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Abstract

Geneexpression, the process in which DNA informationis conveyedinto
a functional unit, is fundamental to cellular life. The extent to which gene
expressioncan be regulated corresponds ta cells potential to modify its
ability. One exampleis the progresson through life stages ofe.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 processof regulating the initial step in

gene expresion, 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 TAPsin 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 contraction®f TAPs, throughout the evolution of
plants, could be calculated. The resultssuggestthat many previously
thought to be land plant specific TAPs actudly predates the emergence
of land plants.

By analyzing RNAsequence(RNA-seq) libraries of the dimorphic seed
producing plant Aethionema arabicum(provided through the SeedAdapt
consortium) it was possible to investigate TAP influence onseed
developmernt. In addition, a study evaluating the usefulness of ale novo
assembly compared to a reference genome when identifying
differentially expressed geneswas conducted. The RNA-seq analysis
with TAP annotations, showed a clear distinction between thetwo 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 evidentusing both the de novoand referenceapproach.



Zusammenfassung

Die Genexpression ist einfundamentaler Prozess der Zellbiologie. In
diesem werden die in der DNA enthaltenen Informationen in
funktionale Einheiten umgesetzt. Das Mal3, in dem die Genexpression
reguliert werden kann, korreliert dabei mit dem Potential einer Zelle
verschiedensteFunktionen auszubilden. Als ein Beispiel dafir kann das
Durchschreiten des pflanzlichen Lebenszyklus gesehen werden, wie es
sich z.B. bei derEntwicklung eines Baumes aus einem Samen vollzieht.
Dies wird durch unterschiedliche Anwendungen der Genregulation au
identische DNA Informationen mdglich. 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 poteins,
TAPS).

Die vorliegende Arbeit erweitert das Wissen lber 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 (TAP<an) etabliert. Unter Anwendung dieser Methode wurde
eine grol3e Anzahl pflanzlicher Genome und Transkriptome auf das
Vorhandensein verschiedener TAP Gruppen untersucht. Auf Grundlage
der erhobenen Daten lieBen sich urspriingliche Zustdnde sowie die
Entstehung, Expansion und der vollstandige oder teilweise Verlust
verschiedener TAP Familien Uberdie Evolution der Pflanzen hinweg
nachvollziehen. Die Ergebnisse lassemarauf schliel3en, dass sich viele
TAP Familien, deren Entstehung bishemit dem Landgang der Pflanzen
in Verbindung gebracht wurde, bereits vor den ersten Landpflanzen
entwickelten.



Des Weiteren wurde der Einfluss von TAPs auf die Samenentwicklung
untersucht. Diese Untersuchungen wurden anhand von Aethionema
arabicum (zur Verfigung gestellt durch das SeedAdapt Konsortiums),
einer Pflanze, die dimorphe Samen ausbildet, durchgefuihrt. Dazu
wurden Daten aus RNA Sequenzierungen (RNAseq) analysiert und
TAPscan auf diese Daterangewendet. Im Zuge dessen konnte auch der
Nutzen eines de novo Transkriptoms im Vergleich zu einem
Referenzgenom bei derldentifizierung 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 desde novoTranskriptoms als auch
des Referenzgenoms, die Anlagen derdehiszenten (Kurzzeit-)
Samenform fur schnelle Samenreife und die der indehiszenten
(Langzeit-) Samenform fir erhoéhte Dormanz deutlich.
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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 1983
providing the three-dimensional structure of DNA, techniques were
developed to determine nucleotide sequence. In 1961 Nirenberg et §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 cerevisig4]. In 1972 Min
Jou et al.[5] were able todetermine the protein coding RNA sequence of
the bacteriophage MS2 and thus opened the door to transcriptomics,
being the study of a given samples RNAranscripts (transcriptome),
making it possible to investigate gene expression. In 1977 Sanger et [&]
presented the 5,386 bp long DNA genome of the bacteriopage 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 sguence
database of 19877]. Through the following years much progress was
made with regards to optimizing, automating and parallelizing
sequencing driven by the goal of sequecing 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 pHif]. In
2017 the price for sequencing a human genome was already below 1,000$,
with sequencing instrument manufactures having the goal to go below
the 100$ marl{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 Jue 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 largeupply 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 sequencal DNA more large-scale projects can now beealized, such
as the TAPscan online resource Hitps:/plantcode.online.uni -
marburg.de/tapscan/) (chapter 2) and the SeedAdapt collaborative
research project (www.seedadapt.eu) (chapter 3).

1.2Transcription 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 RNApolymerase
breaks gpen 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  rigue 1. wild type 4. thatiana (A) and bir (HD TF)
transcription regulators (TRs). Muantphenotype (8) [13].

TFs and TRs make it possible to, through transcription, regulate the
expression d genes. One exampleare 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 plarts. HD involvement in body
plane/pattern formation for plants has also been shown [13] (Fig. 1).
Homeodomain TFs are one othe most abundant TF amongst metazoans
(animals) with about 1530% of all know TFs being homeodomain[14]
making up for approximately 0.5z 1.25% of all proteins in any given
species[15]

It has been shown that TAPs plagd 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
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further TF expansion at the origin of both metazoans and embryophytes
[14, 16, 120]. 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 anount of available sequenced specieR3].
When land was conquered by plants, approximately 500million 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 scerario 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 Arabidopsisthaliana was sequenced27] which opened
the door to the sequercing of other flowering plants. In 2006 the first
green algae was sequenceff8] which was followed by the green algae
model organism Chlamydomonas reinhardtiiin 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, vascularnon-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 nolarge-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 flaccidum2014[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 @o [35]), soybean (East
Asia year 59,000 years agd36]), sugar beet (Europe 18th century37]),
maize (North American year ~4,200 years ag$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 19340]. 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 caseof 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 see 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
pi Alifgde.

