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Resumo

Estudo de genes ancestrais em Marchantia polymorpha

A descricao da historia evolutiva das plantas € um desafio devido aos constantes eventos de
duplicacao genémica que ocorreram ao longo da evolucao. Estes eventos aumentam a complexidade do
genoma, o0 que por sua vez aumenta a dificuldade em perceber a funcao de um determinado gene devido
a redundancia entre membros da mesma familia de genes. A analise da funcéo de um determinado gene
em plantas basais € um método que permite perceber a funcdo ancestral de um gene devido a presenca
de um menor numero de copias no genoma destas plantas. Assim, com o estudo de genes ancestrais €
possivel perceber como modulos reguladores de genes foram estabelecidos e como evoluiram. O modulo
DDR, constituido pelas proteinas DIVARICATA (DIV), RADIALIS (RAD) e DIV-and-RAD-Interacting Factors
(DRIF), controla diversos processos de desenvolvimento como por exemplo o estabelecimento da
assimetria floral em Antirrhinum majus. Genes homologos a DIV, DIVARICATA LIKE (DIVL) e DRIF foram
encontrados em Marchantia polymorpha, uma planta ndo vascular que tem vindo a ser reafirmada como
planta modelo devido a sua posicéo filogenética, a implementacéo de diferentes técnicas e ferramentas
moleculares e outras caracteristicas como o curto ciclo de vida que facilita a transformacao e propagacao.
Nesta dissertacéo, foi estudada a funcao ancestral dos genes D/VVe DRIF com o objetivo de perceber o

papel do modulo DDR em plantas basais e como este modulo foi estabelecido ao longo da evolucao.

Para obter o padrdo de expressao temporal e espacial dos genes MpD/V, MpD/VL e Mp DRIF foi
realizada uma reacdo de polimerizacdo em cadeia quantitativa em tempo real (RT-gPCR) e uma
hibridizacdo /in situ. Fusdes GUS::promotor foram iniciadas para confirmar a localizacdo e o nivel de
expressao destes genes em diferentes tecidos. Linhas Anockout para os genes MpD/V1, MpDIVZ2 e
Mp D/VL foram desenvolvidas usando a tecnologia CRISPR/Cas9 e linhas de sobrexpressao para os genes
MpD/VI e MpDRIF foram desenvolvidas usando a tecnologia Gateway para obter pistas sobre a funcao

destes genes em M. polymorpha.

Palavras chave: Evolucao; Marchantia polymorpha, Médulo DDR; Tecnologia CRISPR/Cas9

vi



Abstract

Study of ancestral genes in Marchantia polymorpha

Exploring the evolutionary path in the plant kingdom is challenging due to the repeated events of
duplication that occurred during plant evolution. These events increase the genome complexity, which
also increase the difficulty in understanding the function of a given gene due to redundancy within
multigene families. The analysis of gene function in early plant species is a process that allows the study
of the role of ancestral gene functions due to the existence of fewer gene copies in these plants. Therefore,
through the study of ancestral genes is possible to understand the establishment and evolution of
regulatory modules. The DDR module, that is constituted by the DIVARICATA (DIV), RADIALIS (RAD) and
DIV-and-RAD-Interacting Factors (DRIF) proteins, controls several developmental processes like the flower
asymmetry in Antirrhinum majus. DIV, DIVARICATA LIKE (DIVL), and DRIF homologs were found in
Marchantia polymorpha, a non-vascular plant reaffrmed as a model species due to its unique
phylogenetic position, to the implementation of several different molecular techniques and tools and other
characteristics, like the short life cycle that facilitates the transformation and propagation. In this thesis,
the ancestral function of O/ and DR/F was studied to understand the role of the DDR module in early

plant species and how this module was established during evolution.

A realtime quantitative polymerase chain reaction (RT-gPCR) and a whole mount /n situ were
performed to obtain the temporal and spatial expression pattern of MpD/V, MpD/VL and MpDRIF.
GUS::promoter fusions were initiated to confirm the localization and the expression level of these genes
in different tissues. Knockout lines were developed for MpDO/VI, MpD/V2 and MpD/VL using the
CRISPR/Cas9 technology and overexpression lines for MpD/VI and MpDRIF using the Gateway

technology to obtain clues about the genes function in M. polymorpha.

