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1. Background and aims
In the proposed Graduate School, we focused on the evolution of genes and genomes within
holometabolous insects to understand the evolution of these insects in general and on the
development and application of innovative bioinformatic tools that are needed to analyse genomic data. The primary research goal was to trace the evolution of holometabolous insect
genomes and to infer a hypothetical ancestral genome of these animals with state of the art
tools. In choosing holometabolous insects we could profit from the already published extensive genomic data and complement them with additional genome data for our specific aims.
Despite the availability of several sequenced genomes of holometabolous species, we are
still unable to address fundamental questions of genome evolution within insects, such as:
why are genomes of holometabolous insects usually smaller than those of hemimetabolous
insects (insects with direct larval development)? In what other features do they differ from
those of other insects? What genomic novelties evolved in the common ancestor of
holometabolous insects that might have catalyzed their incredible success and
diversification? How malleable is the order of genes in the genome? What is the role of
domain rearrangements in the evolution of genes and gene function in insects? How did the
ancestral genome of holometabolous insects look like? Do non-coding RNAs differ in their
abundance and diversity within holometabolous insects? Is the enormous radiation of
holometabolous insects correlated with gene duplications and subsequent functional
diversification? Answers to these questions are currently lacking, but a considerate choice of
holo- and hemimetabolous insects for de novo sequencing of their genomes in combination
with published genomes would allow addressing the above questions. The intended set of
fully sequenced genomes will furnish to deliver comparative descriptions of transposable
elements, genome arrangements, evolution of novel genes and gene functions, and new
potential markers for phylogenetics.
The inclusion of hemimetabolous insects is indispensable to identify evolutionary innovations
of holometabolous insects at the genomic level. The genomes of the 10 species that we here
propose to sequence combined with those that have already been sequenced (e.g., silk
moth, flour beetle, mosquito, honey bee, fruit flies, jewel wasps, etc.) and newly sequenced
genomes within the i5K consortium offered the potential to reach our scientific goals.
It was clear that the reliability of every evolutionary analyses depends on a robust reconstructions of phylogenetic relationships. With our contributions to 1KITE and i5k, we are in
the fortunate situation to have exactly these at hand (international consortia on sequencing
1,000 insect transcriptomes, 1KITE (www.1kite.org), and 5,000 insect genomes, i5K
(www.arthropodgenomes.org, Bernhard Misof as co-speaker of 1KITE, and Bernhard Misof
and Oliver Niehuis as member of the i5K core unit). We could expect a robust phylogeny of
holometabolous insects based on the extensive data produced within 1KITE. We were also
be able to augment our genome data within the GBR with additional newly sequenced
genomes and transcriptomes from these consortia.
The GBR also profited from our extensive cooperations in the field of genomics with Xin
Zhou (Head of the National Bio-resource Bank at BGI, China) and Duane McKenna
(Genomics at Memphis, University of Tennessee, USA).
With the advent of more efficient molecular technologies, systematics has also received a
strong and extensive formalization of its theoretical foundations. In addition, a dramatic
increase in computational power and genomic data has pushed molecular analyses into an
area, in which theory and analysis is difficult, if not impossible, to comprehend for
conventionally trained biologists. In all fields of research of systematics, extensive knowledge
of (bio-)informatic and mathematical tools along with traditional training in biology is
necessary to achieve an international competitive level of data analysis.
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Table 1. Expertise of Principle Investigators:
Name

Institute

Organisms

Methods

Prof. Dr. B. Misof

ZFMK

Hexapoda (insects) Phylogenomics,
Molecular evolution

Prof. Dr. W. Wägele

ZFMK

Arthropoda

Phylogenomics,
Phylogenetics (Theory)

Dr. O. Niehuis

ZFMK

Hexapoda

Comparative Genomics
Phylogenomics

Dr. Ch. Mayer

ZFMK

--

Bioinformatics

Dr. R. Peters

ZFMK

Hexapoda

Phylogenomics

Dr. A. Donath

ZFMK

Hexapoda

Bioinformatics

Prof. Dr. Th. Bartolomaeus IEZ

Arthropoda,
Annelida (worms)

Phylogenomics,
Phylogenetics (Theory)

