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Summary

All living organisms leverage mechanisms and response systems to optimize reproduction,
defense, survival, and competitiveness within their natural habitat. Evolutionary theories
such as the universal adaptive strategy theory (UAST) developed by John Philip Grime
(1979) attempt to describe how these systems are limited by the trade-off between growth,
maintenance and regeneration; known as the universal three-way trade-off. Grime introduced
three adaptive strategies that enable organisms to coop with either high or low intensities
of stress (e.g., nutrient deficiency) and environmental disturbance (e.g., seasons). The
competitor is able to outcompete other organisms by efficiently tapping available resources
in environments of low intensity stress and disturbance (e.g., rapid growers). A ruderal
specism is able to rapidly complete the life cycle especially during high intensity disturbance
and low intensity stress (e.g., annual colonizers). The stress tolerator is able to respond to
high intensity stress with physiological variability but is limited to low intensity disturbance
environments. Carnivorous plants like D. muscipula and tardigrades like M. tardigradum
are two extreme examples for such stress tolerators. D. muscipula traps insects in its native
habitat (green swamps in North and South Carolina) with specialized leaves and thereby is
able to tolerate nutrient deficient soils. M. tardigradum on the other side, is able to escape
desiccation of its terrestrial habitat like mosses and lichens which are usually covered by a
water film but regularly fall completely dry. The stress tolerance of the two species is the
central study object of this thesis. In both cases, high througput sequencing data and methods
were used to test for transcriptomic (D. muscipula) or genomic adaptations (M. tardigradum)
which underly the stress tolerance. A new hardware resource including computing cluster
and high availability storage system was implemented in the first months of the thesis work
to effectively analyze the vast amounts of data generated for both projects. Side-by-side, the
data management resource TBro [14] was established together with students to intuitively
approach complex biological questions and enhance collaboration between researchers of
several different disciplines. Thereafter, the unique trapping abilities of D. muscipula were
studied using a whole transcriptome approach. Prey-dependent changes of the transcriptional
landscape as well as individual tissue-specific aspects of the whole plant were studied. The
analysis revealed that non-stimulated traps of D. muscipula exhibit the expected hallmarks
of any typical leaf but operates evolutionary conserved stress-related pathways including
defense-associated responses when digesting prey. An integrative approach, combining
proteome and transcriptome data further enabled the detailed description of the digestive
cocktail and the potential nutrient uptake machinery of the plant. The published work
[25] as well as a accompanying video material (https://www.eurekalert.org/pub_releases/
2016-05/cshl-fgr042816.php; Video credit: Sönke Scherzer) gained global press coverage

https://www.eurekalert.org/pub_releases/2016-05/cshl-fgr042816.php
https://www.eurekalert.org/pub_releases/2016-05/cshl-fgr042816.php
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and successfully underlined the advantages of D. muscipula as experimental system to
understand the carnivorous syndrome. The analysis of the peculiar stress tolerance of M.
tardigradum during cryptobiosis was carried out using a genomic approach. First, the genome
size of M. tardigradum was estimated, the genome sequenced, assembled and annotated. The
first draft of M. tardigradum and the workflow used to established its genome draft helped
scrutinizing the first ever released tardigrade genome (Hypsibius dujardini) and demonstrated
how (bacterial) contamination can influence whole genome analysis efforts [27]. Finally, the
M. tardigradum genome was compared to two other tardigrades and all species present in
the current release of the Ensembl Metazoa database. The analysis revealed that tardigrade
genomes are not that different from those of other Ecdysozoa. The availability of the three
genomes allowed the delineation of their phylogenetic position within the Ecdysozoa and
placed them as sister taxa to the nematodes. Thereby, the comparative analysis helped to
identify evolutionary trends within this metazoan lineage. Surprisingly, the analysis did
not reveal general mechanisms (shared by all available tardigrade genomes) behind the
arguably most peculiar feature of tardigrades; their enormous stress tolerance. The lack
of molecular evidence for individual tardigrade species (e.g., gene expression data for M.
tardigradum) and the non-existence of a universal experimental framework which enables
hypothesis testing withing the whole phylum Tardigrada, made it nearly impossible to link
footprints of genomic adaptations to the unusual physiological capabilities. Nevertheless, the
(comparative) genomic framework established during this project will help to understand how
evolution tinkered, rewired and modified existing molecular systems to shape the remarkable
phenotypic features of tardigrades.
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Zusammenfassung

Alle lebenden Organismen verwenden Mechanismen und Rückkopplungssysteme um
Reproduktion, Überlebenswahrscheinlichkeit, Abwehreffizienz und Konkurrenzfähigkeit
in ihrem natürlichen Habitat zu optimieren. Evolutionäre Theorien, wie die von John
Philip Grime (1979) entwickelte „universal adaptive strategy theory“ (UAST), versuchen
zu beschreiben wie diese Systeme durch eine Balance zwischen Wachstum, Erhaltung und
Regeneration, auch gemeinhin bekannt als universeller Dreiwege-Ausgleich, des jeweiligen
Organismus limitiert sind. Grime führte dazu drei adaptive Strategien ein, die es Organismen
ermöglicht sich an hohe oder niedrige Stress-Intensitäten (z.B. Nahrungsknappheit) oder
umweltbedingte Beeinträchtigung (z.B. Jahreszeiten) anzupassen. Der Wettkämpfer ist in
der Lage seine Konkurrenz durch eine effiziente Ressourcengewinnung zu überflügeln und
ist vor allem bei niedrigem Stresslevel und minimalen umweltbedingten Beeinträchtigungen
effizient (z. B. schnelles Wachstum). Ruderale Organismen hingegen durchlaufen den Leben-
szyklus in kurzer Zeit und sind damit perfekt an starke umweltbedingte Beeinträchtigungen,
wie zum Beispiel Jahreszeiten, angepasst. Allerdings können auch sie nur bei niedrigen
Stresslevel effizient wachsen. Die letzte Gruppe von Organismen, die Stresstoleranten sind
in der Lage sich an hohen Stressintensitäten mithilfe extremer physiologischer Variabilität
anzupassen, können das allerdings nur in Umgebungen mit niedrigen umweltbedingten
Beeinträchtigungen. Fleischfressende Pflanzen wie die Venusfliegenfalle (D. muscipula)
oder Bärtierchen (M. tardigradum) sind zwei herausragende Beispiele für stresstolerante
Organismen. Die Venusfliegenfalle ist in der Lage Insekten mit spezialisierten Blätter,
welche eine einzigartige Falle bilden, zu fangen. Die Pflanze kompensiert so die stark
verminderte Mengen an wichtigen Makronährstoffen (z.B. Stickstoff) in den Sümpfen von
Nord- und Süd-Carolina. Bärtierchen dagegen sind in der Lage in schnell austrocknenden
Habitaten wie Moosen oder Flechten, die normalerweise mit einem Wasserfilm überzogen
sind, durch eine gesteuerte Entwässerung ihres Körpers zu überleben. Die Stresstoleranz
beider Spezies ist zentraler Forschungsschwerpunkt dieser Dissertation. In beiden Fällen wer-
den Hochdurchsatz-Methoden zur Sequenzierung verwendet um genomische (Bärtierchen)
sowie transkriptomische (Venusfliegenfalle) Anpassungen zu identifizieren, die der enorem
Stresstoleranz zugrunde liegen. Um den erhöhten technischen Anforderungen der Datenanal-
ysen beider Projekte Rechnung zu tragen wurde in den ersten Monaten der Dissertation eine
neue zentrale Rechenumgebung und ein dazugehöriges Speichersystem etabliert. Parallel
wurde die Datenmanagementplattform TBro [14] zusammen mit Studenten aufgesetzt, um
komplexe biologische Fragestellung mit einem fachübergreifendem Kollegium zu bearbeiten.
Danach wurden die einzigartigen Fangfähigkeiten der Venusfliegenfalle mittels einem tran-
skriptomischen Ansatz untersucht. Vor allem wurden transkriptionelle Änderungen infolge
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eines Beutefangs sowie gewebespezifische Aspekte der ruhenden Pflanzen untersucht. Die
Analyse zeigte deutlich, dass die Fallen der fleischfressenden Pflanze immer noch Merkmale
von typischen „grünen“ Blättern aufweisen. Während des Beutefangs und -verdauens jedoch
wird eine Vielzahl an evolutionär konservierten Systemen aktiviert, die bisher nur mit Stres-
santworten und zellulärer Verteidigung in Verbindung gebracht worden sind. Die Integration
von proteomischen und transkriptomischen Hochdurchsatzdaten ermöglichte es zudem den
Verdauungssaft der Venusfliegenfalle genaustens zu beschreiben und wichtige Komponenten
der Aufnahmemaschinerie zu identifizieren. Die wissenschaftliche Arbeit [25] und das beglei-
tende Videomaterial (https://www.eurekalert.org/pub_releases/2016-05/cshl-fgr042816.php;
Video credit: Sönke Scherzer) erfreute sich einer breiten Berichterstattung in den Medien
und unterstreicht die Vorteile der Venusfliegenfalle als experimentelles System um fleis-
chfressende Pflanzen besser zu verstehen. Die genomische Analyse des Bärtierchen (M.
tardigradum) zielte auf die außerordentliche Stresstoleranz, vor allem auf die Kryptobiose,
einen Zustand in dem Stoffwechselvorgänge extrem reduziert sind, ab. Dazu wurden das
komplette genetische Erbgut (Genom) entschlüsselt. Die Größe des Genomes wurde bes-
timmt und das Erbgut mittels Sequenzierung entschlüsselt. Die gewonnenen Daten wurden zu
einer kontinuierlichen Sequenz zusammengesetzt und Gene identifiziert. Der dabei etablierte
Arbeitsablauf wurde verwendet um ein weiteres Bärtierchengenom genau zu überprüfen. Im
Rahmen dieser Analyse stellte sich heraus, dass eine große Anzahl an Kontaminationen im
Genom von H. dujardini vorhanden sind [27]. Das neu etablierte Genom von M. tardigradum
wurde im folgenden verwendet um einen speziesübergreifenden Vergleich dreier Bärtierchen
und aller Spezies aus der Metazoadatenbank von Ensembl durchzuführen. Die Analyse zeigte,
dass Bärtierchengenome sehr viel Ähnlichkeit zu den bereits veröffentlichten Genomen aus
dem Überstamm der Urmünder (Protostomia) aufweisen. Die erstmalige Verfügbarkeit aller
Bärtierchengenome ermöglichte es zudem, das Phylum der Bärtierchen als Schwester der
Nematoden mittels einer phylogenomische Analyse zu platzieren. Die vergleichende Anal-
yse identifizierte außerdem zentrale evolutionäre Trends, vor allem einen enormen Verlust
an Genen in dieser Linie der Metazoa. Die Analyse ermöglichte es aber nicht, generelle
Mechanismen, die zur enormen Stresstoleranz in Bärtierchen führen, artübergreifend zu
identifizieren. Vor allem das Fehlen von weiteren molekularen Daten für einzelne Bärtierchen-
spezies (z.B. transkriptionelle Daten für M. tardigradum) machten es unmöglich die wenigen
genomische Adaptionen mit den physiologischen Besonderheiten der Bärtierchen in Deckung
zu bringen. Nichtsdestotrotz konnten die vergleichenden Analysen zeigen, dass Evolution
auch innerhalb der Bärtierchen verschiedenste Systeme neu zusammensetzt, neue Funktionen
erschafft oder bestehenden Systeme modifiziert und damit die außerordentliche phänotypis-
che Variabilität ermöglicht.

https://www.eurekalert.org/pub_releases/2016-05/cshl-fgr042816.php
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Chapter 1

D. muscipula Transcriptomics

1.1 Abstract

Since Darwin’s time the concept of plant carnivory is known. Nevertheless, limited molecular
evidence was available until now to understand the mechanisms underlying the carnivorous
trait. The following chapter presents the first robust transcriptomic study of a carnivorous
plant, namely D. muscipula. The comprehensive data analysis characterizes the molecular
transition that occurs when D. muscipula activates its trapping organs. Results indicate that
resting traps still operate in a leaf-like manner but rapidly alter the transcriptomic landscape
upon insect feeding. D. muscipula, specifically the traps activate defense response pathways
during prey digestion alongside with a highly productive secretory system and a complex
nutrient uptake machinery. A first comparative analysis with non-carnivorous plants during
wounding stress revealed several conserved pathways and expression patterns. Thus, the
data presented provides rich insight how generic stress response pathways might have been
rewired during evolution to suite prey capture, digestion, and nutrient acquisition.
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1.2 Introduction

1.2.1 Carnivory in the plant kingdom

Carnivorous plants are one of the most spectacular curiosities that can be found in the plant
kingdom. Presently, the carnivorous syndrome is recognized in over 600 species, across
11 families and 19 genera. Its existence was first announced in 1769 by Carl von Linné.
Starting with the first experimental evidence presented in Charles Darwin’s book “Insec-
tivorous Plants” [70], carnivorous plants have attracted thousands of researchers to study
their capturing and digesting mechanisms. The first phylogenetic analysis using nucleotide
diversity of the plastid Ribulose-1,5-bisphosphate carboxylase/oxygenase (rbcL) genes [8]
and numerous recent studies (e.g., [240, 259, 133] provided evidence that carnivorous plants
are a polyphyletic group and that the carnivorous syndrome has evolved at least six times
within angiosperms [113, 114]. The most complex capturing and digestion machineries can
be found within the Caryophyllales, scattered over four different families, namely Droser-
aceae, (Drosera, Dionaea, Aldrovanda), Drosophyllaceae (Drosophyllum), Nepenthaceae
(Nepenthes), and partially within the Dioncophyllaceae (Triphyophyllum). Phylogenetic
analysis [49] suggested all of the four being part of a monophyletic group within the non-core
Caryophyllales and hypothesised that the common ancestor had adhesive flypaper traps. In
modern species the trapping mechanisms greatly vary, from passive flypaper, pitfall and
suction traps to active snap traps. They all serve the same purpose; capturing of small
organisms for nutrition. Prey is usually attracted by pigments, reflection patterns or chemical
mimicry and captured by either surface immobilization (e.g., Drosophyllum tbd), pitfall
trapping (e.g., Nepenthes pervillei) or formation of a hermetically-sealed "green stomach"
(e.g., D. muscipula). Multicellular glands which are either sessile, stalked, or pitted, allow the
plants to secrete digestive enzymes and absorb the digested material. Carnivorous plants can
benefit from the acquired nutrients in multiple ways [108]. Nutrient acquisition is commonly
followed by plant growth [4], nutrient storage [47] and an increase in reproduction [276, 300].
In some aquatic carnivorous plants (e.g., Aldrovanda vesiculosa) even carbon is directly taken
up and might compensate for the CO2 deficit of the aquatic environment that otherwise limits
the photosynthetic rate [2, 3]. On the downside, the costs for the construction of specialized
morphological trapping structures, the generation of digestive enzymes and the activity of
the uptake machinery can be substantial [84, 83, 159, 219].
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1.2.2 The Venus flytrap

Carnivorous plants commonly inhabit bright and wet areas that are very low in nutrients [108].
Normally, nutrient deficiency caused by low concentration of nutrients or their constrained
availability dramatically effects plant growth. Especially, macronutrients such as nitrogen
(N), phosphorus (P), potassium (K), calcium (Ca), sulfur (S) and magnesium (Mg) are vital
for plant growth. If limited, plants are unable to generate essential metabolites necessary for
a normal life cycle. Extreme nutrient deficiency affects plant growth and development so
strongly that plants experience stunting, deformity, discoloration, distress, or death. Natural
deficiencies often involve multiple nutrients especially in swamps. Still, nitrogen is the
nutrient most often in shortest supply. The Venus flytrap (D. muscipula), native to the
nutrient-low Green Swamps in North and South Carolina [235, 2, 248] copes with nutrient
deficiency by feeding on nitrogen-rich insects. The plant develops snap traps at the end
of its petioles to catch larger prey [105]. Insects are attracted by various stimuli like the
release of volatile organic compounds [175] and captured by the rapidly closing bi-lobed
snap traps. Closure is triggered by touch stimulation of mechano-sensitive trigger hairs at
the inner surface of the snap traps [119, 99, 88]. Structurally, trigger hairs can be partitioned
into four zones [119, 296]. The indentation zone (see [119], zone III) contains the sensory
cells. Both poles of the sensory cells show high amounts of endoplasmic reticulum (ER)
but low number of ribosomes [41]. Sensory cells are connected to podium cells (see [119],
zone IV) with numerous plasmodesmata. Due to the high number of plasmodesmata it has
been hypothesized that signal transduction favours the symplastic pathway ([296, 123]). The
center of the sensory cells comprises the nucleus, organelles (mostly mitochondria), lipid
droplets and smaller vacuoles [41]. The cell walls of the sensory cells are generally thickened
with the exception of the central parts, probably to form a predetermined soft spot that guides
bending. The larger vacuoles contain polyphenolic compounds which might be involved in
storage, binding and release of ions needed for the transformation of the mechanical stimulus
into an electrochemical signal [296, 41]. The process of perception and transformation of the
mechanical stimulus into a physiological signal remains unclear. Already Darwin realized that
the prey capturing is a process driven by electrical excitability and very fast biomechanical
movements, but it was Burdon-Sanderson in 1872 who discovered the responsible action
potential (AP) [44]. 130 years later, it was suggested that the trigger hairs perceive the
mechanical stimulus [119]. At first, the mechanical stimulus locally creates a receptor
potential that, if strong enough, develops into an AP. The AP travels across the electrically
coupled trap and prepares it for an upcoming closure. An additional AP within the next 10s
causes the fast closure by releasing the elastic energy stored in the traps. Further stimulation
of the trigger hairs and additional propagated APs lead to hermetical sealing of the trap. At
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least five sequential APs are necessary to seal the capture organ. Interestingly, the plant is
able to memorize the number of generated APs to prevent false alarms [288, 32]. Recent
studies demonstrated that the action potentials at the plasma membrane of D. muscipula
depend on Cl− and K+ for de- and re-polarisation [87]. Nevertheless, the genetic mark-up
necessary to describe this model is still lacking molecular evidence. After recognition of
the prey, the trap closes within a fraction of a second. While small insects might get a
chance to escape the closed traps through the teeth-like structure at the outer rim of the trap
[70], larger ones are inevitable stuck; a process that saves the plant respiratory energy to
start digestion of unworthy prey. Nevertheless, recent results point towards a less selective
capturing when it comes to prey size [141]. The traps show the typical morphological and
physiological properties of a green leaf although it serves as highly specialized organ to hunt
for prey [290]. The morphological features between the trap-forming leaf tip (trap) are very
much different from the leaf base (petiole). Still, physiological experiments demonstrate
the expected photosynthetic activity of the trap even though at a lower rate [218]. The
most striking difference between the two organ parts are the approximately 37,000 glands
on the inner surface of the trap [155, 87] that are directly linked to prey digestion and
nutrient uptake activity during insect feeding. After sealing is completed, the plant starts
secretion of its mucous acidic fluid which contains enzymes to digest the prey [271, 249]).
Other carnivorous plants directly release the enzymes into water containing traps (e.g., A.
vesiculosa) upon activation of the feeding process. The only exception is Utricularia gibba
which seem to constantly release its digestive enzymes into the traps. The secretion process
of D. muscipula can also be triggered by the known touch hormone jasmonic acid (JA) or
Coronatine (COR), a bacterial toxin that mimics the plant hormone [87]. This suggests a
direct link between electrical signal and internal chemical response. Acidification of the
digestive fluid probably aides the breakdown process and optimizes the enzyme activity.
Early studies suggested that proteases and phosphatase are the major enzyme components
in a number of different species [277, 236, 102, 122] and that the secretion mechanism is
highly regulated by signaling processes to maximize gain of the extracted nutrients in a
prey dependent manner. Nevertheless, a comprehensive and deep analysis of such cocktails
is still missing due to poor experimental design (e.g., PCR-based single gene analysis)
or lack of resolution (e.g., proteomics only studies). After breakdown of the prey [124],
nutrients are taken up. While non-carnivorous plants mostly rely on their complex root
system - especially the root hairs - to selectively absorbe and transport nutrients, carnivorous
plants such as D. muscipula are able to aquire nutrients not only with their root system
but also through the trap surface during the feeding process. Several studies with organic
nitrogen and carbon suggested the glands as responsible for nutrient resorption [248, 176],
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underlining its previously speculated dimorphic character. But, the molecular landscape of
the uptake machinery remained unknown. The nutrients gained provide D. muscipula with
an extreme competitive advantage and help it to overcome the nitrogen deficiency caused by
its natural low-nutrient soil habitats [2]. Although several carnivorous plant species were
targeted by high-throughput sequencing projects [142, 143, 185, 94, 20, 52–54, 264, 279]
none of them was able to improve our understanding of the molecular basis of the carnivorous
syndrome dramatically. Efforts focusing on the comparison of two trumpet pitcher species
(Sarracenia psittacina and Sarracenia purpurea) only revealed that genes under positive
selection are associated with molecular binding activity [262]. Unfortunately, the work did
not shed light on the unique combination of lures (e.g., scent, drugged nectar, waxy deposits
to clog insect feet) that most Sarracenia species use in combination with their one-way
traps to capture prey. The first genome study of a carnivorous plant targeted the floating
bladderwort U. gibba [143]. The study reported a genome size contraction, mainly due to
compression of intronic and intergenic regions as well as gene loss in highly multigenic gene
families, after several rounds of whole genome duplication (WGD). A similar contraction
was observed in Genlisea aurea, the largest carnivorous species in the genus Genlisea
[185]. Still, the U. gibba genome encoded a diverse gene landscape. The sequencing and
analysis of the U. gibba transcriptome revealed vegetative shoots and traps most akin to
each other [142]. Traps expressed various hydrolytic enzymes that are potentially involved
in prey digestion and previously were thought to be encoded by bacterial genomes only.
Additionally, the plant showed an accelerated respiration activity coupled with a high activity
of DNA repair and reactive oxygen species (ROS) detoxification enzymes. By analyzing
preferentially expressed genes (gene specifically but not uniquely expressed in specific
tissues or conditions), authors also argued that traps are mainly responsible for phosphate
uptake (through high affinity inorganic phosphate transporters) while nitrate uptake happens
more likely in vegetative parts of the plants (through action of low- and high-affinity nitrate
transporters). Nevertheless, the transportome analysis remained superficial due to the absence
of biological replicates and accompanying feeding experiments. Efforts focusing on other
Utricularia species (e.g., Utricularia vulgaris) did not reveal further insights into the feeding
process but mainly confirmed previous presence and absence patterns of root-associated
genes [20]. The first transcriptomic studies in the order of the Caryophyllales were carried
out for Nepenthes ampullaria and D. muscipula. Transcript data for N. ampullaria was
only deposited but not further analyzed [292]. The transcriptome analysis of D. muscipula
included generation of a transcriptome assembly from flowers and traps as well as its
functional annotation [147]. Authors reported an abundant representation of processes
related to catalytic, antioxidant and electron carrier activities but did not link their results to
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known morphological or functional traits associated with the carnivorous capabilities of D.
muscipula. In summary, present high-throughput sequencing studies barely shed light on the
molecular mechanism underlying plant carnivory. Most processes remain poorly understood
due to missing functional evidence or week experimental designs. All projects heavily suffer
from missing biological replicates (especially those that leverage transcriptome sequencing),
shallow sequencing depth, suboptimal tissues sampling schemes and uncontrolled feeding
states of the trapping organs. Here, D. muscipula provides a perfect model to understand
prey-dependent changes of the transcriptional landscape as well as to study individual tissue-
specific aspects of the whole plant since its trapping and feeding mechanisms can be actively
triggered [87]. Even better, the process can be tightly controlled by application of mechanical
stimuli, insect feeding or trough the JA mimicry COR. Thereby, D. muscipula seems the
most suitable model to understand prey-induced transcriptional changes that underlie the
carnivorous syndrome. The here presented thesis work thus focuses on the analysis and
interpretation of the transcriptomic landscape of D. muscipula, tries to overcome the above
mentioned previous shortcomings and aims to provide a blueprint to study other carnivorous
plant species.
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1.2.3 Project objectives

The reference transcriptome First objective is to generate a reliable transcriptome re-
source. Since genome-wide sequencing efforts are still ongoing the transcriptome needs to
be established de novo. Thorough quality control and cross checks need to be carried out to
i) assure that a maximum number of transcripts are present, ii) the contamination level (e.g.,
metagenomic and prey-derived contamination) is low and iii) the structural integrity of the
transcriptome is consistent.

The transcriptomic landscape of a snap trap Based on the reference transcriptome,
global expression patterns should be compared using RNA sequencing (RNA-seq) data from
the four major organs (petiole, trap, roots and flowers). It should be tested whether individual
organs share expression profiles globally and what the underlying transcripts are biologically
associated with. Additionally, it should be tested whether tissue-specific expression patterns
exists and to what extend they explain the morphological and physiological make-up of the
organs. Since RNA-seq data from traps integrates the expression profile of various typical
leaf cell types as well as glandular tissues and trigger hair cells, it could be hypothesized
that traps display a expression patchwork that can be linked to different other organs. The
objective is to use additional RNA-seq samples from the trap rim, which is free of digesting
glands, and glands to compare their expression profiles to non-trap tissues like petiole, flower
and root. It should also be tested to what other organ glands are most akin to and to what
extend this fits with the assumption that glandular tissue evolved from flower nectaries [58].

Targeting low input transcriptome profiling Trigger hairs consist of a small number of
highly specialized cells. Since overall tissue mass is extremely small, it is not possible
to submit them to sequencing-based transcriptome profiling without pooling hairs from
several traps or even from several hundred plants. The only alternative to massive pooling
is PCR-based amplification of extracted RNA and subsequent transcriptome profiling. The
objective is to test whether RNA-seq results are concordant when amplified and non-amplified
experiments are compared. Tests should be carried out against a non-amplified reference
(e.g., traps and COR-treated traps) to assess the results from a qualitative and quantitative
perspective. Additionally, it should be tested whether non-amplified and amplified trigger hair
samples already exhibit expression patterns that can be linked to PCR-based amplification
or other batch effects. Final results should provide insights whether PCR-based RNA
amplification can be used throughout transcript quantification in D. muscipula.
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The transcriptome of the trigger hair Sensory cells of the trigger hairs are shaped by
apical and basal ER cisternae, numerous mitochondria, as well as vacuoles and lipid droplets.
The objective is to describe the transcriptome profile of the trigger hair in respective to
its specialized structures. The analysis needs to correct for eventual gland signatures as
consequence of tissue contamination. Additionally, the trigger hair specific kinome should be
described as well as anion and cation transporters that might play a role during the generation
of the AP.

The secreted hydrolytic enzyme cocktail of D. muscipula Understanding the composi-
tion of the hydrolytic cocktail is one of the most important objectives of this thesis. The
primary goal is to identify cocktail components by overlaying differential expression testing
data from insect-stimulated traps, profile-based signal peptide annotations (secreted enzymes
carry these signal peptides) and High Throughput Screening (HTS) proteomics data from
three different stimulation experiments (insect-feeding, COR treatment and mechanical
stimulation). Transcription of most secreted enzymes should respond to insect-feeding. A
sub-selection of those identified in HTS proteomic data and with a signal peptide annotation
should yield a human feasible set of transcripts for manual inspection. In parallel, it should
be tested whether secreted enzymes exist (those detected in HTS proteomic data) that are
produced in advance in non-stimulated glands and thus might be early secreted. Hydrolytic
enzymes are likely to be secreted via exocytosis. The exocytosis machinery, specifically the
components of the exocyst complex should be identified and expression differences between
insect-stimulated and resting plants described.

The transportome Non-carnivorous plants mostly rely on soil reservoirs as supply for
macronutrients. The complex root system especially the root hairs selectively absorb and
transport the nutrients from the soil. On the contrary, carnivorous plants such as D. muscipula
are able to absrob nutrients not only with their root system but also through the trap surface
during the feeding process. Several studies with organic nitrogen and carbon suggested
the dimorphic glands as responsible for the nutrient resorption [248, 176]. Nevertheless,
the molecular landscape of the uptake machinery remained unknown in larger parts. The
objective is to combine profile-based transmembrane annotations, homology-based trans-
porter classification and differential expression testing to describe potential transport in both;
the resting and the insect-feeding traps of D. muscipula. Transporters should be classified
according to their target substrate and their site of action. The electrochemical gradient
across the plasma membrane, maintained mostly by H+ adenosine triphosphatases (ATPases),
drives most of the transport processes. Highly abundant H+ ATPases should be cataloged
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and checked for expression patterns dependent on insect-feeding. Additionally, components
of the endocytotic machinery should be identified and monitored in a similar manner, since
they provide an enzyme saving mechanisms to complement nutrient resorption through
transporters and channels [6].

Trap-wide response to insect-feeding Multiple attempts have been made to describe
"carnivory" related genes using transcriptome data. Most studies suffered from a weak
experimental design (e.g., no biological replicates), hard to control conditions (e.g., feeding
state of U. gibba traps) or monitored only a small number of genes through quantitative PCR
techniques [40]. The objective is to fully characterize the transcriptomic landscape of an
insect-feeding D. muscipula by RNA-seq using crickets as prey. Results should present the
global expression patterns of carnivorous plant and broadly describe biological processes and
molecular functions associated with the feeding process. Pathways associated with wound
signaling should be characterized in-depth since previous results strongly suggest that JA
plays a central role during insect-feeding of D. muscipula and other carnivorous species [203].
The objective is to identify core components of the alpha-linolenic acid cascade including
associated transcriptional regulators and analyse their expression patterns. Additionally,
trap-wide transcriptional regulators should be identified and broadly compared against those
active in non-stimulated tissues.

