
     
       

   
    

 

Digital Comprehensive Summaries of Uppsala Dissertations 
from the Faculty of Science and Technology 2098 

Functional analyses of growth 
and development in the liverwort 
Marchantia polymorpha 

ANJA BILLHARDT 

ACTA 
UNIVERSITATIS 

UPSALIENSIS 
UPPSALA 

2021 

ISSN 1651-6214 
ISBN 978-91-513-1355-9 
URN urn:nbn:se:uu:diva-458864 



              
           

     

       
     

 

 

 

        

          
        

Dissertation presented at Uppsala University to be publicly examined in Friessalen, 15.00010, 
Norbyvägen 16, Uppsala, Friday, 21 January 2022 at 09:15 for the degree of Doctor of 
Philosophy. The examination will be conducted in English. Faculty examiner: Prof. Dr. 
Marcel Quint (Martin Luther University Halle-Wittenberg). 

Abstract 
Billhardt, A. 2021. Functional analyses of growth and development in the liverwort 
Marchantia polymorpha. Digital Comprehensive Summaries of Uppsala Dissertations from 
the Faculty of Science and Technology 2098. 99 pp. Uppsala: Acta Universitatis Upsaliensis. 
ISBN 978-91-513-1355-9. 

Land plants developed from a freshwater charophycean algae about 500 million years ago. 
Today, they consist of two main clades, the vascular plants and the non-vascular bryophytes 
including hornworts, liverworts and mosses. To adapt to challenges within a terrestrial habitat, 
the first land plants evolved a diversity of hormonal and genetic pathways regulating growth 
and development. Analyses regarding these networks are mainly based on the angiosperm 
Arabidopsis thaliana. Genes of other land plant lineages that are inexistent in Arabidopsis 
are often not considered in functional studies, resulting in an incomplete picture of land 
plant evolution. The remarkable phylogenetic position of bryophytes makes them interesting 
for studies of gene function as they might carry different characteristics compared to e.g. 
angiosperms. In difference to vascular plants, the liverwort Marchantia polymorpha harbors 
a small, low genetic redundant genome containing most gene families present in Arabidopsis. 
Thus making it an advantageous model organism to determining specific gene function. 

This thesis focuses on describing how dormancy and the circadian clock regulate growth 
in Marchantia. To avoid growth during unfavorable environmental, plants apply dormancy 
programs. Marchantia applies dormancy in gemmae, small asexual propagules produced by the 
shoot in a cup. Gemmae are dormant in the cup until they are dispersed by rain and subsequently 
germinating. I show that high levels of absisic acid (ABA), inhibits gemmae germination within 
the cup. Gemmae with a manipulated MpCYP707A, a gene involved in catabolism of ABA 
and seed dormancy regulation in Arabidopsis, showed altering dormancy suggesting that ABA 
homeostasis is fundamental for regulation of gemmae dormancy. Because dormant gemmae are 
not physically attached to the cup it has been speculated that the signal maintaining dormancy 
of gemmae is a gas. I found that gemmae mutated in positive and negative regulators of the 
ethylene signaling pathway showed decreased and increased dormancy respectively, suggesting 
that ethylene regulates dormancy through ABA. 

I also found that the circadian clock in Marchantia regulates growth of the thallus, possibly 
by affecting auxin levels. The circadian clock in land plants appears in structural differences 
between species. I showed that the gene MpDET1 has a conserved structure but harbors a 
different function compared to Arabidopsis. In Arabidopsis, growth is regulated by the clock 
through PIF genes, but in Marchantia, this pathway appears independent of PIF. Although the 
clock mechanism appear well conserved in land plants, its structure and function has evolved, 
creating diversity between land plant groups. 
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Abbreviations 

In this thesis, the following gene nomenclature is used according to Bowman 

et al. (2016a):  

 

Gene names are written in upper case letters and italics. 

GENE 1 

 

Protein names are written in upper case letters. 

GENE 1 

 

The mutant alleles are written in lower case letters and italics. The abbrevia-

tion in superscript letters determines how the gene modification was con-

ducted. The abbreviation ‘ko’ stands for a complete knock-out of a gene via 

homologous recombination while ‘ge’ describes genome editing via 

CRISPR. 

gene1ge 

 

The two non-italic letters are not part of the gene or protein name and indi-

cate the specie that the gene or protein is belonging to.  

MpGENE 1, MpGENE 1 
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Introduction 

Genomics and evolution 

For a long time, humans tried to classify living things surrounding them. This 

started in ancient Greek times with Scala Naturae by Aristoteles up to Lin-

naeus in the 18th century and continued until modern molecular biology 

(Godfray, 2002). Before molecular biology was established as a discipline, 

biologist often classified organisms according to their morphology. Later, af-

ter the invention of Darwin’s theory of evolution, biologist tried to classify 

species according to their evolutionary relationships (Woese et al., 1990). In 

the 1930s Ellis and Delbrück (1939) proved Mendel’s laws suggesting that 

individuals carry information in their cells affecting their physiology. Never-

theless, it remained unclear how information is saved in the cell. Several years 

later, Hershey and Chase (1952) were able to show that DNA is the source of 

genetic information. This invention was broaden to the fact that DNA encodes 

for RNA, which is the base for the formation of proteins, and thus the door for 

modern molecular biology and genomics opened (Nirenberg et al., 1965; 

Nishimura et al., 1965). This gave the chance not only to classify organisms 

by their morphology but also by their genetic background. The analysis of 

DNA sequences provided the possibility to search for connections between 

morphology and the physiology of an organism (phenotype) and its genetic 

background (genotype). After the publication of various species genomes, to-

day phylogenetic analysis provides the opportunity to investigate the evolu-

tionary relation and history of species to each other and led to the first main 

classification of living organism by their DNA sequence (Woese et al., 1990).  

Evolution of land plants 

In evolutionary plant biology, phylogenetic analysis and genomics opened the 

opportunity to show that in the clade of Eukarya, land plants (embryophyta) 

form their own monophyletic lineage diverging from freshwater charo-

phycean algae around 470 to 515 million years ago (Puttick et al., 2018; 

Morris et al., 2018; Harholt et al., 2016; Bowman, 2013; Mishler and 

Churchill, 1985).  Today, the land plants include non-vascular plants and vas-

cular plants. Non-vascular plants lacking a vascular structure and include the 

bryophytes. The second group includes species with a vascular structure and 
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consist of lycophytes, ferns, gymnosperms and angiosperms that are also 

known as flowering plants (Puttick et al., 2018; Doyle, 1998). However, the 

exact way of transition from water to land, and the further evolution of land 

plants, as well as which specific adaptations where necessary to survive on 

land, remained mainly unclear. The adaptation to land has resulted in a diverse 

kingdom, with about 400 000 species that can be found today. Moreover, land 

plants are present in a large variety of ecosystems resulting in diverse forms 

of plant architecture as well as reproductive systems and biochemistry. How-

ever, the development resulting in this large variety of species remained 

mainly uncertain (Chang et al., 2016). Studies in the past years showed that 

many biological processes in plants are conserved, while others got lost or 

changed function. To understand this process, functional and developmental 

studies are required on different plant species to identify which biological 

functions were already present in the land plant ancestor and to understand the 

different plant species that can be found today (Bowles et al., 2020; Bowman 

et al., 2017; Harris et al., 2020).  

Evolution of gene regulatory networks 

The evolution of plant development is not an independent process. Instead, it 

is connected to the evolution of the genetic networks regulating the develop-

mental processes in a species. The development of the plant body and its phys-

iology is mainly depending on gene regulatory networks that consist of differ-

ent genes that regulate each other by integrating internal and external signals. 

Within the network genes encode for regulators that can enhance or suppress 

gene expression of other genes by interacting with their regulatory regions 

(Kaufmann and Chen, 2017; Davidson and Levin, 2005; Levine and Da-

vidson, 2005). During evolution, gene regulatory networks have undergone 

different modifications such as whole genome duplication events (WGD) 

where the whole genome of an organism is duplicated (Crow and Wagner, 

2006; Panchy et al., 2016). Moreover, even single genes undergone duplica-

tion events. The duplication of genes leads to either neofunctionalization, 

where one copy of the gene keeps the ancestral function whereas the other 

copy of the gene evolves a new function. On the other hand, gene duplication 

can lead to subfunctionalization, where both copies of the gene are required 

to fulfill the function of the ancestral one. Another factor shaping gene regu-

latory networks during evolution is gene loss. Gene loss can result in genes, 

that earlier duplicated through single duplication events or a WDG event, lose 

one copy (Panchy et al., 2016). Another factor that is shaping the evolution of 

gene regulatory networks is, that beside the evolution of genes encoding for 

RNA and thus proteins, also the regulatory regions of genes can undergo evo-

lution. This can result in changed binding effects in the regulatory regions of 

the genes, subsequently altering the expression of a gene. This again can result 
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in changed transcription patterns of genes effecting downstream targets and 

changing the functioning of the genetic network (Lynch and Force, 2000; 

Voordeckers et al., 2015).   

Bryophytes in evolutionary plant physiology 

Recent investigations showed that bryophytes form a subfamily in the land 

plants kingdom (Harris et al., 2020). The bryophytes consist of the three divi-

sion liverworts (Marchantiatiopsida), leafy mosses (Bryopsida) and horn-

worts (Antheroceropsida). This refute the initial hypothesis from the 19th cen-

tury saying bryophytes are the ancestor of vascular plants. Especially, because 

if this hypothesis would be true bryophytes would not have undergone evolu-

tion for the last 500 Million years (Harris et al., 2020; Bowman et al., 2017; 

Shaw et al., 2011; Sousa et al., 2019). Moreover, modern phylogenetic anal-

ysis confirmed that bryophytes have a common ancestor with vascular plants 

(Mishler and Churchill, 1985; Jill Harrison, 2017). As mentioned earlier in the 

text, several biological functions are conserved within the group of land plants 

while others got lost during evolution. In contrast to vascular plants, bryo-

phytes lack vascular tissue and true roots. However, bryophytes also share 

physiological features with vascular plants such as the apical stem cells ena-

bling three dimensional growth of vegetative tissue and cell fate specialization 

Although, angiosperms have a more complex apical cell system in form of the 

shoot apical meristem (Bowman et al., 2016b; Bowman et al., 2017).  

New traits and functions evolved in different land plant lineages. For example, 

most vascular plants and bryophytes use stomata for gas exchange while liv-

erworts have no stomata but instead developed air pores to process gas ex-

change. Stomata can open and close while air pores have not such a function-

ality. In 2020, it was shown that liverworts have undergone several gene-

losses and neofunctionaltzaion (Higo et al., 2018; Harris et al., 2020). This 

led to changes in the genetic network controlling stomata development leading 

to stomata-loss. Later, liverworts evolved air pores subsequent to the stomata-

loss (Harris et al., 2020). Air pores in liverworts are distinct in function and 

the evolutionary origin to stomata. This implies that physiological features can 

appear at one point of evolution and get lost later again. Later on, new struc-

tures evolve with a similar function to the previous structures but with an in-

dependent origin to first structures and their function (Villarreal A et al., 2016; 

Haworth et al., 2011). The loss of stomata in liverworts is one example that 

evolution of genetic networks can lead to the loss of certain physiological fea-

tures or even give rise to new structures (Harris et al., 2020). 

Today, plant research is to a large extent depending on the model organism, 

the dicot angiosperm Arabidopsis thaliana (Chang et al., 2016; Koornneef and 
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Meinke, 2010). It has several advantageous aspects as model organism such 

as short generation time and small size. Furthermore, Arabidopsis is a well-

studied model organism that gives a good platform to study land plant evolu-

tion and plant physiology due to the large amount of data that is available 

today (Koornneef and Meinke, 2010).  

The use of a small range of species as model organism could lead to an in-

complete understanding of land plant evolution and diversity. Many analyses 

regarding gene function are based on what is known about the genes in Ara-

bidopsis. Genes that cannot be found in angiosperms or Arabidopsis but that 

are present in other land plant lineages are often left behind in functional stud-

ies. This results in, that uncharacterized genes in other land plant families are 

missing in functional studies. Considering such genes in future studies could 

help to avoid assuming that genes are being functionally conserved, only be-

cause of them being structurally conserved (Harris et al., 2020). 

For this reason, it is important to investigate as many different plant species 

as possible to understand the process of loss, gain and neofuntionalization of 

genes and changes in the gene networks of land plants. This will contribute to 

gain understanding why the different land plant lineages appeared during land 

plant evolution and reasoned in the diversity of species that can be found today 

(Crisp and Cook, 2005; Laenen et al., 2014).  

Bryophytes is an important group to investigate as they form the sister group 

to the vascular plants (Bowman et al., 2016b). This means, that during the 

evolution of land plants one of the first divergences occurred between the non-

vascular bryophytes and the vascular plants. As mentioned earlier, bryophytes 

carry certain physiological and genetic characteristics that are not present in 

vascular plants and vice versa (Sousa et al., 2019) and they furthermore fea-

ture many advantages as model organism. Many bryophyte species have a 

short generation time, as well as a good possibility to cultivate plants under 

artificial conditions in the greenhouse as they normally grow on small space. 

Besides, most bryophyte species have relatively small genomes compared to 

many vascular plants, making it easier to analyze their genomes. Gene fami-

lies in genomes of bryophytes often show a reduced number of members com-

pared to vascular plants and especially angiosperms which often means low 

genetic redundancy simplifying functional analysis of genes via genetic ma-

nipulation techniques. Additionally, today several fully sequenced genomes, 

as well as molecular genomic methods are available for many bryophyte spe-

cies. In conclusion, the ability to grow bryophytes in small space, and their 

relatively small genome with reduced gene family size simplifies functional 

genomic studies  (Bowman et al., 2017; Rensing et al., 2020; Zhang et al., 

2020). This makes bryophytes to a key group for obtaining a complete picture 

of land plant evolution (Bowman et al., 2016b).  
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Adaption of land plants to their terrestrial environment  

During the transition from water to land, plants had to adapt to the different 

environmental conditions between water and land. In water, the sunlight 

passes the surface and for this reason, only a limited spectrum is available for 

the organisms living beneath. In contrast, under terrestrial conditions, the full 

spectrum of light is normally accessible for the organism. Additionally, on 

land water is not always present in the same way as in an aquatic environment. 

To cope with these different environmental conditions, land plants evolved 

different physiological features and genetic networks to survive on land (Bow-

man et al., 2016b; Delwiche and Cooper, 2015).  

As mentioned, the limited access to water required certain adaptations and 

strategies to survive on land. One way to do so is that the organism is able to 

resist the lack of water and be desiccation tolerant when water is limited. On 

the other hand, the organism can establish dormancy to survive under longer 

periods without water availability. Afterwards, the organism needs to be able 

to release dormancy again when environmental factors changed to more fa-

vorable conditions (Delwiche and Cooper, 2015).  

In plants, dormancy describes a physiological stage of a plant that is viable 

but shows no growth or development. The germination is initiated after exog-

enous factors like photoperiod, temperature or water availability induce dor-

mancy release. During land plant evolution, plants developed different types 

of dormancy such as dormancy in seeds or bud dormancy in shoot apical me-

ristems in angiosperms (Baskin and Baskin, 2004).  

However, also bryophytes show different types of dormancy, where growth 

and development is arrested as long as the external conditions do not induce 

dormancy release. In bryophytes, dormancy was reported in connection to des-

iccation events but also in connection to reproduction. For propagation, bryo-

phytes produce spores that are dormant as long as temperature, light and water 

conditions do not induce dormancy release allowing for germination of the 

spore (McLetchie, 1999). Additionally, dormancy was also observed in con-

nection of asexual reproduction. Here small propagules called gemma stay 

dormant as long as they are placed in the parental gemma cup, even when the 

environmental conditions around could induce germination (Oppenheimer, 

1922; Nachmony-Bascomb and Schwabe, 1963).  

Furthermore, dormancy was also detected in bryophytes in connection to wa-

ter availability. A large part of bryophyte species exhibit desiccation tolerance 

under vegetative development, which is controlled through dormancy (Wood, 

2007). Some liverworts, like Lunularia cruciata, exhibit dormancy under 

drought conditions in response to a changed photoperiod, limited water access 
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and temperature shift. Lunularia is growing and reproducing under short day 

conditions, low temperatures and when water is available. However, when 

temperature and photoperiod increase the vegetative part of the plant enters a 

dormant stage where further growth and development is prevented. Once wa-

ter is available and the photoperiod shifts back to short days, as well as tem-

peratures decrease again, dormancy is released and further development and 

growth is initiated (Nachmony-Bascomb and Schwabe, 1963; Wilson and 

Schwabe, 1964). However, the genetic background for dormancy is not fully 

understood in most bryophytes. For this reason, the investigation of dormancy 

and its regulation of growth and development in bryophytes will contribute to 

the understanding of the adaption of land plants to their terrestrial environ-

ment.  

Marchantia polymorpha as model organism  

Marchantia polymorpha is a dioecious bryophyte species belonging to the liv-

erworts. As all bryophytes, it has a dominant haploid phase in its lifecycle. In 

consequence, a multicellular haploid gametophyte alternates a multicellular 

diploid sporophyte. The haploid gametophyte dominates the lifecycle and 

gives rise to the shoot structure, called thallus. This body structure, the thallus, 

is a dorsoventrally structure which upper side is separated by a midrib. The 

first cell layer of the thallus, that is visible on the dorsal side, is called dorsal 

epidermis. The dorsal epidermis is interrupted by small openings that are 

called air pores. The air pores are connected to the air chamber where the pho-

tosynthetic filaments (chlorenchyma) are placed. Below the air chambers, the 

parenchyma tissue is placed (Shimamura, 2016; Bowman, 2016). For water 

and nutrition uptake Marchantia uses rhizoid and scales that are placed on the 

ventral side of the thallus (Naramoto et al., 2019).  

Marchntia harbors a genome with nine chromosomes (n=9), including the sex 

chromosome (Tatuno, 1957; Bischler, 1998). As a dioecious species, a single 

individual can carry either the female specific U-chromosome or the male spe-

cific V-chromosome (Bowman et al., 2017; Montgomery et al., 2020). The 

whole genome carries 19 421 genes according to the latest genome version 

5.1 (Montgomery et al., 2020). One factor that makes Marchantia interesting 

for functional genetic studies is that the genome shows a low genetic redun-

dancy. Most vascular plants, and especially the angiosperms, show a high re-

dundancy within gene families, making it difficult to determine the specific 

functions of genes (Monte et al., 2019; Montgomery et al., 2020). Instead, in 

Marchantia many genes occur as single paralogous. This applies especially to 

regulatory genes encoding for transcription factors. In total 41,3% of the reg-

ulatory genes have no paralogs, which is a lower percentage compared to other 

land plants (Panchy et al., 2016; Bowman et al., 2017). The whole genome 
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encodes for 394 transcription factors that can be classified in 47 families. 