PD Dr. L. Podsiadlowski

IEZ

Arthropoda

Phylogenomics,
Comparative Genomics

Prof. Dr. J. Rust

Steinmann Inst. Arthropoda

Phylogenetics,
Palaeontology

Prof. Dr. E. Bornberg-Bauer IEB

Hexapoda

Genome Analysis,
Modular Protein Evolution

Dr. S. Grath

Hexapoda

Comparative Genomics

IEB

The cornerstone of the success of the GBR was a perfectly complementary expertise among
the three principle groups executing the GBR (Table 1).
The cornerstone of the educational concept of the Graduate school was to develop a
common language between biologists and bioinformaticians.
Students had access to modules of the OEP (Master of Science in Organismic Biology,
Evolutionary Biology, and Palaeobiology) at the University of Bonn that covers basic to
profound knowledge of the diversity (i.e. the morphology, anatomy, ecology, palaeontology,
and evolution) of Metazoa. Additional courses cover the theory and methods of phylogenetic
systematics, bioinformatics, and training in programming skills. In addition, students had
access to modules of the Master program Special Study Program (SSP) in Evolution and
Biocomplexity on comparative genomics, phylogenetics, and bioinformatics at the University
of Münster.
The total duration of the GBR wias four years, ending in April 2017. However, each PhD
student was going to be funded for only three years within the GBR. We tried to extend the
duration of the PhD project by in-house or follow-up DFG funding up to four/five years. Part
of the results described below were finally achieved after the original funding period of the
PhD students.

-4-

2. Execution of the project, deviations from original aims, technical
problems
We were able to appoint all applied for student positions until October 2014, except for three:
(1) one PhD student position had to be canceled, because of funding cuts, (2) one PhD
student position was funded by inhouse money from the ZFMK, in order not loose necessary
research aspects, and (3) one PhD student was appointed after October 2014.
The principle investigators of the GBR decided to complement published genome sequence
assemblies with de novo characterized genome sequence assemblies of 30 additional
species, mostly hymenopteran. This species selection gave us the opportunity to study
genome evolution within insects in great detail (Table 2).
The different PhD projects were concerned with different aspects of genome evolution and
characteristics (Table 3):
(1) The evolution of the gene repertoire
(2) The evolution of the mobilome
(3) The evolution of the non-coding repertoire
(4) The evolution of extreme genome size and Hymenoptera genomes
(5) The origin of extremely small protein (SMORFs)
(6) The evolution of the domain content
(7) Calibration the evolution of genomes
Table 3 PhD Students and Projects
Name

Institute

Project

PI

Tanja Ziesmann

ZFMK

Project 3

Donath, Misof

Jeanne Wilbrandt

ZFMK

Project 1

Niehuis, Misof

Malte Petersen

ZFMK

Project 2

Misof, Mayer

Jan-Philip Oeyen

ZFMK

Project 4

Misof, NIehuis

Simon Gunkel

Steinmann Inst. Project 7

Rust, Wappler

Steffen Klassberg

U. Münster

Project 6

Bornberg

Peter Lesny

U. Bonn

Project 5

Podsiadlowski

All of these projects were based on published and de novo characterized genome
assemblies. We finally skipped the project of reconstructing the ancestral holometabolous
genome characteristics, because of time constraints and the restrictive quality of the genome
assemblies.
It turned out that most of the published genome sequence assemblies were of restricted
quality in terms of scaffold length limiting the analyses of the mobilome, gene repertoire and
non-coding elements, however still perfectly fine to analyse domain structure. Since the Pis
of the project are members of the i5k consortium, we had prepublication access to other
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unpublished holometabolous genome sequence assemblies which extended our taxon
sampling, but still did not solve the quality restrictions.
Our de novo sequencing was successful in delivering over 20 well characterized genome
sequence assemblies, based on Illumina sequencing in cooperation with the BGI (Table 2).
However, these genome assemblies suffered quality restrictions as well, since based
exclusively on Illumina techniques. Today, the enormous advances with the PacBio and
Oxford Nanopore techniques offer a chance to dramatically improve genome sequence
assemblies.
For a selection of GBR species we have now complemented the Illumina based assemblies
with long-read data from Oxford Nanopore, using inhouse money (ZFMK). The combined
assemblies improved dramatically and we are now in a situation to further analyse these
genomes. The PhD projects were thus executed on a limited set of genome sequence
assemblies, but still with an interesting potential for general results.