Keywords: CRISPR/Cas9 technology; DDR module; Evolution; Marchantia polymorpha
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Study of ancestral genes in Marchantia polymorpha

1. Introduction

The origin of land plants represents one of the most important evolutionary events that allowed
the establishment of complex terrestrial ecosystems (Taylor et al., 2012). The increase in the genome
complexity during the evolutionary path of plants hampers the understanding of the function of a given
gene due to redundancy within multigene families. Although most of the information about gene functions
is available for more recent plant lineages, the study of ancestral gene function in basal land plant species
is an important approach to uncover evolutionary events. Marchantia polymorpha is an excellent early
plant model for the study of ancestral gene function, due to the existence of fewer duplicated gene copies,
which allows a better understanding of how early gene regulatory networks were established. Moreover,
M. polymorpha has practical advantages such as the short life cycle that is predominately haploid and

the high susceptibility to Agrobacterium transformation (Shimamura, 2016).
1.1. Gene regulatory networks

The establishment of new interactions within a gene regulatory network drives the emergence of
new biological functions and morphologies. These new interactions are often associated with repeated
events of gene duplication that occur during evolution and increase the genome complexity (Wilson et al.,

1974).

Regulatory networks are controlled by different families of transcription factors, that control spatial
and temporal expression of several target genes, thus generating a modular structure composed by
several sub-circuits (Erwin & Davidson, 2009). Transcription factors, as regulatory proteins, have to
interact with DNA and other proteins through different domains within the protein. The DNA-binding
domain is responsible for the attachment of the transcription factor to specific sequences of DNA (cis
acting elements). The trans-activation or repression domain contains one or more docking sites for other

interacting proteins (Mitchell & Tjian, 1989).

Despite the importance of the emergence of new regulatory modules, there are very few studies
that explain these molecular events. With the recent rise of high-throughput methods, studies with protein-
protein interactions, protein-DNA interactions and RNA-seq have generated large-scale data useful to
comprehend some evolutionary mechanisms (Landt et al., 2012; Proost & Mutwil, 2016; Wang et al.,

2001; Yu et al., 2011).



1. Introduction

The duplication of individual genes, chromosomal segments or whole genomes, and the
rearrangement of pre-existing domains by genetic recombination can lead to the creation of novel proteins
capable of expanding the regulatory networks (Bagowski et al., 2010; Schmidt & Davies, 2007). In plants,
gene duplication is a common process and is widely recognized as the main source of new genes (Shiu

et al., 2005).

The rearrangement of pre-existing domains by genetic recombination gives origin to novel
proteins in a single event. The rearrangement can occur by domain(s) insertion or deletion, exchange and
duplication (Pasek et al., 2006; Schmidt & Davies, 2007). Thus, the acquisition of new domains by
genetic recombination can lead to new DNA binding specificities and, consequently, to new interactions
(Amoutzias et al., 2008). The rearrangement of pre-existing domains is behind the evolution of the diverse
basic-helix-loop-helix (bHLH) transcription factors family (Amoutzias et al., 2004) and the evolution of the
transcription factors DIVARICATA (DIV), RADIALIS (RAD) and DIV-and-RAD-Interacting Factor (DRIF)
(Raimundo et al., 2018). Pires & Dolan (2010) showed that the major subfamilies of proteins were

established in early land plants and conserved during plant evolution.

1.2. DDR regulatory module

The DIV, RAD and DRIF proteins constitute a regulatory module (DDR) that controls several
developmental processes across the angiosperms. In Antirrhinum majus and Solanum lycopersicum
(tomato), this regulatory module regulates key developmental traits like flower dorsoventral asymmetry or

fruit development, respectively (Machemer et al., 2011; Raimundo et al., 2013).
1.2.1. Antirrhinum majus flower asymmetry

Antirrhinum flowers are asymmetric with clear morphologic differences between the upper
(dorsal) and lower (ventral and lateral) petals (figure 1A) (Luo et al., 1996). The dorsoventral asymmetry
of the Antirrhinum flower is controlled by the activity of CYCLOIDEA (CYC). CYC is expressed from early
stages of the flower primordia development in the dorsal domain, and it controls the expression of RAD.
When FAD is inactivated, the flowers are partially ventralized, which suggests the important role of this

gene in the establishment of the flower asymmetry (figure 1) (Corley et al., 2005; Costa et al., 2005).
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Figure 1: Antirrhinum majus flower and the model showing genetic interactions underlying the flower asymmetry establishment. A) A. majus
structure: five petals with different size and shape along the symmetry axis (indicated by a dashed line). The two upper petals exhibit dorsal
identity (D), the two smaller petals exhibit lateral identity (L) and the one even smaller petal exhibits ventral identity (V). B) Frontal view of a
rad mutant line in which is possible to observe the loss of the dorsal identity and the spread of the ventral identity to the dorsal domains. C)
A. majus flower frontal diagram: CYC expression leads to RAD activation in the dorsal domain (red). RAD inhibits DIV activity by interaction
with DRIF proteins in the dorsal (red) and lateral (orange) domains. DIV is expressed throughout the flower meristem, but it only has a
phenotypic effect in the ventral domain (yellow). Adapted from Corley et al. (2005).

