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Abstract  
 
Gene expression, the process in which DNA information is conveyed into 

a functional unit , is fundamental to cellular life. The extent to which gene 

expression can be regulated corresponds to a cells potential  to modify its 

ability. One example is the progression through life stages of e.g. plants, 

going from seed to a tree, all achieved through different application of 

gene regulation upon the same identical  DNA information.  

Transcriptional regulation is the process of regulating the initial step in 

gene expression, the transcribing of DNA into RNA. This is carried out 

by transcription associated proteins (TAPs). 

 

The work in this thesis aims to increase our knowledge of TAP 

involvement in plant development  and to shed new light on  TAP 

evolution in plants.  

 

By first providing an up-to-date method to screen for TAPs in plants 

(TAPscan), it was possible to screen a wide selection of plant genomes 

and transcriptomes. Using the data, ancestral states as well as gains, 

losses, expansion and contractions of TAPs, throughout the evolution of 

plants, could be calculated. The results suggest that many previously 

thought to be land plant specific TAPs actually predates the emergence 

of land plants.  

 

By analyzing RNA-sequence (RNA-seq) libraries of the dimorphic seed 

producing plant Aethionema arabicum (provided through the SeedAdapt 

consortium) it was possible to investigate TAP influence on seed 

development. In addition, a study evaluating the usefulness of a de novo 

assembly compared to a reference genome when identifying 

differentially expressed genes was conducted. The RNA-seq analysis, 

with TAP annotations, showed a clear distinction between the two seed 

morphs. The dehiscent (short term) seed being geared towards faster 

maturation and the indehiscent (long term) seed being geared towards 
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dormancy was evident using both the de novo and reference approach. 
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Zusammenfassung  
 

Die Genexpression ist ein fundamentaler Prozess der Zellbiologie. In 

diesem werden die in der DNA enthaltenen Informationen in 

funktionale  Einheiten umgesetzt. Das Maß, in dem die Genexpression 

reguliert werden kann, korreliert dabei mit dem Potential einer Zelle 

verschiedenste Funktionen auszubilden. Als ein Beispiel dafür kann das 

Durchschreiten des pflanzlichen Lebenszyklus gesehen werden, wie es 

sich z.B. bei der Entwicklung eines Baumes aus einem Samen vollzieht. 

Dies wird durch unterschiedliche Anwendungen der Genregulation auf 

identische DNA Informationen möglich. Dabei bildet die Transkription, 

das Umschreiben der DNA in RNA, den initialen Schritt der 

Genexpression. Die Regulation der Transkription erfolgt durch 

transkriptions -assoziierte Proteine (transcription associated proteins, 

TAPs). 

 

Die vorliegende Arbeit erweitert das Wissen über die Rolle von TAPs in 

der pflanzlichen Entwicklung und zeigt neue Aspekte ihrer Evolution in 

Pflanzen auf. 

 

In einem ersten Schritt wurde eine Methode zur Detektion von TAPs in 

Pflanzen (TAPscan) etabliert. Unter Anwendung dieser Methode wurde 

eine große Anzahl pflanzlicher Genome und Transkriptome auf das 

Vorhandensein verschiedener TAP Gruppen untersucht. Auf Grundlage 

der erhobenen Daten ließen sich ursprüngliche Zustände sowie die 

Entstehung, Expansion und der vollständige oder teilweise Verlust 

verschiedener TAP Familien über die Evolution der Pflanzen hinweg 

nachvollziehen. Die Ergebnisse lassen darauf schließen, dass sich viele 

TAP Familien, deren Entstehung bisher mit dem Landgang der Pflanzen 

in Verbindung gebracht wurde, bereits vor den ersten Landpflanzen 

entwickelten.  