3. Results and scientific relevance
Despite the mentioned technical problems, we were able to proceed with the analyses of
gene repertoires, domains, mobilomes, non-coding elements and the analyses of genome
size evolution.
3.1. The evolution of gene repertoires
The evolution of gene repertoires and their impact on genome size evolution was the
cornerstone of this project. Before this project, it was unclear whether or not gene repertoire
dynamics leaves any footprint in the evolution of genome size. Additionally, it was unclear
whether or not automatic genome annotation delivers data of sufficient quality to study these
phenomena. Manual curation is still considered the gold standard of gene model annotation,
therefore it was important to asses the effect of manual annotation on structural gene parameters and gene annotation quality.
We compared five selected structural properties ([i] unspliced transcript length, [ii] protein
length, [iii] exon count per transcript, as well as [iv] median exon and [v] median intron length
per transcript) of protein-coding genes of automatically annotated gene sets with those of
manually annotated gene sets of seven non-model insect species sequenced by the i5k initiative (i5k Consortium 2014). Gene structural properties were assessed with the tool COGNATE (Wilbrandt et al. 2017).
The results show that the properties of automatically generated and manually curated gene
models differ only marginally from subsets that were manually annotated (Fig. 1A).
Furthermore, major trends regarding gene structure properties can be inferred from both
automatically predicted gene sets and manually annotated gene models alike (Wilbrandt et
al., under revision in BMC Genomics).
We partitioned gene repertoires into classes according to the gene’s orthology relationships
and conservation. We called these classes “core”, “shell”, and “cloud”. The core partition
includes all gene families present at node 1 (see Fig. 1B for phylogeny and node IDs). The
shell consists of all gene families not present in the core but at the following nodes that
comprise more than two species (nodes 2–8, 12–16, 18–20, 22–24). The cloud comprises all
gene families present in exactly two sister species (five nodes: 9, 10, 17, 21, 25) or only in
one species (nonOG). Based on the count of gene family members four states are
discriminated:
-

USCs (universal single-copy orthologs): all species descending from the considered
node have exactly one copy of the considered gene family.
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-

sSCs (species-specific single-copy orthologs): the considered species contributes
exactly one copy.

-

sMCs (species-specific multicopy): the considered species contributes more than one
copy.

-

NonOG (not a member of any ortholog group): no orthologous gene is found in any
other species of the sample. (Not necessarily young genes in cases where one
species represents an old clade, e.g., only Sirex noctilio represents Siricoidea, which
split 264 mya from the next relatives in the analyzed phylogeny [Misof et al. 2014].)

