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Abstract 

FERONIA (FER) is a member of the malectin-like receptor-like kinase (MLR) family that plays 

versatile roles in various plant processes such as reproduction, cell growth, and immunity in 

angiosperms. FER perceives RAPID ALKALINISATION FACTOR (RALF) peptides to 

modulate development and immunity. While MLRs are conserved among land plants, the 

molecular and biological functions of FER in non-flowering plants remain largely unexplored. 

The liverwort Marchantia polymorpha encodes a single homologue of FER, known as MpFER, 

which has been reported to play roles in growth and development. However, its ligands and role 

in immunity have not yet been described.  

In this study, I found that M. polymorpha recognises and responds to MpRALF1 and 

MpRALF3 peptides by producing reactive oxygen species (ROS) in an MpFER-dependent 

manner. The rhizoids and rhizoid-initiated areas mainly contributed significantly to ROS 

production, indicating that MpRALFs and MpFER function as a module in M. polymorpha. 

Using the proximity labelling-based interactome analysis, LysM RECEPTOR-LIKE KINASE1, 

MpLYK1, and LysM RECEPTOR-LIKE KINASE-RELATED, MpLYR, were identified as 

candidate interactors of MpFER, pointing to a potential crosstalk between MpFER- and 

MpLYK1-mediated signalling pathways. Transcriptome analysis of M. polymorpha treated 

with MpRALF1 suggested that MpRALF1 positively regulates defence responses. This was 

supported by the finding that MpRALF1 treatment primed the resistance of M. polymorpha 

against the bacterial pathogen Pseudomonas syringae pv. tomato DC3000 (Pto DC3000). 

Altogether, this study demonstrates the conservation of the RALF‒FER module and its 

contribution to plant immunity in the liverwort M. polymorpha. 

The leucine-rich repeat receptor-like kinases (LRR-RLKs) family is the most prominent 

and best-characterised RLK family in plants. LRR-RLKs are structurally classified into 14 

subfamilies. Several subfamily XII LRR-RLKs have been proven to function as pattern-

recognition receptors (PRRs) that sense pathogen invasions. Subfamily II LRR-RLKs are 

generally considered to function as co-receptors, required for LRR-RLK-type PRR-mediated 

signalling. Within subfamily II, SOMATIC EMBRYOGENESIS RECEPTOR-LIKE 

KINASES3 (SERK3) was identified as a co-receptor for the PRRs, and thereby plays a role in 

immunity in the angiosperm Arabidopsis thaliana. AtSERK3 also functions with other LRR-

RLKs, including BRASSINOSTEROID INSENSITIVE1 (BRI1), to regulate growth and 

development. The conserved tyrosine residue in AtSERK3 is crucial for signalling specificity 

in differentiating PRR- and BRI1-mediated pathways. Marchantia polymorpha encodes three 
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subfamily II LRR-RLKs, MpSERK, MpAPEX, and MpCIK, whose functions are poorly 

characterised.  

Here, I investigated the functions of MpSERK and MpAPEX. I found that MpAPEX 

has a minimal role in growth and development. Mpapex mutants tended to be resistant against 

Pto DC3000 compared to wild-type plants, indicating a possible role for MpAPEX in immunity. 

In contrast, I found that MpSERK plays a crucial role in growth and sexual or vegetative 

reproduction. Complementation analysis demonstrated that the conserved tyrosine residue of 

MpSERK is important for thallus growth. Proximity labelling-based interactome analysis 

identified MpBIR as an MpSERK interactor. Mpbir mutants displayed defects in reproductive 

organ development. Transcriptome analysis revealed that the patterns of development- and 

immunity-related gene expression in Mpserk and Mpbir were antagonistic, suggesting that 

MpBIR functions as an MpSERK repressor. I further found that Pto DC3000 barely grew on 

Mpbir, highlighting the significant role of the MpSERK‒MpBIR module in immunity. Taken 

together, this study shows that MpAPEX and MpSERK play roles in immunity. The SERK‒

BIR working module appears to regulate immunity and development across land plants. 

 

 

 

 

 

 

 

 

 

 

 

 

 



Table of contents 

 

 IV 

Table of Contents 

Publications ................................................................................................................................ I 

Abstract .................................................................................................................................... II 

Acknowledgements ............................................................................................................... VII 

Abbreviations ....................................................................................................................... VIII 

1 Introduction ........................................................................................................................... 1 

1.1 The model liverwort Marchantia polymorpha ................................................................. 2 

1.2 Plant immune system........................................................................................................ 4 

1.2.1 Immunity in M. polymorpha ..................................................................................... 5 

1.3 Cell-surface localised receptor ......................................................................................... 6 

1.3.1 Leucine-rich repeat receptor-like kinases, LRR-RLKs ............................................. 7 

1.3.1.1 LRR-RLKs in M. polymorpha ........................................................................... 8 

1.3.2 Malectin-like receptor like kinase, FER .................................................................... 9 

1.3.2.1 Rapid alkalinisation factors, RALF peptides ................................................... 11 

1.3.2.2 FER and RALFs in M. polymorpha ................................................................. 12 

2 Aim of research .................................................................................................................... 13 

3 Results .................................................................................................................................. 14 

3.1 Marchantia polymorpha Malectin-like kinase receptor, MpFERONIA ........................ 14 

3.1.1 MpFER affects development of M. polymorpha ..................................................... 14 

3.1.2 The kinase activity and protein level of MpFER is important for thallus growth .. 16 

3.1.3 MpRALF and MpFER function as a module in M. polymorpha ............................ 17 

3.1.3.1 MpRALF1 triggers ROS bursts in M. polymorpha .......................................... 17 

3.1.3.2 MpRALF1 and chitin induce different ROS production patterns .................... 19 

3.1.3.3 MpFER and MpLYK1 expression patterns during thallus growth ................... 22 

3.1.3.4 The specificity of RALF‒FER pairs ................................................................ 23 

3.1.4 RALF‒FER module regulates defence responses in M. polymorpha ..................... 24 

3.1.4.1 MpRALF1- and chitin-induced DEGs partially overlap .................................. 24 

3.1.4.2 MpRALF1 treatment primes resistance against a bacterial pathogen in M. 

polymorpha ................................................................................................................... 29 

3.1.5 Crosstalk between MpRALF- and chitin-triggered pathway .................................. 30 

3.1.5.1 MpFER interactome analysis identifies MpLYK1 and MpLYR as potential 

interactors ..................................................................................................................... 30 

3.1.5.2 MpFER is phosphorylated upon chitin treatment ............................................ 32 



Table of contents 

 

 V 

3.1.5.3 MpRALF1-induced ROS production is compromised in Mplyk1 and Mplyr 

mutants, and chitin-induced ROS production is compromised in the Mpfer mutants . 34 

3.2 Leucine-rich repeat receptor-like kinases, LRR-RLKs .................................................. 34 

3.2.1 Subfamily II LRR-RLKs, MpSERK and MpAPEX ............................................... 34 

3.2.1.1 MpSERK plays roles in development .............................................................. 34 

3.2.1.2 Expression patterns of MpSERK and MpAPEX ............................................... 37 

3.2.1.3 Growth of Pto DC3000 in Mpapex mutants .................................................... 38 

3.2.1.4 The conserved tyrosine residue in MpSERK is required for its function in 

growth and development .............................................................................................. 39 

3.2.2 LRR-RLKs are found in the interactome profiling of MpSERK ............................ 41 

3.2.3 The MpSERK‒MpBIR module regulates immunity ............................................... 43 

3.2.3.1 MpSERK interacts with MpBIR ...................................................................... 43 

3.2.3.2 MpBIR functions in MpSERK-dependent growth and development .............. 44 

3.2.3.3 MpBIR negatively regulates the defence response .......................................... 49 

3.2.3.4 Bacterial pathogens grow poorly in Mpbir mutants ......................................... 52 

4 Discussion ............................................................................................................................. 54 

4.1 Functional characterisation of MpFER .......................................................................... 54 

4.1.1 MpFER functions in development .......................................................................... 54 

4.1.2 The conservation and specificity of the RALF‒FER module ................................. 55 

4.1.3 The regulation of immunity by MpRALF1 ............................................................. 57 

4.1.4 The potential crosstalk between chitin and MpRALF1 induced pathways ............. 58 

4.2 Functional characterisation of MpAPEX and MpSERK ................................................ 59 

4.2.1 The role of MpAPEX in immunity ......................................................................... 59 

4.2.2 MpSERK plays a key role in both immunity and development .............................. 60 

4.2.3 MpBIR function as a suppressor of MpSERK ........................................................ 61 

5 Materials and methods ........................................................................................................ 63 

5.1 Materials ......................................................................................................................... 63 

5.1.1 Primers .................................................................................................................... 63 

5.1.2 Plasmids .................................................................................................................. 67 

5.1.3 Bacterial strains ....................................................................................................... 72 

5.1.4 Transgenic plants ..................................................................................................... 72 

5.2 Methods .......................................................................................................................... 74 

5.2.1 Molecular cloning of genetic constructs ................................................................. 74 

5.2.2 Plant growth and conditions .................................................................................... 75 



Table of contents 

 

 VI 

5.2.3 Agrobacterium-mediated stable transformation ...................................................... 76 

5.2.4 GUS staining assay .................................................................................................. 76 

5.2.5 RALF peptide synthesis .......................................................................................... 76 

5.2.6 ROS burst and ROS production pattern measurement ............................................ 77 

5.2.7 Root growth inhibition assay ................................................................................... 77 

5.2.8 Phylogenetic analysis .............................................................................................. 77 

5.2.9 Annotations of the interactomic and transcriptomic dataset ................................... 78 

5.2.10 GO enrichment analysis ........................................................................................ 78 

5.2.11 Transcriptome analysis .......................................................................................... 78 

5.2.12 RNA extraction and cDNA synthesis .................................................................... 79 

5.2.13 Quantitative RT-PCR analysis .............................................................................. 79 

5.2.14 Pto DC3000-lux infection assay ........................................................................... 79 

5.2.15 Transient expression in N. benthamiana ............................................................... 80 

5.2.16 Purification of fusion proteins ............................................................................... 80 

5.2.17 in vitro kinase assay .............................................................................................. 81 

5.2.18 Immunoblotting ..................................................................................................... 81 

5.2.19 Statistical analysis ................................................................................................. 82 

5.2.20 Cryo-scanning electron microscopy (Cryo-SEM) ................................................. 82 

5.2.21 FRET–FLIM .......................................................................................................... 82 

5.2.22 Interactome analysis .............................................................................................. 83 

References ............................................................................................................................... 86 

Supplemental data ................................................................................................................ 103 

Eidesstattliche Erklärung .................................................................................................... 106 

 

 

 

 

 



Acknowledgements

 

 VII 

Acknowledgements 

Hiro, thank you for giving me the chance to study here and work on this fantastic project. Over 

the past nearly four years, I have learnt so much, especially from you. I am deeply grateful for 

your invaluable advice (both in science and life) and your patience during my PhD journey. 

There were times when I forgot things and felt really panicked, but you were always kind and 

supportive. And thank you for your strictness in writing. It was painful, but I felt so great when 

I finally got through it and learnt a lot. You have always been there whenever I needed support 

when experiments didn’t go right, and I will never forget to ‘think deeply.’ Thanks a lot! 

I also would like to thank my TAC members, Tonni and Alga, for your kind support, guidance, 

and critical advice on my project. 

Thanks to all my group members. Sara and Anne, thank you for the very kind, professional, and 

efficient support in mass spec. David, thanks for the advice and help in science and bench work. 

We had great talks about football! Mung, thank you for always being there, for the trips, beers, 

dinners, all the wonderful times, and the code words! Gabriel, thanks for the help and 

conversations, and for creating an enjoyable atmosphere in our office, despite the scary plastic 

spider. Katharina, thank you for everything. You really helped me a lot in science and life, 

especially when I first came to Germany. I feel so lucky to have had you in my PhD life. You 

are always the best! I will never forget you, TOO! 

A huge thank you to my parents and grandparents for their encouragement, unconditional 

support, love, and belief in me all along the way. I love you so much. Thanks to XiangXiang 

Dun for always being there, being patient, having my back, and knowing me so well no matter 

what! I love you. Thanks to my friends, Shufang, Qiaochu, and Ram. I am incredibly grateful 

to have had you all in my life. Shufang, you are not here, but I know you are always with me. I 

love you so much. 

Last but not least, thanks to my cats, Mochi and Coffee. Thank you for just being so cute. 

Whenever I think about you two, I feel so happy and relieved. I love you two forever. 

 

 

 

 



Abbreviations

 

 VIII 

Abbreviations 

Abbreviation Full name 

aa amino acid(s) 

ACN acetonitrile 

AHA H+-adenosine triphosphatase 

Amp ampicillin 

ANOVA analysis of the variance 

At Arabidopsis thaliana 

ATP adenosine triphosphate 

BAK BRI1-ASSOCIATED KINASE 

BH Benjamini and Hochberg 

BIR BAK1-INTERACTING RECEPTOR-LIKE KINASE 

BLAST basic local alignment search tool 

bp base pair(s) 

BR brassinosteroid 

BRI1 BRASSINOSTEROID-INSENSITIVE1 

CAA chloroacetic acid 

CaMV cauliflower mosaic virus 

Cas9 CRISPR-associated protein 9 

CBB coomassie brilliant blue 

cDNA complementary DNA 

CDS coding sequence 

CERK CHITIN ELICITOR RECEPTOR KINASE  

CIK CLAVATA3 INSENSITIVE RECEPTOR KINASE 

cm centimetre 

Col-0 Columbia 0 

CRISPR clustered regularly interspaced short palindromic repeats 

CRISPRR CRISPR resistance  

CrRLK1L Catharanthus roseus RECEPTOR-LIKE KINASE 1-LIKE 

CS chlorsulfuron 

C-terminus carboxyl terminus 

CWI cell wall integrity 

DAMPs damage-associated molecular patterns 



Abbreviations

 

 IX 

DEG differentially expressed gene 

DKO double knock-out 

DNA deoxyribonucleic acid 

dpi day(s) post inoculation 

DTT dithiothreitol 

dV destination vector 

ECD extracellular domain 

EDTA ethylenediaminetetraacetic acid 

EFR EF-Tu RECEPTOR 

EF-Tu elongation factor-Tu 

EF1α elongation factor 1α 

EGF epidermal growth factor 

elf18 N-terminal peptide of EF-Tu, N-acetylated 

ETI effector-triggered immunity 

eV entry vector 

FA ferulic acid 

FC fold change 

FDR false discovery rate 

FER FERONIA 

flg22 flagellin-derived 22 amino acid peptide 

FLIM fluorescence lifetime imaging microscopy 

FLS2 FLAGELLIN-SENSITIVE2 

FMK mitogen-activated protein kinase of Fusarium oxysporum 

FRET Förster resonance energy transfer 

GB Gamborg’s B5 

Gent gentamicin 

GFP green fluorescent protein 

GMO genetically modified organism 

GO gene ontology 

GPI glycosylphosphatidylinositol 

GST glutathione-s-transferase 

GUS β-glucuronidases 

GW gateway 

h hour(s)  



Abbreviations

 

 X 

HCD higher-energy C-trap dissociation 

His polyhistidine 

HR hypersensitive response 

HRP horseradish peroxidase 

HSD honestly significant difference 

Hyg hygromycin 

IgG immunoglobulin G 

IPTG isopropyl ß-D-1-thiogalactopyranoside 

JA jasmonic acid 

Kan kanamycin 

KD kinase domain 

kDa kilo Dalton 

KO knock-out 

L litre(s) 

LB lysogeny broth 

LC liquid chromatography 

LED light-emitting diode 

LFQ label-free quantification 

LLG LRE-LIKE GPI-ANCHORED PROTEIN 

L-O12 luminol-based chemiluminescent probe 

LRE LORELEI 

LRR leucine-rich repeat 

LRX leucine-rich repeat extensin 

lux luxCDABE luciferase operon 

LYK LYSM RECEPTOR-LIKE KINASE 

LYR LYSM-KINASE-RELATED 

LysM lysin motif 

mA milliampere 

MAMPs microbe-associated molecular patterns 

MAPKs mitogen-activated protein kinases 

MBP maltose-binding protein 

mg microgram 

min(s) minute(s) 

mL millilitre(s) 



Abbreviations

 

 XI 

mm millimetre(s) 

mM millimolar 

Mp Marchantia polymorpha 

MS medium Murashige and Skoog medium 

ms millisecond(s) 

MS mass spectrometry 

mTb miniTurbo 

m/z mass-to-charge ratio 

NB nucleotide-binding 

NLR nucleotide-binding and leucine-rich repeat 

nL nanolitre(s) 

nm nanometre(s) 

ns not significant 

N-terminus amino terminus 

OD optical density 

PAGE polyacrylamide-gel electrophoresis 

PAMPs pathogen-associated molecular patterns 

PCA principal component analysis 

pH potential of hydrogen 

PVFD polyvinylidene fluoride 

RT-PCR reverse transcription polymerase chain reaction 

pep plant elicitor peptide 

PD plasmodesmata 

PR PATHOGENESIS RELATED 

PRR pattern-recognition receptor 

PTI PRR-triggered immunity 

Pto Pseudomonas syringae pv. tomato 

R resistance 

RALF RAPID ALKALINISATION FACTOR 

RGF root meristem growth factor 

RGI1 RGF1 INSENSITIVE1 

RIPK RPM1-INDUCED PROTEIN KINASE 

RLCK receptor-like cytoplasmic kinase 

RLK receptor-like kinase 



Abbreviations

 

 XII 

RLP receptor-like protein 

RLU reactive luminescence units 

RNA ribonucleic acid  

ROS reactive oxygen species 

rpm revolutions per minute 

RPM RESISTANCE TO P. SYRINGAE PV. MACULICOLA  

RT room temperature 

SA salicylic acid 

SEM scanning electron microscope 

seq sequencing 

SD standard deviation  

SDS sodium dodecyl sulfate 

SE standard error 

SERK SOMATIC EMBRYOGENESIS RECEPTOR-LIKE KINASE 

sgRNA single guide RNA 

Spt spectinomycin 

strep streptavidin 

S1P SITE-1 PROTEASE 

Tak Takaragaike 

TDIF TRACHEARY ELEMENT DIFFERENTIATION INHIBITOR 

FACTOR 

TDR TDIF RECEPTOR 

TFA trifluoroacetic acid 

THE THESEUS 

TM transmembrane domain 

Tris tris (hydroxymethyl) aminomethane 

T-DNA transfer DNA from Agrobacterium tumefaciens 

UTR untranslated region 

V volt(s) 

v/v volume per volume 

WT wild-type 

X-Gluc 5-bromo-4-chloro-3-indolyl-beta-D-glucuronic acid 

µg microgram(s) 



Abbreviations 

 

 XIII 

µL microlitre(s) 

μm micrometre(s) 

µM micromolar 

µmol micromoles 

% percent 

°C degree Celsius 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  



Introduction

 

 1 

1 Introduction 

Land plants, also known as embryophytes, are thought to have evolved from an ancestral 

lineage of freshwater green algae, the charophycean algae (Delwiche and Cooper 2015; 

Bowman 2022; Edwards et al. 2014). This transition of plants from aquatic to terrestrial 

environments marked a pivotal evolutionary event, leading to the emergence of complex 

terrestrial ecosystems. Extant land plants encompass bryophytes (non-vascular plants) and 

tracheophytes (vascular plants) (Bowman 2022). Phylogenomics has reached a consensus 

topology wherein the three bryophyte lineages (hornworts, mosses, and liverworts) form one 

clade, and the three tracheophyte lineages (lycophytes, ferns, and seed plants) form another 

clade (Figure 1) (Puttick et al. 2018; Morris et al. 2018; Bowman 2022; Wickett et al. 2014; 

Nishiyama et al. 2004). Bryophytes, here, as a monophyletic lineage, occupy a unique position 

compared to tracheophytes, making them valuable for studies on the evolution of land plants. 

Comparisons between bryophytes and those of tracheophytes provide significant insights into 

the nature of the ancestral land plant.  

Marchantia polymorpha is a species of large thalloid liverwort. Due to its distinct 

morphology compared to other land plants and its relatively simple genetic background, it has 

become a prominent model organism. The successful establishment of multiple genomic and 

genetic tools in M. polymorpha has further enhanced its utility for advancing our understanding 

of genetics and evolutionary processes (Althoff et al. 2014; Ishizaki et al. 2016; Sauret-Gueto 

et al. 2020; Matsumoto et al. 2021; Iwakawa et al. 2021; Melkonian et al. 2022). 

  

Figure 1. Phylogeny of land plants, modified from Bowman et al. 2022
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1.1 The model liverwort Marchantia polymorpha 

Marchantia polymorpha exhibits a distinct body plan compared to other land plants, comprising 

a horizontal flattened thallus with dichotomous branching. The upper side of the thallus is 

equipped with air chambers that have air pores as the entry site for gas exchange (Figure 2). Air 

chambers are air-filled spaces covered by a single-layered epidermis with a hydrophobic cuticle 

and contain the assimilatory filaments for photosynthesis (Shimamura 2016; Kohchi et al. 2021). 

It has been suggested that air chambers are the initial battle fields for pathogens to successfully 

colonise M. polymorpha. This is likely due to the fact that air chambers provide stable humid 

microenvironments and photosynthetic filament cells, which are beneficial for the growth of 

pathogenic microbes (Figure 2) (Carella et al. 2018; Iwakawa et al. 2021; Yotsui et al. 2023). 

The storage tissue exists in the middle region under the upper side of the thallus, 

containing oil bodies and parenchymatous cells (Shimamura 2016; Romani et al. 2022). The 

latter are characterised by their large vacuoles that store starch grains, lipids, and other essential 

nutrients. The oil body is a specialised structure in liverworts, containing bioactive compounds, 

such as sesquiterpenoids and cyclic bisbibenzyl compounds (Kanazawa et al. 2020). The oil 

body was found to be involved in defence mechanisms against herbivores as mutants with 

defective oil body cell formation are more susceptible to arthropod herbivores compared to 

wild-type plants (Romani et al. 2020; Kanazawa et al. 2020; Romani et al. 2022). 

