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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.  
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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 Transcriptional Regulator 
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Chapter 1 
 

General introduction 
  



14 

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 factors (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 – 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 

Viridiplantae (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 germinate, 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 

plant’s 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 splits 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]. 



21 

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 

 

Chapter 1 (“General introduction”) contains a general introduction to my 

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

realm of science as well as to my research topics. 

 

In chapter 2 (“Comprehensive Genome-Wide Classification Reveals That 

Many Plant-Specific Transcription Factors Evolved in Streptophyte 

Algae”), a wide range of Viridiplantae were screened for 122 TAPs. The 

results were then used to elucidate the ancestral states, 

expansions/contractions and gains and losses of TAPs throughout 

Viridiplantae. 

 

In chapter 3 (“Usability of reference-free transcriptome assemblies for 

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

dimorphic seeds”), mRNA libraries of dehiscent 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. 

 

Chapter 4 (“TAPs and Ae. arabicum”), contains an overview of the TAP 

expression during the developmental stages of Ae. arabicum seeds using 

both published and unpublished data. 

 

Chapter 5 (“Outlook”) contains a reflection where my research objectives 

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 



27 

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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2.5 Further applicability of this work 

The results were published in a publicly available web interface 

maintained by AG Rensing, https://plantcode.online.uni-

marburg.de/tapscan/, keeping it up to date by including the output of 

newly released genomes and making it possible for anyone to access and 

analyse the data. 

 

2.6 TAPscan resource 

With the ability to generate a TAP profile for any organism with available 

genome or proteome and to put it into a comparative perspective 

TAPscan is a great resource for newly sequenced genomes. This resulted 

in co-authorship of three impactful genome project collaborations, the 

Chara genome project [46], the Fern genomes project [47] and the Ulva 

genome project [48].  

 

For each project, the respective novel genome(s) were screened for TAPs 

and the resulting annotation information was provided in itself as well 

as put in a comparative pers-

pective to existing TAP 

knowledge. 

 

In the Chara genome project the 

charophytic algae Chara braunii 

(Charophyceae) was sequenced 

(Fig. 3). It is the third sequenced 

streptophytic algae and 

considered the most morpho-

logically complex one. As a 

Charophyceae it represents the 

earliest diverging Phragmo-

plastophyta, a monophyletic 

group uniting all plants sharing 

the same cytokinetic assembly 
Figure 3. The Chara genome project making the Cell 

cover issue. 
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structure as well as other traits such as apical cell growth and branching. 

Due to the mosaic evolution of streptophytic algae, and though 

Charophyceae is not the sister group of land plants, Charophyceae is 

thought to be the group that can yield great insight into plant 

terrestrialization [49] making it a highly anticipated genome. In 

comparison to our genome-wide classification of 2017 (chapter 3), where 

Charophyceae was represented by a single transcriptome of Nitella 

hyalina, with the addition of the C. braunii genome we could get a much 

clearer picture with regards to the emergence of some TFs (ARF, HRT 

and TCP). ARF and HRT were previously placed to have emerged in the 

common ancestor of Coleochaetophyceae, Zygnematophyceae and land 

plants. With their presence in C. braunii these families should now be 

considered to have emerged in the common ancestor of all 

Phragmoplastophyta. Even bigger rearrangement concerns the TF TCP 

which was previously placed to have emerged in the common ancestor 

of all land plants. It should now be considered to have emerged in the 

common ancestor of all Phragmoplastophyta. TCP TFs are known to be 

involved in growth proliferation of organs and tissues in A. thaliana [50]. 

Them (so far) only being present in land plants and C. braunii speaks to 

the opinion that Charophyceae is the group that can yield the most 

insight into plant terrestrialization. 

 

In the Fern genomes project the two ferns Azolla filiculoides and Salvinia 

cucullata (Salviniales) were sequenced (Fig. 4). Ferns with their 

interesting position in the phylogenetic tree, being the sister group to all 

seed plants, while lacking any genome representation makes their 

genomes highly anticipated. A. filiculoides, with its unique symbiosis 

with N2-fixing cyanobacteria, has long been used as a “green manure” in 

rice fields [51]. It was also thought to be the main actor in the “Azolla 

event”, ~50 million years ago, sequestering atmospheric CO2 

contributing to the transition from a greenhouse to modern icehouse 

earth [52], thus providing a socio-economic incentive to have this 

specific fern sequenced. 



