008 Hammerhead 3 1 3

RF00009 RNaseP nuc 2 2 1 2 1 1 1
RF00012 U3 2 3 4 5 4
RF00015 U4 2 2 1 2 3 2 2
RF00017 Metazoa SRP 2 2 1 1 2 2 2
RF00020 Ub 6 4 4 3 5 2 3
RF00026 U6 3 4 2 3 5 3 4
RF00030 RNase MRP 1 1 1 1 2

RF00032 Histone3 18 16 10 22 173 125 | 111
RF00049 SNORD36 1 2 1 1 1 1
RF00059 TPP 1

RF00089 SNORD31 3 4 1 1 1 1 1
RF00093 SNORD18 1 2 1 1 1
RF00133 SNORD33 1

RF00190 SNORA16 1 1 2 2 2
RF00191 SNORAb7 1 1 1

RF00274 SNORD57 2 1 2

RF00277 SNORD49 1

RF00286 SCARNAS 1 1 1 1 1 1
RF00291 snoR639 1

RF00309 snosnR60_ 715 3 5 2 4 4 4
RF00334 SNORA3 1 1 1 1

RF00377 snoU6-53 1 1 1 1
RF00476 snosnR61 1 1

RF00485 K _chan RES 5 5 4 5 4 4
RF00524 R2_ retro_el 3 1 1
RF00533 snoMel8S-Gm1358 1 1 1
RF00535 snoMe28S-Am982 1 1 1

RF00542 snopsi285-1192 1 1 1
RF00543 snopsil8S-1377 5 1

RF00548 U11 1 1 1 2 2 1 1

Continued on next page
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Table 3.2.: Continued from previous page.

Rfam ID and name Tcas | Aros | Oabi | Amel | Nvit | Nlon | Ngir
RF00563 SNORAS53 1

RF00575 SNORD70 1 1 1
RF00600 SNORAT79 1 1 1 1 1

RF00618 Udatac 1 1 1 1 1 1 1
RF00619 Ubatac 2 1 1 1 1 2 3
RF01052 Arthropod 7SK 1 1 1 1 2 2 2
RF01159 snoU18 2 1 1 1
RF01174 snoU43 1 1 1 1 1 1 1
RF01848 ACEA U3 1 2 1 1 1

RF01960 SSU_rRNA eukarya 21 4 1 1 3 3
RF01988 SECIS_2 1

RF02046 Sphinx 1 1 1 1 1 17 15
RF02047 Sphinx_ 2 1 1 17 15
RF02253 IRE_1II 1

RF02543 LSU_rRNA eukarya 28 6 3 17 15

3.3. Results of the de novo prediction

3.3.1. DARIO datasets

In addition to de novo identifying further ncRNAs using DARIO we also compared the
prediction results based on differently prepared datasets. The difference between these
datasets was how the paired-end reads were treated after adaptor trimming (see 2.3.2).
In the first set called 'merged’ the two mates of a pair were combined. The second
set called ’paired’ included those matepairs that still had a partner after trimming
without combining the two. The third set called 'paired unpaired’ included all reads
that were left after trimming, leading to a library containing both complete pairs as

well as unpaired reads (table 3.3).

Table 3.3.: Read counts of the different datasets that were prepared for DARIO.

‘ merged ‘ paired ‘ paired unpaired
A. rosae 18,385,448 | 20,320,551 20,320,551
O. abietinus | 14,124,071 | 15,200,893 15,200,893
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3.3.2. de novo Prediction of tRNAs in Athalia rosae

Our de novo tRNA prediction was done with two different programs, tRNAscan-SE
and DARIO. DARIO used the tRNAs predicted with tRNAscan-SE to identify further

tRNAs.

tRNAscan-SE

First we used tRNAscan-SE which resulted in 184 tRNA candidates. After removing
pseudo-tRNAs and those with a score below 55, 177 tRNAs remained (table 3.4). Of
these tRNAs nine contained one intron. The only tRNA types identified as containing
introns were tRNA-Tyr, tRNA-Ile, and tRNA-Leu. In tRNA-Ile and tRNA-Leu we
predicted tRNAs containing introns as well as without (table 3.5). All predicted
tRNA-Tyr genes contained an intron.

Some tRNAs of the same type can be found in clusters with short distances between
the single genes. The tRNA-Ala was found within one cluster containing four genes
that had 81-90bp between them. Other clusters were found with the tRNA-Asp (five
genes, 77-763 bp distance), tRNA-Val (three genes, 93-307 bp distance), and tRNA-Gly
(three genes, 116-119bp distance). The genes in all these clusters were found in the

same strand orientation (figure 3.3).
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Figure 3.3.: Visualisation of tRNA clusters found in A. rosae and O. abietinus. Dis-
tance between tRNA genes is given in kb. A =tRNA-Ala, D=tRNA-Asp,
E=tRNA-Glu, F =tRNA-Phe, G=tRNA-Gly, H=tRNA-His, I=tRNA-Ile,
L—=tRNA-Leu, N=tRNA-Asn, R—=tRNA-Arg, S—tRNA-Ser, T = tRNA-Thr,
W =tRNA-Trp, Y =tRNA-Tyr

In some cases tRNA genes of different types were also found in close proximity to each
other. Two more tRNAs were predicted next to the above mentioned tRNA-Asp cluster

(821 bp distance to the cluster and 89 bp between them).
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DARIO

Additional tRNAs were predicted through the DARIO pipeline, which were not classified
into the different tRNA types as this is not part of the DARIO pipeline. The numbers
differ for our three different datasets (table 3.6). Our merged dataset had 245 tRNAs
predicted, the paired set 276, and the paired unpaired 254. After removing the tRNAs
overlapping with exons from protein-coding genes, other ncRNA predictions, or other
ncRNAs predicted by DARIO, 145 tRNAs remained for the merged set, 152 for the
paired, and 135 for the paired unpaired. Only 63 of the predicted tRNAs are present
in all three datasets (figure 3.4a). The merged set shows the highest divergence to
the other two sets. It has only seven predictions that overlap with one of the other

datasets whereas 68 are shared between the paired and the paired unpaired sets.
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Figure 3.4.: Visualisation of the overlapping ncRNAs predicted by the DARIO pipeline in
Athalia rosae, with the three different datasets sorted by how the read sets were
constructed. ncRNAs were classified as being the same one if at least 70 % of
the sequence overlapped.
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Table 3.4.: Results of the de novo prediction of tRNAs in the genomes of Athalia rosae (Aros)
and Orussus abietinus (Oabi) using tRNAscan-SE. Our results are compared to
the predicted tRNA numbers in Nasonia vitripennis (Nvit) and Apis mellifera
(Amel) from Behura et al. (2010). Modified after Behura et al. (2010).
tRNA gene | Aros | Oabi | Amel | Nvit
Ala 15 12 14 16
Arg 14 11 13 10
Asn 5 4 8 8
Asp 7 7 9 10
Cys 3 2 3 5
Gln 8 12 18 9
Glu 10 10 11 14
Gly 13 11 14 17
His 5 4 7 8
Ile 8 8 8 12
Leu 14 12 11 18
Lys 10 9 13 18
Met 9 8 7 7
Phe 4 3 6 7
Pro 12 8 12 14
Ser 12 10 15 12
Thr 11 9 10 10
Trp 9 3 4 4
Tyr 5) 7 5] 9
Val 9 8 11 13
Sum 177 158 199 | 221
Table 3.5.: List of tRNA families containing introns as they were identified in Orussus abi-

etinus (Oabi) and Athalia rosae (Aros) compared to Nasonia vitripennis (Nvit)
and Apis mellifera (Amel) (Behura et al., 2010). -+ indicates an intron present in
this tRNA, - indicates the lack of an intron. Modified after Behura et al. (2010).

tRNA gene | Aros | Oabi | Amel | Nvit
Tyr (I+) 5 7 5 9
Tyr (I-) 0 0 0 0
Ile (I+) 2 2 2 3
Tle (I-) 6 6 6 9
Leu (I+) 2 2 3 3
Leu (I-) 12 10 8] 15




Results non-coding RNAs 59

Table 3.6.: Results of the DARIO pipeline for the de novo prediction of ncRNAs in Athalia
rosae (Aros) and Orussus abietinus (Oabi). The four types predicted were
tRNAs, miRNAs, H/ACA snoRNAs, and C/D snoRNAs. Included are the re-
sults for our three different read mapping datasets. Two numbers are shown for
each type. The first is the number of ncRNAs DARIO predicted, the second
one shows the final set after sorting out those predictions that overlapped known
exons or with other DARIO predictions.

ncRNA type Aros ‘ Oabi | Aros ‘ Oabi | Aros ‘ Oabi
merged paired only | paired and unpaired

miRNA predicted 400 | 1291 | 440 | 1380 401 1441
miRNA final 228 974 | 238 | 1061 218 1105
tRNA predicted 245 | 494 | 276 | 471 254 468
tRNA final 145 341 152 326 135 324
H/ACA snoRNA predicted 65 84 63 | 314 110 272
H/ACA snoRNA final 39 55 35| 190 55 160
C/D snoRNA predicted 162 24 | 177 48 191 32
C/D snoRNA final 96 20 115 28 122 20

3.3.3. de novo Prediction of tRNAs in Orussus abietinus
tRNAscan-SE

In O. abietinus tRNAscan-SE predicted 176 tRNAs. After removing all pseudo-tRNAs
and those hits with an e-value below 55, 158 tRNAs remained (table 3.4). We identified
11 tRNAs containing an intron. All predicted tRNA-Tyr contain an intron, whereas in
the cases of tRNA-Ile and tRNA-Leu we found some with introns as well as without
(table 3.5).

Some of the same type of tRNA gene can be found in clusters. The cluster with the
least distance between tRNA genes belonged to the tRNA-Gln type (four genes, 69bp
distance). Two more copies of the same tRNA were found next to this cluster (214 bp
distance), however they were orientated in the other direction and showed a distance
of 65,522bp to the cluster. Next to these two tRNA-GIn genes we found two tRNA-
Tyr genes with only 322bp distance to the cluster and 102bp between each other.
Another cluster was composed of five tRNA-Ala genes (82-747 bp distance), another of
three tRNA-Val genes (990-1235bp distance), one of four tRNA-Ile genes (120-590 bp
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distance), and one of four tRNA-Gly genes (262-7273 bp distance).

We were also able to identify some clustered tRNA genes that belonged to different types
(figure 3.3). In one case a tRNA-Glu gene and a tRNA-Leu gene were only separated
by 168 bp, in another four different tRNA genes (Asn, Ly, Asp, Ser) were found with
323-591 bp between them. They were oriented into different strand directions. One
cluster made up of five tRNA genes (two Ser, Thr, Trp, Leu; 275-3948 bp distance) was
found with all tRNA genes orientated in the same direction. Another cluster with six
tRNA genes contained three tRNA-Gly, of which two were neighbouring, together with
one tRNA-His, one tRNA-Lys, and one tRNA-Ala (303-1,1018 bp distance) and had also

different orientation of the genes.

DARIO

The DARIO pipeline predicted tRNAs that were not identified by tRNAscan-SE. The
most tRNAs were predicted with the set merged (341), followed by paired (326), and
paired _unpaired (324) (figure 3.5a). Looking at the predictions shared only between
two sets, the merged set shared eight predictions with each other set. The paired and
paired unpaired set shared 117 predictions with only each other. Between all three

sets 184 tRNA predictions were shared.
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Figure 3.5.: Visualisation of the overlapping ncRNAs predicted by the DARIO pipeline in
Orussus abietinus with the three different datasets sorted by how the read sets
were constructed. ncRNAs were classified as being the same one if at least 70 %
of the sequence overlapped.
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3.3.4. de novo Prediction of miRNAs in Athalia rosae

The DARIO pipeline predicted 400 miRNAs in A. rosae with the merged dataset, 440
with the paired, and 401 with the paired unpaired. Between 172 and 202 miRNAs
were removed because they either overlapped with exons from the official gene set
or overlapped with another Dario prediction. Our final list of de novo predicted
miRNAs contains 228 genes for the merged set, 238 for the paired, and 218 for the
paired unpaired (table 3.6). Shared between all three sets 99 miRNAs were pre-
dicted (figure 3.4b). The most overlap between only two sets was found between
paired and paired unpaired with 105 miRNA, whereas the merged set only shared fur-
ther 17 (paired) or 7 (paired unpaired). Only 7 miRNAs were only predicted in the
paired unpaired datasets which makes this the set with the lowest number of unique

predictions. The merged set had the most unique predictions with 105 unique miRNAs.

3.3.5. de novo Prediction of miRNAs in Orussus abietinus

The DARIO pipeline predicted between 1,291 (merged) and 1,441 miRNAs (paired -
unpaired) in O. abietinus. After sorting out those that overlap with an exon of a
protein-coding gene, any other already predicted ncRNA, or another DARIO prediction
between 974 (merged) and 1,105 miRNAs (paired _unpaired) remained (table 3.6). Most
miRNAs were predicted with the paired unpaired set (1,105), followed by the paired
set (1,061), and the merged set (974). Of these predictions 645 were found in all
three sets (figure 3.5b). The paired and the paired unpaired sets shared additional
410 predictions, whereas the merged set had 304 that were only predicted in this set
(figure 3.5b).