 



9 

Des Weiteren wurde der Einfluss von TAPs auf die Samenentwicklung 

untersucht. Diese Untersuchungen wurden anhand von Aethionema 

arabicum (zur Verfügung gestellt durch das SeedAdapt Konsortiums), 

einer Pflanze, die dimorphe Samen ausbildet, durchgeführt. Dazu 

wurden Daten aus RNA Sequenzierungen (RNA-seq) analysiert und 

TAPscan auf diese Daten angewendet. Im Zuge dessen konnte auch der 

Nutzen eines de novo Transkriptoms im Vergleich zu einem 

Referenzgenom bei der Identifizierung differenziell exprimierter Gene 

gezeigt werden. Die Analysen der Sequenzierungsdaten, auch unter 

Anwendung von TAPscan, konnten deutliche Unterschiede zwischen 

den beiden untersuchten Samenformen belegen. In den Analysen 

wurden, sowohl unter Anwendung des de novo Transkriptoms als auch 

des Referenzgenoms, die Anlagen der dehiszenten (Kurzzeit-) 

Samenform für schnelle Samenreife und die der indehiszenten 

(Langzeit-) Samenform für erhöhte Dormanz deutlich.  
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Abbreviations  
 

ABA Abscisic acid 

bHLH basic Helix-Loop-Helix 

DEG Differentially Expressed Gene 

DNA Deoxyribonucleic Acid 

GA Gibberellin 

Gbp Giga base pairs 

GO Gene Ontology 

kbp Kilo base pairs 

M+ Mucilaginous (dehiscent seed) 

NM Non-Mucilaginous (indehiscent seed) 

RNA Ribonucleic Acid 

TAP Transcription Associated Protein 

TF Transcription Factor 

TR Transcription al Regulator 
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Chapter 1 
 

General introduction  
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1 General introduction  
 

1.1 Bioinformatics and the age of sequencing  

The use of sequencing technologies has throughout the last decades 

grown to become an essential part of biological research. In the early 

years of sequence analysis, in the wake of Watson and Crick 1953 [1] 

providing the three-dimensional structure of DNA, techniques were 

developed to determine nucleotide sequence. In 1961 Nirenberg et al. [2] 

demonstrated the codon nature of the DNA, showing that a triplet of 

DNA corresponds to an amino acid in the final protein. Holley et al. [3] 

developed a method to determine in which order the nucleotides were 

positioned and could in 1965 present the first nucleotide sequence, the 

alanine tRNA sequence from Saccharomyces cerevisiae [4] . In 1972 Min-

Jou et al. [5] were able to determine the protein coding RNA sequence of 

the bacteriophage MS2 and thus opened the door to transcriptomics, 

being the study of a given samples RNA-transcripts (transcriptome), 

making it possible to investigate gene expression. In 1977 Sanger et al. [6]  

presented the 5,386 bp long DNA genome of the bacteriophage phi X, 

being the first sequenced DNA genome.  

 

At this point, the sequencing process was tedious and resulted in very 

few sequences, which is reflected in there only being 606 sequences (680 

kbp) available in the first public release of the GenBank sequence 

database of 1982 [7]. Through the following years much progress was 

made with regards to optimizing, automating and parallelizing 

sequencing driven by the goal of sequencing the human genome [8, 9]. 

In 2000 the first draft of the human genome, with its ~3 billion base pairs, 

was sequenced at a total cost of approximately 0.1$ per base pair [10]. In 

2017 the price for sequencing a human genome was already below 1,000$, 

with sequencing instrument manufactures having the goal to go below 

the 100$ mark [11]. As for RNA-sequencing, sequencing the active protein 

coding parts of the genome (transcriptome), the possibility to generate 

large amount of sequences has been of great use for the field of 
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comparative genomics e.g. when studying gene expression between 

different traits, conditions, tissues etc. 

 

With the reduce in effort and costs required to determine DNA 

sequences the total accumulated amount of publicly available nucleotide 

sequence doubles approximately every 18 month with the GenBank 

release of June 2018 containing more than 850 million sequences (3,200 

Gbp) [7]. With this growing pile of data new possibilities and challenges 

have emerged. The need to handle the large supply of data, to analyze 

and make the data accessible, not only requires well established routines 

but also creates the opportunity to develop and improve analytic tools 

and pipelines. Thanks to the decreasing costs and increasing availability 

of sequenced DNA more large-scale projects can now be realized, such 

as the TAPscan online resource (https://plantcode.online.uni -

marburg.de/tapscan/) (chapter 2) and the SeedAdapt collaborative 

research project (www.seedadapt.eu) (chapter 3). 