DIV encodes a MYB protein that promotes the ventral identity of A. majus flowers (figure 1C)
(Galego & Almeida, 2002). D/Vis expressed throughout the flower, but it only has an effect in the ventral
region of the flower meristem (Almeida et al., 1997; Galego & Almeida, 2002). In the dorsal and lateral
domains of the flower meristem, RAD inhibits the activity of DIV. Raimundo et al. (2013) showed that RAD
does not antagonize DIV directly, instead they compete for proteins named DRIFs. In the ventral domain,
DRIF proteins interact with DIV proteins forming a complex that controls regulatory processes involved in
ventral identity specificity. The presence of RAD disrupts the interaction between DIV and DRIF either by
sequestering DRIF proteins in the cytoplasm, preventing or reducing the formation of DIV-DRIF complexes
in the nuclei, or by binding directly to DRIF in the nuclei (figure 2). The small size and the acting mode of
the RAD proteins categorises them as small interfering peptides (siPEP) (Seo et al., 2011). These proteins
are transcription factors that lost their DNA-binding domain but maintain their protein interaction domain.
SiPEPS can disrupt the formation of dimers giving origin to non-functional dimers incapable of activating
the transcription. The A. majus flower asymmetry is, therefore, explained by a molecular antagonistic
mechanism of RAD over DIV in the dorsal regions of Antirrhinum flowers (figure 2) (Raimundo et al.,

2013).
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Figure 2: Proposed molecular model for the antagonistic mechanism that RAD exerts over DIV in the dorsal region of Antirrhinum flowers.
In the ventral region of the Antirrhinum flower, DIV interacts with a DRIF protein in the nucleus forming a DIV-DRIF complex that promotes
the regulation of genes that specify the ventral identity of the petal. In the dorsal region of the flower, RAD competes with DIV for the DRIF
protein. RAD sequesters DRIF in the cytoplasm or binds to DRIF protein in the nucleus preventing the formation of the DIV-DRIF complex.
Without the formation of this complex petals acquire dorsal identity and the flower asymmetry of Antirrhinum is established (Raimundo et
al., 2013).

Homologs of D/V, RAD and DRIF genes were also associated with other different developmental
processes in several plant species. In tomato, a homolog of RAD, FSM1, affects negatively the cell
expansion in the fruit pericarp. FSM1 interacts with FSB1, a MYB protein that interacts with MYBI, a
homolog of DIV. The complex FSM1/FSB1/MYBI controls the cell expansion and consequently the tomato
fruit development (Machemer et al., 2011). In Arabidopsis, 9 homologs of DIV, 5 homologs of DRIF and
7 homologs of RAD were found, and interactions between these proteins have been reported. However,
it is not known whether the antagonistic action within the DDR module occur in Arabidopsis. A homolog
of RAD in Arabidopsis, RADIALIS-LIKE SANT/MYB 1 (RSM1), when inactivated originates plants with no
apical hooks and with short hypocotyl. This gene appeared to be related with the HOOKLESS 1 (HLSI)
mediated auxin signal in the regulation of early in photomorphogenesis (Hamaguchi et al., 2008). Also in
Arabidopsis, MATERNAL EFFECT EMBRYO ARREST 3 (MEE3), other RAD homolog acts as a novel
repressor of the floral transition by activating FLOWERING LOCUS C (FLC) (Li et al., 2015). In Oryza
sativa, MYB genes are involved in the sugar and hormonal regulation of a-amylase gene expression

induced by the gibberellins and sugar starvation (Lu et al., 2002).



Study of ancestral genes in Marchantia polymorpha

1.2.2. DDR module evolutionary history

The DDR regulatory module has been recruited during plant evolution to regulate different
biological traits. To understand the interactions between the DDR proteins and to obtain new insights
about the establishment of the regulatory module, Raimundo et al. (2018) performed an analysis of the

DIV, DRIF and RAD domain conformations.

DIV encodes a protein with on average 276 amino acids that is composed by two different MYB
domains. The N-terminal domain- MYB domain (MYBI)- is composed by = 44 amino acids (figure 3) and
is responsible for protein-protein interactions (Lu et al., 2002; Rose et al., 1999). The C-terminal domain-
MYBII- is composed by = 51 amino acids and it is known to bind to DNA (Lu et al., 2002; Rose et al.,
1999). A typical MYB domain is characterized by three conserved tryptophan residues regularly spaced
(Wang et al., 1997). The MYBI domain is an atypical MYB domain with the third tryptophan residue
replaced by a tyrosine (-W-X23-W-X20-Y-). MYBII, the second conserved domain, is denominated as
SHAQKYF-type MYB due to the presence of the SHAQKYF amino acid motif that contains the last tyrosine
of the MYB motif (-W-X19-W-X22-Y-) (Lu et al., 2002; Lu et al., 2009; Rose et al., 1999).
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Figure 3: Proteic domains of DIV, DIVL, DRIF and RAD protein families. Schematic representation of the DIV, DIVL, DRIF and RAD proteins
from the angiosperms Amborella trichopoda, Oryza sativa, Solanum lycopersicum, Antirrhinum majus, and Arabidopsis thaliana. The
schemes were drawn in a scale of 100 amino acids based on the values of protein length, domain position, and domain length for all of the
homologs found in the five angiosperm species. Domains with the same colour have the same topology that is represented by the amino
acid sequences. Amino acids symbols with more height represent the degree of certainty of each amino acid position. The conserved
aromatic residues typical of the MYB domain are signalled with black arrows (Raimundo et al., 2018).
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DIVL proteins are similar to DIV family as they contain in the C-terminal region the SHAQKYF-
MYBII domain but lack the atypical MYBI domain in the N-terminal characteristic of the DIV proteins (figure
3). DIVL proteins have on average 280 amino acids and instead of the MYBI domain they contain a very
small motif termed R motif (R/KLFGV). The R motif is a plant-specific repression domain that is present