Hence, the Marchantia genome encodes often for a more minimalistic set of 

genes for each transcription factor family compared to e.g. angiosperms (Bow-

man et al., 2017).  

Marchantia is able to reproduce via sexual- and asexual reproduction. For the 

sexual reproduction the thalli of Marchantia forms gametangiophores in the 

apical region. For this, the apical cell changes from a vegetative state, where 

it is creating three-dimensional growth of the thallus, to a reproductive state 

giving rise to the reproductive organs. As a dicot specie, Marchantia forms 

one reproductive organ type for each sex. While female plants form archego-

nia, male plants develop antheridia. The archegonia of females give rise to 

eggs that are carried in venters of the archegonium. The antherdiophores of 

male plants produce the male gametes in form of motile spermatozoids 

(Shimamura, 2016). In nature, sperms from the male are transported to the 

female plant via rain splashes and swim to the egg for fertilization. Thereof 

the formed zygote gives rise to a diploid sporophyte that develops inside the 

archegonium. As soon the sporophyte is mature, the haploid spores are dis-

charged and later germinate to give rise to another individual (Shimamura, 

2016; Bowman, 2016). 

Another way of reproduction in liverworts is the asexual propagation with 

gemmae (single: gemma). Gemmae are disc-formed propagules that develop 

in cup-like structures called gemma cups. Gemma cups normally establish on 

the dorsal side of adult thalli. The gemmae develop from papillae at the epi-

dermis on the bottom of the gemma cup. When the gemma is detached from 

the papilla, they are apolar. They consist of two sides that are physiological 

and morphological similar to each other with two apical meristems on each 

side of the gemma disc. From the beginning on, the cells of the gemmae con-

tain chloroplasts, oil bodies and furthermore, in the center of the gemmae, the 

initial rhizoid cells (Barnes and Land, 1908; Molisch, 1922; Taren, 1958).  

In nature, gemmae are dispersed by rain and germinate as soon as they are 

removed from the cup and light and water is available (Molisch, 1922; Brodie, 

1951). During gemma germination the gemma forms rhizoids and also initi-

ates growth at the two apical meristems (Taren, 1958). After germination is 

initiated, the gemmae starts to elongate. In a second step, the gemmae expands 

through cell division from the two apical regions. The expanding gemma bi-

furcates regularly, resulting into two new apical regions. This leads to diver-

gence of the apical region resulting in branch point formation. The newly 

formed branches continue to grow by formation of adult thallus tissue and by 

undergoing periodic bifurcation (Solly et al., 2017).   
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Factors influencing dormancy and development in 
Marchantia  

Phytohormones 

Many multicellular organism developed a large variety of signaling molecules 

controlling their growth and development. Some of these signaling molecules 

are called phytohormones or rather plant hormones. Plant hormones are sup-

posed to influence physiological processes at low concentrations (Davies, 

2010). Went and Thimann (1937) described them as substances which are pro-

duced in one part of the organism and later on transported to another one, e.g. 

from the roots to the leaves. However, today it is known that phytohormones 

can also cause local physiological affects at places where they are produced 

(Davies, 2010; Kudoyarova et al., 2014). 

Even though the concept of phytohormones is similar to the animal hormone 

system it still contains fundamental differences. In animals, hormones are of-

ten synthesized in specialized tissues and subsequently transported to other 

parts of the body. In contrast, plants lack specialized tissues for producing 

hormones (Davies, 2010). Normally, plant hormones are derived from essen-

tial metabolic pathways and are often transported to other tissues. At their 

place of effect, they bind to a receptor and cause a signal transduction through 

signaling pathways resulting in a physiological response in the plant  (Santner 

et al., 2009; Davies, 2010). 

Plant hormones are a structurally and mechanistically very diverse group with 

distinct synthesis pathways as well as transport systems and signal transduc-

tion. Synthesis, transport and signaling can differ depending on the species- 

and developmental stage. In the following paragraphs, I will focus on hor-

mones and their main function, as well as on pathways in a more general way, 

which are important for the work covered in this thesis.  

Auxin 

Auxin is one of the most interesting phytohormones, because one could say 

that it is not only a plant hormone, although the molecule has a quite promi-

nent role in plants. The phytohormone auxin is chemically named indole-3-

acetic acid (IAA) and is involved in various aspects of plant development such 

as cell division, cell elongation and cell differentiation, as well as in the con-

trol of dormancy (Tréhin et al., 1998; Ljung et al., 2001; Liu et al., 2013). 

Beside the fact that auxin is an important phytohormone, it is probably also 

tightly associated with plants, because it first was discovered in Avena sativa 

(oat) (Went, 1926).  
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However, auxin can be found in various organism that are distant in evolu-

tionary relationship to each other. Auxin has since been identified in bacteria 

and fungi (Prusty et al., 2004) as well as in mammalians (Ichimura and 

Yamaki T., 1975). In addition, auxin is present in a wide range of different 

algae such as in brown- and red algae (Schiewer, 1967; Yokoya et al., 2010; 

Mikami et al., 2016; Žižková et al., 2017). This is an important finding as they 

are distantly related to the green algae and charophycean algae which gave 

rise to the land plants (Bhattacharya and Medlin, 1998). Altogether, this im-

plies that auxin is very likely an evolutionary conserved substance in many 

different species at different parts in the tree of life. Nevertheless, the presence 

of auxin does not necessarily imply that the hormone is actually functionally 

active in that specific organism (Vosolsobě et al., 2020).   

The other main difference between the occurrence of auxin in algae and land 

plants is in which metabolic form the auxin molecule is present. In the charo-

phytes and their sister group, the chlorophytes, auxin is mainly present in a 

free form (Žižková et al., 2017). In contrast, most auxin is present as inactive 

conjugated metabolites, in land plants (Ludwig-Müller, 2011). The reason for 

the difference in how auxin is present in land plants compared to green algae 

and charophytes is that land plants show a more complex system of its bio-

synthesis, conjugation, and degradation. This is due to the finding, that land 

plants often have multiple pathways to synthesize or conjugate auxin (Ljung, 

2013).  

In algae and plants, most auxin is synthesized from the amino acid tryptophan. 

The most investigated synthesis pathway is the tryptophan depending pathway 

in angiosperms (Mashiguchi et al., 2011; Dai et al., 2013; Stepanova et al., 

2011). Moreover, it is shown that the components for the auxin synthesis 

through tryptophan are even present in charophyte algae (Poulet and Kriech-

baumer, 2017) and besides these tryptophan independent pathways, which 

contribute to auxin synthesis, exists in the early embryo development in Ara-

bidopsis (Wang et al., 2015).  

Tryptophan as substance to synthesis auxin can be found in four different me-

tabolites which are indole-3-acetaldoxime (IAOx), indole-3-acetamide 

(IAM), indole-3-pyruvic acid (IPyA) and tryptamine (TAM). This shows al-

ready that land plants evolved a higher diversity in metabolic pathways com-

pared to their ancestor, the charophyte algae (Sugawara et al., 2009; Mashi-

guchi et al., 2011; Stepanova et al., 2011). The indole-3-pyruvic acid (IPyA) 

is synthesizing most of the auxin during plant development in many plants 

(Mashiguchi et al., 2011; Stepanova et al., 2011; Won et al., 2011) whereas 

the IPyA-pathway is a two-step synthesis pathway. In the first step, tryptophan 

is converted by TRYPTOPHAN AMINOTRANSFERASE OF ARABIDOP-

SIS1 (TAA1) and TAA1-RELATED proteins (TARs) into IPyA. Afterwards, 
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IPyA is converted into IAA by the YUCCA protein family (Stepanova et al., 

2008; Tao et al., 2008; Dai et al., 2013; Mashiguchi et al., 2011; Stepanova et 

al., 2011).  

Marchantia also harbors components for auxin synthesis. The genome con-

tains TAA and YUC genes as key components of the IPyA-pathway. To pro-

cess the first step of auxin synthesis Marchantia harbors one ortholog to the 

AtTAA gene family, called MpTAA. Several MpTAA genes are located on the 

male V-Chromosome, that together are named MpTAA ON Y-CHROMO-

SOME (MpTAY). To catalyze the production of auxin from IPyA, Marchantia 

has five YUCCA genes called MpYUC1-5. (Eklund et al., 2015; Flores-Sand-

oval et al., 2015; Bowman et al., 2017).  

To summarize, auxin synthesis is present in a wide range of algae such as 

green, red and brown algae but also in land plants. However, this says nothing 

about whether its function is conserved in all the different species. To inves-

tigate this, further functional analysis in different algae and land plant species 

is necessary. The functional analysis of auxin in Marchantia and other species 

will contribute to the understanding of evolution of auxin synthesis pathways 

and its overall function (Vosolsobě et al., 2020).  

As mentioned earlier, the function of phytohormones does not only depend on 

their synthesis but also on their transport and catabolism to maintain homeo-

stasis. As phytohormones often are produced in one place and function in an-

other place, their transport within the plant is fundamental for their function. 

Auxin transport in plants can be facilitated through polar auxin transport from 

cell to cell, or moreover through physiological structures like different vascu-

lar systems (Davies, 2010; Teale et al., 2006). Even when there is evidence 

that auxin is present in many algal species, there is just limited indication that 

algae are able to perform polar transport of auxin. Studies showed no evidence 

for polar auxin transport in chlorophytes. In contrast, the more closely related 

division to land plants, the charophytes, showed the ability for auxin transport 

(Boot et al., 2012).  

In Arabidopsis, polar auxin transport from cell to cell is processed by influx 

and efflux carriers. The influx carrier belongs to the AUXIN1/LIKE AUX1 

(AUX/LAX) transporter family. The efflux carriers belong to the PIN-

FORMED (PIN) family and the ATP-binding cassette B (ABCB) transporter 

family. On one side of the cell, the IAA is protonated to IAAH. Then, the 

influx transporter (AUX/IAA family) transports the IAA into the next cell 

through a proton gradient where the molecule becomes deprotonated again. 

After IAA has entered the cytoplasm, it is transported to the cell wall through 

the plasma membrane by the efflux carriers (PIN family and ABCB family), 
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whereby it is subsequently transported again by the influx carrier to the next 

cell (Cho et al., 2007; Péret et al., 2012; Cho and Cho, 2013). 

Marchantia carries one AUX gene (MpAUX1) encoding for the influx carrier 

as well as genes encoding for the efflux carriers. Its genome contains five PIN 

(MpPIN1-5) genes and ABCB (MpABCB1-5) genes, which are not yet func-

tionally analyzed (Bowman et al., 2017; Bennett et al., 2014a). The presence 

of putative transporters in the Marchantia genome suggests that polar auxin 

transport could be possibly important for gametophytic development and 

growth in Marchantia (Eklund et al., 2015; Bennett et al., 2014b; Flores-San-

doval et al., 2015; Maravolo, 1976b; Gaal et al., 1982). 

So far, auxin synthesis and the auxin transport has been described. To under-

stand a physiological change of the plant depending on auxin, the response to 

the hormone needs to be explained, too. Auxin response is mediated through 

a family of receptors regulating a network of transcription factors that in turn 

regulate target genes. Here again, algae show a fundamental difference in their 

genetic setup in comparison to land plants. In 2018, it was suggested that the 

ancestral charophyte algae has one common ancestor for its auxin receptor 

(Mutte et al., 2018). However later it was observed, that the charophyte algae 

Chlorokybus atmophyticus, just harbors the signaling pathway for auxin but 

not the receptors (Martin-Arevalillo et al., 2019). This may suggest that the 

auxin signaling pathway that can be found in land plants emerged from an 

auxin-independent pathway in charophyte algae (Mutte et al., 2018; Flores-

Sandoval et al., 2018; Martin-Arevalillo et al., 2019).  

However, in most land plants auxin signaling is processed through a pathway 

where several other signaling steps precedes the ARF family. In Arabidopsis, 

in case no auxin is present, the repressor AUXIN/INDOLE-3-ACETIC ACID 

(AUX/IAA) protein family heterodimerize with ARF transcription factors. 

This prevents ARF genes to be expressed including genes that are controlled 

by ARF genes (Szemenyei et al., 2008; Ulmasov et al., 1997a; Ulmasov et al., 

1997b; Kim et al., 1997). In contrast, when auxin is present, the AUX/IAA 

protein family is degraded by ubiquitin-mediated degradation via the auxin 

receptors TRANSPORT INHIBITOR RESPONSE 1 (TIR1) and AUXIN 

SIGNALING F-BOX (AFB) to regulate downstream targets (Kepinski and 

Leyser, 2005; Gray et al., 2001; Dharmasiri et al., 2005; Tiwari et al., 2001; 

Chapman and Estelle, 2009; Tan et al., 2007). 

In contrast to algae, land plants cover a larger range of signaling genes and 

pathways. This is also the case for the ARF family. Arabidopsis harbors three 

classes of  ARF genes called class A, B and C (Finet et al., 2013; Tiwari et al., 

2001; Ulmasov et al., 1999). After the ARFs are released from suppression, 

the ARFs are able to bind to certain auxin-response elements (AuxREs) in the 
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regulatory regions of auxin responsive genes. There, class A ARF genes act as 

activators for the auxin responsive genes while class B and C act as repressors 

of auxin responsive genes (Ulmasov et al., 1999; Tiwari et al., 2001). Studies 

in Arabidopsis suggest that the AUX/IAA genes are connected through a neg-

ative feedback loop. However, class B and C ARF repressors do not bind ef-

ficiently to AUX/IAA proteins (Vernoux et al., 2011). This indicates that the 

repressors ARF of class B and C are not regulated by auxin. Nevertheless, 

they still target auxin responsive motif in promoters suggesting that they are 

part of the auxin related gene network (Ulmasov et al., 1997a; Ulmasov et al., 

1999). 

The auxin response network of Marchantia consist of a single AUX/IAA 

(MpAUX/IAA) gene (Flores-Sandoval et al., 2015). Furthermore, Marchantia 

encodes for one TIR1 receptor (MpTIR1), and three AUXIN REPONSE FAC-

TORS genes. MpARF1 as single class A gene, MpARF2 as single class B gene 

and MpARF3 as single class C gene (Kato et al., 2017; Flores-Sandoval et al., 

2015; Kato et al., 2015).   

ABA 

Abscisic acid (ABA) is a phytohormone that is involved in germination and 

dormancy during plant development. It is also strongly associated to the reg-

ulation of abiotic stress response in plants (Chen et al., 2020). The hormone 

was discovered in the 1960s in buds of Acer pseudoplatanus, cotton fruits, as 

well as in coleoptiles of oat (Eagles and Wareing, 1963; Ohkuma et al., 1963; 

Cornforth et al., 1965; Addicott et al., 1968). Later on, it was discovered that 

ABA can be found in other organisms besides plants, such as in cyanobacteria, 

lichen and sponges (Hartung, 2010; Zocchi et al., 2003; Zocchi et al., 2001). 

In algae, ABA synthesis is observed in chlorophytes and charophytes but no 

physiological response has been detected (Sabbatini et al., 1987; Tietz et al., 

1989; Hirsch et al., 1989).  

The phytohormone ABA belongs to the sesquiterpenoids that in most plants 

are initially synthesized from carotenoids, which originates from the MEP (2-

C-methyl-d-erythritol 4-phosphate) pathway (Nambara and Marion-Poll, 

2005). In Arabidopsis, the carotenoids are converted into xanthoxin by oxida-

tive cleavage that is catalyzed by 9-cis-epoxycarotenoid dioxygenase 

(NCED), which is a rate limiting step during ABA synthesis (Nambara, 2017; 

North et al., 2007; Iuchi et al., 2001; Tan et al., 2003). In the following step, 

xanthoxin is converted into abscisic aldehyde by the alcohol dehydrogenase 

ABA2. The abscisic aldehyde is afterwards oxidized by abscisic aldehyde ox-

idase (AAO3) to ABA (Cheng et al., 2002; Nambara, 2017). 

Similarly, to auxin, homeostasis of ABA guarantees proper development and 

response of the plant. The ABA transport can be facilitated through several 
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ways in Arabidopsis (Chen et al., 2020). For example is ABA transported 

through the ATP-binding cassette G (ABCG) transporters (Umezawa et al., 

2010; Kang et al., 2010), and ABA can also diffuse through the plasma mem-

brane in its protonated version (ABAH). However, diffusion is not effective 

as soon as the plant is exposed to osmotic stress, because of the stress induced 

alkalization of the cytoplasm (Chen et al., 2020). 

In land plants, ABA response and signaling is mediated through a conserved 

network of receptor and response factors (Melcher et al., 2009; Miyazono et 

al., 2009; Park et al., 2009). If ABA is absent in Arabidopsis, the negative 

regulators of ABA response PROTEIN PHOSPHATASE 2C (PP2C) family 

binds to the protein kinase SUCROSE NON-FERMENTING-RELATED 

PROTEIN KINASE 2 (SnRK2) family, which is a positive regulator of ABA 

response. This causes a conformation change in SnRK2 leading to the inability 

to target ABA responsive genes.  

When the ABA receptor family PYRABACTIN RESISTANCE 1-LIKE 

(PYL) is targeted by ABA, the receptor undergoes a structural change. After-

wards, the receptor is able to target the ABA response-inhibiting factor PP2C. 

In this way, SnRK2 is released resulting in phosphorylation of the downstream 

target ABRE BINDING FACTOR (ABF). The phosphorylation of ABF is 

then triggering the expression of ABA responsive genes (Park et al., 2009; 

Chen et al., 2020).  

To balance and reduce ABA levels within Arabidopsis, ABA is catabolized 

by the cytochrome P450 monooxygenase A (CYP707A) family into phasic 

acid (PA). Interestingly even PA is able to bind to the ABA PYL receptor 

family. However, PAs biological activity is reduced compared to ABA. PA is 

then catalyzed to dihydrophaseic acid (DPA) and DPA-4-O-β-D-glucoside 

(DPAG) by PA reductase (PAR) ABH2 and glycosyltransferase (GT), respec-

tively (Kushiro et al., 2004; Okamoto et al., 2006; Weng et al., 2016).  

For ABA synthesis, Marchantia encodes for one NCED enzyme by MpNCED. 

Marchantia also harbors a single gene for catabolizing ABA, called 

MpCYP707A. The Marchantia genome contains five genes encoding for the 

PYL receptor family, called MpPYL1 to 5. Additionally, Marchantia has two 

genes belonging to the PP2C family encoding for repressors of ABA response. 