3.3.6. de novo Prediction of snoRNAs in Athalia rosae

The Dario pipeline predicts two types of snoRNAs, H/ACA snoRNAs and C/D snoRNAs.
Dario predicted between 63 (paired) and 110 H/ACA snoRNAs (paired-_unpaired) and
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between 162 (merged) and 191 C/D snoRNAs (paired unpaired) (table 3.6). After
sorting out between 35 (paired) and 55 H/ACA snoRNAs (paired _unpaired) remained,
as well as between 96 (merged)and 122 C/D snoRNAs (paired_-unpaired). The most
H/ACA snoRNAs were predicted with the paired unpaired dataset (55), followed by
the merged set (39), and the least were predicted in the paired set (35). Regarding the
C/D snoRNAs, the highest number was predicted with the paired unpaired set (122),
followed by the paired set (115), and the lowest number with the merged set (96).
Of the H/ACA snoRNAs, 9 were predicted as present in all three datasets, whereas
46 C/D snoRNAs were present in all three sets (figure 3.4c, 3.4d). In both cases the
most overlap between only two sets was found between paired and paired unpaired

(22 H/ACA snoRNAs (figure 3.4c¢), 64 C/D snoRNAs (figure 3.4d)).

3.3.7. de novo Prediction of snoRNAs in Orussus abietinus

Using the DARIO pipeline we predicted snoRNAs of the two types H/ACA and C/D in
O. abietinus. Before curation of the candidates DARIO predicted between 84 (merged)
and 314 (paired) H/ACA and 24 (merged) and 48 (paired) C/D snoRNAs. After filtering
between 55 (merged) and 194 (paired) H/ACA snoRNAs remained (figure 3.5¢), and
between 18 (merged) and 27 (paired) C/D snoRNAs (figure 3.5d). The least H/ACA
snoRNAs were predicted using the merged set (55), followed by the paired unpaired
set (160) and the paired set (194). Between the paired and the paired unpaired sets
we predicted 115 H/ACA snoRNAs only found in these two sets, two between merged
and paired unpaired and none between merged and paired (figure 3.5¢). Ounly four
H/ACA snoRNAs were found only with the paired unpaired sets, 14 only in the merged
set, and 36 in the paired set. Regarding the C/D snoRNAs we found none that were
only found with the paired unpaired set, seven only with the paired set and 12 using
the merged set (figure 3.5d). No C/D snoRNAs were shared only between the merged
and the paired unpaired sets, one was shared between the merged and the paired sets,

and 15 between the paired and the paired unpaired sets.
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We predicted 39 H/ACA and 5 C/D snoRNAs as present in all the sets. Overall we
were able to predict more H/ACA snoRNAs than C/D.

3.3.8. RNAz

Due to a problem with the script 'rnazAnnotate.pl” we discarded the RNAz analysis.
The script takes the RNAz results that were generated so far and compares them
with other annotations, such as the OGS or our DARIO results. The results were
grouped into loci which contained at least one location. The ’rnazAnnotate.pl’ script
misgrouped the results in some cases by combining loci regardless on their position in

the genome, i.e. two different scaffolds being combined.

3.3.9. de novo Prediction of IncRNAs in Athalia rosae

Additionally to the two IncRNAs (Sphinx 1, Sphinx 2) identified through homology
analysis a de novo analysis of the genome produced 3,613 more IncRNA candidates
(table 3.7). All candidates contained between one and 11 exons. The majority of the
predictions were IncRNAs with only one exon (3,014 = ~83.4%), and the less IncRNA
are predicted the more exons they have.

FEELnc also predicts a protein-coding gene for a potential interaction with an IncRNA.
These interactions are categorised into different types and subtypes and are differently
ranked (see figure 2.2). For A. rosae 8,804 IncRNA-gene interactions were predicted. Of
these interactions 3,573 were classified as the best ones following the interaction criteria.
For 40 IncRNA (~1.11%) it was not possible to predict a gene interaction. The types
are genic and intergenic. For genic, the subtypes are overlapping, containing, and
nested with the additional locations of exonic and intronic. Intergenic subtypes are
divergent, convergent, and same strand with the locations upstream and downstream.
For intergenic interactions the best gene partner is the one closest to the IncRNA and
for genic ones exonic gene partners (see figure 2.2). Due to our settings it is possible to
have more than one interaction partner for an IncRNA. The majority of the interactions

belonged to the intergenic type. However, most intergenic type interaction (1,832)
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could not be added to one of the subtypes and are therefore classified as 'unknown
strand’ (table 3.8). The second most interactions (470) are classified as 'genic’-'nested’-
‘intronic’. No interactions were predicted as ’divergent’-’downstream’ or ’convergent’-

‘upstream’.

Table 3.7.: Number of IncRNAs predicted in four Hymenoptera species. The numbers for A.
mellifera and N. vitripennis were taken from the official gene sets and the ones
for A. rosae and O. abietinus were predicted using the FEELnc pipeline.

A. rosae ‘ 0. abietinus ‘ A. mellifera ‘ N. wvitripennis

Number of IncRNAs ‘ 3,613 ‘ 5,121 ‘ 4,749 ‘ 605

3.3.10. de novo Prediction of IncRNAs in Orussus abietinus

In O. abietinus we also identified two IncRNAs through homology prediction (Sphinx 1,
Sphinx 2) and identified 5,121 IncRNA candidates through de novo prediction. The num-
ber of exons per IncRNA varied between one and nine. We predicted 4,338 (=~84.7 %)
IncRNAs with only one exon. Looking at the predicted IncRNA-gene interactions we
got 9,786 possible interactions. Of these 4,797 were classified as the best interaction.
Also 324 (=~6.32%) IncRNAs had no interaction partner identified. The most inter-
actions belonged to the intergenic type with 'unknown strand’ subtype (2,998). If
those are removed however the most interactions would be classified as genic (table
3.8). Excluding the 'unknown strand’ subtype most interactions were predicted as
‘genic’-"nested’-’intronic’ (544). We found no interactions of the types ’intergenic’-

"divergent’-’downstream’ and ’intergenic’-’convergent’-’upstream’.
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Table 3.8.: FEELnc IncRNA-gene interaction results for A. rosae (Aros), O. abietinus
(Oabi), A. mellifera (Amel), and N. wvitripennis (Nvit). Only the best inter-
action for each IncRNA was added to this table. loc = location, up = upstream,
down = downstream, ex = exonic, int = intronic

type subtype | loc Aros Oabi Amel Nvit
diver- | up 1 (2%) 8T (1.7%) | 596 (13.3%) | 128 (22.1%)

gent down 0 0 0 0

conver- up 0 0 0 0

inter- | gent down 48 (1,3 %) 69 (1.4%) 316 (7%) 49 (8.4 %)
genic | same up 77 (2.2%) 87 (1.8%) | 513 (11.4%) | 65 (11.2%)
strand | down | 88 (2.5%) 82 (1.7%) | 413 (9.2%) | 64 (11%)
unkown | up | 940 (26.3%) | 1380 (28.8%) 0 0

strand down | 892 (25%) | 1618 (33.7%) 0 0

over- ox 127 (12%) | 468 (98%) | 479 (10.6%) | 88 (15.2%)

lapping | int 8 (0.2%) 5 (0.1%) 137 (3%) 18 (3.1 %)

. contain- | ex 128 (3.6 %) 151 (3.1%) 23 (0.5%) 2 (0.3%)
SR | g int 10 (0.3 %) 17 (0.4 %) 67 (15%) | 13 (22%)
req e [414(106%) | 205 (6.1%) | 328 (7.3%) | 36 (6.2%)

int | 470 (13.2%) | 544 (11.3%) | 1626 (36.1%) | 117 (20.2%)

Total 3573 4797 4498 580

3.3.11. IncRNA-protein-coding gene interaction in Apis

mellifera and Nasonia vitripennis

Extracted from the respective OGS we provided 4,749 IncRNAs for A. mellifera and 605
for N. vitripennis to the FEELnc _classifier. For 251 (=~5.29 %) in A. mellifera and 25
(=~4.13%) in N. vitripennis no interaction was found. In total 25,696 (A. mellifera)
and 3,702 (N. vitripennis) IncRNA-gene interactions were predicted. Of these 4,498 (A.
mellifera) and 580 (N. wvitripennis) were classified as ’isBest’. For both species the
majority of interactions belong to the 'genic’ type in contrast to A. rosae and O. abi-
etinus (table 3.8). Most interactions for A. mellifera were classified as ’genic’-'nested’-
‘intronic’ (1,626), for N. vitripennis as ’intergenic’-'divergent’-’upstream’ (128). None

of the 'intergenic’ interactions were classified with an 'unknown strand’.
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4. Discussion non-coding RNAs

4.1. Database curation

Specialised databases are a useful for the identification of ncRNAs in as yet not an-
notated organisms. However, their usefulness depends a lot on the curation, data
availability, and completeness. Both miRBase and Rfam rely on user interaction.
Both databases are curated, but while manually checking the families we found entries
assigned to the wrong organism or the wrong family. In quite a few cases it was a
bacterial sequence that was found in an organism and was identified as belonging to
Metazoa (Ludwig et al., 2017).

Another problem is that not all available data are included in these specialised
databases. This is due to the fact that researchers have to send in their data to be
included and there is no automated process that includes newly published data fitting
into these databases.

A lot of ncRNAs have their own specialised databases, which in some cases only con-
tain those of one organism. This decentralisation makes it harder to get a conclusive
overview over the available data. Also, a large number of different databases increases
the chance for some of them not having long time support. This creates the possibility
of data getting lost as the databases vanish or don’t get updated. It also creates the
possibility of different sets for the same organism existing, which can create a problem
in reproducability. Depending on the database, thoroughness on the documentation of
how the data were generated varies, which can make it harder to create new data that

is fitting or compare different datasets.
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Curation is another matter in all these smaller, specialised databases. For both Rfam
and miRBase the process is documented, but for all the smaller databases additional
effort is needed to guarantee they have the same or a very similar standard as other
databases.

Of course one could argue that the NCBI database provides a lot of this data. However,
what is not present in this database is information about the families that both Rfam
and miRBase provide. For most ncRNAs a seed region or another conserved part is
important for identifying the family relationship. This information is not provided by
the NCBI, and neither are ncRNA family models that can be used for further analysis.
The way the NCBI database is organised makes it difficult to find all relevant data.
As stated above the family information is missing, which is problematic in cases where
especially miRNA families were combined without updating the naming scheme. The
mir-2 family is a good example for this, where some members are named mir-13 for
historical reasons, but new additions to this family still follow the naming scheme as
it shows which single members are closest related.

Using a centralised database increases the data available for analyses all in the same
format without having to search through several different databases. The current non-
standardised format of different databases makes it harder to combine data. This
makes it less likely for researchers to combine as many datasets as possible for a com-
prehensive analysis.

For our analysis we only used the data on ncRNAs available in the two databases Rfam
and miRBase. The databases contain miRNAs, tRNAs, tTRNAs, snRNAs, and snoRNAs,
but no piRNAs and only a very limited number of IncRNAs. The selected databases
reduced our species set as well as the number of annotated ncRNAs for those species
that we used in our analysis. We accepted these restrictions for our analyses because
the curation and ncRNA family information in the Rfam and miRBase were deemed
more important than a more complete dataset.

The other ncRNAs missing from these databases should be found through our de novo
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analyses, however, we did not check for an overlap between our predictions and ncRNA

predictions from other databases.

4.2. Homology prediction of non-coding RNAs

The pattern of the miRNAs identified in A. rosae and O. abietinus fits with the known
patterns for Hymenoptera miRNAs. From the results of the other Hymenoptera present
in the miRBase we expected to identify miRNAs in 65 different families. With miRNAs
found belonging to 60 (O.abietinus) and 62 (A. rosae) different families we stayed
slightly below this expectation. However, except for two families (mir-3718, mir-3747),
we found all expected families in at least one of A. rosae and O. abietinus. The two
known members of the mir-3747 family and the two of mir-3718 listed in miRBase are
found in A. mellifera. We did not find it in our other Hymenoptera, making it likely
that this miRNA evolved in the lineage leading to the honeybee, most likely after the
split of Aculeata and the remaining Apocrita.

In A. rosae we identified miRNAs belonging to 60 of those families present in Hy-
menoptera and one other (mir-1923) which is not present in the other Hymenoptera
species or in T. castaneum (table 3.1). mir-1923 has been so far only identified in Bom-
byr mori and Acyrthosiphon pisum, making it an insect specific miRNA family that is
not shared between many species. The function of this family is not known and it is
therefore impossible to create a hypothesis on the actual distribution of this family in
insects.

In O. abietinus we identified miRNAs of 62 of the Hymenoptera miRNA families and
no unexpected ones (table 3.1). Overall the pattern of the ncRNAs predicted through
homology are very similar to other Hymenoptera.

In both A. rosae and O. abietinus we did not find some miRNA families known from
other Hymenoptera. These families showed a mixed present-absent pattern in the dif-
ferent Hymenoptera, making it difficult to extrapolate any lineage specific losses and
gains. They could just be missing from the genome assemblies or be really absent.

Further research is needed to answer this question.
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Some of those miRNA families can be found as multiple copies in the Hymenoptera
genomes, such as mir-2, which has five copies in most species. In those cases we ex-
pected to identify similar copy numbers. As found in other species, we identified in
both A. rosae and O. abietinus a cluster of the mir-2 family. A cluster of the mir-2
family is also present in A. mellifera and N. vitripennis (figure 3.2). In A. rosae, O.
abietinus, and N. vitripennis the mir-2 cluster consists of five copies and has the same
miRNAs at the ends (mir-2b and mir-2c). In A. mellifera, mir-2c is not present, but
mir-2b also marks the start of the cluster. In this species we have a total of six mir-2
genes creating the cluster. However, the mir-2b is orientated into a different direction
than the cluster and is completely nested inside mir-2-1. The middle part of the cluster
varies slightly. In three species mir-13a follows the first mir-2 copy of the cluster (O.
abietinus, A. mellifera, N. vitripennis) and three have mir-2a as second to last (A.
rosae, A. mellifera, N. vitripennis). Other miRNA cluster we found split over different
scaffolds. Better assemblies can shed light onto these cases if the spatial orientation is
conserved or not. Especially methods that produce long reads, such as PacBio or the
Oxford Nanopore Technology sequencing systems.