The lower side of the thallus comprises rhizoids and scales, which contribute to 

anchorage and the absorption of water (Shimamura 2016). The development and functionality 

of unicellular rhizoids are crucial for the survival of M. polymorpha in terrestrial habitats, 

especially in damp and shaded areas where they are commonly present (Jones and Dolan 2012). 

There are two primary types of rhizoids in M. polymorpha: smooth-walled and pegged rhizoids 

(Shimamura 2016). Smooth-walled rhizoids are located on the ventral site of the thallus and are 

structurally analogous to root hair cells in angiosperms (Jones and Dolan 2012; Shimamura 2016; 

Kohchi et al. 2021). Smooth-walled rhizoids are elongated and unbranched, primarily 

functioning in anchorage (Ligrone et al. 2007). In contrast, pegged rhizoids, covered by scales 

and characterised by internal peg-like projections, are involved in water absorption and 

retention (Duckett et al. 2014; McConaha 1941). Ventral scales are multicellular structures that 

overlap to form a protective covering on the lower surface of the thallus. These scales guide the 

growth and orientation of the rhizoids, ensuring effective attachment to the substrate (Figure 2) 

(Shimamura 2016). 
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Figure 2. Diagram of M. polymorpha structure modified from Cronodon.  

Marchantia polymorpha has a typical haploid gametophyte-dominant bryophytic life cycle. The 

gametophyte is a flat, thalloid structure capable of both sexual and asexual reproduction 

(Bowman et al. 2017). Both male and female thalli can reproduce asexually by producing 

multicellular gemmae from gemma cups, which grow into genetically identical gametophytes 

(Kato, Yasui, and Ishizaki 2020). Sexual reproduction involves the formation of specialised 

umbrella-like branches named gametangiophores, which bear the gametangia. 

Gametangiophores can be induced under far-red light irradiation (Chiyoda et al. 2008). Male 

gametangiophores (antheridiophores) produce antheridia that release motile sperms, while 

female gametangiophores (archegoniophores) produce archegonia that house the egg cells. 

After fertilisation, the diploid zygote develops into a sporophyte attached to the gametophyte, 

producing spores through meiosis. These spores germinate to form new gametophytes, 

completing the cycle (Shimamura 2016; Yamaoka, Inoue, and Araki 2021; Hisanaga et al. 

2019).  

The whole-genome sequencing and chromosome genome assembly of M. polymorpha 

were published in 2017 and 2020, respectively (Montgomery et al. 2020; Bowman et al. 2017). 

It is likely that M. polymorpha did not undergo whole-genome duplication during its evolution, 

leading to low genetic redundancy. The overall simplicity of gene families in M. polymorpha 
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is a valuable attribute that facilitates the dissection of fundamental molecular mechanisms and 

gene functions in complex biological pathways. Thus, M. polymorpha has now been adopted 

as a modern model plant to uncover conserved and diversified mechanisms in various aspects 

of plant biology.  

Given the simple genetic background and haploid gametophyte of M. polymorpha, 

genome editing can be achieved within a short timeframe. This facilitates the production of 

transgenic plants that can be utilised directly without additional crossing in M. polymorpha 

compared to other model plants in angiosperms. Techniques such as Agrobacterium-mediated 

stable transformation and CRISPR Cas9-based genome editing for generating knock-out 

mutants are well-established in M. polymorpha (Sugano et al. 2018; Ishizaki et al. 2016; Kubota 

et al. 2013). Additionally, other broadly applicable tools have been developed in M. polymorpha. 

Transient transformation approaches based on particle bombardment and Agrobacterium-

mediated methods have been established (Iwakawa et al. 2021; Westermann et al. 2020). A 

bioluminescence-based quantitative and spatial detection method for bacteria has also been 

recently introduced, allowing for the direct quantification of Pto DC3000 growth on thallus by 

measuring luminescence from the bacteria (Matsumoto et al. 2021). The miniTurbo-based 

interactomics approach has been developed in M. polymorpha to explore protein networks 

(Melkonian et al. 2022). 

1.2 Plant immune system  

In nature, plants as sessile organisms, are constantly exposed to a wide variety of adverse 

environmental conditions, which can be broadly categorised into biotic stresses, such as attacks 

by various pathogens including bacteria, fungi, and oomycetes, and abiotic stresses, such as 

drought, extreme temperature, chemicals, and salinity. Attack by pathogenic microorganisms 

is one of the most significant challenges to plant growth and development. Extant plants have 

evolved sophisticated and complex innate immune systems to fend off potentially pathogenic 

microbes. Extensive studies in angiosperms have revealed that there are two branches of the 

plant immune system based on the mode of pathogen recognition: pattern-triggered immunity 

(PTI) and effector-triggered immunity (ETI) (Zhang et al. 2023; Ngou, Ding, and Jones 2022; 

Alhoraibi et al. 2019; Jones and Dangl 2006; Pruitt et al. 2021).  

In PTI, plants utilise cell surface-localised pattern-recognition receptors (PRRs) to 

perceive evolutionarily well-conserved microbe-/pathogen-/damage-associated molecular 

patterns (MAMPs/PAMPs/DAMPs) outside the cell, triggering rapid defence responses such 

as calcium influx, reactive oxygen species (ROS) production, mitogen-activated protein kinase 
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(MAPK) cascade activation, callose deposition, and defence-related gene expression (Escocard 

de Azevedo Manhaes et al. 2021; DeFalco and Zipfel 2021; Jian et al. 2024).  

Adapted pathogens are able to secrete effector proteins that overcome and/or inhibit PTI. 

In turn, effectors can be recognised by adapted plants via intracellular resistance (R) proteins 

to trigger ETI. The main class of R proteins contains nucleotide-binding domain (NB) and 

leucine-rich repeat (LRR) domains and are referred to as NB-LRR (NLR) proteins (Gao et al. 

2018; Jones and Dangl 2006). The activation of intracellular R proteins often results in the 

hypersensitive response (HR) as a hallmark of ETI, where cells at the site of infection undergo 

programmed cell death, creating a hostile environment for biotrophic and hemibiotrophic 

pathogens (Ngou, Ding, and Jones 2022; Coll, Epple, and Dangl 2011; Jones, Vance, and Dangl 

2016). 

Conventionally, PTI and ETI have been considered as two independent branches within 

the plant immune system, with PRRs and NLRs differing in their spatial and temporal dynamics. 

However, recent studies have indicated that crosstalk exists between PTI and ETI, suggesting 

that plant immunity operates as a unified system containing two interdependent branches (Yuan, 

Ngou, et al. 2021). ETI increases the protein abundance of PTI signalling components and 

requires PTI to provide effective resistance to microbial infection. Conversely, the activation 

of PTI amplifies ETI responses. These findings underscore that plants require both cell surface 

PRRs and intracellular NLRs to achieve full immunity (Yuan, Jiang, et al. 2021; Ngou et al. 

2021; Thomma, Nurnberger, and Joosten 2011).  

1.2.1 Immunity in M. polymorpha 

Key components that have been shown to be essential for immune responses in angiosperms 

can be found in M. polymorpha. Homologues of characterised plasma-membrane localised 

receptors and their co-receptors were identified in the genome of M. polymorpha (Yotsui et al. 

2023; Bowman et al. 2017; Mecchia et al. 2022). Lysin motif (LysM) RECEPTOR-LIKE 

KINASE1, MpLYK1, and LysM RECEPTOR-LIKE KINASE-RELATED, MpLYR, which are 

homologous to chitin-receptors in Arabidopsis thaliana, CHITIN ELICITOR RECEPTOR 

KINASE1 (AtCERK1) and AtLYK5, respectively, were shown to be required for chitin- and 

peptidoglycan-induced immune responses (Cao et al. 2014; Miya et al. 2007; Willmann et al. 

2011; Yotsui et al. 2023). NLR homologues are also found in the genome of M. polymorpha 

(Bowman et al. 2017). 

Marchantia polymorpha offers multiple pathosystems that facilitate investigations into 

immunity-related functions. Several pathogenic microbes have been reported to elicit immune 
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responses in M. polymorpha. The hemibiotrophic pathogenic bacterium Pseudomonas syringae 

pv. tomato DC3000 (Pto DC3000), which is an important model system for studying plant–

pathogen interactions, can colonise M. polymorpha and induce defence-related responses 

(Gimenez-Ibanez et al. 2019). Marchantia polymorpha also exhibits a dynamic molecular 

response to the hemibiotrophic oomycete pathogen Phytophthora palmivora. Additionally, it 

displays disease symptoms or cell death in response to various fungal pathogens, including 

Fusarium oxysporum (Carella et al. 2019; Redkar et al. 2021; Matsui et al. 2020).  

To date, extensive studies have revealed the molecular mechanisms underlying plant 

immunity across different plant species; however, most insights have been limited to 

angiosperms. We still lack knowledge of the components and mechanisms involved in the 

immunity of bryophytes. Studying the immune system in M. polymorpha can help us 

understand how complex immune responses have evolved and diversified in land plants, 

providing a broader perspective on the evolution of plant immune systems.  

1.3 Cell-surface localised receptor  

Plant cell surface-localised receptors are crucial for mediating interactions with the external 

environment, including the detection of pathogens, symbionts, and environmental signals such 

as pH and light. These receptors play pivotal roles in the regulation of plant growth, 

development, and defence mechanisms, making them essential for plant survival and adaptation 

(Ngou, Ding, and Jones 2022; Boutrot and Zipfel 2017). 

Plant cell surface-localised receptors can be largely classified into receptor-like kinases 

(RLKs) and receptor-like proteins (RLPs). RLKs are characterised by an extracellular domain 

(ECD), a single-pass transmembrane domain (TM), and an intracellular kinase domain (KD) 

that transduces signals by phosphorylating downstream targets (Osakabe et al. 2013; Boutrot 

and Zipfel 2017). RLPs, on the other hand, lack the intracellular KD or any other recognisable 

intracellular domain. Instead, RLPs often associate with RLKs or other signalling components 

to initiate signal transduction. RLKs and RLPs can be divided into different subgroups based 

on the structural features of their ECDs that are responsible for ligand perception. These 

subgroups include LRR, lectin, malectin, LysM, and epidermal growth factor (EGF)-like 

extracellular types (Bohm et al. 2014). Ligand perception often induces conformational changes 

and dynamic associations of RLKs and RLPs with specific co-receptors and receptor-like 

cytoplasmic kinases (RLCKs). The co-receptors are often shared among different receptors 

(Zipfel 2014; Ngou et al. 2024).    
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1.3.1 Leucine-rich repeat receptor-like kinases, LRR-RLKs  

The leucine-rich repeat receptor-like kinases (LRR-RLKs) family is the most prominent and 

best-characterised RLK family in plants. LRR-RLKs constitute one of the largest receptor 

classes in plants and are structurally classified into 14 subfamilies (Zulawski et al. 2014; Xi et 

al. 2019; Zhang et al. 2006). In angiosperms, several subfamily XII LRR-RLKs have been 

proven to function as PRRs. These include the well-characterised A. thaliana FLAGELLIN-

SENSITIVE2 (AtFLS2) and ELONGATION FACTOR-Tu (EF-Tu) RECEPTOR (AtEFR), 

which are responsible for bacterial flagellin (flg22) and translation elongation factor Tu (elf18) 

perception, respectively (Gómez-Gómez and Boller 2000; Zipfel et al. 2006). The subfamily II 

LRR-RLKs are generally considered to function as co-receptors for LRR-type receptors. The 

PRRs from subfamily XII LRR-RLKs typically require SOMATIC EMBRYOGENESIS 

RECEPTOR-LIKE KINASES (SERKs) from subfamily II LRR-RLKs as co-receptors for 

downstream signalling (Ma et al. 2016).  

SERK was initially identified as a co-receptor for the brassinosteroid (BR) receptor 

BRASSINOSTEROID-INSENSITIVE1 (BRI1) (Chinchilla et al. 2009; Heese et al. 2007). BRs 

are phytohormones that regulate plant growth and development (Fujioka and Yokota 2003). 

Loss of function mutations in AtSERK3 (also known as BRI1-ASSOCIATED KINASE1, 

AtBAK1) negatively affect plant growth by impairing cell elongation (Nam 2002; Li et al. 

2002). AtSERK3 functions as a common co-receptor for AtFLS2 and AtEFR, as well as AtBRI1, 

regulating not only PTI but also plant growth and development (Chinchilla et al. 2007; Li et al. 

2002; Sun et al. 2013; Fontes 2023). The specificity of these diverse responses is primarily 

governed by the specificity of the ligand–receptor interaction. Upon ligand perception, SERKs 

are recruited by PRRs and form complexes with the corresponding PRRs to regulate 

downstream signalling pathway (Schulze et al. 2010). The tyrosine residue (Y403) located in 

the kinase domain of AtSERK3, which is widely conserved among SERK homologues, has 

been shown to be required for immune signalling but not for BR signalling (Perraki et al. 2018). 

Thus, the immune and developmental signalling mediated by AtSERK3 can be uncoupled by 

editing the tyrosine residue. 

AtSERK3 is also known to interact with AtBIRs (BAK1-INTERACTING RECEPTOR-

LIKE KINASE) from subfamily Xa LRR-RLKs (Halter et al. 2014; Imkampe et al. 2017; Gao 

et al. 2009). The A. thaliana genome encodes four AtBIRs: AtBIR1 through AtBIR4. AtBIR1 

has been shown to negatively regulate cell death, and disruptions in AtBIR1 abundance impact 

both plant growth and defence responses, including cell death induction, constitutive expression 

of the immune-marker genes PATHOGENESIS RELATED1 (AtPR1) and AtPR2, and 
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enhanced plant resistance to the oomycete Hyaloperonospora parasitica (Guzman-Benito et al. 

2019; Liu et al. 2016; Gao et al. 2009). Using a dexamethasone (DEX)-inducible expression 

system, it has been demonstrated that the induction of AtBIR1 in an Atbir1 mutant background 

at an endogenous level represses the expression of PTI genes and callose deposition at 

plasmodesmata (PD) in response to the PTI elicitor flg22. Overexpression of AtBIR1 resulted 

in developmental defects and upregulation of plant defence, similar to the phenotypes observed 

in Atbir mutants (Guzman-Benito et al. 2019; Guzmán-Benito et al. 2024). 

AtBIR2 and AtBIR3 restrict the binding of AtSERK3 to AtFLS2 and negatively regulate 

AtSERK3-mediated immunity by constitutively interacting with AtSERK3 in the absence of 

ligands. This interaction helps to restrict undesired interaction with the corresponding ligand-

binding receptors. During ligand perception, AtSERK3 dissociates from AtBIRs and becomes 

available to form complexes with PRRs (Halter et al. 2014; Imkampe et al. 2017; Gao et al. 

2009). The well-balanced expression of BIRs and the tight control of SERKs activities are 

crucial for plants in coordinating defence responses and growth.  

1.3.1.1 LRR-RLKs in M. polymorpha 

Marchantia polymorpha encodes a total of 107 LRR-RLKs (Bowman et al. 2017). The 

subfamily XII LRR-RLKs expanded independently in many plant lineages including liverworts, 

and therefore M. polymorpha lacks homologues for FLS2 and EFR (Black in Figure 3A) 

(Bowman et al. 2017). It has been reported that M. polymorpha does not respond to flg22 and 

elf18, which is in agreement with the genome analysis (Yotsui et al. 2023). It is important to 

note that M. polymorpha does not encode any BRI1 homologues either. The subfamily II LRR-

RLKs, including the single SERK homologue, are found to be conserved in M. polymorpha 

(Black in Figure 3B).  

The specific roles of subfamily XII LRR-RLKs in M. polymorpha are yet to be identified. 

However, it is tempting to hypothesise that these yet-to-be-characterised LRR-RLKs function 

as PRRs by recognising unknown MAMPs and forming complexes with the co-receptor 

homologues. Due to the lack of identified MAMPs and the size of subfamily XII LRR-RLK, it 

is more feasible to investigate the roles of subfamily XII LRR-RLKs through studying potential 

co-receptors, the single SERK homologue and two other members (MpAPEX and CLAVATA3 

INSENSITIVE RECEPTOR KINASE, MpCIK) (Black in Figure 3B). Given that our 

collaborators, Yuki Hirakawa’s group at Hiroshima University, Japan, are investigating MpCIK 

(Takahashi et al. 2021), I focused on characterising MpSERK and MpAPEX.  
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Figure 3. Phylogenetic tree of LRR-RLKs belonging to subfamily XII (A) and II (B) modified from (Bowman 

et al. 2017). 

1.3.2 Malectin-like receptor like kinase, FER  

FERONIA (FER) belongs to the malectin-like receptor-like kinases (MLRs) family, also known 

as the Catharanthus roseus RECEPTOR-LIKE KINASE 1-LIKE (CrRLK1L) family (Yang et 

al. 2021). Proteins in this family are characterised by two tandem malectin-like extracellular 

domains, a TM, and an intracellular KD. The MLR family proteins play pivotal roles in various 

plant processes, including reproduction, cell growth, hormone response, and immunity (Ji et al. 

2020; Lindner et al. 2012; Zhang et al. 2020; Wang et al. 2022). FER was initially identified as 

being required for fertilisation in A. thaliana, with fer mutants exhibiting defects in pollen tube 

elongation (Escobar-Restrepo et al. 2007). FER recognises numerous types of endogenous 

signals, mostly rapid alkalinisation factors (RALFs), and participates in a range of processes 

such as stress responses, H+-ATPase activity, calcium influx ROS bursts, and root growth 
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inhibition (Zhu et al. 2021; Gonneau et al. 2018; Stegmann et al. 2017; Haruta et al. 2014b; 

Liao et al. 2023; Ortiz-Morea et al. 2022).  

In the context of plant immunity, FER exerts diverse roles in transducing and mediating 

immune-related signalling pathways. AtFER is one of the best-characterised MLRs in A. 

thaliana and functions as a receptor for AtRALF1 and AtRALF23 peptides (Haruta et al. 2014a; 

Stegmann et al. 2017; Bhalla et al. 2024). The interaction of AtFER and AtRALF23 inhibits 

complex formation between PRRs and their co-receptors, such as that of AtEFR and AtFLS2 

with a co-receptor AtBAK1/SERK3, thereby inhibiting elf18- and flg22-induced ROS bursts, 

respectively (Stegmann et al. 2017). AtFER, here, is considered to act as a scaffold protein that 

facilitates the formation of different cell-surface receptor complexes essential for transduction 

of immune signals and thereby functions as a positive regulator of PTI (Stegmann et al. 2017). 

This mechanism, whereby RALF negatively regulates immunity in a FER-dependent 

manner, is utilised by the fungal pathogen Fusarium oxysporum f. sp. lycopersici. The RALF-

like (F-RALF) secreted by F. oxysporum hijacks the FER-mediated pathway in plants, 

activating rapid ROS bursts and inducing alkalinisation of the apoplasts. The upshift of 

extracellular pH triggers the phosphorylation of the pathogenicity-associated MAPK, FMK1, 

in F. oxysporum, thereby enhancing virulence. The increased surrounding pH facilitates a 

favourable environment for F. oxysporum to further colonise the host plant (Thynne et al. 2017; 

Masachis et al. 2016).  

In contrast, AtRALF22 peptide positively regulates plant immunity via AtFER (He et 

al. 2023). AtRALF22 elicits a variety of immune responses, including rapid ROS bursts and 

MAPK cascade activation and amplifies plant elicitor peptides (Pep3)-induced immune 

responses in an AtFER-dependent manner. AtRALF22 also promotes resistance against the 

necrotrophic fungal pathogen Sclerotinia sclerotiorum (He et al. 2023).   

AtRALF1 inhibits the activity of plasma membrane H+-ADENOSINE 

TRIPHOSPHATASE2 (AHA2), which secretes protons into the apoplast and thereby regulates 

cell expansion, in an AtFER-dependent manner (Haruta et al. 2014b). Upon AtRALF1 

perception, AtFER interacts with and phosphorylates RLCK, RPM1-INDUCED PROTEIN 

KINASE (RIPK). This leads to apoplastic alkalinisation, which cooperatively inhibits root 

growth (Du et al. 2016).  

Upon the perception of RALFs, FER requires other receptors, such as LLGs, to assemble 

heterocomplexes to regulate immune signalling. LORELEI (LRE)-LIKE 

GLYCOSYLPHOSPHATIDYLINOSITOL (GPI)-ANCHORED PROTEIN1 (LLG1) directly 

interacts with the extracellular domain of AtFER to assemble the heterocomplexes of 
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AtRALF1‒AtLLG1‒AtFER and AtRALF23‒AtLLG1‒AtFER (Li et al. 2015; Xiao et al. 2019). 

FER also interacts with the extracellular LEUCINE-RICH REPEAT EXTENSINS (LRXs) 

upon RALFs mediation. LRXs are chimeric proteins that are insoluble in the cell wall and can 

form protein–protein interaction platforms (Herger et al. 2019). The interaction between 

AtRALF1 and AtLRX3/4/5 has been observed in shoots and roots to regulate cell wall 

signalling and plant growth (Dunser et al. 2019). 

1.3.2.1 Rapid alkalinisation factors, RALF peptides 

Rapid alkalinisation factors are cysteine‐rich, small secretory peptides that are widely 

recognised as inducible DAMPs (Tanaka and Heil 2021). RALFs were initially identified as 

endogenous plant peptides, triggering rapid alkalinisation of the apoplast of Nicotiana 

benthamiana and inhibiting plant growth (Pearce et al. 2001). Subsequently, RALFs were 

identified in most land plants, forming a large family (Cao and Shi 2012; Murphy and De Smet 

2014). Fungal pathogens and nematodes have also been found to secrete RALF peptides to 

modulate plant immune responses, thereby facilitating infection and parasitism, respectively 

(Zhang, Peng, et al. 2020; Masachis et al. 2016; Thynne et al. 2017).  

RALF peptides are firstly translated and secreted as propeptides. Some of these 

propeptides are cleaved at a SITE-1 PROTEASE (S1P) site by S1P to become mature RALFs. 