44 

In our genome-wide classi-

fication of 2017 (chapter 3), where 

ferns were represented by the 

single transcriptome of Pteridium 

aquilinum, we detected a loss of 

the TR Polycomb group EZ 

(PcG_EZ). The Polycomb group 

has been shown to be involved in 

body plan control [53]. With 

these newly sequenced fern 

genomes the loss of PcG_EZ was 

further confirmed and the 

speculations for it to be a clade 

specific loss, for all ferns, is 

strengthened. In between the 

two newly sequenced ferns and 

the P. aquilinum, one interesting 

disparity was the discovery of the 

potential secondary loss within the Salviniales of the ULT TF, being 

involved in inflorescence and floral meristem regulation [54]. 

 

In the Ulva genome project the chlorophyte Ulva mutabilis was 

sequenced, being the first ever sequenced Ulvophyceae (Fig. 5). This 

green sea lettuce represents one of the multiple transitions from 

unicellularity to multicellularity that has occurred in Chlorophyta. U. 

mutabilis has a plant-like vegetative body, thallus, of sheet like structure. 

It relies on bacterial interactions to secure zoospore settlement [55] as 

well as for reaching a complete morphogenesis [56] making it a model 

organism for studying morphogenesis in sea lettuce [57]. In our genome-

wide classification of 2017 (chapter 3), Chlorophyta was the most well 

represented clade outside of angiosperms. We detected, in total, less 

TAPs in U. mutabilis in comparison to other Chlorophytes, with only 

1,94% of the genome encoding TAPs in comparison to the 2,66% average 

Figure 4. The Fern genome project making Nature 

Plants digital cover issue. 
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of Chlorophyta. This was reflected in the absence of multiple TFs and 

TRs commonly present in other Chlorophytes. A notable exception was 

the high abundance of C2C2_CO-like TFs, known to be involved in the 

regulation of branching and shade avoidance [58] as well as flowering 

time [59]. We detected 5 C2C2_CO-like TFs in U. mutabilis, while other 

chlorophyte range between zero and two. 

  

Figure 5. The Ulva genome project published in Current Biology. 
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3 Usability of reference-free transcriptome 
assemblies for detection of differential 
expression: a case study on Aethionema 
arabicum dimorphic seeds (Paper II) 
 

3.1 Zusammenfassung 

Ae. arabicum ist eine krautig wachsende, einjährige Pflanze, die in Teilen 

des östlichen Europas und des Mittleren Ostens heimisch ist. Sie ist eine 

der wenigen Pflanzen, die die Fähigkeit besitzen sowohl morphologisch 

als auch physiologisch voneinander verschiedene Früchte und Samen auf 

derselben Pflanze auszubilden (Diasporen Dimorphismus). Dies erlaubt 

der Pflanze eine sogenannte bed-hedging Strategie, eine Art 

Absicherungsstrategie, in der es den Pflanzensamen möglich ist in für 

das Wachstum günstigere Zeiten und/oder Habitate auszuweichen. Im 

Rahmen dieser Studie wurden für die beiden verschiedenen 

Samenformen RNA-Seq Daten erstellt und auf Grundlage des 

Referenzgenoms und eines selbst erstellten de novo Transkriptoms 

analysiert. Es zeigten sich deutliche Unterschiede im Expressionsmuster 

zwischen den beiden Samenformen. Die dehiszente (Kurzzeit-)Form ist 

eher auf schnellere Samenreifung ausgelegt, wohingegen die 

indehiszente (Langzeit-)Form eine stärkere Anlage zur Dormanz 

aufweist. Unter den differenziell exprimierten Genen (DEGs) konnte 

eine Vielzahl von Transkriptions-regulierender Proteine (TAPs) 

identifiziert werden, die in Samenreife und -dormanz involviert sind. Die 

vollständige funktionale Annotation (Gene Onthology) zeigte, trotz 

geringerer Überschneidungen in Bezug auf DEGs, eine große 

Übereinstimmung zwischen beiden Ansätzen. Dies zeigt auch den 

großen Stellenwert von de novo Transkriptomen für die Untersuchung 

von Arten ohne verfügbares Referenzgenom. 