The biggest problem comparison-wise is that in A. mellifera a different naming scheme
was used. Even if the total composition of the cluster varies, it seems that one end
of the cluster is conserved in Hymenoptera. Furthermore, in all four species mir-71
can be found next to the cluster end where mir-2c is if present or would be located if
missing outside the cluster.

Only 5 miRNA families are present in the miRBase that are only present in Hymenoptera
(mir-928, mir-3477, mir-3478, mir-3718, mir-3747). If one compares this number with
miRNAs lineage specific to Diptera (around 50 families present in miRBase are only

found in Diptera) the number of known families is smaller.
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4.3. de novo prediction of non-coding RNAs

In general it is important to realise that the full ncRNA repertoire of a species can
never be identified through homology prediction only. It is expected that all species
have some species specific ncRNAs that will not be present in a database. Also, if one
does not work with model organisms or species closely related to these, lineage specific
ncRNAs will not be found.

We expected to identify at least one tRNA gene for each amino acid present in multiple
copies. This was true for both A. rosae and O. abietinus. Our numbers of 177 tRNA
genes (A. rosae) and 158 (O. abietinus) are lower than the ones reported from Behura
et al. (2010) for Nasonia and Apis (221 and 199). However, they show a similar number
of tRNA genes and the overall number of tRNA genes can vary a lot between species
(e.g. 85 in Drosophila melanogaster or 496 in Bombyz mori (Behura et al., 2010)), as
it is dependent on the codon usage of a species. tRNAs containing introns are known
from several species (Behura et al., 2010). However, which tRNA contain introns varies.
In Hymenoptera and other insects they have been found in tRNA-Tyr, -Ile, and -Leu
genes (Behura et al., 2010). We also only identified introns in these tRNAs and as is
known from A. mellifera and N. vitripennis we found no tRNA-Tyr without introns.
tRNAs containing introns have been shown to be involved in base modification of the
anticodon triplet (Behura et al., 2010), but which tRNAs contain introns varies between
species.

We identified two different types of snoRNAs, H/ACA and C/D. Our homology analysis
resulted in only 14 snoRNA families in A. rosae and 11 in O. abietinus. This small set
likely caused the high number of false-positives DARIO predicted (table 3.6). Another
reason could be that our RNAseg-reads were of a quality that allowed DARIO to
correctly predict their stack pattern. Comparing the numbers of snoRNAs known from
other insects, we find that the ensembl Metazoa database (Zerbino et al., 2017) lists
7 snoRNAs for A. mellifera and 8 for N. wvitripennis, but 292 for D. melanogaster. We

assume that we did not identify all snoRNAs in A. rosae and O. abietinus as each
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snoRNA can only direct one or two rRNA modification and this alone would point to an

expected number of snoRNAs over 200 (Bachellerie et al., 2002).

Influence of different short-read preparation

Using the DARIO pipeline we compared three different types of trimmed and mapped
reads. Our first set was merging the paired-end reads and mapping only those, the
second was using only those reads that were still a complete pair after trimming, and
the third mapped all reads that remained after trimming. Strictly speaking the second
set is a subset of the third. Our results show that it makes a difference how the mapped
reads are treated beforehand. The biggest difference was between the read set using
merged reads and the two others with unmerged reads. There seems to be a core set
of reads that can be mapped regardless of their treatment before mapping. However,
looking at the predictions shared between all sets, we found one set of the three that
had an ncRNA set unique to this one that was similar in size. Our results do not lead
to a recommendation of the best way to treat reads before mapping but shows that it
is important to look at all three sets and put further work into it. Additional lab work
should be done to look at the validation of our results.

We used a conservative method to create our final set of ncRNAs by removing all those
predicted ncRNAs that were either overlapping exons (strand independent), ncRNA pre-
dictions or overlapping another DARIO prediction. ncRNAs and exons of protein-coding
genes can be found at the same region of a genome, but then they exist on different
strands. Also, ncRNAs can be present in UTRs which are not distinguished from exons in
A. rosae and O. abietinus in the official gene set. Our sequenced reads do not contain
strand information, so it is not possible to check the strandedness of our prediction
even though DARIO itself does predict a strand. This might exclude true positive
predictions from our final list but probably also lessens the false positive results we
would get.

In mammals, it has been shown that snRNAs and snoRNAs underwent massive expan-

sions over time which coincided with the diversification of said group (Hoeppner et al.,
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2018). Even though it is still up for debate whether all those expansions led to more
functional ncRNAs, it would be interesting to take a look at insects in this regard. For
this, an analysis of additional insect lineages needs to be done. Our analysis can there-
fore only be seen as a first, but important, step in this direction.

Our de nowvo prediction of IncRNAs in A. rosae and O. abietinus showed that the trends
of IncRNA-gene interaction are similar between the species even though the absolute
numbers are different. The majority of the predicted interactions are of the intergenic
type for both species, even though this includes still a large number were the subtypes
could not be determined.

In total numbers our study predicted more IncRNAs in A. rosae and O. abietinus than
are present in the official gene sets of N. wvitripennis and A. mellifera. Especially Na-
sonia stands out with a current number of 784, which is way lower than all others.
The most likely explanation is the pretty recent focus of IncRNA research and not a
lot of work being done on these organisms so far. The total number of IncRNAs that
are supposed to be present in a genome can not be identified through our analysis and
further work on this, as well as the conservation of IncRNAs between insects, has to be

done.

4.4. Non-coding RNA repertoire of Athalia rosae
and Orussus abietinus

Ideally we would have been able to identify the complete ncRNA repertoire of the two
Hymenoptera species. However, our exclusion of certain ncRNA types (e.g. piRNAs)
from our analysis made this impossible. For those ncRNA types that we looked at we
significantly increased the number of identified ncRNAs. This shows that the usage of
only homology prediction in as yet not annotated species is never enough to build a
conclusive picture of the gene repertoire. Of course this is still not a comprehensive
set of species from all Hymenoptera lineages, but a far broader set than was available

beforehand.
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Our de novo prediction of miRNAs and snoRNAs relied on short RNAseq libraries. These
were whole-body and only from adults. This makes it hard to identify tissue or stage
specific ncRNAs because they are lowly expressed if at all in these transcriptomes.
The best way to get a good idea of the repertoire is a combination of homology and
de novo prediction with well sequenced genomes, extensive short RNAseq reads, and
additional lab work to validate the predictions.

The basis for a good homology prediction is a big evidence base from various closely
related species, ideally from the same lineage. For this, the research focus needs to
shift from a couple of well studied model organisms to a broad variety of non-model

organisms.
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5. Methods conserved non-coding

elements

5.1. CNEr

We identified CNE candidates in the four Hymenoptera species Apis mellifera, Athalia
rosae, Nasonia vitripennis, and Orussus abietinus using the R Bioconductor package
'CNEr’ (Tan, 2015). This package uses pairwise whole genome alignment (WGA) and
genome annotation to identify CNEs. The pairwise alignments were created using the
program last (version 744) (Kietbasa et al., 2011) with the MAMS seed (Frith and Nog,
2014). A total of six runs with CNEr were done to get results from all possible pairwise
genome alignments. For the analysis we followed the CNE identification guideline by
Ge Tan (http://rpusb.com/yang2/CNEr3) with some changes: Our definition of CNEs
included only sequences of > 100bp and a minimal conservation of 70 %. Due to that
we changed the window sizes for CNEr to 100 and used the identity thresholds 70, 90,
and 99 %.

CNEr only identifies CNE candidates in regions that do not already contain a known
gene. For this it uses the genome annotation of the species. We provided CNEr with
all annotated exons of this species, which we extracted from the OGSs for each species
(Aros v1.0, Oabi v1.0, Amel v4.5 (GCF _000002195.4_-Amel _4.5) (Elsik et al., 2014),
Nvit v.2.1 (GCA_000002325.2) (Werren et al., 2010)). The list of CNE candidates
were further checked for repeats using the CNEr internal blat function. All remaining

candidates were then further analysed using custom Perl scripts.
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Our sampling included four species, but CNEr only supports pairwise analysis. We

did six pairwise analyses and we combined the three different CNEr output files per

species.
Species 1 Species 2 Species 3 Species 4
Genome Genome Genome Genome
Exons Exons Exons Exons
lastz

pairwise whole
genome alignments

CNEr

12 output files (3
per species) with
CNE candidates

CNE_gene_neigbourhood.pl

CNE nucleotide sequences| |cluster and neighbouring
cne_sequence_species.fa genes

cne_get_one_closest_gene.pl

cne_closest_gene_species.tab

single CNEs in cluster
cne_in_cluster_speciies.txt

cne_gene_count.pl

unique_cnes_in_cluster.pl

cne_clusterno_length2csv.pl

single CNEs in cluster,
overlapping ones combined
cne_closest_gene_unique_species.tab

gene counts per cluster
gene_list_cne_species.tab

gene_in_cluster_count_allcne_species.csv
gene_in_cluster_count_500cne_species.csv

closest genes cis-direction
cne_closest_two_genes_all_species.tab

closest gene trans-direction

cne_closest_two_genes_trans_all_species.tab

cne_synteny.pl

cluster with IncRNAs next to it
with the order of CNEs in other
species

cne_closest_two_genes_all_hitinfo_Inc_10_nodups_species.tab

Figure 5.1.: Graphical overview of the steps in the pipeline used for CNE prediction.
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5.2. CNE_ gene neighbourhood.pl

To this end, we developed a custom perl script CNE gene neighbourhood.pl to
combine the output files. The script needs one reference species with which the three
different analyses were conducted. All CNE candidates were sorted and combined if
they overlap by at least one nucleotide using the reference species. Also, for combined
CNEs the borders of the CNE were adapted to include the longest sequence possible.
Each CNE of the reference species ended up with at least one CNE candidate in another
species. The CNEs in the other species were not checked for overlap in this script.
The CNEs of the reference species were not only checked for overlap but were also
sorted into cluster. Two CNEs belonged to the same cluster if they are <20,000bp
apart from each other. Woolfe et al. (2004) showed that still 85% of CNEs cluster
within 370kb distance, however, we chose this conservative distance to take into
account our two assemblies that are not at chromosome level.

This script produces three output files. One contains the nucleotide sequence of each
CNE (cne_sequence species.fa), the second information to each cluster (scaffold,
start, stop, count of CNEs, distance to scaffold end) and all genes that were found
within <500kb distance to this cluster or within it (cne closest gene- species.tab),
and the third the position information for each CNE in a cluster (cne in_cluster-
_species.txt). We used 500 kb as the distance because Woolfe et al. (2004) found that
93% of the CNE cluster they identified had a trans-dev gene within this distance.
The species part of the file name is a placeholder for the reference species. These

files still listed overlapping CNEs separately but were combined into one in the next step.

5.3. unique cnes_in_cluster.pl

The next script unique cnes in_cluster.pl takes the file cne in_cluster species.-txt

as input and merges all the overlapping CNEs. It also checks if two clusters should be
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merged. This case happened because the borders of each cluster, meaning the most
outwards placed CNE, are expanded with each CNE that gets added. In some cases
the distance between two clusters was < 20,000 bp after the finished analyses and that
classifies the CNEs as belonging to the same cluster. If two clusters were 20,030 bp apart
and one was extended by 31 bp they would now count as one cluster. This reevaluation

was not done in the previous steps.

5.4. cne_gene count.pl

The script cne__gene count.pl takes the file with all genes neighbouring a cluster and
counts how often each gene was present and saves this to a file (gene list cne -
species.tab). It also created two files that contained for each cluster the numbers of
genes found upstream, downstream or within a cluster. The first one contained all clus-
ters (gene in_-cluster count allcne species.csv) and the second only those clusters
that had a minimal distance of 500kb to each scaffold end (gene in_cluster count-
_ 500cne _species.csv). We included the second file because the number of genes neigh-
bouring clusters with <500kb distance to the scaffold end might be artificially lower
as the search for genes stops at the end of a scaffold even though the actual chromo-
some might be longer. The length of each individual cluster was added using the script

cne_clusterno_length2csv.pl.

5.5. cne_get one closest gene.pl

Further analysis focused on just the closest genes in cis on each cluster side. This
gene was identified using the script cne get one closest gene.pl. It took the
list of genes per cluster (cne closest gene species.tab) created by the CNE gene-
_neighbourhood.pl script and the annotation of the species to find it. The gene that
was closest to the cluster is selected. Also the direction of the gene towards the cluster

orientation was checked. If the closest gene was in cis to the cluster it was added with
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the cluster info to the file cne closest two genes all species.tab. In case this gene
was in trans to this file 'na’ was added and the cluster with the gene information was

stored in the file cne closest two genes trans all species-.tab.

5.6. cne_synteny.pl

The next step was to get the information for each gene that was identified as closest
to a cluster. We checked what type it is, meaning protein-coding or IncRNA, focusing
further on those clusters that had an IncRNA identified as a possible interaction partner.
For those clusters with at least one IncRNA in cis as interaction partner we checked
the synteny of the single CNEs in the cluster.

The script cne_synteny.pl was used for this. It takes a file with the cluster informa-
tion (scaffold, start/stop position, closest gene (upstream/downstream), distance to
the gene (upstream/downstream) number of CNEs in the cluster, distance to scaffold
end) of interest of the reference species, in this case those clusters with an IncRNA next
to them consisting of > 10 CNEs, the CNEr output files, and the file for each species
containing the final CNE coordinates as provided by the unique cne in_cluster.pl
script. This script provides information on the partner for each CNE in a cluster
together with the position of the CNE in the other species. The file this script pro-
duces (cne closest two genes all hit-info_Inc_10 no-dups_species.tab) contains
for each cluster provided a list of CNE matches in the other species. As a link between

the CNEs it provided, this file allows us the check for synteny between species.