in numerous Arabidopsis transcription factors (lkeda & Ohme-Takagi, 2009).

The RAD family is composed by small proteins with on average 99 amino acids (figure 3). These

proteins contain only one conserved domain with 44 amino acids similar to the DIV MYBI domain.

The DRIF family is composed by proteins with 255 amino acids on average that contain two
conserved domains (figure 3). The first conserved domain is an atypical 46 amino acid long MYB domain
that has a tyrosine instead of the central tryptophan characteristic of the MYB motif (-W-X23-Y-X20-W-).
The second conserved domain is a domain of unknown function with 66 amino acids that is annotated

as DUF3755.

The conserved domains of DIV, RAD and DRIF proteins are unique for each protein family, which
makes these proteins easily trackable throughout plant evolution. In order to understand their evolutionary
origin, Raimundo et al. (2018) also performed a phylogenetic analysis of the DIV, RAD and DRIF protein
families using homologs from different algae and plant species (figure 4). The analysis showed that the
MYB domain architecture of DIV, DIVL and DRIF proteins was maintained throughout plant evolution and
that these proteins were already present in the green algae lineage. RAD family was only detected in the
transition to seed plants and the phylogenetic analysis suggested that it might had its origin on a
duplication of the MYBI DIV domain or on the duplication of a D/V gene that lost the MYBII domain.
Furthermore, the phylogeny results showed that MYBI DIV domain and MYB domain of DRIF and RAD
share a common evolutionary origin (figure 4). Thus, it was possible to conclude that the different MYB
domains were a result of successive rearrangements and divergence of a single MYB domain that, at

different evolutionary points, gave rise to the DIV, DRIF and RAD families.
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Figure 4: DDR module evolutionary history. Schematic representation of the DIV, DIVL, RAD and DRIF protein domain structure at different
evolutionary points, from red algae to angiosperm lineage (Galdieria sulphuraria, Klebsormidium nitens, Marchantia polymorpha,
Physcomitrella patens, Selaginella moellendorffi, Azolla filiculoides, Pinus pinaster, Amborella trichopoda, Oryza sativa, Solanum
lycopersicum, Antirrhinum majus, and Arabidopsis thaliana). The average number of homologs from each protein family is represented for
each lineage. The conserved protein domains are represented by the following colour code: blue for MYBI domain; orange for MYBII domain;
purple for DRIF MYB domain and yellow for the DRIF DUF3375 domain. The typical aromatic residues of the MYB topology are represented
next the respective domains. The black arrows represent events of domain duplication (Raimundo et al., 2018).

The DIV-DRIF-RAD antagonism mechanism is involved in the establishment of key developmental
traits in Antirrhinum and tomato (Machemer et al., 2011; Raimundo et al., 2013). To determine when,
during plant evolution, the interactions between the DDR module proteins were established a yeast-two-
hybrid assay was performed using the cDNA sequences from different algae and plant species (Raimundo
et al., 2018). The yeast-two-hybrid results showed that DIV and DRIF interaction is already established in
the green algae lineage and is conserved in the first land plants such as M. polymorpha. The interaction
DRIF-RAD was first detected in the gymnosperm lineage at the same time that the RAD family emerged
(figure 5) (Raimundo et al., 2018).
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Figure 5: Schematic representation of the origin of DIV, RAD and DRIF protein families and the establishment of the DIV-DRIF and DRIF-RAD
interactions. DIV and DRIF protein families emerged in the green algae lineage, and the DIV-DRIF interaction was established in the same
lineage before the emergence of the first land plants. RAD protein family emerged later in the gymnosperm lineage as well as the DRIF-RAD
interaction forming the DDR regulatory module (Raimundo et al., 2018).