The YISY motif in RALF propeptides is required for receptor binding (Zhang, Yang, et al. 2020; 

Xiao et al. 2019; Haruta et al. 2014b; Pearce et al. 2010). The mature RALF peptides are then 

secreted into extracellular spaces, where they interact with the corresponding receptors 

localised on the plasma membrane and induce rapid alkalinisation (Campbell and Turner 2017).  

The genome of A. thaliana encodes 37 RALF propeptides, which play versatile roles in 

plant growth and immunity (Abarca, Franck, and Zipfel 2021). The majority of AtRALF 

peptides induce ROS production and/or modulate elicitor-induced ROS production in A. 

thaliana (Abarca, Franck, and Zipfel 2021; Stegmann et al. 2017; Olsen, Mundy, and Skriver 

2002). AtRALF17 not only induces ROS production but also elevates elf18-induced ROS 

production, potentially serving as a positive regulator of immune responses (Stegmann et al. 

2017). In contrast, AtRALF34 does not induce ROS production and actively inhibits elf18-

induced ROS production. Additionally, AtRALF34 functions as a ligand of AtTHESEUS 

(AtTHE), a homologue of AtFER, to modulate cell wall integrity (CWI) (Gonneau et al. 2018).  

AtRALF23 and AtRALF34 were shown to inhibit flg22-induced ROS production and 

immune responses in an AtFER-dependent manner, but did not induce ROS production on their 

own (Xiao et al. 2019; Stegmann et al. 2017). However, He et al. demonstrated that AtRALF23 
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can induce ROS bursts in A. thaliana (He et al. 2023). It is important to note that AtRALF23 

and AtRALF34 are S1P-cleaved RALF peptides, and both inhibit elicitor-triggered ROS bursts, 

whereas AtRALF17, lacking S1P cleavage site, induces ROS bursts. However, this dichotomy 

is not applicable to the entire RALF family. Yet, no clear correlation was found between S1P 

cleavage and modulation of ROS production across the RALF family (Abarca, Franck, and 

Zipfel 2021).   

Another well-described function of RALF peptides is their role in inhibiting seedling 

and root growth (Blackburn, Haruta, and Moura 2020; Morato do Canto et al. 2014). Most 

AtRALFs have the ability to inhibit seedling and root growth, with some of these inhibitory 

effects being dependent on AtFER. Both AtRALF23 and AtRALF34 have been shown to arrest 

seedling and root growth in A. thaliana, but only the inhibition modulated by AtRALF23 is 

dependent on AtFER (Abarca, Franck, and Zipfel 2021; Stegmann et al. 2017; Srivastava et al. 

2009).  

F-RALF secreted by the fungal pathogen F. oxysporum exhibits similar effects in 

inducing ROS bursts and inhibiting root growth in plants. It has been demonstrated that F-

RALF significantly arrests root and root hair growth in tomato and A. thaliana, with the latter 

effect being dependent on AtFER (Masachis et al. 2016). Treatment of plants with F-RALF 

induces robust ROS bursts and alkalinisation in N. benthamiana and tomato (Thynne et al. 

2017). 

1.3.2.2 FER and RALFs in M. polymorpha 

The Marchantia polymorpha genome encodes a single MLR known as MpFER/MpTHE and 

three RALF propeptides: MpRALF1, MpRALF2, and MpRALF3 (Bowman et al. 2017). 

MpFER has been shown to be required for various aspects of development, including rhizoid 

growth, cellular expansion, and morphological integrity of gametophytes (Honkanen et al. 2016; 

Mecchia et al. 2022). However, its ligands and role in immunity are still unclear.  

Phylogenetically, the three MpRALFs are in the same clade and are closely related to 

AtRALF34 (Figure 7D) (Mecchia et al. 2017; Bowman et al. 2017). MpRALF1 and MpRALF3 

are predicted to be processed by S1P, leading to the production of mature peptides. Given the 

presence of both MpFER and the predicted mature MpRALFs, it is reasonable to hypothesise 

that the RALF‒FER signalling pathway is conserved in M. polymorpha.  

The RALFs have also been identified in the genome of bryophyte Physcomitrium patens. 

PpRALF1 and PpRALF2 exhibit redundant functions in regulating protonema tip growth, 

similar to the role of AtRALF1 in root growth (Ginanjar, Teh, and Fujita 2022). Knocking out 
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PpRALF2 and PpRALF3 led to increased resistance to the bacterial and fungal pathogens, 

Pectobacterium carotovorum and Fusarium solani. This suggests that PpRALF2 and PpRALF3 

negatively regulate immunity (Mamaeva et al. 2023).  

To date, the function of RALFs in M. polymorpha remains unknown. Most studies on 

FER homologue in M. polymorpha have focused on its roles in growth and development, with 

no evidence yet demonstrating its functions in plant immunity as observed in angiosperms. The 

hypothesised presence of the RALF‒FER module raises questions about its contribution and 

function in immunity of M. polymorpha, which remain to be elucidated. 

 

2 Aim of research 

The aim of my PhD project is to: 

1) decipher the function of MpFER in the M. polymorpha immunity;  

2) unravel the contribution of the potentially conserved MpRALF‒MpFER module in 

plant immunity;  

3) characterise the immune-related functions of subfamily II LRR-RLKs, MpSERK and 

MpAPEX;  

4) identify potential PRRs in M. polymorpha;  

5) explore the cell-surface immune receptor networks involved in plant‒microbe 

interactions in M. polymorpha.  

This project is expected to shed light on the ancestral functions of MLRs and LRR-RLKs in 

plants. 

 

 

 

 

 

 

 



Results 

 
 

 14 

3 Results  

3.1 Marchantia polymorpha Malectin-like kinase receptor, MpFERONIA 

3.1.1 MpFER affects development of M. polymorpha 

The Mpfer-1 mutant was isolated in a screen of T-DNA insertion lines that was targeted at 

identifying genes required for rhizoid growth (Honkanen et al. 2016). To generate the insertion 

lines, spores from a cross between wild-type Tak-1 (male) and Tak-2 (female) were used. It 

appeared that the T-DNA was inserted in the 3’ UTR of MpFER, which does not affect MpFER 

expression level (Mecchia et al. 2022). Because of the mixed genetic background and possible 

MpFER expression in Mpfer-1, we generated a MpFER disruptant in a Tak-1 background using 

the CRISPR-Cas9 system, for a better understanding of MpFER functions. During this study, 

other Mpfer mutants, Mpfer-2 to Mpfer-8, were generated and reported (Mecchia et al. 2022), 

and thus I named our mutant Mpfer-9. The Mpfer-9 mutant had a single base-pair deletion at 

the beginning of the MpFER coding sequence, resulting in a nonsense translation of MpFER 

protein after 13 amino acids and an early stop translation after 21 amino acids (Figure 4A). 

Four-week-old Mpfer-9 exhibited strong defects in thalli growth and rhizoids development 

(Figure 4B). The defects in rhizoid formation is consistent with previous reports (Honkanen et 

al. 2016; Mecchia et al. 2022). Mpfer-9 engaged in asexual propagation and formed the cup-

shaped receptacle, namely gemma and gemma cup, respectively, indicating that MpFER is 

dispensable for asexual reproduction in M. polymorpha (Figure 4B). 

 

 

Figure 4. Phenotypes and genome editing site of the Mpfer-9 mutant 

A. Schematic representation of MpFER disruption in Mpfer-9. The early stop of protein translation at the N-

terminus of MpFER caused by a guanine deletion is indicated by an arrow. 

B. Four-week-old Mpfer-9 compared to Tak-1. Thalli were grown from single gemma under constant white light.   
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To investigate the expression profile of MpFER, I cloned a 5-kb DNA fragment upstream of 

the start codon and fused it to a β-glucuronidases (GUS)-reporter gene. Three independent 

transgenic lines expressing proMpFER:GUS were established in a Tak-1 background. GUS-

staining was performed through cross-sectional and top-view analysis. In 3-day-old gemma, 

GUS-staining was prominently confined to rhizoids and the central region of the gemma (Figure 

5A). At later stages, GUS staining was observed in the meristem, rhizoids, assimilatory 

filaments, and rhizoid-initiated areas along midribs (Figure 5). Tak-1, serving as a negative 

control, did not exhibit any GUS staining at any of these growth stages. These observations 

align with the functional involvement of MpFER in rhizoid formation and in thallus growth.  

 

Figure 5. Gene expression profile of MpFER  

Histochemical GUS staining of transgenic lines expressing a GUS gene under MpFER promoter.  

A. Top view of 3-day-old gemmaling. Scale bar, 250 μm. 

B. Top view of 7-day-old thallus. Scale bar, 200 μm. 

C. Top view of 15-day-old thalli. Scale bar, 200 μm. 

D. Cross-sectional view of 15-day-old thallus. Scale bar, 200 μm. 

E. Top view of 7-day-old rhizoids. Scale bar, 100 μm. 

F. Top view of 7-day-old thallus.  Scale bar, 50 μm. 
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3.1.2 The kinase activity and protein level of MpFER is important for thallus growth 

In order to investigate the contribution of MpFER kinase activity to the development of M. 

polymorpha, I generated transgenic plants overexpressing MpFER or MpFER kinase-dead 

mutant (MpFER-KD). Proteins were tagged with miniTurbo and Myc at their C-termini and 

expressed under an MpFER promoter in the Tak-1 background (proMpFER:MpFER-miniTurbo-

Myc and proMpFER:MpFER-KD-miniTurbo-Myc). The overexpression of MpFER, but not 

MpFER-KD, severely affected the growth of M. polymorpha (Figure 6A). Immunoblot analysis 

confirmed that MpFER and MpFER-KD proteins were expressed in the transgenic plants 

(Figure 6B). MpFER-KD tended to accumulate to slightly higher levels than MpFER (Figure 

6B). These results indicate that the kinase activity of MpFER is responsible for the observed 

growth defects in MpFER-overexpressing plants. At the same time, these results imply that 

kinase activity is indispensable for MpFER functions in M. polymorpha. 

To further validate the significance of MpFER kinase activity, MpFER-miniTurbo-Myc 

and MpFER-KD-miniTurbo-Myc were overexpressed under the ubiquitous MpEF1α promoter 

in Tak-1 (proMpEF1α:MpFER-miniTurbo-Myc and proMpEF1α:MpFER-KD-miniTurbo-Myc). 

Overexpression lines of MpFER-KD, but not of MpFER, were successfully obtained. This 

suggests that the overaccumulation of MpFER is detrimental to thallus growth, underscoring 

the importance of both the kinase activity and the protein level of MpFER in the growth and 

development of M. polymorpha. 
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Figure 6. MpFER-overexpressing plants 

A. Transgenic lines with proMpFER:MpFER-miniTurbo-Myc or proMpFER:MpFER-KD-miniTurbo-Myc compared 

to Tak-1. Four-week-old plants are shown. Thalli were grown from single gemma under constant white light.  Scale 

bar, 10 mm.  

B. Immunoblot analysis of MpFER accumulation in proMpFER:MpFER-miniTurbo-Myc and proMpFER:MpFER-

KD-miniTurbo-Myc transgenic plants. Wild-type Tak-1 and miniTurbo-Myc-MpSYP13B-expressing plants 

served as controls. Red, blue, and green arrows indicate MpFER-miniTurbo-Myc, MpFER-KD-miniTurbo-Myc, 

and miniTurbo-Myc-MpSYP13B, respectively. Anti-Myc antibody was used to detect the fusion proteins. A 

coomassie brilliant blue (CBB)-stained membrane is shown as loading control. 

3.1.3 MpRALF and MpFER function as a module in M. polymorpha 

3.1.3.1 MpRALF1 triggers ROS bursts in M. polymorpha 

Marchantia polymorpha encodes three MpRALF propeptides, MpRALF1, MpRALF2, and 

MpRALF3, which are phylogenetically related to AtRALF34 (Figure 7D). In A. thaliana, 

RALF peptides trigger ROS bursts or suppress MAMP-induced ROS bursts in an AtFER-

dependent manner (Abarca, Franck, and Zipfel 2021; Stegmann et al. 2017). AtRALF34 does 

not trigger ROS bursts on its own but suppresses flg22- or elf18-induced ROS bursts in A. 

thaliana. The functions of MpRALFs and their relationship with the single MLR, MpFER, are 

not yet described. 

In order to determine whether M. polymorpha can sense and respond to RALF peptides, 

predicted mature MpRALF1 (Mp7g07270) and MpRALF3 (Mp1g27120) peptides were 

chemically synthesised (Figure 7A). Wild-type Tak-1 gemmae were treated with MpRALF1 

and MpRALF3, and ROS bursts were monitored. I found that both MpRALF1 and MpRALF3 
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can trigger ROS bursts in Tak-1 (Figure 7B and 7C). The level of ROS production triggered by 

MpRALF3 was significantly lower compared to MpRALF1 (Figure 7B, 7C, and 10A).  

To investigate whether MpFER is required for sensing MpRALF1 and MpRALF3, a 

ROS production assay was performed in Mpfer-9. As shown in Figure 7B and 7C, MpRALF1 

and MpRALF3 failed to trigger ROS bursts in Mpfer-9. These results suggest that MpFER 

functions as a receptor for MpRALF1 and MpRALF3 in M. polymorpha. This also means that 

RALF and FER function as a module in liverworts or in bryophytes, suggesting that the RALF‒

FER module is widely conserved in land plants. 
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Figure 7. MpRALF1 and MpRALF3 trigger ROS bursts in an MpFER-dependent manner 

A. Sequence alignment of MpRALFs, AtRALF1, AtRALF23, and AtRALF34. Colour-coding based on sequence 

conservation: the darker the colour, the more conserved the residue. Sequences shaded in blue indicate the 

predicted mature peptides. Red boxes highlight conserved motifs. 

B and C. Gemmae were treated with 1 µM MpRALF1 (B) or 1 µM MpRALF3 peptides (C). Seven-day-old liquid-

cultured gemmae from Mpfer-9 and wild-type Tak-1 were used. ROS production over time was monitored with a 

plate reader by luminescence (RLU) (n=3, mean +/- SE). The peaks of ROS production triggered by either 

MpRALF1 or MpRALF3 are indicated by arrows. 

D. Phylogenetic analysis of RALF peptides from A. thaliana and M. polymorpha. The evolutionary history was 

inferred using the Maximum Likelihood method based on the JTT matrix-based model. MpRALF1 and AtRALF34 

are indicated by arrows. 

3.1.3.2 MpRALF1 and chitin induce different ROS production patterns  

Chitin, one of the typical MAMPs inducing multiple immune responses in angiosperms, has 

recently been reported to be recognised by M. polymorpha resulting in induction of immune 
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responses, including ROS bursts (Yotsui et al. 2023). In comparison to chitin-induced ROS 

bursts, which peaked around 5 mins after treatment, MpRALF1-induced ROS bursts peaked 

around 10 mins after treatment (Figure 7B and 8A). To further investigate the difference 

between MpRALF1- and chitin-induced ROS production, I monitored which regions of thallus 

are responding to these elicitors and producing ROS. The comparison was conducted at the 

time point where the ROS bursts peaked in each condition (Figure 7B and 8A).  

Most of ROS bursts triggered by chitin originated from the dorsal side and were 

concentrated around the meristematic apical notch of thalli, with few ROS bursts observed on 

the ventral side. In contrast, MpRALF1-triggered ROS bursts were more intense overall 

compared to chitin and mainly derived from the ventral side rather than the dorsal side of plants 

(Figure 8B). The majority of ROS bursts were detected in regions coinciding with the presence 

of rhizoids or sites of rhizoids initiation (Figure 8B and Figure 5C to 5E). These findings are in 

agreement with the MpFER expression profile indicated by the promoter-GUS analysis (Figure 

5) and suggest that MpRALF1 perception by MpFER primarily occurs in rhizoids and/or the 

rhizoid-initiated regions. 
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Figure 8. ROS production patterns upon chitin and MpRALF1 treatment 

A. Gemmae were treated with 1 µM MpRALF1 or 1 µM chitin. Seven-day-old liquid-cultured gemmae from wild-

type Tak-1 were used. ROS production over time was monitored with a plate reader by luminescence (RLU) (n=3, 

mean +/- SE).  

B. Ten (bottom)- and 14 (top)-day-old thalli of wild-type Tak-1 were treated with 1 µM chitin and 1 µM MpRALF1 

compared to mock. Luminescence images were captured by a gel documentation system (Bio-Rad) at indicated 

exposure times.    
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3.1.3.3 MpFER and MpLYK1 expression patterns during thallus growth 

I investigated whether MpFER and MpLYK1 expression patterns could explain the differences 

in ROS production patterns triggered by MpRALF1 and chitin. To this end, I compared the 

gene expression patterns of MpLYK1 and MpFER at various growth stages. The results showed 

that the MpLYK1 gene was expressed in meristematic areas, particularly at younger stages, such 

as 3- and 7-day-old gemmae. It was expressed across the entire dorsal surface of mature thalli 

after 10 days of growth. Additionally, MpLYK1 gene expression patterns became more distinct 

and intense as the thalli matured (10, 14, and 21-day-old) (Figure 9). In contrast, MpFER gene 

expression, besides the patterns mentioned above (Figure 5), also occurred on the dorsal surface 

of thalli, excluding the central regions, differing from the patterns of MpLYK1 at the same ages 

(Figure 9). Altogether, these results show differential expression patterns of MpLYK1 and 

MpFER, although there are overlaps in the expression patterns of MpLYK1 and MpFER at 

specific growth stages. Together with the ROS production pattern shown in Figure 8, MpFER 

on the dorsal side of M. polymorpha appears to be less active in detecting MpRALF1 to elicit 

ROS bursts compared to its activity on the rhizoid side. Chitin perception by MpLYK1 

primarily occurs in the meristematic regions at the apical notches of M. polymorpha.  

 

 

Figure 9. Comparison of gene expression patterns between MpFER and MpLYK1  

Histochemical GUS staining of transgenic lines expressing a GUS gene under the respective promoters. The dorsal 

surfaces of all plants are shown.  

A and F. Three-day-old gemmalings. Scale bars, 250 μm. 

B and G. Seven-day-old gemmalings. Scale bars, 500 μm. 

C and H. Ten-day-old thalli. Scale bars, 2 mm.  

D and I. Fourteen-day-old thalli. Scale bars, 2 mm. 

E and J. Twenty-one-day-old thalli. Scale bars, 5 mm.  
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3.1.3.4 The specificity of RALF‒FER pairs  

AtRALF34 and AtRALF23 were reported to suppress MAMP-triggered ROS bursts and, 

therefore, negatively regulate PTI in A. thaliana (Stegmann et al. 2017). F-RALF secreted by 

F. oxysporum induces ROS bursts in tomato and N. benthamiana. To investigate the specificity 

of ligand‒receptor pairs for understanding the evolution of the RALF‒FER module, AtRALF23 

(AT3G16570), AtRALF34 (AT5G67070), and F-RALF (FOXG_21151) peptides were 

chemically synthesised (Data S1), and I tested whether these peptides can trigger ROS 

production in M. polymorpha. As shown in Figure 10A, AtRALF34 and F-RALF could trigger 

ROS bursts, whereas AtRALF23 failed to trigger ROS bursts in M. polymorpha. It is worth 

mentioning that although both AtRALF34 and F-RALF triggered ROS bursts in M. polymorpha, 

the levels of ROS production were significantly lower than that triggered by MpRALF1 (Figure 

10A). Although AtRALF34 does not trigger ROS bursts in A. thaliana, it could induce ROS 

bursts in M. polymorpha to the same extent as closely related MpRALFs (Figure 7D). 

Previous studies have shown that AtRALF34, AtRALF23, and F-RALF can inhibit root 

growth in A. thaliana. To validate whether AtRALF34, AtRALF23, and F-RALF peptides used 

in this study are functional, I treated A. thaliana seedlings with these peptides and measured 

root growth. I also used MpRALFs to investigate whether A. thaliana can recognise RALFs 

from M. polymorpha. Five-day-old seedlings were treated with the RALF peptides for 2 days, 

and then root lengths were measured. At a concentration of 1 µM, AtRALF34, AtRALF23, and 

MpRALF1 peptides inhibited root growth (Figure 10B). This result confirmed that these 

peptides are functional and indicates that MpRALF1 can be sensed by A. thaliana.  

Masachis et al. showed that F-RALF inhibits root growth of A. thaliana at a high 

concentration (10 µM) (Masachis et al. 2016). Therefore, I conducted a root inhibition assay 

with a higher concentration (10 µM) of F-RALF. As shown in Figure 10C, 10 µM F-RALF 

inhibited root growth of A. thaliana, indicating that F-RALF can be sensed by A. thaliana at 

higher concentration. With respect to MpRALF3, 1 µM MpRALF3 did not inhibit root growth 

(Figure 10B). As in the case of F-RALF, this could be due to the lower concentration used. 

Taken together, these results highlight the specificity of the RALF‒FER module and further 

suggest that the physiological and molecular roles of the module have diversified during land 

plant evolution. 
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Figure 10. ROS production and root growth inhibition induced by different RALFs 

A. Total ROS bursts over time triggered by 1μM of F-RALF, MpRALF1, MpRALF3, AtRALF23, and AtRALF34. 

Total ROS production over time was monitored with a plate reader by luminescence (RLU) (n=3, mean +/- SE). 

Letters indicate the significant differences calculated using an ANOVA and Tukey HSD, p-value < 0.05.  

B and C. Primary root lengths of 5-day-old seedlings grown on ½ MS medium with 1% agar were transferred to 

liquid ½ MS medium in the absence (mock) or presence of 10 μM F-RALF peptides (C), or 1 μM AtRALF23, 

AtRALF34, MpRALF1, MpRALF3, and F-RALF (B). Asterisks indicate significant difference of one-way 

ANOVA test; each treatment was compared with its corresponding mock. ns, not significant; ****, p-value < 

0.0001. 