5.7. cne_diff species ident.pl

To visualise and compare the CNFEr results, we created venn diagrams for each species.
For each species we collected the CNEs predicted in all three runs of CNEr and compared
them. Predictions were counted as the same if at least 1nt was overlapping. Using
the script cne diff species ident.pl we created an ID for each CNE that made them

comparable between the three output files. The list created for each output was then
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passed on to Venny (Oliveros, 2015) which created the venn diagrams.
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6. Results conserved non-coding

elements

6.1. CNE prediction

The way we set up the CNE identification pipeline, we always used one species as
a reference and got CNE predictions in pairwise comparisons with the three other
species. The total amount of CNEs predicted per species varied between 5,740 and
12,462 CNEs (table 6.1). Most CNEs were predicted in interaction with O. abietinus
(12,462), followed by A. mellifera (9,887), A. rosae (7,263), and N. vitripennis (5,740).
In all analyses we identified CNEs that were present in all four species, with varying
numbers. N. vitripennis was the species with the lowest number of CNEs found in all
three other species (316) (figure 6.1c), followed by A. rosae with 321 (figure 6.1b), A.
mellifera with 410 (figure 6.1a), and in O. abietinus with 490 (figure 6.1d) most CNEs
found in all species were identified.

The most CNEs were always predicted in the comparison with O. abietinus and only
a fraction of the CNE candidates were identified in all four species (between 5.2 % in
O. abietinus and 7.7% in N. wvitripennis). The most CNEs identified in a pairwise
comparison were found between A. mellifera and O. abietinus (4,285) and the least
between A. mellifera and A. rosae (609). The majority of predicted CNEs was identified
in three out of the four species. The total number of CNEs was reduced during further

analysis through combining the overlapping CNEs. In A. mellifera we found 410 CNEs
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that were present in all three pairwise analyses. The most CNEs found in only one
analysis was found with O. abietinus (4,285) (figure 6.1a).

Through combining of overlapping CNEs the total number dropped in all four species
by over 1,000 CNEs (table 6.1).

Table 6.1.: Number of CNEs identified by CNEr sorted by species, number of CNEs left after
overlapping ones were combined, size of the assembly (Mb), and N50 (kb) of the

assembly.
Species CNEr results | Combined | Assembly size | N50
Athalia rosae 7,263 5,224 164 | 1370
Orussus abietinus 12,462 9,449 201 | 2370
Apis mellifera 9,887 7,474 250 | 997
Nasonia vitripennis 5,740 4,127 295 | 708
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versus vs. versus vs.
A. rosae N. vitripennis A. mellifera N. vitripennis

609 653
(8.1%) (8.7%)

831
(15.9%)

858
(11.5%)

4285
(57.3%)

Vs. Vs.
O. abietinus O. abietinus
(a) Apis mellifera (b) Athalia rosae
versus Vs. versus vs.
A. mellifera A. rosae A. mellifera A. rosae

1052
(11.3%)

781 751 3971
(18.9%) (18.2%) (42.5%)

490

(5.2%)
494 497 299
(12%) (5.3%)

1167
(12.5%)

1433
(B4.7%)

Vs.

L Vs.
O. abietinus

N.vitripennis

(c) Nasonia vitripennis (d) Orussus abietinus

Figure 6.1.: Total number of CNE candidates identified with CNEr with each species as
reference species. Overlapping CNEs are not combined.

6.2. CNE cluster analysis

In further analysis these CNE predictions were sorted into clusters if they were <20kb

apart and only the CNEs after combining overlapping ones were used. Combining the
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CNEs into clusters we found that the lowest number of clusters was found in A. rosae
(1,599) and the highest in O. abietinus (2,088) (table 6.4). The number of CNEs per
cluster varied. In all species the majority of CNEs were not found in clusters but as
single CNEs (table 6.2, figure 6.2). The largest cluster group consisted of 2-4 CNEs per
cluster. The cluster groups in table 6.2 were chosen arbitrary to visualise it better.
The number of clusters decreases the more CNEs are included. All four species had at
least one cluster that contained over 100 CNEs (table 6.2). Overall the largest cluster
CNE count wise was found in O. abietinus with 342 CNEs, followed by A. mellifera
(228), A. rosae (217), and N. vitripennis (175) (table 6.2).

Note that the maximal amount of CNEs per cluster is also dependent on the assembly.

The larger the assembled scaffolds are, the bigger a cluster can get.

Table 6.2.: Number of CNE clusters, grouped by CNE numbers, for each species. Grouping
was chosen arbitrary. Last row shows the number of CNEs making up the largest
cluster of a species.

Species 11 241 591 10-49 | 50-99 | > 100 | largest cluster
Athalia rosae 839 | 524 | 156 72 8 1 217
Orussus abietinus 1,004 | 673 | 240 143 28 7 342
Apis mellifera 1,046 | 585 | 174 122 21 3 228
Nasonia vitripennis 989 | 441 | 132 61 2 1 175
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Figure 6.2.: Visualisation of the numbers of CNEs per cluster seen in table 6.2 in the four
species.

6.3. CNE gene interaction

To each cluster we assigned the two closest protein-coding genes or IncRNAs (one for
each side of the cluster) if they were in cis orientation to the cluster (table 6.4), which
will be called associated gene. Except in A. rosae the majority of clusters had no gene
in cis direction assigned (table 6.4). Following this protein-coding genes were the next
biggest type assigned to cluster (table 6.4). The number of different IncRNAs identified
next to clusters varied between 36 (N. witripennis) and 548 (A. mellifera). In some
cases one IncRNA was assigned to two clusters when no other gene was found between
the two clusters. The number of unique IncRNAs was lower. In N. vitripennis we found
27 IncRNAs, 56 in O. abietinus, 292 in A. rosae, and 435 in A. mellifera. In both A.
mellifera and O. abietinus the number of IncRNAs found upstream and downstream of
a cluster was comparable (38 in both directions in O. abietinus and 288 to 260 in A.
mellifera), whereas in N. vitripennis all IncRNAs were found upstream. In A. rosae, the

majority of IncRNAs was found downstream of CNE clusters (table 6.5).
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Table 6.4.:

Total amount of CNE clusters per species as well as the count of clusters with
at least one IncRNA in cis as the closest gene, number of clusters with protein-
coding genes (gene) in cis. N/A shows the number of clusters where no gene was
found next to it or were the closest gene was in trans.

Species Cluster | Gene | IncRNA | N/A
Athalia rosae 1,599 | 1,464 322 | 1,142
Orussus abietinus 2,088 | 2,040 76 | 2,060
Apis mellifera 1,948 | 1,248 548 | 2,100
Nasonia vitripennis 1,625 325 36 | 2,555

As IncRNAs are not described as interaction partners with CNEs, we looked at the

protein-coding gene/IncRNA ratios (table 6.3). In A. mellifera IncRNAs do not occur

more often next to a cluster than would be expected. In two species they occur less

often than expected, 1.3 times lesser in A. rosae and 12 times lesser in O. abietinus.

In N. wvitripennis the were found twice as often as expected neighbouring a cluster in

cis.

Table 6.3.: Ratios of IncRNA /protein-coding genes in each species. First number is calcu-
lated from all IncRNAs and protein-coding genes present in the OGS, second is
calculated from the IncRNAs and protein-coding genes that were found in cis
next to a CNE cluster.

Species Ratio whole annotation | Ratio CNE cluster neighbours
Athalia rosae 0.30 0.22
Orussus abietinus 0.46 0.037
Apis mellifera 0.44 0.43
Nasonia vitripennis 0.045 0.11

Between 325 (N. witripennis) and 2,040 (O. abietinus) different protein-coding genes

were identified as neighbouring a cluster in cis direction. Except for N. witripennis,

over 1,000 genes were identified as neighbouring a cluster in cis: 1,248 (A. mellifera),

1,464 (A. rosae), 2,088 (O. abietinus).
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Table 6.5.: CNE clusters with an IncRNA in cis direction next to it. Total includes every
occurrence of an IncRNA in the right direction next to a CNE cluster, upstream
is the total count of those found upstream, downstream the total count found
downstream of a cluster, and unique IncRNAs is the count of different IncRNAs

identified.
Species total | upstream | downstream | unique IncRNAs
Athalia rosae 322 22 300 292
Orussus abietinus 76 38 38 o6
Apis mellifera 548 288 260 435
Nasonia vitripennis 36 36 - 27

For each CNE cluster we set a maximum distance of 500 kb in which a gene had to be
located. This distance was chosen as other studies showed that genes of interest tend
to be located inside this region. The distance between the cluster and the closest gene
varied between 1bp (found in all four species) and 483,349 bp (O. abietinus).

As stated above we found between 36 and 548 cases of IncRNAs next to a CNE cluster
in cis direction in one species (table 6.5). The highest number of 548 was found in
A. mellifera with 288 IncRNAs found upstream and 260 found downstream of a cluster.
Reducing this number to unique IncRNAs 435 genes remain.

In N. witripennis all IncRNAs identified as the associated gene of a cluster were found
upstream, whereas in all three other species IncRNAs were found both upstream and
downstream of CNE clusters. In A. mellifera and O. abietinus the number between
upstream and downstream were similar, whereas in A. rosae the majority of IncRNAs
was found downstream (300 genes downstream, 22 upstream) (table 6.5).

We selected the six largest scaffolds to get a look at the CNE distribution. The predicted
CNEs were not equally distributed along the scaffolds of each species. This distribution
is visualised in figures 6.3, 6.4, 6.5, and 6.6. For each species three graphs are shown,
to show the results of the pairwise comparisons. Looking at figure 6.3 a) we see the
distribution of the CNEs identified in the comparison of A. mellifera and A. rosae. Each
of the six subplots shows the distribution on one scaffold. On the x-axis we see the
genomic location of a CNE in Mb and on the y-axis the accumulative number of CNEs.

In A. mellifera we see on some of those scaffolds only small gaps, meaning locations on
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the scaffold where no CNEs were identified, and long stretches with no gaps in the CNE
distribution, whereas on others we find a lot of single CNEs (figure 6.3). This uneven
distribution is especially noticeable in A. rosae (figure 6.4). A. rosae has less CNEs
identified on the six largest scaffold compared to the other three species (up to 60 in A.
rosae compared to up to 600 in the other species). In all four species the distribution
of CNEs between all three pairwise comparisons is similar (figures 6.3, 6.4, 6.5, 6.6).
Scaffold 1 of O. abietinus is an example where the majority of CNEs were identified in
the middle of the scaffold. This leads to a high increase of the total number over a

small amount of basepairs (figure 6.6). Note that the scale of the y-axis is not unified.
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Figure 6.3.: Distribution of CNE prediction in Apis mellifera differentiated by species. Only
the results for the six longest scaffolds are shown. The number of CNEs is the
accumulative total amount found on this scaffold. x-axis shows the genomic
location on the scaffold, y-axis the number of CNEs. The results are for pairwise
comparisons between species.
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Figure 6.4.: Distribution of CNE prediction in Athalia rosae differentiated by species. Only

the results for the six longest scaffolds are shown. The number of CNEs is the
accumulative total amount found on this scaffold.



Results conserved non-coding elements

91

it_CMD00815.2 vit_CMD00316.2 vil_CM000917.2 nvit_CM000g15.2 nvii_CMooog16.2 vit_CMD00317.2
200 - (
= 60-
300 - 150 j 100 -
150 - J
100 - (f 200 - 1 / 100-
¢ 100 - L.
» 50 -
50- 100 - 20- 50-
50- o
' ’ 1
o0 0- 0- o1 o-0 o0
I.IVJ, [ 10 20 30 0 10 20 30 10 20 u"] 0 10 20 30 o 10 20 30 o0 10 20
35 vit_GM000818.2 Wit_GL341019.1 nvii_CM000919.2 e nvit_CMO00818.2 Vit GL3#1019.1 vit_CMD00919.2
40- 80- .
' : ) J :
H 754 r f * 30- -
H g 90- L Lo
150 5 30+ H 0" ¢ H
K 0 Lt R
H
. i‘ 50- el ' 20- H
100 - 20- !l '.4' .
: ! :
{ SR {
50+ 10 $ 25+ 30- 1' 10 i
. :
i { N
o1 ! Joer 0-® ! °’/. of 0-t" ;
0 5 10 15 0 1 2 3 4 25 50 75 10.0 5 10 15 0 1 2 3 4 0.0 25 5.0 75 100
Genomic location (Mb) Genomic location (Mb)
(a) Apis mellifera (b) Athalia rosae
nvit_CM000815.2 wit_CM000316.2 nvit_CM000817.2
400 200 4 ’
150 -
3004 150 -
100 -
200 - 100 -
504 100 - 50
0- I 0 -’ 0- f
g 0 10 2 3 0 1 20 3 0 10 20
g it CM000918.2 nvit_GL341019.1 nvit_CM000918.2
100 -
J 100 - "
200 -
,r 75- r
" 75-
150 -
504 50-
100 -
r r
50 25- I 25- ’
’’ -
0-e o-+ 0e ,
0 5 10 5 0 1 2 3 4 25 50 75 100

Genomic location (Mb)
(c) Orussus abietinus
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6.4. CNE cluster synteny

For the CNE cluster synteny analysis we focused on clusters containing at least 10 CNEs
that had at least one IncRNA identified next to it. For A. mellifera this was the case for
47 cluster, two in N. vitripennis, 12 in A. rosae, and three in O. abietinus (table 6.6).
Except for two clusters in A. mellifera all of these had only one IncRNA neighbouring

the cluster. The closest a IncRNA was found to a CNE cluster were 1,417bp (4. rosae).

Table 6.6.: Number of clusters consisting of > 10 CNEs with an IncRNA as the associated
gene with the information of the shortest distance between the cluster and the
IncRNA found.