Microbial aspects of the feeding process Plants exhibit a unique microbial community on
their surface that often has a beneficial effect even though surfaces like leaves are extremely
hostile. On the contrary, plants can also be target of organisms that cause infectious diseases
including fungi, oomycetes, bacteria, viruses, and others. Interestingly, D. muscipula is rarely
infected by microbes [278] even when the plant meets a completely new prey-associated
microbiome during insect-feeding. The molecular basis for this immunity is still unknown as
well as the fate of the microbial community after activation of the feeding process. Since
microbial communities can be profiled easily from whole genome or whole transcriptome
data from non-sterile host targets, resting and insect-feeding traps as well as glands should
be metagenomically profiled and compared.
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The sensory and regulatory capacities of traps Fast and precise transcriptional regula-
tion of the secretion process is vital for D. muscipula to assess chemistry and quality of the
prey. The objective aims to i) establish a classified kinome with special focus on receptor-
like-kinases (RLKs) [255] that might be involved in chemical sensing and ii) analyse the
transcription factor potential of both non-stimulated and insect-stimulated tissue.

Conserved response signals during insect-feeding Early molecular studies of carnivo-
rous plants suggested several defense related processes to take part in the insect-feeding
process. The transcriptomic profile of resting and insect-feeding D. muscipula traps should
be compared to other carnivorous transcriptomes by directly looking at orthologous map-
pings (e.g., preferentially expressed genes (PEGs) from U. gibba traps) and against existing
insect-treatments of non-carnivorous species using measurements of semantic similarity.
Additionally, expanded protein families should be identified and insect-feeding specific
expression patterns examined.
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1.3 Material and Methods

1.3.1 Computing environment

All computational analysis were carried out on a compute cluster with 200 CPUs and a
total of 1280 Gb of main memory distributed across 4 compute nodes. Data was stored on
the submission node providing further 24 CPUs, 64 Gb of main memory and 137 Tb of
storage capacities. Compute nodes and submission node were interconnected by a 10 GbE
network. Cluster and submission node, storage and network system were assembled, setup
and administered by the author of this thesis and Frank Förster during the first half of the
thesis due to limited existing resources at the Department for Bioinformatics, University
Würzburg. Compute and submission nodes were running Ubuntu 12.04.5 LTS (Precise
Pangolin) at the time of the thesis. See section 1.4.1 for basic paths to raw data, important
intermediate and final results.

1.3.2 Experimental procedures

Sequencing data presented in this thesis was generated by LGC Genomics GmbH, Os-
tendstraße 25, 12459 Berlin or GATC Biotech AG, Jakob-Stadler-Platz 7, 78467 Konstanz.
Experimental methods as well as results concerning plant cultivation, RNA extraction, protein
extraction as well as quantitative PCRs, kinetic and electro-physiological experiments that
are cited or displayed in the thesis were implemented and produced by various members
of the Department for Botany I, University of Würzburg, Julius-von-Sachs-Platz 2, 97082
Würzburg. See the final publication of the transcriptome data [25] for a detailed overview
of the experimental methods (section Methods, subsections Plant growth, RNA extraction,
sequencing, and qPCR, Proteomics, Electron microscopy, Electrophysiology) as well as for
remarks on contributions (section Acknowledgments).

1.3.3 Data preparation and transcriptome assembly

Raw RNA-seq read data sets were screened for quality issues with FastQC (version 0.11.4)
[13]. Passed data sets were quality trimmed using skewer (version 0.1.67; -Q 30; -q 30;
-l 75; -m pe) [148]. The transcriptome was assembled using Trinity (release 2013-02-16;
–jaccard_clip; –min_kmer_cov 2; –path_reinforcement_distance 75) [111]. The assembly
was screened for artificial fusion events caused by low-complexity regions or highly similar
UTRs. For transcripts with more than one potential coding region (see Feature annotation)
a linkage map was constructed. Evidence from homology based database searches and
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mapped paired end reads were used to link the potential coding regions. Paired end mappings
were produced with Bowtie (version 0.12.7) [179], while homology evidence was generated
by searching transcripts against a plant-comprising subset of the Uniprot database (release
2014-06-19) [275] using blast (version 2.2.29) [48]. In case no linkage evidence was found,
the transcript was considered to be fused. Fusion sites were detected by searching for the
lowermost covered site between two coding regions. Transcripts were cut apart and the
region with the lowermost coverage was trimmed from both resulting transcripts. Whenever a
transcript was defused the original isoform-gene relation returned by Trinity was disregarded.
To re-create a reliable isoform-gene relation, all defused isoforms derived from the same gene
were partitioned using transitivity clustering (version 1.0) [298] into new genes. If sufficient
evidence for a linkage was found the transcripts were considered intron containing. Introns
were removed by aligning high scoring templates from the homology search to the transcript
using genewise (version 2.4.1) [30]. Only proper alignments were used to cut introns from
transcripts. Otherwise, transcripts were left untouched.

1.3.4 Feature annotation

Corrected transcripts were annotated using homology and profile based methods. Coding
regions were identified using TransDecoder (release 2014-01-16) [118]. Putative peptides
were preferred when they had a significant match to a Pfam domain. Only peptides with a
length of at least 90 bp were considered. Protein families and domains were classified using
InterProScan (release 44.0) [149, 92]. Phobius (version 1.01) [158], SignalP (version 4.0)
[221] and TMHMM (version 2.0) [260] were integrated into the default signature recognition
methods. Gene ontology (GO) terms where predicted using Blast2GO (version 2.5.2) [62].
GO terms where augmented with Interpro annotations using ANNEX [210]. Interspersed
repeats and low complexity regions were identified using RepeatMasker (version 4.0.3) [258].
Putative orthologues between the Venus flytrap transcriptome and A. thaliana (TAIR10)
[178] were assigned using a conservative conditional reciprocal best blast (CRB-BLAST;
release 2015-05-19) [16] were assigned with a two-step approach. First, a CRB-BLAST
against the TCDB [239] sequence set was used to identify conditional reciprocal best hits. If
no distinct one-to-one hit was found, the sum of the best hits (e-value 1e-5) was evaluated. If
all hits were annotated with the same TCDB family, the annotation was mapped to the Venus
flytrap sequence. Putative peptides were further assigned to clusters of orthologous groups
defined by the eggNOG databases and its command-line assignment tool eggnog-mapper
(release 0.12.7) [137]. MapMan bins [227] were assigned using Mercator [284].
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1.3.5 Transcript filtering

Prior to differential expression analyses and enrichment studies, the following filtering steps
were applied to the refined assembly. (1) Non-coding RNAs were excluded by searching
for isoforms without a potential coding region. (2) Ambiguous low abundance genes were
excluded when no sequenced sample produced an expected count higher than 5. (3) In
addition, ambiguous isoforms were removed by only considering isoforms with an abundance
higher than 1 % of the abundance of its parental gene. (4) Possible contaminations were
filtered with a two-step approach. Isoforms were split into overlapping k-Mers (k-Mer size
19bp). Each k-Mer was then searched in a database of trusted k-Mers created from genomic
sequencing data (unpublished). Isoforms without a single k-Mer being present in the trusted
k-Mer databases were disregarded. Remaining isoforms were searched against the complete
non-redundant database (release 2015-01-13) [241] using blastn. Resulting hits were taken
to calculate the lowest common ancestor (LCA) with MEGAN4 [140], using default settings.
Isoforms with an LCA in bacteria, fungi or metazoa were disregarded in the following. (5)
Transposon-like isoforms detected by RepeatMasker were excluded if they only contained
the transposable element or a protein domain associated with interspersed repeats in the
current RepBase databases (release 2014-04-2) [156].

1.3.6 Transcript abundance estimation and differential expression tests

Isoform and gene abundances were quantified with RSEM (version 1.2.5) [189] using unfil-
tered read data sets. The resulting count matrix for each experiment was normalized using
the trimmed mean of M-values normalization method implemented in the DESeq package
(version 1.22.0) [12]. Using a variance stabilized transformation of the normalized count
data set possible outliers were detected using arrayQualityMetrics (version 3.26.0) [161].
The same expression data set was used for the principal component analysis. Differentially
expressed genes were detected using DESeq. Only genes exhibiting an adjusted p-value
equal or smaller than 0.01 were considered as significant. DEGs for A. thaliana microar-
ray experiments (GSE48676, GSE49981, GSE5520, and GSE50526) were detected using
GEO2R [19].

1.3.7 Enrichment analysis and comparison

GO enrichment studies were carried out using topGO (version 2.22.0) [9] whenever a raw or
adjusted p-value was available for term eighting. The statistical measures were included using
the weighted algorithm while fisher exact test was used as test statistic. Terms were considered
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significant with an FDR of 0.01. In case no p-values were available Ontologizer (version 2.1)
[22] was used. Enrichments were calculated using the Parent-Child-Intersection of the terms
and considered significant at an FDR of 0.01 after Bonferroni mutiple testing correction.
Semantic similarity of GO enrichments was measured with the GNU R Bioconductor package
GOSemSim [303] using Wang’s measurement method and the best-match average (BMA)
strategy to combine scores for individual terms. Gene set enrichments (GSEAs) were carried
out with GAGE [192] using MapMap bins, TCs, GEM2Net [304] clusters or manually
assigned gene classifications. DESeq derived adjusted p-values were used as per gene score,
and gene sets were considered significant at a q-value equal or lower than 0.1.

1.3.8 Definition of the putative secretome, transportome and kinome

The secretome of D. muscipula was defined with the following rule set. Each putative member
had to be a differentially expressed unigene when comparing resting with insect-stimulated
glands (both down- and up-regulated DEGs were considered). The underlying unigene
needed to have at least one differentially expressed isoform with an annotated signal peptide
and evidence of a detectable peptide in the same open reading frame. The transportome was
defined similar to the secretome. Putative members had to be a differentially expressed gene
in resting or insect-stimulated glands. The unigene needed to have at least one differentially
expressed isoform annotated with two or more transmembrane domains. Furthermore, the
same sequence needed to have a proper TCDB classification. Transportome annotation and
classification were manual refined by Dirk Becker, Department for Botany I, University of
Würzburg. The putative kinome was defined as all unigenes with a properly annotated protein
kinase domain (Pfam entry PF00069).

1.3.9 Metagenomic profiling and comparison

Raw RNA-seq read data sets were aligned to NCBI-nr [241] as a protein reference database
using DIAMOND [42]. Reads were assigned to taxonomic bins using MEGAN-CE [139] and
its implemented lowest common ancestor (LCA) algorithm. Reads were considered assigned
at a minimum score of 50 and a maximum e-Value of 0.001. Normalized metagenomic
profiles were exported and analyzed using STAMP [216]. A principal component analysis
(PCA) was used to inspect sample clustering and the variance explained by each component.
Post-hoc plots were used to inspect results of the multiple group statistic test carried out
using ANOVA as test framework and the Tukey-Kramer method as post-hoc HSD (honest
significant difference) test. The effect size was set to Eta-squared and p-values adjusted with
Bonferroni correction.
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1.4 Results

Note: The results presented in this chapter heavily build on experiments, data sets and
analysis described in [25]. The following sections are based on the computational analysis
carried out by the author of this thesis.

1.4.1 Data inventory

The following computational analysis builds on two raw data types, namely RNA-seq
reads from high throughput sequencing experiments and protein quantificatios from high
throughput proteome screenings. Experimental designs underlying each sequencing or
screening experiments are given in each result section. See table 1.1 and 1.3 for basic output
numbers and experiment identifiers used throughout this thesis. RNA-seq data was produced
for various tissues as well as treatments over a period of four years. In total 8.3 billion reads
(see table 1.1) were produced. All read data sets beside exp005, exp006 and exp007 were
deposited in the sequence read archive (SRA) under BioProject PRJNA203407. Proteome
data was generated for secreted mucilage and two membrane extracts from petioles and
traps. Primary analysis was carried out by Prof. Dr. Waltraud Schulze (Department of
Plant Systems Biology, University of Hohenheim, 70593 Stuttgart, Germany). Raw data
was deposited in the EBI PRIDE archive under project PXD003480. A summary of each
proteome quantification experiment is given in the respective result sections. RNA-seq data
sets were used to generate the reference transcriptome and for transcript quantification while
proteome data was used to detect translated transcript in a binary fashion. See sections 1.4.3,
1.4.4, 1.4.7 and 1.4.8 for results generated with the two data types. See data box 1.4.1 for
paths to RNA-seq and proteomics data on the storage system (currently wrzh089).

Data: RNA-seq and HTS Proteomics

BASE=/storage/genomics/projects/dmuscipula/transcriptome
$BASE/data/illumina/exp00* # RNA-seq data
$BASE/proteomics/qt1.03/data/current # HTS Proteomics data
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Table 1.1 Overview of sequencing experiments used during the analysis of the D. muscipula
transcriptomic landscape. Experimental procedure are described in [25]. Single experiments
are referenced using the experiment id (e.g., exp001) throughout this thesis.

ID Tissue Treatment Replicate SRA ID Read Pairs

exp001

Petiole none
1 SRR2807633 48,249,836
2 SRR2807634 43,846,727
3 SRR2807644 109,174,125

Flower none
1 SRR2807648 82,344,072
2 SRR2807650 94,576,872
3 SRR2807649 82,183,197

Roots none
1 SRR2807642 60,765,302
2 SRR2807641 42,496,016
3 SRR2807643 71,275,544

Rim none
1 SRR2807654 59,582,735
2 SRR2807655 79,822,192
3 SRR2807656 94,468,755

Traps

none
1 SRR2807638 65,538,410
2 SRR2807639 85,082,118
3 SRR2807640 48,264,648

COR
1 SRR2807651 68,174,440
2 SRR2807652 76,033,562
3 SRR2807653 51,132,019

Glands none
1 SRR2807635 61,104,656
2 SRR2807636 46,414,468
3 SRR2807637 67,264,172
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ID Tissue Treatment Replicate SRA ID Read Pairs
exp002 Pooled Tissues Pooled Conditions 1 SRR2795277 91,624,980

exp003

Glands none
1 SRR2807627 56,579,279
2 SRR2807628 57,727,793
3 SRR2807630 56,602,986

COR
1 SRR2807629 51,821,988
2 SRR2807632 53,260,935
3 SRR2807631 60,636,940

exp004 Traps

none
1 SRR2807621 53,162,749
2 SRR2807622 48,202,899
3 SRR2807623 61,188,245

Insect
1 SRR2807624 40,138,272
2 SRR2807625 57,466,411
3 SRR2807626 42,863,945

exp005
Traps

none 1 none 124,238,574
COR 1 none 80,966,642

exp006

Glands none
1 none 40,571,750
2 none 42,518,329
3 none 52,026,420

Hair none
1 none 49,708,826
2 none 54,423,368
3 none 45,625,187

exp007

Glands none
1 none 72,139,439
2 none 82,771,089
3 none 43,308,712

Hair none
1 none 60,852,154
2 none 62,450,736
3 none 74,677,776

exp008 Glands

none
1 SRS1131959 179,188,714
2 SRR2807657 176,247,961
3 SRR2807659 176,206,340

Insect
1 SRR2807660 198,188,982
2 SRR2807662 195,144,623
3 SRR2807662 164,505,395

Sum 8,289,664,610
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Table 1.3 Overview of proteome screening experiments used during the analysis of the D.
muscipula transcriptomic landscape. Experimental procedure are described in [25]. Single
experiments are referenced using the experiment id (e.g., pro001) throughout this thesis.

ID Tissue / Sample Condition / Treatment PRIDE ID Peptides
pro001 Mucilage Mechanics, Hormone, Insect PXD003480 1,392
pro002 Membranes Trap, Petiole none 4,381

1.4.2 Data quality control and trimming

Raw RNA-seq data was submitted to a thorough quality control. First quality metrics where
generated and visually inspected (see figures 1.1, 1.2 and 1.3). None of the data sets showed
serious issues that would have led to a total loss of the data set. Data quality varied according
to data production time point (and most likely according to improvements of the sequencing
chemistry and base calling performance; see figure 1.1). Duplication levels only showed
expected issues for amplified sequencing experiments (e.g., exp005; see figure 1.2). Same
was true for GC content levels ( see figure 1.3). GC content was lower for amplified samples
(e.g., exp005) and higher for Oligo(dT) primed samples (e.g., exp002). Quality-based
trimming consequently displayed the same effects (see figure 1.4). Younger experiments
(e.g., exp004) were less trimmed than older experiments (e.g., exp001). High and low GC
content samples (e.g., exp008) showed less (reverse) reads surviving than experiments with
an approximate Gaussian GC distribution probably pointing towards re-calibration issues for
the 2nd read caused by the skimmed GC content. A subsequent contamination screen showed
no dramatic levels of non-host reads. Experiments with an additional cDNA amplification
step as well as insect-treatment experiments showed an elevated contamination rate up to
25 %. While the latter might point towards a prey-derived metagenomic signal the first is
likely an effect of the amplification bias towards lower GC content (bacterial genomes are
usually low in GC and are therefore more likely to be amplified).
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Fig. 1.1 Per sequence quality scores for all RNA-seq experiments used throughout this thesis.
Quality scores are plotted per read position. Two obvious trends are visible. Experiments
which involved cDNA amplification steps (e.g., exp005, exp006) show overall low quality
which indicates a systematic problem. Second, quality scores behave according to generation
date (exp001 < exp002 < exp003 < exp004 < exp005 < exp005 < exp006 < exp007 < exp008),
respectively according to sequence chemistry and base calling software version used. Quality
drops in exp002 are likely to occur due to re-calibration issues during sequencing.
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Fig. 1.2 Read duplication levels (in %) for all RNA-seq experiments used throughout this
thesis. Most experiments show a level of read duplication typical for RNA-seq libraries.
Since all RNA-seq libraries were over-sequenced to observe lowly expressed transcripts, high
expressed transcripts potentially created the large set of duplicates displayed. Only samples
from exp006, especially hair samples, show a dramatically higher duplication level likely
caused by an amplification bias towards low GC content and thus resulting in a less complex
sampled cDNA pool.
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Fig. 1.3 Per sequence GC content across the whole length of each sequence for all RNA-seq
experiments used throughout this thesis. Libraries exp001-004 show a normal distribution
of GC content while experiments involving cDNA amplification steps are massively shifted
towards a lower GC content and show further peaks at 20 % and 0 % GC content. Both,
peaks at very low GC levels and the general left shift of the distribution point towards an
amplification-related systematic bias. See section 1.4.6 for further details. The GC content
of exp008 is shifted to the right showing a double peak. Mostly likely this indicates a
contamination with substantial amounts of cDNA or DNA from microorganisms.
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Fig. 1.4 Read trimming results for all RNA-seq experiments used throughout this thesis.
Trimming results correspond roughly to per sequence quality scores in figure 1.1. Only
exp002 and exp006 showed systematic problems with the 2nd read leading to a loss of about
30 % of sequencing data. Since base-calling can be influenced heavily by library complexity
it is likely that the skimmed nucleotide distribution and complexity of the amplified (see
figure 1.3) libraries are related to these quality issues.
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Fig. 1.5 Contamination screen for all RNA-seq experiments used throughout this thesis. Reads
were compared against a subset of the RefSeq database containing complete bacterial/archaeal
genomes using kraken [299]. Experiments with an additional cDNA amplification step as
well as insect-treatment experiments show an elevated contamination rate up to 25 %. See
section 1.4.12 for a detailed analysis.
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1.4.3 The reference transcriptome

The primary object of this project was to generate a reliable reference transcriptome that
consists of all detectable primary and alternative transcripts using RNA-seq data. Since
different experimental data sets were produced over a longer time course of the project,
often in a step-wise manner with later experiments building on results of previous ones, not
all data sets were initially available to generate the reference. Data from exp001 was used
to assembly the reference transcriptome including all major tissues without any treatment.
Additionally, COR-treated traps were deeply sequenced, since the phytohormone triggers a)
the slow trap closure and b) effectively mimics the hormonal stimulus to start the digestion
process and c) maintain the activity of the digestion machinery thus representing a typical
insect-feeding traps. The latter experiment was complemented with exp002 which was
generated by pooling various RNA samples collected across all major tissues and target
conditions (insect-treatment, COR-treatment). The reverse transcribed cDNA pool was
experimentally normalized before sequencing to enrich for low abundance transcripts (see
method box "Experimental cDNA Normalization" for a short experimental description). The
data was used to test for the completeness of the reference transcriptome in a qualitative
manner by simply asking if all produced sequencing reads effectively mapped back to the
reference. See details below. Several transcriptome assembler were tested prior to the final
transcriptome assembly, namely Trans-ABySS, Oasis (Velvet) and Trinity. Only Trinity
was technically able to a) deal with the amount sequencing data from exp001 and b) handle
heavily out-crossing species like D. muscipula with a high rate of heterozygosity. Oasis
and Trans-AByss always terminated throughout the course of the assembly process due to
memory overflow although all assemblers were run on a compute node providing 512 Gb of
main memory.

Method: Experimental cDNA normalization

The procedure iteratively allows denaturation and hybridization of double-stranded
cDNA molecules and the enzymatic removal of the double-stranded fraction at higher
temperatures. Since the hybridization rate of a cDNA is proportional to its square
concentration [252], highly abundant cDNAs will re-associate faster than low abundant
cDNAs. High abundant cDNAs will be hydrolyzed more often than low abundant
cDNAs and thus removed at a higher rate. The final pool contains cDNAs with a more
similar abundance. The resulting cDNA library needs to be sequenced at a lower depth
to reach the same complexity or vice versa achieves more complexity at the same depth.
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The Assembly: The final reference assembly was started using 1,437,793,866 trimmed
reads from exp001 covering 6 different tissues and COR-treated traps. The initial greedy
assembly of Trinity with Inchworm resulted in a collection of 74,667,918 linear contigs
that were drawn from the k-Mer graph. Chrysalis bundled the linear contigs into 212,382
pools roughly representing genes or highly similar paralogous gene families. Contigs were
drawn together if they shared at least one (k-1)-Mer (24 bp) and a sufficient numbers of reads
spanned the join. Resulting pools were used to build individual de Bruijn graphs. In the
last step, Butterfly trimmed spurious edges and compacted linear paths. The final graph was
reconciled with reads. Finally, Butterfly returned one linear sequence for each splice form
and/or paralogous transcript. The final assembly comprised 345,803 isoforms with a total
length of 376,689,236 bp. The transcript assembly had a N50 of 2133 bp and a N90 of 403
bp (NXX is defined as the shortest sequence length at XX% of the total length). The shortest
sequence had a length of 201 bp while longest was 15,692 bp long. The full sequence set
was clustered into 179,888 unigenes with a unigene consisting of two isoforms on average
(see figure 1.8).

Post-assembly correction, filtering and validation: The final assembly was assessed for
structural integrity by searching for artificial transcript fusions and retained intron sequences
based on homologous sequences. Overall, 6,683 unigenes (respectively their corresponding
isoforms) were identified to contain artificial fusions or retained intron sequences. Ambiguous
unigenes contained 1,433 unigenes with one or multiple fusions, 4,100 unigenes with at least
one intron-containing isoform and 1,150 unigenes showing both, fusions and retained introns.
The fusion correction process was able to successfully split and rebuild 5,222 unigenes from
2,583 artificial fusions. For 3,584 isoforms (distributed over 508 unigenes) no coverage
valley was found and the fused sequences were split in the middle of the fusion event. For
155 unigenes the cluster rebuilding process did not converge and the unigene was removed
from the transcriptome. The intron correction process removed introns from 22,121 isoforms
scattered over 3,383 unigenes. For 17,104 isoforms insufficient homology evidence was
found and the sequences were not altered. The corrected the transcriptome sets comprised
315,584 isoforms and 183,578 unigenes with 2 isoforms per unigene on average (see figure
1.8) and a total length of 283,676,975 bp (N50 of 1,595 bp).
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Fig. 1.8 Distribution of the number of isoforms per unigene after correction and filtering.
Correction and filtering both reduced the number of isoforms. The correction process was
able to remove isoforms during rebuilding of the defused unigenes when not all given
isoforms contained the same fusion event. The filtering process reduced the number of
isoforms based on their overall expression contribution and in case their were classified as
contamination or TE-only isoform.

The corrected transcriptome was filtered with the 5 different approaches described in section
1.3.5. The following numbers represent redundant, overlapping counts of isoforms and
unigenes flagged by each filter individually for exclusion. The ORF filter flagged 104,625
isoforms and 79,542 unigenes. The count-based isoform and unigene filter flagged 1179
isoforms and 1169 unigenes. The LCA-based contamination filter flagged 15,949 isoforms
and 14,814 unigenes. The k-Mer based contamination filter flagged 20,186 isoforms and
19,277 unigenes. The TE-only filter removed 49,387 isoforms and 19,921 unigenes. The
final RefSeq transcriptome contained 114,103 isoforms and 51,436 unigenes. Assessing the
completeness of the final filtered transcriptome revealed that 89 % of all genes of BUSCOs
plantae benchmark were present (see table 1.5). The correction process removed 1 % of the
BUSCOs mainly due to fusion events. The filtering process removed 1 % of the BUSCOs
mainly due to the count-based isoform and unigene filters applied. The final filtered transcrip-
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tome was further assessed using a homology-based method to determine isoforms sequence
coverage and global identity in comparison to possible database homologs. Both sequence
coverage (as base positions of the isoform covered by the alignment to a homologous se-
quence) and global identity (as the number of base positions identical between the query and
the homolgous reference) increased during the correction and filtering process.

Table 1.5 Tabular overview of BUSCOs benchmarking results. BUSCO provides a quanti-
tative measure of completeness for the three different transcriptomes. Completeness mea-
surements are inferred based on evolutionary-informed expectations of gene content from
near-universal single-copy orthologs selected from OrthoDB

Transcriptome Completeness Singletons Duplicates Fragments Missing

Raw 91% 244 632 (66%) 30 (3.1%) 50 (5.2%)
Corrected 90% 286 583 (60%) 32 (3.3%) 55 (5.7%)
Filtered 89% 300 555 (58%) 26 (2.7%) 75 (7.8%)



30 D. muscipula Transcriptomics

A

B

Id
e
n
ti
ty

CorrectedFilteredRaw

CorrectedFilteredRaw

C
o
v
e
ra
g
e

Fig. 1.9 Distribution of per sequence coverage and best-hit identity for the three different
assembly stages. A) The per sequence coverage (as base positions of the isoform covered
by the alignment to the best-hit homologous sequence) increased during the correction and
filtering process. B) The global identity (as the number of base positions identical between
the query and the best-hit homologous sequence in the alignment) drops slightly during
the correction process probably due to introduction of new isoforms. The filtering process
reverses this process and outperforms both the raw and the corrected transcriptome.
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Transcriptome annotation: The corrected transcriptome was annotated using homology
and profile based methods to predict conserved elements such as protein domains and
motifs, assign functional classifications and predict evolutionary relationships. All annotation
procedures were carried out on isoform sequences. Unigenes were assigned Gene Ontology
terms, MapMan bins as well as functional classification (e.g., transcription factor class) by
using a consensus decision across all individual isoform annotations for a given unigene.

Structural Annotation: Repetitive elements of individual isoforms were annotated with
RepeatMasker. Overall 18,277,850 bp (6.44%) of the corrected transcriptome were masked
as repetitive. Over 80% were removed during the filtering process. See table 1.6 for further
details. Isoforms were further searched for possible open reading frames (ORFs). A reading
frame had to be at least 90 bp long and protein domain containing ORFs were preferred over
those without any domain annotation. The final transcriptome contained 29,638 unigenes
with a complete ORF, 36,752 unigenes with only partial ORFs and 5290 unigenes that were
nested into larger ones. The amount of unigenes dropped substantially during the filtering
process after a slight increase due to the defusions happening during the correction. See table
1.7 for more details. The complete set of ORFs was used to search for conserved elements
such as protein domains and motifs defined in Interpro. See results of InterProScan in table
1.8.

Table 1.6 Repeat annotation of the corrected and the filtered transcriptome. Numbers
indicate isoform counts and covered base pairs (e.g., 41,025 isoforms / 13,430,716 bp
covered). Dominating repetitive elements were retrotransposons and DNA transposons.
49,387 isoforms and 19,921 unigenes were purely annotated with repetitive elements and
removed from the final transcriptome.

Type Corrected Filtered

Retroelements 41,025 / 13,430,716 5033 / 783,449
DNA transposons 8490 / 1,688,122 2904 / 400,302
Unclassified 868 / 187,046 360 / 56,235
Small RNA 919 / 130,241 90 / 6662
Satellites 268 / 21,419 86 / 5469
Simple repeats 27,873 / 1,138,420 53,627 / 1982.687
Low complexity 34,513 / 1,724,695 8923 / 444,617

Sum 113,956 / 18,320,659 71,023 / 3,679,421
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Table 1.7 Open reading frame annotation results of the corrected and filtered transcriptome.
Numbers indicate isoform and unigene counts (e.g., 108,414 isforms / 42,218 unigenes). The
ORF counts increased during correction (not shown) as expected since new unigenes and
isoforms are introduced. The filtering process removed 12,580 ORF containing unigenes.

Type Corrected Filtered

Complete ORFs 108,414 / 42,218 75,170 / 29,638
5-prime fragmented ORFs 66,798 / 42,033 35,601 / 19,680
3-prime fragmented ORFs 52,321 / 31,819 30,080 / 17,072
Internal ORFs 37,602 / 34,728 6332 / 5290

Table 1.8 Interpro annotation results based on the ORF complement of the corrected and
filtered transcriptome. Numbers indicate isoforms and unigene counts (e.g., 15,314 isforms /
6545 unigenes). The amount of unigenes with at least one annoated isoform was substantially
reduced during the filtering process mostly due to the removal of contamination and repetitive
elements.