3.1.4 RALF‒FER module regulates defence responses in M. polymorpha 

3.1.4.1 MpRALF1- and chitin-induced DEGs partially overlap 

Due to the rather severe developmental defects of Mpfer-9 (Figure 4B), it was not feasible to 

properly compare pathogen growth in Mpfer-9 and Tak-1, making it difficult to investigate the 



Results 

 
 

 25 

contribution of MpFER to immunity. To gain insights into whether and how the MpRALF1‒

MpFER module contributes to immunity, I profiled transcriptome changes following 

MpRALF1 treatment. Chitin can trigger immune responses resulting in defence-related gene 

expression in M. polymorpha (Yotsui et al. 2023). Therefore, I compared transcriptional 

reprograming upon MpRALF1 and chitin treatment. Fourteen-day-old Tak-1 thalli were treated 

with either MpRALF1 or chitin for 1 or 3 hours. 

Principal component analysis (PCA) of differentially expressed genes (DEGs) revealed 

distinct patterns of DEGs between 1-hour and 3-hour treatments. Additionally, there were 

distinct patterns observed among MpRALF1, chitin, and mock treatments within the same 

treatment duration, indicating significant transcriptional reprogramming in each condition 

(Figure 11A). DEGs from different comparisons are presented in Table S1. After 1 hour of 

treatment, 628 and 167 genes were regulated by chitin and MpRALF1, respectively (Figure 

11B and 11C). Among these genes, 93 genes were found to be commonly regulated by both 

treatments. At 3 hours, 128 and 97 genes were regulated by chitin and MpRALF1, respectively, 

with an overlap of 49 genes (Figure 11B and 11C). 
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Figure 11. Transcriptome analysis of M. polymorpha upon MpRALF1 and chitin treatments  

A. Principal component analysis (PCA) plot of DEGs observed in MpRALF1, chitin, and mock treatments for 1 

hour and 3 hours. Three technical replicates were performed for each condition.  

B. Venn diagram of the total numbers of DEGs upon chitin and MpRALF1 treatments for 1 hour and 3 hours. 

Overlaps indicate the shared DEGs between chitin and MpRALF1 treatments.  

C. Heatmap of 628 chitin-regulated and 167 MpRALF1-regulated DEGs identified after 1-hour treatment, and 128 

chitin-regulated and 97 MpRALF1-regulated DEGs identified after 3-hour treatment. Up-regulated and down-

regulated DEGs are coloured red and blue, respectively. |log2FC| ≥ 1, adjusted p-value < 0.05.  

The gene ontology (GO) enrichment analysis of DEGs, which were regulated upon chitin 

treatments, found terms related to defence responses, confirming the results of a previously 

published study (Yotsui et al. 2023). The GO terms such as ‘Response to chemical’, ‘Cellular 

response to toxic substance’, and ‘Phenylpropanoid metabolic process’ were identified after 1-

hour chitin treatment (Figure 12A), and ‘Defence response’, ‘Response to other organism’, and 

‘Response to external biotic stimulus’ were identified after 3-hour treatment (Figure 12B).  
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To investigate the function of genes commonly induced by MpRALF1 and chitin 

treatments, I performed GO enrichment analysis of the overlapping DEGs. GO terms such as 

‘Reactive oxygen species metabolic process’, ‘Response to oxidative stress’, ‘Cellular response 

to stimulus’, and ‘Cellular response to toxic substance’ were among the top 25 GO terms of the 

overlapped DEGs after 1 and 3 hours. The GO terms ‘Chitin metabolic process’ and ‘Chitin 

catabolic process’ were found in the overlapping DEGs at 1 hour and ‘Response to toxic 

substance’, ‘Response to external biotic stimulus’, ‘Defence response to other organism’, 

‘Defence response to fungus’, and ‘Phenylpropanoid metabolic process’ were exclusively 

enriched after 3 hours of treatment (Figure 12C and 12D). These results suggest that 

MpRALF1-induced DEGs overlapping with chitin-induced DEGs play roles in defence 

responses, implying a role for the MpRALF1‒MpFER module in immunity.  

Upon MpRALF1 treatment, a greater number of defence-related GO terms were 

enriched after 3 hours compared to 1 hour, including ‘Innate immune response’, ‘Defence 

response’, and ‘Defence response to other organism’ (Figure 12E and 12F). Additionally, the 

DEGs induced by MpRALF1 are related to CWI. For instance, GO terms such as ‘Cell wall 

organisation’ and ‘Cell wall biogenesis’ were identified both at 1 and 3 hours (Figure 12E and 

12F).  

Taken together, these results indicate that MpRALF1 induces multiple genes that 

function in defence responses, implying that MpRALF1 positively regulates defence through 

MpFER. This suggests that the MpRALF1‒MpFER module plays an important role in 

immunity.  
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Figure 12. GO enrichment analysis of DEGs induced by MpRALF1 and chitin 

The GO enrichment analysis was performed using ShinyGO in the pathway database of GO biological process. 

The size of closed circles indicates the fold enrichment in each condition. False discovery rate (FDR) < 0.05. GO 

terms related to defence responses are indicated by red arrows, while GO terms related to cell wall biogenesis are 

indicated by green arrows.  

Having found that DEGs induced by MpRALF1 are partly related to defence responses, I 

looked into the expression of reported defence-related marker genes in my transcriptome dataset. 

As shown in Figure 13A, MAMP-responsive or defence-related genes were significantly up-

regulated (Log2FC ≥ 1) following either 1 or 3 hours of MpRALF1 treatment (Carella et al. 

2019; Gimenez-Ibanez et al. 2019). To further confirm the RNA-seq results, I performed the 

quantitative RT-PCR analysis of the selected two defence-related genes MpPR3 (Mp4g20440) 

and MpWRKY14 (Mp6g16800). The housekeeping gene MpACTIN7 (Mp6g11010) was used 

as an internal reference. Compared to the mock treatment, the expression of both MpPR3 and 

MpWRKY14 was significantly increased after MpRALF1 treatment for 1 hour (Figure 13B). 
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Collectively, these results suggest that MpRALF1 positively regulates defence in M. 

polymorpha.   

 

 

Figure 13. MpRALF1-induced defence-related gene expressions  

A. Differential expression of defence-related genes up-regulated by chitin and MpRALF1 after 1-hour and 3-hour 

treatments. |log2FC| ≥ 1, adjusted p-value < 0.05. 

B. qRT-PCR analysis of defence-related gene transcripts induced by MpRALF1 for 1 hour. Expression values are 

shown relative to internal MpACT control. Asterisks indicate statistically significant differences calculated using 

the one-way ANOVA test. Error bars represent standard deviation (SD) (n=9). ***, p-value < 0.001; ****, p-value 

< 0.0001. 

3.1.4.2 MpRALF1 treatment primes resistance against a bacterial pathogen in M. 

polymorpha 

To ascertain whether MpRALF1 positively regulates immunity in M. polymorpha, I conducted 

a priming assay. Fourteen-day-old thalli were pre-treated with MpRALF1 peptides for 3 and 24 

hours, and then inoculated with the bioluminescent bacterial pathogen Pto DC3000-lux 

(Matsumoto et al. 2021). AtRALF23 was used as a negative control, as it could not be sensed 

by M. polymorpha to trigger ROS bursts (Figure 10A). As shown in Figure 14, pre-treatment 

with MpRALF1 for both 3 and 24 hours significantly reduced the growth of Pto DC3000-lux 

compared to mock and AtRALF23 treatments. I confirmed that the pH of the surrounding buffer 

remained constant during peptide treatment (Data S2). This result indicates that MpRALF1 

primes defence in M. polymorpha and thereby positively regulates immunity in M. polymorpha.  
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Figure 14. MpRALF1 primes M. polymorpha resistance against Pto DC3000-lux 

Quantification of bacterial growth in the middle region of 14-day-old thalli, inoculated with the bioluminescent 

Pto DC3000-lux. dpi, days post-inoculation. Boxes show upper and lower quartiles of the values, and lines in 

boxes represent the medians. Statistical analysis was performed using Student’s t test with p-values adjusted by 

the Benjamini and Hochberg (BH) method (n = 44). Statistically significant differences are indicated by different 

letters. p-value < 0.05. 

3.1.5 Crosstalk between MpRALF- and chitin-triggered pathway 

3.1.5.1 MpFER interactome analysis identifies MpLYK1 and MpLYR as potential 

interactors 

To explore molecular links or mechanisms by which MpFER contributes to defence 

amplification, I performed an interactome analysis of MpFER using a miniTurbo-based 

proximity labelling approach (Melkonian et al. 2022). Transgenic plants expressing 

proMpFER:MpFER-miniTurbo-Myc were used for interactome analysis. Wild-type Tak-1 plants 

were used as controls. I confirmed the expression of bait protein (MpFER-miniTurbo-Myc) in 

these plants by immunoblotting using an anti-Myc-tag antibody (Figure 6B). Fourteen-day-old 

thalli of proMpFER:MpFER-miniTurbo-Myc transgenic plants and Tak-1 plants were treated 

with biotin for 24 hours at room temperature. Protein biotinylation in cell extracts was 

determined by immunoblotting using a streptavidin-HRP (Figure 15A). Immunoblot analysis 

confirmed that the corresponding transgenic plants are suitable for identifying potentially 

interacting proteins by mass spectrometry (MS) followed by pulldown. Line No.2 of transgenic 
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plants expressing proMpFER:MpFER-miniTurbo-Myc was used for further MS analysis (Figure 

6B and 15A). 

The MS analysis identified 789 potential interactors of MpFER, including MpFER itself, 

indicating the success of the analysis (Figure 15B). Interestingly, MpLYK1 and MpLYR, which 

play roles in sensing chitin in M. polymorpha, were identified as potential interactors of MpFER 

(Figure 15B and Table S2). Reciprocally, interactome analysis of MpLYK1 identified MpFER 

as a candidate interactor (Figure S1). These results suggest the interaction between MpFER and 

MpLYK1.  

To investigate the interaction between MpLYK1 and MpFER, I transiently expressed 

mCherry- or GFP-tagged proteins under the CaMV 35S promoter in N. benthamiana and 

performed Förster resonance energy transfer with fluorescence lifetime imaging microscopy 

(FRET–FLIM) analysis. MpLYK1 and MpLYR were tagged with mCherry at their C-termini, 

while MpFER was tagged with GFP at its C-terminus. The mean fluorescence lifetime (τ) of 

MpFER-GFP as the donor molecule was firstly measured. An average fluorescence lifetime of 

2.491 ns was determined from 42 measurements conducted on the plasma membrane. 

Subsequently, FLIM-based FRET analysis was performed by expressing MpFER-GFP along 

with MpLYK1-mCherry or MpLYR-mCherry as the acceptor molecules. Co-expression of 

MpLYK1-mCherry or MpLYR-mCherry with MpFER-GFP significantly decreased the 

fluorescence lifetime of the donor MpFER-GFP to 2.408 ns and 2.426 ns, respectively (Figure 

15C). This result indicates that MpFER interacts with MpLYK1 and MpLYR in vivo. 

 



Results 

 
 

 32 

 

Figure 15. Interactome and FRET–FLIM analysis of MpFER  

A. Protein biotinylation was detected by immunoblotting using the streptavidin-HRP. A CBB-stained blot is shown 

as loading control. 

B. Identification of MpFER-interacting proteins by the miniTurbo-based proximity in vivo labelling approach. 

Wild-type Tak-1 was used as a control. Three biological replicates were used for the analysis. All candidate 

interactors are shown in blue; MpLYR and MpLYK1 are shown in orange and the bait protein MpFER is shown 

in dark blue.  

C. Mean fluorescence lifetime (τ, ns) of MpFER-GFP when expressed alone or along with MpLYK1-mCherry 

or MpLYR-mCherry. Significant differences calculated by one-way ANOVA are indicated with asterisks. Error 

bars, S; n, number of measurements; N, number of independent experiments. ***, p-value < 0.001****, p-value 

< 0.0001. 

3.1.5.2 MpFER is phosphorylated upon chitin treatment  

Considering the interactions between MpFER and LysM receptors in M. polymorpha, I asked 

whether crosstalk exits between MpFER- and MpLYK1-mediated signalling pathways. Based 

on phosphoproteome analysis in a published study from our group, MpFER can be 

phosphorylated upon chitin treatment, suggesting a potential contribution of MpFER to the 

MpLYK1-mediated signalling pathway (Figure S2) (Yotsui et al. 2023). 

To investigate how MpFER is involved in the chitin-induced signalling pathway, I 

examined whether MpLYK1 can directly phosphorylate MpFER in vitro. An in vitro kinase 

assay between MpFER and MpLYK1 was performed. The MBPHis-tagged kinase-dead mutant 

of MpFER cytoplasmic domain (MBPHis-FER-KD), GST-tagged MpLYK1 cytoplasmic 
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domain (GST-LYK1) and its kinase-dead mutant (GST-LYK1-KD) were prepared using an 

Escherichia coli expression system. It should be noted that my attempts to clone the MBPHis-

tagged MpFER cytoplasmic domain (MBPHis-FER) were unsuccessful, possibly due to the 

toxicity of MpFER kinase activity in E. coli cells.  

While performing the in vitro kinase assay, I found that MBPHis-FER-KD was 

phosphorylated in E. coli in the absence of MpLYK1. This was likely due to the action of 

endogenous E. coli kinases. Therefore, I treated MBPHis-FER-KD with FastAP 

thermosensitive alkaline phosphatase for use as a substrate. Subsequently, in the kinase reaction, 

the phosphatase-treated MBPHis-FER-KD was incubated with either GST-MpLYK1 or GST-

MpLYK1-KD. As shown in Figure 16, no phosphorylation-dependent mobility band shift of 

MBPHis-FER-KD was detected in the presence of GST-LYK1 compared to negative controls. 

Clear band shifts of GST-LYK1 were observed, but not of GST-LYK1-KD, indicating that the 

used GST-LYK1 was kinase-active. 

At the same time, proteins from the in vitro kinase assay were subjected to MS analysis. 

We did not detect GST-LYK1-dependent phosphorylation of MpFER also by MS analysis 

either. Taken together, these results suggest that MpLYK1 does not directly phosphorylate 

MpFER.  

 

Figure 16. Phosphorylation between MpFER and MpLYK1 

In vitro kinase assay against MBPHis-FER-KD in the absence or presence of GST-LYK1 or GST-LYK1-KD 

proteins. Proteins were subjected to Phos-tag SDS-PAGE gel after the in vitro kinase reaction with (+) or without 

(−) ATP. Equal amounts of each recombinant protein were used. Immunoblot analysis was carried out using 

antibodies against the indicated tags. Target proteins are indicated by arrows. 
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3.1.5.3 MpRALF1-induced ROS production is compromised in Mplyk1 and Mplyr 

mutants, and chitin-induced ROS production is compromised in the Mpfer mutants 

Phosphoproteome analysis implicates MpFER in the chitin-induced signalling pathway (Yotsui 

et al. 2023). To investigate the potential crosstalk, I assessed ROS production in Mpfer-9, 

Mplyk1, and Mplyr mutants. Five-day-old gemmae from the Mpfer-9 mutant were treated with 

chitin (Figure 17B), while gemmae from Mplyk1 and Mplyr mutants were treated with 

MpRALF1 peptides (Figure 17A). I found that ROS bursts triggered by chitin were 

compromised in the Mpfer-9 mutant compared to Tak-1 (Figure 17B). Similarly, the ROS 

bursts triggered by MpRALF1 were compromised in both Mplyk1 and Mplyr mutants (Figure 

17A). Taken together, these findings imply that there is a potential crosstalk between 

MpRALF1- and chitin-induced signalling pathways. 

 

 

Figure 17. ROS bursts in Mpfer, Mplyk1, Mplyr mutants triggered by chitin and MpRALF1.  

Gemmae were treated with mock and 1 µM MpRALF1 (A) or 1 µM chitin (B). Five-day-old liquid cultured 

gemmae from indicated genotypes and wild-type Tak-1 were used. ROS production over time was monitored with 

a plate reader by luminescence (RLU) (n=3, mean +/- SE).   

3.2 Leucine-rich repeat receptor-like kinases, LRR-RLKs  

3.2.1 Subfamily II LRR-RLKs, MpSERK and MpAPEX   

3.2.1.1 MpSERK plays roles in development  

To investigate the functions of MpSERK and MpAPEX from subfamily II LRR-RLKs in M. 

polymorpha, we obtained Mpserk and Mpapex disruptants generated by the CRISPR-Cas9 

system in Tak-1 background from Prof. Ana I. Caño-Delgado (Centre for Research in 
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Agricultural Genomics, Spain) and Prof. Yuki Hirakawa (Hiroshima University, Japan), 

respectively (Figure 18). The Mpapex-1 mutant had a single base-pair insertion at the beginning 

of the MpAPEX coding sequence, leading to a nonsense translation of MpAPEX after 21 amino 

acids and premature translation termination (Figure 18A). The Mpapex-2 mutant had a single 

base-pair deletion at the beginning of the intracellular domain of MpAPEX, leading to 

premature translation termination with lack of a large part of the intracellular domain (Figure 

18A). The growth of Mpapex was comparable to Tak-1, suggesting that MpAPEX has little or 

no influence on vegetative growth and development (Figure 18B).  

The Mpserk mutants lacked most of the intracellular domain of MpSERK and, thus, 

likely cannot fulfil their proper function (Figure 18C). Three independent Mpserk lines, 

Mpserk-1, Mpserk-2, and Mpserk-3, could develop air pores and rhizoids, but exhibited 

developmental defects in thallus branching and gemma cup formation compared to Tak-1 

(Figure 18D and 18E). Sexual organs of M. polymorpha can be induced after transfer to far-red 

light conditions for 2–3 weeks (Chiyoda et al. 2008). Under far-red light irradiation, Mpserk-1 

did not develop the sexual gametangiophore organ up to the 38-day-old stage (Figure 18F). 

These results indicate that MpSERK plays a role in initiating vegetative growth and sexual 

reproduction. 

 

 



Results 

 
 

 36 

 

 

 

 



Results 

 
 

 37 

Figure 18. Phenotypes and genome editing sites of Mpapex and Mpserk mutants 

A. Schematic representation of MpAPEX disruptions in Mpapex-1 and Mpapex-2. Early stop of protein translation 

caused by gene editing is indicated by arrows.  

B. Four-week-old Mpapex-1 and Mpapex-2 compared to Tak-1. Thalli were grown from single gemma under 

constant white light.   

C. Schematic representation of MpSERK disruptions in Mpserk-1, Mpserk-2, and Mpserk-3. Early stop of protein 

translation at the intracellular domain of MpSERK is indicated by an arrow.  

D. Scanning electronic microscope (SEM) images of thalli surfaces from Mpserk-1, Mpserk-3, and Tak-1. Air 

pores are indicated by red arrows, gemma cup is indicated by a yellow arrow.   

E. Three- and four-week-old Mpserk-1, Mpserk-2, and Mpserk-3 compared to Tak-1. Thalli were grown from 

single gemma (Tak-1) or small pieces of thalli (Mpserk mutants) under constant white light.   

F. Gametangiophore induction in Mpserk-1 and Tak-1. All plants were 38-day-old. Thalli were grown from single 

gemma (Tak-1) or small pieces of thalli (Mpserk-1) under constant far-red and white light. Scale bar, 15 mm. 

3.2.1.2 Expression patterns of MpSERK and MpAPEX  

To investigate the expression profiles of MpSERK and MpAPEX, 5-kb DNA fragments 

upstream of the start codons of MpSERK and MpAPEX were cloned and fused to a GUS-

reporter gene. Four independent transgenic plants expressing proMpSERK:GUS or 

proMpAPEX:GUS were established in the Tak-1 background. As shown in Figure 19A‒D and 

19I, MpSERK was primarily expressed in the meristematic regions and assimilatory filaments, 

supporting a role in growth and development. 

MpAPEX expression was hardly detected until the plants were 7 days old (Figure 19F). 

At the later growth stages, patchy GUS staining was observed, which typically suggests the 

staining of assimilatory filaments in air chambers (Figure 19G and 19H). This was confirmed 

by the cross-sectional analysis (Figure 19J). Wild-type Tak-1, used as a negative control, did 

not exhibit any GUS staining at any of these growth stages. Air chambers and assimilatory 

filaments have been suggested to support fungal and bacterial colonisation in M. polymorpha 

(Carella et al. 2018; Matsui et al. 2020). Thus, the observed MpSERK and MpAPEX expression 

in assimilatory filaments may imply contributions to plant–microbe interactions.  
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Figure 19. Gene expression patterns of MpSERK and MpAPEX  

Histochemical GUS staining of transgenic lines expressing the GUS gene under the indicated promoters.  

A and E. Top view of 4-day-old gemmalings. Scale bars, 250 μm. 

B and F. Top view of 7-day-old gemmalings. Scale bars, 500 μm. 

C and G. Top view of 10-day-old thalli. Scale bars, 2 mm.  

D and H. Top view of 14-day-old thalli. Scale bars, 2 mm. 

I. Cross-sectional view of 14-day-old thalli. 

J. Cross-sectional view of 14-day-old thalli. 

3.2.1.3 Growth of Pto DC3000 in Mpapex mutants 

In order to investigate the role of MpAPEX in defence against bacterial pathogens, I monitored 

the growth of Pto DC3000 in the Mpapex mutants. Fourteen-day-old thalli of Mpapex-1, 

Mpapex-2, and Tak-1 were inoculated with the bioluminescent Pto DC3000-lux. Bacterial 

growth on the apical regions of thalli at 0 and 2 dpi were determined by measuring luminescence. 

The Mpapex-1 and Mpapex-2 mutants tended to be resistant against Pto DC3000-lux compared 

to Tak-1 (Figure 20). This result suggests that MpAPEX may negatively regulate immunity. 
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Figure 20. Growth of Pto DC3000-lux in Mpapex-1, Mpapex-2, and Tak-1.  

Quantification of bacterial growth in the apical regions of 14-day-old thalli, inoculated with Pto DC3000-lux (n = 

16). Boxes show upper and lower quartiles of the values, and lines in boxes represent the medians. Statistical 

analysis was performed using Student’s t test with p-values adjusted by the BH method. Statistically significant 

differences are indicated by different letters. p-value < 0.05. 