Species Number of clusters | Shortest distance IncRNA-cluster (bp)
Athalia rosae 12 1,417
Orussus abietinus 3 3,092
Apis mellifera 47 2,046
Nasonia vitripennis 2 19,101

Each CNE in a cluster of a given reference species had at least one CNE hit in one of
the other three species. Comparing the order of the CNEs between the different species
we found that this order is at least partially conserved.

In all four species the cluster arrangement with IncRNAs next to it was at least partially
conserved in one other species. We did not look into those clusters that had only
protein-coding genes next to them.

One example using A. mellifera as the reference species showed that the cluster on
scaffold CM000062.5 ranging from 8282101 to 8403340 was partially found in all three
other species. This cluster consists of 33 CNEs. Of these CNEs 32 were also found in
O.abietinus, however six CNEs were found twice. These CNEs were found in two groups
on the same scaffold in the same order just with a different orientation. In A. rosae,
nine CNEs of this cluster were found without duplications and seven in N. vitripennis,
also without duplications. In A. rosae all CNEs corresponding to this cluster were
found on the same scaffold, in the same orientation, and with less than 17 kb distance

to each other. In N. witripennis also all CNEs were present on the same cluster, but
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in two cases the distance was more than 20kb to the next CNE. Also the last CNE
identified was found in a different orientation than the rest of the cluster.

In O. abietinus, the CNEs were spread over three different scaffolds. The distribution
over the three scaffolds was not random but followed the order of the CNEs found in
the cluster in A. mellifera. The first 17 CNEs were found on Scaffold 40, all in the
same order as in A. mellifera with less than 13kb distance. The next 12 CNEs were
found on Scaffold 667, however this included the six duplicated CNEs. The order was
also the same as in A. mellifera, with less than 19kb distance between the CNEs. The
final nine CNEs were found on Scaffold 70. The first six of these were found in order,
with less than 13 kb distance, the seventh had 64 kb distance to the other CNEs. The
final two CNEs were found in the 64 kb space stated before with an additional change

in orientation, making the distance between CNEs at this position only 47 kb long.
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7. Discussion conserved non-coding

elements

The focus of CNE research so far has been on vertebrate genomes (Polychronopoulos
et al., 2017). There are quite a few species and lineages were vertebrate CNEs were
identified, also between quite distantly related species such as human and puffer fish,
where the last common ancestor occurred 430 years ago (Aparicio et al., 1995). Even
after quite a long divergence time vertebrates still tend to have a high sequence sim-
ilarity between species. This shows for example in the high alignment rate between
human and puffer fish (12% of the puffer fish genome can be aligned to the human
genome). In insects, the focus lies on UCEs and is mostly centred on Drosophilids.
Insect genomes are more divergent after the same time span than vertebrate genomes.
Between different Hymenoptera genomes with a divergence time of 240 my (Misof et al.,
2014), we were able to align 2-10 %. This alignment rate was enough to identify CNEs,
as these are highly conserved regions that are of interest of us.

The biggest hurdle for the identification of CNEs is the availability of well sequenced
and annotated genomes of species that are closely related. To be able to identify
CNEs at least one well sequenced and annotated genome is necessary, depending on
the method used to identify CNEs. This one species is used as a reference to identify
conserved regions in other genomes, regardless whether whole genome alignments or a

sliding window approach are used.
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Using whole genome alignments for CNE identification requires more good quality
genomes with good annotation as well as specialised seeding schemes for the species
that are aligned. In our work we used the MAMS seeding scheme, which is based on
the substitution patterns in mammals (Frith and No¢, 2014). The WGAs we used might
be improved by using an insect or arthropod specific seeding scheme, which does not
currently exist.

So far, the focus on the gene that the CNE or the whole cluster is interacting with, lay
on protein-coding genes. We could show that IncRNAs are also in distances and orien-
tation to CNE clusters that could point towards an interaction between these two and
an additional protein-coding gene. We calculated the IncRNA-protein-coding gene ratio
for each species both for the whole annotation and the identified cluster partner. For
N. vitripennis we noticed that an IncRNA was twice as highly likely to be neighbouring
a cluster in cis-direction than would be expected if this was a random occurrence. Of
course this number highly depends on the annotation of the genome and the assem-
bly quality, as some studies assume that the number of IncRNAs vastly outnumbers
the protein-coding genes (Quinn and Chang, 2016). Also, the total number of genes
(including N/A) might be lower than expected due to the cluster number, because in
some cases a cluster was found between a gene and another cluster. These two clusters
then had the same gene identified as neighbouring.

Still we found that the majority of our gene-CNE cluster neighbours were not real in-
teractions due to either no gene being found next to the cluster in a 500 kb distance or
the gene having an orientation towards the cluster that is not cis. Because very little
is known about the interaction between CNEs and their genes we made the assumption
that their orientation to each other is important. If future research into this topic
shows that their orientation is not important, our results regarding how many genes
are identified as potential interaction partner for a CNE cluster could change consider-

ably.
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It has been shown that the protein-coding genes associated with CNEs are mostly in-
volved in developmental regulation. This is also an area where IncRNAs have one of
their functions. The problem with IncRNAs is that their general functions are known,
as in what the whole class does, but only for a small number the function of a specific
IncRNA is known, such as sphinx that regulates the male courtship behaviour (Legeai
and Derrien, 2015). The combination of their high abundance and their presumed
function makes them a point of interest regarding CNEs. So far a possible interaction
between CNEs, a developmental protein-coding gene, and an IncRNA has not been stud-
ied. Because we only did computational analysis of CNEs we cannot say that the IncRNA
neighbouring a CNE is really involved in a CNE-gene-interaction. But it presents an
idea that should be further looked into, i.e., looking into genomes with better studied
IncRNAs to see if this relationship also exists there and using experimental set ups.
We looked at the synteny between those CNE clusters that have an IncRNA as their
possible interaction partner. We found out that there does seem to exist synteny of
the clusters between different species, as in all cases we looked at this synteny was at
least partially conserved. However, the clusters might not be identified in one species
because the single CNEs inside have a larger distance to another than we defined as a
cluster. Recombination maps would be an interesting further study to see how much
recombination actually happens inside a CNE cluster. We did not look into what cre-
ated the different distances between single CNEs. Another point is that the definition
of a CNE cluster is somewhat arbitrary set to a maximum distance of 20kb between
to CNEs. An expansion of our cluster definition could probably show that our syntenic
CNE hits are arranged in clusters in more than one genome, but only if no rearrange-
ments of the genome happens. As we did not look into those clusters that had only
protein-coding genes next to them, we cannot conclude an association between the
IncRNAs and the synteny.

Some studies have shown that these conserved regions harbour transposable elements,

although it is not clear yet whether the insertion of TEs is enhanced in these regions
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(Manee et al., 2018). Inserted TEs could be responsible for the different distances.
To show if TEs are indeed found between the different CNEs a comparison with a TE
annotation of the genome is needed.

Our study showed that CNEs are still identifiable over an evolutionary distance of 240 my
in insect lineages with a low similarity between their genomes. In vertebrates it has
been shown that the CNEs that are conserved between distantly related lineages are
different from those found in closer related groups (i.e. mammals), meaning that there
is only a partial overlap between these CNE groups (Woolfe et al., 2004). It would be
interesting to see if this also holds true for Hymenoptera. Also, it would be interesting
to see how large the divergence time between species has to be before no CNEs are
identifiable anymore. This also raises the question if there are CNEs that are conserved
in all Metazoa. The first step would be to look how much of these highly differed

genomes can still be aligned.
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8. Conclusions

We were able to get a first look at the ncRNA repertoire in the two Hymenoptera species
A. rosae and O. abietinus. Taking a closer look at their repertoire and comparing
it with that of other Hymenoptera, we found that there seems to be a conserved
set of ncRNAs for Hymenoptera. Most of the already known ncRNA families are not
Hymenoptera specific. Through our additional de novo analyses we showed that the
ncRNA repertoire is more extensive than the current state of knowledge suggests. Also
we showed that using homology methods is not sufficient to identify the full repertoire
of a species and is especially not qualified to find potentially lineage specific ncRNAs.
We showed that it is possible to identify CNEs between insect species that have a
divergence time of 240 my. So far the only research on CNEs, or specifically UCEs, was
done in Drosophilids, which have less variation in their sequences due to their shorter
divergence time. Most of the CNE research so far has been focused on vertebrates,
which possess more conserved areas of the genome even after a long divergence time.
Our results showed that it is possible and necessary to broaden this research to other
lineages. Only through additional research the origin of CNEs can be identified, as
well as their level of conservation. It has been shown in vertebrates that the CNEs
of mammals are only a subgroup of the CNEs identified between vertebrates (Woolfe
et al., 2004). This shows that CNEs are still evolving and the variance between different
groups should be the subject of future research.

Furthermore we found an interesting spatial relationship between CNEs and IncRNAs.

IncRNAs were more often present in cis-direction next to a CNE cluster than would be
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expected by chance. This conserved orientation and both being involved in regulatory
processes could be a sign that they are a regulatory unit. As little is known how exactly
CNEs regulate genes this needs to be addressed in further research.

Overall our research showed that both ncRNAs as well as CNEs are important parts of

genomes that should not be neglected in genomic analyses.
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A. Appendix

A.1. Prediction of non-coding RNAs

The tables A.1 and A.2 show the coordinates of the ncRNAs that were predicted

through the homology analysis (both miRBase and Rfam), as well as the tRNAscan-

SE predictions.

Table A.1.: Coordinates of all regulatory elements and ncRNAs that were predicted in
Athalia rosae, after manual curation.