For seed development as with many othewell characterized biological
systens 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 andtesta). 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 aldity 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 bethedging strategy enabling the progeny to
escape both time and space. Thus, a plant with heteromorphidiaspores
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 defaultpathway of A. thaliana

(orange colored route Fig. 2).

Long distance
dispersal?

M+ seed derived from
dehiscent fruit,

astic fruit with sticky (wet) and
orph ratio mechanically adhesive

Dehiscence

3z

(dry) mucilage papillae

Abscission
Long distance
T2 /\/\/'\/\/d:pwal?

/ Indehiscent, winged fruit, Fast germination

containing M- seed.

j{ Fractionated (delayed) j<
germination due
il tod
Soil seed bank 0 dormanncy e

Figure 2. Visualization of the seed dispersal strategies employed by Ae. Arabicum [45].

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 fruitdoes 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 longterm dispersal strategy. The
fruit-morph ratio that the plant produces has been shown to be

20



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 ofAe. 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, horonal
and transcriptional level as well as studies involving abiotic stress
physiology and biochemistry, identifying Quantitative Trait Loci (QTL)
and seed biemechanics. 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 RNAseq 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 clasification 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 inplants.

Are there different gene expression profiles between the
dimorphic seeds of Ae. arabicum and to what extent do these
coincide depending on using agenome ora de novo assembly
approach?

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

arabicum and to investigate the reliability of using de novoassembled
transcriptomes compared to having areference genome. This will yield

insight into the molecular differences between the two seed morphs as
well as into the usability of a de novotranscriptome 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

#EADOAO VY | O AT AOAT ET OO1 AOAOGETT06Qq A
research topics. This serves to introduce the reader to the bioinformatic
realm of science as well as to my research topics.

Inchapter2j O#1 | POAEAT OWideilassifichtion R&veals That
Many Plant-Specific Transcription Factors Evolved in Streptophyte
' 1 CAAdQh A xEAA OATCA 1 &£ 6EOEAEDI AT
results were then used to elucidate the ancestral states,
expansions/contractions and gains and losses of TAPs throughout

Viridiplantae.

)T AEADOAO ¢ | O5-fek Adhdcipdroe absdinbl@ATEA OA T
detection of differential expression: a case study onAe. arabicum

AEI T OPEEA OAAAOO6 Qh tedt.and inteBidcenisodsA O 1
were used to identify differentially expressed genes using both the
available genome ofAe. arabicumas well as with ade novoassembled
transcriptome of the RNA libraries. The annotated information , TAPs

and GeneOntology terms, gained using both approacheswas compared

and evaluated.

#EADPOAO 1 Aelofabicudd gl AAT T OAET O AT 1T OAO
expression during the developmental stages oRe. arabicumseeds using
both published and unpubli shed data.

#EAPOAO i j O/ 00iTTE6qQq Ai T OAET O A OA=Z
are treated separately as well as together as a whole. The strengths and

weaknesses of the thesis work is highlightedand proposals for future
actions are given
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Chapter 2

Paperl
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2 Comprehensive Genome -Wide
Classification Reveals That Many Plant -
Specific Transcription Factors Evolved in
Streptophyte Algae (Paper |)

2.1 Zusammenfassung

Transkriptions-assoziierte Proteine (ranscription associated proteins,
TAPs) nehmen sowohl direkten als auch indirekten Einfluss auf den
fundamentalen zellularen Prozess der Transkription. Aufgrund dieser
Eigenschaft sind sie von besonderer Bedeutung fir die Entwicklung und
Differenzierung eines Organismus Daher stellen TAPs eine
Schlisselgruppe der Proteine dar, um ein besseres Verstandnis dieser
bedeutenden Prozesse zu entwickelnlm 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, dassahlreiche TAPs,
deren Auftreten bisher mit dem Landgang der Pflanzen in Verbindung
gebracht wurde, berets vor diesem evolvierten.Diese Studie zeigt also
eine primare TAP Expansion im gemeinsamen Vorfahren der
Streptophyta und nicht in dem der Landpflanzen. Alle erstellten TAP
Profile sind Uber eine benutzerfreundliche Web-Oberflache o6ffentlich
zuganglich.

2.2 Summary

Transcription associated proteins (TAP9g 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 processedJsing an up to dateTAP
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 pofile. By comparing TAP profilesit could be concluded
that many TAPs, thought to have emerged with land plantsor during
land plant evolution, predated the terrestrialization. This study
suggesting that the primary burst of TAP gains occurredn 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.

2.30wn 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 rebuilt 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 Mahlich, a broad
selection of Viridiplantae genomes were collected and then screened
using the new updated pipeline. Joirt with Stefan A. Rensing the results
were analyzedto identify expansions, contractions, gains and losses of
TAPs throughout the phylogenetic tree. | 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 Muhlich.

2.4 Paper
Following is the electronic publication.
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Abstract

Plant genomes encode many lineage-specific, unique transcription factors. Expansion of such gene families has been pre-
viously found to coincide with the evolution of morphological complexity, although comparative analyses have been ham-
pered by severe sampling bias. Here, we make use of the recently increased availability of plant genomes. We have updated
and expanded previous rule sets for domain-based classification of transcription associated proteins (TAPs), comprising
transcription factors and transcriptional regulators. The genome-wide annotation of these protein families has been ana-
lyzed and made available via the novel TAPscan web interface. We find that many TAP families previously thought to be
specific for land plants actually evolved in streptophyte (charophyte) algae; 26 out of 36 TAP family gains are inferred to have
occurred in the common ancestor of the Streptophyta (uniting the land plants—Embryophyta—with their closest algal
relatives). In contrast, expansions of TAP families were found to occur throughout streptophyte evolution. 17 out of 76
expansion events were found to be common to all land plants and thus probably evolved concomitant with the water-to-

land-transition.