3.2.1.4 The conserved tyrosine residue in MpSERK is required for its function in growth 

and development  

In A. thaliana, a conserved tyrosine residue Y403 located at the kinase domain of AtSERK3 

has been shown to be required for immune signalling but not for BR signalling. This tyrosine 

residue – Y418 – is well-conserved in MpSERK (Perraki et al. 2018). To investigate whether 

this conserved Y418 residue contributes to MpSERK function in M. polymorpha, I generated 

transgenic plants expressing MpSERK or MpSERKY418F, tagged with miniTurbo and Myc at 

their C-termini, under the native MpSERK promoter in the Mpserk-3 mutant background 

(proMpSERK:MpSERK-miniTurbo-Myc/Mpserk-3 and proMpSERK:MpSERKY418F-miniTurbo-

Myc/Mpserk-3).  

As shown in Figure 21A, plants expressing proMpSERK:MpSERK-miniTurbo-Myc 

almost fully rescued the developmental defects, while plants expressing 

proMpSERK:MpSERKY418F-miniTurbo-Myc only partially rescued Mpserk phenotypes (Figure 



Results 

 
 

 40 

21B). These results suggest that the conserved tyrosine residue is required for MpSERK 

function in growth and development. Protein expression of MpSERK-miniTurbo-Myc and 

MpSERKY418F-miniTurbo-Myc in all transgenic lines was confirmed by immunoblot analysis 

(Figure 21C). Tak-1 and transgenic plant expressing MpSYP13B tagged with miniTurbo and 

Myc at its N-terminus were used as controls for immunoblot analysis. Although variations in 

protein expressions among four independent transgenic lines of proMpSERK:MpSERKY418F-

miniTurbo-Myc were detected (Figure 21C), they all displayed similar developmental defects 

compared to transgenic lines expressing proMpSERK:MpSERK-miniTurbo-Myc and Tak-1. This 

result shows that lower accumulation of MpSERKY418F-miniTurbo-Myc was not the reason for 

the poor complementation. Taken together, these results indicate that the conserved tyrosine 

residue in MpSERK plays a role in growth and development, which is likely to be different 

from its role in immunity in AtSERK3. 
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Figure 21. Phenotypes of proMpSERK:MpSERK-miniTurbo-Myc/Mpserk-3 and proMpSERK:MpSERKY418F-

miniTurbo-Myc/Mpserk-3 transgenic lines  

A and B. Transgenic lines proMpSERK:MpSERK-miniTurbo-Myc/Mpserk-3 (A) and proMpSERK:MpSERKY418F-

miniTurbo-Myc/Mpserk-3 (B) compared to Tak-1. All plants were 31 days old. Thalli were grown from single 

gemma under constant white light.  

C. MpSERK-miniTurbo-Myc and MpSERKY418F-miniTurbo-Myc protein expression was confirmed by 

immunoblotting with an anti-Myc antibody. Target proteins and miniTurbo-Myc-MpSYP13B as the control are 

indicated by black arrows. A ponceau red-stained blot is shown as a loading control. 

3.2.2 LRR-RLKs are found in the interactome profiling of MpSERK 

One of the aims of this project was to identify potential PRRs in M. polymorpha from subfamily 

XII LRR-RLKs, which may detect unknown MAMPs. SERKs function as co-receptors for 

PRRs in angiosperms. Therefore, I performed miniTurbo-based interactome analysis of 

MpSERK to identify LRR-RLKs that form complexes with MpSERK.  

The proMpSERK:MpSERK-miniTurbo-Myc and proMpSERK:MpSERKY418F-miniTurbo-

Myc-expressing plants described above were used for interactome analysis. Wild-type Tak-1 

and transgenic plants expressing proMpSYP13B:miniTurbo-Myc-MpSYP13B were used as 

controls (Melkonian et al. 2022). Fourteen-day-old thalli of these transgenic and Tak-1 plants 

were treated with biotin for 24 hours at room temperature. Protein biotinylation in cell extracts 

was determined by immunoblotting using streptavidin-HRP (Figure 22A). Line No. 2 of 

proMpSERK:MpSERK-miniTurbo-Myc/Mpserk-3 and line No. 4 of proMpSERK:MpSERKY418F-

miniTurbo-Myc/Mpserk-3 were chosen for further MS analysis.  

The MS analysis identified 235 and 433 potential interactors of MpSERK and 

MpSERKY418F, respectively (Figure 22B, 22C, and Table S3). Among the candidate interactors, 

16 LRR-RLKs that belong to subfamily I, II, III, V, VIII, IX, X, or XI were identified. Eight of 

them belong to subfamily I LRR-RLKs. I did not identify potential interactors from subfamily 

XII LRR-RLKs. This could be because the plants used in this experiment were not subjected to 

elicitor induction. AtFLS2 and AtEFR are known to form a complex with AtBAK1/AtSERK3 

upon flg22 and elf18 treatment, respectively (Chinchilla et al. 2007; Heese et al. 2007; Roux et 

al. 2011). Thus, it is possible that MpSERK was not recruited by potential PRRs under my 

experimental conditions. MpRGI and MpTDR from subfamily XI LRR-RLKs were found to 

specifically interact with MpSERKY418F (Figure 22B‒D). This suggests that the conserved 

Y418 of MpSERK plays a role in MpTDR- and MpRGI-mediated signalling pathways.  
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Figure 22. Interactome analysis of MpSERK and MpSERKY418F  

A. Protein biotinylation was detected by immunoblotting using streptavidin-HRP. Biotinylated MpSERK-

miniTurbo-Myc and MpSERKY418F-miniTurbo-Myc proteins are indicated by green arrows, biotinylated 

miniTurbo-Myc-MpSYP13B protein is indicated by a blue arrow. Ponceau red-stained blot is shown as loading 

control. 

B and C. Identification of MpSERK (B) and MpSERKY418F (C) potential interacting proteins compared to Tak-1 

condition by a miniTurbo-based proximity in vivo labelling approach. Four biological replicates were used for the 

analysis. Potential interacting proteins from subfamilies of LRR-RLKs are labelled with gene IDs and subfamily 

numbers. Unique and shared LRR-RLKs candidates in each condition are shown in different colours.  

D. Identification of specific potential interactors in ‘MpSERK vs MpSERKY418F’ condition by miniTurbo-based 

proximity in vivo labelling approach.  

E. Proteins significantly enriched using MpSERK as a bait are indicated in blue circles. LRR-RLKs are highlighted 

as filled dark blue circles.  

F. Proteins significantly enriched using MpSERKY418F as a bait are indicated in pink circles. LRR-RLKs are 

highlighted as filled dark pink circles. 

3.2.3 The MpSERK‒MpBIR module regulates immunity  

3.2.3.1 MpSERK interacts with MpBIR  

Among the candidate interactors of MpSERK, MpBIR from subfamily X LRR-RLKs was 

identified to interact with MpSERK. Further comparison to the interactome analysis of 

MpSYP13B suggested that MpBIR could be the single very specific LRR-RLK that interacts 

with MpSERK in the resting state (Figure 22B, 22E, and 22F). To further validate the 

interaction between MpBIR and MpSERK, FRET–FLIM analysis was performed. Full lengths 

versions of MpBIR and MpSERK were tagged with fluorescent protein GFP and mCherry at 

their C-termini, respectively. The chimeric proteins were transiently expressed in N. 

benthamiana leaves using the Agrobacterium-mediated transformation method. MpBIR-GFP 

localised at the plasma membrane as expected (Figure 23C). 

Firstly, the mean fluorescence lifetime (τ) of MpBIR-GFP as the donor molecule was 

measured. An average fluorescence lifetime of 2.508 ns was determined from 60 measurements 

conducted on the plasma membrane. Subsequently, FLIM-based FRET analysis was performed 

by expressing MpBIR-GFP along with MpSERK-mCherry as the acceptor molecule. Co-

expression of MpSERK-mCherry significantly decreased the fluorescence lifetime of MpBIR-

GFP, reducing this value to 2.272 ns (Figure 23A and 23B). This result indicates that MpBIR 

interacts with MpSERK in vivo. 
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Figure 23. Interaction of MpBIR and MpSERK detected by FRET–FLIM  

A. Mean fluorescence lifetime (τ, ns) of MpBIR-GFP when expressed alone or along with MpSERK-mCherry. 

Significant differences calculated by one-way ANOVA are indicated with asterisks. Error bars, SD; n, number of 

measurements; N, number of independent experiments. ****, p-value < 0.0001. 

B. Lifetime images are represented as pseudo-colour according to the colour code ranging from 2.0 ns (green) to 

2.5 ns (red). The respective lifetime values measured for MpBIR-GFP alone or upon co-expression with MpSERK-

mCherry are indicated on the colour scales. Scale bar, 25 μm. 

C. Subcellular localisation of MpBIR-GFP in an N. benthamiana leaf cell. 

3.2.3.2 MpBIR functions in MpSERK-dependent growth and development  

The M. polymorpha genome encodes a single BIR homologue, MpBIR. To analyse the 

functions of MpBIR and its relationship with MpSERK, MpBIR knock-out mutants were 

generated using the CRISPR-Cas9 system. The sgRNA was designed to target the beginning of 

the extracellular LRR domain in MpBIR. Among the obtained three independent lines (Mpbir-

1, Mpbir-2, and Mpbir-3), Mpbir-2 and Mpbir-3 had an early stop codon leading to the 

premature translation termination in the LRR domain of MpBIR, whereas Mpbir-1 only had a 

three-amino acid (TSL: 95-97) deletion at the LRR domain (Figure 24A). All these Mpbir 

mutants exhibited similar phenotypes, including growth retardation, a reduced formation of 

gemma cups, defects in formation of serrated rim of gemma cup, and uncurled thalli compared 

to Tak-1 (Figure 24B to 24D). These results indicate that gene editing, including the TSL 
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deletion, led to a loss of function of MpBIR. Under constant far-red light irradiation, Mpbir 

mutants initiated gametangiophore formation but failed to fully develop mature 

gametangiophores (Figure 24E and 24F). Taken together, these results indicate that MpBIR 

functions in vegetative development and sexual reproduction. 
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Figure 24. Phenotype and genome-editing sites of Mpbir mutants  

A. Schematic representation of MpBIR disruption in the Mpbir-1, Mpbir-2, and Mpbir-3. Gene editing resulting 

in early stop of protein translation near the N-terminus of MpBIR is indicated by the black arrow.   

B. Twenty-nine-day-old Mpbir-1, Mpbir-2, and Mpbir-3 compared to Mpserk-1, Mpserk-2, and Tak-1. Thalli 

were grown from a single gemma (Mpbir-1, Mpbir-2, Mpbir-3, and Tak-1) or a small piece of thallus (Mpserk-1 

and Mpserk-2) under constant white light.   

C. Statistical analysis of the amount of gemma cups in Mpbir-1, Mpbir-2, Mpbir-3, and Tak-1. All plants were 29 

days. Significant differences calculated by one-way ANOVA, are indicated with asterisks. Error bars, SD. ****, 

p-value < 0.0001. 

D. Gemma cups in 4-week-old Mpbir-2 and Tak-1. Thalli were grown from single gemma under constant white 

light. Black and white images were taken by SEM. 

E. Gametangiophore induction in 4-week-old Mpbir-1, Mpbir-2, Mpbir-3, and Tak-1. Thalli were grown from 

single gemma under constant far-red and white light. 

F. Gametangiophore induction in 48-day-old Mpbir-2. Thalli were grown from single gemma under constant far-

red and white light. 

MpSERK interacts with MpBIR in vivo (Figure 23A and 23B). To further investigate the 

relationship between MpBIR and MpSERK, I generated Mpserk/bir double knock-out (DKO) 

mutants using the CRSIPR-Cas9 system. Three independent DKO mutant lines (Mpserk/bir-1 

to Mpserk/bir-3) were obtained. Mpserk/bir-3 was established in the Mpserk-1 mutant 

background, while Mpserk/bir-1 and Mpserk/bir-2 were established in the Mpbir-3 and Mpbir-

1 mutant backgrounds, respectively. All three independent Mpserk/bir DKO mutant lines 

displayed similar phenotypes, which phenocopied Mpserk mutants (Figure 25A and 18E). 

These results suggest that MpSERK is epistatic to MpBIR.  

Transgenic plants overexpressing MpBIR tagged with miniTurbo and Myc at its C-

terminus, driven by the ubiquitous MpEF1α promoter (proMpEF1α:MpBIR-miniTurbo-Myc), 

were generated in the Tak-1 background. Plants accumulating varying levels of MpBIR-

miniTurbo-Myc were obtained (Figure 25B). Notably, transgenic lines with high accumulation 

of MpBIR (Line No. 6 and No. 9) phenocopied Mpserk mutants, showing a bushy structure of 

thalli and no gemma cups (Figure 25B and 25C). Taken together, these results suggest that 

MpBIR represses MpSERK function or activity through physical interaction. 
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Figure 25. Mpserk/bir DKO mutant and overexpression of MpBIR  

A. Three-week-old Mpserk/bir DKO mutants compared to Mpserk-3 and Tak-1. Thalli were grown from a single 

gemma (Tak-1) or a small piece of thallus (Mpserk/bir DKO mutants and Mpserk-3) under constant white light.   
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B. Immunoblot analysis of MpBIR expression in proMpEF1α:MpBIR-miniTurbo-Myc transgenic plants. Wild-type 

Tak-1 served as controls. Black arrow indicates the expression of MpBIR-miniTurbo-Myc. Anti-Myc antibody 

was used to detect the fusion proteins. A CBB-stained blot is shown as a loading control. 

C. Two-week-old transgenic lines of proMpEF1α:MpBIR-miniTurbo-Myc compared to Mpserk-3. Thalli were 

grown from a single gemma (MpBIR overexpression line 10 and 16) or a small piece of thallus (MpBIR 

overexpression line 6 and 9, and Mpserk-3) under constant white light.   

3.2.3.3 MpBIR negatively regulates the defence response  

AtBIR2 and AtBIR3 have been shown to negatively regulate AtSERK3 in the absence of stimuli, 

restricting unwanted interactions between AtSERK3 and PRRs. Disruptions in the expression 

level of AtBIRs impact both plant growth and defence responses (Halter et al. 2014; Imkampe 

et al. 2017; Ma et al. 2017; Guzmán-Benito et al. 2024). Considering the phenotypes of Mpbir, 

Mpserk/bir DKO mutants, and the overexpression lines of MpBIR, I hypothesised that MpBIR 

could negatively regulate MpSERK, and thus, that loss of MpBIR function may constitutively 

activate the MpSERK-mediated signalling pathway at certain levels, causing severe 

developmental defects and autoimmunity in M. polymorpha.  

In order to further investigate the functional relationship between MpBIR and MpSERK, 

I conducted transcriptome analysis of Mpserk-3, Mpbir-1, Mpbir-3, and Tak-1. The PCA plot 

depicted distinct gene expression patterns in Mpserk-3, Mpbir mutants, and Tak-1, indicating 

significant transcriptional reprogramming in each genotype (Figure 26A and Table S4). K-

means clustering were conducted on DEGs (Figure 26B), revealing that Mpbir-1 and Mpbir-3 

displayed overall similar expression patterns. This indicates that the TSL deletion in the LRR 

domain of MpBIR and that the truncated MpBIR proteins perform similar functions in M. 

polymorpha, further supporting the idea that the TSL deletion in the LRR domain of MpBIR 

leads to a loss of function. 

GO analysis of the genes from each cluster showed significant enrichment of growth 

and development-related GO terms in the clusters 3, 4, and 10 (Figure 26D and Table S4), 

supporting the observed roles of MpSERK in growth and development (Figure 18). In clusters 

3 and 10, antagonistic gene expression patterns were observed between Mpbir mutants and the 

Mpserk-3 mutant compared to Tak-1 (Figure 26B). In cluster 3, genes showed lower expression 

in Mpserk-3 and higher expression in Mpbir-1 and Mpbir-3 mutants compared to Tak-1. This 

fits with my hypothesis that MpBIR could repress MpSERK functions or activity.  

Defence-related GO terms were significantly enriched in the clusters 1, 5, and 9. GO 

terms such as ‘Defence response to bacterium’, ‘Defence response to fungi’, and ‘Response to 

stress’ were found in these clusters (Figure 26C and Table S4). In cluster 1, defence-related 
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genes, such as MpPR5 homologue (Mp2g24450), and MpPR4 (Mp2g21910), and NLR proteins 

(Mp4g08790 and Mp7g04670) were significantly up-regulated (Log2FC ≥ 1) in Mpbir-1 and 

Mpbir-3 but not in the Mpserk-3 mutant compared to Tak-1. The MpPR5 homologue 

(Mp2g13870) was found to be significantly up-regulated (Log2FC ≥ 1) in both Mpbir mutants, 

but down-regulated (Log2FC ≤ -1) in the Mpserk-3 mutant compared to Tak-1. Cluster 1 also 

displayed antagonistic gene expression patterns between Mpbir mutants and Mpserk-3 mutant 

compared to Tak-1 (Figure 26B). Altogether, these findings suggest that MpBIR plays a role in 

restricting undesired MpSERK activation in the absence of elicitors or stimuli. MpBIR 

negatively regulates defence-related gene expression, possibly through repression of MpSERK.  
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Figure 26. Transcriptome analysis in Mpbir and Mpserk mutants and phenotypes of Mpserk/bir mutants 

and MpBIR overexpression lines   

A. PCA plot of DEGs observed in Mpbir-1, Mpbir-2, Mpserk-3, and Tak-1. Four technical replicates were 

performed for each condition.  

B. Heatmap image showing genes grouped by the K-means clustering algorithm. Genotypes are indicated under 

each column. Gene expression is shown in rows. Quantitative changes in gene expression are represented in colour: 

red indicates high expression whereas blue indicates low expression. Gene numbers of each cluster are shown in 

brackets.  

C and D. GO enrichment analysis of genes from clusters 1, 5, and 9 (C), clusters 3, 4, and 10 (D) shown in Figure 

26B. GO analysis was performed using ShinyGO in the pathway database of GO biological process. Size of closed 

circles indicates the fold enrichment in each condition. FDR < 0.05.    

3.2.3.4 Bacterial pathogens grow poorly in Mpbir mutants  

To further ascertain the role of MpBIR in negatively regulating immunity, I monitored the 

growth of Pto DC3000 in the Mpbir mutants compared to Tak-1. Fourteen-day-old mature thalli 

were inoculated with Pto DC3000-lux, and the bacteria levels were measured at 0 and 2 dpi. 

Surprisingly, I found that Pto DC3000-lux barely grew in Mpbir mutants (Figure 27A). 

Expression of MpBIR rescued the hyper-resistant phenotype to the wild-type Tak-1 level 

(Figure 27B). This result further supports the results from the transcriptome analysis, indicating 

that MpBIR negatively regulates immunity. 
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Figure 27. Growth of Pto DC3000-lux in Mpbir mutants and complementation lines  

A and B. Quantification of bacterial growth in the central region of 14-day-old thalli from Mpbir mutants (A) and 

proMpEF1α:MpBIR-miniTurbo-Myc complementation lines (B). Plants were inoculated with the bioluminescent 

Pto DC3000-lux. Boxes show upper and lower quartiles of the value, and lines in boxes represent the medians (n 

= 8). Statistical analysis was performed using student’s t test with p-values adjusted by the BH method. Statistically 

significant differences are indicated by different letters. p-value < 0.05. 
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4 Discussion   

4.1 Functional characterisation of MpFER 

4.1.1 MpFER functions in development  

The MLR family is believed to have arisen during the evolutionary transition of plants from 

aquatic to terrestrial environments, suggesting that these proteins have important functions in 

adaptation to terrestrial environments (Zhu et al. 2021). In A. thaliana, the MLR family 

comprises 17 members, with FER being the most extensively studied (Lindner et al. 2012). 

AtFER is expressed in most plant organs and plays diverse roles (Malivert and Hamant 2023). 

Homologues of AtFER have been identified in bryophytes and lycophytes but are absent in 

charophycean algae (Mecchia et al. 2022). The genomes of M. polymorpha and Anthoceros 

species encode a single MLR member, FER, suggesting that FER represents an ancestral form 

and is orthologous to all other MLRs in land plants (Mecchia et al. 2022; Zhu et al. 2021). 

Although the multifunctionality of FER has been extensively studied in flowering plants, its 

role in non-flowering plants remains largely unexplored.  

In M. polymorpha, FER was reported to play a crucial role in rhizoid formation, 

regulation of cell size and organ growth, male gametogenesis, and fertility (Honkanen et al. 

2016). The Mpfer-1 mutant, initially identified through a comprehensive T-DNA insertional 

mutagenesis screen, exhibited short, irregularly shaped rhizoids with brown tips, indicative of 

rhizoid rupture (Honkanen et al. 2016). The MpFER KO mutant in the Tak-1 background, 

Mpfer-9, generated in this study, alongside other mutants (Mpfer-2 to Mpfer-8) generated by 

Mecchia et al., showed severely affected rhizoid formation and thallus growth (Figure 4B). 

These findings underscore the significant role of MpFER in development, particularly in rhizoid 

formation and growth. Additionally, MpFER expression patterns observed in rhizoids and 

rhizoid-initiated areas along midribs (Figure 5A, 5C to 5F), further support the function of 

MpFER in rhizoid formation. The developmental defects observed in the Mpfer-9 mutant may 

also resulted from its inability to uptake sufficient nutrients and water from the medium due to 

the severe disruption of rhizoid formation.  

Dead cells were observed on thalli in Mpfer KO mutants, likely caused by an apparent 

reduced stiffness of cell walls (Mecchia et al. 2022). MpFER functions in CWI maintenance 

mechanisms and regulates CWI in growing rhizoids through MpMRI (Westermann et al. 2019). 