One of the main problems of studying the establishment and evolution of regulatory modules is
that during plant evolution repeated events of gene duplication led to an increase in genome complexity,
which increases the difficulty in understanding the function of a given gene due to functional redundancy.
The analysis of gene function in early plant species is, therefore, a more straightforward process due to
the existence of fewer gene copies. Since DIV and DRIF genes, and their interaction, were already present
in early plant lineages, the study of the gene ancestral functions in these plants should allow the
unravelling of the ancestral role of the DIV and DRIF proteins and to understand how the DDR regulatory

module may have been recruited throughout plant evolution.

1.3. Land plant evolution and the importance of studying ancestral genes

Phylogenetic studies showed that the earliest land plants descended from charophyte algae
(figure 6) (Graham, 1985; Lewis & McCourt, 2004; Mishleri & Churchill, 1985). Bryophytes (liverworts,
mosses, and hornworts), harbour the more ancestral plants and represent the earliest diverging group of
terrestrial flora. Between the three divisions, liverworts are considered the most basal lineage of land
plants (figure 6) (Mishler & Churchill, 1984; Mishleri & Churchill, 1985; Qiu et al., 2006; Wickett et al.,
2014).



Study of ancestral genes in Marchantia polymorpha

Chlamydomonas Mesosti Klebsormidium /Vlte//a Coleochaete  Spirogyra Marchantia Physcomitrella laginell dopsis thaliana
Volvox “’M"’"" nitens  mirabilis jculari z P patens moellendortii '
Ostreococcus v
4 4 \
1 J y
- ~ ’; e 1 /
) < o
] ~~)\\ W ‘;?\‘ é N
’ ‘S \‘5 i & )
ae 2 " 2
R ¢ >k
5 v
-
bryophytes
ryophyt vascular plants
Chlorophytes Charophycean algae Embryophytes
] ] 4] %]
. @ @ 8 0 E E
& g g g 2 £ s gl &
= = - © < %) n o £ a )
I E <] 5 E T Q H a = k=]
3 2 s <1 2 g a E 8 )
g z 5 g & g - s el s
s < 8 N £ E

Figure 6: Phylogenetic tree representing the origin of land plants. In the phylogenetic tree are represented green algae, like the charophyte
algae, land plants and vascular plants. The phylogenetic analysis revealed that early land plants descended from green algae and that
liverworts are the most basal lineage of land plants, since they are phylogenetically closer to green algae. Adapted from Bowman et al.

(2017).
Recent advances in phylogenetics and in comparative genomics have produced interesting
molecular evolutionary hypotheses about the morphological and physiological evolution of land plants.
However, to test these theories, functional studies are indispensable (Ishizaki, 2016; Ligrone et al., 2012).
In the last years, several functional studies using both bryophytes and angiosperms showed that during

evolution a recruitment of pre-existing gene regulatory networks may have occurred to perform different

roles across the different plant lineages (Ishizaki, 2016).

Pires et al. (2013) performed a study with the ROOT HAIR DEFECTIVE SIX-LIKE (RSL) class |
genes. These transcription factors control both the development of root hairs in the multicellular roots of
the angiosperm Arabidopsis thaliana and the protonema development in Physcomitrella patens. The study
was performed to understand if the regulatory network that incorporates the ASL genes was recruited or
remodelled during the evolution of land plants. The phylogenetic analysis revealed that RSL proteins
evolved in aquatic charophyte algae or in early land plants and that these proteins were conserved during
land plant evolution (Pires et al., 2013). This study also showed that the RSL class | genes controlled the
differentiation of filamentous structures in mosses after their divergence from other land plants, and that

this kernel was recruited and remodelled to regulate the development of root hairs in vascular plants. In
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M. polymorpha, the RSL class | gene controls the rhizoid formation and the development of gemmae
(Proust et al., 2016). These results demonstrate that ASL class | genes controlled the generation of

adaptive morphologies that allowed the transition of plants from water to land.

Functional studies were also performed to understand how plants acquired auxin-signalling
components during evolution. In the angiosperm A. thaliana several molecular mechanisms are regulated
by auxins (Benkova et al., 2003; Friml et al., 2003; Harper et al., 2000; Tatematsu et al., 2004). Auxins
act by a mechanism in which auxin receptors TRANSPORT INHIBITOR RESISTANT1/AUXIN SIGNALLING
F-BOXs (TIR1/AFBs) target transcriptional co-repressors, AUXIN/INDOLE ACETIC ACIDs (Aux/IAAs), for
degradation, thereby releasing AUXIN RESPONSE FACTORs (ARFs) to regulate transcription of auxin
responsive genes (Finet & Jaillais, 2012). Orthologs of TIR1/AFBs, Aux/IAAs and ARFs were found in ~.
patens and M. polymorpha with lower redundancy than the one observed in more recent plants (Kato et
al., 2015; Prigge et al., 2010). Auxin responses were also observed in charophyte, a green algal lineage
related with the first land plants (reviewed in Cooke et al., 2002). The TIR1/AFBs, Aux/IAAs and ARFs
are not present in the Alebsormidium nitens algae genome, despite the presence of an auxin response
(Hori et al., 2014). These results suggest that the auxin-mediated transcriptional regulation was
established after the divergence of A. nitens from the lineage that originate the of land plants (Kato et al.,
2015). These two functional studies illustrate the importance of studying the role of ancestral gene

functions to understand how molecular mechanisms evolved in plants.