One of the repressors called MpABI1A is located on the female sex chromo-

some, whereas MpABI1B is placed on the male chromosome. Marchantia also 

carries two genes encoding for positive regulators of ABA response called 

MpSnRK2A and MpSnRK2B as well as several ABCG transporters for the 

transport of ABA (Eklund et al., 2018; Tougane et al., 2010; Bowman et al., 
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2017). This suggests that Marchantia harbors a full set of synthesis, degrada-

tion, transport and signaling genes to facilitate ABA homeostasis and there-

fore fine-tune germination and development.  

Ethylene 

Ethylene is one of the few phytohormones that functions in a gaseous form. 

Beside land plants, the phytohormone can be found in the charophyte Spiro-

gyra pratensis, which carries homologues for biosynthesis, transport, response 

and signaling proteins. This implies that the ancestor of land plants carried the 

component for the ethylene signaling response (Ju et al., 2015).  

In Arabidopsis, ethylene is synthesized from methionine into S-adenosyl me-

thionine (SAM). In the following rate limiting step, SAM is converted into 1-

aminocyclopropane-1-carboxylic acid (ACC) by the enzyme ACC synthase 

(ACS). Afterwards, ACC is oxidized to ethylene by ACC oxidase (ACO) 

(Yang and Hoffman, 1984; Lin et al., 2009). 

Similar to Auxin and ABA, response to ethylene is controlled by a signal path-

way with receptors and response factors. When no ethylene is present, the 

ETHYLENE RESPONSE (ETR) receptor family is interacting with the CON-

STITUTIVE TRIPLE RESPONSE (CTR1) kinase protein, which represses 

ETHYLENE INSENSITIVE 2 (EIN2). In this way, ethylene response is sup-

pressed as EIN2 is a positive regulator of ethylene response (Wang et al., 

2006; Chen et al., 2002). In case ethylene is present and binds to the ETR 

receptor family its conformation is changed and CTR1 is released, resulting 

in an activation of EIN2 (Ju et al., 2012). EIN2 then activates the ethylene 

response through the EIN3 transcription factor family, targeting to a large ex-

tent genes with ETHYLENE RESPONSE FACTOR (ERF) motifs resulting 

in ethylene response (Kieber et al., 1993; Chao et al., 1997; Grefen et al., 

2008).  

Marchantia carries two genes for ACC synthesis, which are MpACS1 and 

MpACS2. However, Marchantia carries no ACO homologues that would con-

vert the ACC into ethylene. Even though one component is missing to synthe-

size ethylene, Marchantia still produces ethylene (Li et al., 2020). To sense 

the ethylene, Marchantia harbors three genes for the ethylene receptor family 

MpETR1, MpETR2 and MpETR3, and single genes for MpCTR1, MpEIN2 

and  MpEIN3, as well as several genes with an ERF motif (Bowman et al., 

2017; Montgomery et al., 2020; Li et al., 2020).  
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Phytohormones and their function in Marchantia 

As mentioned in the previous chapters, Marchantia is able to reproduce 

through gemmae. Gemmae are small propagules that are formed from the ep-

idermis in the bottom of small cup-formed structures, called gemma cups. 

Gemmae that have recently separated from the parental plant are normally 

immature. While new gemmae are formed continuously in the bottom of the 

cup, gemmae formed earlier mature during their movement to the top of the 

cup (Taren, 1958). Oppenheimer (1922) and Molisch (1922) described that 

mature gemmae show no germination as long as they are placed in the cup. 

Gemmae which are removed from the cup and imbibed start to germinate. To 

verify that the imbibition is not the reason for the germination, Oppenheimer 

imbibed the gemmae inside their cup of origin. In contrast to gemmae imbibed 

outside their cup of origin, gemmae within their parental cup showed no ger-

mination. For this reason, Oppenheimer suggested that some substance inhib-

its the germination of mature gemmae as long as they are lying in the cup 

(Molisch, 1922; Oppenheimer, 1922). Additionally, Oppenheimer observed 

that gemmae which are already germinated and placed back into the gemmae 

cup continue to grow, suggesting that once germination has started they are 

insensitive to the suggested inhibitor from the cup (Oppenheimer, 1922).  

Several years later, Taren (1958) observed that gemmae, which are directly 

placed from their cup of origin to another cup, showed delayed germination 

compared to gemmae directly placed on agar. Gemmae that remained in their 

original cup showed no germination in the same period of time, verifying Op-

penheimer’s observations. Additionally, Taren found that gemmae in broken 

gemmae cups exhibited germination, suggesting once more that the parental 

cup plays a fundamental role in inhibiting the germination of the gemmae in 

the cup. Hence, a volatile substance could inhibit germination of gemma 

within the cup. Taren (1958) suggested a gaseous substance, as the gemmae 

are not physically attached to the cup as soon they are disconnected from the 

basal epidermis of the cup. As a last, Taren (1958) suggested that yet another 

substance, that is distributed through the whole thallus of the parental plant, 

influences gemmae germination in the cup (Taren, 1958). However, the sub-

stance that could affect the germination in the cup remained unknown. 

ABA in connection to dormancy regulation in gemma 

If the gemma germination is influenced by hormones they should respond to 

phytohormonal treatments. In Marchantia, gemmae exhibit high sensitivity to 

exogenous ABA suggesting that gemmae are able to respond to endogenous 

ABA (Tougane et al., 2010; Akter et al., 2014). Wild-type gemmae treated 

with exogenous ABA exhibited delayed germination with reduced growth and 

rhizoid formation suggesting that ABA is involved in germination and growth 

in gemmae (Eklund et al., 2018).  
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Functional studies of ABA signaling and response in Marchantia showed that 

ABA is involved in gemma dormancy and germination. To actually sense 

ABA, Marchantia harbors a full signaling pathway including receptor genes 

(MpPYL1-5) targeting ABA as well as negative regulators of ABA response 

such as MpABI1A and MpABI1B belonging to the PP2C family (Bowman et 

al., 2017; Eklund et al., 2018; Tougane et al., 2010). Plants with constitutive 

expression of MpABI1 genes show reduced ABA sensitivity as well as de-

creased dormancy in gemmae, suggesting that also in Marchantia MpABI1 is 

a negative regulator of ABA response. In contrast, when overexpressing 

MpABI3A, a positive regulator of ABA response, the adult part of the thallus 

showed similar phenotypes as ABA treated wild-type plants. In addition, 

Mpabi3ako loss-of-function mutants show reduced sensitivity to ABA, imply-

ing that MpABI3 acts as a positive regulator downstream of ABI1 in Marchan-

tia. Furthermore, gemma of Mpabi3ako showed reduced gemma dormancy 

within the cup of the parental plant, suggesting that ABA is involved in the 

regulation of dormancy in gemmae (Eklund et al., 2018). Hence, in case 

MpABI1 and MpABI3A are involved in ABA signaling they should affect 

expression of putative downstream targets. In many plant species, LATE EM-

BRYOGENESIS ABUNDANT (LEA) genes are regulated by ABA 

(Charfeddine et al., 2015; Zamora-Briseño and Jiménez, 2016). The LEA pro-

tein family can be divided into eight subgroups from LEA1 to LEA6, DEHY-

DRINS (DHN) as well as seed maturation proteins (SMP) (Chen et al., 2019). 

Marchantia harbors several LEA proteins, encoding genes such as MpLEA1 

to 3 and MpDHN1 (Hatanaka et al., 2014; Ghosh et al., 2016). These genes 

show upregulation in ABA treated wild-type plants compared to non-treated 

wild-type plants, suggesting that the LEA genes in Marchantia are able to re-

spond to ABA. Furthermore, when MpABI1 is overexpressed the expression 

of LEA related genes is decreased. In contrast, when MpABI3A is overex-

pressed, LEA related genes are activated, similar to ABA treated plants, un-

derlining once more that in Marchantia MpABI1 is a negative regulator and 

MpABI3A  a positive regulator of the ABA response (Eklund et al., 2018).  

As mentioned before, gemmae of MpABI3A loss-of-function mutants show 

reduced gemma dormancy in the cup. Despite this, the question remained if 

the parental cup signals to the gemma in the cup to maintain dormancy through 

ABA, or if ABA has a more internal function within the gemmae to maintain 

dormancy. Gemmae of Mpabi3ako placed in empty cups of wild-type plants 

exhibit rhizoid development and expand. In contrast, wild-type gemmae 

placed in gemmae cups of loss-of function lines of Mpabi3ako showed no loss 

of dormancy, suggesting that ABA acts as an internal signal to regulate dor-

mancy within the gemmae (Eklund et al., 2018). In case that ABA just works 

as an endogenous signal within the gemmae in the cup, another question can 

be raised, that is, which other signal controls dormancy in gemmae?  
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Auxin in connection to gemma dormancy 

In case ABA acts as an internal regulator of dormancy, some exogenous signal 

from the parental plant is likely the factor that controls dormancy and germi-

nation of the gemmae in the parental cup. Earlier experiments showed that 

after the tip of an adult plant, containing the apical region, was removed, gem-

mae started to show germination and growth. In contrast to this, gemmae in 

cups on intact thalli showed no germination in the same period of time (LaRue 

and Narayanaswami, 1957). Later, it was observed that auxin could be a reg-

ulator of gemmae dormancy in gemma cups (LaRue and Narayanaswami, 

1957; Maravolo, 1976a). Here, auxin transport was reported from the apical 

region along the midrib, which confirms earlier observations where gemmae 

within cups also germinate when the midrib is cut (Maravolo, 1976b). This 

observation suggest that in Marchantia auxin is produced in the tip and then 

transported along the midrib. As long as the auxin signal from the parental 

plant is active, the germination of the gemmae in the cup is suppressed. As 

soon as the auxin signal is interrupted, because of either the apical region, the 

midrib or the cup is damaged, the inhibiting signaling from the parental plant 

towards the gemmae is lost and thus gemmae dormancy is released (Albaum, 

1938; LaRue and Narayanaswami, 1957; Gaal et al., 1982; Maravolo, 1976a). 

However, these studies identified the presence of auxin in Marchantia but 

could not answer in which way auxin is synthesized and how its transport ac-

tually is carried out.  

Later, data of Eklund et al. (2015) exhibited that auxin is mainly synthesized 

through the IPyA-pathway via MpTAA and MpYUC2 in Marchantia. MpTAA 

is mainly expressed in the apical region, while the rate-limiting step of the 

Marchantia IPyA pathway is processed by a more broadly expressed MpYUC2 

gene. MpYUC2 shows expression within the apical region but is also ex-

pressed along the midrib and in the bottom of gemmae cups. These findings 

imply that auxin synthesis is to a large extent processed in the apical region 

but appears as well in other region of the plant (Eklund et al., 2015). Plants 

with down regulated expression of the auxin synthesis genes MpYUC2 and 

MpTAA showed reduced dormancy of gemmae within their parental cup 

(Eklund et al., 2015). This underlines the observations from when the tip was 

removed or the midrib disrupted, suggesting that auxin synthesis in the adult 

thallus is fundamental to support gemmae dormancy in Marchantia.  

However, when auxin is synthesized in the apical region of adult plants, the 

question is if this may also affect gemmae dormancy and dormancy release in 

the parental cup. Eklund et al. (2015) showed that auxin synthesis genes are 

expressed in the apical region of young gemmalings, suggesting that at early 

stages of development, auxin synthesis in the tip is important for germination 
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and growth of young gemmae and gemmalings (Eklund et al., 2015; Flores-

Sandoval et al., 2015).  

In case auxin affects gemmae dormancy, also the manipulation of its signaling 

pathway should result in changes of gemmae dormancy. Plants with decreased 

expression of MpARF1 showed reduced gemma dormancy, suggesting that 

MpARF1 acts as positive regulator of auxin signaling. Furthermore, plants 

overexpressing MpARF1 showed increased dormancy of gemmae in cups 

compared to wild-type plants (Eklund et al., 2015).  

In summary, these observations suggest that auxin has a fundamental role re-

garding dormancy control from the parental plant towards the gemmae. How-

ever, the question how the parental plant is bridging the signal from the cup 

to the gemmae, where ABA is likely to regulate dormancy as internal signal, 

stays unclear.  

Ethylene as a signaling component between the parental plant and 

gemmae  

Ethylene is a gaseous phytohormone, controlling various parts of plant devel-

opment. Due to its gaseous form, it can move through air and can freely diffuse 

between cells. Ethylene is highly important during seed germination in angi-

osperms where it is synthesized in the seed coat, promoting germination. 

Thereby, ethylene levels increase as long as seed imbibition continues 

(Ketring and Morgan, 1969; Siriwitayawan et al., 2003; El-Maarouf-Bouteau 

et al., 2015). In Arabidopsis ethylene can have an opposite effect and hence 

suppressing plant growth by repressing auxin effects, which support growth 

and cell division (Vaseva et al., 2018). These observations suggest that eth-

ylene, as one of many other phytohormones, can have opposite effects depend-

ing on the individual tissue and the distinctive developmental stage of the 

plant. 

In Marchantia, exogenous ethylene treatment causes an increased thallus size 

and gemma cup formation. Exogenous ethylene treatments lead to increased 

gemma dormancy, suggesting that ethylene promotes growth in adult plants 

but inhibits dormancy release in gemmae (Li et al., 2020). Although Marchan-

tia responds to exogenous ethylene treatment, the synthesis pathway of eth-

ylene in Marchantia is not fully understood. In most angiosperms such as Ar-

abidopsis, ethylene is synthesized from methionine via ACC. The last two 

steps of the synthesis are processed by the enzymes ACS and ACO (Adams 

and Yang, 1979; Boller et al., 1979; Hamilton et al., 1990; Ververidis and 

John, 1991). Marchantia carries two ACS genes called MpACS1 and MpACS2 

but lack an ACO gene (Bowman et al., 2017; Li et al., 2020). Plants treated 

with exogenous ethylene showed increased adult thalli and also increased 
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gemmae dormancy. In addition, plants with defects in ethylene signaling com-

ponents showed altered gemma dormancy compared to wild-type plants. 

Knockout lines of MpCTR1 showed constitutive ethylene response with gem-

mae that showed increased gemma dormancy within their parental cups. In 

contrast, gemmae with a knockout of MpEIN3 showed reduced dormancy in 

their parental cups. These results imply that ethylene is involved in dormancy 

regulation of gemmae in their respective parental cup (Li et al., 2020).  

Circadian clock as genetic network 

In the previous chapters, mainly internal regulation of growth and develop-

ment by phytohormones and gene networks have been discussed. However, 

these processes are not independent from the environment (McClung, 2013). 

Instead, plants adjust their physiology and development as well as their repro-

duction to the appropriate time of day and season (McClung, 2006; Harmer, 

2009). 

Circadian clocks as transcriptional networks exist in a wide range of taxa, 

starting with archaea, cyanobacteria, algae, plants, and animals (Golden et al., 

1998). The circadian clocks of different kingdoms share the same architecture 

as a transcriptional network connected by feedback loops. The components of 

these networks are not homologous between those kingdoms, suggesting that 

their circadian clocks originated independently (McClung, 2013; Dunlap, 

1999). This statement might lead to the assumption that within one kingdom 

the circadian clock is a highly conserved gene network. However, evolution 

lead to circadian clocks with some conserved components that were combined 

in new ways over time (Dunlap, 1999).  

That the day and night rhythm influences plants was already observed several 

hundred years ago, as researchers found circadian oscillation of leave move-

ments. The individuals continued a 24-hour rhythm even when they had been 

exposed to continuous darkness (DD) or continues light (LL). This suggests, 

that an endogenous program controls the leave movement in a 24-hour rhythm 

(Pfeffer, 1921; Bunning, 1931). Later, it was observed that even genes alter in 

their expression in 24 hours rhythms. In pea, the light-harvesting chlorophyll 

a/b binding protein (CAB) follows a 24-hour rhythm, with a peak in expres-

sion at one time of the day and a low expression at other times. Following this, 

a similar rhythm was observed for CAB1 in wheat and Arabidopsis (Nagy et 

al., 1988; Somerville and Koornneef, 2002).  

This oscillation of gene expression, or even physiological processes, such as 

the leaf movement, was later defined as circadian rhythms. Circadian rhythms 

describes a biological rhythms with a period, phase and amplitude that require 

one day, ergo 24 hours, to complete one cycle (Dunlap et al., 2004). The term 
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circadian is influenced by the word circa (lat. about) and “dies” (lat. day). 

However, circadian rhythms can show a variety of characteristics. There are 

many physiological features and genes in plants that change or oscillate in a 

24-hour rhythm. Their altering stops as soon as the plant is exposed to constant 

conditions, such as LL or DD. For a pattern to be circadian, the rhythm must 

be sustained even under constant environmental conditions by endogenously 

generated signals (Pittendrigh, 1954). 

The circadian clock as transcriptional network in plants 

The endogenous signaling of the circadian rhythm is generated by genetic net-

works that consist of different genes. The genes of the circadian clock interact 

with each other through transcriptional and translational feedback loops 

(Harmer, 2009). However, even when circadian rhythms are sustained, the 

circadian clock as transcriptional network interacts with environment 

(McClung, 2006; Johnson et al., 2003). This leads to the function, that the 

circadian clock is able to respond to changes, e.g. in the length of a day or 

temperature as well as to adaption to seasons (Dunlap et al., 2004; McClung, 

2006). 

In plants, the circadian clock has been studied in several model organisms 

such as in the angiosperm Arabidopsis, the green algae Chlamydomonas rein-

hardtii and Ostreococcus tauri, as well as in the charopyte algae Klebsor-

midium nitens. The circadian clock of Arabidopsis and the different algae dif-

fer mainly in their perceived complexity and the number of components they 

appear to have (Pokhilko et al., 2013; Fogelmark and Troein, 2014; Caluwé 

et al., 2016). 

In the two green algae Chlamydomonas reinhardtii and Ostreococcus tauri 

only a few homologue circadian clock genes compared to Arabidopsis were 

detected. One gene encodes for the PRR transcription factor family called 

TIMING OF CAB EXPRESSION 1 (TOC1) as the second gene is named CIR-

CADIAN CLOCK-ASSOCIATED 1 (CCA1) (Matsuo et al., 2008; Corellou et 

al., 2009). Later, Troein et al. (2011) showed that CAA1 and TOC1 form a 

feedback loop in Ostreococcus tauri where TOC1 represses the expression of 

CAA1 and CAA1 acts as an activator of the TOC1 expression.  

In angiosperms, the clock appears to be more complex. The first clock model 

that was identified in Arabidopsis was TOC1 forming a loop with CAA1 (Al-

abadí et al., 2001). In Arabidopsis, the transcription factors can be grouped 

into morning-phased genes, with a peak in expression in the morning, and 

evening-phased genes that show the highest expression during evening times. 