Source Corrected Filtered

Coils 15,314 / 6545 9620 / 3366
Gene3D 62,158 / 30,355 34,538 / 11,686
Hamap 1814 / 944 1223 / 548
PANTHER 83,106 / 38,887 45,509 / 146,961
Pfam 86,770 / 41,291 47,347 / 16,163
Phobius 57,763 / 28,605 37,446 / 17,035
PIRSF 2645 / 1320 1838 / 8128
PRINTS 10,042 / 5128 6121 / 2440
SignalP 18,337 / 9560 11,783 / 5685
SMART 21,539 / 8223 14,769 / 4971
SUPERFAMILY 66,585 / 32,152 35,960 / 12,085
TIGRFAM 6883 / 3010 5198 / 1956
TMHMM 38,464 / 19,676 24,881 / 11,670
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Functional classification results Functional classes were initially assigned to isoforms
and then lifted to parental unigenes in case the isoform complement of an unigene did not
disagree. Gene ontology terms were assigned by combining blast-based homology hits and
protein domain annotations using Blast2GO. The lifting process allowed terms to be different
between isoforms when they had a common parent at the next parental node. Overall, 15,244
unigenes were assigned at least one gene ontology term. See table 1.9 for further details.

Table 1.9 Gene ontology annotation results. Numbers indicate isoforms and unigene counts
(e.g., 65,076 isforms / 21,335 unigenes). The filtering process removed two thirds of the
unigenes mostly due to the removal of contamination and repetitive elements.

Source Corrected Filtered

Blast 141,517 / 68,896 65,076 / 21,335
Generic GO 95,672 / 47,994 47,384 / 15,344
Plant GOSlim 95,672 / 47,994 47,384 / 15,344

MapMan ontology germs were mapped to isoforms using Mercator. The lifting process
assigned 15,649 unigenes of the filtered transcriptome to 940 different MapMan ontology
terms at 4 different levels. See table 1.10 for details. Transcription factor and transporter
classes were mapped to isoforms using 1-to-1 orthologous relationships between isforms
and the target databases PlantTFDB (transcription factors) and TCDB (transporter). The
filtered transcriptome contained 1052 unigenes annotated as transcription factor and 1313
unigenes as transporter. See tables 1.11 for further details on the different transcription factor
classes. The kinase complement was annotated using protein domain annotations and the
sub-classification system provided by kinomer.
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Table 1.10 MapMan annotation results. Numbers indicate isoforms and unigene counts (e.g.,
95,669 isforms / 55,788 unigenes). The filtering process removed two thirds of the annotated
unigenes mostly due to low expression and contamination flags. A crosscheck with known
bacterial proteins confirmed that Mercators mapping procedure also assigns non-eukaryotic
sequences especially to plastid-associated terms. The latter might explain why 2426 unigenes
where assigned to a MapMan term but removed by the contamination filter. See table 1.13
for class assignments.

Level Terms Corrected Filtered

1 23 95,669 / 55,788 43,334 / 15,649
2 233 95,616 / 55,762 43,296 / 15,638 /
3 450 14,677 / 5078 10,429 / 2452 /
4 223 4690 / 1995 3226 / 803 /
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Table 1.11 Transcription factor classification results. Numbers indicate isoforms and unigene
counts (e.g., 181 isforms / 85 unigenes). The most annotated classes were WRKYs, NACs
and C3H transcription factors. WRKYs are involved in responses to biotic and abiotic
stresses, seed dormancy, seed germination and senescence. NACs are involved in regulation
of biotic and abiotic stress responses while C3H transcription factors usually encode Zinc
finger (Znf) domains and have a large structural and functional diversity.

Class Corrected Filtered

AP2 181 / 85 150 / 79
ARF 302 / 73 251 / 67
ARR-B 621 / 214 524 / 172
B3 296 / 55 243 / 52
BBR-BPC 16 / 8 16 / 8
BES1 52 / 23 47 / 20
bHLH 414 / 109 318 / 91
bZIP 293 / 92 216 / 48
C2H2 507 / 249 340 / 160
C3H 2051 / 760 1443 / 428
CAMTA 500 / 135 394 / 104
CO-like 108 / 50 97 / 41
CPP 28 / 4 22 / 4
DBB 46 / 23 40 / 18
Dof 38 / 24 35 / 23
E2FDP 16 / 5 12 / 5
EIL 16 / 3 11 / 3
ERF 181 / 85 150 / 79
FAR1 565 / 121 105 / 32
G2-like 540 / 168 468 / 150
GATA 145 / 65 126 / 51
GeBP 42 / 21 34 / 13
GRAS 109 / 30 93 / 28
GRF 55 / 14 43 / 13
HB-other 188 / 54 157 / 49
HB-PHD 299 / 104 239 / 87
HD-ZIP 196 / 69 166 / 58
HSF 28 / 18 23 / 14
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Class Corrected Filtered

LBD 105 / 36 74 / 31
LFY 4 / 3 2 / 1
LSD 18 / 4 18 / 4
MIKC 139 / 55 127 / 48
M-type 127 / 57 117 / 50
MYB 951 / 333 754 / 254
MY Brelated 730 / 230 604 / 183
NAC 1607 / 483 1510 / 473
NF-X1 5 / 2 5 / 2
NF-YA 16 / 3 16 / 3
NF-YB 46 / 24 36 / 15
NF-YC 46 / 24 36 / 15
Nin-like 148 / 37 106 / 24
RAV 396 / 129 327 / 120
S1Fa-like 2 / 2 1 / 1
SBP 78 / 19 75 / 19
SRS 13 / 7 12 / 6
STAT 7 / 4 5 / 3
TALE 61 / 23 56 / 19
TCP 41 / 19 35 / 16
Trihelix 152 / 57 121 / 43
Whirly 10 / 2 9 / 2
WOX 140 / 47 121 / 43
WRKY 2225 / 895 1732 / 668
YABBY 30 / 11 21 / 8
ZF-HD 12 / 10 12 / 10
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Table 1.13 Kinase classification results. Numbers indicate isoforms and unigene counts (e.g.,
242 isforms / 98 unigenes). Kinomer assigned 455 out of 1010 annotated kinases to 12 sub
classes. The most frequent classes were tyrosine kinases (TKs), Ca2+/calmodulin-dependent
protein kinase (CAMKs) and CMGC kinases. The latter encodes MAPK growth- and stress-
response kinases, cell cycle CDKs (cyclin dependent kinases) and other kinases involved
in splicing and metabolic control. CAMKs and TKs can be further sub classified in other
related families and cover a broad structural and functional spectrum.

Class Corrected Filtered

AGC 242 / 98 206 / 88
Alpha 101 / 41 93 / 39
CAMK 463 / 179 386 / 162
CK1 32 / 15 31 / 15
CMGC 353 / 133 292 / 126
PDHK 13 / 8 13 / 8
PIKK 44 / 14 33 / 14
RGC 83 / 24 61 / 21
RIO 28 / 10 25 / 10
STE 142 / 57 118 / 54
TK 656 / 230 526 / 217
TKL 234 / 96 196 / 90
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Ortholog Mapping: Orthologous relationships to individual species or evolutionary con-
served groups of proteins were detected with a conditional reciprocal Best BLAST against
individual species (e.g., A. thaliana) or the eggnog-mapper. 13,907 unigenes were assigned
an orthologous relationship in comparison to A. thaliana while only 1149 where assigned to
one of the evolutionary conserved clusters defined by the eggNOG database (release 4.5).
See table 1.14 and 1.15 for details.

Table 1.14 Ortholog mapping between D. muscipula and A. thaliana. Numbers indicate
isoforms and unigene counts (e.g., 6252 isforms / 6110 unigenes). D. muscipula proteins
with a 1:1 relation to A. thaliana are usually represented by unigenes with a single isoform.
The reduction of 1:1 relationships is less substantial than the reduction of 1:n relations during
the filtering process. The latter might be related to technical challenges during the ortholog
detection. The most influencing negative factors might be the presence of unigenes with
a high number of isoforms as consequence of the genetic heterogeneity in the RNA pool
underlying the assembly and unresolved paralogous relationships rather than a biological
signal caused by alternative splicing events.

Type (D. muscipula : A. thaliana) Corrected Filtered

1:1 6252 / 6110 5489 / 5368
1:n 40421 / 13747 28955 / 8539

Table 1.15 Assignments of D. muscipula proteins to evolutionary conserved clusters defined
by the eggNOG database. The number of unigenes assigned to an individual NOG almost
correspond to a 1:1 relationship suggesting only a small number of possible expansions
in evolutionary conserved protein groups. The assignment was restricted to the filtered
transcriptome and might be heavily biased due to removal of real D. muscipula transcripts
during the filtering process. Especially the application of the low isoform usage or the low
unigene expression filters might have introduced the unwanted bias.

Covered Data sets Covered NOGs Isoforms Unigenes

Assignments 47 1067 3038 1149
Expansions1 31 191 764 227

1Expansion are nested (e.g., comp234559_c0.0_seq28 is part of 0347W-artNOG is part of 0IK0C-euNOG)
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1.4.4 Transcriptome quantification

Read mapping and transcript quantification Using the corrected transcriptome as refer-
ence, all read data sets were re-mapped. Re-mapping rates differed substantially between
experiments and samples. Mapping rates (see figure 1.11) and contamination rates (see figure
1.5) were literally reversed indicating a sample-specific contamination especially in insect-
treated and amplified samples. The high remapping rate for exp002 suggests a near complete
mapping target and further demonstrates the high complexity of the corrected transcriptome
since the data sets represents a pool of various tissues and treatments. The fragment length
distribution for all experiments peaked around 150 bp and the mapping quality correlated
with the Phred Quality Distribution of the reads (see figure 1.12). Transcripts were quantified
based on the raw read mappings without noticeable problems.
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Fig. 1.11 Short read re-mapping rates of all RNA-seq experiments used throughout this thesis.
Mappings rates efficiency develops independent of the tissues but according to the respective
RNA-seq experiment. Data sets that have been produced from amplified RNA-seq pools tend
to have lower re-mapping rates (e.g., exp006). Mapping rates roughly anti-correlate with the
contamination rates (see figure 1.5).
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Fig. 1.12 Exemplary plot of the observed mapping quality vs. the Phred quality scores of the
underlying short reads (exp001 Trap Replicate 1). Read qualities and mapping qualities are
developing almost linear.

Normalization Quantification results were integrated and normalized per experiment.
Quality control was carried out on blindly normalized expression data sets that were variance
stabilized (see section 1.3.6). The actual transcriptome analysis was carried out using the
conditional normalization procedure implemented in DESeq. All experiments (exp005 and
exp006 are described in section 1.4.6) were tested for outliers and only two samples (exp001
Gland L2 and exp004 TrapInsect L1) were marked (during 1 out of 3 outlier tests). Conditions
and tissues always clustered according to the intended experimental factor (e.g., tissues or
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treatment) and never show unintended causes such as batch effects. Experiments showed no
noticeable problems in the standard deviation of the expression values (see figure 1.14). The
running median of the standard deviation developed approximately horizontal, independent
of the mean expression values and shows no substantial trend. Most experiments showed a
hump on the right, normally indicating a saturation of the expression intensities in microarray
data. In case of RNA-seq data the hump probably indicates incomplete saturation caused by
a lower sequencing depth.
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Fig. 1.13 False color heatmap of the distances between samples of all experiments. The scale
is adjusted to the distance range observed in each experiment individually. The distance dab
between two samples a and b was defined as δab = mean|Mai −Mbi|, where Mai is the value
of the i-th unigene of the a-th experiment. Samples were marked as outlier with asterisk,
when their sum of the distances to all other samples, Sa = ∑b dab dab was exceptionally large.
Two such arrays were detected (exp001 Gland L2 and exp004 TrapInsect L1). Nevertheless,
all experiments showed a valid clustering of their samples in conditional groups or tissues.
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exp004 exp008
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Fig. 1.14 Standard deviation of the expression counts across all RNA-seq experiments. All
samples behave accordingly. The approximately horizontal lines indicate no substantial trend
as typically expected. Humps on the right are caused by a slightly higher variability in the
higher expression range. The trend might indicate a normalization bias at higher expression
ranges and mimics the different sequencing depths.
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Data: Annotation and Expression Results

Sequence annotations, expression quantifications and differential testing results
(described in the previous sections) of the D. muscipula reference transcriptome
are available through the Carnivorome transcriptome browser (http://tbro.carnivo-
rome.org). Raw sequence data has been submitted to the NCBI BioProject
(http://www.ncbi.nlm.nih.gov/bioproject) under accession number PRJNA203407. The
data is also accessible on the storage system (currently wrzh089).

BASE=/storage/genomics/projects/dmuscipula/transcriptome
$BASE/mapping # Read mappings and quantification
$BASE/annotation # Transcriptome annotation
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1.4.5 The molecular make-up of a non-stimulated trap

The reference transcriptome was used to identify linearly uncorrelated variables (principal
components) with a Principal Component Analysis (PCA) on variance-stabilized expression
data. The first three principal components accounted for 72.46 % of variability in the
reference transcriptome (see figure 1.15A and B). The first component explained 34.87 %
of the variability and separated roots and flowers from petioles and traps. Genes positively
correlated with roots and flowers showed cell cycle and protein modification processes
enriched while petioles and traps displayed higher transcriptional activity in photosynthesis
and translation (see table 1.17). The second component accounted for 22.08 % of variability
and separated flowers from the rest of the tissues. Genes positively correlated with flowers
showed a number of development and differentiation-related biological processes enriched
while petioles, traps and roots showed signaling-related enrichments (see table 1.18). The
third component represented 15.50 % of the overall variability and separated traps from
the rest of the tissues. Traps were associated with responses to external stimuli and the
generation of precursor metabolites and energy while the other tissues were not enriched for
any particular biological processes (see table 1.19).
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Table 1.17 Gene ontology enrichment result of genes significantly contributing to the 1st
principal component of non-stimulated tissue. The analysis was run separately for genes
positively and negatively correlated with the respective principal component.

Group Term Genes DEG adj. P-Value

Root & Flower
cell cycle 435 184 5.60×10−11

cellular protein modification process 1205 397 4.30×10−5

Trap & Petiole
photosynthesis 370 138 1.16×10−22

translation 623 157 3.88×10−8

Table 1.18 Gene ontology enrichment result of genes significantly contributing to the 2nd
principal component of non stimulated tissue. The analysis was run separately for genes
positively and negatively correlated with the respective principal component.

Group Term Genes DEG adj. P-Value

Flower

regulation of gene expression, epigeneti... 153 72 8.73×10−9

cell cycle 279 107 8.54×10−7

DNA metabolic process 303 113 2.04×10−6

cell differentiation 278 103 1.36×10−5

anatomical structure morphogenesis 489 161 3.88×10−5

cellular component organization 911 272 5.14×10−5

multicellular organismal development 962 294 2.72×10−3

flower development 281 95 3.88×10−3

Others
response to extracellular stimulus 80 33 5.72×10−4

cell communication 567 127 2.62×10−3

Table 1.19 Gene ontology enrichment result of genes significantly contributing to the 3rd
principal component of non-stimulated tissue. The analysis was run separately for genes
positively and negatively correlated with the respective principal component.

Group Term Genes DEG adj. P-Value

Traps
response to external stimulus 232 76 7.80×10−6

generation of precursor metabolites and ... 171 62 1.80×10−5
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The principal component analysis was complemented with a global all-versus-all pairwise
differential expression test to further shed light on the commonalities underlying first threes
observed variables. The DE tests between roots, traps, flowers and petioles revealed 17,715
out of the 51,196 genes as differentially expressed in at least one pairwise comparison (1.16).
14,089 DEGs were detected DE in more than one comparison. Intersecting the four sets
of DEGs from each tissues showed 3626 organ-specific DEGs, with the highest number
for the roots (1470) followed by the flowers (1113), petioles (655), and traps (388). Gene
ontology enrichments for all four sets of organ-specific DEGs (those genes DE in only a
single tissues/organ) showed only significant enrichments for flower-specific DEGs (see table
1.20). All others tissues lacked organ-specific enrichment signatures.
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Fig. 1.16 Intersection analysis of all-vs-all differential expression testing results. Overall,
14,088 DEGs were shared by at least two tissues while 3626 DEGs are most likely expressed
in a tissue-specific manner.

Table 1.20 Gene ontology enrichment result of DEGs only detected in the flower using the
4-way Venn analysis. Only genes with a base mean expression value of equal or larger than
100 were taken into account.

Term Genes DEG adj. P-Value

anatomical structure morphogenesis 1,286 88 1.96×10−6

cell growth 537 40 3.40×10−3

cell cycle 676 46 8.24×10−3
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Since the majority of DEGs were frequently detected in more than one pairwise comparison
the global relationship between non-stimulated tissues was further investigated with a corre-
lation analysis on complete expression profiles. Traps correlated the most with petioles (see
figure 1.17A; Pearson correlation coefficient 0.77, p-value 0), followed by flowers (Pearson
correlation coefficient 0.6, p-value 0) and roots ((Pearson correlation coefficient 0.54, p-value
0)). Thus, the correlation analysis revealed textbook knowledge, but for the first time with
molecular evidence, that the traps of D. muscipula are indeed modified leaves. Because the
medium-ranged correlation coefficient between traps and leaves pointed to the existence of
carnivorous signatures, a second correlation analysis was carried out. The expression profile
of traps was replaced by two profiles from glands and rims (free of digesting glands but
containing nectaries) to represent the heterogeneous nature of the different trap tissues better.
The glands on the inner surface of the trap were previously identified as being responsable
for prey digestion and the nutrient uptake (Juniper et al. 1989; Escalante-Perez et al. 2011)
and thus, are a good candidate tissues for carnivorous signatures. The correlation analysis
revealed rims and petioles as being the most strongly correlated expression profiles (see figure
1.17B; Pearson correlation coefficient 0.93, p-value 0) supporting the signals from the first
correlation analysis. Interestingly, the 2nd most strongest correlation was found for roots and
glands (see figure 1.17B; Pearson correlation coefficient 0.55, p-value 0), two sink tissues
that have secretory capabilities [291]. Since strong functional signals are often encoded
in DEGs, both tissues were tested against petioles. Glands revealed 7,427 DEGs when
while roots revealed 6,897 DEGs when compared to petioles. Both DEG sets overlapped in
5,013 DEGs. Shared DEGs (and the associated p-values from the comparison petiole versus
gland) were used as input for an gene ontology enrichment which revealed strong signals of
transport, stress response and protein metabolic processes (see table 1.21).
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Fig. 1.17 (A) Hierarchically clustered visualization of the global Pearson correlation between
all major tissues/organs. All individual pairwise correlations are significant according to
multiple testing adjusted probabilities. (B) Visualization of the global Pearson correlation
between all major tissues with traps being represented by non-glandular rims and glands.
Again all correlations tested are significant.

Table 1.21 Gene ontology enrichment result of DEGs detected in the roots and glands alike.
Only genes with an base mean expression value of equal or larger than 100 were taken into
account.

Term Genes DEG adj. P-Value

protein metabolic process 3361 1282 2.50×10−11

transport 2416 929 3.40×10−7

response to stress 2567 970 8.50×10−6

A second enrichment was carried out to complement biological process aspects with molec-
ular functions. To obtain the most fine-grained result the enrichment was conducted using
lower level MapMan bins (level 3; Thimm et al. 2004) coupled with a generally applicable
gene-set enrichment (GAGE; Luo et al. 2009a). The enrichment test revealed that DE gene-
set shared between glands and roots accumulated genes involved transcriptional regulation
via AP2, C2H2, WRKY and bHLH-like transcription factors, protein synthesis (ribosome
biogenesis), protein modification and degradation, as well as protein targeting along the
secretory pathway (see table 1.22).
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1.4.6 The trigger hairs

The trigger hairs of D. muscipula play a pivotal role during insect capturing [32]. It detects
the insect movement and converts the mechanical stimulus into an electrical signal which
in the following travels across the whole trap surface triggering the fast closure of the trap.
Compared to the "rest" of the trap, the trigger hair comprises only a few hundred cells. To
investigate the transcriptomic landscape of trigger hairs, two different RNA-Seq strategies
were tested. The first strategy involved collection of small amounts of hairs from an individual
plant as well as a control tissues (gland), amplification of extracted RNA (respectively cDNA)
and subsequent transcriptome profiling (exp006). The procedure was also carried out with
RNA isolated from whole traps and COR-stimulated traps using a single replicate (exp005).
The second strategy involved collection of large amounts of trigger hairs from multiple
isolates (which might be genetically different) as well as a control tissue (gland) followed
by transcriptome profiling (exp007). Amplification and RNA-seq was carried out by LGC
Genomics GmbH, Ostendstraße 25, 12459 Berlin. Each individual RNA-seq study was
assessed standalone and compared to similar samples from the resting transcriptome profile
(exp001; gland, trap and COR-stimulated trap). Quality of exp005 was not assessed due to
missing replicates. Instead, it was directly compared with selected samples from exp001.
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Amplification benchmark I The comparison of non-stimulated traps and glands as well
as COR-stimulated traps (all three exp001) with amplified samples from trap and COR-
stimulated (exp005) showed a significant batch effect (see figure 1.18 C). The first component
of the PCA accounted for 31.15% of the variance and separated amplified from non-amplified
data sets pointing again towards a dramatic unintended experimental effect. The second
component separated COR-stimulated from non-stimulated samples and accounted for 21,6%
of the overall variance. Sample distances of the two amplified samples to the rest were
exceptionally larger than for the non-amplified samples (see figure 1.18 A,D). Additionally,
the variance mean dependence showed a slight increase in the standard deviation of the
variance for highly expressed genes (see figure 1.18 B).
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Fig. 1.18 Benchmark results from amplified trap samples. (A) The between sample distance
heatmap showed an unintended clustering of amplified trap samples. Axis labels indicate
simple sample numbering. (B) The variance mean dependency showed the typical hump on
the right but with a non-horizontal trend indicating an amplification bias for highly expressed
genes. (C) The Principal Component Analysis splits amplified and non-amplified samples
apart and supports the trend already seen in the distance heatmap. (D) The outlier detection
for distances between samples clearly showed the amplified samples to be more problematic
and marked at least two of them as outlier.
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Amplification benchmark II Comparison of amplified samples from glands and hairs
with a) gland samples from the resting transcriptome profiling and b) with samples from
pooled hairs and glands resulted in a similar picture as in traps. Amplified glands and hairs
show a greater sample distance to the other samples and are marked as outlier (see figure
1.19 A,D). The PCA again showed a strong batch effect separating amplified hairs from
the rest accounting for 27,84% of the variance. The second component did not separate
the samples according to condition/tissues but roughly according to experiments. Samples
from pooled tissue samples (exp007) are much more scattered than samples from the resting
transcriptome profiling (exp001, see figure 1.19 C). The variance mean dependence showed
a dramatic increase in the standard deviation of the variance for highly expressed genes (see
figure 1.19 B).
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Fig. 1.19 Benchmark results from amplified gland and hair samples — (A) The between
sample distance heatmap showed an unintended clustering of amplified hair and gland
samples. (B) The variance mean dependency showed the typical hump on the right but with
a non-horizontal trend indicating an amplification bias for highly expressed genes. (C) The
Principal Component Analysis splits amplified and non-amplified samples apart and supports
the trend already seen in the distance heatmap. (D) The outlier detection for distances
between samples clearly showed the amplified samples to be more problematic and marked
at least two of them as outlier (see sub figure A and D; samples 7 and 8).
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Bias analysis All above mentioned expression data sets were used to assess a) skims in the
nucleotide distribution and b) the ratios of 5 prime as well as 3 prime biases [250]. The GC
content (see figure 1.3) was dramatically shifted towards lower GC content in all amplified
data sets. CollectRnaSeqMetrics from the picard command line tools was used to produce a
metrics describing the distribution of the bases within the transcripts and identify the median
coverage depth as well as the ratios of 5 prime and 3 prime biases [36]. Especially, amplified
data sets from exp005 and exp006 experienced a strong median 3 and 5 prime bias in the
1000 most highly expressed transcripts (data not shown).

Summary PCR amplification prior to RNA sequencing introduced strong batch effects
when compared to non-amplified samples even when the RNA was extracted from a pool
tissues/individuals. The strength of the effect is tissue-depended since glands are much
weaker affected than hairs. On the contrary, samples from pooled tissues or individuals
(exp007) are much more variant than samples from more homogeneous experiments (exp001).
Since the amplifications bias is very strong, the amplification strategy was not considered
suitable. All subsequent analysis of the trigger hairs are therefore carried out on the samples
from pooled tissues (exp007) keeping the heterogeneity of the samples in mind.
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Transcriptomic landscape of the trigger hairs The trigger hairs of D. muscipula are part
of the sensory system that enables the plant to quickly close its traps. Nevertheless, the
trigger hairs are not the only tissue that can be mechanically stimulated (e.g., glands) or is
capable of generating action potentials. To better understand the transcriptomic markup of
the trigger hair it was thus compared to trap rims, a tissue thought to be incapable to generate
electrical impulses. Thus, rim might not express the components of the sensory system and is
likely the most suitable tissue to be used as a testing background. RNA-seq profiles of hairs,
traps, glands and petioles were tested against rim as background. The overall expression
profile of trigger hairs correlated most with the expression profile of flowers (see figure 1.20).
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Fig. 1.20 Tissues-by-tissue correlation of non-stimulated tissues including hairs. Hierar-
chically clustered visualization of the global Pearson correlation between all major tissues
or organs including hairs. All individual pairwise correlations are significant according to
multiple testing adjusted probabilities.
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Similar to the analysis of the resting reference transcriptome a Principal Component Analysis
(PCA) on variance-stabilized expression data was carried out. The first three principal
components accounted for 95.50 % compared to 72.46 % of variability in the reference
transcriptome (see figure 1.15 A and B as well as 1.23). The first component explained
28.52 % of the variability and separated hairs from flowers, traps, rims and petioles which
are separated from glands and roots. Genes positively correlated with roots, glands and
flowers showed translation and transport processes enriched while petioles, rims, hairs
and traps displayed processes involved in tropism, reproduction and development enriched.
The second component separated photosynthetically active tissues from the rest while the
third component separated trap tissues (trap, gland an hair) from non-trap organs with trap
tissues being enriched for biological processes involved in translation, response to stress and
transport.
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Trigger hairs showed 5,527 unigenes differentially expressed compared to rim. Of these,
1,363 overlapped with traps, 2,075 overlapped with glands and 673 overlapped with petioles.
Enrichments were carried out on subsets defined by a Venn analysis (see figure 1.23).
Unigenes differentially expressed only in hairs were mostly involved in developmental
processes and cell differentiation (see table 1.23. Unigenes shared with traps and glands
were involved in transport processes while unigenes shared with petioles were enriched for
DNA metabolic processes (see table 1.23.
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Table 1.23 Gene ontology enrichment results of DEG subsets derived from the intersection
analysis. DEG results from a comparison between rim and petiole were removed prior to
the enrichment. Only genes with a base mean expression value of equal or larger than 100
were taken into account. Subset ids correspond to ids in figure 1.22. S7 is not shown due to
unavailability of the data at the time of submission.

Subset Term Genes DEG adj. P-Value

S1

tropism 140 41 1.3e-16
regulation of gene expression, epigenetic 363 64 2.9e-13
cell cycle 675 96 3.0e-13
reproduction 1115 134 2.0e-12
cellular protein modification process 1899 187 2.6e-09
cellular component organization 2670 242 1.4e-08
anatomical structure morphogenesis 1301 135 3.5e-08
multicellular organismal development 2583 271 4.0e-08
post-embryonic development 1588 169 1.4e-07
nucleobase-containing compound metabolic process 3438 308 2.4e-07
cell-cell signaling 79 19 6.2e-07
signal transduction 1227 118 1.3e-05
DNA metabolic process 793 83 1.5e-05
embryo development 525 60 2.0e-05
flower development 686 72 5.3e-05
cell differentiation 830 83 7.8e-05
growth 713 70 0.00055

S2
nucleobase-containing compound metabolic process 3438 47 6.6e-05
cell cycle 675 15 0.00011
DNA metabolic process 793 14 0.00188

S3
anatomical structure morphogenesis 1301 27 0.0012
reproduction 1115 23 0.0031
tropism 140 6 0.0050

S4 signal transduction 1227 6 0.0035

S5 transport 2487 145 5.1e-05

S6 cellular protein modification process 1899 37 3e-04

S8

DNA metabolic process 793 22 4.7e-06
reproduction 1115 25 3.9e-05
nucleobase-containing compound metabolic process 3438 59 0.00031
cell cycle 675 15 0.00182
post-embryonic development 1588 22 0.00570
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In order to describe the nature of trigger hair DEGs (from a comparison to rim) and their
enrichment signals more meaningful, a clustering relying on semantic similarity measures
was applied (see section 1.4.9). A inspection of the treemap revealed that the terms "trichome
morphogenesis", "gravitropism" and "protein desumoylation" successfully represented most
of the raw GO terms. See section 1.4.9 for more detail on the tree mapping procedure.
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Fig. 1.23 Gene Ontology treemap of terms enriched in trigger hairs DEGs from a comparison
to rims. The plot was drawn with Revigo [269] using Resniks normalized semantic similarity
measures and a low similarity score of 0.4 to optimally group similar terms.