Name Scaffold Start End | Strand
tRNA_Pro-1 1| 1433526 | 1433597 +
U12 1| 1511977 | 1512125 -
K chan RES-1 1| 2833066 | 2833179 +
5S rRNA-1 2 | 170446 | 170564 +
5S rRNA-2 2 | 170716 | 170854 +
K chan RES-2 2 | 1497229 | 1497347 +
tRNA _Val-1 2 | 1642903 | 1642975 +
tRNA Leu-1 2 | 1668913 | 1668996 +
tRNA Thr-1 3 | 1264092 | 1264163 +
tRNA Thr-2 3 | 1452256 | 1452329 -
tRNA Ser-1 3 | 1453561 | 1453642 +
tRNA _Phe-1 3 | 1454541 | 1454613 +
tRNA Ser-2 3 | 1455794 | 1455875 +
Aro-mir-375 3 | 2588571 | 2588662 -
tRNA Cys-1 3 | 2658276 | 2658347 +
tRNA  Pro-2 3| 2712853 | 2712924 -
tRNA Ser-3 4 | 1002965 | 1003046 +
tRNA Lys-1 4 | 1003374 | 1003446 +
tRNA Asn-1 4 | 1003743 | 1003816 -
Us-1 4 | 1004293 | 1004414 -
U5-2 4 | 1005341 | 1005462 +
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Name Scaffold Start End | Strand
U5-3 4 | 1018005 | 1018128 -
U5-4 4 | 1029647 | 1029771 +
tRNA _Pro-3 4 | 1169861 | 1169932 +
Aro-mir-219 4 | 1751471 | 1751573 -
tRNA GlIn-1 4 | 2449617 | 2449688 +
tRNA _Pro-4 5 | 1046515 | 1046586 -
Aro-mir-929 5 | 1202068 | 1202165 -
Ubatac 5 | 1429993 | 1430097 -
tRNA _Ser-4 5 | 1472246 | 1472327 +
Ul-1 5 | 2486577 | 2486738 +
tRNA  Ala-1 5 | 2800605 | 2800677 -
tRNA_ Ala-2 5 1 2800767 | 2800839 -
tRNA Ala-3 5 1 2800920 | 2800992 -
tRNA  Ala-4 5 | 2801081 | 2801153 -
tRNA _ Arg-1 5 | 3445625 | 3445697 -
tRNA  Met-1 6| 115917 | 115988 -
Aro-mir-263b 6 351357 | 351447 -
U2-1 6 | 1028869 | 1029062 -
U2-2 6 | 1040818 | 1041011 -
tRNA His-1 6 | 1286444 | 1286515 +
U1-2 6 | 1306590 | 1306752 -
Aro-mir-279d 6 | 1386159 | 1386253 +
Aro-mir-11 6 | 1559210 | 1559291 -
Aro-mir-10a 6 | 2023801 | 2023896 -
Aro-let-7 6 | 2024110 | 2024209 -
Aro-mir-10b 6 | 2024618 | 2024691 -
tRNA Phe-2 7| 685484 | 685556 -
tRNA _Phe-3 7| 685645 | 685717 -
tRNA_ Tyr-1 7| 686538 | 686634 -
tRNA _ Tyr-1_Intron 7| 686574 | 686597 -
tRNA  Asp-1 7| 687397 | 687468 +
tRNA  Asp-2 7| 687545 | 687616 +
tRNA  Asp-3 7| 687694 | 687765 +
tRNA  Asp-4 7| 687843 | 687914 +
tRNA  Met-2 7| 792101 | 792172 -
tRNA _ Gly-1 7| 812607 | 812678 -
tRNA TLeu-2 7| 835273 | 835352 +
tRNA  GIn-2 7| 835519 | 835590 -
tRNA _Ala-5 71 835799 | 835870 +
tRNA Leu-3 7| 839988 | 840071 +
tRNA _GIn-3 7 | 1096854 | 1096925 +
tRNA Leu-4 7 | 1229422 | 1229503 +
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Name Scaffold Start End | Strand
tRNA  Arg-2 7 | 1323188 | 1323260 -
Aro-mir-9b 8| 911691 | 911780 -
Aro-mir-9d 8 911824 911916 -
tRNA Met-3 8 | 1112111 | 1112182 +
tRNA Lys-2 8 | 1112404 | 1112476 +
tRNA _Tle-1 8 | 1112655 | 1112728 +
tRNA Cys-2 8 | 1162633 | 1162704 +
tRNA  Met-4 8 | 1276723 | 1276795 +
U6-1 8 | 1287237 | 1287343 +
U6-2 8 | 1289329 | 1289435 -
tRNA Pro-5 8 | 1356938 | 1357009 -
U6-3 8 | 1357349 | 1357455 -
tRNA  Glu-1 9 | 332701 | 332772 +
K chan RES-3 9 | 1630457 | 1630570 -
K chan RES-4 9 | 1641017 | 1641130 -
tRNA  Glu-2 9 | 1853331 | 1853402 +
tRNA  Gly-2 9 | 1853623 | 1853694 +
tRNA  Gly-3 9 | 1859166 | 1859236 -
tRNA _ Gly-4 9 | 1859560 | 1859631 -
tRNA  Arg-3 10 | 1070988 | 1071060 +
SNORD31-1 10 | 1319758 | 1319829 -
SNORD31-2 10 | 1320060 | 1320128 -
SNORD31-3 10 | 1320322 | 1320389 -
SNORD31-4 10 | 1320581 | 1320646 -
Aro-mir-980 10 | 1903681 | 1903768 -
Rnase MRP 10 | 3312516 | 3312779 -
Aro-mir-927 11 | 870330 | 870416 +
Aro-mir-iab-8 12 417229 417321 -
Aro-mir-iab-4 12 | 417234 | 417315 +
tRNA _ Tyr-2 12 | 993592 | 993693 +
tRNA Tyr-2 Intron 12 | 993629 | 993657 +
tRNA Leu-5 13 | 343636 | 343718 +
tRNY Lys-3 13 | 1211483 | 1211555 +
SNORD18-1 13 | 1264137 | 1264205 +
SNORD18-2 13 | 1264667 | 1264736 +
Aro-mir-928 13 | 1862522 | 1862621 -
Aro-mir-25a 13 | 1914138 | 1914241 +
Aro-mir-25¢ 13 | 1914415 | 1914511 +
tRNA Met-5 13 | 2516187 | 2516259 -
tRNA Arg-4 13 | 2516769 | 2516841 +
tRNA His-2 13 | 2518416 | 2518487 -
U2-3 15 52209 52392 -
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Name Scaffold Start End | Strand
tRNA Arg-5 15 | 238215 | 238287 -
tRNA Arg-6 15 | 331485 | 331557 +
tRNA Tyr-3 15 | 338807 | 338907 -
tRNA Tyr-3_ Intron 15 | 338807 | 338907 -
5 8S rRNA-1 16 90960 91114 -
185 rRNA-1 16 99366 | 101200 +
Aro-mir-263a 16 | 230855 | 230947 -
SNORD33 17 | 891328 | 891407 +
tRNA_ Trp-1 17 | 1263752 | 1263823 +
tRNA Val-2 18 | 591985 | 592057 -
tRNA Lys-4 18 | 853539 | 853611 -
tRNA Trp-2 18 | 858202 | 858273 +
Aro-mir-2765 18 | 938207 | 938312 +
tRNA Tyr-4 18 | 1608505 | 1608597 +
tRNA Tyr-4 Intron 18 | 1608542 | 1608561 +
Aro-mir-282 19 | 430551 | 430641 -
tRNA  Arg-7 19 | 1214761 | 1214833 -
tRNA Leu-13 20 | 841054 | 841173 +
tRNA Leu-13 Intron 20 | 841092 | 841128 +
tRNA  Glu-3 20 | 841336 | 841407 +
tRNA  Glu-4 20 | 841612 | 841683 +
tRNA Leu-14 20 | 957645 | 957763 -
tRNA Leu-14 Intron 20 | 957690 | 957725 -
tRNA  Glu-5 20 | 958495 | 958566 +
tRNA  Glu-6 20 | 958771 | 958842 +
Ul1 21 | 488637 | 488770 +
Histone3-1 21 | 2279129 | 2279173 -
Histone3-2 21 | 2282281 | 2282326 +
U1-3 22 | 169986 | 170149 -
tRNA His-3 22 | 550439 | 550510 +
tRNA Thr-3 22 | 689649 | 689722 -
tRNA  Asn-2 22 | 690035 | 690108 -
tRNA Leu-6 22 | 2178946 | 2179028 -
tRNA_ Pro-6 22 | 2539025 | 2539096 +
Ul-4 22 | 2713663 | 2713813 +
Aro-mir-71 23 | 253314 | 253411 +
Aro-mir-2¢ 23 253775 253855 +
Aro-mir-2d 23 | 253985 | 254062 +
Aro-mir-2e 23 254331 254416 +
Aro-mir-2a 23 | 254603 | 254688 +
Aro-mir-2b 23 254818 254901 +
tRNA  Cys-3 26 | 159479 | 159550 +
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Name Scaffold Start End | Strand
Aro-mir-34 26 | 306065 | 306158 -
Aro-mir-277 26 | 307949 | 308033 -
Aro-mir-317 26 316144 | 316236 -
Aro-mir-965 26 | 1420301 | 1420392 +
tRNA GIn-4 28 | 848964 | 849035 +
tRNA  Arg-8 28 | 865411 | 865483 +
tRNA  Asp-5 28 | 876157 | 876228 +
Snopsil8S-1377 28 | 877006 | 877134 +
tRNA Lys-5 29 | 150731 150803 +
tRNA  Ala-6 29 | 2462845 | 2462916 -
tRNY Lys-6 29 | 2465497 | 2465569 +
tRNA _ Gly-5 29 | 2466564 | 2466634 +
tRNA His-4 29 | 2466927 | 2466998 +
Aro-mir-279a 30 | 1474727 | 1474818 +
Aro-mir-279b 30 | 1475040 | 1475124 +
Aro-mir-124 30 | 1715134 | 1715231 -
tRNA  Ala-7 30 | 1818767 | 1818838 -
tRNA GIn-5 30 | 2247032 | 2247103 +
Aro-mir-971 32 | 893457 | 893559 +
tRNA Gly-6 32 | 1760401 | 1760471 -
tRNA  Asp-6 32 | 1760664 | 1760735 -
Histone3-3 32 | 1815208 | 1815253 -
Histone3-4 32 | 1816266 | 1816311 +
Aro-mir-2796 32 | 2502286 | 2502385 +
tRNA  Leu-7 32 | 2724703 | 2724782 +
Aro-mir-7 34 | 318810 | 318903 -
Aro-mir-25b 34 | 376919 | 377015 -
tRNA Pro-7 34 | 625361 | 625432 -
tRNA Ser-5 34 | 836463 | 836544 -
tRNA  GIn-6 36 | 148833 | 148904 +
tRNA  Met-6 36 | 155596 | 155667 -
tRNA _ Ser-6 36 | 230624 | 230705 +
tRNA Val-3 36 | 309911 | 309983 -
tRNA Val4 36 | 310290 | 310362 +
tRNA Val-5 36 | 310455 | 310527 +
Aro-mir-193 36 | 403355 | 403444 +
Aro-mir-2788 36 | 407954 | 408051 +
tRNA Val-6 36 | 951495 | 951567 +
SNORAS57 37 | 183510 | 183647 -
tRNA Thr-4 37 | 905020 | 905092 +
tRNA Leu-8 37 | 973628 | 973709 +
K chan RES-5 37 | 1155836 | 1155946 +
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Name Scaffold Start End | Strand
Aro-mir-10c 38 | 818030 | 818101 +
Aro-mir-10d 38 | 868885 | 868975 -
55 rRNA-3 39 122799 122917 -
5S rRNA-4 39 | 132597 | 132712 -
55 rRNA-5 39 | 142963 | 143086 -
55 rRNA-6 39 148828 148942 -
Metazoa SRP-1 40 | 355109 | 355407 +
tRNA _ Ala-8 40 | 896827 | 896898 -
tRNA  Ala-9 40 | 1208833 | 1208904 +
Aro-mir-252 40 | 1209240 | 1209344 -
tRNA  Tle-2 40 | 1281043 | 1281116 +
ACEA U3-1 41 | 280994 | 281209 -
tRNA  Ala-10 41 | 282552 | 282624 -
tRNA _ Ala-11 41 | 297290 | 297362 -
tRNA  Arg-9 41 400121 400193 -
tRNA Tle-3 41 | 418591 | 418664 -
tRNA  Asp-7 41 422237 422308 -
tRNA Thr-5 41 | 426535 | 426608 -
tRNA _ Arg-10 41 | 428924 | 428996 +
tRNA Tle-4 41 | 429270 | 429343 -
tRNA _Ser-7 41 | 434848 | 434929 +
RnaseP nuc-1 41 | 1455640 | 1455982 -
Aro-mir-216 44 | 387971 388051 +
Aro-mir-3477 44 | 389196 | 389294 +
Aro-mir-12 44 | 389626 389696 +
tRNA _ Gly-7 44 | 459497 | 459568 +
Aro-mir-279¢ 44 | 481830 | 481921 -
Aro-mir-210 49 280120 280214 -
tRNA_ Pro-8 51 | 177557 | 177628 +
tRNA _ Pro-9 51 | 177909 | 177980 +
tRNA  Ala-12 51 | 181173 | 181245 +
tRNA _Thr-6 51 | 181414 | 181487 +
tRNA_ Thr-7 51 | 255484 | 255556 -
Aro-bantam 52 | 488311 | 488391 +
Aro-mir-932 53 | 918485 | 918593 +
tRNA  Arg-11 54 | 100659 | 100731 -
Ul-5 54 | 316054 | 316215 -
U1-6 54 | 316986 | 317147 -
Ul1-7 54 | 322228 | 322389 -
Ul-8 b4 | 325637 | 325798 -
Aro-mir-1 56 27718 27810 -
tRNA Thr-8 56 | 359070 | 359141 +
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Name Scaffold Start End | Strand
Aro-mir-31 58 321391 321478 -
ACEA U3-2 59 | 780929 | 781142 -
tRNA  Ser-8 59 | 781333 | 781414 +
Metazoa SRP-2 59 | 922320 | 922616 -
tRNA Thr-9 61 | 339996 | 340067 -
Aro-mir-3478 61 | 530879 | 530958 -
Aro-mir-279 61 | 531015 | 531110 +
Aro-mir-9c¢ 61 531156 | 531246 +
Aro-mir-2944 61 | 531427 | 531529 +
Aro-mir-1000 61 | 786936 | 787028 -
SNORAT9 62 | 319487 | 319622 +
SnosnR60 _ 7Z15-1 63 | 826108 | 826197 -
SnosnR60_Z15-2 63 | 826417 | 826506 -
SnosnR60_Z15-3 63 | 826729 | 826817 -
SnosnR60_715-4 63 | 827120 | 827209 -
SnosnR60_Z15-5 63 | 827491 | 827579 -
5 85 rRNA-2 66 7307 7461 -
U2-4 68 86044 86217 +
tRNA Tle-5 71| 277794 | 277867 +
tRNA Thr-10 72 | HO8THT | 508K2K -
SNORD49 72 525256 525330 +
5S rRNA-7 74 | 116702 | 116820 -
Histone3-5 74 | 1120520 | 1120566 -
Histone3-6 74 | 1121662 | 1121706 +
Histone3-7 74 | 1128458 | 1128503 -
Histone3-8 74 | 1138828 | 1138873 +
tRNA Asn-3 74 | 1370688 | 1370761 -
Aro-mir-305 75 | 320599 | 320683 -
Aro-mir-275 75 | 320791 | 320879 -
Histone3-9 75 | 889397 | 889442 -
Histone3-10 75 | 892588 | 892633 -
Histone3-11 75 | 893721 | 893767 +
Histone3-12 75 | 894603 | 894648 -
Histone3-13 75 | 895869 | 895913 +
Histone3-14 75 | 1153597 | 1153643 -
Histone3-15 75 | 1154859 | 1154905 +
Histone3-16 75 | 1156903 | 1156947 +
U1-9 75 | 1319180 | 1319322 -
tRNA _GIn-7 7T | 484106 | 484177 +
tRNA Pro-10 77 | 484344 | 484415 -
tRNA GIn-8 77 | 484638 | 484709 +
tRNA Leu-9 77 | 687759 | 687840 -
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Name Scaffold Start End | Strand
Aro-mir-67a 79 1699 1800 -
Aro-mir-278 79 | 103718 | 103814 +
Aro-mir-1923 79 | 695478 | 695565 +
SCARNAS 79 | 872022 | 872152 +
tRNA  Lys-7 79 | 1069400 | 1069472 -
U2-5 80 | 317345 | 317537 -
Aro-mir-6012 80 | 733636 | 733773 -
Aro-mir-133 81 45091 45189 +
U4-1 84 | 427265 | 427405 +
tRNA Leu-10 87 | 722654 | 722735 -
U4-2 87 | 733168 | 733308 +
snoU43 87 | 825174 | 825249 -
Aro-mir-184 88 | 116244 | 116340 -
tRNA  Asn-4 88 | 310198 | 310271 +
Aro-mir-276 91 186540 | 186634 +
tRNA Tyr-5 92 | 980509 | 980602 +
tRNA Tyr-5 Intron 92 | 980546 | 980566 +
Aro-mir-750 100 | 475828 | 475927 +
Aro-mir-1175 100 | 476053 | 476152 +
Aro-mir-137 102 | 321092 | 321190 -
tRNA  Glu-7 108 | 125008 | 125079 -
tRNA Leu-11 108 | 125293 | 125375 +
tRNA His-5 109 | 669378 | 669449 +
tRNA _ Ser-9 111 | 691367 | 691448 +
U6-4 112 69576 69681 +
Aro-mir-981 112 | 487634 | 487724 -
185 rRNA-2 115 | 102146 | 103660 +
Aro-mir-315 117 | 119236 | 119322 -
Trna_Trp-3 119 95686 95757 +
SNORDA57-1 119 | 529202 | 529271 +
SNORDA57-2 119 | 529479 | 529550 +
Sphinx_1 119 | 573152 | 573253 +
Sphinx 2 119 | 573668 | 573831 +
Aro-mir-33 121 164366 | 164452 +
tRNA  Glu-8 123 | 348736 | 348807 -
Aro-mir-46 123 | 400982 | 401074 -
tRNA  Arg-12 123 | 408431 | 408503 +
285 rRNA-1 partial 3prime 125 83375 84067 -
R2 125 84068 91353 -
185 rRNA-3 125 87025 88957 -
Aro-mir-6497 125 91556 91730 -
28S rRNA-2 partial 5prime 125 91354 94132 -
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Name Scaffold Start End | Strand
5 85 rRNA-3 125 94719 94873 -
185 rRNA-3 125 96001 97914 -
tRNA  Gly-8 133 | 149604 | 149674 +
tRNA _ Gly-9 133 | 149790 | 149860 +
tRNA  Gly-10 133 | 149979 | 150049 +
SNORA16 141 15821 15954 +
tRNA  Gly-11 143 | 144508 | 144578 +
tRNA _Val-7 145 | 176543 | 176615 -
tRNA  Gly-12 145 | 190361 | 190432 -
tRNA Asn-5 145 | 319523 | 319596 -
tRNA Tle-7 145 | 431981 | 432072 +
tRNA Tle-7 Intron 145 | 432019 | 432036 +
tRNA Phe-4 145 | 533079 | 533151 +
5 85 rRNA-4 149 11898 12052 +
tRNA  Met-7 150 | 164643 | 164714 -
tRNA  Met-8 150 | 164816 | 164887 -
5S rRNA-8 152 | 108889 | 109007 -
5S_rRNA-9 159 1 85 -
tRNA Pro-11 161 17575 17646 +
Aro-mir-9a 161 | 134454 | 134546 +
tRNA Pro-12 161 | 250689 | 250760 +
tRNA Ile-6 161 | 390009 | 390082 +
tRNA Ala-13 166 | 232945 | 233017 -
tRNA Ser-10 166 | 240175 | 240256 -
tRNA Tle-8 167 59899 59990 -
tRNA Tle-8 Intron 167 59935 59952 -
tRNA Val-8 172 | 312695 | 312767 +
tRNA _Val-9 172 | 317269 | 317341 -
tRNA Lys-8 173 | 349230 | 349302 -
tRNA Tys-9 173 | 353283 | 353355 +
tRNA  Ser-11 173 | 359445 | 359526 +
tRNA  Arg-13 176 67431 67503 +
tRNA  Met-9 176 81150 81222 -
tRNA _ Glu-9 176 | 100004 | 100075 +
tRNA  Glu-10 176 | 100156 | 100227 +
tRNA Leu-12 176 | 106577 | 106660 -
tRNA _Ser-12 176 | 172584 | 172665 -
Aro-mir-307b 176 | 179939 | 180040 -
Aro-mir-190 178 | 123855 | 123950 -
Aro-mir-8 179 | 177532 | 177623 -
Udatac 186 147167 147302 -
Arthropod 7SK 190 86563 86838 +