Key words: Charophyta, Streptophyta, Embryophyta, evolution, transcription, land plant.

Introduction

Transcriptional regulation is carried out by transcription asso-
ciated proteins (TAPs), comprising transcription factors (TFs,
binding in sequence-specific manner to cis-regulatory ele-
ments to enhance or repress transcription), transcriptional
regulators (TRs, acting as part of the transcription core com-
plex, via unspecific binding, protein—protein interaction or
chromatin modification) and putative TAPs (PTs), the role of
which needs to be determined (Richardt et al. 2007).

The complexity of transcriptional regulation (as measured
by the genomes’ potential to encode TAPs, i.e., total number
of TAP genes per genome) coincides with the morphological
complexity (typically measured by number of cell types) of
plants and animals (Levine and Tjian 2003; Lang et al. 2010;
de Mendoza et al. 2013; Lang and Rensing 2015).
Comparative studies in plants and animals have revealed
gains, losses and expansions of key gene families, and

demonstrated the unicellular ancestors of plants and animals
had already gained much of the families known as important
and typical for these lineages (Lang et al. 2010; de Mendoza
et al. 2013; de Mendoza et al. 2015; Catarino et al. 2016).
The recent initial analysis of data from streptophyte algae
(sharing common ancestry with land plants) suggested that
the origin of TAPs considered to be specific for land plants
needs to be revised (Hori et al. 2014; Delaux et al. 2015;
Wang et al. 2015), which we set out to do here by including
more data of streptophyte algae and bryophytes than previ-
ously available.

Transcription associated proteins, and in particular TFs, are
important signaling components and as such often key regu-
lators of developmental progressions. They evolve via dupli-
cation, paralog retention and subsequent sub- and
neofunctionalization (Rensing 2014), leading to a high abun-
dance and combinatorial complexity of these proteins in the

© The Author(s) 2017. Published by Oxford University Press on behalf of the Society for Molecular Biology and Evolution.
This is an Open Access article distributed under the terms of the Creative Commons Attribution Non-Commercial License (http/creativecommons.org/licenses/by-nc/4.0/), which permits
non-commercial re-use, distribution, and reproduction in any medium, provided the original work is properly cited. For commercial re-use, please contact journals.permissions@oup.com

3384  Genome Biol. Evol. 9(12):3384-3397. doi:10.1093/gbe/evx258
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Genome-wide classification in plants
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most complex multicellular lineages (that perform embryo-
genesis)—namely plants and animals (de Mendoza et al.
2013; Lang and Rensing 2015; Rensing 2016).

Many plant TFs have initially been described as regulators
of organ development or stress responses of flowering plants.
However, by broadening the view to other plants it became
clear that, for example LFY, initially described in Arabidopsis
thaliana as determining the floral fate of meristems and reg-
ulating flower patterning, controls the first division of the zy-
gote in the moss Physcomitrella patens (Tanahashi et al.
2005). Also, the flowering plant meristem controlling WOX
genes have orthologs in moss that are involved in apical stem
cell formation (Sakakibara et al. 2014). Such homeodomain
(HD) TFs have deep eukaryotic roots and control important
developmental progressions, for example, in embryogenesis,
in plants, and animals (Hudry et al. 2014; Catarino et al.
2016). The KNOX and BELL subfamilies of plant HD proteins
control mating types of green algae (Lee et al. 2008) and
evolved into controlling cell fate determination of flowering
plant stem cells (Hay and Tsiantis 2010). TF gene regulatory
network kernels that were present in the earliest land plants
are often modified and coopted during evolution (Pires et al.
2013), and plant TF paralogs are preferentially retained after
whole genome duplication (WGD) events (De Bodt et al.
2005; Lang et al. 2010). TRs do not show the same tendency
as TFs to expand with complexity, but they are important
regulators nevertheless. For example, epigenetic control of
important developmental steps like body plan control is main-
tained via components of the Polycomb Group (PcG) proteins
throughout land plants (Mosqguna et al. 2009; Okano et al.
2009; Bouyer et al. 2011).

Transcription associated proteins are thus key to under-
standing development and evolution of plant form and func-
tion. Access to reliable, up-to-date classification of TAPs is
important, and enables comparative analyses informing our
knowledge of plant transcriptional regulation. In a previous
study (Lang et al. 2010) we combined rule sets of three studies
(Riano-Pachon et al. 2007; Richardt et al. 2007; Guo et al.
2008) to generate the comprehensive TAPscan tool, encom-
passing sensitive domain-based classification rules for 111
TAP families. Similar approaches were undertaken by other
studies, for example, PInTFDB (Perez-Rodriguez et al. 2010),
iTAK (Zheng et al. 2016), or PlantTFDB (Jin et al. 2016). We
have now expanded our methodology by switching to
HMMER v3, by updating the Hidden Markov Models
(HMM) of many of the domains, and by including novel sub-
family classification for several families. Moreover, we have
included 92 more genomes than were available 7 years ago,
dramatically improving taxon sampling. Here, we present an
updated comprehensive analysis of TAP evolution of the
green lineage as well as the TAPscan v2 web interface
(http:/plantco.de/tapscan/), induding precomputed gene
trees. This interface is a successor to PINTFDB v3.0 (Perez-
Rodriguez et al. 2010), encompasses the most comprehensive

set of plant TAPs, and represents a novel tool for the plant
community to access, screen and download genome-wide
TAP annotations.