A

B

Figure 2: (A) Density distributions of five gene structure properties per genome (semi-logarithmic): unspliced transcript length [bp], protein length [aa], exon count p.t., median exon
length p.t. [bp], median intron length p.t. [bp]. Ridge panels show the two sets (top row: manually curated subset, bottom row: corresponding automatically generated subset) for each of
the seven species (Anoplophora glabripennis [Coleoptera], Athalia rosae [Hymenoptera],
Cimex lectularius [Hemiptera], Frankliniella occidentalis [Thysanoptera], Leptinotarsa decemlineata [Coleoptera], Oncopeltus fasciatus [Hemiptera], Orussus abietinus [Hymenoptera]).
aa: amino acids; bp: base pairs; Mbp: mega base pairs; p.t.: per transcript. (B) Phylogenetic
relationships between species of the sample. Numbers in grey circles are node IDs. Each
species has a unique ID prepending its name. Pink numbers indicate estimated approximate
divergence times in Mya (Million years ago) referring to Misof et al. (2014), while blue numbers mark estimated approximate divergence times from the publication by Peters et al.
(2017). Coloring of taxonomic names follows the scheme red for “Symphyta” and the comprised lineages, green for Apocrita and descending lineages, and blue for other
Holometabola than Hymenoptera. Branch lengths are arbitrary. Mya: million years ago.
Species differ tremendously in their gene counts; the contribution to gene count by genes of
the three conservation classes and four copy states is also variable (Fig. 3, left side). All
analyzed hymenopteran gene repertoires contain over 90% of the complete benchmark
single-copy orthologs (BUSCOs, Simão et al. 2015). Aculeata have similar repertoire sizes of
less than 20,000 genes. However, genome size does not correlate with gene count (but with
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TE content; see below). The predicted gene models cover the expected gene space very
well, especially within studied Hymenoptera.
Core, Shell, and Cloud conservation classes differ in gene structure and domain diversity
Genes of the core class have longer transcripts and proteins, but shorter exons and introns.
Universal single-copy orthologs (core: USC) represent the longest genes and have most
introns. We find that genes classified as core are generally longer and produce longer
proteins due to a higher complexity (more, but relatively short exons and introns) than
lineage-specific genes (cloud). This corroborates the ‘universal length difference’ hypothesis
(e.g., Clark et al. 2007; Yang et al. 2013; but also see Tatarinova et al. 2016). The correlation
of protein length and conservation has been accredited to functional relevance (Lipman et al.
2002), but the origin and maintenance of the observed patterns are unclear.
It can be expected that aging genes (i.e., genes that are retained after their origination)
become longer over time. It rests on the assumption that new genes are less likely to be long
and/or complex when originating (Wissler et al. 2013). However, it can also be assumed that
there are natural limits to gene growth, imposed by physical limits and by cost limitations
related to transcription, replication, or product toxicity (e.g., Drummond and Wilke 2008). It
has been suggested that intron gain is adaptive (Carmel et al. 2007), thus playing a role in
the elongation of retained genes.
One hypothesis is that core genes are (functionally) important, otherwise they would not be
conserved over very large time scales (e.g., Jordan et al. 2002). The high complexity and
length of these apparently important genes has benefits and drawbacks. One advantage is
the possibility to produce more alternative splice variants, improving the ratio of proteins to
required nucleotide sequence length (Roux and Robinson-Rechavi 2011 , Kianianmomeni et
al. 2014). A disadvantage of high complexity and length is the theoretically higher probability
of deleterious mutations and insertions of TEs. Furthermore, the sheer length of a gene
theoretically also impacts transcription speed and accuracy (Castillo-Davis et al. 2002).
Additionally, it has been found that the most conserved orthologs show also the highest DNA
methylation levels in insects, potentially playing a role in reducing transcriptional noise
(Provataris et al. 2018). This is in line with the suggestion that DNA methylation and gene
expression regulation are interconnected and (partially) drive gene length evolution (Zeng
and Yi 2010).
In total 27 % of all genes were annotated with one or more protein domains. Of these, 74.8
% were assigned to the core class, 18.2 % to shell genes, and 6.9 % to cloud genes (94.7 %
of these are nonOG genes). The ratio of domains per gene is highest in the core: 1.83
domains/gene (shell: 1.52; cloud: 1.28). We assessed the diversity of protein domains and
three kinds of domain arrangements (pairs, triplets, quartets) between the three conservation
classes. The ratio of unique domains per gene is highest in the cloud (0.54; shell: 0.13; core:
0.05). Regarding individual protein domains, a high diversity can be observed in all three
conservation classes, although much of the shell’s diversity is shared, while most of the
diversity found in core and cloud is specific to these classes. Domains found in the core can
confidently considered to be old, their origin most likely dates back to at least 557 million
years ago (Fig. 1B). Almost two thirds of these old domains are also found in the cloud. Our
observations contradict the previously reported pattern (Gabaldón 2005) of most protein
domains being ancient, while most combinations being lineage-specific.
3.2. The evolution of the mobilome
We annotated transposable elements (TEs) in 73 arthropod genomes (thus exploiting a
much larger sample than initially planned) by using a combination of reference-based and de
novo TE prediction approaches. The annotation procedure also included a rigorous filtering
step to avoid overestimating the TE content. We found that genome size is linearly correlated
with TE abundance. Furthermore, genome size is also dependent on the diversity of the TE
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repertoire. These findings suggest that TE activity not only plays a large role in genome size
evolution, but also that the more different TE superfamilies are present in a genome,
genomic defenses against TE proliferation are less efficient.
To visualize the TE content in more detail, we generated a so-called repeat landscape for
each species (Fig. 4). The visualizations suggest in many cases that TEs invaded the insect
genomes in bursts (high rate of TE proliferation in a short period of time). Using the TE
annotations from our pipeline, we mapped each TE copy’s occurrence in a dated
phylogenetic tree and classified the TE copies into lineage-specific and ancestral TEs. The
data reveal that in a clade that is more than about 120 million years old, no ancestral TEs
could be identified. This is likely a result of both targeted silencing/inactivation and random
mutations that degrade the DNA sequence of TEs over time.
The generated data from this project are currently being used in one of the PIs group’s (B.M.)
in a study on DNA methylation patterns in TEs within genes. Furthermore, the data provide a
solid starting point for detailed studies on TE evolution in many insect orders and have been
downloaded multiple times by other researchers since they became available:
datadryad.org/resource/doi:10.5061/dryad.55p667b/1