Mechano-sensitive potential Plants can survive mechanical stimulation and even use it
to change their own architecture [222]. D. muscipula is using mechanical stimulation to to
drive its trap closure. Especially the trigger hairs are able to couple a mechanical stimulus
to an electrical signal that activates the trapping mechanism. Three groups of proteins
are able to fulfill this biological functions, namely linkage proteins, mechanosensitive ion
channels and some structural elements. A homology-based search for linkage proteins in
particular NDR1-like integrins [171] resulted in a well annotated D. muscipula homolog
(comp226242_c2_seq11) expressed mainly in trap, down-regulated by insect stimulation. All
other hits contained no transmembrane domain and were not considered further. Expression
in hairs was similar to glands but not as high as in whole traps. The second group of proteins
linked to mechanosensitivity are mechanosensitive ion channels. A profile-based search
for MscS-like channels, Mid1-complementing activity channels (MCA) [211], two-pore
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potassium (TPK) channels and PIEZO-like channels was conducted. Five TPKs (PF07885)
were identified in the reference transcriptome, but none was differentially expressed in
hairs and only one in glands (TPK1-like, comp220323_c1_seq4). Using the PLAC8 do-
main 14 MCA-like unigenes were identified. Three were differentially expressed in hairs
(comp234198_c1.0_seq1, comp226866_c0.1_seq1, comp211686_c0_seq1) compared to rim
but were also differentially expressed in glands and in parts during insect stimulation. Due
to the collection procedure of the hairs gland contamination can not be excluded. Unigenes
where hairs and glands both show differentially expression whereas gland exhibit a higher
expression mean are considered contamination in hair samples. Using the MSL domain
(PF00924) 6 MSL-like unigenes were identified. Three were differentially expressed in
hairs. A MSL6-like unigene (comp215746_c0.0_seq1) was differentially expressed only in
flowers, roots and hair with nearly no expression in the other tissues. A MSL10-like unigene
(comp224798_c0_seq1) was exclusively expressed in hairs experiencing a 46 fold change
compared to rim. The third unigenes was misjoint with a transcription factor sequence and
discarded. Lastly, homology-based search for PIEZO1-like channels was conducted. A single
significant hit identified a PIEZO1-like unigene (comp234339_c0.0_seq1) with Uniprot entry
Q92508 as query. The channel was slightly up-regulated in hairs compared to rim but was in
general ubiquitously expressed in all tissues and organs.

Signaling-related Kinases Recent studies suggested that plant mechanosensors could also
continuously survey the mechanical status of the cell walls [56, 207, 138]. So far no cell-wall
integrity sensors, as those existing in yeast [146, 186] were identified. Instead, plants might
leverage their very large family of membrane-localized receptor-like kinases (RLKs) for
this task. Potential candidate RLK cell-wall integrity sensors contain a cytosolic kinase
domain, a single membrane-spanning domain, and an extracellular domain, putatively to bind
carbohydrates [107, 135]. Using a homology-based search, the most promising candiates
were identified in the reference transcriptome and expression evaluated. Five potential
candidate RLK were found, two wall-associated kinases (WAK2 - comp232235_c0_seq2,
WAK5 - comp230140_c0.0_seq1; [172]) with significantly higher expression in hairs and
flowers, a THE1-like kinase (comp226143_c0.0_seq5; [126]) with higher expression in roots
and flowers, a FER-like kinase (comp234198_c0.0_seq4; [77]) with high expression in roots,
flowers and hairs as well as a HERK1-like kinase (comp234459_c0.1_seq1, [117]) with high
expression in all tissues and slight up-regulation in hairs. An ANX1 or ANX2 homolog was
not identified. None of the kinases showed a hair-exclusive expression pattern or a complete
absence in rims.
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1.4.7 Secretion-response to insect feeding

The molecular make-up of a non-stimulated D. muscipula revealed a strong similarity between
the transcriptional landscape of glands and roots. Both showed a typical expression profile of
a sink tissue. A subsequent morphological analysis via transmission electron microscopy
(TEM) confirmed the enrichment results from the initial expression analysis (see table 1.22,
[25]). The analysis also revealed that the glands undergo massive structural changes during
insect-feeding or COR treatment. In order to associate these ultra-structural changes with
molecular activities, resting and active glands were compared. Glands were stimulated with
insects to activate secretion. Mechanically separated glands from the inner trap surface were
subjected to transcriptome profiling after 24h of the onset of the stimulus. Stimulated glands
show 3,447 genes up- and 2,826 genes down-regulated. The majority of the up-regulated
genes were indicative for highly active transport, signal transduction and stress responses
(see table 1.24 and 1.25).

Table 1.24 Gene ontology enrichment result of DEGs detected in insect-stimulated glands.
Only genes with a base mean expression value of equal or larger than 100 were taken into
account.

Term Genes DEG adj. P-Value

transport 2286 460 2.2e-10
signal transduction 1147 233 8.7e-06
response to endogenous stimulus 1024 210 1.3e-05
response to biotic stimulus 831 164 0.00085
response to stress 2439 430 0.00250
response to external stimulus 1198 228 0.00355
cell death 257 57 0.00387
response to abiotic stimulus 1877 334 0.00486
catabolic process 1670 297 0.00829
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Fig. 1.24 The hydrolytic cocktail of D. muscipula adopted from [25]. (A left) Venn diagram
of potential secretome members from an overlay of RNA-seq data (resting and insect-
stimulated glands) and HTS proteomic measurements of secretions from chemically (COR),
mechanically and insect-stimulated traps. Numbers indicate up- (top) and down- (bottom)
regulated transcripts. Potential candidates are limited to transcripts being differentially
regulated, containing a proper signal peptide and being detected at least once using HTS
proteomics. (B) List of potential secretome members that were differentially up-regulated
after insect-stimulation and detected in all three HTS proteomic measurements.

Results of the GO and MapMan bin enrichments point towards a elevated transcription
of components which are potentially part of the hydrolytic cocktail (e.g., MapMan bins
protein.degradation.serine protease and stress.biotic.PR-proteins). Three layers of evidence
were combined to understand the composition of the hydrolytic cocktail in detail. DE
results from exp008 for both, non-stimulated and insect-stimulated glands were overlay
with profile-based signal peptide annotations (10,562 unigenes had an annotated signal
peptide) and High Throughput Screening (HTS) proteomics data. The proteomic data
comprised peptide measurements from the secreted mucilage collected after mechanical
(140 unigenes with at least one peptide matching isoform), insect (380 unigenes with at
least one peptide matching isoform) and COR (247 unigenes with at least one peptide
matching isoform) stimulation. Within the group of up-regulated, signal peptide containing
transcripts, 42 were differentially expressed. Using the HTS proteomic data set of the
secretion fluid, all 42 candidate genes were confirmed to be actively secreted (see left
figure 1.4.7). Among them, fifteen proteins were secreted irrespective of the nature of
the stimulus (COR, trigger hair stimulation or insect). They encoded secretome-related
proteins with hydrolase activity such as proteases, phosphatases and chitinases, as well as
defensin-like (DEFL) cysteine-rich proteins (see right figure 1.4.7). On the contrary, only
13 down-regulated DEGs had proteomic evidence together with an annotated signal peptide
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(see left figure 1.4.7, denominators). The most abundant transcripts that were secreted
irrespective of the nature of the stimulus (COR, trigger hair stimulation or insect) encoded
the aspartic protease nepenthesin (Nep) [40] and a Lipid Transfer Protein (LTP). In summary,
some components of the hydrolytic cocktail already showed a high expression in resting
glands but the majority of components showed a massive induction ranging from 5 to 900-
fold after stimulation. Abovementioned enzymes are likely to be secreted into the traps
through exocytosis [6]. Potential components of the exocytosis machinery were identified
using annotated A. thaliana components ("Exocyst complex component") and the CRB
ortholog map (see table 1.28). Using 15 A. thaliana components, 19 putative D. muscipula
components of the exocytosis machinery were identified. Additional components were
identified using Pfam protein domain annotations (PF15469, PF15278, PF16528, PF09763,
PF07393, PF04091, PF04048, PF15277, PF06046, PF03081). Most components were not
up-regulated after insect stimulation but experienced an higher expression in resting Glands
than in resting Petioles (exp001).

Table 1.26 Summary of putative members of the exocytosis machinery and their transcrip-
tional regulation. Most components experienced an higher expression in resting Glands than
compared to resting Petioles (exp001).

Function Component Count DE(Insect) DE(Gland)2

Sec5 (PF15469) 2 0 0
Sec3_C_2 (PF15278) 0 0 0
Exo84_C (PF16528) 0 0 0
Sec3_C (PF09763) 5 0 5
Sec10 (PF07393) 3 0 1
Sec15 (PF04091) 2 0 2

Sec8_exocyst (PF04048) 1 0 1
Sec3-PIP2_bind (PF15277) 2 0 0

Sec6 (PF06046) 1 0 0
Exo70 (PF03081) 15 0 8

2compared to Petiole
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1.4.8 Inventory of the glandular nutrient uptake machinery

During the digestion of the prey, metabolites and minerals containing essential plant nutrients
like nitrogen (N), phosphorus (P), potassium (K), calcium (Ca), sulphur (S), and magnesium
(Mg) are released (Adamec, 1997). Several studies with organic nitrogen and carbon suggest
that the glands are responsible for the nutrient resorption (Schulze et al., 2001; Kruse et al.,
2014), but the molecular landscape of the uptake machinery remained unknown in larger parts.
Again, a combination of profile-based transmembrane annotations (see TMHMM annotations
described in section 1.8), homology-based transporter classification (see TCDB annotations
described in section 1.3.8) and differential expression testing (exp008) was used to mine
for potential transporter in both, the resting and the insect-feeding glands of D. muscipula.
Transporter classification as well as substrate targets and likely transporter localizations were
manually curated by Dirk Becker, Department of Botany I, University of Würzburg. Out of
2950 transcripts classified according to the transporter classification (TC) system, 145 were
down-regulated and 148 up-regulated after insect-stimulation of glands. Secondary active
transporters represented the most frequent and strongly regulated class (see figure 1.25 A).
The amount of transport proteins involved in plasma membrane transport was significant
increased in insect-stimulated glands. On the contrary, plastid localized transporters appeared
strongly down-regulated, with the exception of the energy-supplying, plastidic ATP/ADP
antiporter NTT1, that was strongly induced (see figure 1.25 B; Flugge et al., 2011). Several
transporter substrate classes showed transcripts with a drastic up-regulation (see figure 1.25
C). Especially phosphate, metal, nitrogen and nucleotide transporter showed larger expression
changes. Notably, highly induced plasma membrane phosphate transporters PT1 and PT2
(Shin et al., 2004) and a high-affinity molybdate transporter MOT1 (Tomatsu et al., 2007)
were up-regulated in insect-stimulated glands. Likewise, plasma membrane transporters for
sulphate, as well as nitrogen-containing solutes, were induced by insect stimulation. See
supplementary table 15 in [25] for a detailed overview of the transportome or explore the
transportome under http://tbro.carnivorom.com/tbro/graphs/S15_Transportome. Transporters,
especially transporters up-regulated in non-stimulated glands were cross-validated using
High Throughput Screening (HTS) proteomics data produced from whole trap membrane
extracts (unpublished material from Prof. Dr. Waltraud Schulze, Plant Systems Biology,
University of Hohenheim). None of the 293 differentially regulated transporters were found
with the HTS screen most likely due to sub optimal experimental resolution or an insufficient
expression level (e.g., compared to expression levels of secreted proteins).

http://tbro.carnivorom.com/tbro/graphs/S15_Transportome
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Fig. 1.25 The D. muscipula transporter inventory and potential components of the glandular
nutrient machinery. (A) Bean plot of logarithmic fold changes (LFC) for all transporters
grouped into major TCDB classes. Upper and lower distribution for each bean show up-
and down-regulated transporters respectively. Black bars indicate the median LFC of each
class per condition. White ticks indicate individual transporters. The class “Electrochemical
potential-driven transporters” contains the most up regulated members. (B) Numbers of
differentially regulated transporters grouped by their potential sub cellular location. Trans-
porters are binned according to their LFC. Bin colours indicate the range of the underlying
LFC. (C) Numbers of differentially regulated transporters grouped by their potential substrate
class.
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Most transport processes are driven by electrochemical gradients across the plasma membrane.
Especially P-Type H+ ATPases contribute to the maintenance of the gradient. An additional
P-Type H+ ATPase search using the Interpro profile IPR008250 was conducted. From 93
unigenes (respectively 187 isoforms) annotated as P-Type H+ ATPase, 10 were up-regulated
in insect-stimulated glands while 12 were down-regulated. The most strongest up-regulated
transcript was a AHA1-like P-Type H+ ATPase thought to be involved in jasmonate-induced
ion fluxes and stomatal closure (see figure 1.26) [198].
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Fig. 1.26 Expression changes of a AHA1-like P-Type H+ ATPase after insect stimulation
in glands. The already highly expressed ATPase gets further up-regulated after insect
stimulation. Expression data was taken from the current D. muscipula transcriptome browser
(http://tbro.carnivorom.com)

http://tbro.carnivorom.com
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Endocytosis provides another potential nutrient resorption mechanisms next to transporters
and channels (Adlassnig et al., 2012) but is less understood in plants. Potential components
of the endocytosis machinery were identified using published A. thaliana components and
the CRB ortholog map (see table 1.28). Most components were not up-regulated after insect
stimulation but experienced a higher expression in resting glands than in resting petioles
(exp001).

Table 1.28 [Summary of putative members of the endocytosis machinery and their transcrip-
tional regulation

Function A. thaliana Proteins CRBs DE(Insect) DE(Gland)3

Adaptors 14 18 4 9
Accessory proteins 6 8 1 4

Clathrin coat 5 13 1 2
Scission 6 10 1 5

3compared to Petiole
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1.4.9 Trap-wide response to insect feeding

Functional enrichment of insect-stimulated DEGs in glands showed a stress-like re-
sponse. The expression of stress-related proteins with hydrolytic, proteinase-inhibitory
and membrane-permeabilizing ability (e.g., MapMan bin stress.biotic.PR-proteins, pro-
tein.degradation.serine protease) indicates that molecular pathways resembling defence and
or wounding responses might be active during the feeding process. In order to capture the
trap-wide response to insect stimulation transcriptomic profiles were generated. Testing
for differential expression between insect-stimulated and resting traps (exp004) identified
2,137 genes as up-regulated while 852 where suppressed. Similar to the stimulated glands,
insect-stimulated traps displayed a massive stress response and a high transport activity (see
table 1.29 and 1.30).

Table 1.29 Gene ontology enrichment result of DEGs detected in insect-stimulated traps.
Only genes with a base mean expression value of equal or larger than 100 were taken into
account.

Term Genes DEG adj. P-Value

response to stress 2520 276 1.2×10−10

transmembrane transport 643 84 1.5×10−6

cell death 282 43 1.5×10−5

immune system process 506 66 2.1×10−5

signal transduction 1175 126 0.0001
transport 2373 237 0.0011
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In order to describe the nature of the GO enrichment set more meaningful a clustering
relying on semantic similarity measures was applied [269]. GO terms where summarized by
removing redundant GO terms when they contained "is a" relations (e.g., "car" is similar to
"bus", but is also related to "road" and "driving"). The resulting representative subset was
visualized with tree mapping, a method that uses nested rectangles to display hierarchical
data (see 1.27).

Fig. 1.27 Gene ontology treemap of insect-stimulated traps. The plot was drawn with Revigo
[269] using Resniks normalized semantic similarity measures and a low similarity score of
0.4 to optimally group similar terms. The two terms "response to wounding" and "jasmonic
acid biosynthesis" almost entirely represented the raw gene ontology terms.

A visual inspection of the treemap revealed that the terms "response to wounding" and
"jasmonic acid biosynthesis" successfully represented most of the raw GO terms. An
individual analysis of JA core components in glands and traps (see figure 1.28) further
showed that insect stimulation accelerates the expression of genes related to jasmonic acid
biosynthesis. A highly similar transcriptional response was triggered when the JA mimic
COR was applied to glands and traps (see figure1.28). Both COR and insects seem to activate
the oxylipin pathway leading to the formation of 12-oxo phytodienoic acid (OPDA). Insects,
however, seem to further promote biosynthesis of JA-Ile, the true COI1 ligand [253] by an
elevated production of downstream biosynthesis components.
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Fig. 1.28 Expression patterns of jasmonic acid biosynthesis core components in resting traps
as well as traps after COR and insect stimulation adopted from [25]. Expression values are
scaled by rows (Z-scoring). Most components are up regulated after insect and COR stimu-
lation. Only insect stimulation shows a up regulation of JAR1, a component that promotes
biosynthesis of JA-Ile. Abbreviations are DAD1 (DEFECTIVE ANTHER DEHISCENCE 1):
phospholipase A1/ triacylglycerol lipase; LOX2 (LIPOXYGENASE 2); AOS (ALLENE OX-
IDE SYNTHASE); AOC3 (ALLENE OXIDE CYCLASE 3); OPR3 (OPDA-REDUCTASE
3): 12-oxophytodienoate reductase; OPCL1 (OPC-8:0 COA LIGASE1); PXA1 (PEROXISO-
MAL ABC TRANSPORTER 1. CTS (COMATOSE); KAT2/PED1/PKT3 (PEROXISOMAL
3-KETOACYL-COA THIOLASE 3); AIM1 (ABNORMAL INFLORESCENCE MERIS-
TEM); ACX2 (ACYL-COA OXIDASE 2); JAR1 (JASMONATE RESISTANT 1); JMT
(JASMONIC ACID CARBOXYL METHYLTRANSFERASE).
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Table 1.31 MapMan Bin counts of terms related to translation and stress in insect-stimulated
traps. Only genes with a base mean expression value of equal or larger than 100
were taken into account. Abbreviations are SCPL (SERINE CARBOXYPEPTIDASE-
LIKE); SBT (SUBTILISIN-TYPE SERINE PROTEASE); APM (AMINOPEPTI-
DASE); HSP (HEAT SHOCK PROTEIN); CPN (CHAPERONIN); DGL (DOLICHYL-
DIPHOSPHOOLIGOSACCHARIDE); HEXO (HEXOSAMINIDASE); GAMMA-VPE
(GAMMA-VACUOLAR-PROCESSING ENZYME), PEX (PEROXISOME BIOGENESIS
FACTOR); DIL (DILUTES; MYOSIN HEAVY CHAIN); GPX (GLUTATHIONE PEROXI-
DASE); SIR (SULFITE REDUCTASE); CB5 (CYTOCHROME B5); CHI (ENDOCHITI-
NASE), ARL (ARGOS-LIKE), ERD (EARLY RESPONSIVE TO DEHYDRATION)

Class Member Families

Protein degradation 67 SCPLs, SBTs, APMs
Protein folding 6 HSPs, CPNs
Protein glycolysation 7 DGLs, HEXOs
Protein targeting 15 GAMMA-VPEs, PEXs
Redox response 50 DILs, GPXs, SIRs, CB5s
Stress response 69 HSPs, CHIs, ARLs, ERDs

A sub classification of DEGs into MapMan bins associated with translation and stress
resulted in 214 group-able DEGs (see table 1.30). The set comprised transcripts related to the
production of reactive oxygen species (ROS) scavengers [204] and components of the ER-
quality control (ER-QC) machinery [190, 295] as well as members of the putative hydrolytic
cocktail. Additionally, 38 transcripts were predicted to negatively regulate programmed cell
death (PCD, see table 1.32).
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Table 1.32 Members of the GO term "programmed cell death" (PCD) differentially expressed
in insect-stimulated traps (IsTr) and glands (IsGl). Only genes with a base mean expression
value of equal or larger than 100 were taken into account. Four genes without any annotation
were excluded from the table.

Synonym Description IsTrap IsGland

DPL1 dihydrosphingosine phosphate lyase yes yes
NTF2B nuclear transport factor 2B yes yes
NA Eukaryotic aspartyl protease family protein yes yes
PLDP1 phospholipase D P1 yes yes
NA alpha/beta-Hydrolases superfamily protein yes yes
MLO5 Seven transmembrane MLO family protein yes yes
PPI1 proton pump interactor 1 yes yes
PLL4 poltergeist like 4 yes yes
NA Major facilitator superfamily protein yes yes
PDIL1-1 PDI-like 1-1 yes yes
BAH1 SPX (SYG1/Pho81/XPR1) domain-containing protein yes yes
HXK1 hexokinase 1 yes yes
NA Glycosyl hydrolase superfamily protein yes yes
NA Leucine-rich repeat protein kinase family protein yes yes
NA Chloroplast-targeted copper chaperone protein yes yes
S6K2 serine/threonine protein kinase 2 yes yes
PCS1 Eukaryotic aspartyl protease family protein yes yes
AAP3 amino acid permease 3 yes yes
ELI3-1 elicitor-activated gene 3-1 yes yes
CCR3 CRINKLY4 related 3 yes yes
NA DCD (Development and Cell Death) domain protein yes yes
DND1 Cyclic nucleotide-regulated ion channel family protein yes yes
CBL1 calcineurin B-like protein 1 yes yes
FC1 FUS3-complementing gene 1 yes yes
RLK7 Leucine-rich receptor-like protein kinase family protein yes yes
NA SBP (S-ribonuclease binding protein) family protein yes no
NA Protein kinase superfamily protein yes no
NA Target of Myb protein 1 yes no
CPK9 calmodulin-domain protein kinase 9 yes no
LHT1 lysine histidine transporter 1 yes no
SOBIR1 Leucine-rich repeat protein kinase family protein yes no
CDF1 cycling DOF factor 1 yes no
NSL1 MAC/Perforin domain-containing protein yes no
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1.4.10 Regulatory capacities of the D. muscipula

Plant cells are competent for the activation of defence responses [184]. They evolved a com-
plex regulatory network able to activate defense genes after perception of different primary
signals like wounding. An important part of the regulatory complex are transcription factors,
proteins that can control transcription by binding to specific DNA sequences [160, 182]. Pu-
tative transcription factors of D. muscipula were identified by applying the family assignment
rules defined at PlantTFDB [116]. The databases established a reliably assignment scheme
(see website http://planttfdb.cbi.pku.edu.cn/help_famschema.php) that uses profile-based
domain annotations to classify transcription factors. Within the complete transcriptome,
3.184 isoforms and 1.088 unigenes respectively were classified into 36 different transcription
factor families. Inspection of the classification resulted in 1,088 distinct assignments. Six
unigenes showed ambiguous multi-annotations (e.g., isoform 1 B3, isoform 2 AP2-ERF) but
where resolved manually by inspection of the underlying isoforms. Out of 1.088 unigenes
735 were at least once differentially expressed in exp001, exp004 or exp008.
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Fig. 1.29 Differentially regulated transcription factors of D. muscipula. The color gradient
corresponds to the number of differentially regulated members of each transcription factor
family. Differentially expressed transcription factors were defined based on a) the all-versus-
all comparison from exp001 (see figure 1.4.5) and b) for conditional experiments exp004
(insect-stimulated traps) and exp008 (insect-stimulated Glands). Absolute numbers of the
conditional experiments differ from the resting tissues since they were only compared to their
control while the resting tissues were compared all-versus-all and differential expression
results from each comparison was taken into account.

AP2-ERF and MYB transcriptions factors were the most strongly regulated groups (see
figure 1.29). A gene family enrichment further supported these results (see table 1.33).

http://planttfdb.cbi.pku.edu.cn/help_famschema.php
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From 38 tested groups 12 were enriched in resting traps while nine were enriched in petiole
using DEGs from esting traps and petioles (exp001). Differentially expressed unigenes from
insect-stimulated traps were enriched for six families that were already highly active in
resting traps (exp004). Glands showed only an enrichment in four families.

Table 1.33 Transcription factor families enriched in exp001, exp004 and exp008. The
enrichment was carried out using GAGE and the PlantTFDB classification. Individual
unigenes were considered significant with a adjusted P-value of ≤0.01 while a transcription
factor family was considered enriched with a Q-value of ≤0.1 (corresponds to a false positive
rate of ≤0.1). Conditional experiments (exp004 and exp008) were compared with their
respective control which might differ from the resting tissues shown here.

Class Petiole Trap Insect-stimulated Trap Insect-stimulated Gland

AP2-ERF 1.22E-02 6.55E-04 2.88E-03 1.23E-02
WRKY 2.51E-03 3.66E-03 7.75E-04 3.50E-03
bZIP 6.00E-03 7.69E-03 3.33E-02 -
C2C2 - 7.69E-03 - -
MYB 1.47E-04 1.27E-02 2.88E-03 9.06E-02
NAC 4.86E-02 1.66E-02 2.44E-02 -
C3H 1.73E-03 3.20E-02 - -
MADS - 3.22E-02 2.30E-02 -
HB 6.10E-02 3.22E-02 - -
B3 2.43E-02 6.86E-02 - -
GRAS - 7.21E-02 - -
bHLH 1.88E-03 9.24E-02 - 9.06E-02

Detailed inspection of the 53 highly regulated transcription factors (families) expressed in
insect-stimulated traps revealed several transcription factors involved in stress response like
CBF1, ABR1, JAZ1, ATAF2 and AIB [257]. Additionally, several transcription factors
(e.g., CDF1, CDF4, DORNROSCHEN-like as well as RHL1-like) were associated with
developmental processes [170], like flowering timing [97] or ploidy-dependent cell growth
[268]. Most differentially expressed members of the WRKY transcription factor family (11
out of 17) remained without any further functional annotation next to the detectable protein
domains. Only a WRKY20-like (regulation of ABA signalling, [193]), two WRKY22-like
(dark-induced leaf senescence, [306]) , a WRKY33-like, a WRKY40-like (both regulating
defense against pathogens, [305]) and a WRKY42-like (regulating of phosphate homeostasis,
[266]) transcription factor could be further described.
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1.4.11 Sensory capacities of the D. muscipula

Assessing chemistry and quality of the prey is vital for D. muscipula. Kinases, especially
receptor-like-kinases (RLKs) are often involved in chemical sensing (Antolin-Llovera et
al., 2012) and play a key role in most cellular activities. The D. muscipula kinome was
characterized by searching the profile-based annotation for isoforms with protein kinase
domains (PF00069). Isoforms were further classified using Kinomer [202]. From 872
identified unigenes with at least one kinase-containing isoform, 590 were at least once
differentially expressed in exp001, exp004 or exp008. Sub classification resulted in 467
distinct classifications spread across 12 different kinase groups. 123 unigenes showed am-
biguous multi-annotations (e.g., isoform 1 TK, isoform 2 CAMK) and where not considered
downstream.
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Fig. 1.30 Differentially regulated kinome of D. muscipula. The color gradient corresponds
to the number of differentially regulated members of each kinase group. Differentially
expressed kinases were defined based on a) the all-versus-all comparison from exp001 (see
figure 1.4.5) and b) for conditional experiments exp004 (insect-stimulated traps) and exp008
(insect-stimulated Glands). Absolute numbers of the conditional experiments differ from the
resting tissues since they were only compared to their control while the resting tissues were
compared all-versus-all and differential expression results from each comparison were taken
into account.

Tyrosine kinases, Ca2+/Calmodulin-dependent protein kinases and CGMC kinases were the
most strongly regulated groups (see figure 1.30). A gene family enrichment further supported
these results (see table 1.34). From 12 tested groups, seven were enriched in resting traps
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while six were enriched in petioles using DEGs from resting traps and petioles (exp001).
In insect-stimulated traps, members of the CAMK, TKL, CMGC and AGC group were
differentially expressed compared to resting traps (exp004). A similar picture could be found
in insect-stimulated glands were all kinase groups apart from TKLs showed a high number
of differentially regulated members.

Table 1.34 Kinase groups enriched in exp001, exp004 and exp008. The enrichment was
carried out using GAGE and the Kinomer group classification. Individual unigenes were con-
sidered significant with an adjusted P-value of ≤0.01 while a kinome group was considered
enriched with a Q-value of ≤0.1 (corresponds to a false positive rate of ≤0.1). Conditional
experiments (exp004 and exp008) were compared with their respective control which might
differ from the resting tissues shown here.

Class Petiole Trap Insect-stimulated Trap Insect-stimulated Gland

CAMK 1.47×10−3 8.88×10−7 1.07×10−2 5.13×10−2

TK 1.40×10−4 8.88×10−7 - 5.13×10−2

TKL 1.47×10−3 2.30×10−3 3.33×10−2 -
CMGC 5.45×10−3 2.35×10−3 1.07×10−2 5.13×10−2

AGC 5.45×10−3 1.74×10−2 1.07×10−2 9.82×10−2

STE 2.01×10−2 1.94×10−2 - 5.13×10−2

Alpha - 4.78×10−2 - 9.82×10−2

Inspection of the differentially regulated kinome of resting and insect-stimulated traps showed
that most kinases belong to the class of receptor-like kinases (RLK; see figure 1.31). A
kinase was defined as RLK when the isoform showed at least one transmembrane domain in
the same ORF as the protein kinase domain. A simple intersection analysis revealed that 27
kinases were already highly expressed in resting traps (see figure 1.31) when compared to
petioles but get a further boost after insect stimulation. A subset of 43 kinases are purely
regulated in an insect-specific manner with 22 kinases being gland-specific.
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Fig. 1.31 Overlay of the kinases differentially expressed in traps (compared to petioles) as
well as insect-stimulated kinases from glands and traps. RLKs are defined as isoform with a
protein kinase domain and a transmembrane domain within the same open reading frame.
The RLK subsets are colored in blue while the non-RLKs are colored in orange.