Materials and Methods
Data Set

In our previous analysis (Lang et al. 2010) no streptophyte
algae, no gymnosperms and only a single bryophyte genome
were covered. Here, we collected a set of 110 genomes and
13 transcriptomes with the purpose of covering as many ma-
jor clades as possible within the Viridiplantae (green lineage,
table 1 and supplementary table S5, Supplementary Material
online), and to close the previous taxonomic holes.

Upgrade to HMMER3 and New PFAM Profiles

The extensive update of HMMER from v2 to v3 included
improvements in both sensitivity and run time. With this
new version, HMMER abandoned its glocal (global/local) ap-
proach, the alignment of a complete model to a subsection of
a protein, to exclusively use local alignments. This change
made it possible to make use of how much of the respective
HMM profile was matched per alignment. This information
was implemented in our TAPscan pipeline as a dynamic cov-
erage cutoff aimed to introduce a higher level of strictness to
maintain sequence and functional conservation. For our
custom-built profiles we set this cutoff to 75% based on
manual inspection of the alignments (cf. Results). For the
PFAM profiles we calculated the proportion of 100% conser-
vation in each profiles’ seed alignment and used this as min-
imum coverage cutoff (listed in supplementary table S3,
Supplementary Material online). Out of the 124 HMM profiles
published in 2010 (Lang et al. 2010), 108 had been obtained
from the PFAM database (PFAM 23.0) and were again down-
loaded directly from the PFAM database (PFAM 29.0).

Updating the Custom-Built HMM Profiles

The 16 domains represented by custom-made profiles had to
be updated separately. They were first checked against the
PFAM database to see if any equivalent profiles could be
found, which was true only for NAC/NAM (supplementary
table S1, Supplementary Material online). To increase the se-
quence diversity underlying the HMM profiles we decided to
not directly reuse the profile multiple sequence alignments
published earlier (Lang et al. 2010), but instead to use the
output of these profiles when run against a database of 46
genomes representing 12 diverse groups of organisms (sup-
plementary table S2, Supplementary Material online; 2x ani-
mals, 1x bryophyte, 8x chlorophytes, 1x conifer, 9x dicots,
1x lycophyte, 6x fungi, 1x glaucophyte, 4x monocots, 1x
charophyte, 7x  protoctista [5x  nongreen algae,
1x Mycetozoa, 1x Heterolobosea], and 5x rhodophytes).

Genome Biol. Evol. 9(12):3384-3397 doi:10.1093/gbe/evx258

3385

29



Wilhelmsson et al.

GBE

Table 1
Included Species
Taxonomic Group Lang et al. V22017 Unpublished Genomes Unpublished
(2010) V1 Transcriptomes

Transcrip
Angiosperm—Core Eudicots/Core Rosids 7 46 0 1 (Salix purpurea)
Angiosperm—Core Eudicots/Asterids 0 " 0
Angiosperm—Core Eudicots/Stem Rosids 0 4 0 1 (Kalanchoe laxiflora)
Angiosperm—Stem Eudicots 0 2 0 1 (Aquilegia coerulea)
Angiosperm—Monocots 3 22 0 3 (Brachypodium stacei,

Panicum virgatum, Setaria viridis)
Angiosperm—ANA grade 0 1 0
(stem angiosperms)
Sub total angiosperms 10 86 0
Gymnosperm—Conifer 0 2 1
Gymnosperm—Ginkgophyte 0 1 0
Monilophytes—Leptosporangiate 0 2 2 2 (Azolla filiculoides 1 (Microlepia cf.
and Salvinia cucullata) marginata)
Lycophytes 1 1 0
Mosses 1 2 2 1 (Sphagnum fallax)
Liverworts 0 1 1
Sub total nonseed plants and gymnosperms 2 9 6
Streptophytic Algae—Zygnematales 0 1 2
Streptophytic Algae—Coleochaetales 0 0 3
Streptophytic Algae—Charales 0 1 1 1 (Chara braunii)
Streptophytic Algae—Klebsormidiales 0 1 0
Streptophytic Algae—Chlorokybales 0 0 1
Green Algae—Chlorophyta 7 13 0 1 (Dunaliella salina)
Sub total algae 7 16 7
Total 19 m 13
124

Note.—Species are divided into angiosperms, nonseed plants and algae, with sub totals and totals in bold. The data used in TAPscan v1 (Lang et al. 2010) is compared with the
present v2, divided into genomes and transcriptomes. Unpublished genomes and transcriptomes, which will be made available via the web interface upon publication, are listed.

To avoid sequences not encompassing the major part of the
domain of interest, hit length and model usage had to be at
least 75% of the model length, as mentioned above. For each
of the 12 clades four sequences were sampled (if possible),
before random sampling collected the remaining sequences
to reach 50 sequences. If 50 sequences could not be sampled,
due to too few hits in the 2010 (v1) output, all hits were used
for building a new model. To measure the variability in the
phylogenetically guided sampling approach it was repeated
nine times. The detected domains from the chosen sampling
run were then aligned using clustalw-2.1 (Larkin et al. 2007)
and a new hmm3 model was built using hmmbuild. The new
models were run against the same set of 46 genomes and the
output scores were plotted (fig. 1a) and compared with the
2010 profile’s findings (green in fig. 1a). To remain conserva-
tive, the sampling run that generated the profile that had the
least amount of previously undetected sequences scoring
higher than previously detected (diamond shaped in fig. 1a)
was chosen for further processing. Defining the gathering
cutoffs (ga_cut) of the profiles was done with the help of
score-ordered multiple sequence alignments (fig. 1b and

supplementary fig. S1, Supplementary Material online) visual-
ized with Jalview v2.8.2 (Waterhouse et al. 2009). This made
it possible to investigate each profiles” window of uncertainty
with the aim to maintain physiochemical properties/conserva-
tion above the set ga_cut (cf. Results).