 

3.2 Summary 

Ae. arabicum is an herbaceous annual native to parts of Eastern Europe 



49 

and the Middle East. It is one of the few plants that exhibits diaspore 

dimorphism, the ability to produce morphologically and physiologically 

distinct fruit and seed morphs on the same plant. This bet-hedging 

strategy makes it possible for the plant seeds to escape both space and 

time, to access more favorable growth conditions. RNA-seq libraries of 

the two seed morphs were sequenced and analyzed using both the 

available reference genome and a self-made de novo assembly. There are 

clear expressional differences between the two morphs with the 

dehiscent (short term) seed being geared towards faster maturation and 

the indehiscent (long term) seed being geared towards dormancy. 

Amongst the differentially expressed genes are a multitude of 

transcription associated proteins (TAPs) involved in regulating seed 

maturation and dormancy. Though the DEG overlap between the two 

approaches was low, the global functional annotations (Gene Ontology 

terms) overlap well, supporting the use of de novo assemblies when 

studying species with no available reference genome. 

 

3.3 Own contribution 

A robust DEG-calling pipeline, using the consensus of three separate 

DEG-calling packages, was developed in cooperation with Kristian K. 

Ullrich and Stefan A. Rensing. I then applied the pipeline to the RNA-

sequence libraries of Ae. arabicum dry seeds. Both the available genome 

and a self-generated de novo assembly was annotated with Gene 

Ontology (GO) terms and screened for TAPs. Both assemblies were 

processed with the DEG-calling pipeline for the purpose of investigating 

the differences between the outcome of each. With the help of 

SeedAdapt collaborators Jake O. Chandler, Kai Graeber, Waheed Arshad, 

Safina Khan, Michael E. Schranz and Gerhard Leubner-Metzger, a 

biological interpretation was carried out. I contributed to the writing of 

the manuscript as well as prepared most of its figures. 

 

3.4 Paper 

Following is the electronic publication.  
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3.5 Further applicability of this work 

Amongst the inferred DEGs TAPs of interest were chosen and further 

investigated in the context of the moss P. patens (BSc-thesis of group 

member Marlies Peter). The DEG pipeline developed was applied and 

used with all further SeedAdapt RNA-seq data including more than 300 

RNA-seq libraries. 

 

3.6 SeedAdapt experiments and expression atlas 

Within the framework of the SeedAdapt consortium 

(www.seedadapt.eu) an extensive experimental design was set up to 

investigate the adaptive plasticity of the dispersal unit (seed diaspore 

syndrome) of Ae. arabicum. This included the generation of multiple 

RNA-sequence libraries of the two seed morphs, as well as the whole 

indehiscent fruit, sampled from different accessions in different 

conditions. Seeds and fruits were taken from maternal plants of Turkish 

and Cyprus accession grown in temperatures of 20 and 25°C. These were 

then let to germinate at temperatures 9, 14, 20 and 24°C and sampled for 

sequencing after different time points ranging from 0 to 125h. The sample 

comparisons proposed by the 

SeedAdapt consortium resulted 

in 193 pairwise comparisons. 

These comparisons were carried 

out using the methods 

developed in the paper (chapter 

3.2), resulting in DEG-lists as 

well as GO-term bias analysis 

for each of the 193 comparisons. 

For visualization and analytical 

simplification, the Expression 

Atlas framework developed by 

Fernandez-Pozo et al. [60] was 

adopted to the SeedAdapt data 

(Fig. 6). The cube designed 
Figure 6. Example of the Expression Atlas framework 

employing SeedAdapt data. 
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interface enables easy look up of specific genes of interest and presents 

the expression values of the gene in the context of the whole 

experimental set up as well as showing other genes with correlating 

expression profiles. This resource is key in the ongoing interpretation 

and analysis carried out by the SeedAdapt consortium and will be made 

publicly available upon publication of the final consortium report. 