Two morning phased genes are CAA1 and LATE ELONGATED HYPOCOTYL 

(LHY) repressing evening phased genes (Wang et al., 1997; Schaffer et al., 

1998; Mizoguchi et al., 2002; Fogelmark and Troein, 2014; Kamioka et al., 
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2016). Beside the two MYB transcription factors CAA1 and LHY, Arabidop-

sis harbors five genes belonging to class of PRR transcription factors. While 

some PRR genes like PRR9 show a peak in expression in the morning, PRR5 

and PRR7 have their maximum expression around noon. However, PRR3 and 

TOC1 show their maximum in expression around dusk (Matsushika et al., 

2000). Beside the PRR transcription factor family, Arabidopsis harbors also 

several genes belonging to the RVE family which mainly are transcribed dur-

ing the morning (Rawat et al., 2011).  

As mentioned earlier, morning genes suppress the expression of day-phased 

and evening-phased genes. In contrast, the evening genes repress some of the 

morning components. In Arabidopsis, one important evening-component is 

the evening complex (EC) containing the transcription factor LUX AR-

RHYTHMO (LUX) and the two proteins EARLY FLOWERING 3 (ELF3), 

and EARLY FLOWERING 4 (ELF4) (Rawat et al., 2011).   

In conclusion, the circadian clock in Arabidopsis is formed by a complex net-

work of genes encoding for different transcription factor families. Most genes 

are present in other land plant lineages in form of homologues. However, the 

circadian clock in bryophytes shows various differences to the clock in Ara-

bidopsis. The hornwort Anthoceros agrestis harbors a full set of homologous 

to the Arabidopsis circadian clock with most genes in single copies, but miss-

ing TOC1. The moss Physcomitrella lacks TOC1 and GI, and additionally, 

most genes occur in several copies (Holm et al., 2010). Due to the occurrence 

of a circadian clock already in charophyte algae, it can be suggested that the 

circadian clock was present at an early time point in land plant evolution 

(Linde et al., 2017). Even though some components appear in several land 

plant species there are not present in other ones. This means that even though 

the complexity of circadian networks increases over time, looking from 

caropytes to angiosperms, the system was highly shaped by gene duplication 

events and gene loss. This is especially underlined by the observation that all 

analyzed charophytes harbor genes such as GI which are missing in Physcomi-

trella (Harmer, 2009; McClung, 2013). Furthermore, when studying the circa-

dian clock, Arabidopsis as a single model might lead to misinterpretation of 

the circadian clock in other land plant species due to the previous mentioned 

events happening during evolution. Other land plant species could harbor 

components that are missing in Arabidopsis or in angiosperms in general, 

which are for this reason not yet discovered.  

Therefore, studies of the circadian clock in Marchantia could help to close this 

gap of knowledge by adding one more model organism to the field of evolu-

tionary functional genomics in plants. In 2017, it was shown that also 

Marchantia harbors circadian clock genes. Marchantia encodes for two MYB 
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transcription factors, called MpPRR and MpTOC1 (Linde et al., 2017). More-

over, Marchantia also encodes for a single transcription factor of the RVE 

family called MpRVE and for the three evening components MpLUX AR-

RHYTHMO (LUX), and MpEARLY FLOWERING 3 (MpELF3), and 

MpELF4-LIKE (MpEFL) as well as for MpGIGANTEA (MpGI) and 

MpZEITLUPE (MpZTL). In contrast to the green algae and the other land 

plants, Marchantia has no CAA1 homologue (Linde et al., 2017). Its circadian 

genes MpTOC, MpRVE and MpPRR show circadian expression patterns with 

sustained 24-hour rhythm in constant conditions. Those genes are also robust 

to temperature changes, suggesting that all of them could be part of Marchan-

tia circadian clock (Linde et al., 2017). However, it remains unclear how the 

morning part of Marchantia circadian clock is functioning as CCA1 is missing. 

Another question which is not yet answered is, how the different core clock 

genes are connected to each other and if Marchantia shows a transcriptional 

and translational feedback-loop system like other land plants do.  

The Circadian clock in relation to growth and development  

The circadian clock is, as mentioned, a complex genetic network but it is not 

a single network alone in the plant. Instead, the circadian clock is highly con-

nected to other genetic networks. In general, the clock as transcriptional net-

work is very important for the regulation of growth and development in the 

plant. In Arabidopsis, the circadian clock for example regulates growth of the 

hypocotyl tissue through the evening complex. Here, this complex is able to 

suppress the expression of the gene family PHYTOCHROME-INTERACTING 

FACTOR (PIF). Some members of the PIF family can regulate auxin biosyn-

thesis and signaling (Nozue et al., 2011; Choi and Oh, 2016). Furthermore, 

the circadian gene GI in Arabidopsis is known to regulate genes involved in 

flower induction (Nagel and Kay, 2012). Defects in the circadian genes LHY, 

CCA1 and GI can cause changed germination in response to temperature. The 

expression of CAA1 is induced during seed ripening,  suggesting that also dor-

mancy and dormancy release in Arabidopsis is adjusted by its circadian clock 

(Penfield and Hall, 2009). In Marchantia, it was shown that several circadian 

genes, such as MpPRR, MpGI, MpLUX, MpRVE, are highly expressed in the 

meristematic region. This allows yet another suggestion, that the circadian 

clock components are highly active in the dividing tissue and photosynthetic 

regions of the thallus, implying that the circadian clock plays an important 

role in growth and development in Marchantia (Linde et al., 2017).  
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Aims of the thesis 

The general aim of this thesis is to investigate how gene regulatory networks, 

operating in growth regulatory mechanisms are structured in Marchantia pol-

ymorpha. The investigation of gene regulatory networks in Marchantia should 

contribute to the understanding of how land plants managed to establish them-

selves on land, and what developmental programs they developed to cope with 

the conditions of a terrestrial habitat.   

 

This thesis especially focuses on:  

 How genetic networks in Marchantia control growth by regulating dor-

mancy and germination of gemmae.  

 The investigation of how circadian clock gene networks function in 

Marchantia. 

 How the circadian clock influences other genetic networks connected to 

growth and development in Marchantia. 
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Material and Methods  

Plant material  

In this thesis, mainly Marchantia polymorpha subsp. ruderalis with wild type 

accessions from Uppsala (Upp), Japan (Tak, Takaragaike), Australia (Aus),   

were used as model organism. Plants were grown in axenic conditions on 

1xB5 medium or 1xB5 medium with 2% sugar. In some cases, plants were 

grown on soil. For protein interaction studies, Saccharomyces cerevisiae and 

Nicotiana benthamiana were used. Moreover, cloning of plasmids and plant 

transformation was manly performed with Escherichia coli and Agrobacte-

rium tumefaciens respectively. Plants were grown in growth chambers under 

controlled temperatures and lights conditions in either constant light (LL), 

long day (LD) with 16h light and 8h darkness, neutral day (ND) with 12h light 

and 12h darkness, short day (SD) with 8h light and 16h darkness, or constant 

darkness (DD) as stated in the text. 

Functional genomics approaches 

Cloning of promotor or gene of interest 

Functional gene analysis was performed by using reverse genetic approaches. 

This means we modified genes and analyzed the phenotypic effects on the 

plants or effects on the transcriptome to assess the function of genes in 

Marchantia polymorpha (Egener et al., 2002; Bouchez and Höfte, 1998; 

Hieter and Boguski, 1997). To investigate the structure and function of genetic 

networks with the reverse genetic approach we used different methods to mod-

ify the genome or the transcriptome of Marchantia such as: artificial micro 

RNA (amiR), Clustered Regularly Interspaced Short Palindromic Repeats as-

sociated to CRISPR associated protein 9 (CRISPR/Cas9) system and overex-

pression of genes. For these studies, we also used promotor analysis and pro-

tein-interaction analysis. Each of the methods requires the transfer of an en-

dogenous transgene, which is a gene that is inserted into the genome of the 

model organism. Transgenes contain all components that are critical for gene 

expression e.g. a promotor sequence and a protein-coding region including a 

start and terminator (Hanahan, 1985; Clark et al., 1993; Kjer-Nielsen et al., 

1992). The promotor region will control at which time point and in which 
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tissue the transgene is actively transcribed in the model organism. The pro-

moter can be constitutive which leads to permanent expression of the 

transgene, regardless of developmental stage or tissue of the model organism. 

In this thesis we used the endogenous ELONGATION FACTOR 1α (EF1α) as 

constitutive promotor (Althoff et al., 2014). Furthermore, function of a gene 

can be also induced temporarily. In this case, the constitutive promotor EF1α 

is fused a gene encoding for the glucocorticoid receptor (GR) protein fused to 

the gene of interest. The GR protein binds to heat-shock proteins in the cyto-

plasm, causing the inability for the fusion protein to enter the nucleus. When 

the synthetic glucocorticoid dexamethasone is applied, the heat shock proteins 

are released and the GR fusion protein is able to enter the nucleus and cause a 

change in expression of the nucleus depending on the promotor that is fused 

to the gene of interest. In case the transgene is fused to EF1α, overexpression 

would be induced. The advantage of this system is that the hormone dexame-

thasone is not appearing in plants, which means the treatment with the hor-

mone does not affect the plant physiology. Furthermore, GR-fusion protein 

gives the opportunity to induce the function of a protein at a certain time point 

of development. This is an advantage especially that a constitutive overex-

pression would be lethal for the organism (Schena et al., 1991; Nishihama et 

al., 2016; Aoyama and Chua, 1997).  

The second part of the transgene is the coding part, which encodes for the 

actual mRNA that is coding for the protein. This coding part consists of coding 

domain sequence (CDS) of the gene of interest or it contains a CDS encoding 

for marker proteins like GUS or luciferase (Jefferson et al., 1987; Luehrsen et 

al., 1992). However, the RNA that is encoded by the CDS can also code for 

non-coding RNA in form of amiRNA or for guide RNA (gRNA) for the 

CRISPR system (Flores-Sandoval et al., 2016; Doudna and Charpentier, 

2014). For some transgene approaches, there are even a double transgene sys-

tem necessary to create a functional system. In the case of CRISPR, two 

transgenes encoding for gRNA and the endonuclease Cas9 are required for a 

full functioning system (Mao et al., 2013).  

In the final step, the construct is transferred to the plant and is integrated in 

the host genome. We used agrobacterium mediated transformation to transfer 

the transgene into the Marchantia genome (Ishizaki et al., 2015; Ishizaki et 

al., 2008). 

Transformation 

For transformation, we used A. tumefaciens now renamed to Rhizobium radi-

obacter for transforming and inserting the transgenes into the genome of 

Marchantia. Agrobacteria grow in soil and are able to infect and cause tumor 
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growth in plants, known as crown-gall disease. To induce tumor growth in 

plants the agrobacterium requires the ability to transfer bacterial genes into 

the plant genome (Zupan et al., 2000). For this, the bacterium uses a tumor 

inducing plasmid (Ti-plasmid). The plasmid contains different functional 

units, where one part is the transfer DNA region (T-DNA) that is integrated 

into plant genome. The T-DNA region encodes auxin and cytokinin synthesis 

genes, which support cell proliferation in the host plant. Ultimately, this leads 

to the formation of the tumor in the host plant. Moreover, the T-DNA region 

encodes for opines and agropines, which build the carbon source for the agro-

bacterium and are mainly produced in proliferating cells (Gelvin, 2000). For 

this reason, the cytokinins and auxin are necessary to keep cell proliferation 

active, which additionally also gives possibility for proliferation of the bacte-

rium. The actual integration of the T-DNA is directed by the virulence region 

(vir) of the Ti-plasmid (Schrammeijer et al., 2001; Dumas et al., 2001). The 

other parts of the plasmid contain the origin of replication (ori) and genes en-

coding to catabolizing the opines by the agrobacterium. These process of in-

tegration of DNA from one specie to another is quite unique and became in-

teresting of plant transformation already in the 1980s (Slater et al., 2008). 

To accomplish artificial directed insertion of transgenes into the plant genome 

the system was optimized for functional genomic approach. First, the genes 

encoding for auxin and cytokinin were removed. Otherwise, these genes 

would still support tumor formation. The second part that was removed were 

the genes for encoding for opines. In a third place, wild-type Ti-plasmids are 

quite large with about 200kbp, which makes it difficult to clone DNA into the 

T-DNA region. In addition, the wild-type plasmid would become even larger 

when promotor regions would be cloned into the plasmid. That would make it 

inappropriate for the agrobacterium to process the plasmid (Fraley et al., 1986; 

Gordon and Christie, 2014). For this reason the binary vector system was in-

vented (Nakagawa et al., 2008; Nakamura et al., 2009). In the binary vector 

system the virulent function from the vir genes and the T-DNA part of the Ti-

Plasmid are separated into two separate plasmids. While the vir-region is lo-

cated in a larger plasmid, the T-DNA region is placed in a second smaller 

plasmid. This plasmid is called binary vector or binary plasmid. As cloning 

within agrobacteria is inefficient, the initial cloning steps are performed in E. 

coli. We mainly applied pENTER/D-TOPO cloning (Invitrogen, USA) to in-

tegrate the gene of interest, or promotor of interest, into an entry plasmid that 

was reproduced in E. coli. In a second step, we performed Gateway cloning 

(Invitrogen, USA) to transfer the sequence of interest into the binary vector. 

Finally, the binary vector was transformed in the agrobacteria (Ishizaki et al., 

2015; Ishizaki et al., 2008). In general, the transformation steps performed in 

bacteria and plants required selection to identify successfully transformed in-

dividuals. The individuals were obtained by using appropriate marker genes 
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for antibiotic resistance. The transformation of Marchantia was mainly per-

formed on two week old sporelings according to Ishizaki et al. (2008). Trans-

formation of Nicotiana benthamiana, leaves was performed with transformed 

agrobacteria to obtain transient transformation to perform protein-interaction 

analysis (Sun et al., 2017). Transient transformation is in contrast to stable 

transformation a temporary introduction of a transgene into the host e.g. in 

form of a plasmid. However, the transgene is not stable integrated into the 

host-genome. Instead, during a stable transformation the transgene is perma-

nently integrated into the genome of the host. This makes that the transgene 

can also be present in following generations of the organism (Ow et al., 1986). 

Artificial micro RNA and CRISPR-Cas9 

CRISPR-Cas9 

One option to apply reverse genetics in Marchantia is the CRISPR/Cas9 sys-

tem. The CRISPR/Cas9 system was originally identified in bacteria as a de-

fense mechanism against phage infections and plasmid transfer (Ishino et al., 

1987; Mojica et al., 2000; Makarova et al., 2006). Today the system is used 

as a genome editing tool in different model organisms in mammalians, yeasts 

and plants (Cho et al., 2013; DiCarlo et al., 2013; Feng et al., 2013; Mao et 

al., 2013). CRISPR/Cas9 as gene editing tool consists of two parts. The first 

part is the gRNA that is complementary to the DNA sequence that is supposed 

to be targeted. Often the gRNA is used to target the CDS of a gene of interest 

but it can also target other parts of the genome. The cleavage itself is executed 

by the endonuclease Cas9 (Le Cong et al., 2013). The gRNA is designed de-

pending on the structure of the protein that the targeted gene is encoding. 

However, the gRNA should be placed in an early exon that is encoding for the 

first functional domain of the protein. Otherwise, the CRISPR modification 

could affect just one part of the protein. That could make that still some part 

of the protein functions, which could lead to an incomplete knock-out leading 

to some parts of the protein still being translated. In consequence, this would 

lead to non-functional protein or a stopped translation resulting in a full knock-

out of the function of the original protein (Jinek et al., 2012).  

Artificial micro RNA 

Beside CRISPR/Cas9, another method to change gene expression levels in 

Marchantia for a gene of interest is the amiR method (Flores-Sandoval et al., 

2016; Sugano et al., 2014). MicroRNA (miRNA) was discovered in Caeno-

rhabditis elegans and belongs to the class of small non-coding RNA mole-

cules that are about 21 to 24 nucleotides long (Lee et al., 1993; Wightman et 

al., 1993). The microRNA is able to bind to its complementary mRNA se-

quence. This results in a double stranded RNA, which is then, degraded. This  
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suppresses the subsequent translation of the mRNA. In plants this gene silenc-

ing process is starting by the transcription of long precursor miRNA by a RNA 

polymerase II (Reinhart et al., 2002; Dugas and Bartel, 2004; Jones-Rhoades 

et al., 2006). Afterwards, the DICER-LIKE endoribonucleases creates a pre-

liminary miRNA in a hairpin structure that is separated into a 21 nucleotide 

miRNA/miRNA* duplex structures. Subsequently, the miRNA duplex is tar-

geted by the RNA-induced silencing complex (RISC). Although RISC is a 

large complex of proteins only the ARGONAUTE (AGO) proteins have the 

catalytic function to target the complimentary mRNA (Ossowski et al., 2008; 

Schwab et al., 2006). The natural system of gene silencing in plants can also 

be used in an artificial way by creating an amiR to target a gene of interest 

(Alvarez et al., 2006; Flores-Sandoval et al., 2016). In this thesis, all amiR-

NAs were based on the endogenous Marchantia MpMIR160 gene. The endog-

enous MpMIR160 gene sequence was modified according to Flores-Sandoval 

et al. (2016) so that the amiR would target the gene of interest. To analyze 

function of the amiRNA constructs, qRT-PCR was used to detect expression 

of the target gene and expression of the amiR-construct. Additionally, 5’RLM-

RACE was used to verify amiR-dependent degradation of the targeted mRNA 

(Borson et al., 1992). 

Both the amiR system and the CRISPR-Cas9 system have their advantages 

and disadvantages. For both systems, the usage can be modified according to 

the experimental approach. For example, gRNA as well as Cas9 coding part 

can be fused to different types of promotors. Usually the coding part is con-

nected to a constitutive promotor to downregulate or knock-out the gene of 

interest during all stages of development and in all tissues of the plants. 

(Flores-Sandoval et al., 2016; Alvarez et al., 2006). However, there are also 

disadvantages to amiR or CRISPR-Cas9 systems. In Marchantia, many genes 

occur in single copies that are fundamental for the development  (Bowman et 

al., 2017). If a fundamental gene would, be knocked-out using CRISPR/Cas9, 

the gene function could not been studied, as the effect of the knock-out would 

be lethal. Here, the amiR approach could instead be used to knock-down the 

gene to investigate its function. However, if the targeted gene is not essential 

an an amiR has the disadvantage that it does not lead to a complete knock-out 

of a gene (Sugano et al., 2014; Lin and Bowman, 2018).  

Overexpression and induced overexpression 

Another approach that is used in combination with knock-down or knock-out 

techniques is to overexpress a gene. This can be done, using constitutive, tis-

sue/cell specific or inducible promoter. In this thesis, overexpression tools 

were used to cause increased expression above the wild-type level of the gene 

of interest and during all developmental stages causing ectopic expression. 