Updating Family Classification Rules

Using published detailed studies (see supplementary table S1,
Supplementary Material online and Results for details) more
subfamilies could be distinguished using both PFAM and
novel custom profiles. By incorporating 9 new PFAM profiles
and adding 5 new custom profiles, 11 additional TAP subfa-
milies could be added. This includes an expansion of the
Homeodomain (HD) family from four to 12 subfamilies, an
additional Jumoniji subfamily, an additional Polycomb Group
(PcG) subfamily, and being able to distinguish the MADS sub-
class MIKC. If no PFAM profile was available, custom profiles
were made using existing multiple sequence alignments: BEL
(Hamant and Pautot 2010; Sharma et al. 2014b), KNOX_C and
PINTOX (Mukherjee et al. 2009) and WOX (van der Graaff et al.
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Fic. 1.—Determining gathering cutoffs for new custom profiles. (A) Plotted scores of the new profile (example: Alfin-like) run against 46 phylogenetically
diverse genomes (supplementary table S2, Supplementary Material online). Sequences that were previously detected using the v1 profiles are colored in a green-
blue gradient. New hits are colored in a red-yellow gradient. Each sequence’s hit score is represented by an outer and inner area of the circle that represent the
percentage hmm usage and alignment length, respectively. The dashed blue line represents the novel gathering cutoff, including sequences not previously
captured (red circles above the line). The violin plot shows the old hmmz2 score distribution of the sequences used to build the v1 model. If the new profile scored
previously undetected sequences higher than previously detected sequences these are shown with diamond shapes. (B) A subsection of the sequence alignment of
all hits (supplementary fig. S1, Supplementary Material online), highlighting where the gathering cutoff was set (red line, 34.5 in this example) based on manual
inspection. The sequence names to the left of the alignment contain the five letter species code (supplementary table S2, Supplementary Material online) as well as
the information of hmmsearch score and percentage of HMM used. Sequences later removed due to insufficient coverage (<75%) are marked with red boxes.
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2009). When screening known PcG_EZ proteins (Pu and Sung
2015) the prosite CXC pattern (http:/prosite.expasy.org/
PS51633; last accessed December 8, 2017) was found and
the underlying alignment used to build a custom model,
replacing the SANTA domain (supplementary table ST,
Supplementary Material online).

Inference of Ancestral States and Expansions/Contractions/
Gains/Losses

We modified the ML phylogeny inferred by (Wickett et al.
2014) and placed our species into the clades included in their
study. The tree was then pruned to only contain clades for
which we had representative species (fig. 5). Our data in-
cluded representatives of all major clades but hornworts,
Magnoliids and Chloranthales, for which no appropriate
data was available. This tree served as the basis for the infer-
ences outlined below. Averages, fold changes between taxo-
nomic groups and g-values (Mann-Whitney U test with
Bonferroni correction for multiple testing) were calculated in
Microsoft Excel (supplementary table S$6, Supplementary
Material online). Expansion/contractions and gains/losses
were calculated with the count package (Csurds 2010).
Their implementation of ancestral reconstruction by asym-
metric Wagner parsimony was used to calculate expansions/
contractions and their implementation of PGL (propensity for
gene loss) was used to calculate gains/losses, both with de-
fault settings. All detected changes are shown in supplemen-
tary table 57, Supplementary Material online. The count
predictions were entered into supplementary table S6,
Supplementary Material online (tab Groups, column O-R)
and manually reviewed; changes detected in (mainly) tran-
scriptomic  data/lineages with a low number of samples
were disregarded, since they have a high chance of being
due to incomplete data. Reviewed gains/losses/expansions/
contractions were imposed onto the tree (fig. 5).

Phylogenetic Inference

The multiple sequence alignment of the DUF 632/PLZ family
case study was calculated using muscle v3.8.31 (Edgar 2004)
and visualized with Jalview v2.9.0b2. Sequences representing
<50% of the alignment columns were removed and align-
ment columns with high entropy and low alignment quality as
calculated by Jalview (Waterhouse et al. 2009) were manually
clipped before Bayesian inference (Bl) with MrBayes v3.2.5
x64 (Ronquist et al. 2012). The appropriate prior model was
selected based on AIC/BIC using Prottest v3.4.2 (Darriba et al.
2011) and turned out to be JTT + G+F. Bl was run with two
hot and two cold chains until the standard deviation of split
frequencies dropped < 0.01 at 756,600 generations, 200
trees were discarded as burn-in. The tree was visualized using
FigTree v1.4.3pre (http:/ftree.bio.ed.ac.uk/isoftwareffigtree/,
last accessed December 8, 2017).

For the gene trees shown in the TAPscan interface, we
used several alignment tools as follows. Phylogenetic trees
were generated for all TAPs appearing in more than one spe-
cies of Archeaplastida. The protein sequences were down-
loaded using the TAPscan web interface and alignments
were generated using MAFFT v7.310 (Katoh and Standley
2013). Alignments containing up to 500 input sequences
were generated using MAFFT-linsi and MAFFT-fftnsi, whereas
bigger alignments were generated only by MAFFT-fftnsi. The
alignments were trimmed using two trimAl (Capella-Gutierrez
et al. 2009) runs, one for trimming the alignments using the
“-automated1” parameter and one for removing fragmen-
tary sequences ("-resoverlap 0.75 -seqoverlap 50"). The
trimmed mafft alignment was selected for inference if it
was at least 100 columns long. If bath linsi and fftnsi align-
ment were present and featured >100 columns, the longer
one was selected.