From the kinases regulated in a insect-specific manner, 15 were classified as RLK.
Among them several RLKs were found involved in wounding response (PRB1-like -
comp230357_c2) as well as MAP kinase signaling relay involved in innate immunity (FLS2-
like - comp231708_c0; see figure 1.32). The latter is involved in the perception of bacterial
flagellin, a potent elicitor of the defence response. Interestingly, also receptors involved in
control of stomatal movements in response to CO2 (HT1 - comp226371_c1) and negative
regulation of root growth (PERK10 - comp215021_c0) were found.
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FLS2-like Kinase
(comp231708_c0_seq1)

Fig. 1.32 Expression patterns of a FLS2-like RLK of D. muscipula across resting and insect-
stimulated tissues. The unigene showed a low expression in resting glands and a weak
up-regulation in COR-stimulated traps (upper part) while it showed a strong induction in
glands and traps after insect stimulation (lower part).
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1.4.12 Metagenomics changes during insect feeding

The initial RNA-seq contamination screen and the detection of RLKs associated with the
perception of bacterial flagellin in several transcriptome samples suggested a tailored response
of D. muscipula to insect-stimulation depending on the quality of the prey and potentially
towards the associated microbiome. Since microbial communities can be profiled easily
from whole transcriptome data (at least those that remain on traps or petioles after the wash
procedure and are also accessible through the RNA extraction), stimulated and no-stimulated
samples from exp001 and exp004 where characterized. Results from the initial contamination
screen where reused to assign the most likely taxonomic label to individual reads. Sample
assignment rates varied from 0.75 to 28.35% (see figure 1.5) at the domain level (only
counting assignments to Bacteria and Archaea). At lower levels less reads were assigned on
average (e.g. only 84% of the reads assigned to the bacterial domain could also be assigned
to a phylum). The taxonomic level order was chosen for all subsequent analysis since most
samples had still assignment rates of more than 64% at a moderate standard deviation of
4%. The phylum was not considered since it is usually less informative. All other levels
experienced lower assignments rates and where as well not considered (e.g., class with
35%, family 49%). Scaled assignment counts (z-scores normalization) where inspected with
STAMP. Principal component analysis for exp001 showed no clear clustering of samples
according to biological conditions (see figure 1.33). The same was true for the non-stimulated
and COR-stimulated trap samples from exp001 (see figure 1.34). Samples from exp004 were
roughly separated in a non-stimulated and a insect-stimulated group with two samples from
each condition being very similar to each other (see figure 1.35). A test comparing the two
groups revealed several bacterial orders with significant differences under non-stimulated
and insect-stimulated conditions (see figure 1.36). The most prominent differences where
detected in the order Myxococcales. Since most of the myxobacteria ("slime bacteria")
predominantly live in the soil and feed on insoluble organic substances it is unlikely that the
differences are of biological significance but rather experimental contamination. Overall, the
metagenomic profiling was able to assign a substantial amount of reads to various, frequently
low taxonomic levels but no clear sample grouping nor group differences were detectable at
the order level. Thus, the current data set is not sufficient to describe metagenomic changes
during the insect-feeding process.
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1.4.13 Conserved stress signals

Gene ontology and MapMan-based enrichments carried out on unigenes differentially up-
regulated after insect stimulation showed terms and functional categories predominant that
can be observed in typical stress response studies in plants [209, 307, 169]. To test whether
the stress signals are conserved in other carnivorous plants to a higher extend or the signals
can be sub-classified using stress response studies in non-carnivorous plants four different
analysis were carried out. First, transcriptomic data from two Genlisea specimen was
analyzed with the same approach used for D. muscipula (methods applied as in section if not
stated otherwise). G. nigrocaulis and G. hispidula are two species from the genus Genlisea
which use a lobster pot trapping mechanism to supplement their nutrition in nutrient-poor
habitats. In contrast to D. muscipula both species are using a passive trapping system and the
digestive enzymes are thought to be constantly present. The transcriptome assemblies of both
species where comparable to D. muscipula (see table ). The G. hispidula assembly comprised
374,255 isoforms with a total length of 232,855,968 bp. The transcript assembly had a N50
of 998 bp and a N90 of 255 bp (NXX is defined as the shortest sequence length at XX% of the
total length). The shortest sequence had a length of 201 bp while longest was 17,173 bp long.
The full sequence set was clustered into 285,800 unigenes with a unigenes consisting of less
than two isoforms on average. The G. nigrocaulis assembly comprised 364,334 isoforms with
a total length of 255,510,630 bp. The transcript assembly had a N50 of 1335 bp and a N90
of 265 bp (NXX is defined as the shortest sequence length at XX% of the total length). The
shortest sequence had a length of 201 bp the longest was 17,092 bp. The full sequence set was
clustered into 326,214 unigenes with a unigene consisting of one isoform on average. The
two transcriptomes were annotated using Pfam as profile based method to predict conserved
elements such as protein domains and to assign functional classifications. All annotation
procedures were carried out on isoform sequences. The G. hispidula transcriptome contained
74,120 isoforms represented by 52,228 unigenes with at least one detectable protein domain
annotation while the G. nigrocaulis transcriptome contained 78,676 isoforms represented
by 65,279 unigenes with a proper annotation. Database-derived relations between Pfam
domains and GO terms were used to further annotate the two data sets resulting in 42,170
G. nigrocaulis unigenes and 32,598 G. hispidula unigenes feasible for GO enrichment
tests. 5,503 isoforms (represented by 4,191 unigenes) of G. hispidula and 4,824 isoforms
(represented by 3,881 unigenes) of G. nigrocaulis were assigned a high confidence ortholog
in D. muscipula using the previously described CRB-BLAST procedure. RNA-seq reads
were used to quantify transcript expression and resulted in remapping rates between 75 and
87% (see figure 1.13 for a comparison to D. muscipula). Expression levels were used to
test for differentially expressed genes after a thorough quality control on variance stabilized
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expression counts. Quality control revealed a unusual clustering of samples in the G. hispidula
data set (see figure 1.37).
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Fig. 1.37 False color heatmap of the distances between samples of RNA-seq experiments
from G. hispidula (A) and G. nigrocaulis (B). The scale is adjusted to the distance range
observed in each experiment individually. The distance dab between two samples a and b
was defined as δab = mean|Mai −Mbi|, where Mai is the value of the i-th unigene of the
a-th experiment. RNA-seq sampels from the two biological replicates of G. hispidula show
an usual clustering. Only samples one and four were considered for further analysis. The
removal of biological replicates drastically lowered the statistical power of the differential
expression test.

Only samples one and four of the G. hispidula data set were further used for the analysis to
maximize the conditional differences. As consequence of the missing biological replicates the
statistical power of the DE testing procedure was low. Only 261 unigenes were differentially
expressed in G. hispidula when traps were compared to petioles while 499 were differentially
expressed in G. nigrocaulis in the same comparison. The subsequent GO enrichment did not
show any stress related signals (see table 1.35).

Table 1.35 Gene ontology enrichment result of DEGs detected in G. nigrocaulis traps
compared to petioles. Similar to the approach on D. muscipula only genes with expression
count higher than 100 were considered for the enrichment.

Species Term Genes DEG adj. P-Value

translation 535 53 1.2×10−15

G. nigrocaulis photosynthesis 134 14 4.2×10−5

proton transport 83 9 0.002

To circumvent the low statistical power of the DE testing procedure a second enrichment was
carried out on preferentially expressed unigenes as defined by a minimum count of 10 in traps
and a fold changes of at least two compared to petioles for both species. G. hispidula show
5,302 unigenes preferentially expressed in traps while G. hispidula showed 8,505 unigenes
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preferentially expressed in traps. The subsequent GO enrichment again showed no similar
stress signals as in D. muscipula.

Table 1.36 Gene ontology enrichment result of PEGs detected in G. nigrocaulis and G.
hispidula traps compared to petioles. Only genes with expression count higher than 100 were
considered for the enrichment.

Species Term Genes DEG adj. P-Value

G. nigrocaulis translation 535 209 1.4×10−5

G. nigrocaulis intracellular protein transport 161 75 0.000,78
G. nigrocaulis ammonium transport 11 9 0.000,88
G. nigrocaulis gluconeogenesis 17 12 0.001,10
G. nigrocaulis vesicle-mediated transport 171 62 0.003,30
G. nigrocaulis SRP-dependent cotranslational protein ta... 22 13 0.007,05

G. hispidula protein phosphorylation 635 199 3.7×10−8

G. hispidula microtubule-based movement 43 25 5.3×10−7

G. hispidula fatty acid biosynthetic process 36 20 1.9×10−5

G. hispidula cell wall modification 41 20 0.000,21
G. hispidula carbohydrate metabolic process 406 114 0.000,84
G. hispidula response to oxidative stress 51 22 0.000,91
G. hispidula multicellular organism development 17 10 0.001,41
G. hispidula DNA replication 40 21 0.001,44

A third species, U. gibba was tested for similar stress signals as in D. muscipula. U. gibba, an
aquatic carnivorous plant found on all continents except Antarctica, uses ovoid traps attached
to its leaf-like structures to capture prey. Similar to the trigger hairs of D. muscipula, the plant
leverages several setiform branched appendages to detect mechanical stimuli. Upon touch
the traps are set off and vacuum the prey into the bladder [272]. A previous transcriptomics
study detected a number of non-stress and stress-induced transcripts preferentially expressed
in traps. Transcript sequences were used to assign putative orthologous relationships to D.
muscipula isoforms. Out of 112,424 U. gibba transcripts, 1,528 were assigned a one-to-one
orthologous relationship to 1,146 D. muscipula isoforms and 1060 unigenes respectively.
Only 11 of the D. muscipula orthologs were stress-induced in U. gibba traps while 18 were
preferentially expressed in resting U. gibba traps. Orthologs to transcripts active in stressed
U. gibba traps were annotated as ribosomal proteins, heat shock proteins and ubiquitins.
Orthologs to transcripts preferentially expressed in resting U. gibba traps were partially
annotated as phosphatases (PAP10), 14-3-3 proteins, cystein proteases and oxidoreductase.
Generally, no clear stress signal was observed, although some of the orthologs were putative
members of the D. muscipula secretome.
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Comparing stress signals of carnivorous and non-carnivorous plants Term-based or
gene family-based enrichment studies heavily rely on the experimental annotation of typical
model species like A. thaliana. The pure presence of stress signals in D. muscipula during
insect feeding suggest that gene complements are in operation that share a certain amount of
sequence conservation or structural similarity in terms of protein domain architectures (which
in most cases determine the functional capacities of its underlying sequence). Two tests were
carried out to test conservation of the stress signals and sub classify gene complements or
functional networks in detail. The first test leveraged gene co-expression clusters thought to
be involved in biotic and abiotic stresses in A. thaliana as defined by the GEM2Net platform.
Based on 13,021 high confidence orthologs between D. muscipula and A. thaliana (see
methods 1.3.7), 5,943 A. thaliana genes were selected with an D. muscipula ortholog that was
differentially expressed after insect stimulation. The selected genes, and the corresponding
adjusted P-value of its D. muscipula ortholog was used as input to a gene family enrichment
against the GEM2Net co-expression cluster assignments. The ortholog gene set was enriched
for 9 different clusters associated with various stress responses ranging from biotic to abiotic
stresses (see table 1.37) corroborating the hypothesis that insect stimulation-associated stress
signals of D. muscipula partially rely on gene expression networks that are also active in
non-carnivorous species like A. thaliana.

Table 1.37 GEM2Net enrichment results. The enrichment was carried out on A. thaliana
genes with a one-to-one D. muscipula ortholog. Only D. muscipula orthologs were considered
which were differentially up-regulated after insect stimulation. The enrichment was weighted
by mapping adjusted P-values of the differential expression test to the respective A. thaliana
gene.

Cluster ID Stresses (Project ID) P-Value Q-Value

1425 Biotrophic Bacteria 1.21E-05 7.84E-03
127 Fungi 7.90E-05 2.56E-02
881 Oxidative Stress 1.45E-04 2.81E-02
1560 Necrotrophic Bacteria 1.74E-04 2.81E-02
554 Nitrogen 3.82E-04 4.59E-02
1135 Temperature 4.25E-04 4.59E-02
313 Heavy Metal 5.22E-04 4.83E-02
1414 Biotrophic Bacteria 6.92E-04 5.60E-02
1334 Virus 9.59E-04 6.90E-02
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The second test leveraged microarray expression data sets from A. thaliana where different
stimuli were applied to study the plants stress response. The approach followed the same idea
underlying the D. muscipula transcriptome study. First, DE tests were carried out for each
individual data set. The resulting DE gene list and associated adjusted P-values were used
as input to a gene ontology based term enrichment. All significantly enriched terms were
then used to sub-classify stress signals in D. muscipula against various stress experiments
from A. thaliana. GO terms were compared based on their semantic similarity and a global
distance value (as the inverse of the similarity) between a given A. thaliana experiment and
non-stimulated and insect-stimulated D. muscipula traps were calculated. The resulting
distance matrix was used to determine the most similar stress experiments from both species.
The transcriptomic profile of D. muscipula after insect stimulation closely resembles that
of A. thaliana plants facing herbivore attack or wounding rather than fungal or bacterial
infections (see figure 1.38). Non-stimulated experiments of both species cluster accordingly
(see figure 1.39).
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Fig. 1.38 Semantic similarity between different A. thaliana microarray experiments and
insect-stimulated traps. The semantic similarity is based on the quantitative comparison of all
sets of significantly enriched gene ontology terms for each individual expression experiment.
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Fig. 1.39 Semantic similarity between different A. thaliana microarray experiments and
insect-stimulated traps including non-treated controls. The figure is based on the same
semantic similarity measurements that have been used in figure 1.38. Controls showed
generally less similarity than the different treatments.

1.4.14 Gene family expansions in D. muscipula

Manual secretome and transportome annotation revealed several protein families with consid-
erable amount of paralogous unigenes partially expressed after insect stimulation. A common
source for such paralogous gene families can be unequal crossing over (or ectopic recombi-
nation; [46]), replication slippage (or erroneous DNA replication; [209]), retrotransposition
[197, 301], aneuploidy or whole genome duplication. In any case the newly generated genetic
material can lead to evolutionary innovation by freeing one or both copies from selective
pressure [157]. Most commonly subsequent mutation accumulation causes loss of function or
pseudogenization. In rare cases the expansion of certain genetic elements can develop a new
or different function (neofunctionalization). In other cases neutral "subfunctionalization"
can occur where the original function of the single gene is now performed non-redundantly
by the different copies of the duplicated element [265, 96]. To test whether such duplicated
genes exist in D. muscipula and whether they are heavily expanded in comparison to other
eukaryotic species, D. muscipula isoforms were assigned to clusters of orthologous groups
using the eggNOG databases and its associated mapper. 1,395 isoforms represented by 570
unigenes from D. muscipula were assigned to an existing eggNOG (see figure 1.40 for a
simple distribution).
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Fig. 1.40 eggNOG assignment level histogram for D. muscipula. Counts represent isoforms
(dark) and unigenes (light) assigned to eggNOGs. Most isoforms were assigned to euNOGs
(eukaryotic NOGs; orange). Interestingly, the second highest NOG count is not virNOG
(Viridiplantae NOG, green) but opiNOG (Ophistokonta NOG) probably indicating presence
of a eukaryotic contamination in the filtered transcriptome.

In 191 eggNOGs D. muscipula unigenes counts were the highest (and therefore considered
expanded without statistically testing the expansion). Since several assignments levels exist
within eggNOG only the 83 euNOGs (eukaryotic NOGs) were considered. Expansions were
distributed across 13 different functional categories with most expansion in euNOGs with
unknown function. Only 29 euNOGs showed D. muscipula expansions and were properly
annotated (see table 1.38). All D. muscipula unigenes responsible for the expansions were
submitted to a gene ontology enrichment (see section 1.3.7 for methods) to crosscheck the
functional categorization of the eggNOG mapping procedure. Results of the gene ontology
enrichment compared similar to the functional categories of the expanded euNOGs (see
figure 3.4). Several enriched gene ontology terms were associated with response to stress
or stimulus response. The responsible unigenes were members of 51 out of 83 euNOGs. A
manual inspection of the eggNOGs which comprised 1,516 isoforms represented by 153
unigenes revealed a diffuse annotation pattern. The expanded eggNOGs often contained
leucine-rich repeats or were annotated as regulatory proteins such as transcription factors
or DNA binding proteins and it is likely that the assignments (eggNOG mapper) and the
individual GO annotations (blast2go) are heavily biased by their repeat content.
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Table 1.38 euNOG functional categories assignment for D. muscipula. Member counts
represent the number of euNOGs where D. muscipula showed the highest number paralogs.

Members Symbol Category

54 S Function unknown
5 U Intracellular trafficking, secretion, and vesicular transport
4 D Cell cycle control, cell division, chromosome partitioning
4 T Signal transduction mechanisms
3 O Posttranslational modification, protein turnover, chaperones
3 Z Cytoskeleton
2 A RNA processing and modification
2 K Transcription
2 L Replication, recombination and repair
1 B Chromatin structure and dynamics
1 I Lipid transport and metabolism
1 J Translation, ribosomal structure and biogenesis
1 W Extracellular structures

anatomical structure morphogenesis cell differentiationflower development

multicellular organismal development post−embryonic development

cellular protein 
modification process

protein
metabolic
process

regulation of gene
expression, epigenetic

response to abiotic stimulus
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cell communication
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Fig. 1.41 Gene Ontology treemap of terms enriched in expanded D. muscipula euNOGs. The
plot was drawn with Revigo [269] using Resniks normalized semantic similarity measures
and a low similarity score of 0.4 to optimally group similar terms.
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1.5 Discussion

D. muscipula is one of the most fascinating plants on earth. It’s carnivorous life style
interests researchers, gardeners and kids alike since centuries. Already Darwin recognized
that the snap traps resemble a sensory-motor system operating at high speed and precision
without nerves or muscles [39]. Since then numerous papers have been published describing
the morphological aspects of the plant (e.g., the trigger hairs), its lifestyle, the kinetics of
trapping, secretion and digestion as well as the electrical properties of the plant, important
for its electrical memory and the fast trap closure. Nevertheless, the genetic mark-up
necessary to describe each of the proposed models are still unclear in larger parts due to the
lack of molecular evidence. The main goal of this project, respectively this chapter of the
thesis was to establish a reliable genetic resource that can be used to test several hypothesis
regarding the molecular mechanisms driving the plants carnivorous lifestyle. Since a
genomic resource was still missing a RNA-seq based transcriptome approach was selected
to assemble as much as possible of the coding complement. An initial set of 1.4 billion
Illumina reads were assembled into 345,803 isoforms with a total length of 376,689,236 bp.
Subsequent correction and filtering reduced the sequence set to a reference transcriptome
containing 114,103 isoforms and 51,436 unigenes. Although the pure number of unigenes
roughly fits gene count expectations (the Beta vulgaris ssp. vulgaris genome encodes 27,421
protein-coding genes) the reference transcriptome still experiences several issues challenging
all downstream analysis. Approximately 33,487 isoforms respectively 18,338 unigenes (out
of 51,436) only contain partial open reading frames indicating incompletely assembled
transcripts. At least 3,172 partial unigenes contain protein domain annotations and are thus
unlikely to be non-coding "debris" but real assembly artifacts. Profile-based annotation
of the reference transcriptome resulted in 47,347 isoforms respectively 16,163 unigenes
having a protein domain (Pfam) while homology-based functional classifications (Gene
Ontology) resulted in similar number of classified sequences (47,384 isoforms and 15,344
unigenes). Conservatively calculated the overall annotation rate is less than 50 %. A value
that is most likely caused by the small number of evolutionary closely related and well
annotated species available for the annotation process. Next to partially assembled isoforms
several unigenes are likely to contain sets of highly similar paralogous gene families.
Roughly 1,092 unigenes contain multiple isoforms which are in-homogeneously assigned to
multiple different A. thaliana transcripts as orthologs und thus point towards paralogous
multigene-containing unigenes being an artifact of the assembly process. Nevertheless, most
transcripts respectively unigenes show a decent completeness (see figure 1.9) if homology
evidence is available. Additionally, the reference transcriptome shows a high degree of
complete single-copy orthologs specific to plants as estimated by BUSCO. Thus, the current
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reference transcriptome (version QT1.3) can be considered the by far best genetic resource
to understand the carnivorous lifestyle of D. muscipula at the moment.

Comparing and understanding global expression patterns of tissues or organs heavily
relies on the correct quantification of individual transcripts. Usually, RNA-seq reads are
mapped back to a transcriptome reference and counted to calculate the transcript abundance
[280, 234, 233]. Ambiguously-mapping reads are usually not considered. Since the reference
transcriptome of D. muscipula contains numerous isoforms for individual unigenes (most
likely as an artifact of the assembler not being able to handle the amount of heterozygocity
present in the species) non-ambiguous assignment of reads to their transcript of origin is
challenging. Here an approach was chosen that took advantage of the isoform-unigene
relation provided by the transcriptome assembler Trinity and effectively combined with
the ability of the transcript quantification tool RSEM to work with ambiguously-mapped
reads. The strategy allowed to accurately estimate unigene-level and bypassed issues
associated with the calculation of isoform-level abundances. Although this process leads to
mis-quantification in cases were members of paralogous gene families are clustered into a
single unigene it usually provides more stable and accurate results for most of the assembled
transcripts respectively unigenes. Quantification results for all experimental data sets showed
acceptable remapping rates (see figure 1.11) especially when the different contamination
levels were taken into account (see figure 1.5) that often reversely mimicked the mapping
efficiency. A stringent quality control and multi-approach outlier detection showed that
all experiments showed a sample clustering as desired and unintended batch effects were
absent in non-amplified data sets. Furthermore, the quantification process lead to abundance
estimates that showed no noticeable problems in the standard deviation of the expression
values at different expression strengths (see figure 1.4.4).

Taking advantage of the robust unigene abundance quantification global expression patterns
of non-stimulated tissues of D. muscipula were characterized. The analysis in cooperating
PCA, correlation and differential testing approaches coupled with a Gene Ontology driven
description of associated biological processes and molecular functions revealed that traps
of D. muscipula exhibit the hallmarks of a typical leaf (see figure 1.17). A thorough
intersection analysis of unigenes differentially expressed in each tissues showed that the
transcriptomic landscape of the traps is a patchwork consisting of unigenes also differentially
expressed in other organs. The same trend was true for other tissues or organs. Only
flowers exhibited organ-specific expression patterns related to flower physiology, namely
anatomical structure morphogenesis, cell growth and the cell cycle. The analysis of principal
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components describing most of the variability in the non-stimulated data set showed that
tissues can be assigned into a photosynthetic active (petiole and trap) and inactive group
(roots and flowers) or into reproductive (flower) and non-reproductive (trap, petiole and
root) organs thus displaying the typical properties of a green plant. A dissection of traps
into glandular (glands), non-glandular (rim) tissue as well as trigger hairs and subsequent
transcriptome profiling further revealed that the transcriptomic landscape of the trap is
heterogeneous. While the expression profile of the rim strongly correlated with petioles,
the expression profile of glands strongly correlated with roots and flowers, both typical
sink tissues with secretory capabilities and a highly active molecular transport system. A
morphological analysis published side-by-side with the transcriptome data confirmed the
dimorphic nature of the glands with a cell layer presumably being responsible for energy
storage, and two layers involved in production and secretion of hydrolytic enzymes as well
as metabolite shuttling through a highly brush-border like folded, increase membrane surface
[25]. Surprisingly, the expression profile of the trigger hairs showed higher similarity to
flowers than to glands and roots. Although the sensory cells of the trigger hairs are shaped by
apical and basal ER cisternae, numerous mitochondria, as well as vacuoles and lipid droplets,
what makes them literally similar to parts of the glands, they mainly exhibited signals related
to developmental, especially differentiation processes. Gene ontology enrichment revealed
unigenes being active that are linked to anatomical structure morphogenesis mostly to the
establishment and maintenance of cell polarity. The analysis of the non-stimulated tissues
provides the first transcriptome-wide molecular support for the common assumption that the
traps of D. muscipula are indeed modified leaves. The analysis of individual trap tissues
further showed that only parts of the traps are still photo-synthetically active and cause the
strong expression correlation with petioles. On the contrary, glands showed expression
profiles related to their secretory and nutrient uptake capabilities and thus provide first
insights into carnivorous signatures. Interestingly, even gland specific expression profiles
were shaped by a patchwork of genes also active in other tissues (e.g., roots and flowers) thus
one can hypothesize that the glands sitting on the photo-synthetically active traps originated
from an existing heterotrophic, secreting tissue like roots or floral nectaries.

The second most important goal of this project was to relate (differentially) expressed genes
from insect-feeding D. muscipula to the plants carnivorous lifestyle. Since D. muscipula
can be easily switched from a resting state into an insect processing one on demand
(using either COR or real prey like crickets) again RNA-seq was used to fully characterize
the transcriptomic landscape and provide unprecedented insights into the molecular and
physiological processes active. The analysis was carried out on two different tissues/organs,
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namely insect-stimulated glands and whole traps. While the first was used to describe
the secretory and the nutrient uptake system as fine grained as possible, the second was
used to assess the trap-wide response generally and with special focus on regulatory and
sensory capacities of the traps. The analysis of the secretome revealed the hydrolytic cocktail
consists of at least 17 highly abundant enzymes with proteolytic, oxidative or hydrolytic
activity. Most of them were stimulated by Insect treatment while a smaller number where
transcribed highly in non-stimulated glands. The latter indicates that some components of
the digestive cocktail might act as first strike against the prey. A detailed kinetic study of
selected hydrolases (e.g., VF CHITINASE I) further showed that expression levels reach
peak level after 24 - 48h and that expression can be boosted depending on the nutrients
nature thus pointing towards an active chemo-sensing to assess prey presence and quality [25].

The assessment of the nutrient uptake system uncovered a diverse set of transporters active
in both non-stimulated and insect-stimulated glands. Especially insect-stimulated glands
showed an overall expression profile geared towards the acquisition of prey-derived nutrients
such as nitrogen-containing solutes but also inorganic cations like potassium that are
require for tugor formation or growth [294, 215]. The latter is particular important during
the reopening of the traps as well as during development of new ones [289]. The overall
transporter profile suggests that D. muscipula uses metabolites as well as macro molecules
like amino acids, peptides or nucleotides released during prey digestion to counteract the
male nutrition it experiences in its native habitat. The transport system is likely to be driven
by electrochemical gradients maintained by multitude of different P-Type H+ ATPases of
which some seem specifically activated through insect stimulation. Additionally, the glands
shows signs of an accelerated endocytosis system, indicating that nutrient resorption through
transporters and channels might be complemented with a system engulfing prey-derived
macro molecules such as proteins for selective update.

The analysis of the trap-wide response after insect stimulation confirmed that conserved
stress-related pathways indeed play a central role during prey digestion. Transcriptomic
profiles of insect-stimulated traps showed typical signs of a wounding response mostly caused
by a strong up regulation of components of the JA biosnythesis pathway. The wounding
response was complemented by a high activity of ROS scavenging systems as well as a
regulatory systems controlling stress- and pathogen-induced cell death. While the first signal
likely originated in glands as consequence of the highly active translation machinery, the
second might indicate an effective strategy that shields D. muscipula traps from detrimental
ROS effects. Gene family enrichment (see table 1.30) further displayed signals of elevated
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transcription factor activity and a pronounced signaling transduction network. A detailed
analysis of transcription factors families active after insect-stimulation indicated a strong up
regulation of AP2/ERF-like transcription factors. While most of them were involved in stress
responses like JAZ1, there were a number related to flowering time control (CDFs) and
developmental growth processes (e.g., DORNRÖSCHEN). The latter is especially interesting
since reopening of the traps is thought to involve growth processes in certain trap lobe
regions [37, 297, 224]. The TF analysis suggests a crucial role for several transcription factor
families (e.g., AP2/ERFs, WRKYs or MYBs) to orchestrate the insect-feeding response,
a result similar to other stress response studies in plants [209, 307, 169]. Nevertheless,
the role of individual transcription factors remains unresolved due to further experimental
evidence and the complete lack of knowledge about the TF-miRNA co-regulatory networks
operating in D. muscipula. Analysis of the active signal transduction network reveled a high
transcriptional activity of Tyrosine kinases, Ca2+/Calmodulin-dependent protein kinases and
CGMC kinases, most of them putatively cell-surface receptor kinases (RLKs). Among them
LysM-type chitin oligosaccharide-responsive CERK1-like kinase [205] was significantly
upregulated. It’s high activity might indicate the digestion process builds on the ability to
assess the chemistry and quality of the prey progressively and adjust the secretion process
accordingly. Interestingly, a homolog of the defense response associated receptor-like
kinase FLS2, involved in perception of bacterial flagellin, was highly expressed after insect
stimulation but less active after COR treatment. Similar to the CERK1-like kinase, the
expression patterns of FLS2 suggests a prey specific response not only tailored to the prey
itself but maybe also to the microbial load associated with it.

Since it has been previously shown that D. muscipula is rarely infected by microbes
(Tokunaga, 2004) even though the plant meets a completely new prey-associated microbiome
during insect-feeding the microbial load and possible changes were assessed again making
use of the "contaminated" RNA-seq data from the transcriptomic study. Although a
substantial amount of sequencing reads were assigned to the bacterial kingdom, less was
assigned to meaningful taxonomic levels like phylum or order. A principal component
analysis as well as conditional tests only suggested a differences between resting plant organs
(exp001) and the insect stimulation experiment (exp008) probably indicating unintended
experimental batch effects rather than a biological signal. The comparison of a prey
associated microbial profile (derived from transcriptomic data generated from pure crickets)
showed no higher similarity to the insect-stimulated RNA-seq samples than to others either
indicating that most of the prey derived microbiome already vanished in the progress of the
digestion process (D. muscipula insect-stimulated samples where extracted after 24h) or that
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the experimental methods and conditions where not comparable. Since recent studies in
other carnivorous plant species suggested (beneficial) effects of the microbial community on
the host system future studies probably should leverage microbial profiling through 16S
sequencing or similar approaches.