 

1.2 Transcription associated proteins  

Gene expression is the process in which the information encoded in DNA 

is converted into a functional unit, of either a protein or a functional 

RNA. This process starts with the transcription, where RNA-polymerase 

breaks open the DNA, runs through the stretch of the gene while creating 

a RNA copy. This copy can either act as a functional unit in itself or in 

cooperation with the ribosomes, where codon matching amino acids are 

linked together, result in a protein. The extent to which the process of 

gene expression can be regulated is connected to the potential 

complexity of the gene network organization and ultimately to the 

potential complexity of the organism. 
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Transcription associated 

proteins (TAPs) comprise 

proteins that are involved in 

regulation of transcription. 

This is done either through 

sequence specific binding to 

cis-regulatory elements by 

transcription facto rs (TFs), 

which can enhance or repress 

transcription, or through 

unspecific binding, protein -

protein interactions or 

chromatin modification by 

transcription regulators (TRs). 

TFs and TRs make it possible to, through transcription, regulate the 

expression of genes. One example are the well-studied homeodomain 

(HD) TFs that were first discovered in 1984 [12] and were shown to be 

involved in body plane/pattern formation in Drosophila melanogaster. 

These TFs were later also discovered to be conserved in all vertebrates as 

well as other animals, fungi and plants. HD involvement in body 

plane/pattern formation for plants has also been shown [13] (Fig. 1). 

Homeodomain TFs are one of the most abundant TF amongst metazoans 

(animals) with about 15-30% of all know TFs being homeodomain [14] 

making up for approximately 0.5 ɀ 1.25% of all proteins in any given 

species [15]. 

 

It has been shown that TAPs played a key role in the acquisition of 

multicellularity and morphologic complexity amongst eukaryotes [14, 16, 

17]. Metazoans and embryophytes (land plants) have the richest TF 

repertoire amongst eukaryotes and it is thought to be required to 

orchestrated the embryonic development [14, 18]. These complex 

repertoires were acquired in a stepwise manner with bursts of TF 

innovation in respective lineages unicellular ancestors followed by 

Figure 1. Wild type A. thaliana  (A) and blr (HD TF) 

mutant phenotype (B) [13].  
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further TF expansion at the origin of both metazoans and embryophytes 

[14, 16, 19, 20]. In these studies it is apparent that some TAP profiles are 

lineage/clade specific making them a very interesting group of proteins 

to study from an comparative phylogenomic perspective. 

 

In many parts of the tree of life, there is an ongoing work filling the gaps 

of not yet sequenced species with some grand initiatives in both the 

animal (The Genome 10K Project) [21] and plant kingdom (10K Plants) 

[22]. For plants there has up until recent times been an understandable 

bias towards sequencing the more socioeconomically important 

flowering plants. This has left the field of early plant evolution struggling 

with less than the desirable amount  of available sequenced species [23]. 

When land was conquered by plants, approximately 500 million years 

ago [24], the plant kingdom ventured into a completely new 

environment. The opportunity was exploited and the result is the 

approximately 500,000 species of embryophytes living today [25]. A 

complete picture of events that occurred during the terrestrialization 

cannot be drawn. Though, the most likely scenario is that a green algae, 

that either evolved in freshwater or adapted to freshwater from a marine 

environment, transitioned to land [26]. 

 

When looking into TAP evolution in Viridiplantae (green plants), 

comprising green algae and Embryophyta, it has until recently not been 

possible to get a clear view due to the missing data points. In 2000 the 

model organism Arabidopsis thaliana was sequenced [27] which opened 

the door to the sequencing of other flowering plants. In 2006 the first 

green algae was sequenced [28] which was followed by the green algae 

model organism Chlamydomonas reinhardtii in 2007 [29]. In 2008 the 

first non-vascular plant, Physcomitrella patens, was sequenced [30] 

which initiated the gap-closing between green algae and vascular plants. 

With genomes from these clades, vascular, non-vascular plants and 

green algae, Lang et al. [16] were able to detect an increasingly complex 

TAP repertoire being positively correlated with the morphologic 
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complexity (number of cell types). An evolutionary interesting group of 

algae, of which there were no large-scale sequence data of at the time, 

was the paraphyletic group of streptophyte algae. These are 

morphologically complex algae phylogenetically placed in between 

Chlorophyta and Embryophyta. It is thought that these closest living 

relatives of land plants harbors the key to understanding the 

colonization of land [31]. The first emerging streptophyte algae genomes, 

Klebsormidium flaccidum 2014 [32], directly raised the point that before 

thought to be land specific proteins (including many TAPs) has to be 

revised [32-34]. It is within the scope of this thesis to shed light and 

hopefully bring new knowledge to the current view of TAP evolution in 

Viridiplant ae (chapter 2, paper 1).  