If no suitable alignment could be generated, muscle
v3.8.31 was run with two iterations and trimal applied. If
that did not lead to a suitable trimmed alignment,
ProbCons v1.12 (Do et al. 2005) was applied for alignments
of up to 2, 100 input sequences. If that failed as well, muscle
was applied with 16 iterations. In cases where trimAl pro-
duced empty/too short alignments, the automated trimming
step was omitted. If all trimmed alignments were too short,
the shortest untrimmed alignment was selected.

Alignments were formatted to Stockholm format using
sreformat from the HMMer package. For neighbor-joining
(NJ) tree inference, quicktree-SD (Frickenhaus and Beszteri
2008) was used applying using 100 bootstrap iterations.
We used NJ inference due to the large to very large size of
most of the gene families; in future trees generated with other
methods of inference will be added. For visualization, the
trees were formatted from Newick format to PhyloXML using
the phyloxml (Han and Zmasek 2009) converter provided by
the forester package (https://sites.google.com/site/cnzmasek/
home/ssoftwarefforester; last accessed December 8, 2017).
The trees are presented on the TAPscan webpage using
Archaeopteryx.js  (https:/sites.google.com/site/cmzmasek/
home/software/archaeopteryx-js; last accessed December 8,
2017).

Visualization of Family Profiles and Column Charts

Using the R environment (R_Core_Team 2016) the family per
species data (supplementary table 56, Supplementary
Material online) was first log2 transformed and then hierar-
chically clustered on the x axis using complete linkage with
euclidean distances to generate TAP clusters, 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 y axis was ordered to follow our adaption of the
(Wickett et al. 2014) phylogeny (fig. 5). The family per species
data was also used to create stacked column charts
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(supplementary figs. S3 and 54, Supplementary Material on-
line). Each TAP value was log2 transformed and then grouped
by either TAP-class (supplementary fig. S3, Supplementary
Material online) or amount of multiple domain TAPs (supple-
mentary fig. 54, Supplementary Material online), maintaining
the species separation.

Implementation of the TAPscan Online Resource

The web page was setup using a LAMP architecture (Lawton
2005) implemented with Linux Debian 9.1, Apache 2.4.25
(Debian), MariaDB 10.1.26 and PHP 7.0.19-1. PHP addition-
ally uses HTML5, CSS3, Javascript and jQuery v3.1.1 for dy-
namic web page creation. The data used for the web page is
saved as 18 tables which are normalized to avoid redundancy
of the data. For example, there are five tables storing taxon-
omy information for the species table and two tables storing
the domain rules for the domain and TAP family table. Access
to the database is provided using PHP which also generates
the HTML code sent to the user. The databases’ entity rela-
tionship model is visualized in supplementary figure S7,
Supplementary Material online. The gene trees and the un-
derlying alignments (see above) were made available on the
TAP family view pages for viewing and download.

Results and Discussion

Availability of accurate and state-of-the-art genome-wide TAP
annotation is considered to be of high value, in particular for
the plant science community. TAPscan v2 presents a frame-
work for comparative studies of TAP function and evolution.
The availability of new software tools, protein domain circum-
scriptions, and plant genomes triggered the updating of our
previous rule sets and resources, and allowed to draw novel
important conclusions on plant TAP evolution.

TAPscan v2 Uses More and Better Profiles

TAPscan relies on HMMs to detect domains. We updated our
approach from using HMMERZ to its accelerated successor
HMMER3  (http:/hmmer.org/; last accessed December 8,
2017), making use of the novel local alignment of HMMs to
define better coverage cutoffs. Moreover, we updated all used
PFAM (Finn et al. 2016) profiles from version 23.0 to 29.0 and
included nine new PFAM profiles (supplementary table S1,
Supplementary Material online, columns “Additional Profiles”
in the rule change tabs). Eight of those were added due to our
novel diversified classification rules, and one previous custom
profile, NAC_plant, was replaced with the now available PFAM
profile NAM (supplementary table S1, Supplementary Material
online). Among the updated PFAM HMMSs, seven were
renamed and two merged into other existing domain models.
Out of nine name changes that occurred due to the PFAM
updates, five affected domains of (previously) unknown

function (supplementary table S1, Supplementary Material on-
line, tab “name change”).

We also added/exchanged five new custom-built profiles
(BEL, KNOXC, PINTOX, WOX_HD, and CXC; cf. Methods) due
to our expanded classification rules (supplementary table S1,
Supplementary Material online, rule change tabs HD and
PcG). All custom HMMSs were updated using a phylogenetic
sampling approach. For that, previously used HMMSs (Lang
et al. 2010) were run against a database of 46 genomes
with broad phylogenetic sampling (supplementary table 52,
Supplementary Material online). Using the 2010 (v1) profiles,
hit sequences were sampled from each of the 12 groups that
the 46 genomes represent, and then used to rebuild each
custom HMM. The resulting HMMSs were run against the
same set of 46 genomes, and the outputs were compared
to determine how previously undetected sequences scored
now (fig. 1a). By manual inspection of all aligned hit sequen-
ces we defined the individual score cutoffs to lie above
sequences of uncertain functional conservation (fig. 1b and
supplementary fig. $1, Supplementary Material online). In or-
der to represent a functionally relevant hit, the major part of
the HMM should be detected. Based on manual inspection of
all custom profile alignments we decided to employ a global
cutoff of 75% HMM used (fig. 16 and supplementary fig. 51,
Supplementary Material onling).