Early molecular studies of carnivorous plants suggested several conserved defense related
processes take part in the insect-feeding process. Using the quantified D. muscipula transcrip-
tome, its annotation and enriched terms representing biological functions this hypothesis was
tested in a comparative manner with two different approaches respectively comparisons. A
direct comparison of expression profiles from other carnivorous plants (e.g., U. gibba, G.
hispidula, G. nigrocaulis) with the expression profile of non-stimulated and insect-stimulated
D. muscipula traps revealed no greater similarity between them. The hypothesis that the
defense response is conserved across carnivorous plants needs to be rejected on the obtained
results. But, it is highly likely that the data quality, depth and nature of the experiments are
simply not comparable and a likely signal is hidden. In case of G. hispidula and G. nigro-
caulis missing biological replicates between conditions as well as the unexpected clustering
of the present samples make it nearly impossible to detect differentially expressed genes and
run a proper functional enrichment or semantic similarity analysis. Same is true for the U.
gibba data set where differential expression testing results are completely absent and the
assignment of stress responsiveness of a genes is purely based on the preferential expression
scheme that a previous study introduced [142]. Again, results would reject the hypothesis of
a conserved stress response but the input data does not qualify to test hypothesis after all. The
second hypothesis tested, was that D. muscipulas "stress" response after insect stimulation is
at least partially driven by expression networks also active in non-carnivorous plants. The
test revealed that several clusters of co-expressed genes are a) conserved between species
and b) are both stress triggered. Due to the incompleteness of the GEM2net database a
precise classification of D. muscipulas stress response was not possible. Especially the lack
of wounding or "feeding" experiments (e.g., aphid feeding, [191]) limited this approach. A
third test, designed to overcome the limitations of the latter, was used to test whether stress
response signals present in D. muscipula can be sub classified using semantic similarity
of gene ontology enrichments. A comparison of A. thaliana stress signals triggered by
various different stimuli revealed that the stress response of D. muscipula resembles that of A.
thaliana plants facing herbivore attack or wounding rather than fungal or bacterial infections.
Especially, the presence of terms related to jasmonic acid biosynthesis and action drove
herbivore attack, wounding and feeding experiments together. Noteworthy, each individual
stimulus was only represented by a single experiment and thus the analysis has a limited
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statistical power although individual enrichments are based on differential testing results that
incorporated biological replicates. In summary, tests showed conservation of stress response
systems across D. muscipula and non-carnivorous species like A. thaliana but not between D.
muscipula and other carnivorous plants most likely due to the poor resolution or design of
the underlying data set. A recent genome study of the heterophyllous pitcher plant Cephalo-
tus follicularis revealed expression differences between carnivorous and non-carnivorous
leaves that encode biological processes related to prey attraction, capture, digestion and
nutrient absorption [100]. Especially the digestive fluid exhibited a similar composition
in comparison to D. muscipula. Again, results suggested that pathways involved in the
carnivorous syndrome are at least partially conserved and that the numerous species within
the "non-core" Caryophyllales are a perfect framework to understand evolutionary paths that
led angiosperms to become carnivorous.
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1.6 Epilogue

The transcriptome studies presented in this thesis provide first insights into the molecular basis
of the carnivorous plant D. muscipula. It closes the gap between observations that already
Darwin had made and our physiological understanding of the carnivorous syndrome in plants.
The work systematically cataloged biological processes and molecular activities which
shape the morphological and anatomical appearance of this astonishing plant. It presents
the first molecular data that separates resting from active trapping organs, confirms that
resting traps still operate in a leaf-like manner and for the first time provides evidence that the
carnivorous syndrome builds on conserved pathways and expression patterns during capturing
and digestion. Nevertheless, the work also demonstrates how limited our methodological
capabilities are even in the advent of high throughput screening methods such as RNA-seq or
proteomics. A substantial amount of the quantitative and qualitative transcriptome that is
active while the plant captures and digest its prey lacks any functional assignment. Thus it is
left out during enrichment attempts or comparative analyses and negatively biases our view
on the plants nature. Future studies need to carefully complement quantitative technologies
such as RNA-seq with qualitative, functional screens at the DNA (e.g., genetic interaction
mappings), the RNA (e.g., ribosome profiling) and the protein (e.g., affinity purification
and mass spectrometry) level to fully understand functional elements of a species like D.
muscipula, their regulation, site of action and origin.
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Chapter 2

TBro: Visualization and management of
denovo transcriptomes

2.1 Preface

The following chapter presents TBro, a published software package developed as central hub
for transcriptome data sets and curated annotations from the Carnivorom project. See table
2.1 and 2.2 for project responsibilities and contributions.
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Abstract

RNA sequencing (RNA-seq) has become a powerful tool to understand molecular mech-

anisms and/or developmental programs. It provides a fast, reliable and cost-effective

method to access sets of expressed elements in a qualitative and quantitative manner.

Especially for non-model organisms and in absence of a reference genome, RNA-seq

data is used to reconstruct and quantify transcriptomes at the same time. Even SNPs,

InDels, and alternative splicing events are predicted directly from the data without having

a reference genome at hand. A key challenge, especially for non-computational person-

nal, is the management of the resulting datasets, consisting of different data types and

formats. Here, we present TBro, a flexible de novo transcriptome browser, tackling this

challenge. TBro aggregates sequences, their annotation, expression levels as well as dif-

ferential testing results. It provides an easy-to-use interface to mine the aggregated data

and generate publication-ready visualizations. Additionally, it supports users with an

intuitive cart system, that helps collecting and analysing biological meaningful sets of

transcripts. TBro’s modular architecture allows easy extension of its functionalities in the

future. Especially, the integration of new data types such as proteomic quantifications or

array-based gene expression data is straightforward. Thus, TBro is a fully featured yet

flexible transcriptome browser that supports approaching complex biological questions

and enhances collaboration of numerous researchers.
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Background

RNA sequencing (RNA-seq) provides a fast and cost-

effective method to access transcribed genes in a qualitative

and quantitative manner (1, 2). Without prior knowledge

this technology enables transcript discovery and quantifi-

cation at the same time (3). In particular, for non-model

organisms and in absence of a reference genome, RNA-seq

has been proven a successful strategy to elucidate the role

of candidate genes in physiological pathways or develop-

mental programs as well as the underlying molecular

mechanisms (4–7).

Nowadays, transcriptome assemblers such as Velvet/

Oases (8) and Trinity (9, 10) are capable to accurately re-

construct full length transcripts, even for recently dupli-

cated genes or alternative splice isoforms from RNA-seq

data. Most assemblers operate over a broad range of ex-

pression levels. The assembled sequences are usually

organized into hypothetical genes (unigenes) represented

by multiple isoforms. Those isoforms are usually searched

for candidate coding regions. Their deduced proteins are

annotated by employing homology as well as profile based

methods such as InterproScan (11) and Mercator (12).

Furthermore, reusing the generated RNA-seq data for tools

like RSEM (13) or Salmon (14) provide quantification of

isoforms and their subordinate unigenes. Quantification

results serve as input for differential expression (DE) test-

ing, one of the major applications of RNA-seq. Both DE

testing results as well as isoform annotation are subject to

Gene Ontology or gene family enrichment analysis with

tools like topGO (15) or GAGE (16) on either whole tran-

scriptomes or curated subsets.

In the end, most de novo RNA-seq studies result in a

multitude of different datasets, including sequences, their

annotation, expression levels and DE as well as co-

expression testing results. Since most of the datasets contain

thousands of entries they remain hard to handle. The vast

amount of different data types necessitates the usage of a

simple interface, optimally through a web browser, to

allow uniform data access also for non-IT personal.

Researchers need to refine functional annotations (e.g.

unigene/isoform synonyms or descriptions) or flag individ-

ual unigenes or isoforms with personal metadata.

Additionally, classification of biologically related unigenes

or isoforms into functional groups or protein families is

often pivotal to help understanding their specific roles and

interplay in given pathways and networks. Currently, only

a small number of tools and platforms are available that

provides these basic functions. Most tools are tailored for

genome reference based RNA-seq studies [e.g. Tripal (17,

18), Intermine (19), TraV (20), RNASeqExpressionBrowser

(21)] or aim for a specific species [e.g. dbWFA (22)] with

Intermine and Tripal the most feature rich and best main-

tained tools available. Intermine is specifically designed for

the integration and analysis of complex biological data sets

on top of genome annotations but comes with a higher

hardware footprint and a complex backend not ideal for

smaller lab environments. Tripal on the other hand, serves

as online biological knowledgement system displaying pre-

defined queries and thus making it inflexible for large

amounts of different user requests. Only TrinotateWeb (23)

provides a unified way to create, organize, and visualize re-

sults from de novo transcriptome studies. However, it

allows no multi user access, lacks the ability to store user-

defined unigene or isoform collections, offers only a very

sparse search interface and is not capable to provide path-

way information. Beyond that, it is hard to extend since the

back-end does neither rely on a documented database

schema, such as Chado nor does the front-end make use of

a modular web service system necessary for new visualiza-

tions or analyses. Here we present TBro, a flexible de novo

transcriptome browser, written to overcome the above-

mentioned constraints thereby enabling researchers to ana-

lyse and share their data in a collaborative and standardized

manner.

Features

TBro represents an easy to use multi-user de novo transcrip-

tome data mining platform. It is developed as web applica-

tion, works across platforms, and is browser independent.

The TBro interface provides structured access to a given

transcriptome and its annotation by modelling unigene !
isoform relations. Unigene subpages (e.g. http://tbro.carni

vorom.com/tbro/details/byId/439690) offer a tabular list of

all available isoforms including high level visualization

functions for expression profiles and DE testing results.

Similarly, isoforms are presented on individual comprehen-

sive subpages allowing users to inspect annotations and

metadata (e.g. synonyms and descriptions) as well as ena-

bling visualization of analysis results (e.g. quantifications

or DE testing results) dynamically in one place (e.g. http://

tbro.carnivorom.com/details/byId/439692). Isoforms and

annotated peptides are sent directly to NCBI’s blast suite

(24). Annotated features like repeats, predicted peptides

and interpro hits are displayed in an overview graph and

listed as separate tables. If available, a link to the underly-

ing external database entry is provided. Simple annotations

like Gene Ontology terms, MapMan bins and Enzyme com-

mision numbers are displayed underneath. All coordinate-

based annotations (e.g. open reading frames, protein

domains) as well as expression profiles and differential ex-

pression results are visualized by CanvasXpress (25).
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The visualization itself as well as the underlying data tables

are modified dynamically using the context menu of the

CanvasXpress library. Users can simply change graphical

parameters, scaling and limits of the plots as well as trans-

form or correlate them in different ways. In addition, users

can add a custom alias and description for each unigene or

isoform at the top of each subpage. Advanced users can use

TBro’s web services as an application programming inter-

face (API) to access and integrate data into other

applications.

One of TBro’s major achievements is the implemented

cart system to comfortably organize and analyse user-

specified collections of unigenes and isoforms. They are

compiled from the underlying transcriptome database by

different exploration methods. Users can select unigenes or

isoforms of interest by homology searches (e.g. BLAST),

annotated protein signatures (e.g. Interpro) or pathway as-

signments (e.g. KEGG) as well as through fine grained fil-

tering of expression and differential expression results.

Furthermore, users can search for unigenes and isoforms by

their id or alias or enter complete paragraphs of a paper to

mine them for potential hits. The search for an id or alias is

carried out in a strict mode to perfectly match a database

entry or in non-strict mode to expand the results to related

entries. The latter is used to easily retrieve all isoforms for a

unigene. Resulting hits are further refined by simple string

or data type specific filters. Results are usually displayed as

tables and selected rows can easily be added to a cart via

the table menu or simply by drag and drop onto the desired

cart. Carts are rapidly synchronized between tabs within a

browser session and user can share them in a collaborative

manner using TBro’s controlled import and export

functions.

Whole carts are visualized similar to individual unigenes

or isoforms. Expression results are displayed as heat map

for multiple selected conditions or tissues. Results from DE

tests are graphed in a Bland–Altman plot [MA plot; (26)].

The latter is especially useful to localize selected unigenes

or isoforms within the context of an entire expression ex-

periment. Users can annotate Carts with an alias as well as

a detailed description and store the cart itself and its corres-

ponding annotation within TBro’s database. The OpenID-

based user authentication system enables hundreds of users

to store personal annotations generically however eliminat-

ing the need for its own centralized login system.

Implementation

TBro is divided into three environments (Figure 1A).

The user environment (Figure 1A, light grey) consists of a

client interface and an admin interface, which is used to

control TBro. The admin tools are implemented in PHP

with a command line interface (CLI) using multiple pear

packages (Log, Console_CommandLine, Console_Table

and Console_ProgressBar), propel for database abstraction

(object-relational mapping), and phing for setting up data-

bases and web interfaces. The client interface is structured

using PHP and javascript with the Foundation Front-end

framework. User interface interactions such as drag and

drop capabilities, effects, widgets are built with

the jQueryUI library. Displayed tables are created using the

DataTables plugin for jQuery to make tables searchable

and add multi-column ordering functionalities.

Experimental as well as sequence annotation data are

visualized using the CanvasXpress (25) graphing library.

The Front-end is developed under the convention of the

Document Object Model (DOM). DOM traversals, modifi-

cations and event binding are handled with jQuery. Ajax

(Asynchronous JavaScript and XML) is used to update the

parts of the frontend without reloading it completely. Data

collections, arrays, and objects are manipulated using

Underscore.js. Dynamic content is directly injected into the

front-end using Underscore.js client-side templating.

TBro’s core environment (Figure 1a, black) consists of

an Apache web server, delivering the web interface and pro-

viding core functionalities as atomic web services as well as

a PostgreSQL server hosting the modified Generic Model

Organism Database (GMOD) Chado database (27).

Caching capability is provided by a memcached (28) server.

The separated provision of each component provides high-

availability and allows for resource optimizations (e.g. load

balancing). REST Web services are written in PHP and re-

turn results formatted as JavaScript Object Notation

(JSON). Database queries are logged and optimized using

loggedPDO. Users are authenticated with lightOpenID.

User session data is stored with webStorage on the client

side to optimize server requests. Sequences and sequence

annotations are stored using the Chado sequence module.

Relationships between features such as unigenes and iso-

forms or proteins and protein domains are modelled using

the feature relationship table. Quantification and DE test-

ing results are stored in two newly introduced tables. Both

tables complement the Chado Mage module to easily store

non-microarray expression data. Future releases will store

tabular data (e.g. quantification and DE testing results)

using PostgreSQL NoSQL capabilities to speed up requests.

User annotation data from carts and individual annotations

are kept in a specifically created table (webuser_data). User

data received from the front-end is inserted as decomposed

binary format (JSONB).

The analysis environment (Figure 1A, dark grey) is used

to perform computations like BLAST searches. Jobs are

triggered by users via the web browser and tracked in a

separate database. An arbitrary number of workers on
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heterogeneous host systems (currently Linux and Windows

are supported) is utilized to run the job. Workers query the

database for unallocated jobs, run them and report the re-

sults back to the database. The status of the job and even-

tually the results are accessible by the user via a unique

URL. The analysis environment builds on a modular struc-

ture to easily extend it to other tools (e.g. HMMER for

profile based searches).

Usage

TBro knows two principal roles: administrator and user.

The administrator imports and manages data using a CLI

while the user accesses and searches the data with a web

browser. The CLI is divided into three subcommands,

TBro-db for managing data values (list, insert, edit and de-

lete of e.g. contacts, organisms), TBro-import for importing

multiple data values from files (e.g. ids, sequences) and

TBro-tool which provides helper scripts (e.g. format con-

verter). All tools come with support for auto completion in

Linux environments. The CLI tools hierarchically prepare

and import all data sets but can also be used to retrieve

data from the database. An exemplary import workflow is

available in the TBro documentation (http://tbro-tutorial.

readthedocs.org). Sequence information and relations are

imported by supplying relation maps (Unigene ! Isoforms

and Isoform ! Open Reading Frame) and simple fasta

files. The same is done for generic pathway associations

(EC! KEGG Map). Annotation results are imported using

a two-column tab-separated file (Sequence ID ! GO/EC/

Synonym) or source-defined multi-column files (Interpro,

RepeatMasker, MapMan). Expression counts and DE re-

sults are imported after deep modelling the sample relations

with TBro’s database control tool (TBro-db, Figure 2B).

Each expression dataset is associated with a biomaterial (e.

g. tissue), a condition (e.g. treatment) and a sample name

(e.g. replicate-1) according to the Chado database schema.

The combination of biomaterial, condition and sample

name is connected with an experiment. Each experiment is

assigned to one or multiple acquisitions corresponding to a

sequencing runs or array hybridization. Acquisitions are

associated with a corresponding analysis e.g. quantification

and normalization of unigene and isoform counts or DE

test results. Finally, the datasets are imported by simply

supplying a quantification and analysis id.

The online demo (http://tbro.carnivorom.com) hosts

data from the recently published Venus flytrap (Dionaea

muscipula) deep transcriptome sequencing project (Bemm

et al., 2016, in press). The unfiltered data sets contain

315 584 isoforms for 183 578 subordinate unigenes.

A total of 3 221 001 annotation entries of various types are

stored within TBro’s database backend. Expression data

A B

Figure 1. (A) TBro’s architecture is divided into three sections. The TBro environment builds the backbone with the central web server. The web server

is connected to the database server and the session server for caching. The analysis environment is used to perform computationally intensive tasks.

It is divided into a server and an arbitrary number of workers that can run on heterogeneous systems. The user environment consists of the client (a

web browser) which is used to interact with a running instance of TBro and the command line tools which are used to import and manage data by a

qualified administrator. (B) A typical data import hierarchically prepares and adds all transcriptomic data sets. Tasks performed by TBro-db are col-

oured in grey while tasks performed with TBro-import are coloured in white. The complete workflow tightly builds on the reference Chado schema to

ease maintenance and usability.
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from four experiments with a total of 39 samples contain

19 467 318 distinct expression values and results for 2

744 423 DE comparisons are aggregated. The total size of

the PostgreSQL database on disk is approximately 14 GB.

All components of the Venus Flytrap TBro instance are

running on a single virtual machine [Intel(R) Xeon(R) CPU

E5-2640 v3, 2 cores, 8 GB RAM, Ubuntu 12.04, 64 bit].

One of the major questions during the deep transcrip-

tome sequencing project of the Venus flytrap was about the

nature and abundance of the hydrolytic enzymes which are

secreted by specialized glands on the inner trap surface to

digest animal prey. Several high-throughput proteomics ex-

periments using different stimuli (insect and hormone treat-

ment as well as mechanical stimulation) were conducted to

stimulate secretion and detect hydrolytic enzymes in

Dionaea’s digestive fluid. Following sampling of the secre-

tion fluid, peptides were identified by mass spectrometry

and mapped onto the reference transcriptome. Thereby 368

isoforms, respectively their deduced proteins, were identi-

fied as secreted independent of the nature of the stimulus.

The resulting isoforms were searched within TBro and

stored using its cart system. This initial ‘secretome’ cart was

searched for entries exhibiting an annotated signal peptide

(indicative for secreted proteins) employing the cart annota-

tion search. Eligible isoforms were added to a ‘filtered

secretome’ cart. Subordinate unigenes were added to the

new ‘filtered secretome’ cart via the table menu and DE re-

sults from insect-stimulated glands (exp008) were visual-

ized using a MA plot (Figure 2B). It became immediately

obvious that the hydrolytic cocktail consists of enzymes

being already expressed in non-stimulated glands (Figure

2B, blue dots with log2 fold change< 0, 2 unigenes) and

those triggered upon insect stimulation (Figure 2B, blue

dots with log2 fold change> 0, 15 unigenes). The two dif-

ferentially expressed unigenes in non-stimulated tissues

were further analysed with TBro’s triangular DE plot using

an expression experiment comprising different non-

stimulated tissues (exp001, Figure 2C). This plot revealed

that the two unigenes, encoding Nepenthesin-1 and a Lipid

Transfer Protein (LTP), are indeed excessively transcribed

in a gland specific manner. The refined cart was directly

used as supplementary data for the publication and to ease

the review process.

Altogether, TBro successfully enhanced collaboration of

numerous researchers working in the Venus flytrap tran-

scriptome project team. It was particularly helpful to visual-

ize expression strength or expression variability in

publication-associated carts (Figure 2A). It was further in-

tensively used to identify representative isoforms for indi-

vidual unigenes using its adjustable expression bar plots

(Figure 2D). Researchers frequently visualized DE test re-

sults using TBro’s triangular DE plot (Figure 2C) to identify

DE patterns over a large set of different tissues. Finally,

TBro’s pathway module was used to provide functional as-

sociations (e.g. Jasmonic acid biosynthesis, Supplementary

Figure S2).

Conclusion

TBro provides simple-to-use interfaces to (i) inspect and re-

fine functional annotations, (ii) analyse and visualize ex-

pression as well as (iii) DE testing data. It handles user

derived sets of unigenes/isoforms as well as entire experi-

mental datasets and thus outperforms competing packages

in terms of functionality, user-friendliness and flexibility.

The cart system helps collecting, organizing and sharing

biological meaningful sets of unigenes/isoforms and thus

offers an effective way to export meta-data for external re-

view. Building on the Chado database schema empowers

TBro to handle complex representations of biological

knowledge and a multitude of different data types.

Although TBro was developed with RNA-seq experiments

in mind, it can easily be adopted to host proteomic or other

quantification data sets. Furthermore, it provides interoper-

ability between different biological databases and applica-

tions of the GMOD toolkit. The modular backend,

organized into different environments and the heavy use of

highly flexible atomic services allow an easy extension of

TBro’s functionalities in the future. It also provides a fast

prototyping platform to test and develop functionalities for

genome-centred data warehouse systems such as Intermine

and Tripal. Upcoming releases will introduce cart oper-

ations such as union or intersection as well as transform-

ations (e.g. unigene $ isoform) to further ease TBro’s

usage. Finally, we aim to develop new features that enable

users to switch between organisms or data releases in con-

text of their personal carts again using Chado’s built-in re-

lationship model.

Availability

TBro is available as docker images (https://hub.docker.com/

u/tbroteam) as well as source code (https://github.com/tbro

team). It is easily set-up using preconfigured docker images.

Core applications, databases and job handlers are distrib-

uted in separate images. Functional tests are continuously

performed with Travis-CI (https://travis-ci.org/TBroTeam/

TBro) while code review is automatically performed by

codeclimate (https://codeclimate.com/github/TBroTeam/

TBro). A tutorial leads user through the installation as well

as analysis process (https://tbro-tutorial.readthedocs.org).

TBro is distributed under the MIT license. All included

modules have compatible licenses (see Supplementary

Table S1). The CanvasXpress (http://canvasxpress.org)
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release distributed with TBro is an earlier version available

under the LGPL. Nevertheless, its version easily updated

during the setup procedure.
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2.2 Supplementary Material

Fig. 2.1 Supplementary Figure 1 — KEGG map of the alpha-Linolenic acid metabolism with
highlighted components present in a published cart (S1_JA_Pathway). Future releases will
color the components dependent on their transcriptional regulation.
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Chapter 3

Tardigrade Genomics

3.1 Abstract

Tardigrades are among the most stress tolerant animals and survived even unassisted exposure
to space in low earth orbit. Still, the adaptations leading to these unusual physiological
features are a mystery. Even the phylogenetic position of this phylum within the Ecdysozoa
is enigmatic. Complete or draft genome sequence might help to address these questions as
genomic adaptations can be revealed and phylogenetic reconstructions can be based on new
markers. The following chapter presents the genome of a new Eutardigrada member, namely
M. tardigradum and integrates it into a comparative framework with two previously published
Eutardigrada species, namely R. varieornatus and H. dujardini. Using the comparative
framework, the phylum of the tardigrades was placed as sister group of the nematodes
and the arthropods as outgroup. A phase of massive gene loss thus far attributed to the
nematodes could be pre-dated to the split from the tardigrades. A comprehensive catalog of
protein domain expansions and contractions further revealed that the coding complements of
the three tardigrades might have been shaped in much more species-specific manner than
previously thought. Taken together, the comparative framework established in this chapter
provides novel directions for further research on stress tolerance in tardigrades and has as a
direct impact for the understanding of the Ecdysozoa evolution including prominent model
organisms.
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3.2 Introduction

There is no life without water. Antony van Leeuwenhoek must have been well aware of this
fact when in 1702 he collected some dry dust from a roof gutter. He was up to a surprise when
he viewed the sample with one of his self-built microscopes. Soon after mixing with some
clean water, he found tiny animals, which he called ‘animalcules’ [183]. Thus, seemingly
dead animals came fully alive again after rehydration. In 1959, D. Keilin coined the term
‘cryptobiosis’, which can be triggered by low oxygen (anoxybiosis), low temperature
(cryobiosis), high salt concentrations (osmobiosis) or desiccation (anhydrobiosis) [163]. To
date, this ‘peculiar state of biological organization’ between dead and alive [60] has been
described in various species all over the tree of life. This includes prokaryotes [29], plants
[17] with the highlight example of the ‘resurrection plants’ [208, 21, 200] and a wide range
of invertebrate animals. The latter include species of arthropods [63, 61], nematodes [251],
rotifers [281] and tardigrades [206]. Tardigrades (from latin tardus = slow and gradi = walk
[261]) are small animals of about 0.1 to 1.2 mm with a peculiar shape reminiscent of bears.
Accordingly, they have also been called ‘kleine Wasserbärchen’ (little water bear) in German.
They were first identified at the end of the 18th century [33]. Today, more than 1,000 species
are known [85]. Together, they form a phylum of their own belonging to the ecdysozoa
[7]. The detailed phylogenetic position of this phylum is still under discussion. There
are mainly two hypotheses, which place the tardigrades as sister taxon to the nematodes
[125, 181, 199, 229, 237, 196, 34] or the arthropods [196, 50, 106, 238, 273] respectively,
but so far neither molecular nor morphological investigations have come to an unambiguous
conclusion [78, 80].

As their German name already suggests, tardigrades are an aquatic life form and can only
survive as long as they are covered by a water film. Still, most species inhabit terrestrial
habitats like mosses and lichens which regularly fall completely dry. At these times, adults,
juveniles and also embryos can only survive until the next rain period by changing from
the active state into the anhydrobiotic tun state [244]. As metabolic conversion of nutrients
requires water, tardigrades in the tun state suspend life and do not age [127]. In this form,
they survived being frozen [129, 130], heated [131] and exposed to enormous levels of UV
[10] or ionizing radiation [151].

Although evolved as a mechanism to survive anhydrobiosis, tardigrades in the tun state are
also resistant against other environmental stressors not typical for their habitat. The tardi-
grade species M. tardigradum even survived the exposure to space in low earth orbit [152].
Accordingly, tardigrades have been suggested as model organisms for space research [150].
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The molecular mechanisms enabling anhydrobiosis are a field of active research. Starting
with a search for a single causative agent, nowadays four lines of defense, each consisting of
different options, are considered: (i) stabilization of proteins and membranes, (ii) avoiding
damage caused by reactive oxygen species (ROS) and other toxins, (iii) restructuring of
cellular components to evade stress on structures caused by drying (iv) and detection of des-
iccation and coordination of reactions by regulatory mechanisms and signaling pathways [64].

More than 40 years ago, water replacement and vitrification were suggested as core
mechanisms for stabilization [65]. Here, water is replaced by other biomolecules resulting
in a glass state of the cell. Mainly two types of molecules enabling this transition, sugars
[67, 66] and late embryo abundant (LEA) proteins [109, 282] have been described. But, even
within closely related organisms the relevance of these molecules differs [180, 128]. As
further candidates, heat shock proteins have been suggested. As they assist in protein folding
and are able to refold denatured proteins, they could provide a self-evident mechanism
to repair damage arising in anhydrobiosis. Still, the relevance of heat shock proteins for
tardigrades is discussed controversially. HSP70 expression is increased at rehydration [153]
but not increased in desiccated animals [153, 232]. Directly comparing different variants of
HSPs revealed complex patterns [245, 230].

The emergence of ROS is of considerable danger for a cell, as it can damage all cellular
components. Already a challenge for a ‘standard’ cell, this problem increases dramatically
when a cell desiccates. Accordingly, genes involved in the reduction of ROS are upregulated
at the entrance of anhydrobiosis [228]. Still, ROS can damage cellular components
in anhydrobiotic animals. In the case of Deoxyribonucleic acid (DNA), these can be
recovered by effective repair systems [212]. Evidence for restructuring of the cytoskeleton
in anhydrobiosis was found in the nematode Panagrolaimus superbus [283]. Similarly,
the expression of some cytoskeletal proteins changed in anhydrobiosis of the tardigrade
M. tardigradum [293]. The signaling pathways and regulatory mechanisms involved in
anhydrobiosis are thus far only poorly understood. Only for the Caenorhabditis elegans
Dauer larvae, notch signalling in the head neurons was suggested [86].

The first studies addressing the unique physiological peculiarities of tardigrades revealed
different hypothesis regarding their underlying genomic basis. A genome wide analysis of the
gene coding complement of the tardigrade H. dujardini by Boothby et al. [274]. found that
horizontal gene transfer might have shaped the functional capacity of the animal much more
than previously suspected. The analysis identified several thousand genes likely to be derived
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from non-metazoan sources mostly from bacteria. Especially proteins containing domains
involved in classic stress response, including heat shock proteins, chaperones, DNA damage
repair enzymes and antioxidant pathway members were expanded in numbers compared
to C. elegans and D. melanogaster. Furthermore, the study suggested that some of the
expansions build completely on foreign sources that replaced the original host genes. Based
on their results, authors argued that stress tolerant organisms might show a predisposition to
acquiring foreign genes presumably driven by membrane leakiness and DNA breakages
during harsh conditions like desiccation, ultimately correlating horizontal gene transfer with
the rate of survival during desiccation. A second independent genome study of H. dujardini
reported strong conflicts between the two assembled and annotated genomes although the
biomaterial for both studies was taken from the same original stock culture [174]. Analysis
of the second genome reference for H. dujardini suggested a very low level of horizontal
gene transfer. Authors demonstrated that the high rate of horizontal gene transfer was rather
an artifact of non-eliminated contaminants than biological signal. They further prove that
most candidates for foreign horizontal gene transfer could neither been confirmed using long
read or short read sequencing data nor by assessing their expression status. They conclude
that the previous genome assembly and accompanied analysis are heavily compromised by
the almost ten thousand genes derived from bacterial contaminants and that most conclusion
are rather artifactual. The conclusions of the second genome release were further supported
by to additional independent studies reusing both previously generated genome sequencing
data sets [73, 27]. Both studies showed that the data published by Boothby et al. can be
used to assemble full bacterial genomes. Surprisingly, one of the genomes could be assigned
to the bacterial family of the Chitinophagaceae, a family that is known to harbor genes
coding for chitin degradation and utilization. Furthermore, a detailed analysis of the genome
showed that it harbors genes associated with biosynthesis of proteorhodopsin, host invasion
and intracellular resistance, dormancy, sporulation and oxidative stress. Delmont et al.
further concluded that the detected genome might belong to a microbial inhabitant of H.
dujardini since both, the data set published by Boothby et. al and Koutsovoulos et. al showed
traces of it but could not rule out the possibility that it may be associated with the food source.