In this study, I found that GO terms related to cell wall organisation or biogenesis were enriched 

among DEGs induced by MpRALF1 (Figure 12E and 12F). This suggests a potential role for 

MpRALF1 in MpFER-mediated CWI maintenance. It is possible that MpRALF1 regulates 
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CWI through MpFER. Consequently, the loss-of-rhizoids phenotype in Mpfer-9 (Figure 4B) 

could be due to the loss of perception of MpRALF1, causing cell wall perturbations that lead 

to the severe disruption of rhizoids and thallus growth. Generating and characterising 

MpRALFs KO mutants could further elucidate the role of MpRALFs in CWI maintenance.  

The Mpfer-9 mutant produced gemmae and gemma cups (Figure 4B), indicating that 

MpFER is dispensable for asexual reproduction. However, in the context of sexual reproduction, 

MpFER plays a role in the development of antheridiophores (Mecchia et al. 2022). In amiR-

MpFER lines, where MpFER activity is reduced by microRNA constructs targeting MpFER, 

spermatocytes exhibit reduced fertility (Mecchia et al. 2022). MpFER is expressed in the 

meristem (Figure 5B), assimilatory filaments (Figure 5D), and sexual organs (Mecchia et al. 

2022), consistent with the broad expression pattern of AtFER during both vegetative and 

reproductive stages in A. thaliana (Lindner et al. 2012). These findings suggest that FER plays 

a crucial role in cellular growth during vegetative development.  

Several residues essential for the catalytic activity of kinases and phosphorylation sites 

are conserved in the kinase domain of MpFER (Haruta et al. 2014b; Schoenaers et al. 2018; 

Mecchia et al. 2022). This suggests that MpFER possesses an active intracellular kinase domain. 

I was able to obtain transgenic plants expressing a kinase-dead version of MpFER but not wild-

type MpFER under the ubiquitous MpEF1α promoter. These results indicate that MpFER is 

indeed an active kinase and that its kinase activity contributes to MpFER functions. My finding 

is consistent with a study showing that overexpression of MpFER in wild-type Tak-1 severely 

affected air chamber and air pore formations and reduced the number of rhizoids (Mecchia et 

al. 2022). However, how the kinase activity of MpFER contributes to these developmental 

phenotypes remains unclear. A comparative interactome analysis between MpFER-KD and 

MpFER, using transgenic plants expressing proMpFER:MpFER-KD-miniTurbo-Myc and 

proMpFER:MpFER-miniTurbo-Myc established in this study would help to unravel the role of 

the MpFER kinase in growth and development.  

4.1.2 The conservation and specificity of the RALF‒FER module 

AtFER is required for the majority of AtRALF peptide-triggered responses including growth 

inhibition and defence responses (Abarca, Franck, and Zipfel 2021). AtFER has been shown to 

directly interact with AtRALF1, AtRALF22, and AtRALF23 (Haruta et al. 2014b; Stegmann 

et al. 2017; Zhao et al. 2018). In this study, I found that RALF and FER function as a module 

also in the liverwort M. polymorpha. There are three RALF propeptides encoded in the genome 

of M. polymorpha. MpRALF1 and MpRALF3 are predicted to be mature RALFs and the mature 
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forms of MpRALF1 and MpRALF3 induced ROS bursts in an MpFER-dependent manner 

(Figure 10A). This may suggest a redundant role of MpRALF1 and MpRALF3 in defence 

priming, although MpRALF3-induced ROS bursts were lower than that induced by MpRALF1. 

It is also possible that MpRALF1 and MpRALF3 function in different tissues or cell types. The 

predicted protein structure of the extracellular domain of MpFER is highly similar to that of 

AtFER (Mecchia et al. 2022). Three-dimensional structure modelling suggests that MpFER, 

MpRALF1, and MpLRE1 can form a complex (Mecchia et al. 2022). Taken together, it is very 

likely that MpFER functions as a receptor for MpRALFs in M. polymorpha. 

AtRALF34 functions as a negative regulator of immunity, suppressing MAMP-induced 

ROS bursts without triggering ROS itself (Stegmann et al. 2017; Abarca, Franck, and Zipfel 

2021). Although MpRALFs are phylogenetically close to AtRALF34 (Figure 7D), they 

exhibited opposite functions, i.e., by inducing ROS bursts in M. polymorpha, compared to the 

role of AtRALF34 in A. thaliana. Notably, I found that AtRALF34 can induce a ROS burst in 

M. polymorpha (Figure 10A). These findings imply that the ability of RALF to suppress 

MAMP-induced ROS bursts was an evolutionary innovation in angiosperms or tracheophytes. 

The molecular mechanisms by which AtFER contributes to both ROS production and 

suppression in A. thaliana are yet to be understood. RALF peptides can suppress root and 

seedling growth in A. thaliana. In this study, I found that MpRALF1 can be sensed by A. 

thaliana, resulting in inhibited root growth (Figure 10B). Although plants have expanded their 

RALF and FER homologues, these findings suggest that the specificity of the RALF‒FER pair 

remains evolutionarily conserved. 

The fungal pathogen F. oxysporum secretes RALF-like (F-RALF) peptides to mimic 

plant endogenous RALF (Masachis et al. 2016; Thynne et al. 2017). F-RALF hijacks the FER-

mediated pathways by inducing extracellular alkalinisation. The alkalinisation of host plant 

tissue is believed to contribute to fungal pathogenesis (Prusky 2001). In this study, I found that 

F-RALF can induce a ROS burst in M. polymorpha, indicating that M. polymorpha detects 

RALF peptides secreted by fungal pathogens (Figure 10A). Fusarium oxysporum f. sp. 

Lycopersici may employ this conserved strategy for infecting M. polymorpha. While the ROS 

production induced by 1 µM F-RALF was significantly lower than that of 1 µM MpRALF1 

(Figure 10A), previous studies used 10 µM F-RALF for observing ROS production and 

alkalinisation in N. benthamiana and tomato leaves (Thynne et al. 2017). Additionally, I 

observed that F-RALF at a concentration of 10 µM suppressed root growth in A. thaliana, but 

1 µM did not have this effect (Figure 10B and 10C). Loss of F-RALF in F. oxysporum leads to 

increased activation of plant defence responses, indicating that F-RALF has a function in 



Discussion 

 
 

 57 

suppressing host immunity during fungal infection (Masachis et al. 2016). Thus, in angiosperms, 

it is possible that fungal pathogens secrete F-RALF to suppress chitin-induced immune 

responses, similar to the action of AtRALF23 (Stegmann et al. 2017). Fusarium oxysporum 

isolates infect the surface of M. polymorpha thalli, navigate through air pores, and grow inside 

the air chambers  (Redkar et al. 2022). It is likely that F. oxysporum secretes F-RALF peptides 

to target MpFER expressed in assimilatory filaments, creating a favourable environment in air 

chambers for colonisation.  

4.1.3 The regulation of immunity by MpRALF1  

In A. thaliana, RALF‒FER modules regulate complex formation between PRRs and the co-

receptor AtSERK3, thereby modulating immune signalling (Stegmann et al. 2017). Many 

AtRALFs act as negative regulators by inhibiting the receptor complex formation. Meanwhile, 

AtFER functions as a scaffold protein for this complex formation, thereby positively regulating 

immune signalling (Du et al. 2016; Abarca, Franck, and Zipfel 2021; Stegmann et al. 2017). In 

the moss P. patens, knocking out PpRALF2 and PpRALF3 led to increased resistance to 

bacterial and fungal pathogens, suggesting negative roles of PpRALF2 and PpRALF3 in 

regulating the immune response (Mamaeva et al. 2023).  

Based on the results of this study, I proposed that MpRALF1 positively regulates defence 

responses in M. polymorpha. Transcriptome analysis revealed that the DEGs up-regulated by 

MpRALF1 treatment partially overlap with those induced by chitin (Figures 11B and 11C), 

with defence-related GO terms enriched in the overlapping DEGs (Figures 12C and 12D). This 

emphasises the positive role of MpRALF1 in immunity. Reported MAMP-responsive or 

defence-related genes were up-regulated by MpRALF1 treatment (Figure 13) (Carella et al. 

2019; Gimenez-Ibanez et al. 2019). The number of down-regulated DEGs upon both MpRALF1 

and chitin treatment was significantly lower than the number of up-regulated DEGs (Figure 

11C and Table S1), with no significant GO terms identified in the down-regulated DEGs. 

MpUGT11 (Mp2g23900) was identified as a down-regulated DEG after 3 hours of MpRALF1 

treatment, but it was up-regulated after 1 hour of treatment (Table S1). MpUGT11 is 

homologous to the glycosyltransferase UGT73C7 in A. thaliana. AtUGT73C7 positively 

regulates plant immunity by redirecting the phenylpropanoid pathway (Huang et al. 2021). 

Marchantia polymorpha encodes the core enzymes of the phenylpropanoid pathway (Bowman 

et al. 2017). The GO term ‘Phenylpropanoid metabolic process’ was significantly enriched in 

DEGs upon MpRALF1 treatment for 1 hour (Figure 12E). MpUGT-dependent 
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phenylpropanoid biosynthesis may contribute to MpRALF1-induced defence priming against 

bacterial pathogens. 

In A. thaliana, RALFs are also known to positively regulate immunity. He et al. reported 

that AtRALF22 induces immune responses and primes resistance against the necrotrophic 

fungal pathogen S. sclerotiorum (He et al. 2023). This finding was unexpected because 

AtRALF22 is a close orthologue of AtRALF23 (Figure 7D), which has been reported to play a 

negative role in plant immunity (Stegmann et al. 2017; Abarca, Franck, and Zipfel 2021). As a 

positive regulator of immunity, MpRALFs possibly amplify MAMP-induced immune 

responses in M. polymorpha. It would be interesting to test if MpRALFs can amplify chitin-

induced ROS bursts. Whether the enhanced resistance against Pto DC3000 and the up-

regulation of DEGs induced by MpRALF1 are dependent on MpFER remains unclear. Due to 

the severe developmental defects observed in the Mpfer-9 mutant, conducting transcriptome 

analysis following MpRALF1 treatment in this mutant is challenging, as it is difficult to 

determine whether the DEGs are a result of developmental defects or MpRALF1 stimuli. 

Combined with ROS assays in this study and the structural modelling of MpRALF‒MpFER 

shown by Mecchia et al., it is highly likely that MpRALF1 regulates immune responses through 

MpFER. These findings need to be further elaborated on in future studies.  

4.1.4 The potential crosstalk between chitin and MpRALF1 induced pathways  

The interactome analysis in this study identified MpLYK1 and MpLYR as potential interactors 

of MpFER (Figure 15B). MpLYK1 and MpLYR are responsible for sensing chitin and 

peptidoglycan fragments, triggering a series of characteristic immune responses (Yotsui et al. 

2023). FRET–FLIM analysis indicated that MpFER interacts with MpLYK1 and MpLYR 

under non-stimulated conditions in N. benthamiana (Figure 15C). It is possible that the complex 

formations can be further induced upon elicitor treatments. Recently, an interaction between 

FER and LysM kinases in Medicago truncatula has been reported (Liu et al. 2023). MtFER was 

shown to be phosphorylated by MtLYK3 and participate in rhizobial symbiosis (Liu et al. 2023). 

Additionally, AtBSR840/LIK1, an LRR-RLK containing a single malectin domain, was shown 

to interact with AtCERK1 in regulating immunity (Le et al. 2014; Yang et al. 2021). These 

findings, along with my results, suggest that crosstalk between malectin-like RLK and LysM 

RLK is widely conserved in land plants.   
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4.2 Functional characterisation of MpAPEX and MpSERK 

4.2.1 The role of MpAPEX in immunity  

The similarity in morphology between Mpapex mutants and Tak-1, along with MpAPEX 

expression patterns (Figure 18B and 19), suggests that MpAPEX has a minimal or no role in 

vegetative growth and development but may function in plant–microbe interactions during later 

stages of thalli growth. I did not investigate gametangiophore induction in Mpapex mutants 

under far-red light irradiation. Therefore, it remains possible that MpAPEX plays a role in 

sexual reproduction, an idea which requires further elucidation. 

In the bacterial pathogen infection assay, I observed a trend towards increased resistance 

to Pto DC3000 in Mpapex mutants (Figure 20). Interestingly, this trend was only observed in 

the apical regions not in the basal regions of the thalli in Mpapex mutants. This pattern of 

resistance partially aligned with the areas where MpAPEX was expressed (Figure 19G and 19H). 

Thus, MpAPEX may negatively regulate resistance to bacterial pathogens. The growth of Pto 

DC3000 is lower at the apical regions than at the basal regions of thalli in the wild-type Tak-1 

(Matsumoto et al. 2021; Guzman-Benito et al. 2019). It is possible that in the assimilatory 

filaments at the apical regions, MpAPEX negatively regulates the formation of receptor 

complexes in response to stimuli, thereby mediating immune responses.  

AtAPEX is a critical node within a predicted LRR-based cell surface interaction 

network, identified through a highly sensitive high-throughput interaction assay (Smakowska-

Luzan et al. 2018). AtAPEX directly interacts with AtPEPR1 and AtPEPR2, the receptors for 

AtPEP peptides, in a ligand-independent manner. AtAPEX may also act as a regulatory scaffold, 

organising its counterparts into a signalling network. AtFLS2‒AtSERK3 complex formation is 

negatively regulated by AtAPEX, despite AtAPEX being several steps away in the predicted 

interaction network. In the AtAPEX loss-of-function mutant, both AtBRI1 and AtFLS2 

functions were affected, as evidenced by reduced hypocotyl elongation in response to BR and 

enhanced ROS bursts induced by flg22 (Smakowska-Luzan et al. 2018). Since orthologues of 

FLS2 and PEPR were not found in the genome of M. polymorpha (Bowman et al. 2017; Yotsui 

et al. 2023), MpAPEX possibly contributes to immunity via regulating other receptors. This 

hypothesis could be further investigated by interactome analysis using the transgenic plants 

expressing MpAPEX-miniTurbo-Myc generated in this study.  
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4.2.2 MpSERK plays a key role in both immunity and development   

In A. thaliana, SERKs play diverse roles in development and immunity as co-receptors for 

multiple LRR-RLKs. In this study, I found that MpSERK is required for initiating both 

vegetative and sexual reproduction in M. polymorpha (Figure 18D to 18F). MpSERK was 

primarily expressed in meristematic regions, consistent with the developmental defects of 

Mpserk mutants, likely caused by mis-regulations in these areas (Figure 19). AtSERK3 interacts 

with AtBRI1 in regulating plant growth and development (Sun et al. 2013; Fontes 2023). 

Homologue of BRI1 and the BR biosynthetic pathways are absent in M. polymorpha (Bowman 

et al. 2017). It is still unknown how MpSERK contributes to development in M. polymorpha. 

In contrast to the involvement of the conserved tyrosine residue (Y403) in AtSERK3 for 

immune signalling (Perraki et al. 2018), I found that the conserved tyrosine residue (Y418) in 

MpSERK plays a role in signalling related to growth and development (Figure 21B). 

Interactome analysis of MpSERK and MpSERKY418F suggested that Y418 in MpSERK 

contributes to the interaction with subfamily XI LRR-RLKs, MpTDR and MpRGI1 (Figure 

22D). MpTDR is a receptor for the MpCLE1 peptide, and MpCLE1‒MpTDR negatively 

regulates cell proliferation at the meristematic regions of M. polymorpha (Hirakawa et al. 2019). 

MpRGI is homologous to AtRGI, which is a receptor for root meristem growth factor (AtRGF) 

that regulates lateral root development in A. thaliana (Furumizu and Sawa 2021; Jeon et al. 

2023). MpRGF peptides are present in the genome of M. polymorpha (Fang et al. 2021). The 

Y418 residue of MpSERK may contribute to MpTDR- and MpRGI1-mediated signalling, and 

the observed growth phenotype of MpSERKY418F complementation plants could be due to the 

mis-regulation of MpTDR and MpRGI1 pathways (Fang et al. 2021; Hirakawa et al. 2019; 

Takahashi et al. 2021). These results highlight the diverse functions of the conserved tyrosine 

residue in uncoupling developmental and immune responses. Whether the conserved tyrosine 

residue of MpSERK also plays a role in immune signalling remains unclear.  

The interactome analysis of MpSERK identified 16 potential interactors from various 

subfamilies of LRR-RLKs, including subfamilies I, II, III, V, VIII, IX, X, and XI (Figure 22B). 

This result supports the hypothesis that MpSERK acts as a co-receptor for LRR-RLKs in M. 

polymorpha. Although my aim was to identify potential PRRs that detect MAMPs in M. 

polymorpha through the interactome of MpSERK, no candidates from subfamily XII LRR-

RLKs were identified. This might be because the plants were not exposed to elicitors that could 

be recognised by PRRs and induce complex formation. LRR-type PRRs in angiosperms often 

detect bacterial components. To date, the bacterial components, other than peptidoglycan, that 

can trigger immune responses in M. polymorpha have yet to be identified (Yotsui et al. 2023). 
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It remains unknown whether MpSERK functions as a co-receptor for PRRs in bryophytes. 

Further interactomics of MpSERK using plants infected with pathogens may help to identify 

potential LRR-type PRRs in M. polymorpha. 

4.2.3 MpBIR function as a suppressor of MpSERK 

In A. thaliana, BIRs interact with SERKs under resting conditions, negatively regulating 

SERK-mediated pathways (Halter et al. 2014; Imkampe et al. 2017; Ma et al. 2017). Through 

the interactome analysis in this study, MpBIR was identified as a strong candidate for 

interacting with MpSERK (Figure 22B). The interaction between MpBIR and MpSERK was 

confirmed in N. benthamiana using the FRET–FLIM approach (Figure 23A and 23B). It is very 

likely that SERK and BIR function as a module in M. polymorpha as well. BIR homologues 

have so far only been found in the genomes of land plants, suggesting that land plants acquired 

BIR during terrestrialisation (Furumizu and Sawa 2021).  

By generating and investigating Mpbir KO and Mpserk/bir DKO mutants, I found that 

MpBIR is required for both vegetative growth and sexual reproduction and that Mpserk is 

epistatic to Mpbir (Figure 24B to 24F, and 25A). Moreover, overaccumulation of MpBIR in 

wild-type Tak-1 resulted in an Mpserk-like phenotype (Figure 25C). These results indicate that 

the expression level or protein homeostasis of MpBIR affects MpSERK-dependent plant 

growth and development and that an appropriate ratio between MpBIR and MpSERK is crucial. 

This further suggests that the major molecular function of MpBIR might be to suppress 

MpSERK activity through direct physical interactions, as in the case of SERK‒BIR modules in 

A. thaliana (Halter et al. 2014; Imkampe et al. 2017; Ma et al. 2017; Hohmann et al. 2018).  

Interestingly, among the three independent Mpbir mutant alleles that I generated, 

Mpbir-1 had only a three-amino-acid (TSL) deletion in the extracellular LRR domain of 

MpBIR. The extracellular LRR domain of AtBIR2 and AtBIR3 was shown to bind to AtSERK3 

in vitro (Hohmann et al. 2018). It is reasonable to speculate that the TSL deletion disrupts the 

proper dynamics of MpSERK‒MpBIR complex formation, resulting in phenotypes similar to 

Mpbir-2 and Mpbir-3 mutants, which largely lack MpBIR (Figure 24B to 24F).  

AtBIR1 was shown to have an active kinase domain, whereas AtBIR2–4 are 

pseudokinases (Gao et al. 2009; Halter et al. 2014; Imkampe et al. 2017). The cytosolic 

pseudokinase domains of AtBIR2 and AtBIR3 bind to the AtSERK3 kinase domain in yeast-2-

hybrid assays, and the full-length proteins interact in planta (Halter et al. 2014; Imkampe et al. 

2017). MpBIR is phylogenetically closest to AtBIR1, and several residues essential for kinase 

activity are conserved in MpBIR (Figure S3) (Hanks 1988). Thus, MpBIR is most likely an 



Discussion 

 
 

 62 

active kinase. It would be important to investigate the contribution of kinase activity to MpBIR 

functions.  

All three Mpbir mutants displayed hyper-resistance to the bacterial pathogen Pto 

DC3000 (Figure 27A). Several defence-related genes reported in M. polymorpha were found to 

be up-regulated in Mpbir mutants (Table S4) (Carella et al. 2019). These results suggest that 

MpBIR plays a negative role in defence. The hyper-resistance phenotype, together with the 

growth defects observed in Mpbir mutants, is reminiscent of autoimmunity. In A. thaliana, the 

loss of function in AtBIR1 leads to autoimmunity. The Atbir1 mutant exhibited strong dwarfism, 

cell death phenotypes, and constitutive activation of defence responses (Gao et al., 2009). Loss 

of AtBIR2 leads to a weak autoimmune phenotype, characterised by early senescence, mild cell 

death, and a slightly smaller morphology compared to the wild-type (Halter et al. 2014). In the 

Atbir2 mutant, cell death spreading out from the site of infection was observed after infection 

with the necrotrophic fungus Alternaria brassicicola (Halter et al. 2014). The autoimmunity-

like phenotypes of Mpbir mutants are probably caused by the loss of suppression of MpSERK-

mediated immune signalling, because apparent spontaneous cell death was not observed in 

Mpbir mutants. 

If MpBIR suppresses MpSERK-mediated signalling, we can expect antagonistic 

downstream gene expression in Mpbir and Mpserk. Indeed, 40% of DEGs displayed contrasting 

expression patterns in Mpserk and Mpbir mutants compared to Tak-1 (Figure 26B). Gene 

cluster 1 and cluster 3 showed overall similar patterns. In cluster 1, there was a slight difference 

in gene expression levels between Tak-1 and Mpserk compared to cluster 3. This is likely 

because the plants used in this study were not subjected to stimuli. Plant-endogenous ligands 

probably regulate growth and development by activating MpSERK-dependent pathways under 

non-stimulated conditions. These contrasting gene expression patterns support the hypothesis 

that MpBIR suppresses MpSERK function by direct physical interaction in the absence of 

stimuli. MpSERK is probably under strict control by MpBIR when no ligands or stimuli are 

present. MpBIR negatively regulates defence against the bacterial pathogen, probably through 

the repression of MpSERK. In other words, MpSERK may positively contribute to immunity. 