Figure 3: Cladogram with repeat landscape plots. The larger plots are selected
representatives. The further to the left a peak in the distribution is, the younger the
corresponding TE fraction generally is (low TE intra-family sequence divergence). In most
orders, the TE divergence distribution is similar, such as in Diptera or Hymenoptera. The
large fraction of unclassified elements was omitted for these plots. Pal., Palaeoptera. Figure
from Petersen et al. (2019).
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3.3. The evolution of the non-coding repertoire
The annotation of the non-coding repertoire posed severe problems, as expected. Therefore,
in order to generate meaningful data we restricted our analyses on the annotation of the noncoding repertoire of Hymenoptera. It turned out that many of classically described small RNA
family genes can be identified in Hymenoptera and deliver important insights into the
evolution of this group. In particular the long non-coding RNA genes turned out to be realing
interesting, as they appear to be associated with so-called clusters of conserved non-coding
elements (CNE). CNEs have not been systematically studied in insects and only little is
speculated concerning their function in vertebrates. In vertebrates, CNEs seem to be
associated with transcription factors and might be important regulators of their expression. In
contrast, we found a clear non-random association between clusters of CNEs and long noncoding RNAs, which are in part conserved among hymenopterans. It can be speculated that
this relationship between CNEs and long non-coding RNAs is related to gene regulation, as it
was alread hypothesized that long non-coding RNAs might be involved in gene regulation as
well.
Currently two publications are in preparation on these findings. They are also part of a large
consortial analyses of the evolution of hymenopteran genomes lead by another PhD student
of the GBR.
3.4. The evolution of domain content
The evolution of domain content, which can be losely synonimized with the evolution of
functionality in genomes was analysed on the selected set of hymenopteran genomes as
well. The results of this analyses are part of the hymenopteran genome analyses and being
prepared for publication herein.
3.5. The evolution of extreme genome size and the evolution of hymenopteran
genomes
Within the GBR we sequenced the currently smallest known insect genome of about 50 Mb.
This genome size estimate is based on kmer-estimates, and total genome assembly size of
Illumina and Oxford Nanopore data. The PhD student (starting after October 2014) is
focusing on the analyses of this extremely small genome in addition to the analyses of the
evolution of the hymenopteran genomes. He is now funded from ZFMK inhouse money until
2020. With the late addition of Oxford Nanopore reads, we were able to assemble a high
quality genome of Stylops ovinae which indicates that this genome has lost parts of its gene
repertoire and seems to have reduced its size by extreme reduction of non-coding elements
and sequences.
Additionally, the comparative analyses of hymenopteran genome sequence assembly
delivered insights into the evolution of hymenopteran life history traits. Within Hymenoptera,
we have plesiomorphic phytophagous groups the so-called „Symphyta“ and derived
parasitoids, constituting the extremely species-rich clade of hymenopterans. The Orussidae,
a species-poor clade, shows anatomical features of Symphyta but life history traits of
parasitoids. We therefore analysed whether or not the Orussidae do show a genomic mosaic
as well. It turned out that is exactly the case and Orussidae clearly show adaptations to the
parasitoid life style besides plesiomorphic features in their genomes (Figure 4).
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3.6. Calibrating the evolution of genomes
The necessary prerequiste of the evolutionary interpretations, namely a robust backbone tree
of holometabolous insects was generated within the 1KITE consortium with contributions
from PIs and PhD students of this project (Misof et al. 2014). In this phylogenetic project, the
PhD students developed their phylogenomic expertise, contributed software and empirical
analyses at an internationally competitive level. Additional to this project we developed a new
approach for calibrating evolutionary events as a prerequiste for proper calibration of
genome evolution.
The approach rests on the idea that different calibration regimes can be evaluated accoeding
to their fit to the fossil record. A maximum likelihood criterion was developed for this
approach and the entire procedure realized in a software package (Gunkel et al., 2017).
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Figure 4. Structural features of compared hymenopteran genomes (from Oeyen et al., in
prep).
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6. Public Access to Genome Data
The characterized genome sequence assemblies are available upoin request from the GBR
contact partner and will be fully available to the public upon publications of the manuscripts
as it is mandatory for genome papers.
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