Studies in H. dujardini were complemented by a similar analysis in a second tardigrade
species, namely R. varieornatus [121]. The authors leveraged their high-quality genome
sequence of R. varieornatus and were able to show that only a small proportion of the
gene coding complement might represent putative foreign genes. Their study further
showed that the species (selectively) lost several members of pathways that promote stress
damage (e.g., peroxisomal oxidative pathway, stress responsive pathway) during hypoxia,
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genotoxic or oxidative stress but simultaneously display expansion of gene families related
to ameliorating damage (e.g., superoxide dismutases (SOD)). A close examination of gene
expression profiles during dehydration and rehydration by the authors revealed only minor
differences between the two states. Additionally, the study identified a tardigrade-unique
DNA-associated protein that when transferred to human cell culture suppresses DNA damage
and shows high irradiation viability. In summary, the study suggested that a) tardigrades can
enter a dehydrated state without a massive transcriptional turnover and b) that the genome
provides mechanisms that prevents, extenuates or protects against damage caused by harsh
environmental conditions.

All molecular studies so far revealed a first but very different glimpse into the mechanisms
underlying anhydrobiosis and other peculiarities specific to taridgrades. Even 300 years after
van Leeuwenhoek’s discovery, there is no general understanding of the genetic basis that
encodes the strong stress tolerance of species from the phylum Tardigrada. The following
chapter adds a third tardigrade species, namely M. tardigradum to the realm. M. tardigradum
does not only represent a second class of tardigrades but also is arguably one of the most
stress resistant tardigrades [152] with a wealth set of transcriptomic [293, 98, 195], proteomic
[246, 247] and metabolomic [24] studies reusable for hypothesis testing.
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3.2.1 Project objectives

Comparative Framework The first objective of this chapter is to establish a proper com-
parative genomics framework to test several hypotheses related to the unusual physiological
features of tardigrades. A quality assessment of the different published H. dujardini genomes
should pinpoint the most reliable one. A completeness screen of all available metazoan
genomes from Ensembl and their annotation should select the most trustworthy ones. The
M. tardigradum genome should be assembled, annotated and validated. The resulting set
of genomes and their respective proteomes should be tested for ortholog relationships for
later downstream analysis. Finally, the set of selected species should be tested for expanded,
contracted as well as lost protein domains (see objective 3.2.1) and cross compared to existing
expansion studies in tardigrades.

Phylogenetic Reconstruction Since the position of the phylum Tardigrada is is still under
discussion an attempt should be made to reconstruct a whole genome based phylogeny
in-cooperating a set of high quality metazoan genomes from Ensembl as well as the three
available tardigrade genomes. Additionally, the two main hypotheses which place the
tardigrades as sister taxon to the nematodes or the arthropods should be tested whether
or not the whole genome based phylogeny results in a clear placement. The tests should
include domain absence/presence patterns, domain architecture patterns and ortholog group
memberships.

Gain and Loss Patterns Since previous studies reported a substantial loss in domains and
domain architectures from the Ur-ecdysozoan to current day nematodes [308] it should be
tested whether or not tardigrades undergo the same process independently of the outcome
of the phylogeny reconstruction. The test should involve the estimation of gain and loss
rates alongside the different hypothesis tested in the previous objectives. Gains as well as
losses should be summarized using a gene ontology enrichment. Additionally, it should be
discussed whether or not these patterns can be linked to the lifestyle of tardigrades or M.
tardigradum in specific.
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3.3 Material and Methods

The following subsections concentrate on the generation of the M. tardigradum genome, its
annotation and the comparative analysis with other metazoan genomes . Methods for the
assessment of different H. dujardini genomes can be found [27, 73]. Animal culturing was
carried out by Laura Burleigh, F. Hoffmann-La Roche AG, Konzern-Hauptsitz, Grenzach-
erstrasse 124, 4070 Basel, Switzerland and Frank Förster, Department for Bioinformatics,
Genomics Group, Biocentre / Am Hubland, 97074 Würzburg, Germany. 454 sequencing was
carried out by F. Hoffmann-La Roche AG. Illumina sequencing was carried out by GATC
Biotech AG (Hauptsitz), European Genome and Diagnostics Centre, Jakob-Stadler-Platz
7, 78467 Konstanz. Genome size estimation was carried out by the author of the thesis
under supervision by Christian Janzen, Department of Cell and Developmental Biology, Am
Hubland, 97074 Würzburg, Germany.

3.3.1 Animal culture

Tardigrade specimens of M. tardigradum (described in [75]; Eutardigrada, Apochela), cul-
tured in the laboratory for a decade, were used to study the genome. Originally they were
collected from dry moss in Tübingen, Germany. Animals were provided by Dr. Ralph Oliver
Schill. The carnivorous tardigrade species was reared in plastic culture dishes on a small
layer of 3% agar, covered with Volvic™ water (Danone Waters Deutschland, Wiesbaden,
Germany). Rotifers of the species Philodina citrina were provided as food twice a week
(Roche culture). The cultures were maintained in an environmental chamber at 20 °C using an
artificial light source with a 12 h light, 12 h dark cycle. For the DNA/RNA extraction exuvia
with eggs and embryos were collected and cleaned by five washing steps with Volvic™ water.
Subsequently, they were placed separately in a 24-well plate until they hatched. Juveniles
have been transferred in a reaction tube, frozen in liquid nitrogen and stored at -80°C.

3.3.2 Sequencing

DNA was extracted from approximately 1000 freshly hatched animals (to avoid bacterial
contamination) using the Qiagen DNeasy kit according to the manufacturer’s instructions for
animal tissues (spin column protocol). Animals were washed five times in RNAse/DNAse-
free water, resuspended in Qiagen buffer ATL and disrupted with a FastPrep-24 homogenizer
(MP Biomedicals for 2 x 30 seconds at 4 m/sec). Following overnight incubation in buffer
ATL and proteinase K at 56ºC, samples were treated with RNAse A and purified on a spin
column. RNA was extracted from a similar sized animal culture as for the DNA. Animals
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were disrupted as described above, resuspended in buffer RLT, and RNA was extracted
using the Qiagen RNeasy kit. Ribosomal RNA was depleted using the RiboMinus Kit for
RNA-seq (Invitrogen) and reverse transcribed using random hexamers (Promega Im-Prom
II Reverse Transcription System). cDNA was amplified using the GenomePlex Complete
Whole Genome Amplification Kit (Sigma). The 95ºC fragmentation step was omitted from
the whole genome amplification, as RNA had been fragmented during homogenization. Bead
libraries were prepared from DNA (1.8 ug) and cDNA (2 ug) using the GS FLX Titanium
general library preparation kit (454 Life Sciences), followed by amplification using emulsion
PCR with the LV emPCR kit (Lib-L) (454 life Sciences). Sequencing was performed on
a 454 FLX instrument (454 Life Sciences). A second sequencing data set was produced
from an additional batch of animals. DNA was extracted as above and subjected to whole
genome amplification with Qiagen REPLI-g prior to sequencing. TruSeq DNA library prep
and Illumina sequencing was carried out by GATC.

3.3.3 Genome size estimation

The genome size of M. tardigradum was estimated using flow cell cytometry. Drosophila
melanogaster was used as standard[112]. A culture of M. tardigradum was washed (4 times,
M9 buffer) and placed into modified Galbraith’s buffer. Nuclei were released with a tissue
grinder (Kontes Dounce tissue grinder, “A” pestle) and filtered to a 30-µm Nylon mesh. The
same procedure was carried out with a single head from Drosophila melanogaster female.
The nuclear suspension was stained with propidium iodid (PI) for 2 hours and measured
immediately with a FACScalibur flow cytometer (Becton Dickinson, USA) and analyzed
with CellQuest Pro version 6.0. PI-positive cells were gated and fluorescence intensity
was analyzed in FL2-H channel and displayed on a linear scale. Non-stained cells served
as a negative control. The whole procedure was benchmarked by comparing Drosophila
melanogaster and Apis mellifera [15]. Results indicated an error of about 0.025 (data not
shown).

3.3.4 Genome and transcriptome assembly

Genomic and transcriptomic reads were prepared by masking vector contamination’s and
adapters using SMALT [223]. Both read read sets were compared against NCBI-nr using
diamond [42]. The resulting alignments were prepared for MEGAN using daa-meganizer
[140, 139]. MEGAN was used to compute the lowest common ancestor for each read in-
dividually. Reads assigned to the superkingdom Bacteria or Archaea were removed from
the data set. Remaining genomic reads were assembled with Canu (release 1.3; error-
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Rate=0.035, genomeSize=75000000, minReadLength=50, corMinCoverage=0, corMaxEv-
idenceErate=0.15, minOverlapLength=50, trimReadsCoverage=2) [173]. Transcriptomic
reads were assembled using MIRA4 with the accurate settings [57]. The resulting EST library
was further used to assess the genome assembly completeness. The genome completeness
was validate with CEGMA [217] and BUSCO [256].

3.3.5 Genome feature annotation

Known repetitive elements were annotated with RepeatMasker (v.4.0.4, species=metazoa)
[258]. Coding genes were annotated with Braker1 (version 1.9; default parameters) by
combining de novo gene predictions and evidence alignments from ESTs [134]. Evidence
alignments were generated by aligning all ESTs against the genome using BLAT [165].
Resulting alignments were converted into intron boundaries and passed to Braker1. The
resulting proteins were functionally classified using homology and profile based methods.
Protein families, domains and important sites were assigned using InterproScan5 (release
5.20; default parameters) [149] and the Interpro database (release 59.0) [92]. Gene ontology
terms and basic functional descriptions were assigned by lifting protein domain gene ontology
annotations to their respective gene/protein.

3.3.6 Protein Domain Expansions and Contractions

Significantly expanded and contracted Interpro terms (restricted to those predicted by the
Pfam sub module) were identified by comparing their occurrence in the three tardigrades
to all species present in the Ensembl Metazoa database (Release 34) using a chi square test
[166]. The occurrence of a specific Interpro term in the three tardigrades was compared to the
occurrence of the same term in each of the reference species individually. The number of all
genes associated with at least one Interpro term was used as background for each species. The
resulting p-values for each Interpro term were combined into a weighted consensus p-value
since they addressed the same null hypothesis, that an Interpro term is not expanded or
contracted significantly. For that, all p-values were z-transformed and a weighted consensus
test was applied. The final weighted consensus p-value was adjusted using the Bonferroni
method and considered significant at a level of 5%. Expansion and contractions were used
to test for enriched gene ontology terms with dcGOR [90]. Enrichments were statistically
verified with the hypergeometric test. P-values were adjusted using Bonferroni’s method. The
significance of a term was not only required when using the whole domains as background but
also using domains annotated to all its direct parents/ancestors as background (Parent-Child
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algorithm). All Interpro terms (restricted to those that were Pfam-derived) found in the 56
species were used as background.

3.3.7 Phylogenetic Reconstruction and Hypothesis Testing

The phylogenetic reconstruction was carried out using 56 selected species present in release
34 of the Ensembl Metazoa database [166]. Potential inparalogs, orthologs and co-ortholog
pairs were identified using orthAgauge [82]. The species phylogeny was reconstructed using
ete3 (build 3.0.0b36; -w mcoffee_ensembl-trimal01-prottest_default-treebest_ensembl -m
cog_25-alg_concat_default-raxml_default) based on the ortholog groups generated with MCL
[285]. Alternative phylogenetic hypothesis for the placement of the tardigrades were tested
using RAxML [263] and CONSEL [254]. Testing was done using binary representations
of the absence-presence matrices for protein domain families, domain architectures and
orthologous groups. Domain architectures were defined on annotated Pfam domains families.
Repetitive stretches of domains were collapsed into a single representation. RAxML was
used to calculated per-site log likelihoods for each of the alternative hypothesis. Test statistics
for alternative hypothesis were calculated using the approximately unbiased test implemented
in CONSEL.

3.3.8 Protein Domain Gain and Loss Estimation

Gain and loss events for protein domains were detected using the most likely tree topology
and the corresponding absence-presence matrices. Ancestral nodes were reconstructed using
RAxML [263]. To account for uncertainties during the reconstruction an expected value for
each gain and loss event was calculated by multiplying the probability of the parent and the
child state. Gain states were further assessed by cross comparison to the out-groups and
marked ambiguous if one of the species within this group already encoded the tested protein
domain. Subsequently, ambiguous gains were excluded from all downstream analysis.

3.3.9 Functional Hypothesis Testing

SAHS/CAHS/MAHS containing proteins previously identified in R. varieornatus were de-
tected using a profile based approach. Template from R. varieornatus were aligned, the
alignment manually curated and used to build a hidden Markov model (HMM) [79]. A
reverse search of the model against R. varieornatus proteins was conducted and the results
used to define an optimal inclusion e-value (CAHS = 1.2×10−22; SAHS = 5.1×10−40).
The final model was used to screen proteins from all species. Dsup and MAHS homologs
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were identified by a simple protein blast (BLASTP) [48] against the complete set of Ensembl
Metazoa Release 34 species and the three tardigrades. HSPs were identified by using prede-
fined Pfam protein domains (PF00011, PF00012, PF00118, PF00166, PF00183, PF00226).
Trehalose biosynthesis and metablosim components were identified by using predefined Pfam
protein domains (PF00128, PF00358, PF00534, PF00982, PF01204, PF02056, PF02358,
PF02922, PF03632, PF03633, PF03636, PF09071, PF11941, PF11975, PF16657). Late Em-
bryogenesis Abundant proteins (LEA proteins) were identified using predefined Pfam protein
domains (PF00477, PF02987, PF03168, PF03242, PF03760, PF10714). Gene expression
values for R. varieornatus were directly taken from the supplementary material published by
Hashimoto et al. [121].
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3.4 Results

3.4.1 Genomic Features of M. tardigradum

The assembled genome of M. tardigradum comprised 75.1 Mb, which is in close agreement to
the results of a flow cytometry based determination of 73.3±1.8 Mb (see figure 3.1). Overall,
6654 contigs were assembled with a contig N50 size of 50 kb. The assembly was validated
with two approaches. First, a prediction of 248 core eukaryotic genes with CEGMA revealed
a 96 % completeness of the genome (see figure 3.3 A). Second, a prediction of near-universal
single-copy orthologs with BUSCO was used to benchmark the M. tardigradum genome
against three different lineages. Benchmarking against a nematode specific BUSCO set
revealed a completeness of 41 % while benchmarks against an arthropods specific and a
Metazoa specific set revealed a completeness of 35 % respectively 56 % (see figure 3.3
A and table 3.1 for details). Only 1.23 % of the assembly was classified as repetitive or
low-complexity. Based on a metazoan repeat library, 1271 DNA transposons (mostly hobo-
Activator and Tc1-IS630-Pogo) and 2033 LTR elements (mostly BEL/Pao and Gypsy/DIRS1)
were identified. The integrative gene annotation approach predicted 19,401 protein coding
genes. 1684 genes were putatively derived through tandem duplication while 43 genes
probably originated through segmental duplication when compared to H. dujardini and
R. varieornatus. The subsequent functional annotation found homologs for 12,518 genes
(65 %) while 7534 had an ortholog within the reference species from Ensembl Metazoan
Release 34, R. varieornatus or H. dujardini. Based on the curated gene set, 10,966 genes
were functionally assigned to either a protein family, protein domain or an important site,
excluding low-complexity, transmembrane and coiled-coil assignments. 7357 genes had at
least one associated gene ontology term.
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Gated Events: 88826 Total Events: 503520
Smooths: 0
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Fig. 3.1 Genome size estimation for M. tardigradum. The histograms of relative DNA content
were obtained after flow cytometric analysis of propidium iodide-stained nuclei. Sub-figures:
A = Stained nuclei from whole M. tardigradum animals; B = Stained nuclei from a single
D. melanogaster head; C = Unstained nuclei from whole M. tardigradum animals. Marker
M1 corresponds to the diploid genomes size in all samples. The ratio of M1 peak means
(M. tardigradum : D. melanogaster) was equal to 0,41 and hence the 2C DNA amount of M.
tardigradum was estimated to about 0,75 pg corresponding to a genome size of 73.3±1.8 Mb
(SD was calculated from a cross comparison of D. melanogaster and A. mellifera, data not
shown).
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3.4.2 Comparative Framework

H. dujardini and R. varieornatus: The three publically available tardigrade genomes
(two for H. dujardini and one for R. varieornatus) were benchmarked using CEGMA and
BUSCO. The R. varieornatus and the H. dujardini genome published by Koutsovoulos et al.
showed similar results compared to M. tardigradum (see table 3.1). Only the H. dujardini
genome published by Boothby et al. showed a dramatic increase in total assembly size and
a high duplication rate in both CEGMA and BUSCO. A detailed assessment of Boothby
et al. genome showed that the assembly is heavily contaminated with non-host sequences
[174, 73, 27]. Additionally, the assembly shows a great number of highly similar contigs,
probably representing haplotypes of the same allele which where not resolved into a single
haploid representation during the assembly process. The Boothby et al. assembly was not
considered for any downstream analysis to minimize the influence of the assembly quality on
the expansion, contraction and loss analysis.
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Table 3.1 Tabular overview of key assembly metrics for M. tardigradum, R. varieornatus and
two different H. dujardini assemblies. BUSCO and CEGMA results are given in percent.
Duplicated genes can be part of partial and complete counts.

M. tardigradum H. dujardini R. varieornatus

[174] [274] [121]

Assembly

Sequences 6,654 22,497 13,202 199
Total Length 75 Mb 252 Mb 135 Mb 56 Mb

Longest 470 kb 1.5 Mb 594 kb 9 Mb
Shortest 0.3 kb 2 kb 0.5 kb 1 kb

N50 50 kb 15 kb 50 kb 4 Mb
N90 4 kb 5 kb 6 kb 1 Mb

Avg. GC 42 % 47 % 45 % 47 %
N’s 0 36 kb 3 Mb 0

Complete 35 40 43 48
BUSCO Partial 12 11 13 10

Arthropoda Duplicated 2 35 3 3
Missing 51 48 43 40

Complete 41 38 51 47
BUSCO Partial 6 5 4 5

Nematoda Duplicated 2 20 2 2
Missing 52 57 45 47

Complete 56 64 65 70
BUSCO Partial 10 9 10 6
Metazoa Duplicated 3 42 3 4

Missing 33 27 24 23

CEGMA

Complete 96 88 89 96
Partial 98 97 95 97

Duplicated 1 3 1 1
Missing 2 3 5 3
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Ensembl Metazoa genomes: 65 metazoan genomes (Ensembl Metazoan Release 34)
were benchmarked with CEGMA and BUSCO (lineage Metazoa odb9) to assess their
quality and remove incomplete genomes that could dramatically influence the expansion,
contraction and loss analysis. Results from the CEGMA benchmark showed relatively
stable and high completeness values. Only non-ecdysozoa genomes generally displayed
low completeness. Results of the BUSCO benchmark varied strongly (see figure 3.3) and
probably indicate BUSCO lineage specific effects already seen for the three tardigrade
genomes (see table 3.1, differences between BUSCO Arthropoda, Nematoda and Metazoa).
Due to BUSCOs lineage specific effects only CEGMA results were considered for the final
species selection. The empirical distribution of CEGMA completeness values were used to
compute descriptive parameters which where then visualized in a skewness-kurtosis plot (see
figure 3.2 A). Completeness values fitted best to a theoretical exponential distribution and
the summary statistics suggested a minimum completeness of 75% still fit to the theoretical
distribution. An additional inspection of the empirical density and the cumulative distribution
further supported the assumption that CEGMA completeness values lower then 75% can be
considered outliers (see figure 3.2 B). Nine species with less than 75% completeness were
removed (see figure 3.2 B right). The final Ensembl Metazoa Genomes selection contained
56 species.
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Ixodes scapularis (Arthropoda)
Megaselia scalaris (Arthropoda)
Melitaea cinxia (Arthropoda)
Stegodyphus mimosarum (Arthropoda)
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Fig. 3.2 Ensembl Metazoa genome selection based on visual inspection of their completeness
values. A) Skewness-kurtosis plot that visualizes the empirical distribution of CEGMA
completeness values and computed descriptive parameters. Completeness values fitted best
to a theoretical exponential distribution and the summary statistics suggested a minimum
completeness of 75% still fit to the theoretical distribution. B) Empirical density and the
cumulative distribution of CEGMA completeness values (75% was chosen as the final
threshold; species indicated in red were excluded based on the threshold). The analysis was
carried using the fitdistrplus package [72].
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Fig. 3.3 Genome completeness values of BUSCO and CEGMA across all Ensemble Metazoa
Release 34 species and the three tardigrades. CEGMA completeness values show less spread
within and between phyla. BUSCO completeness (using a set of metazoa BUSCOs) shows
lower values for Nematoda, Non-Ecdysozoa and Tardigrada.
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3.4.3 Protein Domain Expansions and Contractions

Protein domains are evolutionary conserved units usually with independent structural and
functional properties [145, 136, 43]. They are widely distributed over all existing organisms
[187] with some of them being universal others being clade-specific. Only a limited set of
protein domains was established during evolution but their combination into different protein
architectures provides a huge functional capacity. Especially in eukaryotes the re-usage of
protein domains can be high and up to 90% of all domains can be found in multiple proteins
within a single specimen. Duplication and integration events are driven by whole genome
duplication or genetic mechanisms like exon-shuffling, retrotranspositions, recombination and
horizontal gene transfer. Duplicated domains are often found in new functional arrangements,
they play an important role during sub-functionalization and they can positively influence the
adaptability of an organisms [18, 167, 226]. Reversibly, the detection of expanded protein
domains could provide hints on which biological processes and molecular functions are most
likely associated with certain (adaptive) traits. The three proteomes from M. tardigradum, R.
varieornatus and H. dujardini were subjected to an expansion and contraction search. Protein
domains were classified into Class I and II expansions as well as Class I and II contractions.
Class I expansions and contractions are those where the query species experienced the highest
or lowest protein domain occurrence count whereas Class II expansions and contractions
indicated protein domains where the query species belongs to the group with the 5% highest
or lowest occurrence. While expansions are generally easy to detect and score, contractions
are much harder to assess in terms of their significance. Especially protein domains with low
counts and a very narrow species distribution are unsuitable for chi-square testing. Overall,
7939 protein domains where tested for contractions and expansions. 130 protein domains
tested significant for an expansion while 12 tested significant for a contraction (see tables
3.2, 3.4, 3.6 and 3.8). M. tardigradum showed 27 Class I, 23 Class II expansions, 2 Class
I contractions and 6 Class II contractions. R. varieornatus showed 38 Class I, 26 Class II
expansions, 0 Class I contractions and 4 Class II contractions while H. dujardini showed 41
Class I, 35 Class II expansions, 2 Class I contractions and 2 Class II contractions. Expanded
and contracted proteins domain sets were subjected to a gene ontology enrichment separately
for each species. Class I and II for expansions and contractions were combined but none
of the subsets showed enrichments for a specific term. A subsequent intersection analysis
showed that only small amount of expansions and contractions are shared across the three
tardigrade species (see figure 3.4). Surprisingly, all species showed a substantial amount of
undetectable protein domains (M. tardigradum: 2666; R. varieornatus: 2576; H. dujardini:
2551).
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Fig. 3.4 A) Intersection analysis of expanded and contracted protein domains in M. tardi-
gradum, R. varieornatus and H. dujardini. Expansions were generally species-specific and
only a small number was shared across the three species. Lost protein domains were largely
shared across the three species. Several of the expansions as well as lost protein domains
were likely contamination in either the tardigrades themselves or the respective outgroups
used during the detection. The analysis was carried using the UpSetR package [188]. A)
Class I Expansions B) Class II expansions C) Class I contractions D) Class II contractions E)
Undetectable protein domains ; Abbreviation: HD = H. dujardini, MT = M. tardigradum, RV
= R. varieornatus
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Table 3.2 Protein domain expansions Class I. Abbreviation: HD = H. dujardini, MT = M.
tardigradum, RV = R. varieornatus. All expansions were tested significantly with an adjusted
p-value smaller than 0.05.

Interpro ID HD MT RV Description

IPR032406 1 1 1 Cyclic nucleotide-gated channel
IPR018392 1 1 1 LysM domain
IPR015938 1 1 1 Glycine N-acyltransferase, N-terminal
IPR014851 1 1 1 BCS1, N-terminal
IPR001548 1 1 1 Peptidase M2, peptidyl-dipeptidase A
IPR026767 1 1 0 Transmembrane protein 151
IPR008197 1 1 0 WAP-type ’four-disulfide core’ domain
IPR001447 1 1 0 Arylamine N-acetyltransferase
IPR000726 1 1 0 Glycoside hydrolase, family 19, catalytic
IPR000627 1 1 0 Intradiol ring-cleavage dioxygenase, C-terminal
IPR027353 1 0 1 NET domain
IPR013871 1 0 1 Cysteine-rich secretory protein
IPR011547 1 0 1 SLC26A/SulP transporter domain
IPR007858 1 0 1 Dpy-30 motif
IPR002645 1 0 1 STAS domain
IPR001429 1 0 1 P2X purinoreceptor
IPR025667 1 0 0 SprB repeat
IPR025533 1 0 0 Protein of unknown function DUF4419
IPR024989 1 0 0 Major facilitator superfamily associated domain
IPR024370 1 0 0 PBP domain
IPR022234 1 0 0 Protein of unknown function DUF3759
IPR021255 1 0 0 Putative auto-transporter adhesin, head GIN domain
IPR018999 1 0 0 RNA helicase UPF1, UPF2-interacting domain
IPR015399 1 0 0 Domain of unknown function DUF1977, DnaJ-like
IPR009688 1 0 0 Domain of unknown function DUF1279
IPR009283 1 0 0 Apyrase
IPR005554 1 0 0 Nrap protein
IPR005378 1 0 0 Vacuolar protein sorting-associated protein 35
IPR004352 1 0 0 Glycoside-hydrolase family GH114, TIM-barrel domain
IPR003661 1 0 0 Signal transduction histidine kinase
IPR003594 1 0 0 Histidine kinase-like ATPase, C-terminal domain
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Interpro ID HD MT RV Description

IPR001480 1 0 0 Bulb-type lectin domain
IPR000716 1 0 0 Thyroglobulin type-1
IPR000519 1 0 0 P-type trefoil domain
IPR000407 1 0 0 Nucleoside phosphatase GDA1/CD39
IPR025340 0 1 0 Protein of unknown function DUF4246
IPR023796 0 1 0 Serpin domain
IPR018629 0 1 0 XK-related protein
IPR018473 0 1 0 Hermes trasposase, DNA-binding domain
IPR013424 0 1 0 PEP-CTERM protein-sorting domain
IPR010513 0 1 0 KEN domain
IPR009492 0 1 0 TniQ
IPR008514 0 1 0 Type VI secretion system effector, Hcp
IPR007365 0 1 0 Transferrin receptor-like, dimerisation domain
IPR007016 0 1 0 O-antigen ligase-related
IPR006214 0 1 0 Bax inhibitor 1-related
IPR005105 0 1 0 Protein-PII uridylyltransferase, N-terminal
IPR004993 0 1 0 GH3 family
IPR004308 0 1 0 Glutamate-cysteine ligase catalytic subunit
IPR002557 0 1 0 Chitin binding domain
IPR032776 0 0 1 CECR6/TMEM121 family
IPR032405 0 0 1 Kinesin-associated
IPR025959 0 0 1 Winged helix-turn helix domain
IPR019774 0 0 1 Aromatic amino acid hydroxylase, C-terminal
IPR012938 0 0 1 Glucose/Sorbosone dehydrogenase
IPR012887 0 0 1 L-fucokinase
IPR012308 0 0 1 DNA ligase, ATP-dependent, N-terminal
IPR011607 0 0 1 Methylglyoxal synthase-like domain
IPR008893 0 0 1 WGR domain
IPR007644 0 0 1 RNA polymerase, beta subunit, protrusion
IPR007642 0 0 1 RNA polymerase Rpb2, domain 2
IPR007350 0 0 1 Transposase, Tc5, C-terminal
IPR007225 0 0 1 Exocyst complex component EXOC6/Sec15
IPR006710 0 0 1 Glycoside hydrolase, family 43
IPR006204 0 0 1 GHMP kinase N-terminal domain
IPR004854 0 0 1 Ubiquitin fusion degradation protein UFD1
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Interpro ID HD MT RV Description

IPR004030 0 0 1 Nitric oxide synthase, N-terminal
IPR003929 0 0 1 Potassium channel, calcium-activated, BK, alpha subunit
IPR002759 0 0 1 Ribonuclease P/MRP protein subunit
IPR001736 0 0 1 Phospholipase D/Transphosphatidylase
IPR001424 0 0 1 Superoxide dismutase, copper/zinc binding domain

Table 3.4 Protein domain expansions Class II. Abbreviation: HD = H. dujardini, MT = M.
tardigradum, RV = R. varieornatus. All expansions were tested significantly with an adjusted
p-value smaller than 0.05.