 39 

(Prelich, 2012). Often, the overexpression approach is used to validate pheno-

types from a knock-down or knock-out approach. This means that the overex-

pression phenotype should correspond to the phenotype from the knock-out 

or knock-down. However, as overexpression causes ectopic expression the 

phenotype can be also contradictory to the knock-out phenotype (Halder et al., 

1995; Zordan et al., 2006). In this thesis, we used constitutive overexpression 

and inducible overexpression to investigate gene function. We fused either 

constitutive promotors to the coding sequence of the gene, or applied the in-

ducible system (Lagercrantz et al., 2020). 

Gene expression analysis 

RNA sequencing 

The development of high-throughput genome sequencing technologies pro-

vided the platform to quantify transcriptomes to investigate gene expression 

on a large scale. Today, large scale transcriptome analysis is often done by 

RNA-sequencing (Wang et al., 2009). After the “first-generation” sequencing 

methods like Sanger-sequencing, new methods became available in form of 

the next generation sequencing (NGS) technologies that RNA-sequencing be-

longs to (Metzker, 2010). In contrast to other non-NGS methods for analyzing 

gene expression, RNA-sequencing allows us to examine the expression of al-

ready known genes, but also to detect the expression of unknown transcripts, 

as no probes or primers are required (Ozsolak and Milos, 2011; Wang et al., 

2009).  

The process of RNA-sequencing requires several steps before the transcrip-

tome of an organism can be actually analyzed. In a first step, total RNA was 

extracted from plant material with an RNeasy Plant Mini Kit (Qiagen, Ger-

many). After the RNA extraction, the sequencing library needs to be produced 

where the RNA is converted into complementary DNA (cDNA). As we are 

interested in the messenger RNA levels of genes, other types of RNA were 

removed before the cDNA library preparation by polyadenylated RNA 

(polyA) transcripts selection (Zhao et al., 2018; Kumar et al., 2017). After-

wards, the fractionated RNA was converted into cDNA library, by adding 

adaptor sequences to the cDNA. After the library preparation, the actual se-

quencing was performed by using cluster generation and paired-end sequenc-

ing (Illumina Inc, USA) (Ozsolak and Milos, 2011; Wang et al., 2009). In the 

next step, the obtained reads from sequencing were mapped to, at that time, 

most recent reference genome of Marchantia using Spliced Transcripts Align-

ment to a Reference (STAR) mapping (Dobin et al., 2013; Bowman et al., 

2017; Montgomery et al., 2020). Subsequently,  the counting of mapped reads 

was performed using featureCounts in the SUBREAD package (Liao et al., 
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2014). Afterwards, the count matrix was produced and filtered for low ex-

pressed genes by using DEseq2 method. The final count matrix contains all 

genes that were not filtered before with their corresponding amount of reads 

for each sample that was sequenced (Love et al., 2014).  

The obtained count matrix was used for further analysis and visualization of 

RNA sequencing data. Genes that are annotated in the reference genome are 

possible to investigate for expression patterns. This means also genes that are 

unknown in function can be checked for expression, which is a clear ad-

vantage of the analysis of gene expression by RNA sequencing. This makes it 

possible to identify new candidate genes and the connection between different 

genes in a large scale by using correlation analysis or gene ontology analysis. 

As mentioned before, the count matrix contains the number of reads for each 

transcript. That means that instead of doing relative gene expression analysis 

as with other gene expression analysis methods, RNA sequencing shows ab-

solute expression of a gene. In addition, the RNA sequencing provides the 

possibility to investigate the transcript for splicing variants and intron-exon 

structure of a gene (Wang et al., 2009; Ozsolak and Milos, 2011). However, 

RNA sequencing may not always be method of choice as the sequencing and 

preparation is quite costly. Furthermore, high quality RNA is required, which 

can be difficult to achieve sometimes (Ozsolak and Milos, 2011). Neverthe-

less, RNA sequencing is a great method for gene expression analysis on a large 

scale, which is why this method was applied in this thesis. 

Quantitative real-time PCR 

For gene expression analysis of individual genes often quantitative real-time 

reverse transcription polymerase chain reaction (qRT-PCR) is used (Gibson 

et al., 1996). With qRT-PCR the amount of mRNA is quantified for a specific 

gene (Bustin and Nolan, 2004).  

In a first step, the mRNA is translated into cDNA as mRNA is sensitive to 

degradation by RNases. The reverse transcriptase is a RNA depend polymer-

ase that converts the single stranded mRNA into single stranded cDNA 

(Temin and Mizutani, 1970; Baltimore, 1970). Afterwards, the cDNA is used 

in the actual qRT-PCR that is in many ways a classical end-point PCR reaction 

as described in Mullis and Faloona (1987). The difference to a classical PCR 

is that the amplification of each new cDNA strand that is formed during each 

cycle of the PCR is monitored by a dye that is incorporated into each new 

synthesized strand (Nolan et al., 2006). In this thesis we used the fluorescent 

dye SYBR green (SYBR™ Green PCR Master Mix, ThermoFisherScientific, 

USA) for quantification (Lee et al., 2012). In the beginning of the qRT-PCR 

reaction, there is the initial cDNA together with the primers, in one reaction. 

In the following steps, double-stranded cDNA is synthesized. Each time a 
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double-stranded cDNA is synthesized a signal is emitted. As more double 

stranded cDNA is formed the more the signal intensity increases (Higuchi et 

al., 1993; Higuchi et al., 1992).  

To actually calculate the expression of a gene, the threshold cycle (ct) value 

or crossing point (cp) value is used. For each individual sample and gene that 

is supposed to be quantified, the threshold cycle value is determined. The 

value is characterized by the PCR cycle when the fluorescent signal crosses 

the threshold. In this work, we used the relative quantification ct-method to 

determine gene expression levels for our samples (Schmittgen and Livak, 

2008). As the quantification is a relative method, relative gene expression is 

determined. Therefore, the ct value for the gene of interest is set in comparison 

to the ct value of a reference gene, or several reference genes. This allows 

comparing the expression of different genes to each other (Schmittgen and 

Livak, 2008). In this study we used MpELONGATION FACTOR 1-ALPHA 

(EF1), MpACTIN7 (ACT), and MpADENINE PHOSPHORIBOSYL TRANS-

FERASE 3 (APT) as reference/normalization genes and processed the qRT-

PCR described as in Linde et al. (2017). These genes are applied for normali-

zation as they have high and stable levels of expression at most developmental 

stages (Saint-Marcoux et al., 2015).   

As mentioned before gene expression can also be analyzed using RNA se-

quencing. However, qRT-PCR has several advantages, compared to a RNA 

sequencing analysis. A qRT-PCR can be performed in a relatively short 

amount of time with much lower costs compared to a RNA sequencing anal-

ysis. Additionally, it is a simple method that is well established. However, for 

each gene, primers are required to process a qRT-PCR For this reason, only 

genes with known sequence are possible to investigate. That in turn makes it 

difficult to determine gene expression of poorly annotated genomes or un-

known genes (Wang et al., 2009; Ozsolak and Milos, 2011). 

Promotor analysis 

GUS reporter gene assay 

To monitor spatial promotor activity of a gene of interest, histochemical β-

glucuronidase (GUS) activity assays were performed in this thesis. This means 

the promoter of the gene of interest is fused to the coding region of the gene 

encoding the GUS enzyme of E coli. The GUS enzyme catalyzes the substrate 

5-bromo-4-chloro-3-indolyl glucuronide, which is a transparent and water sol-

uble substance, also called X-Gluc, into 5,5’-dibromo-4,4'-dichloro-indigo, 

which is a substance that appears blue and is not water soluble. This means 

that when the promotor of the gene of interest is active in a certain tissue, the 
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substrate X-Gluc is catalyzed and forms a blue precipitate only in this tissue 

were the gene of interest is expressed. The advantage of the GUS assay is its 

robustness and simplicity. However, GUS is not the method of choice for tem-

poral gene expression analysis, because even when promotor activity fluctu-

ates the GUS protein stays stable in time and no fluctuation of the GUS signal 

is visible (Jefferson, 1989; Jefferson et al., 1987). For Marchantia, a GUS as-

say has previously been established consisting of two steps. In the first step 

the samples are stained with the staining solution containing 50 mM sodium 

phosphate buffer, 0.5 mM K3Fe(CN)6, 0.5 mM K4Fe(CN)6, 0.3 % (v/v) Tri-

ton™ X-100, and the substrate for the GUS enzyme X-Gluc (0.6 mg/ml β-d-

glucopyranosiduronic acid) dissolved in N,N-dimethylformamide (DMF). 

The samples are incubated at 37 °C until a proper signal is obtained. To stop 

the staining and remove the chlorophyll the samples were incubated in 70% 

ethanol (Jefferson et al., 1987; Eklund et al., 2015).  

Luciferase expression analysis 

A second way to examine gene expression is through bioluminescence. One 

widely used method is the firefly luciferase (LUC) reporter gene assay. The 

assay is based on the luciferase gene of the North American firefly (Photinus 

pyralis). The gene is encoding for the enzyme luciferin 4-monooxygenase, 

which uses an ATP-depend oxidization to catalyze the substrate luciferin 

(McElroy, 1947; McElroy and Green, 1956). This process produces oxolucif-

erin, as well as photons. Each catalytic cycle produces one photon that is re-

sulting in a detectable light signal (Luehrsen et al., 1992; Weiler et al., 2008). 

As for the GUS reporter gene assay, the luciferase gene is used as a reporter 

gene. For this, the luciferase gene is fused to the promotor region of a gene of 

interest. If the promotor is active, the luciferase gene is activated and a light 

signal is emitted as long as the substrate luciferin is present. This makes it 

possible to detect the promotor activity in a temporal manner (Millar et al., 

1992; Weiler et al., 2008).  

For the work covered in this thesis, the assay was used to detect circadian 

expression patterns of genes. Because of the short half-life of LUC, the light 

signal intensity can be set proportional to translation of luciferase. Thus, the 

more active the promotor fused to the luciferase gene is, the more luciferase 

is translated. This makes that more luciferin is metabolized and a stronger light 

signal is emitted (Weiler et al., 2008; Millar et al., 1992). For our projects, 

gemmalings were grown and entrained in neutral day conditions (12:12) at 

room temperature on 1xB5 medium containing 1% sucrose. One week later, 

the gemmalings were sprayed with 1mM solution of luciferin. After 1-2 days 

of incubation the bioluminescence signal was monitored with an appropriate 

camera system as described in Linde et al. (2017). The intensity data were 
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extracted by ImageJ (Abramoff et al., 2004) and analyzed according to Costa 

et al. (2013).  

Protein interaction analysis   

Protein-fragment complementation assays 

The luciferase assay and its ability to emit a light signal can also be used to 

show if two proteins are able to form a homodimer (Gehl et al., 2011). In 

contrast to the luciferase expression assay, not the whole luciferase gene is 

fused to one promotor. Instead, the gene is divided into two halves, one en-

coding for the N-terminal part and the other half encoding for C-terminal part 

of the luciferase enzyme. For this reason, the method is called split-luciferase 

(split-LUC) complementation assay (Gehl et al., 2011). The two split LUC 

parts are designed in a way that they cannot spontaneously form a homodimer. 

Instead, a functional luciferase protein is only formed when the two proteins 

that are fused to the N and C terminal parts are interacting with each other. In 

that case, the luciferase enzyme becomes functional and a light signal is emit-

ted (Chen et al., 2008; Luker et al., 2004). 

We used the split-LUC method described as in Lindbo (2007). The luciferase 

signal was measured 3 days post agrobacteria infiltration in floated tobacco 

leaves. For increasing the signal intensity, we co-infiltrated the leaves with the 

Tombusvirus P19 RNA silencing suppressor (Vargason et al., 2003; Lakatos 

et al., 2004; Ye et al., 2003). For confirmation of successful infiltration the 

binary plasmids had a included the fluorescent proteins EGFP and eqFP611 

for nLUC- and cLUC-containing plasmids, respectively (Gehl et al., 2011).  

Yeast hybrid assays 

Another method to investigate protein interactions is the yeast hybrid system. 

The assay exists in different forms, with the yeast two-hybrid system to detect 

the interaction of two proteins and as a yeast three-hybrid assay to detect the 

interaction between two proteins through a ligand. The assays are performed 

in vivo in yeast (Minet et al., 1992; James et al., 1996; Cottier et al., 2011). In 

this thesis, the yeast three-hybrid assay was performed with the BD Match-

maker system based on the GAL4 reporter system (BD Biosciences, Clontech 

Laboratories, Mountain View, CA, USA). Typically, transcription factors in 

eukaryotes consist of two domains: the DNA binding domain and the activa-

tion domain. In a yeast two-hybrid screen the protein of interest is fused to the 

GAL4 DNA-binding domain (DNA-BD). This protein is also called the bait 

protein because it is supposed to bait the interaction partner.  The other protein 

is expressed in fusion with GAL4 activation domain (AD). This protein is also 
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called prey protein because it is supposed to be fetched by the bait protein.  

When the two proteins that are fused to the binding domain and the activation 

domain are able to form a dimer the marker genes are activated (Fields and 

Song, 1989; Chien et al., 1991). In this thesis, we used Saccaromyces cere-

visiae strain PJ69-2A, harboring HIS, encoding for histidine catalyzing en-

zyme, and ADE2, encoding for an adenine synthesizing enzyme, as reporter 

genes. Yeasts containing proteins that are able to form a complex can grow 

even on nutrient deficient medium, lacking adenine and histidine (Sudarshan 

et al., 1999; James et al., 1996).  

To detect the interaction of three interaction partners we used the yeast three-

hybrid approach. Beside two interaction partners a third, protein is included 

in the assay. The third protein functions as bridge-protein between the two 

proteins that do not interact directly with each other (Tirode et al., 1997). If, 

the bridge protein is a ligand between the protein fused to the binding domain 

and the protein fused to the activation domain, the yeast is able to grow on 

medium lacking adenine and histidine (Henthorn et al., 2002). For this thesis, 

we used the plasmids pGBKT7 and pGAD-GH, together with pFL61 (Minet 

et al., 1992) and conducted the yeast three -hybrid screen as described previ-

ously in Eklund et al. (2010).   

Technical and biological replicates 

The reliability of transcriptomic analysis or gene expression analysis, as well 

as phenotypic analysis in functional genomics, is highly dependent on repli-

cation of measurements (Blainey et al., 2014; Robasky et al., 2014). Experi-

ments in this thesis are mainly conducted using biological replicates. This 

means experiments were performed on several independent biological sam-

ples. In contrast, technical replicates are repeated independent measurements 

on the same biological sample. Furthermore, experiments on transgenic lines 

where conducted on several independently transformed lines (Blainey et al., 

2014).  
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Results and Discussion 

Gemmae growth and development of Marchantia 

When plants entered, the terrestrial habitat they were confronted with an en-

vironment fundamentally different compared to their previous aquatic habitat. 

As a key process to survive in such different environmental conditions, plants 

show the ability to undergo dormancy in response to endogenous physiologi-

cal factors as well as to environmental factors (Oliver et al., 2005). In 

Marchantia, gemmae show dormancy as long as they are placed in their pa-

rental cup. When the gemmae is removed from the cup, dormancy is released, 

resulting in germination if the environmental conditions allow (Eklund et al., 

2018; Taren, 1958).  

 

We found that the transcriptome of gemmae responds within hours to the re-

moval of the cup, imbibition and light or darkness treatment. Especially inter-

esting was that transcriptomic changes started to differ between light and dark-

ness already at a four hours’ time period of imbibition. This suggests that 

within the first four hours of imbibition, the uptake of water is the dominating 

factor for transcriptional changes. During later stages of imbibition it is light 

that becomes the dominating factor, influencing the transcriptome of the gem-

mae (Paper I). In seed plants, dormancy maintenance and release is regulated 

by a balance of ABA and gibberellic acid (Nambara et al., 2010). In our anal-

ysis, we identified several orthologs of genes that are known to be involved in 

seed dormancy regulation. In Arabidopsis, the LATE ABUNDANT EMBRYO-

GENESIS (LEA) genes are known to be upregulated during environmental 

stress and during ABA-signaling (Jahan et al., 2019). In the gemmae of 

Marchantia, more than 80% of all LEA genes show differential expression. 

We could identify a strong decrease in gene expression for MpLEA1 during 

the first four hours of imbibition (Paper I), similar to earlier observations 

where MpLEA1 responded to ABA treatment (Eklund et al., 2018). This indi-

cates that ABA signaling decreases after the gemmae is removed from the cup 

and is imbibed, resulting in decreased expression of ABA responsive genes 

(Paper I). Earlier it was shown that Marchantia harbors a full ABA signaling 

pathway and that gemmae can respond to exogenous ABA (Eklund et al., 

2018). 
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In seeds of Arabidopsis, ABA levels fluctuate during dormancy release and 

germination (Kushiro et al., 2004; Okamoto et al., 2006). For this reason, we 

investigated in which way ABA levels are affected during dormancy release 

in gemmae. We were able to identify the highest ABA levels in dormant gem-

mae, and a decrease of ABA levels within the first four hours of imbibition. 

This decrease was faster if the gemmae had been incubated in light. The de-

creasing ABA levels indicate that ABA, in some way, is catabolized. In Ara-

bidopsis, the ABA 8’hydrolase encoding gene family AtCYP707A degrade 

ABA. Kushiro et al. (2004) and Okamoto et al. (2006) showed that At-

CYP707A expression rapidly increases as seeds are imbibed. Marchantia har-

bors one homolog, named MpCYP707A (Bowman et al., 2017), and we could 

identify fast increasing expression of this gene in the same period of time as 

ABA levels decrease This indicated that MpCYP707A plays a similar role as 

the AtCYP707A gene family in Arabidopsis during dormancy release in off-

spring (Paper I). 

As MpCYP707A may influences dormancy, modification of MpCYP707A 

could lead to changes in dormancy release and germination. We could show 

that plants with decreased levels of functional MpCYP707A showed delayed 

dormancy release in their gemmae, while lines overexpressing MpCYP707A 

showed gemmae that germinated within the parental cup. This indicates that 

MpCYP707A has a similar role in regulating dormancy in gemmae as At-

CYP707A has in seeds (Paper I). Together with the observations that gemmae 

respond to exogenous ABA and that Marchantia harbors an ABA signaling 

pathway, it is most likely that ABA regulates dormancy in gemmae of 

Marchantia (Eklund et al., 2018).  

In addition to the observed phenotypes related to dormancy we also observed 

that adult thalli of Marchantia mutants, with changed MpCYP707A expres-

sion, showed difference in growth. Plants overexpressing MpCYP707A 

showed increased growth and insensitivity to exogenous ABA, whereas plants 

with non-functional MpCYP707A grew smaller and showed hypersensitivity 

to exogenous ABA. This suggests that MpCYP707A plays an important role 

in regulation of ABA levels in gemmae, and also in ABA homeostasis in adult 

plants (Paper I).   