Improved Taxon Sampling, Subfamily Definition, and
Specificity

In the past 7 years, a multitude of plant and algal genome
sequences became available, allowing for a much better
taxon sampling. There are now 82 more plant genomes in-
cluded in TAPscan v2, and nine more algal genomes, bringing
the total up to 110 (table 1). To improve taxonomic resolution
we also included a selection of 13 transcriptomes, reaching a
final set of 123 species. We have also included 11 genomes
and 1 transcriptomes that are not yet published. Data for
those will be quickly made available via the web interface as
soon as they are publicly available, For example, PlantTFDB v4
(Jin et al. 2016) includes more angiosperm genomes, we took
care to include as much as possible nonseed plants and strep-
tophyte algae, to be able to take a close look at the early
evolution of plant TAPs. In addition to the Viridiplantae that
are the focus of this study, we have included Rhodophyta and
the glaucophyte alga Cyanophora paradoxa as outgroup rep-
resentatives within the Archaeplastida (supplementary table
S5/56, Supplementary Material online).

To update our classification rules (supplementary table 53,
Supplementary Material online), we screened the literature for
novel (sub) classifications of TAPs and checked them for ap-
plicability to our domain-based classification scheme. In total,
11 new subfamily classification rules were established, and
some families renamed due to changes in domain or family
names (fig. 2). In particular, we subdivided homeodomain
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(HD) TFs into DDT, PHD, PINTOX, PLINC, WOX, HD-ZIP I/, Ill,
IV, and into the TALE class subfamilies BEL, KNOX 1, and 2
(Mukherjee et al. 2009; van der Graaff et al. 2009; Hamant
and Pautot 2010; Sharma et al. 2014b) (supplementary table
S1, Supplementary Material online, 1st sheet). Also, MADS-
box TFs were divided into general and MIKC-type (Gramzow
and Theissen 2010), Jumoniji into PKDM7 and other
(Qian et al. 2015), and the Polycomb Group (PcG) TR MSI
was added (supplementary table S1, Supplementary
Material online). Similar to (Zheng et al. 2016) we reclassified
mMTERF, Sigma70-like, FHA and TAZ as TR instead of TF; TAPs
containing the DDT domain are subdivided into the TR DDT
and the TF HD_DDT in TAPscan v2. With a total of 124 fam-
ilies and subfamilies (supplementary table S3, Supplementary
Material online, fig. 2; 81 of them TFs) our rule set is the most
comprehensive one for plant TAPs, since other approaches
have significantly less resolution, for example, 58 in
PlantTFDB 4.0 (Jin et al. 2016) and 72 in iTAK (Zheng et al.
2016).

We compared the TAPscan v1 and v2 annotations with a
number of A. thaliana and P. patens phylogeny-based family
classifications defined as gold standard (Mosquna et al. 2009;
Mukherjee et al. 2009; Paponov et al. 2009; Martin-Trillo and
Cubas 2010). We find that the average sensitivity of TAPscan
v2 (87.76%) is only slightly lower than of v1 (89.31%),
whereas the specificity of v2 (100.00%) is much higher
than in the old version (92.31%, supplementary table 54,
Supplementary Material online). The combined sensitivity
and specificity of the new version is therefore 6.1% improved.
It should be noted that the comparatively low sensitivity for
some of the HD sub classes is balanced by the fact that all HD
family members are detected as such, yet in cases where do-
main scores are below cutoffs are sometimes binned into
HD_other. The weighted sensitivity, taking into account
gene family sizes, is strongly improved to 87.03% as com-
pared with 78.27% in (Lang et al. 2010).

The TAPscan Online Resource

In order to make the domain-based classification available to
the scientific community in an easy to use way, we imple-
mented a web-based resource that allows a user to browse
the data either in a species-centric or a TAP family-centric view
(http:/plantco.deftapscan/). The interface (fig. 3) includes
taxonomic information as expandable trees and an intuitive
click-system for selection of sequences of interest that can
subsequently be downloaded in annotated FASTA format.
TAPscan FASTA headers contain the species, TAP family infor-
mation and domain positions. It is possible to either download
all proteins of a custom set of species containing a specific
TAP, or to download all proteins for a specific family and
species. The latter makes it possible to download isoforms,
if available.

The TAP overview pages show the domain rules a protein
has to meet in order to be classified as belonging to that
family. Domain names are linked to PFAM entries or custom
domain alignments and HMM profiles. Locations of domains
within the sequence are shown in sequence view.
Precomputed phylogenies (gene trees) are available for view-
ing and download on the overview pages. These trees are
intended as a first glimpse, allowing users to quickly access
gene relationships without having to infer a tree on their own.

In the case of not yet published sequence data (table 1) a
disclaimer is shown, mentioning that the data will be made
available immediately upon publication. Such unpublished in-
formation is excluded from species or protein counts in the
web interface. By including these data into the interface we
are able to quickly release TAP annotation for these genomes
as soon as the data become public.