Continued on next page



124

Appendix

Table A.1.: Continued from previous page.

Name Scaffold Start End | Strand
RnaseP nuc-2 192 37270 37576 -
SNORD36-1 194 | 120466 | 120535 +
SNORD36-2 194 | 121505 | 121575 +
tRNA_ Ala-14 199 | 196160 | 196231 -
tRNA  Arg-14 199 | 227392 | 227464 +
Aro-mir-316 212 58268 958352 +
tRNA Lys-10 212 | 123676 | 123748 -
tRNA Ala-15 236 487211 487283 +
tRNA  Gly-13 238 6383 6455 +
tRNA _ Thr-11 238 6472 6543 +
55 rRNA-10 363 5783 5901 -
5S rRNA-11 363 5988 6106 -
Aro-mir-14 474 2323 2417 +

Table A.2.: Coordinates of all regulatory elements and ncRNAs that were predicted in Orus-
sus abietinus, after manual curation.

Name Scaffold Start End | Strand
U12 1| 930553 | 930702 -
Oab-mir-210 1| 1283063 | 1283157 +
tRNA  Asn-1 1| 2959736 | 2959809 +
tRNA_ Thr-1 1] 2960113 | 2960186 +
tRNA Tyr-1 1| 3121509 | 3121595 +
tRNA_ Tyr-1 Intron 1| 3121546 | 3121559 +
tRNA  Arg-1 1| 3123523 | 3123595 -
Ul-1 1 | 4455016 | 4455177 +
U1-2 1| 4456139 | 4456300 -
U1-3 1 | 4457071 | 4457232 -
tRNA TIle-1 1| 4507292 | 4507365 +
tRNA Tle-2 1 | 4507955 | 4508028 +
tRNA _ Tle-3 1 | 4508345 | 4508418 +
tRNA Tle-4 1 | 4508538 | 4508611 +
tRNA  Ser-1 1| 5161536 | 5161617 +
Ul-4 2 36681 36844 -
tRNA  Thr-2 2 | 576079 | 576150 -
tRNA _ Ala-1 2 | 1056957 | 1057029 +
tRNA Arg-2 2 | 2442274 | 2442346 +
Rnase  MRP 2 | 2805931 | 2806208 +
U2-1 2 | 3521344 | 3521517 -
Oab-mir-282 3| 206061 | 206151 +
Oab-mir-932 3| 333874 | 333982 -
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U2-2 3| 445664 | 445856 -
Oab-mir-190 3 | 1257791 | 1257885 -
Oab-mir-87 3| 1344741 | 1344825 -
5S rRNA-1 3 | 1859953 | 1860069 +
U2-3 3 | 3162892 | 3163084 -
tRNA _ Asp-1 3 | 3381573 | 3381644 -
55 rRNA-2 4 | 1023077 | 1023195 -
tRNA TLeu-1 4 11776042 | 1776125 -
Oab-mir-965 4 | 1966553 | 1966644 -
SCARNAS 4 | 2468726 | 2468854 -
tRNA  Arg-3 4 | 2761017 | 2761089 +
tRNA_Pro-1 4 | 2802085 | 2802156 +
55 rRNA-3 4 | 4054289 | 4054408 +
tRNA TIle-5 5| 537640 | 537713 -
K chan RES-1 6 | 271644 | 271755 +
5S rRNA-4 6 | 699486 | 699597 +
5S rRNA-5 6 | 702106 | 702217 -
Oab-mir-219 6 | 835051 | 835152 -
Oab-mir-2944 7 | 1344549 | 1344650 -
Oab-mir-9¢ 7 | 1344854 | 1344944 -
Oab-mir-996 7 | 1344998 | 1345093 -
Oab-mir-3478 7 | 1345150 | 1345228 +
tRNA His-1 7 | 1388018 | 1388089 +
tRNA Arg4 7 | 1389891 | 1389963 -
tRNA  Met-1 7 | 1390519 | 1390591 +
Oab-mir-1000 7 | 2260319 | 2260412 +
Oab-mir-8 8 | 835867 | 835959 -
tRNA Arg-5 9 | 1213090 | 1213162 -
tRNA  Ala-2 9 | 1518666 | 1518737 -
Oab-mir-981 9 | 2229972 | 2230066 +
tRNA GlIn-1 9 | 2408190 | 2408261 +
Oab-mir-133 9 | 2555006 | 2555104 -
Oab-mir-1 9 | 2695303 | 2695380 -
5S rRNA-6 10 | 340838 | 340960 +
55 rRNA-7 10 | 647821 | 647939 +
Oab-mir-125 10 | 703187 | 703282 -
Oab-let-7 10 | 705647 | 705746 -
Oab-mir-100 10 | 716391 | 716488 -
55 rRNA-8 10 811116 811238 -
Oab-mir-980 10 | 2852896 | 2852986 -
tRNA Asn-2 10 | 2934926 | 2934999 -
SNORD31 10 | 4305874 | 4305938 +
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Name Scaffold Start End | Strand
Oab-mir-79 10 | 5758988 | 5759078 -
Oab-mir-9b 10 | 5759137 | 5759229 -
Oab-mir-283 12 128994 129084 +
Oab-mir-3477 12 | 130305 | 130403 +
Udatac 12 | 845973 | 846101 -
Oab-mir-2788 12 | 1152310 | 1152406 +
Oab-mir-12 13 | 130802 | 130881 +
Oab-mir-9a 13 | 1220697 | 1220789 +
K chan RES-2 13 | 1527118 | 1527231 -
55 rRNA-9 13 | 1735085 | 1735201 -
tRNA  Tyr-2 13 | 2061137 | 2061224 -
tRNA Tyr-2 Intron 13 | 2061453 | 2061467 -
tRNA  Tyr-3 13 | 2061417 | 2061504 -
tRNA _ Tyr-3 Intron 13 | 2061173 | 2061187 -
tRNA _Arg-6 13 | 3748331 | 3748403 -
Oab-mir-11 15 | 136848 | 136929 +
Oab-mir-263a 15 | 297665 | 297757 -
Snopsi28S-1192 15 | 1066447 | 1066585 +
55 rRNA-10 16 | 1043233 | 1043350 +
tRNA  Asp-2 17 | 314009 | 314080 -
tRNA_Val-1 17 | 2171027 | 2171099 -
tRNA  Arg-7 17 | 2877027 | 2877099 +
SNORA3 19 | 1342612 | 1342745 -
Oab-mir-275 20 | 1394993 | 1395084 +
Oab-mir-305 20 | 1395156 | 1395240 +
SNORAT9 20 | 2042237 | 2042369 -
Oab-bantam 21 67032 67112 -
5S rRNA-11 21 | 533839 | 533952 +
tRNA_ TIle-7 21 | 1363942 | 1364033 +
tRNA Tle-7 Intron 21 | 1363980 | 1363997 +
tRNA Thr-3 21 | 2373213 | 2373285 -
tRNA _Val-2 22 | 753276 | 753348 -
tRNA Val-3 22 | 754583 | 754655 -
tRNA _Val-4 22 | 755645 | 755717 -
Ul-5 23 | 1172700 | 1172851 -
Oab-mir-34 23 | 2114914 | 2115005 -
Oab-mir-277 23 | 2122734 | 2122818 -
Oab-mir-317 23 | 2138851 | 2138943 -
Ub6atac 23 | 2463193 | 2463297 -
tRNA _ Ser-2 23 | 2517504 | 2517585 +
Oab-mir-375 25 | 1479610 | 1479701 +
tRNA  Gly-1 25 | 2337673 | 2337743 -

Continued on next page
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Table A.2.: Continued from previous page.

Name Scaffold Start End | Strand
tRNA _ Gly-2 25 | 2338008 | 2338078 -
55 rRNA-12 25 | 3815022 | 3815143 +
Oab-mir-278 25 | 4268603 | 4268695 -
Oab-mir-67 25 | 4299820 | 4299923 +
K chan RES-3 25 | 4362117 | 4362230 +
Oab-mir-7 25 | 4682301 | 4682386 -
Oab-mir-25 25 | 4789747 | 4789845 -
tRNA _ Glu-1 25 | 4871592 | 4871663 -
tRNA Leu-11 25 | 4871940 | 4872061 -
tRNA TLeu-11_Intron 25 | 4871985 | 4872023 -
tRNA_ Val-5 25 | 4872353 | 4872425 -
tRNA Lys-1 26 | 350425 | 350497 -
55 rRNA-13 28 | 158005 | 158220 -
5S rRNA-14 28 | 161689 | 161807 -
5S rRNA-15 28 | 165825 | 165943 +
55 rRNA-16 28 | 166500 | 166618 +
snoU43 29 9280 9356 -
55 rRNA-17 29 | 353413 | 353531 -
SNORA57 29 | 824418 | 824560 +
55 rRNA-18 29 | 837533 | 837654 +
5S rRNA-19 33 | 642981 | 643100 +
tRNA  Gly-3 37 59913 59984 +
tRNA _ Gly-4 37 67257 67327 -
tRNA  Gly-5 37 67603 67673 -
tRNA _ Gly-6 37 67935 68006 -
tRNA _ Glu-2 37 72557 72628 +
Oab-mir-137 37 | 742647 | 742745 -
Oab-mir-46 37 | 850395 | 850487 -
Oab-mir-184 37 | 2088531 | 2088626 +
tRNA _Tle-6 38 | 228990 | 229062 +
tRNA Leu-12 38 | 639374 | 639491 +
tRNA Leu-12 Intron 38 | 639412 | 639446 +
tRNA  Glu-3 38 | 639814 | 639885 +
tRNA _Pro-2 38 | 1683453 | 1683524 +
SnoMe285-Am982 39 | 219821 | 219893 -
5S rRNA-20 39 | 237753 | 237869 +
55 rRNA-21 39 241196 241312 -
tRNA Pro-3 40 | 115252 | 115323 -
tRNA _ Trp-1 42 | 660175 | 660246 +
tRNA  Asn-3 42 | 660516 | 660589 -
tRNA _ Trp-2 42 | 1356424 | 1356495 -
tRNA  Met-2 42 | 2747578 | 2747650 -