Earlier, it was suggested that auxin is formed in the apical region of the adult 

plant and that it is transported along the midrib, keeping the gemmae in the 

parental cup dormant (LaRue and Narayanaswami, 1957; Maravolo, 1976b). 

However, phytohormones and signaling molecules are mainly transported 

through physiological structures, such as vasculature, or carried from cell to 

cell throughout transporters or plasmodesmata (Park et al., 2017). Mature 

gemmae share no direct connection with the adult plant, as they are detached 

from the cup at the end of their maturation. It is therefore not likely that the 
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dormancy signal from the parental cup to the gemmae is directly transported 

from the parental tissues to the gemmae (Barnes and Land, 1908). 

One gaseous phytohormone is ethylene, which Marchantia is able to respond 

to and to which it harbors a signaling pathway (Li et al., 2020). Knowing this, 

we investigated mutant lines with knockouts in ethylene signaling compo-

nents. In Arabidopsis, ethylene signaling acts through EIN3 and CTR1. There, 

EIN3 acts as a positive regulator of ethylene signaling while CTR1 acts as 

negative regulator (Chao et al., 1997; Kieber et al., 1993). Others have previ-

ously detected ethylene insensitivity for Mpein3ge, resulting in premature ger-

mination of gemmae in cups (Li et al., 2020). In contrast, Mpctr1ge showed 

constitutive ethylene signaling with delayed germination (Li et al., 2020). In 

gemmae swap experiments, we found that gemmae of Mpein3ge showed prem-

ature germination in wild-type cups, while Mpctr1ge gemmae showed delayed 

germination when moved to a wild-type cup. Wild-type gemmae showed in-

termediate germination in the same period of time (Paper I). Because Mpctr1ge 

plants have lower levels of ethylene than wild type (Li et al., 2020), we inves-

tigated how wild-type gemmae respond when transferred into a low ethylene 

environment. Wild-type gemmae transferred to Mpctr1ge cups displayed re-

duced dormancy and thus germinated faster than wild-type gemmae in wild-

type cups.  In conclusion, our results suggests that gemmae sense an ethylene 

signal from the parental cup, inducing and/or maintaining dormancy of the 

gemmae. This was confirmed by further results were the three ethylene recep-

tor genes MpETR1, MpETR2 and MpETR3, in the Marchantia genome, 

showed expression in dormant gemmae (Bowman et al., 2017). This suggests 

that phytohormones play different roles depending on the developmental 

phase. In Marchantia, treatment with exogenous ethylene resulted in increased 

plant size (Li et al., 2020). In addition, Mpein3ge plants showed decreased size, 

while Mpctr1 plants were larger in size. This indicates that in the adult stage 

ethylene has a promoting role on growth, while in gemmae it is inhibiting 

dormancy release and thereby growth (Li et al., 2020). In Arabidopsis, eth-

ylene promotes dormancy release in seeds, and ethylene insensitive lines pro-

duced seeds with increased dormancy, resulting in delayed germination 

(Corbineau et al., 2014). 

Because ABA is an endogenous signal in the gemmae, and ethylene acts as 

connection to the parental cup, the ethylene signaling should affect genes con-

nected to ABA. We found that MpLEA1 is down regulated in Mpein3ge but 

not changed in Mpctr1ge compared to wild type. The ABA catabolizing en-

zyme MpCYP707A showed upregulation in Mpein3ge, but no difference in  

Mpctrge compared to wild type. Also, Mpein3ge gemmae respond to exogenous 

ABA by a dose-dependent reduction of germination rates, suggesting that 

ABA acts downstream of ethylene signaling in gemmae (Paper I).  
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In summary, these results are supported by earlier observations made by Op-

penheimer (1922), LaRue and Narayanaswami (1957) and Taren (1958), 

showing that auxin suppresses germination of gemmae through a parental 

auxin signal, while also promoting gemmae germination and gemmaling 

growth outside the cup (Eklund et al., 2015; Flores-Sandoval et al., 2015; Kato 

et al., 2015). Additionally, we also identified that auxin synthesis and its trans-

porter genes increase in expression as soon as the gemmae was removed from 

the cup and imbibed (Paper I). These contradictory results, could be explained 

by ethylene acting as a link between the initial parental auxin signal and the 

gemmae. Ethylene is likely perceived by the gemmae, resulting in an ABA 

response that promotes dormancy of gemmae placed in the cup (Paper I). 

The circadian clock in Marchantia  

Circadian genes in Marchantia  

When removed from the gemma cup, the gemma germinates and forms rhi-

zoids (Taren, 1958). In addition to rhizoid formation and the expansion of the 

gemma body, we observed rhythmic waving movements of the thallus during 

growth of the gemmalings. These movements are called nyctinastic move-

ments and they occur in growing and non-growing tissues. In non-growing 

tissue the movements are driven by osmotic motors and are reversible, like in 

different legume species (Moran, 2007). Also, the movements appear in an 

irreversible form in expanding tissues such as seen in movements of expand-

ing leaves in Arabidopsis, tobacco and rice (Engelmann et al., 1992; Siefritz 

et al., 2004). Young gemmalings in Marchantia show movements in which the 

thallus tip waves up and down following a 24-hour rhythm in ND conditions 

(Paper II). In Arabidopsis, it is known that growth of hypocotyls is controlled 

by the circadian clock (Halberg, 1959; Dornbusch et al., 2014). In Marchantia, 

the rhythmic movement of the thalli is maintained in LL conditions, independ-

ent of temperature, suggesting that the circadian clock is controlling its nycti-

nastic movements (Paper II).  

Since Marchantia shows movements depending on the circadian clock, the 

transcriptome should show, to some extent, circadian gene expression. For this 

we used an experimental approach where plants were entrained in ND condi-

tions for three days. The sampling was done over 48 hours in LL conditions 

and started 24 hours after the last shift from darkness to light. In this experi-

ment we identified 2122 genes displaying a circadian expression of in total 

14621 genes expressed in gemmalings. This corresponds to 14.5% of genes 

expressed in gemmalings being regulated by the circadian clock (Paper IV, 

Covington and Harmer, 2007). This is similar percentage observed in maize 
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and Arabidopsis with 10% circadian expressed genes, and rice as well as pop-

lar with about 8% to 13% circadian expressed genes (Ni et al., 2009; Khan et 

al., 2010; Filichkin et al., 2011; Hotta et al., 2013).  

Connection between the clock genes in Marchantia  

In line with the observation made by Linde et al. (2017), we also identified 

several core clock component genes in the previous mentioned experiment 

(Paper IV). This includes the two midday phased genes MpPRR and MpGI 

and the evening phased gene MpTOC1 (Paper IV). However, if  the circadian 

clock components form a transcriptional and translational genetic loop net-

work, as they do in other plants, they should affect each other’s expression 

(Nagel and Kay, 2012). In Arabidopsis, the morning components AtLHY and 

AtCAA1 suppress the expression of the evening genes MpTOC1 as well as 

the evening complex genes AtLUX, AtELF3 and AtEFL. On the other hand, 

AtCAA1 and AtLHY activate expression of PRR transcription factor mem-

bers in Arabidopsis (Nagel, 2012). 

In the moss Phsycomitrella patens, the connection between the different core 

clock genes was suggested as single loop (Holm et al., 2010). In 2017, when 

the circadian clock genes in Marchantia were identified, gene expression anal-

ysis of core circadian clock genes in wild-type plants of Marchantia as well as 

knock-out plants for MpPRR, MpTOC1 and MpRVE suggested that the circa-

dian clock genes influence each other (Linde et al., 2017). In Mptoc1ko, 

MpPRR turns arrhythmic and shows continues upregulation compared to 

MpPRR expression in wild-type plants. This suggests that MpTOC1 represses 

MpPRR. In addition, in Mpprrko as well as in Mptoc1ko, the expression of 

MpRVE stays high and arrhythmic. Together, this indicates that MpRVE is 

suppressed by both MpPRR and MpTOC1 (Paper III, Linde et al., 2017). In 

conclusion, this indicates that MpPRR, MpRVE and MpTOC1 are part of a 

core transcriptional feedback loop of the Marchantia circadian clock. In addi-

tion, to the previously mentioned genes, Arabidopsis harbors the evening com-

plex components that represses PRR-related genes as well as TOC1 (Helfer et 

al., 2011). To verify if the evening complex could have a similar function in 

Marchantia, the expression of MpPRR in Mpluxge was tested. In Marchantia, 

the expression of MpPRR in Mpluxge is upregulated compared to wild type. 

The strong circadian rhythm of MpPRR is damped in Mpluxge. This may indi-

cate that MpLUX is one part of the circadian clock in Marchantia, suppressing 

MpPRR, indicating a similar function of the Marchantia EC compared to the 

EC in Arabidopsis (Paper III).  

In Arabidopsis, the evening complex consist of three proteins encoded by the 

genes LUX, ELF3 and ELF4 (Nusinow et al., 2011). In protein-interaction 

studies, we showed that the EC protein complex is formed by an interaction 
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of MpEFL and MpLUX that is bridged through MpEFL3. However, if the 

evening complex proteins form a complex in Marchantia, the genes should be 

expressed in the same spatial and temporal space. For this reason, we per-

formed spatial gene expression analysis, which revealed that all three compo-

nents overlap in a spatial expression around the apical notch, indicating that 

the proteins are present in the same spatiotemporal area of the thallus (Paper 

III). Taken together, the data implies that the three EC proteins are able to 

form a trimer and that Marchantia harbors an EC (Paper III).  

As mentioned earlier, Marchantia showed circadian nyctinastic movements. 

To identify if the nyctinastic movements in Marchantia are related to the cir-

cadian clock, we performed nyctinastic phenotyping in circadian core clock 

mutants Mpprrko and Mptoc1ko. We could observe that nyctinastic movement 

in Marchantia is interrupted in these mutants (Paper II). In Arabidopsis, mu-

tations within the genes of the EC results in an arrhythmic clock that affects 

other biological functions such as leave movement and growth (Ezer et al., 

2017). In Marchantia, the mutant Mpluxge showed an arrhythmic nyctinastic 

movement, supporting that the circadian clock controls nyctinastic movement 

in Marchantia. Hence, the nyctinastic movements is a clock output that can be 

used as a tool to study how other genes in Marchantia affects the circadian 

clock (Paper II, IV).  

Differences of the circadian clock in Marchantia to other species  

It is important to remember that the transcriptional networks can differ even 

between related species. While the hornwort Anthoceros agrestis, harbors just 

no gene encoding for TOC1, the moss Physcomitrella lacks TOC1 and GI 

(Holm et al., 2010; Linde et al., 2017). In Marchantia, the morning component 

CCA1 is missing (Linde et al., 2017). In Arabidopsis, the core clock protein 

CCA1 interacts with the protein DET1 in order to repress target genes. How-

ever, DET1 is no circadian clock gene itself (Lau et al., 2011), as it has no 

oscillation of mRNA or protein.  Marchantia harbors a single DET1 ortholog 

called MpDET1 (Linde et al., 2017, Paper IV), which shows a strong circadian 

oscillation. This corresponds to data from Anthoceros, where both CAA1 and 

DET1 show circadian oscillation with a peak in the morning (Linde et al., 

2017, Paper IV). 

As expected, the circadian rhythm of MpDET1 is affected by other circadian 

clock genes. In Mptoc1ko, the circadian expression of MpDET1 is abolished. 

However, in Mprveko the oscillating expression of MpDET1 was maintained 

although with a damped amplitude. This indicates that MpPRR and MpTOC1 

together with MpRVE regulate the expression of MpDET1. Furthermore, the 

expression of MpDET1 is affected by the EC component MpLUX, suggesting 

that MpDET1 is one part of Marchantia transcriptional circadian-clock system 
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(Paper IV). MpDET1 could also be an input component that affects other core 

clock components. The down regulation of MpDET1 has just a limited effect 

on the light input of the circadian clock and affects nyctinastic movements in 

Marchantia. This data suggest that MpDET1 has a function within the circa-

dian clock, which likely differs from the one in Arabidopsis (Paper VI). 

Orthologues of DET1 in the green algae Ostreococcus tauri show circadian 

expression (Corellou et al., 2009; Monnier et al., 2010). This implies that 

DET1 might have lost its circadian expression in angiosperms during land 

plant evolution but kept its function in other plant groups. On the other hand 

as mentioned above, the bryophytes also have lost several components (Holm 

et al., 2010; Linde et al., 2017). This shows that to understand the evolution 

of the circadian clock, no master model organism exists to serve as model for 

all other plants. The circadian clock in the land plant lineage is likely too much 

shaped by gene-loss, neofunctionalization and gene duplication to allow as-

sumptions from just one model organism. Moreover, just focusing on bryo-

phytes as model organism would be fatal too, as here components are missing, 

have changed in function or are duplicated (Bowman et al., 2017; Montgom-

ery et al., 2020). Focusing only on them would also lead to an incomplete 

picture and future research in functional evolutionary genomics should rather 

center its interest on a larger amount of plant species in different groups. 

The circadian clock and growth and development in 

Marchantia  

The circadian clock also controls various processes such as growth and flower 

induction. In Arabidopsis, hypocotyl growth is regulated by the circadian 

clock by repressing some members of the PIF gene family at early night re-

sulting in hypocotyl elongation during late night (Dowson-Day and Millar, 

1999). Additionally, flowering in Arabidopsis is controlled by the circadian 

clock through the gene CONSTANS (CO). CO activates flowering in response 

to a long photoperiod via activation of FLOWERING LOCUS T (FT) (Suárez-

López et al., 2001). These are only two examples for where the circadian clock 

is controlling development in plants, underlining that the transcriptional net-

works in plants are highly connected and able to influence and control each 

other.  

How the EC affects growth and development in Marchantia  

In Arabidopsis, the circadian clock and the EC controls growth via cell elon-

gation  (Nusinow et al., 2011). In Marchantia, EC genes could have a similar 

function. For this reason, we investigated the function of the EC in relation to 
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growth. In Marchantia, plants with down-regulated MpLUX and MpEFL ex-

hibit an increased growth rate resulting in an increased thallus surface. These 

down-regulated lines show, beside the increased growth rate, also a lighter 

green color in comparison to wild-type plants. Moreover, adult plants with 

down regulation of MpEFL and MpLUX show a decreased formation of 

gemma cups. In line with this, CRISPR-lines of MpLUX also show a de-

creased production of gemma cups and an increased growth rate. In addition, 

gemmae in gemma cups of Mpluxge exhibited early germination of gemmae 

within the parental cup which was not observed in wild-type plants. Taken 

together, the observed differences in thallus growth indicates that the EC, by 

its two members MpLUX and MpEFL, is influencing the regulation of growth. 

However, the question on how the EC affects growth in more detail remains 

unanswered.  

In Marchantia, several circadian core clock genes such as MpELF3, MpGI, 

MpLUX, MpPRR and MpRVE are expressed in different tissues of the thallus 

(Linde et al., 2017). In gemmalings, these genes are mainly expressed at the 

apical notch, which refers to a region where growth and formation of repro-

ductive organs is processed (Shimamura, 2016; Linde et al., 2017). Beside the 

apical region, expression of circadian core clock genes is also present in de-

veloping gemmae cups and along the midrib. MpPRR expression is detected 

in chlorenchyma cells within the air chambers. This suggests, that the circa-

dian clock in Marchantia is involved in controlling the developmental pro-

cesses such as photosynthesis or growth of different tissues (Linde et al., 

2017).  

As mentioned earlier, MpPRR is expressed in chlorenchyma cells (Linde et 

al., 2017). Spatial expression analysis showed that MpLUX also is expressed 

in the chlorenchyma cells. Furthermore, Mpluxge showed fewer chlorenchyma 

cells per air chamber in comparison to the wild type, suggesting that MpLUX, 

to some extent, is influencing chlorenchyma cell formation. For this reason, 

the number of photosynthetic cells per air chamber was monitored within the 

chlorenchyma tissue. We detected a reduced number of photosynthetic cells 

compared to wild type. The higher growth rate and the larger thalli in Mpluxge, 

together with the decreased number of photosynthetic cells, could cause the 

lighter color of Mpluxge indicating that MpLUX and the EC play an important 

role in regulation of growth and development in Marchantia’s chlorenchyma 

tissue (Paper III).  

However, the observed phenotype within the chlorenchyma tissue does not 

fully explain the difference in growth rate between wild-type and Mpluxge 

lines. For this reason, the cell size of the dorsal epidermal layer was investi-

gated determining the number of epidermal cells and their size. The CRISPR 

lines Mpluxge showed an increased number of epidermal cells which also were 
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larger in size compared to the wild type. This may explain the observed in-

creased growth in lines with down regulated MpLUX and in Mpluxge com-

pared to the wild type (Paper III). 

Mpluxge lines were larger than wild type but still had a similar weight to wild 

type, suggesting that Mpluxge and wild-type plants might differ in the thick-

ness of the thallus (Paper III). For this reason, we investigated the thickness 

of the parenchymatic thallus tissue in more detail and detected a decreased 

thickness of the parenchyma cell layers for Mpluxge. However, there was no 

difference in cell number of the parenchyma cell layer. Instead, we detected 

differences of the cell shape. The parenchyma in wild-type plants had more 

circular cells than in Mpluxge. In addition, the aspect ratio was significantly 

higher in Mpluxge. For this reason, we conclude that the reduced thallus thick-

ness and the changes in shape of parenchyma cells in Mpluxge, contribute to 

the similar weight between the Mpluxge  and wild-type thalli (Paper III).  

In line with the observations in loss-of-function lines for MpLUX, we detected 

inhibited cell elongation and cell differentiation in lines constitutively overex-

pressing MpLUX. These lines exhibited small and compact green blobs, sug-

gesting that in contrast to the Mpluxge loss of function lines, cell elongation 

was inhibited in the lines overexpressing MpLUX. In inducible gain-of-func-

tion lines, we could detect no change in phenotype for MpEFL and MpEFL3 

compared to wild-type plants. In contrast to plants overexpressing MpLUX, 

plants with down regulation for MpLUX and Mpluxge showed cell division and 

cell expansion at the two apical notches. These contrary phenotypes between 

the gain- and loss-function lines suggest that the EC has a function in the thal-

lus growth and development, influencing chlorenchyma and dorsal epidermal 

tissue development. In addition, the EC affects cell division and elongation 

shown by the dark green globes in the constitutive overexpression line and the 

inducible gain of functions lines, where cells in the apical region showed re-

duced cell expansion and differentiation (Paper II). This corresponds to the 

earlier mentioned function of the EC in Arabidopsis were it is controlling ep-

idermal cell elongation (Shimizu et al., 2015).  