1.4. Marchantia polymorpha as model species

M. polymorpha has been reaffirmed as a model species for the study of ancestral functions due
to its unique phylogenetic position amongst plants that allows the testing of different evolutionary

hypotheses (Bowman et al., 2016).

M. polymorpha is a common non-vascular bryophyte that is characterized by the presence of a
dominant plant body in the gametophyte generation. M. polymorpha subsists in damp and moist habitats

and has reduced dimensions due to the absence of a vascular system (reviewed in Shimamura, 2016).

In early botanic studies, before the appearance of modern plant taxonomy, liverworts like
Marchantia were referred as lichens. With the arrival of the 16" century, plants that looked like particular
body parts were thought to be beneficial and so were used in the treatment of that body part. Particularly,

the thalloids of liverworts like Marchantia have a shape similar to a human liver hence the adoption of the
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term liverwort (Bowman, 2016; Schuster, 1966). The genus Marchantia was designated in 1713 by Jean

Marchant, a French botanist, in honour of his father Nicolas Marchant (Marchant, 1713).

In the 19+ century, M. polymorpha was one of the most studied plants and several morphological
and physiological studies were performed in this plant species. The appearance of new genetic and
genomic tools in the 20" century allowed new advances in plant biology based in model plants like A.
thaliana. The delay in the creation of these tools for M. polymorphaled to a gap in studies using this plant
as a model. Nevertheless, in the last few years, M. polymorpha has re-emerged as a model species

(Shimamura, 2016).

Besides its phylogenetic position, M. polymorpha has other characteristics that make it an
excellent plant model such as a short life cycle, easy propagation and crossing, a high frequency of
transformation, predominantly haploid, a small genome size (approximately 280 Mb) and the fact that
the gene networks involved in several biological phenomena are conserved in a simpler form than in other

land plants (Shimamura, 2016).

The chloroplastidial (Ohyama et al., 1986) and mitochondrial (Oda et al., 1992) genomes of
Marchantia cultured cells were fully sequenced as well as the Y chromosome and a part of the X
chromosome (Yamato et al., 2007). The whole genome sequencing of M. polymorpha was concluded in

2017 (Bowman et al., 2017).

Recently, several molecular techniques and tools were developed for M. polymorpha including
transformation, overexpression, gene targeting by homologous recombination and genome editing
(Ishizaki et al., 2008; Ishizaki et al., 2015; Kubota et al., 2013; Sugano et al., 2014; Sugano et al., 2018;
Tsuboyama-Tanaka & Kodama, 2015; Tsuboyama-Tanaka et al., 2015). The implementation of these

techniques was essential for the reaffirmation of M. polymorpha as a model species.

In Marchantia, like in other land plants, a multicellular haploid gametophyte generation alternates
with a multicellular diploid sporophyte generation (Ishizaki et al., 2016; Kenrick, 1994; Niklas &
Kutschera, 2010). In bryophytes it is common that the haploid gametophyte generation dominates the
life cycle (Graham et al., 2000). In the life cycle of Marchantia, the gametophytic generation is dominant
and leads to the production of the main plant body named thallus (figure 7A). The formation of the haploid
gametophyte starts with the germination of a unicellular spore that by multiple asymmetric divisions
originates the protonema, an initial short structure that contains rhizoids. The protonema begins to

develop by highly regulated cell divisions of an apical cell that initiates the dorsoventral thallus formation.

11
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The complex thalloid plant body grows radially with repeated branching forming a totally developed thallus

with a clear dorsoventrality (figure 7A) (reviewed in Shimamura, 2016).

In the dorsal side of the mature thallus occurs the formation of structures called gemma cups
that contain numerous cells named gemmae (figure 7A). When propagated, the gemma tissue grows by
lateral expansion (figure 8). The four lobes of the gemma start to expand and a process of bifurcation
occurs to form two apical notches in the thallus extremities. The two apical notches are separated by a
central tissue zone (central lobe) that expands pushing the two notches apart. When completely formed,
the central lobe starts to branch giving origin to the thallus (figure 8) (Solly et al., 2017). The gemma
cups then develop above the apical cell producing gemmae that allow the thallus to reproduce asexually.
For this to happen, it is necessary that a water droplet falls into the gemma cups to initiate a mechanism
designated “splash-cup”, by which gemmae are splashed out from the parent plant (Brodie, 1951). After
this process, the rhizoids start to grow, and the apical cells begin to divide to give origin to a dorsoventral

thallus (figure 7A).