In summary, this study revealed potential roles of MpSERK in immunity. MpSERK also 

plays an important role in vegetative and sexual reproduction, and its function is suppressed by 

MpBIR. The MpSERK‒MpBIR module regulates both immunity and development in M. 

polymorpha, suggesting that the SERK‒BIR module is functionally conserved across land 

plants.  
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5 Materials and methods 

5.1 Materials 

5.1.1 Primers 

All oligonucleotides were ordered from Sigma. The following table contains all primers that  

were used for gene editing, cloning, and genotyping in this study. 

Name Description Sequence 

MpFERpro5k-R Amplifying MpFER promoter  TCTGTAGTGTATCCTCCAGCC 

pENTR4-

MpFERpro5k-inF 

In-Fusion cloning into 

pENTR4 

GCAGGCTCCACCATGGGAAG

GTCATCCGAAGAATCATAT 

pENTR4-MpFER-

CDS-inR 

In-Fusion cloning into 

pENTR4, with stop codon 

AAGAAAGCTGGGTCTAGTTA

CCTTCCTTGAGGGTTCACCA 

MpFERpro5k-

MpFER-CDS-inF 

In-Fusion cloning MpFER 

promoter and MpFER CDS 

CTGGAGGATACACTACAGAA

TGAGGCGTTCGTCTTGTTTG 

pENTR4-MpFER-

CDS-inF 

In-Fusion cloning into 

pENTR4 

GCAGGCTCCACCATGATGAG

GCGTTCGTCTTGTTTG 

pENTR4-linear-R pENTR4 linearisation CATGGTGGAGCCTGCTTTTT 

FERpro5k2-inF In-Fusion cloning into 

pENTR4 

CCAGGTTGAACCCAACATTGG

AA 

FERpro5k1-inR TTGGGTTCAACCTGGCTTCTT

GA 

pENTR4-APEX-

inF 

In-Fusion cloning MpAPEX 

CDS into pENTR4  

GTACAAAAAAGCAGGCTATG

CAGCAGCAGCAGG 

pENTR4-APEX-

inR 

GTACAAGAAAGCTGGGTGCG

TCCAGCTGACAGCT 

pro5-APEX-inF In-Fusion cloning MpAPEX 

into pENTR4-pMpAPEX  

AAACCCTGAGCAAGAGAATG

CAGCAGCAGCAGG 

pET4-pMpSERK-

MpSERK_inF 

In-Fusion cloning MpSERK 

into pENTR4-pMpSERK  

AATCTCTGGAAAAGACTAGTC

ATGCAGCATCCTTGGTTCC 

pET4-pMpSERK-

MpSERK_inR 

GTACAAGAAAGCTGGGTCTCT

TG 

pET4-pMpFER-

inR 

In-Fusion cloning MpFER 

promoter into pENTR4  

TGTACAAGAAAGCTGGGTTCT

GTAGTGTATCCTCCAGCC 
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FERpro-FER-inR In-Fusion cloning MpFER 

promoter into pENTR4-

MpFER 

AGACGAACGCCTCATTCTGTA

GTGTATCCTCCAGCC 

MpAPEX-gRNA2-

seq-F 

Amplifying 323bp of 

MpAPEX for genotyping  

GTTCCCGACTGGAGTGAATC 

MpAPEX-gRNA2-

seq-R 

TCCACTGCAGGCTACTGAAG 

MpAPEX-gRNA1-

seq-F 

Amplifying 435bp of 

MpAPEX for genotyping  

CCCAAACCCTGAGCAAGAGA 

MpAPEX-gRNA1-

seq-R 

GGTGGGATGAGGTGAGAGGT 

MpBIR1_65_gRN

A_F 

sgRNA targeting on MpBIR1 

LRR domain, cloning into 

pMpGE_En03 

CTCGAGACAAATCCAAGGAA

GTAA 

MpBIR1_65_gRN

A_R 

AAACTTACTTCCTTGGATTTG

TCT 

attB1-BAK1 BP cloning MpSERK CDS into 

pDONR207 
 

GGGGACAAGTTTGTACAAAA

AAGCAGGCTATGCAGCATCCT

TGGTTCCT 

attB2-BAK1 GGGGACCACTTTGTACAAGA

AAGCTGGGTCTCTTGGGCCTG

ACAGTTCGA 

attB1-BIR BP cloning MpBIR CDS into 

pDONR207 

GGGGACAAGTTTGTACAAAA

AAGCAGGCTATGTCTTTGGAA

AACCCAGAGT 

attB2-BIR GGGGACCACTTTGTACAAGA

AAGCTGGGTCTGAGTTAGATA

CAATCAGCTCCT 

attB1-MpLYR BP cloning MpLYR CDS into 

pDONR207 

GGGGACAAGTTTGTACAAAA

AAGCAGGCTATGAATCGGGC

AGTGCAA 

attB2-MpLYR GGGGACCACTTTGTACAAGA

AAGCTGGGTCCCGAGCTTCGA

TCGGTGTA 
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attB1-MpLYK1 BP cloning MpLYK1 CDS into 

pDONR207 

GGGGACAAGTTTGTACAAAA

AAGCAGGCTATGATTGCGAC

GGGAGTTATC 

attB2-MpLYK1 GGGGACCACTTTGTACAAGA

AAGCTGGGTCTCGACCAGAT

ATTAGCCCTGG 

tac-promoter-F Sequencing GST tag in pGEX-

6p-1 

TTAATCATCGGCTCGTATAAT

G 

pGEX_5' Universal sequencing primer 

for pGEX 

GGGCTGGCAAGCCACGTTTG

GTG 

pGEX_3' CCGGGAGCTGCATGTGTCAG

AGG 

MBP-F 3' end of maltose binding 

protein 

GATGAAGCCCTGAAAGACGC

GCAG 

pBAD_Reverse Sequencing pMAL-c2X GATTTAATCTGTATCAGG 

pMal-MpFER_cp-

hf-F 

HiFi cloning MpFER 

cytoplasmic domain into pMal-

c5HisMBP 

AGTTCTGTTTCAGGGGCCCGA

ACACAAGAGCGGCACAGG 

pMal-MpFER_cp-

hf-R 

GAGCCTTTCGTTTTATTTGATT

ACCTTCCTTGAGGGTTCACC 

pGEX-6p1-

MpLYK1cp-hfF 

HiFi cloning MpLYK1 

cytoplasmic domain into 

pGEX-6p-1 

TCTGTTCCAGGGGCCCCTGGG

ACCACGGCAGAGGCATTCAG 

pGEX-6p1-

MpLYK1cp-hfR 

GTCAGTCACGATGCGGCCGCC

TATCGACCAGATATTAGCCCT

GG 

pGEX-6p1-

MpLYRcp-hfF 

HiFi cloning MpLYR 

cytoplasmic domain into 

pGEX-6p-1 

TCTGTTCCAGGGGCCCCTGGG

AGCGCGCAAGAGGAGAAGAA

C 

pGEX-6p1-

MpLYRcp-hfR 

GTCAGTCACGATGCGGCCGCT

CACCGAGCTTCGATCGG 

MpLYK1-K381N-

F 

MpLYK1 kinase-dead 

mutation 

TAGCTGTGAACAGGATGAAT

CTTCAAGCGAC 

MpLYK1-K381N-

R 

GCTTCATGCCCCGCAGGT 
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MpLYR-K390E-F MpLYR kinase-dead mutation  GGTGGCGATCGAGCAGATGA

G 

MpLYR-K390E-R ACCTCGTTCCGCAAGATC 

MpBIR_TSLdel-F MpBIR TSL aa deletion GATTTGTCTGGGAACAGTTTC 

MpBIR_TSLdel-R AAGGGACTTGCACTTCGC 

MBP-seqF1 Maltose binding protein GAAAGCGGGTCTGACCTTCC 

pGEX6p1-linr-R Linearising pGEX-6p-1 TCCCAGGGGCCCCTGGAACA 

pGEX6p1-linr-F GCGGCCGCATCGTGACTGAC 

pMal-linr-R Linearising pMal-c5 TTCGGGCCCCTGAAACAGA 

pMal-linr-F TCAAATAAAACGAAAGGCTC

AGTCGA 

207-BIR-linr-F Linearising pDONR207-

MpBIR 

ATGTCTTTGGAAAACCCAGA 

207-linr-R AGCCTGCTTTTTTGTACAAA 

pBIR-BIR-hfR HiFi cloning MpBIR promoter 

into pDONR207-BIR  

TTTGTACAAAAAAGCAGGCT

AAACTCGTCTGATCTCACTCA

ACG 

207-pBIR-hfF TCTGGGTTTTCCAAAGACATC

GCTCCCCGGCTTTGAATG 

MpLYK1-N381K-

F 

Site-directed mutagenesis, 

MpLYK1 kinase-dead to WT 

TAGCTGTGAAGAGGATGAAT

CTTCAAGCG 

attB1-AtBIR BP cloning AtBIR codon 

optimised sequence  

GGGGACAAGTTTGTACAAAA

AAGCAGGCTATGATGATGGG

ACGCTTGG 

attB2-AtBIR GGGGACCACTTTGTACAAGA

AAGCTGGGTAGCGGGCCACG

ATCAATTC 

MpBIR_CRR_TSL

del-F 

Cloning MpBIR_ CRISPRR, 

TSL aa deletion 

GACCTAAGCGGGAAC 

MpBIR_CRR_TSL

del-R 

TAAACTCTTGCACTTCG 

MpACT-qF for qRT analysis AGGCATCTGGTATCCACGAG 

MpACT-qR ACATGGTCGTTCCTCCAGAC 

MpEF1α -qF for qRT analysis CCGAGATCCTGACCAAGG 



Materials and methods 

 
 

 67 

MpEF1α -qR GAGGTGGGTACTCAGCGAAG 

MpWRKY3_qF for qRT analysis CGGTGCTCAATCTGCTTTCT 

MpWRKY3_qR GGCTGCTGTGAAATTGGGAT 

MpPR3_qF for qRT analysis AAGCAATGCGGTGACTCATC 

MpPR3_qR AATCGGATGAGGAAGGGCTC 

MpWRKY14_qF for qRT analysis CTTCCAGAAAACGGGTGCAA 

MpWRKY14_qR AAATGCAACACCTAGCGAGT 

MpPR5_qF for qRT analysis AACGCAGCAACAGATCGAAA 

MpPR5_qR AGCTTATGGACCTGCAACCT 

MpBAK1_gRNA_

F 

sgRNA targeting on MpBAK1 

kinase domain 

CTCGCAAGGGTCGTCTGGCTG

A 

MpBAK1_gRNA_

R 

AAACTCAGCCAGACGACCCTT

G 

 

5.1.2 Plasmids 

The pMKMM1 vector was modified from the pMpGWB300 expression vector backbone, 

harbouring a C-terminus miniTurbo-Myc tag. The pMKMM2 vector was modified from the 

pMpGWB300 backbone, harbouring EF‐1α promoter and a C-terminus miniTurbo-Myc tag.   

The table below lists all the plasmids used in this study. 

Name Description Cloned Nucleic Acid / 

Vector Backbone 

Select

ion 

pMYYM1 MpSERK promoter in GW eV pMpSERK / pENTR4 Kan 

pMYYM2 MpSERK promoter in GW dV, 

promoter-GUS 

pMpSERK / 

pMpGWB304 

Spt, 

CS 

pMYYM3 MpAPEX promoter in GW eV pMpAPEX / pENTR4 Kan 

pMpGE010 GW dV for CRISPR guide pMpGE010 Spt 

pMpGE_En

03 

GW eV for CRISPR guide pMpGE_En03 Kan 

pMpGWB3

04 

GW dV, GUS reporter pMpGWB304 Spt, 

CS 

pMYYM4 Synthesised MpFER CDS with 

CRISPRR 

MpFER_CDS / pMA-T Amp 
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pMYYM5 Synthesised MpFER-KD CDS with 

CRISPRR 

MpFER_CDS_KD / 

pMA-T 

Amp 

pMYYM6 MpAPEX promoter in GW dV, 

promoter-GUS 

pMpAPEX / 

pMpGWB304 

Spt, 

CS 

pENTR4 GW eV    pENTR4 Kan 

pMYYM7 MpFER CDS with CRISPRR, no stop 

codon 

MpFER_CDSns / 

pENTR4 

Kan 

pMYYM8 MpFER-KD CDS with CRISPRR, no 

stop codon  

MpFER_CDS_KD / 

pENTR4 

Kan 

pMYYM9 MpAPEX CDS with CRISPRR in GW 

eV 

MpAPEX_CDS / 

pENTR4 

Kan 

pMYYM10 MpFER-KD CDS with CRISPRR, no 

stop codon in GW eV 

MpFER_CDS_KDns / 

pENTR4 

Kan 

pMYYM11 MpFER CDS with CRISPRR, no stop 

codon in GW eV 

MpFER_CDSns / 

pENTR4 

Kan 

pMYYM12 MpAEPX CDS with CRISPRR, no stop 

codon in GW eV 

MpAEPX_CDSns / 

pENTR4 

Kan 

pMYYM13 proMpAPEX:MpAEPX_CDS_CRISPRR 

_without stop codon 

proMpAPEX:MpAEPXns 

/ pENTR4 

Kan 

pMYYM14 proMpAPEX:MpFER_CDS_CRISPRR 

_without stop codon 

proMpFER:MpFERns / 

pENTR4 

Kan 

pMYYM15 proMpFER:MpFER_CDS_CRISPRR_K

D _without stop codon 

proMpFER:MpFER_KDn

s / pENTR4 

Kan 

pMYYM16 proMpSERK:MpSERK_CDS_CRISPRR

_without stop codon 

proMpSERK:MpSERKns 

/ pENTR4 

Kan 

pMYYM17 proMpSERK:MpSERK_CDS_CRISPRR

_KD_without stop codon 

proMpSERK:MpSERK_K

Dns / pENTR4 

Kan 

pMYYM18 proMpAPEX:MpAPEX_CRISPRR into 

GW dV pMKMM1  

proMpAPEX:MpAEPX / 

pMKMM1 

Spt, 

CS 

pMYYM19 Overexpressing MpAPEX_CRISPRR 

into GW dV pMKMM2  

MpAPEX / pMKMM2 Spt, 

CS 

pMYYM20 Overexpressing MpFER_CRISPRR into 

GW dV pMKMM2  

MpFER / pMKMM2 Spt, 

CS 
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pMYYM21 Overexpressing 

MpFER_CRISPRR_KD into GW dV 

pMKMM2  

MpFER_KD / 

pMKMM2 

Spt, 

CS 

pMYYM22 proMpSERK_CRISPRR into GW dV 

pMKMM1  

proMpSERK:MpSERK / 

pMKMM1 

Spt, 

CS 

pMYYM23 proMpSERK_CRISPRR_KD into GW 

dV pMKMM1  

proMpSERK:MpSERK_K

D / pMKMM1 

Spt, 

CS 

pMYYM24 proMpFER:MpFER_CRISPRR into GW 

dV pMKMM1  

proMpFER:MpFER / 

pMKMM1 

Spt, 

CS 

pMYYM25 proMpFER:MpFER_CRISPRR_KD into 

GW dV pMKMM1  

proMpFER:MpFER_KD / 

pMKMM1 

Spt, 

CS 

pMYYM26 MpFER promoter in GW eV proMpFER / pENTR4 Kan 

pMYYM27 MpFER promoter in GW dV, promoter-

GUS 

proMpFER / 

pMpGWB304 

Spt, 

CS 

pMYYM28 proMpAPEX:MpAEPX_CDS_CRISPRR 

without stop codon 

proMpAPEX:MpAEPXns 

/ pENTR4 

Kan 

pMYYM29 proMpAPEX:MpAEPX_CDS_CRISPRR 

without stop codon 

proMpAPEX:MpAEPX / 

pMKMM1 

Spt, 

CS 

pMYYM30 Synthesised MpFER CDS with CRISPR 

resistance 

MpAPEX_CDS / pMA Amp 

pMYYM31 GW eV for MpBIR CRISPR guide  MpBIR1_gRNA65 / 

pMpGE_En03 

Kan 

pMYYM32 GW dV for MpBIR CRISPR guide  MpBIR1_gRNA65 / 

pMpGE010 

Spt, 

Hyg 

pMYYM33 pDONR207-MpBIR MpBIR / pDONR207 Gent 

pMYYM34 pDONR207-MpLYK1 MpLYK1 / pDONR207 Gent 

pMYYM38 pDONR207-MpBAK1 MpBAK1 / pDONR207 Gent 

pMYYM39 pDONR207-MpLYK5 MpLYK5 / pDONR207 Gent 

pDONR-

207 

GW eV pDONR-207 Gent 

pGEX-6P-1 N-terminus GST tag, protein expression 

vector  

pGEX-6P-1 Amp 
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pMAL-

c5HisMBP 

N-terminus His-MBP tag, protein 

expression vector 

pMAL  Amp 

pABindGF

P 

pABindGFP containing estradiol 

inducible promoter and C-terminus GFP 

tag 

pAB117 Spt, 

Hyg 

pABindmC

herry 

pABindmCherry containing estradiol 

inducible promoter and C-terminus 

mCherry tag 

pAB118 Spt, 

Hyg 

pMYYM40 MpFER_KD-HisMBP, cytoplasmic 

domain 

MpFER_KD / pMAL  Amp 

pMYYM41 pDONR207-MpLYK1_K381N, KD, 

cytoplasmic domain  

MpLYK1_K381N / 

pDONR-207 

Gent 

pMYYM42 pGEX-6p-1-MpLYR cytoplasmic 

domain 

MpLYR / pGEX-6P-1 Amp 

pMYYM43 pGEX-6p-1-MpLK1_K381N, KD, 

cytoplasmic domain 

MpLYK1_K381N / 

pGEX-6P-1 

Amp 

pMYYM44 pGEX-6p-1-MpLK1, cytoplasmic 

domain  

MpLYK1 / pGEX-6P-1 Amp 

pMYYM45 pDONR207-MpBIR_TSL_deleted MpBIR_TSLdel / 

pDONR-207 

Gent 

pMYYM46 Estradiol inducible expression vectors 

with C-GFP 

MpBIR / pAB117 Spt 

pMYYM47 Estradiol inducible expression vectors 

with C-GFP 

MpBAK1 / pAB117 Spt 

pMYYM48 Estradiol inducible expression vectors 

with C-mCherry  

MpFER / pAB118 Spt 

pMYYM49 Estradiol inducible expression vectors 

with C-mCherry 

MpLYK1 / pAB118 Spt 

pMYYM50 Estradiol inducible expression vectors 

with C-mCherry  

MpBIR / pAB118 Spt 

pMYYM51 Estradiol inducible expression vectors 

with C-mCherry  

MpBAK1 / pAB118 Spt 
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pMYYM52 Estradiol inducible expression vectors 

with C-GFP 

MpFER / pAB117 Spt 

pMYYM53 MpBIR-miniTurbo overexpression MpBIR / pMKMM2 Spt, 

CS 

pMYYM54 MpBIR_TSLdeleted-miniTurbo 

overexpression 

MpBIR_TSLdel / 

pMKMM2 

Spt, 

CS 

pMYYM55 Estradiol inducible expression vectors 

with C-GFP 

MpLYK1 / pAB117 Spt 

pMYYM56 Estradiol inducible expression vectors 

with C-GFP 

MpLYR / pAB117 Spt 

pMYYM57 Estradiol inducible expression vectors 

with C-mCherry  

MpLYR / pAB118 Spt 

pMYYM58 Estradiol inducible expression vectors 

with C-GFP 

MpFER_KD / pAB117 Spt 

pMYYM59 Estradiol inducible expression vectors 

with C-mCherry  

MpFER_KD / pAB118 Spt 

pMYYM60 Estradiol inducible expression vectors 

with C-mCherry 

MpBIR_TSLdel / 

pAB118 

Spt 

pMYYM61 Estradiol inducible expression vectors 

with C-GFP 

MpBIR_TSLdel / 

pAB117 

Spt 

pMYYM62 GW eV for MpSERK CRISPR guide  MpBAK1_gRNA / 

pMpGE_EN03 

Kan 

pMYYM63 pDONR207-AtBIR_synthesised 

cDNA_codon optimised for Marchantia 

polymorpha, no stop codon 

AtBIRsyn / pDONR207 Gent 

pMYYM64 pDONR207-MpBIR_synthesised 

cDNA_CRISPRR, no stop codon 

MpBIR / pDONR207 Gent 

pMpGE011 GW dV for CRISPR guide  pMpGE011 Spt, 

CS 

pMYYM65 Synthesised AtBIR original version. 

codon optimised for Marchantia 

polymorpha 

AtBIR / pMA-RQ Amp 
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pMYYM66 Synthesised MpBIR original version. 

CRISPRR 

MpBIR / pMA-RQ Amp 

pMYYM67 GW dV for MpSERK CRISPR guide  MpBAK1_gRNA / 

pMpGE011 

Spt, 

CS 

pMYYM68 GW dV for MpBIR CRISPR guide MpBIR1_gRNA65 / 

pMpGE011 

Spt, 

CS 

pMYYM69 pDONR207-MpBIR_synthesised 

cDNA_CRISPRR_TSLdel, no stop 

codon 

MpBIR_TSLdel / 

pDONR207 

Gent 

pMYYM70 MpBIRsyn-miniTurbo overexpression MpBIRsyn / pMKMM2 Spt, 

CS 

pMYYM71 AtBIRsyn-miniTurbo overexpression AtBIR / pMKMM2 Spt, 

CS 

pMYYM72 MpBIRsyn_TSLdel-miniTurbo 

overexpression 

MpBIRsyn_TSLdel / 

pMKMM2 

Spt, 

CS 

 

5.1.3 Bacterial strains  

The empty gateway binary vectors containing the toxic CcdB cassette were amplified in 

chemically competent E. coli DB3.1 strain. All other plasmids were cloned and amplified in 

electrocompetent or chemically competent E. coli DH10β or MACH-1 strains. 

Electrocompetent Agrobacterium tumefaciens GV3101 carrying expression vectors were 

employed for the stable transformation of M. polymorpha. A bioluminescent Pto DC3000 lux 

strain was utilised for bacterial infection assays, as previously detailed by Matsumoto et al. 