The regulation of growth in Marchantia via a PIF independent 

pathway 

In Arabidopsis, the EC controls growth through the PIF gene family. The PIF 

proteins are degraded in light and the PIF genes are suppressed by the EC in 

early night, supporting growth towards the end of the night (Nusinow et al., 

2011). Moreover, the core clock component TOC1, in Arabidopsis, is able to 

interact with of the PIF gene family to synchronize temperature response with 

the circadian cycle (Soy et al., 2016; Zhu et al., 2016). This shows that the 
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PIF genes can function as integrators for the exogenous factors and clock sig-

nals in Arabidopsis by exhibiting a connection between the core clock com-

ponents TOC1 and EC (Nozue et al., 2007; Nusinow et al., 2011). 

We tested if MpPIF could act downstream of the EC in Marchantia to control 

growth. First, we could not detect a difference in expression levels for 

MpPIF in gemmalings of wild type and MpLUX loss-of-function lines. Ad-

ditionally, there was no decreased growth rate detected in Mppifko loss-of-

function-lines compared to the restored MpPIF lines, when gemmalings 

were grown in ND, LL and SD conditions. We could not identify a difference 

in growth rate at all in ND and LL conditions. In Arabidopsis, the PIF pro-

teins are degraded in light, which was also detected for Marchantia (Inoue 

et al., 2016). For this reason, we conducted the experiment in SD conditions 

to increase the potential effect of MpPIF on growth. We could detect an in-

creased growth rate for Mppifko. Moreover, we could not identify differences 

in coloring in Mppifko allowing us to suggest that MpPIF is not influencing 

the chlorenchyma tissue development in Marchantia. Summarizing our ob-

servations, we could not detect evidence that the EC controls growth in 

Marchantia via MpPIF (Paper III).  

Regulation of auxin levels by the circadian clock   

Even though growth in Marchantia is not controlled via the EC-PIF-pathway, 

functional analysis in Arabidopsis exhibited that the circadian clock together 

with the PIF gene family mediate auxin related pathways (Kunihiro et al., 

2011). Thalli of adult Marchantia plants with downregulated MpLUX and 

MpEFL exhibited an epinastic curvature along the midrib and the apical re-

gion similar to auxin overproducing plants, suggesting that auxin levels could 

be affected by the circadian clock in Marchantia (Eklund et al., 2015). For this 

reason, we investigated how auxin related pathways depend on circadian core 

clock genes. First, we investigated the expression of MpTAA and MpYUC2, 

two  genes encoding for key enzymes in auxin biosynthesis (Eklund et al., 

2015; Bowman et al., 2017). We could identify clear circadian expression pat-

terns for MpTAA. In addition, we could see that the circadian rhythm of 

MpTAA was affected in Mptoc1ko, Mpprrko and Mprveko knock-out lines. In 

contrast, MpYUC2 showed no circadian expression. LaRue and Naraya-

naswami (1957) found evidence for presence of auxin in the apical region of 

the thallus. MpTAA is expressed at the apical part of the thallus similar to 

MpPRR, MpTOC1 and MpRVE as well as the EC genes. This indicates that 

the circadian clock is involved in controlling auxin synthesis in Marchantia 

(Paper II, III, Linde et al., 2017; Eklund et al., 2015). To test, if auxin synthe-

sis is controlled by the circadian clock, we measured auxin levels in wild type 

and Mpluxge gemmalings in constant conditions. We found that auxin levels 
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oscillate in the wild type but not in the Mpluxge lines, suggesting that the cir-

cadian clock likely controls auxin synthesis (Paper II).  

The observation of altering auxin levels between wild-type plants and Mpluxge 

suggests that the EC could be involved in regulation of auxin related pathways 

in Marchantia. Therefore, we investigated the expression levels of auxin path-

way related genes in loss-of-function lines for MpLUX. We detected a down-

regulation of MpTAA but again no change in expression for MpYUC2 (Paper 

II). However, the place of auxin synthesis is often not the place where auxin 

has an effect. Normally, the phytohormone is transported from the place of 

synthesis to other tissues in the plant. Having this in mind, also the connection 

between the circadian clock and the auxin transporters was investigated in re-

lation to the EC (Covington and Harmer, 2007). For this, several genes encod-

ing for putative auxin transporters in Marchantia were analyzed for expression 

in Mpluxge plants. The auxin transporter genes MpPIN1 and MpABCB3 

showed upregulation in expression, indicating that auxin transport is affected 

by the EC (Paper III).  

To further investigate the connection between auxin and the circadian clock, 

we have used nyctinastic movements as marker for circadian behavior of 

auxin related pathways (Paper II). To investigate the effect of auxin on the 

circadian nyctinastic movements, auxin transport and auxin levels were ma-

nipulated. For this, five-day old gemmalings were transferred to medium con-

taining either auxin or the auxin transport inhibitor 2-[4-(diethylamino)]-2-

hydroxybenzoyl benzoic acid (BUM). The adult thallus material treated with 

low dose of auxin showed flattened growth and a decreased growth angle. 

However, even under auxin treatment gemmalings showed nyctinastic move-

ments. Here, rhythmic waving was damped at higher dose of auxin. Further-

more, an increased period of nyctinastic thallus movement was detected by 

increasing the auxin dosage (Paper II). In contrast to the decreased angle in 

thallus growth under auxin treatment, we could observe an increased angle in 

thallus growth under BUM treatment. This angle increased in a dose-depend-

ent manner on BUM. Furthermore, BUM treatment also had effects on the 

nyctinastic movements, resulting in a reduced amplitude by increasing BUM 

concentration (Paper II). 

In both cases, the change in the growth angle could influence nyctinastic thal-

lus movement by auxin and BUM treatment. In case of the auxin treated gem-

malings, the treatment resulted in a reduced growth angel of the thallus, pos-

sibly leading to contact of the thallus to the solid growth medium, affecting 

the nyctinastic movement. For the BUM treatment, the high angle possibly 

resulted in contact of the two lobes, affecting the nyctinastic movement with 

a damped rhythm at low dosages of BUM. For this reason, the interpretation 

of our results is limited. However, the auxin and BUM treatment resulted in 
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opposite effect on the growth angle (Paper II). For this reason, we conducted 

further experiments where auxin levels were reduced in the thallus. We used 

gemmalings expressing the bacterial auxin conjugating enzyme iaaL, which 

was mainly active in the apical region of the thallus (Glass and Kosuge, 1986; 

Flores-Sandoval et al., 2015). This resulted in nyctinastic movement with a 

lower amplitude. Furthermore, we treated wild-type gemmalings with L-

Kynurenine (L-Kyn), an inhibitor of the IPyA-synthesis by MpTAA, resulting 

in a reduced amplitude of nyctinastic movement (He et al., 2011). We also 

analyzed gemmalings with a down regulation of the auxin-signaling gene 

MpARF1. Reduced MpARF1 levels resulted in a reduced amplitude, allowing 

us to suggest that reduced auxin levels, as well as reduced auxin response, 

affect the amplitude of rhythmic nyctinastic movements. However, it is not 

resulting in abolished nyctinastic movements (Paper II). Overall, the manipu-

lation of auxin synthesis, its transport and auxin response resulted in changes 

of the nyctinastic movement. This observation indicates that the auxin related 

pathways are, to some extent, connected to the circadian clock and that auxin 

is involved in controlling the nyctinastic movements in Marchantia.  
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Summary 

The embryophyta, which are also called land plants, derived from a charo-

phyte alga about 500 million years ago. As the first land plants entered their 

terrestrial habitat, they had to cope with new environmental conditions on 

land. Early evolution on resulted in a large diversity of genetic networks and 

phytohormonal pathways.  

Land plants show large variation in physiological and developmental struc-

tures and mechanisms as they for example have many different reproductive 

strategies and show a broad spectra of body plans/structures and signaling 

pathways. Exclusively investigating a few species concerning their evolution-

ary development could limit the validity on how the land plants and their re-

spective genetic background evolved. Analyses regarding gene network evo-

lution are mainly based on what is known from studies of the angiosperm Ar-

abidopsis thaliana. Genes that where lost in the lineage leading to Arabidopsis 

have therefor often not been characterized. 

Besides the leafy moss Physcomitrella patens, additional model organism 

from the bryophyte clade have become interesting for evolutionary genomics 

within the past years. The bryophytes emerged from one of the early diversi-

fication events during land plant evolution, resulting in the non-vascular bry-

ophytes and vascular plants. For this reason, the different bryophyte species 

are an interesting group for studies of land plant evolution as they might have 

kept genetic programs and developmental pathways, which may have been 

lost or have changed function in other land plant groups. The bryophytes con-

sist of three divisions: the liverworts, hornworts and mosses. For my research, 

the liverwort Marchantia polymorpha was chosen as model organism, due to 

its short life cycle, its relatively small size and its ability to grow under artifi-

cial conditions. Even more importantly, Marchantia has a small genome with 

low genetic redundancy in most regulatory pathways making it an interesting 

model organism to study land plant evolution, and also simplifying functional 

studies of specific genes. 

Dormancy in gemmae of Marchantia 

The first part of the work in hand, focuses on genetic pathways and programs 

related to dormancy and dormancy release. Dormancy was a key process that 
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allowed land plants to survive within the terrestrial habitat. It describes a phys-

iological state where the plant enters a temporary quiescent state under unfa-

vorable conditions, resulting in inactivation of growth and development. As 

soon as the environmental conditions turn into more favorable conditions 

again growth and development is reactivated. For instance, dormancy pro-

grams can be found in angiosperms in the form of seed and bud dormancy. 

In Marchantia, dormancy can be found in connection to its gemmae, which 

are small disc formed propagules produced by Marchantia to asexually repro-

duce. The gemmae are formed in small structures called gemma cups placed 

on the dorsal side of the thallus of Marchantia. Earlier, it was observed that 

gemmae of Marchantia do not show germination as long as they are placed in 

an unbroken parental cup. However, the exact mechanism for the dormancy 

maintenance of the gemmae in the cup remained unclear. Within my research 

work, a large-scale gene expression analysis was performed to add some parts 

to this open question – how is dormancy regulated by the parental plant. As 

germination of gemmae is induced by light and water, I harvested dormant 

gemmae from parental cups and imbibed them in constant light or constant 

darkness. I then used them to perform large scale gene expression analysis. 

Based on the gene expression analysis, several genes that are known act down-

stream of ABA signaling in Arabidopsis showed decreasing expression during 

imbibition and light treatment, confirming previous work showing that ABA 

signaling plays an important role in gemma dormancy. This fits well with ear-

lier observations, were gemmae responded to exogenous ABA treatment re-

sulting in delayed germination and growth. One gene that became of special 

interest during the gene expression analysis was MpCYP707A. In other land 

plant species such as Arabidopsis, CYP707A family genes play a major role 

in regulating dormancy release in seeds, by encoding for an enzyme degrading 

ABA. In Marchantia, the gene peaks in its expression at four hours of imbibi-

tion and after the gemmae have been removed from the parental cup. In the 

same period of time, decreasing ABA levels where detected, indicating that 

MpCYP707A is involved in regulating ABA levels in Marchantia. Next, the 

role for MpCYP707A in gemma dormancy release was investigated. It was 

found that gemmae overexpressing MpCYP707A showed germination within 

the parental cup as well as fast germination and growth when removed from 

the cup. In contrast, Mpcyp707ge showed delayed germination when being re-

moved from the cup, indicating that MpCYP707A is important for dormancy 

release in gemmae.   

Earlier observations showed that an auxin signal from the apical region of the 

thallus in the parental plant influences dormancy maintenance in the cup. The 

removal of the tip resulted in dormancy release and germination of gemmae. 
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Moreover, it was shown that auxin is transported through the Marchantia thal-

lus. Auxin was also shown to promote germination of gemmae, making it most 

unlikely for auxin to be transported from the thallus to the gemmae in the cup 

to regulate dormancy. Instead, a second dormancy signal, regulated by auxin, 

could be formed in the cup. 

For this reason, I investigated if gaseous phytohormones could be involved in 

dormancy-signaling from the parental cup to the gemmae. In the gene expres-

sion analysis, I identified ethylene as a presumable signaling molecule. To 

further analyze the role of ethylene, I used functional studies on plants with 

defects in ethylene signaling. Gemma showing constitutive ethylene signaling 

showed increased dormancy and a delay in dormancy release when being re-

moved from the parental cup. In contrast to that, ethylene insensitive gemmae 

exhibited premature germination, even while still being placed in the parental 

cup. Furthermore, I could show that wild-type gemmae placed in mutant cups 

with reduced ethylene production showed premature germination. Gene ex-

pression analyses and the dose dependent ABA responsiveness of ethylene 

insensitive mutants showed ethylene act upstream of ABA to control gemmae 

dormancy. In conclusion, these observations suggest that in Marchantia, eth-

ylene signaling is involved in the regulation of dormancy in gemmae, possibly 

linking the auxin signal in the adult plant to ABA levels within the gemma.  

The circadian clock and its effect on growth and development in 

Marchantia  

The second part the work in hand focuses on the circadian clock of Marchan-

tia. The circadian clock is a transcriptional and translational feedback loop 

system that has been found in many organism groups such as in cyanobactreia, 

fungi, animals and in plants. What all these circadian clocks have in common 

is that they form a genetic 24 hour oscillating transcriptional-translational 

feedback loop system, but remarkably the specific clock components of major 

organism groups do not share the same evolutionary origin. 

The circadian clock in plants has mainly been studied in the angiosperm Ara-

bidopsis and the two green algae Chlamydomonas reinhardtii and Ostreococ-

cus tauri. While Arabidopsis harbors a complex clock with various compo-

nents, the two green algae were suggested to just contain a two-component 

clock system. The phylogenetic position of the bryophytes makes them a very 

interesting group to study biological and physiological processes in plants 

such as the circadian clock. Studies in bryophytes can contribute to a better 

understanding on how the circadian clock in ancestral land plants was formed 

and how they further evolved in different lineages. 
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During the past years, gene inventories showed that several bryophyte species 

beside Physcomitrella harbor many of the circadian clock components of Ar-

abidopsis. Marchantia is one of them. Taken together, many land plant line-

ages have lost certain components while other components have increased by 

gene duplication. These findings indicate that circadian clocks in plants are 

highly shaped by gene loss, gene duplication and possibly by neofunctionali-

zation.  

In Arabidopsis, the circadian clock contains a morning-phased gene named 

CIRCADIAN CLOCK-ASSOCIATED 1 (CCA1). This component was also 

identified in the earlier mentioned two green algae, in the moss Physcomitrella 

and the hornwort Anthoceros agrestis.  In previous studies, it was found that 

liverworts lost the morning gene CAA1. This pose the question – if the circa-

dian clock in Marchantia functioning in a different way compared to other 

plant clocks? I identified the gene MpDE-ETIOLATED 1 (MpDET1) with a 

clear circadian rhythm showing a peak in expression during the morning. In 

Arabidopsis, DET1 is not part of the core clock network, but here instead 

AtDET1 binds to AtCCA1. To clarify a role of MpDET1 in the clock, I per-

formed functional studie in Marchantia. The results show that MpDET1 inter-

acts with other circadian clock components by influencing their expression. 

Taken together, this suggest that MpDET1 fulfills a more central function in 

the circadian clock that differs from the function of DET1 in Arabidopsis.  

In Arabidopsis, the core clock harbors three evening genes named LUX AR-

RHYTHMO (LUX), EARLY FLOWERING 3 (ELF3), and EARLY FLOWER-

ING 4 (ELF4) which form a complex called the evening complex (EC). In the 

previous mentioned inventory, it was shown that Marchantia harbors homo-

logs to the three evening complex genes. This thesis shows that the three EC 

proteins in Marchantia can form a complex, and that the EC affects the ex-

pression of other circadian clock genes. This suggests that the clock genes in 

Marchantia likely form a feedback loop system similar to that found in Ara-

bidopsis.  

Taken together, this shows that some parts of the circadian clock and their 

functions are likely conserved among land plants, but certain components got 

lost or have changed their function during evolution. Such findings do under-

line that just using a single master model system for circadian clock studies, 

and thereby probably for other genetic networks, too, will lead to an incom-

plete picture of evolution of land plants. For this reason, it is crucial to apply 

research in a broader range of model organisms to conduct future functional 

genomic studies.  

The circadian clock is not just a gene network, which acts independently from 

other processes in the plant. In Arabidopsis, it is known that the circadian 
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clock is involved in regulating various types of processes such as stomata 

opening, leaf movements, growth and induction of flowering. There, the cir-

cadian clock regulates hypocotyl growth through the EC. My research could 

show that Marchantia EC mutants show increased growth and changes in chlo-

renchyma and parenchyma tissues, compared to wild-type lines, indicating 

that the EC is involved in the regulation of growth also in Marchantia.  

However, in Arabidopsis the EC mediates growth via some members of the 

PIF gene family. Marchantia harbors a single PIF gene. To investigate this 

relationship in more detail, functional studies on MpPIF regarding its influ-

ence on growth and development were performed. MpPIF expression was not 

affected in Mpluxge lines, and PIF mutants did not grow differently compared 

to controls, suggesting that MpPIF is not involved in controlling growth in 

Marchantia. This underlines once more that components of a genetic network 

in one species can be evolutionarily conserved in structure, but not necessarily 

in function. 

As mentioned previously, the circadian clock also controls leave movements 

in Arabidopsis. In my research, I could detect similar rhythmic movements for 

the thallus of Marchantia. These movements continued as plants were placed 

in constant light conditions, and were affected by different clock genes which 

indicates that the circadian clock is involved in controlling nyctinastic move-

ments in Marchantia. Furthermore, I also found circadian oscillating gene ex-

pression, for the first step of auxin synthesis. This allows to suggest that auxin 

synthesis is contributing to the circadian oscillation of auxin levels in 

Marchantia. Both these findings suggest that the circadian clock in Marchantia 

likely is involved in regulation of auxin levels as well as the control of growth 

and development.  
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Sammanfattning  

I våra dagliga liv kommer vi i kontakt med växter i många olika former, bland 

annat som mat, samt som blommor vilka dekorerar våra hem och trädgårdar. 

Växterna producerar inte bara papper och material till våra hus, men även det 

syre som vi som människor andas och behöver för att överleva. Tyvärr tar vi 

människor ofta växterna för givet, vilket på sikt kan leda till katastrofala kon-

sekvenser. Det har funnits växter i hav och sjöar under en mycket lång tid, och 

för omkring 500 miljoner år sedan koloniserades även land. Idag finns två 

stora grupper av landväxter. Den största av dem är kärlväxterna, som använder 

små rörsystem för att transportera vatten och näringsämnen i sin stam och som 

har en stort ekonomisk betydelse. Till den gruppen tillhör blomväxter och 

barrväxter, vilka har en stor betydelse för skogs- och jordbruket. Den andra 

stora växtgruppen är mossorna, som saknar kärl och som därför är relativt små 

växter. Mossorna består i sin tur av undergrupperna nålfruktsmossor, lever-

mossor och bladmossor. Idag vet vi mycket om dessa grupper, men det kvar-

står att utforskar hur den stora mångfalden uppstått över tid, och hur växterna 

förändrats för att kolonisera landmassan under årmiljoner. 