The male and female organs of M. polymorpha are located in different thallus since this plant is
dioecious. The antheridium and the archegonium, the male and female gametangia respectively, develop
on umbrella-like sexual structures (gametangiophores) on the male (figure 7B to D) or female (figure 7E

to G) thallus.

Young
antheridiophore |

<"
= Archegoniophore |
primordium b

i ala

Figure 7: Marchantia polymorpha structures. A) A mature Marchantia polymorpha thallus showing gemmae cups containing several
gemmae. B) Anteridiophores primordia (S1 stage). C) Young antheridiophores in development (S2 stage). D) Mature antheridiophore (S3
stage). E) Archegoniophores primordia (S1 stage). F) Young archegoniophores in development (S2 stage). G) Mature archegoniophores (S3
stage) (https://thenode.biologists.com/a-day-in-the-life-of-a-marchantia-lab/lablife/).
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Figure 8: Schematic representation of the key shape transitions during the thallus development. (1) After gemmae propagation, the gemma
tissue grows by lateral expansion. (2) The four lobes of the gemma start to expand. (3) A process of bifurcation occurs to form two apical
notches on each one of the thallus extremities. (4) The two apical notches are separated by a central tissue zone, the central lobe, that
expands pushing the two notches apart. (5) The apex starts to diverge leading to the complete central lobe formation. (6) When completely
formed, the central lobe starts to branch giving origin to the thallus (Solly et al., 2017).

Each antheridium produces numerous motile male gametes named spermatozoids or
antherozoids. In each archegonium only one egg is produced. To fertilize the egg, the antherozoids have
to reach it using water to be mobilized. Once the fertilization has occurred, the zygote starts to develop
into a sporophyte inside the archegonium (figure 9). The sporophyte begins to grow and consequently
the inside part of the archegonium, the venter, develops becoming a calyptra, a structure that protects
the growing young sporophyte. The sporophytes grow hanged upside down beneath the archegoniophore
and after several meiotic divisions within the capsule, numerous spores are released (reviewed in
Shimamura, 2016). After being released from the sporophyte, and when the conditions are favourable,
the spores swell and germinate in a light dependent process (Nakazato et al., 1999). After germination,
the spore starts to divide to originate the protonema. Then, the protonema cells divide irregularly until an
apical cell arises to originate a dorsoventral thallus (figure 9) (Crandall-Stotler et al., 2009; Shimamura,

2016).

This predominantly haploid plant species reproduces very easily both asexually and sexually,
which is a great advantage because it can be easily propagated under laboratory conditions. Besides, the
gametophytes developed from a single spore or a gemma are genetically identical and can be established
rapidly and easily propagated facilitating the transformation of this plant. Therefore, genetic analysis in

M. polymorpha are more rapid and simpler than other model plants.

13



1. Introduction

Meiosis
2
Q=P — oo
Sporocyte Spore tetrad , O \

&~ L o8 S
Protonema
Rhizoid
Sporophyte
Archegoniophore Antheridiophore

I Calyptra

Pseudoperianlh

Involucre

Figure 9: Marchantia polymorpha life cycle. The alternation of generations in M. polymorpha begins with the formation of a filamentous
protonema with short rhizoids from the haploid spore. By mitotic divisions, a new thallus is formed from the protonema. The male and
female structures, the antheridia and archegonia respectively, are formed in the young thallus. In each antheridium, numerous male
gametes, the antherozoids, are produced, but in each archegonium only one egg cell is produced. To reach the female gametophyte, the
antherozoids need water because they are demoted of flagella. After fertilization, the zygote develops inside the archegonium into a
sporophyte. Inside the sporangium, meiotic divisions occur, and the product of these divisions are haploid spores (Shimamura, 2016).

1.4.1. CRISPR/Cas9 technology and Marchantia polymorpha mutagenesis

In recent years, different targeted genome modification technologies have been successfully used
to improve plant breeding and genetic modification (Podevin et al., 2013; Voytas & Gao, 2014). Zinc
finger nucleases (ZFNs) (Townsend et al., 2017) and transcription activator-like effector nucleases
(TALENSs) (Christian et al., 2013) are some of the technologies that have been applied for plant genome
editing. In these two techniques, a DNA-binding domain is engineered to recognise a DNA target
sequence. However, the use of both ZFNs and TALENSs is both expensive and difficult due to the necessity

to design and construct binding domains.