Interpro ID HD MT RV Description

IPR018487 1 1 1 Hemopexin-like repeats
IPR006068 1 1 1 Cation-transporting P-type ATPase, C-terminal
IPR007743 1 1 0 Immunity-related GTPases-like
IPR001507 1 1 0 Zona pellucida domain
IPR001424 1 1 0 Superoxide dismutase, copper/zinc binding domain
IPR000276 1 1 0 G protein-coupled receptor, rhodopsin-like
IPR032751 1 0 1 Protein fuseless
IPR010796 1 0 1 B9 domain
IPR005018 1 0 1 DOMON domain
IPR004156 1 0 1 Organic anion transporter polypeptide OATP
IPR031569 1 0 0 Apextrin, C-terminal domain
IPR019545 1 0 0 DM13 domain
IPR019344 1 0 0 Mitochondrial F1-F0 ATP synthase subunit F, predicted
IPR013126 1 0 0 Heat shock protein 70 family
IPR012462 1 0 0 Peptidase C78, ubiquitin fold modifier-specific peptidase 1/ 2
IPR011735 1 0 0 HtrL protein
IPR011234 1 0 0 Fumarylacetoacetase, C-terminal-related
IPR009112 1 0 0 GTP cyclohydrolase I, feedback regulatory protein
IPR009009 1 0 0 RlpA-like protein, double-psi beta-barrel domain
IPR007305 1 0 0 Vesicle transport protein, Got1/SFT2-like
IPR007053 1 0 0 LRAT-like domain
IPR004993 1 0 0 GH3 family
IPR004878 1 0 0 Otopetrin
IPR004871 1 0 0 Cleavage/polyadenylation specificity factor
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Interpro ID HD MT RV Description

IPR004181 1 0 0 Zinc finger, MIZ-type
IPR004014 1 0 0 Cation-transporting P-type ATPase, N-terminal
IPR003929 1 0 0 Potassium channel, calcium-activated, BK, alpha subunit
IPR003719 1 0 0 Phenazine biosynthesis PhzF protein
IPR001279 1 0 0 Metallo-beta-lactamase
IPR000375 1 0 0 Dynamin central domain
IPR007645 0 1 1 RNA polymerase Rpb2, domain 3
IPR026854 0 1 0 Vacuolar protein sorting-associated protein 13
IPR025799 0 1 0 Protein arginine N-methyltransferase
IPR024989 0 1 0 Major facilitator superfamily associated domain
IPR018164 0 1 0 Alanyl-tRNA synthetase, class IIc, N-terminal
IPR007120 0 1 0 DNA-directed RNA polymerase, subunit 2, domain 6
IPR007080 0 1 0 RNA polymerase Rpb1, domain 1
IPR005515 0 1 0 Vitelline membrane outer layer protein I (VOMI)
IPR002645 0 1 0 STAS domain
IPR001736 0 1 0 Phospholipase D/Transphosphatidylase
IPR001372 0 1 0 Dynein light chain, type 1/2
IPR001098 0 1 0 DNA-directed DNA polymerase, family A, palm domain
IPR000814 0 1 0 TATA-box binding protein
IPR000547 0 1 0 Clathrin, heavy chain/VPS, 7-fold repeat
IPR024970 0 0 1 Maelstrom domain
IPR022140 0 0 1 Kinesin-like KIF1-type
IPR011645 0 0 1 Haem NO binding associated
IPR008250 0 0 1 P-type ATPase, A domain
IPR007325 0 0 1 Kynurenine formamidase
IPR007281 0 0 1 Mre11, DNA-binding
IPR007021 0 0 1 Domain of unknown function DUF659
IPR004875 0 0 1 DDE superfamily endonuclease domain
IPR002772 0 0 1 Glycoside hydrolase family 3 C-terminal domain
IPR001932 0 0 1 PPM-type phosphatase domain
IPR001568 0 0 1 Ribonuclease T2-like
IPR001180 0 0 1 Citron homology (CNH) domain
IPR000731 0 0 1 Sterol-sensing domain
IPR000648 0 0 1 Oxysterol-binding protein
IPR000407 0 0 1 Nucleoside phosphatase GDA1/CD39
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Interpro ID HD MT RV Description

Table 3.6 Protein domain contractions Class I. Abbreviation: HD = H. dujardini, MT =
M. tardigradum, RV = R. varieornatus. All contractions were tested significantly with an
adjusted p-value smaller than 0.05.

Interpro ID HD MT RV Description

IPR006671 1 0 0 Cyclin, N-terminal
IPR000195 1 0 0 Rab-GTPase-TBC domain
IPR001752 0 1 0 Kinesin motor domain

Table 3.8 Protein domain contractions Class II. Abbreviation: HD = H. dujardini, MT =
M. tardigradum, RV = R. varieornatus. All contractions were tested significantly with an
adjusted p-value smaller than 0.05.

Interpro ID HD MT RV Description

IPR001251 1 1 0 CRAL-TRIO lipid binding domain
IPR000408 1 1 0 Regulator of chromosome condensation, RCC1
IPR025110 0 1 0 AMP-binding enzyme C-terminal domain
IPR020683 0 1 0 Ankyrin repeat-containing domain
IPR006652 0 1 0 Kelch repeat type 1
IPR001810 0 1 0 F-box domain
IPR011765 0 0 1 Peptidase M16, N-terminal
IPR007863 0 0 1 Peptidase M16, C-terminal
IPR003008 0 0 1 Tubulin/FtsZ, GTPase domain
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3.4.4 Phylogenetic Reconstruction

Undetectable protein domains can be either a consequence of loss events or simply be an
artifact of clade- or even species-specific gains. To test the loss likelihood of a given protein
domain the phylogenetic relationship of the testing framework needs to be know. Since the
position of the phylum Tardigrada is is still under discussion, a phylogenomic analysis was
performed to reconstruct the phylogeny underlying the 56 Ensembl Metazoa species and the
three tardigrades. Single copy clusters of orthologs with at least one tardigrade member were
identified and used for phylogenomic reconstruction. Using all target sequences (filtered
Ensembl Metazoa Release 34 and the three tardigrades), 2245 of these cluster were detected
(containin at least 15 species and at least one tardigrade). A Maximum Likelihood-based
phylogenetic reconstruction based on this supermatrix placed M. tardigradum, R. varieorna-
tus and H. dujardini as the sister group of the Nematodes (see figure 3.5). Additionally, all
previous hypotheses placing the tardigrades, namely as the sister group of the Arthropods in a
pan-Arthropoda cluster (i), as the sister group of the nematodes grouping the tardigrades into
the cycloneuralia (ii) and as the outgroup to both, arthropods and nematodes (iii) (see figure
3.6) were tested [125, 181, 199, 229, 237, 196, 34, 196, 50, 106, 238, 273]. The super-matrix
was used to extract the per site log-likelihood calculated by RaxML for each hypothesis and
the "approximately unbiased test" as implemented in CONSEL was performed. The same
approach was carried out on domain repertoire, domain architectures and shared orthologous
groups of all thee tardigrades and the 56 Ensembl Metazoa species. In each case, the presence
and absence of the feature was encoded in a binary matrix. For all data sets, the placement
as sister group to the nematodes had the highest rank and the lowest p-value (see figure
3.6). Only using domain architectures, the hypothesis placing the tardigrades as the sister
group of the Arthropods in a pan-Arthropoda cluster showed an equally good p-value. Taken
together, the three different tardigrade genomes strongly support the tardigrades as members
of a Cycloneuralia cluster and rejects their placement within the pan-Arthropoda.
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Fig. 3.5 Phylogenetic position of tardigrades. Maximum Likelihood based reconstruction
of ecdysozoan phylogeny by a supermatrix approach using 2245 single copy clusters of
orthologs. The three tardigrade species are placed as sister taxa to the nematodes. The tree
was drawn and annotated with Mesquite [194]. Color code: Blue = Tardigrada; Yellow =
Nematoda; Green = Arthropoda; Red = Outgroup

Tardigrada

Arthropoda

Nematoda

1

2

3

A B

7e-5 0.6086e-5
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1e -6 1.0002e-8
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Domain Occurences

Orthologous Groups
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Domain Architectures
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 p-Value of the approximately Unbiased Test

Fig. 3.6 Phylogenetic position of tardigrades. A) According to three different hypotheses,
tardigrades are either the sister taxon to the arthropods (1), the nematodes (2) or the outgroup
to both (3). B) The probability of acceptance for each of these hypotheses was tested on
different data sets. Hypothesis 2 ranked highest in all tests.
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3.4.5 Protein Domain Gain and Loss Estimation

A substantial domain loss has been reported on route from the Ur-ecdysozoan to current day
nematodes [308]. The phylogenetic placement of tardigrades was used to assess this loss in
detail. A maximum likelihood approach was used to reconstruct the domain repertoire of
the extinct ancestors. A greater part of the losses happened before the split of tardigrades
and nematodes followed by further nematode and tardigrade specific losses (see figure 3.7).
Interestingly, no gene ontology terms were enriched in protein domains which were lost
before the split of tardigrades and nematodes (Cycloneuralia losses) or in proteins specifically
lost in tardigrades. The maximum likelihood approach also suggested several protein domain
gains (see table 3.10), again without any enriched gene ontology terms. Manual inspection
of the protein domains suggested 12 of them either being present due to contamination issues
or horizontal gene transfer.

Arthropoda

Outgroups

Ecdysozoa

Lophotrochozoa3 (10)

1 (4)

12 (33)

7 (29)

Tardigrada

21 (80)

73 (330)

95 (242)

67 (232)

Nematoda

Losses = 256
Gains = 23 

Fig. 3.7 Domain loss in three Ecdysozoan lineages (see figure 3.6 , hypothesis 2). The domain
repertoire of ancestral species was reconstructed using Maximum Likelihood. Numbers
above branches indicate losses and number underneath branches indicate gains. Bracketed
numbers represent raw counts while none bracketed numbers indicated likelihood-corrected
counts. Heavy losses were detected tardigrades and nematodes before and after their split.
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Table 3.10 Protein domain gains after the split from the nematodes. Pfam IDs colored in
red represent contamination or horizontal transferals. Bold Pfam IDs denote gains shared
between all tardigrade species. Abbreviation: HD = H. dujardini, MT = M. tardigradum, RV
= R. varieornatus

Pfam ID MT RV HD Description

PF06527 1 1 0 TniQ
PF04616 1 0 1 Glycosyl hydrolases family 43
PF07705 1 1 0 CARDB
PF08444 0 1 1 Aralkyl acyl-CoA:amino acid N-acyltransferase
PF09469 1 0 1 Cordon-bleu ubiquitin-like domain
PF13668 1 0 1 Ferritin-like domain
PF05621 1 1 0 Bacterial TniB protein
PF04236 1 1 1 Tc5 transposase C-terminal domain
PF10091 1 0 1 Putative glucoamylase
PF02015 1 1 0 Glycosyl hydrolase family 45
PF12585 1 0 1 Protein of unknown function (DUF3759)
PF01345 1 1 0 Domain of unknown function DUF11
PF17017 1 0 1 Aberrant zinc-finger
PF02987 1 1 0 Late embryogenesis abundant protein
PF12019 1 1 0 Type II transport protein GspH
PF03330 1 1 1 Lytic transglycolase
PF10988 1 0 1 Putative auto-transporter adhesin, head GIN domain
PF07484 1 1 0 Phage Tail Collar Domain
PF14539 1 0 1 Domain of unknown function (DUF4442)
PF04397 1 1 0 LytTr DNA-binding domain
PF03169 1 1 0 OPT oligopeptide transporter protein
PF11443 1 1 1 Domain of unknown function (DUF2828)
PF03269 1 1 0 Caenorhabditis protein of unknown function, DUF268
PF03851 1 0 1 UV-endonuclease UvdE
PF02954 1 0 1 Bacterial regulatory protein, Fis family
PF08448 1 1 0 PAS fold
PF13394 1 1 0 4Fe-4S single cluster domain
PF16732 1 1 0 Type IV minor pilin ComP, DNA uptake sequence receptor
PF15099 1 1 1 Phosphoinositide-interacting protein family
PF13441 0 1 1 YMGG-like Gly-zipper
PF13930 0 1 1 DNA/RNA non-specific endonuclease
PF17124 1 0 1 ThiJ/PfpI family-like
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3.4.6 Functional Hypotheses Testing

Based on previous molecular studies and the recent release of the R. varieornatus and
H. dujardini genome several functional hypotheses were checked. See section 3.3.9 for
methodical details.

Trehalose & LEA The first line of defense against damage caused by anhydrobiosis is the
stabilization of cellular structures. In many species studied so far, one of two biomolecules,
trehalose [68, 59, 23] and LEA proteins [110, 282, 168], are involved. A protein domain
based annotation of key components of the trehalose biosynthesis and metabolism pathway
suggested a possible route from D-Glucose to Trehalose being present in all three tardigrades
(see figure 3.8). The R. varieornatus genome seems to encode a second route to convert
UDP-Glucose to Trehalose. Additionally, all three species encode enzymes to reconvert
alpha,alpha-trehalose back to D-glucose and beta-D-glucose 1-phosphate using phosphate as
a substrate. LEA proteins were present in only two of the tardigrades (M. tardigradum: 1, H.
dujardini: 1) although Hashimoto et al. reported 10 proteins in R. varieornatus. A detailed
inspection revealed that none of the LEA-classified proteins contained any of the typical
Pfam protein domains but were mostly classified as "Bacterial protein of unknown function".

Starch and 
sucrose metabolism

Fig. 3.8 Components of the trehalose biosynthesis & metabolism pathway in tardigrades.
Numbers represent enzyme commission numbers. Color code: Red = Enzymes present
in all three tardigrades; Green = Enzymes present in R. varieornatus; 3.2.1.141, 5.499.16
and 3.2.1.93 are likely present as well since all tardigrades genomes encode at least one
alpha-amylase (PF00128). 2.7.1.201 and 3.2.1.122 are missing in all three tardigrades.
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HSPs Although via a different mechanism, also heat shock proteins (HSPs) can stabilize
proteins under stress conditions. All typical protein families are encoded in the three
tardigrade genomes (see 3.12). None of the families is significantly expanded in comparison
to the other metazoan species. Only two HSPs show stronger expression in R. varieornatus
(see figure 3.9). This is in congruence with further experimental evidence, which did not find
a consistent importance for these families [153, 230]. Taken together, the three genomes as
well as experimental studies indicate only a minor role for the stabilization of proteins.

Table 3.12 Heat Shock Proteins present in the three tardigrade genomes.

Family Alternative Name Pfam ID InterPro HD MT RV

HSP70 HSP70/HSP110 PF00012 IPR013126 69 12 13
DNAJ HSP40 PF00226 IPR001623 43 42 33
HSPB small HSPs PF00011 IPR008978 11 9 7
HSPC HSP90 PF00183 IPR001404 2 3 2
HSPD GroEL PF00118 IPR002423 13 17 10
HSPE GroES PF00166 IPR020818 1 1 1
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Fig. 3.9 Heat shock proteins expression in R. varieornatus
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Tardigrada-unique genes Hashimoto et al. suggested the presence of several tardigrada-
unique genes in the genome of R. varieornatus which are constitutively expressed and
associated with stress tolerance. The most abundant expressed proteins included Cytoplasmic
Abundant Heat Soluble (CAHS) and Secretory Abundant Heat Soluble (SAHS) [302] proteins
that were previously identified as well as a newly characterized DNA Damage suppressor
(Dsup) [121]. Furthermore, a Mitochondrial Abundant Heat Soluble (MAHS) was previously
identified. Using the annotated R. varieornatus templates the genome of H. dujardini and
M. tardigradum were screened using a profile and a homology based strategy. Both species
encoded several CAHS (see table 3.13) but only H. dujardini encoded also 5 SAHS proteins.
Neither M. tardigradum nor H. dujardini showed a homolog to Dsup. MAHS-like proteins
were only found in R. varieornatus and H. dujardini. The erratic distribution of tardigrade-
unique proteins underlines their variable relevance for stress tolerance but again suggests the
phyla Tardigrada as a rich source of new protection genes and mechanisms.

Table 3.13 Tardigrada-unique genes associated with stress tolerance.

Species CAHS SAHS MAHS Dsup

R. varieornatus 16 13 2 1
M. tardigradum 5 0 0 0
H. dujardini 9 5 1 0
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3.5 Discussion

The draft genomes of M. tardigradum, R. varieornatus and H. dujardini offer a first
chance to understand the evolutionary adaptations required for the remarkable stress
tolerance of tardigrades. So far, the genomes of only two other species capable of
anhydrobiosis, the bdelloid rotifer Adineta vaga [95], and the antarctic midge Belgica
antarctica [164] have been sequenced. In the case of A. vaga, the genome revealed different
peculiarities in its structure and the inclusion of about 8% horizontally transferred genes
[164]. In contrast, no such features are present in the genome of M. tardigradum and R.
varieornatus. Horizontal gene transfer was suggested for H. dujardini but three independent
studies indicated that the signal is likely due to heavy sequencing contamination [174, 27, 73].

The comparative framework established in this chapter provided new data to address the
phylogenetic placement of the tardigrades, which still is discussed controversially. Mainly
two hypotheses exist, either as the outgroup of the arthropods building the pan-Arthropoda
taxon, or together with the nematodes as a member of the Cycloneuralia. A Maximum
Likelihood approach was used to analyze the domain repertoire, the domain architectures and
groups of orthologous genes. In all cases the placement of the tardigrades as sister group to
the nematodes was the most highest ranking hypothesis. A phylogenetic reconstruction based
on single copy cluster of orthologs found in 59 species including arthropods, nematodes,
tardigrades and several basal eukaryotes likewise placed the tardigrades together with the
nematodes.

Additionally, the comparative framework was used to detect expanded and contracted
protein domains to provide hints on which biological processes and molecular functions
are most likely associated with tardigrade specific traits. The analysis revealed numbers of
several protein domains being significantly altered in each of the three tardigrade species
and recovered previously published expansions in R. varieornatus [121]. Nevertheless,
little overlap was detected when comparing the expanded or contracted protein domain
complement of all three tardigrades (see figure 3.4). Some of the expanded protein
domains encoded stress related gene families. R. varieornatus displayed a significant
expansion of superoxide dismutases (SOD, IPR024134), a class of proteins necessary
for the inactivation of ROS. Especially when desiccating, tardigrades are exposed to
endogenous and exogenous stresses and inactivation of ROS might be an important line
of defense for anhydrobiosis. An additional screen for protein domains related to ROS
production and scavenging unexpectedly revealed that all three tardigrade genomes encode
for an alternative oxidase (AOX, IPR002680). The protein is able to lower the internal
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production of ROS at the mitochondria [144, 286]. While common in bacteria, plants and
fungi, AOX was thus far only found in few metazoan species mostly living in salt water.
This includes the bdelloid rotifer Adineta vaga which is capable of anhydrobiosis [95]
respectively cryptobiosis. In addition to the inactivation of ROS, avoiding its emergence
would be a complementary strategy. The presence of AOX proteins might indicate
an overlooked mechanisms for anhydrobiotic metazoa and tardigrades, the so far first
terrestrial animal utilizing this mechanism for ROS defense. In addition to the chemical
stresses, desiccation also leads to a physical stress by changing the volume of cells. In
the case of plants, it has been suggested that this stress implies a third line of defense;
the rearrangements of the cytoskeleton. Likewise, tardigrades might obviate structural
stress by restructuring the cell wall, membranes and the cytoskeleton. The expansion
analysis revealed three protein domains associated with catabolic cell wall processes are
significantly over-represented in all of the three tardigrade species (Glycoside hydrolase,
IPR000726 [93]; LysM domain, IPR018392 [154]; Chitin binding domain, IPR002557
[267]). On the contrary, the latter protein domains might also be involved in digestive pro-
cesses since carnivorous tardigrades like M. tardigradum often consume their prey as a whole.

Protein domain losses (as extreme case of contractions) and gains (as extreme case of
expansions) could arguably be an effect of contamination present in the 56 Ensembl Metazoa
reference species. The reliability was tested reusing the phylogenetic positioning of the
tardigrades alongside with the presence-absence information of protein domains. Ancestors
states were imputed using Maximum likelihood estimate. The analysis revealed a substantial
amount of domain losses that pre-dated the split of nematodes and tardigrades but also
indicated further loss in both phyla independently. However, no comparable loss was found
at the base of the arthropod lineage. In the resulting scenario, a major trend in the evolution
of the last common ancestor of nematodes and tardigrades was the reduction of the domain
repertoire starting from a complex Ur-Ecdysozoan. Thus, the evolution of nematodes and
tardigrades recalls the general trend of reduction already observed at the base of the bilateria
[55].

At last, the comparative framework was used to test several functional hypotheses that
were devised on previous molecular experiments. It was suggested that the evolution of
anhydrobiosis was as simple as finding the right water substitute [60, 101]. Nowadays, more
complex models are discussed [64], but still the water replacement and vitrification of the cell
plays a central role. Here, one possible adaptation is the accumulation of the sugar trehalose.
An analysis of the trehalose biosynthesis and metabolism pathway showed that necessary
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components to generate and reconvert trehalose are present in all three tardigrades although
to different extends. Small amounts of trehalose were previously found in Eutartigrades
like R. varieornatus and H. dujardini but not in M. tardigradum [128, 131]. This could
indicate independent adaptations of the pathway in different branches of the tardigrades.
Thus, contrasting the three species on a transcriptional, translational or functional level in
the future will provide insights into the different mechanisms underlying anhydrobiosis and
the involvement of biomolecules such as trehalose. Another type of biomolecules which
stabilize proteins in the case of desiccation are LEA proteins [287, 38]. Additionally, HSPs
or the recently discovered Cytoplasmic Abundant Heat Soluble (CAHS), Secretory Abundant
Heat Soluble (SAHS) and Mitochondrial Abundant Heat Soluble (MAHS) proteins as well
as the newly characterized DNA Damage suppressor (Dsup) present in R. varieornatus might
play an important role. A profile and homology based detection of the above-mentioned
protein families revealed a scattered distribution of the protein similar to the observation
of expanded and contracted protein domains. While HSPs and CAHS-like proteins were
generally conserved in all three tardigrades, SAHS-like proteins were only discovered in the
two Eutardigrades. LEA-like proteins were absent in R. varieornatus although otherwise
reported [121], while Dsup was absent in H. dujardini and M. tardigradum. HSPs were
generally weekly expressed in R. varieornatus and probably play only a minor role during
desiccation. The scattered distribution of LEA, SAHS-like and tardigrade-unique proteins
like Dsup suggests species or at least class specific adaptations towards typical tardigrade
traits.
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3.6 Epilogue

From a human’s perspective, the stress tolerance of tardigrades is indeed remarkable. Still,
the genomes of the three tardigrades are not that different from that of other Ecdysozoa. The
available genomes of R. varieornatus and H. dujardini and the newly introduced genome of
M. tardigradum allowed the delineation of their phylogenetic position within the Ecdysozoa
and thereby helped to identify evolutionary trends within this metazoan lineage. Nevertheless,
the comparative framework established in this chapter did not reveal general mechanisms
behind the arguably most peculiar feature of tardigrades; their enormous stress tolerance.
On the contrary, it revealed that the coding complements of the three tardigrades might
have been shaped in much more species-specific manner than previously thought. The lack
of further evidence from transcriptional, translational or generally experimental evidence
made it nearly impossible to link these genomic species-specific footprints to the unusual
physiological capabilities. Still, tardigrades are yet another example on how evolution tinkers
even within the same phyla, rewires and modifies existing systems by smaller changes or
generates completely new paths to remarkable phenotypic features.

3.7 Published elements

Bemm, F., Weiß, C. L., Schultz, J., and Förster, F. (2016b). Genome of a tardigrade:
Horizontal gene transfer or bacterial contamination? Proceedings of the National Academy
of Sciences of the United States of America, 113(22):E3054—-6

3.8 Submitted elements

Bemm, F., Burleigh, L., Förster, F., Schmucki, R., Ebeling, M., Janzen, C., Dandekar, T.,
Schill, R., Certa, U., and Schultz, J. (2017). Draft genome of the Eutardigrade Milnesium
tardigradum sheds light on ecdysozoan evolution. bioRxiv [The current version of the
manuscript is accessible at bioRxiv using the working title.]
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Appendix A

GT34 Protein Phylogenetics

A.1 Introduction

Membrane-bound glycosyltransferases (GTs) catalyze the transfer of glycosyl residues
from donor nucleotide sugars to acceptors during biosynthesis of plant cell-wall polysac-
charides. Those located in the plasma membrane (PM) form cellulose and callose while
Golgi-associated GTs form other cell wall polysaccharides [76, 74, 242]. GTs are grouped
into a variety of families based on sequence similarity [51]. Family 34 is a nucleoside
diphosphate (NDP) sugar-dependent super-family with a typical GT-A fold present in all
glycosyltransferases [35, 177]. Characterized members of this super-family transfer an
a-linked monosaccharide in the NDP-sugar donor to the acceptor to forming an a-glycosidic
linkage [71]. They are often involved in synthesis of xyloglucans and galactomannans [162],
acting as xylosyltransferase or galactosyltransferase. Enzymes encoding the two actives
differ by their sequence and form two distinct phylogenetic sub clades [162, 89]. Due to
missing genomes sequences little is known about the GT34 family in gymnosperms, a group
of seed-producing plants with many extremely large genomes [214, 31, 45]. The following
work analyses the GT34 members of Pinus radiata, Pinus taeda, and (characterized) GT34
members available in the CaZy database using a phylogenetic approach.
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A.2 Material and Methods

A.2.1 Pinus taeda EST database mining

Full length CDS of P. taeda were identified using an EST mining approach while P. radiata
CDS were isolated experimentally [5] using assembled P. taeda sequences as template. The
following sections describe the EST mining approach for P. taeda and the phylogenetic
analysis. The downloaded P. taeda NCBI GenBank EST dataset (328,662 sequences, January
2013) [28] was edited using SeqClean [201]. The resulting high-quality EST dataset was
clustered and assembled using GICL [220]. The clustered sequences and the remaining
singletons were translated using EMBOSS TranSeq [231]. The predicted peptides were
searched for a galactosyltransferase GMA12/MNN10 domain (Pfam ID PF05637) using a
customized hidden Markov model. The customized hidden Markov model was constructed
using HMMER3 [79] using the original seed alignment of the Pfam profile [225] but retaining
only seeds from species in Chloroplastida (Plantae) to ensure an improved specificity for
green plants. All identified ESTs were manually re-assembled into the final contigs using
Lasergene SeqMan 5.01 (DNASTAR, http://dnastar.com).

A.2.2 Multiple sequence alignments and phylogenetic trees

Full-length A. thaliana [270], Lotus japonicus [1] and Trigonella foenum-graecum [81]
proteins containing a PF05637 domain were retrieved, domain annotations were recalcu-
lated using the customized hidden Markov model, and domains covering at least 75% of
the hidden Markov model profile were excised and aligned using hmmalign [79]. Protest3
was used to calculate the best-fit model for amino acid substitution for the final curated
alignment [69]. Using Protest3, the LG model was chosen based on the Akaike informa-
tion criterion. The phylogenetic reconstruction was performed using PhyML 3.0 [115],
protpars from PHYLIP [91] and BIONJ [104]. Support for each clade was analyzed us-
ing 100 bootstrap calculations. The final tree was visualized and illustrated using Figtree
(http://tree.bio.ed.ac.uk/software/figtree/).
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A.3 Results and Discussion

P. radiata is a species with considerable commercial importance and currently the subject
of a whole-genome sequencing project (http://dendrome.ucdavis.edu/NealeLab/lpgp). Still
genome data is missing. A close relative, P. taeda (loblolly pine) was used as a template
during the experimental isolation and characterization of P. radiata GT34 CDS. Publicly
accessible EST databases contained over 300,000 cDNA sequences for P. taeda, suggesting
close to complete coverage of its transcriptome. The EST dataset was mined using a
customized hidden Markov model profile of the conserved GT34 domain (PF05637) and
complemented with an extensive BLAST search [11] using all sequences of GT34 members
annotated in the CaZy database as template. 119 single P. taeda ESTs were identified and
assembled into seven contigs of which four comprised complete CDS that translate into the
proteins PtGT34A–D, respectively (Figure A.1). A 146bp gap in PtGT34D was closed using
the sequence of a single Pinus contorta cDNA clone (GenBank accession number GT249984).
Remaining 3 fragments were discarded as mis-annotation due to missing homology to other
GT34s or seed-plant proteins in general. Additionally, a published whole exome dataset [213]
was screened, but no other GT34 genes were found. The phylogenetic analysis of the selected
GT34’s from A. thaliana, L. japonicus, T. foenum-graecum, P. taeda and P. radiata resulted
in a tree having three sub-clades : 34-1, 34-2 and 34-3 (see figure A.1). P. taeda GT34A and
D cluster together with L. japonicus protein LjGMGT and the T. foenum-graecum protein
TfGMGT, both having galactomannan (1-6)-α-galactosyltransferase activity, suggesting that
these are galactosyltransferases. P. taeda GT34B cluster together with A. thaliana XXT1
and XXT2 into sub-family 34-2 while GT34B clusters together with XXT3, XXT4 and
XXT5 into sub family 34-3. Both sub families show xyloglucan (1-6)-α-xylosyltransferase
activity. Experimental analysis of enzyme activities for P. radiata showed that PrGT34A and
PrGT34C were not enzymatically active [5] which is also likely the case for their P. taeda
counterparts.
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Fig. A.1 Phylogenetic tree of family GT34 proteins from radiata and loblolly pines (P. radiata
and P. taeda), A. thaliana, T. foenum-graecum and L. japonicus. The phylogenetic recon-
struction was performed using PhyML 3.0 [115], protpars from PHYLIP [91] and BIONJ
[104], and support for each clade was determined using 100 bootstrap calculations. Node val-
ues indicate bootstrap support for tree reconstruction using maximum likelihood/maximum
parsimony/pairwise distance methods. UniProt accession numbers are shown for annotated
proteins.

A.4 Summary

In conclusion, the study identified four expressed GT34 genes in P. taeda. Three of them
having a heterologously expressed orthologue in P. radiata of which one (PrGT34B) was
found to principally have xylosyltransferase activity using UDP-xylose as the donor and
cello-oligosaccharides as the acceptor substrate [5]. Remaining proteins may be involved in
the synthesis of this polysaccharide as well as heteromannans [132, 120].
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