Genom generationer har människor försökt att förklara den evolutionära pro-

cessen genom att klassificera olika organismer enligt deras fysiologiska och 

morfologiska egenskaper. Inom biologin kallas det för organisms fenotyp där 

fenotypning innebär en kategorisering enligt organismens utseende, beteende, 

storlek eller färg. Vi har länge vetat att fenotyp påverkas av arv och miljö, men 

1952 visades det att det är i molekylen DNA som informationen om en org-

anisms fenotyp sparas i forma av gener. Vi vet nu att en individs utseende inte 

bara påverkas av miljön där en organism lever men även av dess genotyp, det 

vill säga generna i organismens arvsmassa (genom). 

Efter att Charles Darwin presenterade sin evolutionsteori var det många bio-

loger som försökte att anpassa den allmänna klassificeringen av organismer 

till den nya teorin. Enligt den blev mossor klassificerade som de första land-

växterna på grund av sina utseende och egenskaper. Alla blomväxter klassifi-

cerades enligt teorin som den senaste och därmed yngsta delen av växternas 

evolution. Med kunskapen om att en organisms genotyp påverkar individens 

egenskaper, som exempelvis dess utseende, öppnades dörren till det veten-

skapsområde som kallas molekylärbiologi. Molekylärbiologi har senare bidra-
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git till forskningen om hur olika organismer är besläktade med varandra ge-

nom evolutionen. Nya molekylärbiologiska metoder visade att kärlväxter och 

mossor har sitt ursprung i en gemensam anfader. Detta i sin tur förtydligar att 

även mossor har genomgått evolution under de senaste 500 miljoner åren.  

Med de nya molekylärbiologiska metoderna kunde arvsanlagen i många olika 

organismer kartläggas snabbt. Därmed öppnades dörren för att använda mos-

sor som modellorganismer för att kunna studera landväxternas evolution. 

Olika växter har nämligen utvecklat speciella fysiologiska egenskaper som 

kan finnas i en växtgrupp, men saknas i en annan. Den stora mångfalden som 

finns idag har sitt ursprung i att organismer anpassat sig till miljöförändringar 

som skett under årmiljoner. För att kunna förstå växternas evolution bättre är 

det nödvändigt att studerar många olika typer av växter. Genom att vi lär oss 

mer om hur egenskaper och genetiska nätverk förändrats i olika växtgrupper 

kan forskare dra slutsatser om egenskapernas och nätverkens ursprungliga 

roll. Med den kunskapen så är det möjligt att forma nya hypoteser för funkt-

ioner av gener och genetiska nätverk i landväxterna som är betydelsefulla för 

vår ekonomi och vår livsmedelsproduktion.  

Över tid utvecklade de första landväxterna gennätverk för att kunna överleva 

på land. För att förstå mer om hur en sådan anpassning har skett behandlar 

min forskning en viktig del av frågan om landväxternas evolution. Jag har 

tittat på olika processer som är involverade i växternas utveckling, genom att 

använda molekylärbiologiska metoder för att undersöker dessa processer. 

Som modellorganism för mina studier valde jag ett levermossan Marchantia 

polymorpha. För forskningssyftet är detta en väldigt lämpligt organism för att 

fördjupa sig i då Marchantia har en liten arvsmassa med liten genetik redun-

dans i de gener som styr utveckling. Utöver det har Marchantia ett kort livscy-

kel som ger möjligheter att se resultat av förändringar gjorda i specifika gener.  

I den här avhandlingen behandlas frågan om hur tillväxt regleras i levelermos-

sor och vad som skiljer mellan tillväxt i denna typ av växter och tillväxt i 

kärlväxter. Den första tillväxtrelaterade frågan var hur växtdvala fungerar i 

Marchantias groddkorn (eng. gemma). Växtdvala finns i olika former i många 

växter och innebär att växten slutar växt. Dvalans funktion är att förmå växten 

att överkomma den stress som skapas av ogynnsamma förhållanden, och som 

skulle kunnat döda växten. Dvala förekommer till exempel i frön eller knoppar 

hos blomväxter. Groddkorn i levermossor är kloner som är en halv millimeter 

i diameter. Dessa skapas på moderväxten i botten av en koppliknande struktur 

och spelar en viktig roll för den asexuella fortplantningen för Marchantia. Det 

har redan tidigare beskrivits att växtdvala förekommer i Marchantias grodd-

korn, vilket regleras genom ett komplex nätverk av hormoner och gener. När 

groddkornen tas ur koppen bryts dvalan och i min forskning har jag tittat när-

mare på kommunikationen som sker mellan moderväxt och groddkorn. Denna 
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kommunikation informerar groddkornen om när det är dags att gro och är 

nyckeln till reglering av detta komplexa nätverk. Genom att använda diverse 

olika molekylärbiologiska metoder modifierade jag gener av intresse. Det för 

att följer hur deras förändring påverkar signalvägar som reglerar växternas 

tillväxt. Jag kunde visa att det finns substanser som påverkar en sådan regle-

ring, vilket talar för att dessa substanser kan spela en viktig roll inom styrning 

av växtdvalan i Marchantia. 

Min avhandling behandlar även hur den cirkadiska klockan fungerar i Mar-

chantia och hur klockan kan påverkar andra delar av Marchantias fysiologi, 

som till exempel tillväxt. Ordet cirkadisk kommer från latinets circa dies som 

betyder ”ungefär en dag”. Den cirkadiska klockan är ett nätverk av olika gener 

som i sitt samspel anpassar växternas fysiologi till en dag-natt rytm. Klockan 

tar emot signaler från växternas omvärld, såsom exempelvis ljus och tempe-

ratur, genom att aktivera eller inaktivera vissa gener inom nätverket. Ett sådant 

nätverk finns även hos oss människor. Den regler bland annat att vi är aktiva 

under dagarna och betydligt mindre aktiva under nätterna. Den cirkadiska 

klockan i växterna är mest studerad i Arabidopsis thaliana och Chlamydomo-

nas reinhardtii. Under de senaste åren har det däremot tillkommit en del stu-

dier om ämnet inom olika mossor som exempelvis i Physcomitrella patens. 

Till följd av det kunde det bland annat visas att mossor har en cirkadisk klocka 

där flera gener bildar så kallade transkriptionella återkopplingsslingor. En del 

av de inblandade generna i nätverket är som mest aktivt under morgonen där 

deras funktion är att inaktivera gener som istället ska vara aktiva under andra 

delar av dagen. Samma princip appliceras vice versa, det vill säga att gener 

som är mest aktiv under kvällstid tystar ner gener som ska vara aktiva under 

dagen.  

I min forskning kunde jag bekräfta tidigare resultat som visade att även Mar-

chantia har ett komplex system som reglerar den cirkadiska klockan som i sin 

tur reglerar tillväxt och storlek eller hormonbalans. I kontrast till andra mo-

dellorganismer saknas dock vissa klockkomponenter i levelmossor. Min 

forskning resulterade i att jag kunde visa att även i Marchantia finns många 

gener som följer en cirkadisk rytm. Till följd av en fördjupad studie identifie-

rades en av dessa gener som MpDET1. I kärlväxter finns också DET1-gener, 

men de är inte klockgener. Istället har de an annan funktion. Det verkar alltså 

som att en klockrelaterad egenskap förlorats under evolution av kärlväxter. 

Utöver det visade min forskning att den cirkadiska klockan påverkar nivån av 

ett växthormon (auxin) som spelar en viktig roll för Marchantias utveckling 

och tillväxt. I Arabidopsis influerar den cirkadiska klockan vissa gener som 

styr tillväxt. Projekten visade att samma typer av gener, och därmed förutsätt-

ningar, finns i Marchantia, men att klockan i Marchantia inte använder sig av 

dessa för att reglerar tillväxt. En slutsats är alltså att även om likadana gener 
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kan förekommer i olika organism behöver de inte nödvändigtvis ha samma 

funktion.  

För att kunna få en ännu djupare och mer detaljerad insyn i hur växternas ut-

veckling har anpassat olika växtgrupper till ett liv på land skulle det behövas 

fler genetiska undersökningar i framtiden. Detta kan bidra till att utveckla nya 

växter och anpassa de vi redan har till framtida utmaningar och människors 

behov. En möjlighet som skulle kunna få genomslag inom skogs- och jord-

bruket i mån av tillit och vilja.  
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Zusammenfassung 

Pflanzen gehören zu einer der größten und vielfältigsten Gruppe von Organis-

men die auf der Erde zu finden sind. Wir als Menschen nehmen Pflanzen oft-

mals als etwas ganz Selbstverständliches wahr und dennoch bilden sie einen 

fundamentalen Bestandteil unserer Lebensgrundlage. Pflanzen produzieren 

den Sauerstoff den wir atmen und sind zudem oft Grundlage unserer Nahrung. 

Außerdem haben Pflanzen eine enorme wirtschaftliche Bedeutung in beispiel-

weise der Land- und Forstwirtschaft. Pflanzen können in zwei große Gruppen 

unterteilt werden. Die größere der beiden Gruppen umfasst die Gefäßpflanzen, 

zu denen u.a. Nadelbäume zählen. Zur selben Gruppen zählen auch die Blü-

tenpflanzen, zu denen viele unsere Kulturpflanzen wie der Apfel oder die Kar-

toffel zählen. Die zweite große Gruppe umfasst die Moose (engl. Bryophytes). 

Die Gruppe der Moose wiederum wird in Hornmoose, Laubmoose und Leber-

moose unterteilt. Die ersten Landpflanzen entwickelten sich vor gut 500 Mil-

lionen Jahren aus Süßwasseralgen. Heutzutage wissen wir bereits einiges über 

die pflanzliche Evolution aber noch lange nicht alles um die große Vielfallt 

der Pflanzen und wie Pflanzen sich veränderten um in einem terrestrischen 

Habitat überleben zu können, zu verstehen.   

Zu Beginn der botanischen Forschung wurden Pflanzen hinsichtlich ihrer evo-

lutionären Verwandtschaft häufig nach ihrem Aussehen oder ihrer Größe ein-

geordnet. Dies bezeichnet man in der Biologie auch als Phänotyp. Gregor 

Mendel zeigte, dass der Phänotyp eines Organismus von seinen Vorfahren und 

seiner Umwelt beeinflusst ist. Mit Entdeckung der DNA im Jahr 1952 zeigte 

sich allerdings, dass der Phänotyp eines Organismus von der DNA und ihren 

Genen bestimmt wird. Dies bedeutet, dass der Phänotyp eines Organismus 

nicht nur von seiner Umwelt, sondern auch von seinem Genotyp, demnach 

von seiner Erbmasse (Genom) bestimmt wird.  

Nach Charles Darwins Evolutionstheorie wurden die Moose auf Grund ihrer 

Physiologie anfangs als Vorfahren der Gefäßpflanzen angesehen. Blüten-

pflanzen hingegen wurden als evolutionär jüngste existierende Pflanzen be-

trachtet. Die Entdeckung des Zusammenhangs von Genotyp und Phänotyp 

und die damit neu entstandene Molekularbiologie zeigte jedoch, dass Moose 

und Gefäßpflanzen einen gemeinsamen Vorfahren besitzen. Dies verdeutlich, 

dass Moose sowie Gefäßpflanzen sich über die Zeit hinweg weiterentwickel-

ten und Moose nicht, wie lange angenommen, in ihrer Evolution stagnierten. 
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Moose sind demnach interessante Organismen um die Evolution der Pflanzen 

genauer zu untersuchen.  

Landpflanzen sind eine diverse Gruppe mit unterschiedlichen physiologischen 

Eigenschaften, die in einer Gruppe zu finden sein können, in einer anderen 

Gruppe jedoch fehlen. Ihre große Vielfalt hat ihren Ursprung in den Vorfahren 

der Landpflanzen, welche sich an die unterschiedlichen Umweltbedingungen 

an Land anpassten. Aus diesem Grund ist es wichtig verschiedene Pflanzen-

arten zu untersuchen, um die Evolution der Landpflanzen genauer verstehen 

zu können. Mit Hilfe der Forschung lässt sich die Evolution der Pflanzen auf 

genetischer Basis und hinsichtlich des Phänotyps nachvollziehen. Dies würde 

helfen zu verstehen, wie sich genetische Netzwerke in Landpflanzen entwi-

ckelt haben, und wie sich dies auf den Phänotyp ausgewirkt hat.  

Damit aus den Süßwasseralgen vor Jahrmillionen die ersten Landpflanzen ent-

stehen konnten, passten sich diese an neue Lebensbedingungen an. Es verän-

derten sich ihre genetischen Netzwerke um auf Dauer an Land überleben zu 

können. In meiner Forschung beschäftige ich mich damit wie sich Teile dieser 

genetischen Netzwerke veränderten. Als Modelorganismsus dient hierfür das 

Lebermoos Marchantia polymorpha. Marchantia hat einige Vorteile als Mo-

delorganismus. Das Moos verfügt über ein relativ kleines Genom mit wenig 

genetischer Redundanz. Außerdem weist Marchantia eine kurzen Reproduki-

onszyklus auf, was vorteilhaft für genetische Studien ist, um den Phänotyp 

schon nach wenigen Generationen untersuchen zu können.  

Meine Doktorarbeit untersucht unter anderem wie die Keimruhe (engl. Dor-

mancy) in Marchantia auf genetischer Ebene reguliert wird. Keimruhe bedeu-

tete, dass der Organismus aufhört zu wachsen, um den Organismus vor le-

bensfeindlichen Bedingungen zu schützen. Keimruhe tritt bei vielen Pflanzen-

arten in Form von Samenruhe und Knospenruhe auf. In Marchantia tritt Keim-

ruhe in den Brutkörpern (engl. gemmae) auf mit deren Hilfe sich Marchantia 

vegetativ Vermehren kann. Die Brutkörper werden auf der Oberseite des El-

terngewächses in kleinen tassen-artigen Strukturen gebildet, welche auch als 

Brutbecher bezeichnet werden. Wird der Brutkörper aus den Brutbecher ent-

fernt wird die Keimruhe gebrochen und der Brutkörper kann, wenn Licht und 

Wasser vorhanden sind, auskeimen und eine neue Pflanze bilden. In meiner 

Arbeit habe ich untersucht, wie die elterliche Pflanze das auskeimen der Brut-

körper in den Brutbechern reguliert und welche genetischen Netzwerke dies 

steuern. Mit Hilfe molekularbiologischer Methoden wurden die Signalwege, 

die für die Keimruhe verantwortlich sind, modifiziert und die Auswirkungen 

auf den Phänotyp der Pflanze beobachtet. Hierbei zeigte sich das verscheiden 

Substanzen und Signalwege zwischen der elterlichen Pflanze und dem Brut-

körper die Keimruhe steuern.  
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Der zweite Teil meiner Dissertation beschäftigte sich mit der circadianen Uhr 

und ihrer Funktion in Marchantia. Das Wort circadian stammt vom lateini-

schen circa dies, was „ungefähr ein Tag“ bedeutet. Die circadiane Uhr ist ein 

genetisches Netzwerk, welches die Physiologie eines Organismus an den Tag-

Nacht-Rhythmus anpasst. Die circadiane Uhr synchronisiert die genetische 

Aktivität in einem Organismus hierbei mit den äußeren Faktoren wie Tempe-

ratur und Licht. Das genetische Netzwerkt der circadianen Uhr gibt es eben-

falls in Menschen. Dort reguliert sie unter anderem, dass wir nachts schlafen 

und tagsüber wach sind. In Pflanzen ist die circadiane Uhr am meisten in der 

Blütenpflanze Arabidopsis thaliana und der Alge Chlamydomonas reinhardtii 

sowie dem Laubmoos Physcomitrella patens erforscht. Genetische Untersu-

chungen zeigten das Arabidopsis und Physcomitrella eine circadiane Uhr be-

sitzen. Hierbei sind unterschiedliche Gene über transkriptorische-translatori-

sche Rückkopplungsregelkreise (engl. Feedback-loops) mit einander verbun-

den. Ein Teil der Gene in diesen Regelkreisen sind besonders aktiv am Mor-

gen wobei sie andere am Abend aktive Gene inaktivieren. Ein anderer Teil der 

Gene ist mehrheitlich am Abend aktiv und unterdrückt die Aktivität von Ge-

nen die wiederum am Morgen aktiv sind.  

In meinem Projekt konnte ich frühere Forschungsergebnisse bestätigen und 

zeigen, dass auch Marchantia eine komplexe circadiane Uhr besitzt, welche 

Wachstum und das hormonelle Gleichgewicht steuert. Allerdings weist die 

circadiane Uhr von Marchantia auch einige Unterschied zu anderen Pflanzen 

auf. Das Genom von Marchantia weist viele Gene mit einer circadianen Ex-

pression auf. In einer meinen Versuchen konnte ich das Gen MpDET1 identi-

fizieren, welches ebenfalls einen circadianen Rhythmus in Marchantia auf-

weist. In Gefäßpflanzen gibt es ebenfalls ein DET1 Gen, dass hier allerdings 

keinen circadianen Rhythmus besitzt, sondern wiederum eine andere Funktion 

erfüllt. Dies deutet daraufhin, dass DET1 seine circadianen Eigenschaften 

währen der Evolution verloren hat, das Gen allerdings erhalten geblieben ist. 

Zudem konnte meine Forschung zeigen, dass die circadiane Uhr in Marchantia 

auch das Niveau des Pflanzenhormons Auxin beeinflusst, welches eine wich-

tige Rolle für das Wachstum von Marchantia spielt. In Arabidopsis reguliert 

die circadiane Uhr bestimmte Gene, welche das Wachstum der Blätter und des 

Stängels regulieren. Meine Untersuchungen zeigten, dass auch Marchantia 

diese Gene besitzt, sie allerdings nicht zur Steuerung des Wachstums nutzt. 

Insgesamt kann festgehalten werden, dass dieselben Gene in unterschiedli-

chen Organismen vorkommen können, sie dort allerdings unterschiedliche 

Funktion erfüllen können.   

Um die Anpassung der Pflanzen an ihre Umwelt im Laufe der Evolution bes-

ser verstehen zu können werden weitere genetische Studien benötigt. Auf 

Grund der Vielfalt der Pflanzen sollten diese an einer Vielzahl von Arten 
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durchgeführt werden. Dies soll dazu beitragen neue Pflanzenarten zu entwi-

ckeln und bestehende zu verbessern, um sie weiter an menschlichen Bedürf-

nisse anzupassen, und eine nachhaltigere Land- und Fortwirtschaft zu ermög-

lichen. 
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