The Clustered Regularly Interspaced Short Palindromic Repeats (CRISPR)-associated
endonuclease Cas9 system (CRISPR/Cas9) is a key tool that allows the rapid modification of a target
gene and is revolutionising targeted genome modification technologies (Cong et al., 2013; Mali et al.,
2013). This system is based on the CRISPR adaptive immunity system of Strepfococcus pyogenes and
consists in a short guide RNA (gRNA) and in the CRISP-associated protein 9 (Cas9). The protein Cas9,
that has endonuclease activity, can be targeted to a specific DNA sequence by an engineered 20 bp gRNA

that binds to the target by base complementarity (figure 10). Target recognition is dependent on a
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protospacer adjacent motif (PAM), a NGG sequence adjacent to the 3’ end of the target sequence. After
recognition, the gRNA anneals with the target sequence and the Cas9 causes a double-strand break (DSB)

within it (3-4 nucleotides upstream the PAM sequence) (figure 10).

J..I.U.LLJ.I.I'.L.LLL_mm'_r.
Guide RNA j

Figure 10: CRISPR/Cas9 technology. The designed guide RNA (gRNA) recognize the DNA target sequence with the help of a protospacer
adjacent motif (PAM) sequence. After the recognition, the gRNA anneals with the target sequence and the Cas9 performs a double-strand
break (DSB) within the sequence. Adapted from Khodthong et al. (2016).

The resulting DSB is then repaired by the non-homologous end joining (NHEJ) pathway or by the
homology directed repair (HDR) pathway. The NHEJ pathway can cause small nucleotide insertions or
deletions at the DSB site. If a donor template with homology to the targeted site is provided, the DBS may
be repaired by the HDR pathway allowing precise genome mutations. The NHEJ pathway is the most

active mechanism and the most common in plants (Belhaj et al., 2015).

The relatively cheap cost and simplicity of this technique allowed it to be successfully applied to
several organisms, including plants, to create knockout mutants (Feng et al., 2014; Mao et al., 2013).
Sugano et al. (2014) showed the application of this technique in M. Polymorpha, which increased the

importance of this plant as model system.

1.5. Objectives

During the evolutionary path of land plants, an increase in genome complexity resulted in the
establishment of new interactions within gene regulatory networks. The increase in genome complexity
was accompanied with gene duplication, what makes the study of gene function more challenging due to
the concomitant redundancy within the families of genes. In early plant species, the study of the ancestral

gene functions is facilitated due to the existence of fewer gene copies. The DDR regulatory module controls
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different developmental processes in angiosperms where, on average, 9 homologs of D/V, 8 homologs of
DIVL, 5 homologs of DR/F and 7 homologs of £4D can be found in each species genome. On the other
hand, in the genome of the basal plant M. polymorpha, 2 homologs of D/V, 1 homologs of D/VL and 1
homologs of DRIF can be found. Raimundo et al (2018) described the interaction of the two MpDIV
proteins with the MpDRIF protein in M. polymorpha. The main aim of this thesis is to unveil the ancestral
function of MpD/V, MpD/VL and Mp DRIF genes to contribute to the understanding on how their function

may have been modulated during plant evolution.

In this work, different genetic tools and techniques were used in the study of the ancestral
function of MpD/V, MpD/VL and MpDRIF genes. The temporal and spatial expression pattern of these
genes was analysed by RT-gPCR and by whole mount /7 sifu hybridization. Constructs of promoter fusions
with reporter genes were obtained for future plant transformation. Knockout and overexpression lines
were obtained for these genes using the CRISPR/Cas9 and Gateway technologies, and their phenotypes

analysed.
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2. Materials and methods

2.1. Biological material

2.1.1. Plant material

Marchantia polymorpha ecotype BoGa was obtained from Sabine Zachgo's laboratory (University
of Osnabriick, Germany). Plants were grown on half strength Gamborg medium [1.582 g L'* Gamborg
B5 medium including vitamins (Duchefa); 0.5 g L't 2-(N-morpholino)ethanesulfonic acid (MES) (Sigma-
Aldrich); 1.4% (w/v) plant agar (Duchefa); pH 5.7] in 100 x 20 mm petri dishes (Greiner bio-one) under
long-day conditions (16 h light/ 8 h dark) at 20 °C in a controlled growth room, with light intensity between
40-45 pmol m2 s,

2.1.1.1.  Gemmae sterilisation protocol

Gemmae were sterilised by collecting 1-3 gemma cups to a sterile microtube. The gemmae were
treated with 1 mL of surface sterilisation solution [0.2-0.5% (v/v) sodium hypochlorite and 0.1% (v/v)
Triton X-100]. The tube was vortexed and after 1 min the supernatant was removed and the gemmae
washed with 1 mL of ultrapure H.O for 1 min. The H.O wash was repeated twice and then the gemmae

were transferred to half-strength Gamborg B5 medium plates.

2.1.2. Bacterial material

All the bacterial strains used in this work are described in Table 1.

Table 1: Bacterial strains used in the present work.

Specie Strain Genotype Reference

F-endAl ginV44 thi-1 recAl relAl gyrA96 deoR nupG purB20
DH5a Chene