Taxonomic Profiling of TAPs

Heatmap representation of the data shows that TAP family
size generally increased during land plant evolution (fig. 4 and
see supplementary fig. 52, Supplementary Material online for
expanded version). Cluster 5 contains families (such as bZIP,
bHLH, or MYB) that were already abundant in the algal rela-
tives of land plants, whereas cluster 3 contains TAPs that ex-
panded in land plants and again in seed plants, such as NAC
or ABI3/VP1. The intervening cluster 4 contains families that
show high abundance throughout, like HD or RWP-RK. The
biggest cluster (1) contains families that show either only
gradual expansion from algae (bottom of figure) to flowering
plants (top of figure), or no expansion at all. Consequently,
cluster 1 contains many TRs, which have previously shown not
to be subject to as much expansion as TFs (Lang et al. 2010).
The small cluster 2 next to cluster 1 harbors families of spu-
rious presence, like those that evolved in vascular plants
(Tracheophyta; like NZZ or ULT). In general, the heatmap vis-
ualizes a principal gain of (primarily) TF paralogs within exist-
ing families concomitant with the terrestrialization of plants
(cf. supplementary fig. 53, Supplementary Material online).
Interestingly, the propensity of TAPs to comprise of more
than one functional domain increases in a very similar pattern
(supplementary fig. 54, Supplementary Material online), akin
to the domain combination tendency generally seen for plants
(Kersting et al. 2012). Hence, the combinatorial potential of
TFs clearly coincides with increasing morphological complexity
(as measured by number of cell types), corroborating earlier
results (Lang et al. 2010; Lang and Rensing 2015).

TAP Family Evolution

The taxonomic sampling of our data is visualized as a cartoon
tree (fig. 5) derived from a recent phylogenomics study
(Wickett et al. 2014). We plotted the gains, losses, expansions
and contractions of TAP families onto this tree to enable a
global view of plant TAP evolution (cf. supplementary table
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Fic. 3.—TAPscan web interface main features. Upper left: Family-centric view—table of TAP families covered by TAPscan; the number of proteins per
family is given in brackets. TAPs are colored according to their TAP class (TF, TR, and PT). Upper right: Species-centric view—part of the species tree; different
levels can be expanded and collapsed. Numbers of published species per taxonomy level are given in brackets. Only species with published protein data can
be accessed. Bottom left: Species view for TAP family bZIP in Ceratodon purpureus. The species’ lineage, the bZIP domain rules, and the protein sequences are
shown. One protein is marked for downloading. Bottom right: Species tree for the bZIP family with expanded SAR kingdom. Species belonging to Alveolata
are marked for downloading; the resulting file will contain 54 proteins. TAP distribution is given in a table-like manner, with a dark green background:
minimum, maximum, average, median, and standard deviation of proteins per species for the selected taxonomy level.

S6/S7, Supplementary Material online). 32 losses were pre-
dicted that are scattered along the tree. The streptophyte alga
Klebsormidium nitens apparently secondarily lost five TAP
families, whereas the lycophyte Selaginella moellendorffii
lost eight. Another eight families were lost during gymno-
sperm evolution, one of them (HD_Pintox) being absent
from all studied gymnosperms, whereas two are lacking in
conifers and five in Ginkgo (e.g., LFY—although a lacking
gene model would be an alternative explanation). A total of
76 expansions were detected, of which the highest number
(17.22%) are inferred to have occurred in the lineage that led
to the last common ancestor of all land plants. All other
expansions show a scattered distribution along the deep as
well as distal nodes of the tree (fig. 5). The 13 inferred family
contractions also display a patchy pattern. Strikingly, out of 36
TAP family gains 26 are predicted to have occurred in strep-
tophyte algae (nodes 34-30). Another five are synapomorphic
of land plants (Embryophyta), whereas only 2, 1, and 1 are
evolutionary novelties of vascular plants, Euphyllophyta, and
Eudicots, respectively.

Many TAP Families Were Gained in the Water

Previously, due to limited taxon sampling, many plant-specific
TAPs were inferred to have been gained at the time of the
water-to-land-transition of plant life (Lang et al. 2010).
Streptophyte algae are sister to land plants and thus ideally
suited, together with bryophyte sequences, to elucidate
whether gains occurred prior or after terrestrialization.
Although only two genomes of strepptophyte algae have
yet been published (Hori et al. 2014; Delaux et al. 2015), there
are transcriptome data available for seven species (Timme
et al. 2012) that were included into TAPscan (table 1 and
supplementary table S5/56, Supplementary Material online).
Similarly, although no other bryophyte genomes than
P. patens are published yet, we included transcriptomes of
the mosses Ceratodon purpureus (Szovenyi et al. 2015) and
Funaria hygrometrica (Szovenyi et al. 2011), and of the liver-
wort Marchantia polymoprha (Sharma et al. 2014a). Out of
20 TAP families previously thought to have been gained with
terrestrialization (Lang et al. 2010), only VOZ and bHLH_TCP
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Fic. 4—TAPfamily abundance heat map. Heatmap using log2 transformed average values of TAP abundance for each clade. The data was clustered on
the x axis using complete linkage with euclidean distances. The y axis was kept to match the phylogeny as in Wickett et al. (2014), cf. figure 5. The logarithmic
color scheme comprises white (absent) through blue to red (high abundance).
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Fic. 5.—Cartoon tree illustrating the predicted ancestral states, expansion/contractions, and gains/losses of plant TAPs. The tree was modified from
Wickett et al. (2014); number of data sets covered per clade is shown in brackets. Gains and losses were predicted using PGL, expansions and contractions
using Wagner parsimony (cf. Methods and supplementary table S7, Supplementary Material online). These predictions were entered into supplementary
table S6, Supplementary Material online (tab Groups, column O-R) and manually reviewed; changes detected in (mainly) transcriptomic data/lineages with a
low number of samples were disregarded, since they have a high chance of being due to incomplete data. Reviewed gains/losses/expansions/contractions of
TFs (green text), TRs (orange text), and PTs (yellow text) were imposed onto the tree: gains are shown as green boxes, losses as red boxes. Expansions are
shown as green upward arrows, contractions as red downward arrows. Node numbers and names are as in supplementary table S7, Supplementary Material
online; symbols are shown to the right of triangles if they concern a distal node, and to the left if they concern a deep node.
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