 

1.3 Seed development 

The aspiration to understand seeds have been a key to part in the 

prosperity of mankind. What initially was a struggle to understand and 

maintain a stable source of food, bringing the fruitful wild into your own 

backyard developed into breeding industry with the latest genetic 

engineering making it possible to find new ways to improve the yield. 

 

Yield and quality was something the domesticators sought for when 

domesticating sorghum (Africa year ~6,000 years ago [35]), soybean (East 

Asia year 5-9,000 years ago [36]), sugar beet (Europe 18th century [37]), 

maize (North American year ~4,200 years ago [38]) and potato (South 

America year 5,4-4,200 years ago [39]). The underlying molecular 

mechanisms that these domesticated plants ended up to have altered 

were discovered far later, e.g. in maize 1939 [40]. Today, the importance 

of plants and seeds is reflected in the more than 1,000 existing seed banks 

around the world that aims to maintain a seed backup in case of crisis. 

 

Plant abiotic stresses (including heat and drought) are major factors 

limiting the chances for plants to propagate and carry out offspring. To 

face this, plants have evolved mechanisms that, through sensing the 
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environment, adapt its seed formation and seed germination [41]. The 

units (diaspores) that gets dispersed by a plant, seed or tissue covered 

seed (fruit), are then provided with the mechanisms to find its most 

optimal window to germin ate, based on its own sensing. Controlling the 

germination process makes it possible for seeds to avoid germination in 

shorter temporary favorable conditions in overall less favorable 

conditions to instead remain in the soil seed bank waiting for better 

conditions, thus picking the right moment to take this crucial step in the 

ÐÌÁÎÔȭÓ life cycle. 

 

For seed development as with many other well characterized biological 

systems in plants, A. thaliana is the model in which they have been 

studied the most. A. thaliana produces homomorphic diaspores that 

splits open (dehiscent) along a predetermined line to release its seeds. 

Once the seed is dispersed it is faced with either remaining dormant or 

breaking its dormancy mechanisms (germination block) to initiate 

germination. The plant hormone abscisic acid (ABA) has been shown to 

play a major part in both inducing the dormancy, through ABA synthesis 

in the embryo during its development, and prolonging the dormancy 

through ABA production by the seed itself during development [42]. 

Depending on the environmental cues the dormancy is broken and the 

seed moves towards germination. This starts with the seed increasing its 

water uptake (imbibition) and ends with the radicle part of the embryo 

bursting out of its protective coats (endosperm and testa). Gaining more 

insight into the molecular mechanisms of these fruit/seed traits are of 

great importance for both ecology and evolution research and for the 

seed industry and crop breeding as well. 

 

There are multiple angiosperm families where the ability to produce 

heteromorphic diaspores (fruits and seeds) have evolved as adaptive 

traits [43]. With the different morphs comes different properties. 

Germination time, due to dissimilar dormancy mechanisms between the 

morphs, and differences in dispersal distance, due to differing 
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morphologies, works as a bet-hedging strategy enabling the progeny to 

escape both time and space. Thus, a plant with heteromorphic diaspores 

would be the optimal system with regards conducting a comparative 

analysis to study the differing traits since genetic differences due to 

studying separate individuals are erased. 

 

Aethionema arabicum belongs to the genus Aethionema, the early 

diverging clade of the Brassicaceae and can be found throughout the 

middle east in arid and semiarid environments [43]. What makes Ae. 

Arabicum special is that it has dimorphic diaspores developing on the 

same plant [44]. One route resembles the default-pathway of A. thaliana 

(orange colored route Fig. 2).  

Here the fruit spli ts open along its dehiscent zone and the seeds becomes 

mucilaginous upon imbibition with the radicles emerging first during 

germination. This represents a short-term dispersal strategy. In the 

second, novel, strategy (brown colored route Fig. 2) the fruit does not 

fully develop its dehiscent zone, does not become mucilaginous upon 

imbibition and once germination occurs the cotyledon emerges first. 