 

Additional stand-alone experimental set ups were designed within the 

SeedAdapt framework to investigate the underlying molecular 

mechanisms of the plants fruit morph decision [61] as well as 

germination controlling factors [62]. The RNA-seq generated for these 

experiments were handled using the methods developed in the paper 

(3.2) and presented in the expression atlas application. These data, 

leading to one published and one submitted paper, contributed to 

significant findings with regards to their respective aims. 

 

E. g. in Lenser et al. 2018 (Fig. 7), it could be demonstrated that it is a 

last-minute decision, occurring in the flowers of Ae. arabicum, that 

determines which seed morph is to develop [61]. It was also shown that 

the decision making is made possible through the recruitment of the pre-

existing shoot branching network involving the TAP (bHLH_TCP) 

Figure 7. Lenser et al. 2018 published in the plant journal. 
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coding gene BRC1 with BRC1 expression level, in turn, being dependent 

on the ratios of auxin and cytokinin. 

 

In Merai et al. (under revision) it was discovered that Ae. arabicum seeds 

of the Turkish accession germinated well under white light and dark 

conditions while the Cyprus accession germinated well in darkness but 

were strongly inhibited under white light conditions [62]. This 

photoblastic difference fits well with effects the different environments 

the plants inhabit have, with Cyprus accession colonizing more arid 

locations with higher light intensity which might be unfavorable for 

young seedlings. The expression profiles did not pinpoint any unique 

molecular switch mechanism responsible for the difference, though 

there were significant differences in respective accessions GA:ABA 

(gibberellin and abscisic acid) ratio. This works findings strongly 

suggests that Ae. arabicum could serve as a model plant for studying 

light-controlled germination in plants.  
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4 TAPs and Ae. arabicum 
The importance of transcription associated proteins, as orchestrators 

and key players in regulator networks, have been shown for many traits 

in many organisms. The SeedAdapt data resource, RNA-seq samples as 

well as the DEG comparisons, in combination with TAPscan makes it 

possible to investigate Ae. arabicum seed development in in the light of 

TAPs. 

 

4.1 TAPs in Ae. arabicum seed development (bud, flower, fruit 

and seed) 

In the first publication of the SeedAdapt consortium (Lenser at al 2016) 

[45] orthologs of eight A. thaliana fruit regulatory genes were 

investigated using quantitative reverse transcription-PCR (qRT-PCR) on 

indehiscent and dehiscent fruits. One gene that stood out from the rest 

was the ortholog of the INDEHISCENT (IND) gene (AT4G00120), 

AearIND AA32G00014. It was shown to have a 7-fold expression 

difference, being higher expressed in dehiscent fruits, suggesting it to be 

one of the key molecular mechanisms for establishing the dimorphism 

during Ae. arabicum fruit development. The AearIND protein model 

contains the helix-loop-helix domain and thus gets classified as a bHLH 

TF by TAPscan. In further studies, led by Lenser et al. [61] the plants 

decision making to produce the different seed morphs was investigated. 

No morph-specific difference could be detected when comparing fruit 

buds of to be dehiscent and dehiscent seeds. Differential expression of 

AearIND was only detected in late flower stage, suggesting that the 

decision has to be taken in the early flower stage. Gene expression 

analysis suggested another bHLH containing gene, BRC1, a central 

integrator in branching control [61]. This bHLH_TCP TAP showed a 

strong expression peak in early flowers of the indehiscent morph in 

comparison to the dehiscent morph and is suggested to act as a binary 

switch resulting in the two fruit and seed morphs.  
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Once the seed morphs are established, the most interesting TAP 

discrepancy between the morphs is found amongst histone modifying 

SET and TAZ TRs and the TF HSF (Chapter 3). SET and TAZ are 

upregulated in the indehiscent morph and are known for regulating seed 

maturation and dormancy as well as inhibiting germination. HSF is 

upregulated in dehiscent seeds and is thought to accelerate maturation. 