Continued on next page
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Name Scaffold Start End | Strand
Oab-mir-2765 42 | 2808617 | 2808718 -
Oab-mir-971 45 | 478800 | 478896 -
tRNA Cys-1 53 | 1938407 | 1938478 -
tRNA _GIn-2 54 | 286892 | 286963 -
tRNA Tle-8 54 | 310866 | 310959 +
tRNA Tle-8 Intron 54 | 310904 | 310923 +
55 rRNA-22 54 | 497806 | 497923 +
Oab-mir-2796 55 | 678696 | 678799 +
tRNA  Glu-4 55 | 907293 | 907364 +
tRNA _ Glu-5 55 | 920108 | 920179 -
tRNA  Glu-6 55 | 923290 | 923361 -
tRNA  Glu-7 55 | 956765 | 956836 -
tRNA  Leu-2 55 | 957004 | 957087 +
ACEA U3 55 | 2867421 | 2867635 -
tRNA _Ala-3 55 | 2869039 | 2869111 -
tRNA  Glu-8 55 | 2977306 | 2977377 +
Oab-mir-6012 55 | 3170710 | 3170847 -
tRNA  Lys-2 55 | 3397734 | 3397806 -
tRNA TLys-3 55 | 3476167 | 3476239 +
Oab-mir-iab-8 55 | 4144454 | 4144546 +
Oab-mir-iab-4 55 | 4144460 | 4144541 -
Oab-mir-10a 55 | 4681645 | 4681735 +
Oab-mir-10b 55 | 4721032 | 4721106 -
R2 retro_el-1 60 58984 59177 +
R2 retro_el-2 60 | 155806 | 155995 +
tRNA _ Glu-9 61 | 675806 | 675877 -
tRNA Arg-8 62 90404 90476 +
tRNA _ TLeu-3 62 | 1904003 | 1904084 +
tRNA  Glu-10 62 | 2223704 | 2223775 +
tRNA Leu-4 62 | 2252372 | 2252451 +
tRNA  GIn-3 62 | 2252643 | 2252714 -
tRNA  Ala-4 62 | 2253169 | 2253240 +
tRNA  Leu-5 62 | 2258970 | 2259053 -
tRNA  GIn-4 62 | 2493305 | 2493376 -
tRNA  GIn-5 62 | 2493445 | 2493516 -
tRNA _ GIn-6 62 | 2493585 | 2493656 -
tRNA _GIn-7 62 | 2493725 | 2493796 -
tRNA  GIn-8 62 | 2559318 | 2559389 +
tRNA _GIn-9 62 | 2559603 | 2559674 +
tRNA Tyr-4 62 | 2559996 | 2560091 -
tRNA _ Tyr-4 Intron 62 | 2560229 | 2560250 -
tRNA_ Tyr-5 62 | 2560193 | 2560287 -

Continued on next page
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Table A.2.: Continued from previous page.

Name Scaffold Start End | Strand
tRNA _ Tyr-5 Intron 62 | 2560032 | 2560054 -
K chan RES-4 62 | 3865471 | 3865586 +
tRNA _Ser-3 64 25722 25803 +
Oab-mir-927 64 | 801800 | 801887 -
tRNA_ Val-6 64 | 1067585 | 1067657 -
tRNA _Leu-6 64 | 1259974 | 1260057 -
tRNA  Asp-3 64 | 1287193 | 1287264 -
tRNA _ Gly-7 65 | 676686 | 676757 -
tRNA  Gly-8 65 | 678095 | 678166 -
tRNA _GIn-10 65 | 692980 | 693051 -
tRNA  Asp-4 65 | 699236 | 699307 +
tRNA _ Tyr-6 65 | 706370 | 706461 -
tRNA Tyr-6 Intron 65 | 706406 | 706424 -
tRNA  Met-3 65 | 948660 | 948731 -
tRNA Lys-4 65 | 1022097 | 1022169 +
55 rRNA-23 65 | 1241026 | 1241144 +
Oab-mir-279%a 66 | 312044 | 312133 +
tRNA  Arg-9 67 | 441040 | 441112 +
U6-1 67 | 638273 | 638379 +
R2 retro_el-3 68 | 264390 | 264579 +
snosnR60_ 7Z15-1 69 | 388480 | 388564 -
snosnR60_ Z15-2 69 | 388842 | 388921 -
5S rRNA-24 69 | 863051 | 863169 -
tRNA Thr-4 69 | 922716 | 922787 +
tRNA Asn-4 70 | 2055303 | 2055376 +
tRNA Lys-5 70 | 2055699 | 2055771 -
tRNA  Asp-5 70 | 2056165 | 2056236 +
tRNA _Ser-4 70 | 2056827 | 2056908 -
tRNA  Asp-6 70 | 2059793 | 2059864 +
tRNA _Thr-5 70 | 2189330 | 2189401 -
tRNA Phe-1 70 | 2195890 | 2195962 -
tRNA Phe-2 70 | 2196030 | 2196102 -
55 rRNA-25 78 | 152782 | 152893 -
5S rRNA-26 79 | 455097 | 455217 +
tRNA  Ala-5 86 | 916813 | 916885 -
tRNA _ Ala-6 86 | 917151 | 917223 -
tRNA _Ala-7 86 | 917305 | 917377 -
tRNA  Ala-8 86 | 918124 | 918196 -
tRNA _ Ala-9 86 | 918278 | 918350 -
Oab-mir-2b 86 | 1378646 | 1378728 -
Oab-mir-2a 86 | 1378974 | 1379057 -
Oab-mir-2d 86 | 1379139 | 1379224 -

Continued on next page
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Name Scaffold Start End | Strand
Oab-mir-13a 86 | 1379451 | 1379523 -
Oab-mir-2c 86 | 1379849 | 1379926 -
Oab-mir-71 86 | 1380202 | 1380298 -
Oab-mir-14 86 | 1471709 | 1471803 -
5S rRNA-27 87 76326 76509 -
tRNA _ Asp-7 87 90068 90139 -
Oab-mir-33 88 | 121724 | 121811 -
tRNA _Ser-5 89 | 231886 | 231967 -
tRNA  Leu-7 90 | 1325696 | 1325775 -
Oab-mir-315 90 | 3183103 | 3183188 -
55 rRNA-28 90 | 5129033 | 5129150 -
55 rRNA-29 94 | 516836 | 516950 -
U2-4 95 83308 83499 -
55 rRNA-30 103 78 196 +
5S rRNA-31 103 29473 29590 +
Oab-mir-929 113 | 238631 | 238728 +
Oab-mir-252 113 | 365047 | 365158 +
tRNA  Ala-10 113 | 365413 | 365484 -
tRNA  Arg-10 116 | 3360610 | 3360682 +
tRNA _ GIn-11 117 46744 46815 +
Oab-mir-1175 120 | 945403 | 945502 -
55 rRNA-32 121 18959 19080 +
55 rRNA-33 125 | 126967 | 127092 +
tRNA_ Val-7 126 | 2254486 | 2254558 -
tRNA Leu-8 126 | 2941564 | 2941647 +
tRNA _ Pro-4 131 | 937181 | 937252 -
Oab-mir-25b 131 | 1735163 | 1735241 +
Oab-mir-25¢ 131 | 1735374 | 1735458 +
tRNA  GIn-12 131 | 2567871 | 2567942 -
tRNA _Ser-6 131 | 3095025 | 3095106 +
tRNA Thr-6 131 | 3097672 | 3097745 -
tRNA _Ser-7 131 | 3098056 | 3098137 -
tRNA  Trp-3 131 | 3098412 | 3098483 -
tRNA Leu-9 131 | 3102431 | 3102512 -
U4 131 | 3108303 | 3108443 +
tRNA Lys-6 131 | 3211003 | 3211075 -
tRNA Lys-7 131 | 3225144 | 3225216 -
tRNA_ Met-4 131 | 3681057 | 3681128 -
tRNA _ Met-5 131 | 3681325 | 3681396 +
tRNA  Met-6 131 | 3681650 | 3681721 +
5S rRNA-34 136 | 383037 | 383155 -
185 rRNA-1 139 81747 83639 +

Continued on next page
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Table A.2.: Continued from previous page.

Name Scaffold Start End | Strand
Arthrophod 7SK 140 | 441017 | 441314 +
Histone3-1 145 22704 22749 -
Histone3-2 145 23840 23884 +
Histone3-3 145 35009 35053 +
Histone3-4 145 36276 36322 +
Sphinx_ 1 145 73975 74072 +
Sphinx 2 145 74382 74532 +
tRNA Phe-3 145 122843 122915 -
tRNA _ Ser-8 145 | 402493 | 402574 -
tRNA _ Ser-9 145 402911 402992 -
tRNA Leu-10 145 | 524944 | 525025 +
Histone3-5 145 | 672817 | 672863 +
Histone3-6 145 | 673309 | 673355 -
tRNA  Arg-11 145 | 677580 | 677652 -
Oab-mir-276 145 | 824248 | 824342 +
tRNA  Gly-9 145 | 1281726 | 1281796 +
tRNA _His-2 145 | 1282099 | 1282170 +
tRNA Lys-8 145 | 1282890 | 1282962 -
tRNA  Gly-10 145 | 1283880 | 1283950 +
tRNA  Gly-11 145 | 1284891 | 1284961 -
tRNA _ Ala-11 145 | 1285979 | 1286050 +
tRNA_ Pro-5 145 | 1673893 | 1673964 -
tRNA_ Lys-9 145 | 1773376 | 1773448 -
55 rRNA-35 150 | 125902 | 126022 -
55 rRNA-36 150 | 150134 | 150253 -
Oab-mir-316 151 | 575503 | 575589 +
U1-6 151 | 900646 | 900808 +
Oab-mir-928 151 | 1062109 | 1062208 +
Oab-mir-31 151 | 1376209 | 1376296 +
tRNA _ Ser-10 151 | 1521263 | 1521344 -
Oab-mir-124 156 61239 61336 +
tRNA  Tyr-7 160 52191 52286 -
tRNA_ Tyr-7_ Intron 160 52227 52249 -
RnaseP nuc 160 | 101783 | 102068 -
Oab-mir-279d 170 | 1289079 | 1289172 -
185 rRNA-2 177 14619 16312 +
55 rRNA-37 178 | 389220 | 389336 -
tRNA_ Met-7 182 | 176587 | 176658 -
tRNA His-3 217 184861 184932 -
Metazoa_SRP 220 56463 56760 -
55 rRNA-38 228 32389 32508 -
Oab-mir-29 238 55287 55376 -

Continued on next page
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Table A.2.: Continued from previous page.

Name Scaffold Start End | Strand
tRNA _ Thr-7 254 37639 37711 -
U1l 266 6405 6537 -
tRNA_ Pro-6 269 43041 43112 -
Oab-mir-263b 304 71335 71425 +
Oab-mir-279 309 | 559628 | 559723 +
Us-1 315 6762 6883 +
tRNA  Cys-2 315 11041 11112 +
tRNA Thr-8 315 17807 17880 -
tRNA  Thr-9 423 445 518 -
tRNA _ Ala-12 423 915 987 -
tRNA  Pro-7 423 2616 2687 -
tRNA Pro-8 423 10193 10264 -
tRNA His-4 461 94810 94881 -
Histone3-7 464 148020 148066 +
Histone3-8 464 152065 152111 -
tRNA Val-8 482 858 930 +
Histone3-9 508 8388 8434 +
Histone3-10 508 11263 11308 +
tRNA  Met-8 633 763 835 +
U6-2 633 15671 15777 +
U5-2 770 1 87 +
U5-3 770 527 645 -
Ub-4 770 1200 1321 +

A.2. Electronic supplement

The electronic supplement is available on the enclosed CD.

A.2.1. Scripts

This folder contains all self written scripts that were mentioned in this thesis. See
chapters 2 and 5 for further details how the scripts were used, which input they need

and the output they produce.
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A.2.2. ncrna_results

This folder includes direct output files of used programs, as well as results of further
analysis of the ncRNA analysis with subfolders for A. rosae, O. abietinus, and the
FEELnc results of A. mellifera and N. vitripennis.

Also, the lists of the families we removed from the Rfam/miRBase analysis are in-
cluded.

The folders of A. rosae and O. abietinus have the same structure. They contain
one folder with the FEEInc results (predicted IncRNAs, predicted gene interactions),
the results of DARIO (direct output for the three read sets, filtered predictions),
the results of the Infernal prediction (direct output miRBase (cmsearch g species),
automatically filtered miRBase alignments (species cmsearch aln, stockholm
format), manually filtered alignments (species cmsearch aln_sortout), direct
output Rfam as a table (species cmsearch 12.tbl), filtered output Rfam
(species__cmsearch rfam aln, stockholm format)), as well as the direct output of

tRNAscan-SE (species_ trnascan.out).

A.2.3. CNE_resuIts

This folder contains the results of the CNE analysis. It contains one folder with the
direct CNEr outputs for all pairwise comparisons. Also, it contains outputs produced

by the perl-scripts. See chapter 5 and figure 5.1 for futher information.
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Acronyms

Aub Aubergine

bp base pair

CNE conserved non-coding element
CNS conserved non-coding sequence
DNA deoxyribonucleic acid

dsRNA double-stranded RNA

Hox gene homeobox gene

ITS internal transcribed spacer
lincRNA  long intergenic non-coding RNA
IncRNA long non-coding RNA

LSU large transcriptional subunit
MFE minimal free energy

miRISC microRNA-induced silencing complex
miRNA micro RNA

mRNA messenger RNA

MRP RNA mitochondrial RNA processing
MSA multiple sequence alignment
mya million years ago

my million years
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ncRNA non-coding RNA

OGS official gene set

piRNA PIWl-interacting RNA

Pol 11 RNA polymerase 1T

rasiRNA  repeat-associated RNA

rDNA ribosomal DNA

RISC RNA-induced silencing complex
RNA ribonucleic acid

RNAi RNA interference

rRNA ribosomal RNA

scaRNA small Cajal body-specific RNA
siRNA small interfering RNA

SSU small transcriptional subunit
snoRNA  small nucleolar RNA

snRNA small nuclear RNA

SRP RNA signal recognition particle RNA
ssRNA single-stranded RNA

TE transposable element

TFBS transcription factor binding sites
tRNA transfer RNA

TSS transcription start site

UCE ultraconserved element

UTR untranslated region

WGA whole genome alignment

Zuc Zucchini
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