This approach represents the more long-term dispersal strategy. The 

fruit -morph ratio that the plant produces has been shown to be 

Figure 2. Visualization of the seed dispersal strategies employed by Ae. Arabicum  [45]. 
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connected to environmental factors with fruit morphs not being 

randomly distributed on the plant. Instead, side branches have been 

shown to produce more indehiscent fruits in comparison to the main 

branch [45]. 

 

Using two accessions of Ae. arabicum, one representing a cold/wet 

environment (Turkey), and one representing a warm/dry environment 

(Cyprus), the SeedAdapt consortium set out to investigate and gain 

insight into the regulatory mechanisms behind the fruit, seed, and 

seedling traits that evolved as adaptions to abiotic stresses. The whole 

consortium encompasses comparative analysis on epigenetic, hormonal 

and transcriptional level as well as studies involving abiotic stress 

physiology and biochemistry, identifying Quantitative Trait Loci (QTL) 

and seed bio-mechanics. Separate case studies were carried out to 

investigate fruit development and the effect of light on the inhibition of 

germination. In addition, a pilot case study was carried out to identify 

differentially expressed genes between dehiscent and indehiscent seeds 

(chapter 2, paper 1), all together resulting in the SeedAdapt consortium 

generating more than 300 RNA-seq libraries. 
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1.4 Question and objectives  

 

Will increasing the species sample size change the current 

view on TAP evolution in Viridiplantae?  

 

By using a wide selection of genomic and transcriptomic sequence data 

a comprehensive classification of TAPs will be carried out to investigate 

the TAP gains, losses, expansion and contractions throughout 

Viridiplantae. With the inclusion of streptophyte algae there is hope to 

gain further insight into the clouded parts of the phylogenetic tree of 

plants and shed new light on the evolution of TAPs in plants. 

 

Are there different gene expression profiles between the 

dimorphic seeds of Ae. arabicum  and to what extent do these 

coincide depending on using a genome or a de novo assembly 

approach?  

 

The aim is to conduct a DEG analysis on the dimorphic seeds of Ae. 

arabicum and to investigate the reliability of using de novo assembled 

transcriptomes compared to having a reference genome. This will yield 

insight into the molecular differences between the two seed morphs as 

well as into the usability of a de novo transcriptome in comparison to a 

reference genome on the basis of DEG detection and functional 

annotation. The resulting DEG-pipeline will also be applied to additional 

projects within the SeedAdapt consortium.  
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1.5 Thesis structure  

 

#ÈÁÐÔÅÒ Ϋ ɉȰ'ÅÎÅÒÁÌ ÉÎÔÒÏÄÕÃÔÉÏÎȱɊ ÃÏÎÔÁÉÎÓ Á ÇÅÎÅÒÁÌ ÉÎÔÒÏÄÕÃÔÉÏÎ ÔÏ ÍÙ 

research topics. This serves to introduce the reader to the bioinformatic 

realm of science as well as to my research topics. 

 

In chapter 2 ɉȰ#ÏÍÐÒÅÈÅÎÓÉÖÅ 'ÅÎÏÍÅ-Wide Classification Reveals That 

Many Plant-Specific Transcription Factors Evolved in Streptophyte 

!ÌÇÁÅȱɊȟ Á ×ÉÄÅ ÒÁÎÇÅ ÏÆ 6ÉÒÉÄÉÐÌÁÎÔÁÅ ×ÅÒÅ ÓÃÒÅÅÎÅÄ ÆÏÒ Ϋάά 4!0ÓȢ 4ÈÅ 

results were then used to elucidate the ancestral states, 

expansions/contractions and gains and losses of TAPs throughout 

Viridiplantae.  

 

)Î ÃÈÁÐÔÅÒ έ ɉȰ5ÓÁÂÉÌÉÔÙ ÏÆ ÒÅÆÅÒÅÎÃÅ-free transcriptome assemblies for 

detection of differential expression: a case study on Ae. arabicum 

ÄÉÍÏÒÐÈÉÃ ÓÅÅÄÓȱɊȟ Í2.! ÌÉÂÒÁÒÉÅÓ ÏÆ ÄÅÈÉÓcent and indehiscent seeds 

were used to identify differentially expressed genes using both the 

available genome of Ae. arabicum as well as with a de novo assembled 

transcriptome of the RNA libraries. The annotated information , TAPs 

and Gene Ontology terms, gained using both approaches was compared 

and evaluated. 