 

4.2 TAPs in Ae. arabicum seed germination - Employing 

SeedAdapt expression atlas 

Looking into the expression levels (RPKM) of each specific TAP for each 

sequenced SeedAdapt RNA-seq sample, we can measure their expression 

levels throughout the developmental stages of dry seed (6 samples), 

imbibing seed (53 samples) to germinated seed (3 samples) (Fig. 8). We 

see that the dry seed samples cluster together. Out of the three samples 

representing germinated seeds, two cluster together (68h and 72h) with 

the 200h sample falling outside. 

 

Cumulatively adding the expression of the genes encoding each TAP we 

find 38 TAPs that increase and 25 that decrease in expression once the 

dry seed is let to imbibe. This suggests that imbibing seeds are more 

transcriptionally active tissues, compared to dry seeds. 9 TAPs 

(ABI3/VP1, Aux/IAA, bHLH, DUF296, HD_KNOX1, HD-Zip_I_II, OFP, 

Rcd1-like and ULT) show a significant continuous increase going from 

dry seed through to germination. Amongst these we find known players 

in the seed development regulatory network, such as ABI3/VP1 [63] and 

Aux/IAA [64] (unpublished Fig. 9 a/b).  
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HD_KNOX TFs, involved in body plan formation and cell fate 

determination of flowering plant stem cells [65], has an expression 

profile accompanied by OFP, a known interacting regulator [66]. 

Another TAP interacting with HD_KNOX is HD_BEL. HD_BEL also 

shows an increase in expression in the early imbibing seeds that levels 

out and is maintained through to germination. ULT TF is well studied 

Figure 9. Cumulative expression of TAPs ABI3/VP1 (a) and Aux/IAA (b) throughout 

germination, going from dry seed to germinated seed. 
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for its impact on shoot and flower development, and has been shown to 

regulate other TAPs such as MADS and HD_KNOX1 [67]. 

 

A few of the initially increasing TAPs seem to have their peak in the start 

of imbibition, such as HD_WOX (Fig. 10), to later drop off and return to 

the initial dry seed level once germination is reached. HD_WOX is 

known for its broad involvement in plant development, from early 

embryo patterning [68] to shoot and floral stem cell maintenance [69]. 

This initial early spike in expression could indicate a role in the early 

transition from dry seed to imbibing seed. 

 

Though, as mentioned, the dry seed is a less transcriptionally active 

tissue, compared to imbibing, 25 TAPs still show a decrease in expression 

in the transitioning from dry seed to imbibing seed. 9 TAPs (DBP, EIL, 

FHA, GeBP, GRAS, Jumonji_PKDM7, MBF1, PcG_MSI and TUB) show a 

continuous decrease in expression going from imbibing seed to 

germinated seed. Amongst these we find known hormone response TFs, 

EIL and GeBP, each promoting the response of ethylene and cytokinin 

which are known for their involvement in germination, seedling 

Figure 10. Cumulative expression of TAP HD_WOX throughout germination, going 

from dry seed to germinated seed. 
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development and growth [70, 71]. 

 

A few TAPs have their decrease mainly going from dry seed to early stage 

imbibing. Amongst them we find HSF, TAZ and VOZ. HSF and TAZ, as 

previously mentioned, are involved in regulating seed maturation and 

dormancy by repressing germination and would thus expectedly 

decrease at the onset of germination. Not much is known about VOZ, 

with regards to seed development, though studies have shown it to be 

involved in flowering timing in A. thaliana [72]. Presented in that study, 

interestingly, was that VOZ double mutants showed an increase in seed 

abortants. 

 

Though this is just a broad overview, scratching on the surface of the 

SeedAdapt data resource, we still identify varying levels of TAP 

expression throughout seed germination in Ae. arabicum. These 

changing expression levels overlap well with known TAP functions. The 

potential to delve further, taking the experimental design factors into 

account such as seed types, maternal growth temperatures as well as 

germination temperatures, will yield a clear picture of TAP influence 

during seed germination in Ae. Arabicum, all made possible through the 

SeedAdapt consortium. 

 

4.4 Method 

The cumulative expression of the genes encoding each TAP was 

calculated for all samples sequenced and analyzed through the 

SeedAdapt consortium. The samples were then divided into groups 

depending on respective seed stage (dry seed, imbibing seed and 

germinated seed). The data was log2 transformed and then hierarchically 

clustered on the x and y axis using complete linkage with euclidean 

distances, and visualized as a heatmap using R gplots v3.0.1 

(https://cran.r-project.org/web/packages/gplots/index.html; last 

accessed December 8, 2017). The samples were further divided 

depending on the time point the sample was collected (dry, imbibing 5h, 
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24h, 50h, 75h, 100h, 125h and germinated) as well as morph (M+ seed, 

NM seed and indehiscent fruit). Each TAPs cumulative expression value 

was plotted and local estimated scatterplot smoothing (LOESS) was 

applied for each morph as well as for the total. Wilcoxon two-sampled 

tests were carried out to distinguish differences in TAP expression 

between the different stages.  
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5 Outlook 
 

5.1 TAP evolution in Viridiplantae and the TAPscan resource 

With a higher resolution picture of TAP evolution in Viridiplantae we 

can provide evidence that a majority of TAP gains occurred in between 

streptophytic algae and embryophytes, some of which formerly thought 

to be land plant specific gains. This confirms the expected scenario that 

with the emergence of new sequence data from species situated between 

land plants and Chlorophyta the view on some land plant specific 

proteins has to be revised [32-34]. Though our data points toward a 

stepwise acquisition of TAP families, going from the early branching 

streptophytic algae until the embryophytes, these results might still be 

due to the few and of poor quality data sets representing these clades. 

More streptophytic algae sequence data is required to more precisely 

assert the points where the major plant TAP family gains occurred, such 

as the Chara genome project [46]. Within the group of streptophytic 

algae we also find the emergence of multiple plant characteristics, such 

as the plant cell wall cellulose synthase complex being present in the 

KCM clade (Klebsormidiophyceae, Chlorokybophyceae and 

Mesostigmatophyceae) [32], polyplastidy in ZCC clade 

(Zygnematophyceae, Coleochaetophyceae and Charophyceae) [73] as 

well as the phragmoplast and the preprophase band in Zygnematales 

[74]. Independently if the common ancestor of all streptophytic algae 

coincides with the point of the major TAP family gains within 

Viridiplantae, venturing into the less explored giant group of green algae 

(Chlorophyta), such as the Ulva genome project [48], would be required 

to confirm it and to further trace the evolution of TAPs. To further 

deepen our understanding of TAP evolution in land plants specifically, 

of which there were recently distinct clades that completely lacked 

representation (Ferns), the low genome representation in some 

fundamentally important clades needs to be solved. The relatively 

plentifully sequenced group of flowering plants makes up for the largest 

amount of land plant species known to-date, ~330,000 out of ~380,000 
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[22], and is the one clade group that have evolved all the typical land 

plant characteristics (flowers, seeds, leaves, vascularity, embryos). 

Conducting comparative studies with the aim to elucidate the 

emergence of these significant traits, it is important to look outside of 

flowering plants. As for which genomes that will be sequenced in the 

near future, the 10KP initiative declares that ~2,500 genomes, from 357 

different families, are going to be non-seed plants, said to result in 

covering every genus of the Viridiplantae [75]. Once these data are 

published and available, it will make for a great opportunity to be 

analyzed with TAPscan giving us an even more detailed picture of TAP 

evolution in Viridiplantae.  

 

5.2 Dimorphic Seeds of Ae. arabicum 

The differences in the expression profiles of the two morphological seed 

types of Ae. arabicum coincide well with the expected seed 

characteristics when compared in the context of A. thaliana seeds. The 

less dormant mucilaginous morph (M+) showed higher expression of 

genes that increase during maturation in comparison to the more 

dormant non-mucilaginous morph (NM). The expression profiles 

propose that the M+ seed are genetically wired to dry out and mature 

faster in comparison to the NM seeds whose expression profile is geared 

towards transcription, important for dormancy. Though this study only 

included a small set of samples from a specific seed stage, being the dry 

seed, the detected expression differences fits well into the proposed bet 

hedging strategy employed by Ae. arabicum. The plants decision of 

development of the distinct seed types was shown to be connected to the 

expression levels of bHLH_TCP coding BRC1 [61]. The development of 

the dehiscent seed is default up until the early flower stage where, if 

unfavorable conditions occur, the seed ratio switches towards the “low 

risk” indehiscent seed. 