 

#ÈÁÐÔÅÒ ή ɉȰ4!0Ó ÁÎÄ Ae. arabicumȱɊȟ ÃÏÎÔÁÉÎÓ ÁÎ ÏÖÅÒÖÉÅ× ÏÆ ÔÈÅ 4!0 

expression during the developmental stages of Ae. arabicum seeds using 

both published and unpubli shed data. 

 

#ÈÁÐÔÅÒ ί ɉȰ/ÕÔÌÏÏËȱɊ ÃÏÎÔÁÉÎÓ Á ÒÅÆÌÅÃÔÉÏÎ ×ÈÅÒÅ ÍÙ ÒÅÓÅÁÒÃÈ ÏÂÊÅÃÔÉÖÅÓ 

are treated separately as well as together as a whole. The strengths and 

weaknesses of the thesis work is highlighted and proposals for future 

actions are given. 
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2 Comprehensive Genome -Wide 
Classification Reveals That Many Plant -
Specific Transcription Factors Evolved in 
Streptophyte Algae  (Paper I ) 
 

2.1 Zusammenfassung 

Transkriptions-assoziierte Proteine (transcription associated proteins, 

TAPs) nehmen sowohl direkten als auch indirekten Einfluss auf den 

fundamentalen zellulären Prozess der Transkription. Aufgrund dieser 

Eigenschaft sind sie von besonderer Bedeutung für die Entwicklung und 

Differenzierung eines Organismus. Daher stellen TAPs eine 

Schlüsselgruppe der Proteine dar, um ein besseres Verständnis dieser 

bedeutenden Prozesse zu entwickeln. Im Rahmen dieser Studie wurden 

durch die Erstellung einer aktualisierten TAP Klassifikation und die 

Betrachtung einer Vielzahl pflanzlicher Genome und Transkriptome 

spezies- und gruppenspezifische TAP Profile erstellt. Durch Vergleich 

der verschiedenen TAP Profile wurde deutlich, dass zahlreiche TAPs, 

deren Auftreten bisher mit dem Landgang der Pflanzen in Verbindung 

gebracht wurde, bereits vor diesem evolvierten. Diese Studie zeigt also 

eine primäre TAP Expansion im gemeinsamen Vorfahren der 

Streptophyta und nicht in dem der Landpflanzen. Alle erstellten TAP 

Profile sind über eine benutzerfreundliche Web-Oberfläche öffentlich 

zugänglich. 

 

2.2 Summary 

Transcription associated proteins (TAPs) are known for having both 

direct and indirect effect upon the fundamental cellular mechanism of 

transcription. This property has made them intrinsic for development 

and differentiation  in organisms, and they are thus a key group of 

proteins to study to understand these processes. Using an up to date TAP 

classification scheme in combination with a wide selection of plant 

genomes and transcriptomes, each species, as well as clade, could be 
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assigned a TAP profile. By comparing TAP profiles it could be concluded 

that many TAPs, thought to have emerged with land plants or during 

land plant evolution , predated the terrestrialization. This study 

suggesting that the primary burst of TAP gains occurred in the common 

ancestor of Streptophyta and not within the common ancestor of land 

plants. All of the TAP profiles are publicly available through a user-

friendly  web interface. 

 

2.3 Own contribution  

The original pipeline developed by Lang et al. [16] was used as a 

foundation and further improved upon. The custom-made domain 

models were re-built by me using a phylogenetically guided species 

selection resulting in an increased scope of detection. In cooperation 

with Kristian K. Ullrich and Stefan A. Rensing, current literature was 

screened for novel TAP families which resulted in the addition of 12 new 

sub-family classifications. In cooperation with Cornelia Mühlich, a broad 

selection of Viridiplantae genomes were collected and then screened 

using the new updated pipeline. Joint with Stefan A. Rensing the results 

were analyzed to identify expansions, contractions, gains and losses of 

TAPs throughout the phylogenetic tree. I contributed to the writing of 

the manuscript as well as prepared most of its figures. Establishment of 

the web-interface was solely done by Cornelia Mühlich. 

 

2.4 Paper 

Following is the electronic publication . 
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