 

Having developed the analytic pipeline in chapter 2 and then applied it 

to all of the data generated by SeedAdapt (chapter 4) a tremendous 
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resource has been created. In the short run, this will constitute the 

fundament enabling a deeper understanding of the diaspore syndrome, 

and will, also in the long run, act as a resource making it possible to 

investigate any homologous gene of interest and compare its expression 

profile throughout the different provided conditions. 

 

5.3 Seed development TAPs in an evolutionary perspective 

Looking at the accumulated expression of TAPs during seed 

development up until germination (chap 4) we see extensive changes in 

expression occurring. Out of all the highlighted TAPs it is only ULT that 

is unique to seed plants (spermatophyte). ULT is involved in shoot 

development [54], which is expected to be initiated at the start of 

germination. Moving further back to the common ancestor of all land 

plants we find the emergence of plant embryogenesis, giving rise to the 

embryo. At that point we can pinpoint the further gain of the two TAPs 

GeBP and VOZ. The majority of TAP gains through the evolution of 

Viridiplantae, occured at the common ancestor of Embryophytes, the 

ZCC-clade and Klebsormidiales. At this point the majority of the TAPs 

highlighted in chapter 4.2 were present. Within the seed we find the 

plant embryo, an ancestral trait to all land plants. The embryo is formed 

during embryogenesis from the zygote. That the large portion of the 

highlighted TAPs, with changing expression during seed development, 

are present outside of Spermatophyta emphasizes their fundamental 

involvement in the establishment, development and propagation of the 

zygote and embryo. Homologs of genes involved in the delay of seed 

germination have been shown, through knock-out studies (BSc-thesis of 

group member Marlies Peter), to also affect the germination time of 

spores in the moss P. patens. Though seed and spores are not 

homologous this suggests a conservation of germination regulation with 

regards to respective dispersal unit (seeds and spores). 

 

To single out the TAP signal that could play a unique role in the 

development of seeds, the vast TAP expression signal that is devoted to 
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general embryo and/or zygote development has to be removed. This 

could be done by looking into the TAP expression during development 

of the dispersal units of non-seed embryophytes, such as the ferns, 

lycophytes and bryophytes. Assuming identification of the analogous 

stage, suggestively the sporophyte embryo, it would then provide a 

general TAP expression profile that could be compared to seeds. 

Additionally, generating a TAP expression profile of zygote development 

in non-embryogenic plants, such as the streptophytic algae, would 

further elucidate the role of the TAP repertoire in the development of 

dispersal units.  

 

5.4 Sequence analysis and annotation 

Though sequence data becomes cheaper and cheaper there is still more 

effort and sequence data required to assemble a genome in comparison 

to a transcriptome. Following the development of sequencing techniques 

and computational tools, assembling a genome will at some point 

become as easy and cheap as generating a transcriptome is today. While 

scientific research is moving more into the unexplored branches of life, 

where little to no prior work has been done, continuous work on a 

transcriptomic level, proven to conform well with when using a genome 

approach, will provide the possibility to conduct comparative studies in 

non-model and novel species. This is exemplified in the 1KP [76] as well 

as in the Marine Microbial Eukaryote Transcriptome Sequencing Project 

(MMETSP) [77]. Here, transcriptomic data was generated for 1,000 and 

650 species respectively and has since their release in 2014 been cited 

more than 200 and 340 times respectively.  

 

Annotation tools, such as TAPscan, depend on implementing the latest 

scientific discoveries to provide the most up to date results. This not only 

includes the need to be up to date with the latest literature to implement 

newly discovered families and subfamilies, but also to make sure the 

most appropriate protein screening tools are being used. Further, the 

idea of a comprehensive eukaryote-wide TAPscan classification tool is 
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appealing. Unifying the Archaeplastida with the Excavates, 

Opisthokonts, Amoebozoans, SARs and every unclassified species in 

between these clades, under the same extensive, all inclusive, TAP 

classification scheme, would yield the most comprehensive eukaryote 

TAP resource. With it, the influence of gene expression regulation, in the 

form of TAPs, on cellular evolution could be further understood. 
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