2021. 

5.1.4 Transgenic plants  

The following table provides an overview of all M. polymorpha plants that were used for 

experiments in this thesis. 

Description Cloned GMO / background Selection 

Mpapex KO mutant #1 MpAPEX gRNA1 / Tak-1 Hyg 

Mpapex KO mutant #2 MpAPEX gRNA2 / Tak-1 Hyg 

proMpSERK-GUS #2  proMpSERK:GUS / Tak-1  CS 
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proMpAPEX-GUS #2 proMpAPEX:GUS / Tak-1 CS 

proMpAPEX-GUS #10 proMpAPEX:GUS / Tak-1 CS 

proMpFER-GUS #4 proMpFER:GUS / Tak-1 CS 

proMpFER-GUS #10 proMpFER:GUS / Tak-1 CS 

MpSERKY418F -miniTurbo #1 proMpSERK:MpSERKY418F-miniTurbo-Myc 

/ Mpserk#3 

CS 

MpSERKY418F -miniTurbo #2 proMpSERK:MpSERKY418F-miniTurbo-Myc 

/ Mpserk#3 

CS 

MpSERKY418F -miniTurbo #3  proMpSERK:MpSERKY418F-miniTurbo-Myc 

/ Mpserk#3 

CS 

MpSERKY418F-miniTurbo #4 proMpSERK:MpSERKY418F-miniTurbo-Myc 

/ Mpserk#3  

CS 

MpSERK-miniTurbo #4 proMpSERK:MpSERK-miniTurbo-Myc /  

Mpserk#3 

CS 

MpSERK-miniTurbo #1 proMpSERK:MpSERK-miniTurbo-Myc/ 

Mpserk#3 

CS 

MpSERK-miniTurbo #2  proMpSERK:MpSERK-miniTurbo-Myc /  

Mpserk#3 

CS 

MpSERK-miniTurbo #3  proMpSERK:MpSERK-miniTurbo-Myc /  

Mpserk#3 

CS 

MpFER-miniTurbo #2 proMpFER:MpFER-miniTurbo-Myc / Tak-1 CS 

MpFER_KD-miniTurbo #2 proMpFER:MpFER_KD-miniTurbo-Myc / 

Tak-1 

CS 

MpFER_KD-miniTurbo #5 proMpFER:MpFER_KD-miniTurbo-Myc / 

Tak-1 

CS 

MpFER-miniTurbo #7 proMpFER:MpFER-miniTurbo-Myc / Tak-1 CS 

MpBIR overexpressing line #6 proMpEF1α:MpBIR-miniTurbo-Myc / Tak-1 CS 

MpBIR overexpressing line #9 proMpEF1α:MpBIR-miniTurbo-Myc / Tak-1 CS 

Mpbir complementing by 

overexpressing MpBIR #10 

proEF1α:MpBIR_CRR-miniTurbo / 

pMKMM2 / Mpbir#3 

CS 

Mpbir complementing by 

overexpressing MpBIR #4 

proEF1α:MpBIR_CRR-miniTurbo / 

pMKMM2 / Mpbir#3 

CS 
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Mpserk/bir DKO mutant #1 MpBIR1_gRNA65 / pMpGE011 / 

Mpserk#3 

CS 

Mpserk/bir DKO mutant #2 MpBAK1_gRNA / pMpGE011 / Mpbir#3 CS 

Mpserk/bir DKO mutant #3  MpBAK1_gRNA / pMpGE011 / Mpbir#1 CS 

Mpbir KO mutant #1 MpBIR1_gRNA65 / pMpGE010 / Tak-1 Hyg 

Mpbir KO mutant #2 MpBIR1_gRNA65 / pMpGE010 / Tak-1 Hyg 

Mpbir KO mutant #3 MpBIR1_gRNA65 / pMpGE010 / Tak-1 Hyg 

 

5.2 Methods  

5.2.1 Molecular cloning of genetic constructs 

The 5-kb putative promoter fragment upstream of the translation initiation codon of MpSERK, 

MpFER, MpAPEX and MpBIR was amplified. The promoters of MpSERK, MpFER, and 

MpAPEX were cloned into the GatewayTM pENTR4 dual-selection vector (ThermoFisher) 

using an In-Fusion HD cloning kit (Takara), and were then subcloned into the binary vector 

pMpGWB304 to construct proMpSERK:GUS, proMpFER:GUS, and proMpAPEX:GUS using the 

LR clonase II enzyme mix (ThermoFisher) (Ishizaki et al. 2015). The promoter of MpBIR was 

cloned into the GatewayTM pDNOR207 vector (ThermoFisher) using the NEBuilder® HiFi 

DNA Assembly Cloning Kit (NEB). 

To generate the targeting vectors for Mpbir-1, Mpbir-2, Mpbir-3, Mpserk-4, and 

Mpserk-5, annealed oligos for MpBIR- and MpSERK-targeting sgRNA were ligated into BsaI-

digested pMpGE_En03 (Sugano et al. 2018) using a T4 DNA ligase (NEB). MpBIR- and 

MpSERK-targeting sgRNA were then subcloned into binary vectors pMpGE010 and 

pMpGE011, respectively. The plasmids containing MpBIR-targeting sgRNA were introduced 

into Tak-1 or Mpserk-1 to generate Mpbir or Mpbir/Mpserk-3, respectively. The plasmids 

containing MpSERK-targeting sgRNA were introduced into Mpbir-3 or Mpbir-1 to generate 

Mpserk/Mpbir-1 or Mpserk/Mpbir-2, respectively. Screening for CRISPR/Cas9-mediated 

targeted mutagenesis lines was performed using genomic PCR, as described previously 

(Sugano et al. 2018).  

The coding sequence of MpSERK and MpSERKY418F were synthesised. The sgRNA 

target site and PAM sequence of MpSERK were mutated, so as not to be targeted by 

CRISPR/Cas9. Synthesised coding sequence of MpSERK and MpSERKY418F were cloned into 

pENTR4-proMpSERK, and they were then subcloned into the binary vector pMKMM1 (Yan et 
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al. 2024) to construct proMpSERK:MpSERK-miniTurbo-Myc and proMpSERK:MpSERKY418F-

miniTurbo-Myc. The resultant plasmids were introduced into Mpserk-3.  

The coding sequence of MpBIR was amplified from Tak-1 complementary DNA using 

KOD Plus Neo (Toyobo). MpBIR coding sequence was cloned into pDNOR207 and 

pDNOR207-proMpBIR vectors and was then subcloned into binary vector pMKMM2 and 

pMKMM1 (Yan et al. 2024; Melkonian et al. 2022) to construct proMpEF1α:MpBIR-

miniTurbo-Myc and proMpBIR:MpBIR-miniTurbo-Myc, respectively. The proMpEF1α:MpBIR-

miniTurbo-Myc plasmid was introduced into Tak-1 and the proMpBIR:MpBIR-miniTurbo-Myc 

plasmid was introduced into Mpbir-3. 

To generate estradiol-inducible expression vectors with GFP or mCherry as translational 

fusions at the C-terminus for transient expression in N. benthamiana leaves, the coding 

sequences of MpBIR, MpSERK, MpFER, MpLYK1, and MpLYR were cloned into pDNOR207 

using NEBuilder® HiFi DNA Assembly Cloning Kit (NEB). These sequences were then 

subcloned into binary vector pABind117 and pABind118 (Somssich and Simon 2017) to 

construct corresponding plasmids used in Figure 15C, 23A, and 23B, using LR clonase II 

enzyme mix (ThermoFisher).  

5.2.2 Plant growth and conditions 

For maintenance, a male accession of M. polymorpha, Tak-1, was used as the wild- type. Plants 

were grown from single gemmae or small piece of mature thallus and transferred onto ½ 

Gamborg’s B5 medium containing 1% agar. They were maintained at 22 °C under continuous 

white LED light at an intensity of 50–60 µmol photons m-2s-1.  

For ROS assay, 7-day-old or 5-day-old gemmalings (cultured mature gemmae) in liquid 

½ Gamborg’s B5 medium containing 0.1% sucrose with shaking at 130 rpm at 22 °C under 50–

60 µmol photons m-2s-1 continuous white LED were used.  

For interactome, transcriptome, and qRT-PCR analysis, 14-day-old plants were grown 

from single gemmae on sterilised cellophane on ½ Gamborg’s B5 medium containing 1% agar 

at 22 °C under 50–60 µmol photons m-2s-1 continuous white LED.  

For the Pto DC3000-lux infection assay, 14-day-old plants were grown from single 

gemmae on sterilised Whatman filter paper on ½ Gamborg’s B5 medium containing 1% agar 

at 22 °C under 50–60 µmol photons m-2s-1 continuous white LED.  

For the root inhibition assay, A. thaliana seeds were surface-sterilised using 70% (v/v) 

and 100% ethanol for 10 mins, and this process was repeated twice. Seeds were dried out on 

sterilised Whatman filter paper on a clean bench and were germinated on ½ MS medium 
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containing 1% sucrose and 1% agar, adjusted to pH 5.8 using KOH, at 22 °C under 50–60 µmol 

photons m-2s-1 continuous white LED. 

For Agrobacterium-mediated stable transformation, 14-day-old plants were grown from 

single gemmae on ½ Gamborg’s B5 medium containing 1% agar at 22 °C under 50–60 µmol 

photons m-2s-1 continuous white LED before cutting thallus transformation. 

For gametangiophore induction, thalli were grown from single gemmae on ½ 

Gamborg’s B5 medium containing 1% agar at 22 °C under 50–60 µmol photons m-2s-1 

continuous white LED and 60–65 µmol photons m-2s-1 continuous far-red LED.  

5.2.3 Agrobacterium-mediated stable transformation 

Marchantia polymorpha mutants and transgenic lines were produced using the cut thallus 

method for Agrobacterium-mediated stable transformation, as shown by Kubota et al. 2013, 

with minor modifications. Candidate transformants were selected using the same conditions as 

mentioned in 5.2.2 but on ½ Gamborg’s B5 medium containing 1% agar and corresponding 

antibiotics as well as 100 mg/L cefotaxime for killing of residual agrobacteria. In the course of 

two months of culturing on antibiotic-selection ½ Gamborg’s B5 plates, the thallus fragments 

gave rise to new, resistant plants, which were then separated onto new plates. To rule out 

chimerism in the obtained transformants, the first gemmae derived generation was used for 

screening the transformants. 

5.2.4 GUS staining assay  

Three-day-old gemmae and thalli of different ages from M. polymorpha were submerged in 

GUS staining solution consisting of 0.5 mg/mL X-Gluc, 0.1% Triton X-100, 10 mM EDTA, 

0.5 mM potassium ferricyanide, and 0.5 mM potassium ferrocyanide in 100 mM sodium 

phosphate buffer (pH 7.0), followed by vacuum infiltration for 5–15 mins. After overnight 

incubation in the dark at 37 °C, tissues were de-stained by incubation in 70% ethanol with 

gentle shaking for a minimum of 1 hour before observation. 

5.2.5 RALF peptide synthesis  

All RALF peptides were synthesised by ABclonal Technology (https://www.abclonal.com/) 

with a purity of >85% (Data S1). All peptides were dissolved in Milli-Q water for usage and 

stored at -20 °C at a concentration of 1 mM.  

https://www.abclonal.com/
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5.2.6 ROS burst and ROS production pattern measurement 

Gemmae from corresponding genotypes of M. polymorpha were collected from the gemma 

cups using a sterile tweezer and resuspended in 50 mL liquid ½ Gamborg’s B5 medium 

supplemented with 0.1% sucrose in a 250-mL Erlenmeyer flask and were then cultured in a 

walk-in growth chamber under 50–60 µmol photons m-2s-1 continuous white LED at 22 °C for 

5 or 7 days, while shaking at 300 rpm. After culturing, the gemmae were transferred to 50-mL 

falcon tubes and washed three times with Milli-Q water. Six gemmae of each genotype were 

carefully transferred into 100 μL containing 20 μM L-O12 in water. For each genotype and 

treatment, at least three replicates were used. All gemmae were incubated overnight in dark at 

room temperature. The elicitors, chitin, and all RALF peptide solutions, were dissolved in Milli-

Q water supplemented with 2.5 units/mL HRP to a final concentration of 1 μM (1x). The mock 

solution was prepared in elicitor-free Milli-Q water supplemented with 2.5 units/mL HRP. After 

incubation with luminol, 100 μL of the 2x concentrated elicitor and mock solutions were added 

to the samples and relative RLU were measured in a plate reader.  

5.2.7 Root growth inhibition assay 

Seeds were surface-sterilised and vertically grown on ½ MS agar plates for 5 days under 50–

60 µmol photons m-2s-1 continuous white LED before six seedlings were transferred to each 

well of a 12-well plate containing 4 mL per well of ½ MS medium with 1 μM AtRALF23, 1 

μM AtRALF34, 1 μM MpRALF1, 1 μM MpRALF3, 1 μM F-RALF, or 10 μM F-RALF. 

Peptide-free ½ MS liquid medium served as the mock control. All plants were transferred to a 

squared ½ MS agar plate for imaging. Primary root length was measured and quantified using 

ImageJ software. Roots from approximately ten seedlings per treatment and genotype were 

measured. Experiments were repeated three times using independent biological replicates. 

5.2.8 Phylogenetic analysis 

Multiple sequence alignments of mature peptide sequences were created using the MUSCLE 

algorithm with MEGA7 software. Phylogenetic unrooted trees were constructed with the 

MEGA7 software by using the Maximum Likelihood method based on the JTT matrix-based 

model (Kumar, Stecher, and Tamura 2016). 
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5.2.9 Annotations of the interactomic and transcriptomic dataset 

For M. polymorpha protein annotation, gene annotations from MpTak1_v6.1, MpTak1_v5.1, 

and JGI 3.1 (https://marchantia.info/) were integrated. Homologue information was then 

utilised for the annotation. BLAST was employed to identify homologues in TAIR10 

(https://www.arabidopsis.org/), with the best hit having an e-value ≤ 10–10 considered as a 

homologue. Additional annotation resources, including TAIR10 (Lamesch et al., 2012), 

PANTHER v.16.0 (http://pantherdb.org/) (Mi et al., 2021), Kyoto Encyclopedia of Genes and 

Genomes (KEGG) (Ogata et al., 1999), HAMPA (https://hamap.expasy.org/), and Araport 11 

(https://www.arabidopsis.org/) (Cheng et al., 2017) were utilised for annotating homologues. 

Integration of annotation files was performed using RSTUDIO (v.1.4.1103) 

(https://www.rstudio.com/) with R (v.x64 4.0.3) (https://cran.r-project.org/) using the 

TIDYVERSE (v.1.3.0), RIO (v.0.5.16), and ZOO (v.1.8-8) packages. 

5.2.10 GO enrichment analysis 

GO term enrichment was performed with ShinyGO 0.80 (http://bioinformatics.sdstate.edu/go/) 

(Ge, Jung, and Yao 2020). Corresponding homologues were used as input protein lists for the 

analysis. For GO analysis of DEGs in M. polymorpha, the best BLASTP hit genes in A. thaliana 

were used.   

5.2.11 Transcriptome analysis  

Total RNA was isolated from 14-day-old M. polymorpha by RNeasy Plant Mini Kits 

(QIAGEN). For RNA-seq analysis in chapter 3.1.4.1, wild-type Tak-1 plants were subjected to 

vacuum infiltration with Milli-Q water for 10 mins, followed by overnight incubation in water 

at room temperature. Next, water was removed and samples were treated with mock, 1 µM 

chitin, or 1 µM MpRALF1 for 1 and 3 hours. For RNA-seq analysis in chapter 3.2.3.3, wild-

type Tak-1, Mpbir-1, Mpbir-3, and Mpserk-3were collected from ½ Gamborg’s B5 medium 

containing 1% agar.  

Library preparation and sequencing were conducted by Novegene, UK 

(https://www.novogene.com/eu-en/) using the Illumina NovaSeq 6000 platform. Raw reads 

underwent quality control and trimming using fastp (Chen et al. 2018). Mapping of reads and 

quantification of transcripts per gene were performed against the M. polymorpha genomes and 

gene annotations (MpTak_v6.1) (Montgomery et al. 2020) using the STAR aligner (Dobin et 

al. 2013). Genes with fewer than an average of 10 read counts were excluded, and the log2 fold 

https://hamap.expasy.org/
https://www.novogene.com/eu-en/
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change in gene expression between conditions was calculated using the R package DESeq2 

(Love, Huber, and Anders 2014). Genes with statistical significance (FDR adjusted p-value < 

0.05) were selected for further analyses. Differentially expressed genes were grouped using K-

means clustering with the pheatmap R package.  

5.2.12 RNA extraction and cDNA synthesis 

Total RNA was extracted from two 14-day-old thalli using the RNeasy Plant Mini Kit 

(QIAGEN). On-column DNase I treatment was performed using the RNase-free DNase I 

(QIAGEN) according to the manufacturer’s recommendations. Total RNA samples were 

quantified by a Nanodrop spectrophotometer. First-strand complementary DNA was 

synthesised from 1 µg total RNA using SuperScript IV Reverse Transcriptase (ThermoFisher). 

Reverse transcription was performed according to the manufacturer’s protocol. Complementary 

DNA was then diluted 10 times by adding nuclease-free water.  

5.2.13 Quantitative RT-PCR analysis 

Quantitative RT-PCR was performed using a CFX96 Read-Time System LightCycler 96 (Bio-

Rad). Reactions were performed in 10 μL volume using iQ SYBR Green Supermix (Bio-Rad). 

MpACT served an internal standard. Primers used for qRT-PCR are listed in chapter 5.1.1. The 

two-step cycle was composed of denaturation at 95 °C for 3 mins followed by 

hybridisation/elongation at 60 °C for 30 seconds; the cycle was repeated 40 times and then 

followed by a dissociation step. Three technical replicates and three biological replicates were 

performed for each reaction. 

5.2.14 Pto DC3000-lux infection assay 

Bacterial quantification in infected thalli was carried out as described before (Matsumoto et al. 

2021). Briefly, M. polymorpha were grown on autoclaved Whatman filter paper on ½ 

Gamborg’s B5 medium for two weeks. In the meantime, Pto DC3000-lux was cultivated in 

King’s B medium containing 30 mg/mL rifampicin at 28 °C to achieve an OD600 of 0.8. The 

saturated bacterial culture was subsequently washed and resuspended in Milli-Q water to 

prepare a bacterial suspension with of an OD600 of 1.0. Next, two-week-old thalli were 

submerged in the bacterial suspension followed by vacuum for 5 mins and incubation for 0 to 

2 days on pre-wetted Whatman filter papers. All plants were incubated in a growth chamber 

under long day conditions (8 hours in dark, 16 hours under light) at 22 °C under 50–60 µmol 

photons m-2s-1 white light LED. After incubation, thallus discs (4 mm diameter) were punched 
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from the centre region using a sterile biopsy punch (pfm medical) and transferred to a 96-well 

plate (VWR). Before measuring, the thallus discs were kept in the dark for 10 mins. 

Bioluminescence was measured in a FLUOstar Omega plate reader (BMG Labtech). 

For the elicitor primming assay, 14-day-old plants were harvested from on ½ Gamborg’s 

B5 medium. Prior to immersion in the bacterial suspension, the plants underwent vacuum 

infiltration with Milli-Q water for 5 mins, followed by overnight incubation at room 

temperature. Next, the plants were removed from water and treated with 1 µM chitin, 1 µM 

MpRALF1, 1 µM AtRALF23 or water as mock treatment for 3 and 24 hours at room 

temperature.  

5.2.15 Transient expression in N. benthamiana 

Agrobacterium strains transformed with the desired vectors were cultured on LB plates containing 

the respective antibiotics at 28 °C for 2 days. A single colony was selected and inoculated into 5 

mL of LB medium with the appropriate antibiotics, then incubated overnight at 28 °C with shaking. 

To prepare a fresh liquid culture, 1 mL of the overnight culture was added to 4 mL of LB medium 

and incubated at 28 °C with shaking for 4 hours. The bacteria were then collected by centrifugation 

and resuspended in 5 mL of infiltration solution (5% sucrose, 0.01% Silwet® L-77, 450 μM 

acetosyringone, a spatula tip of glucose). The bacterial suspension was kept on ice before 

infiltration. The optical density was measured using a spectrophotometer and adjusted to an OD600 

of 0.4 per strain using fresh infiltration solution. Nicotiana benthamiana leaves were infiltrated with 

the suspension using a needleless syringe, and the infiltrated areas were marked with a permanent 

marker. The plants were kept at 22 °C under 50–60 µmol photons m-2s-1 continuous white LED 

for at least 48 hours. To induce protein expression, the abaxial side of the infilled leaves were 

painted with 20 μM β-estradiol and 0.1% Tween 20 for 24 hours.  

5.2.16 Purification of fusion proteins 

The cytoplasmic domains of MpFER and MpLYK1 were amplified and cloned into pMal-c2x 

with a MBPHis tag and pGEX with a GST tag, respectively. To generate kinase-dead mutant 

of MpFER and MpLYK1, site-directed mutagenesis was performed using the Q5 Site-Directed 

Mutagenesis Kit (NEB), and mutations were confirmed by sequence analysis. The primers used 

for mutagenesis are listed in chapter 5.1.1. All plasmids were transformed into E. coli strain 

Rosetta (DE3). Cultures of E. coli strains harbouring constructs were supplemented with 1 µM 

IPTG at OD600 0.8 at 16 °C for 16 hours. The recombinant proteins were purified with glutathione 

agarose (PureCube) or Ni-NTA agarose (PureCube) according to the manufacturers’ 
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instructions. Purified proteins were aliquoted and snap-frozen in liquid nitrogen and stored at -

80 °C until further analysis.  

5.2.17 in vitro kinase assay   

For the kinase assay, approximately 1 µg of each fusion protein, MBPHis-FER-KD, GST-

LYK1, and GST-LYK1-KD were utilised. MBPHis-FER was treated with FastAP 

thermosensitive alkaline phosphatase (ThermoFisher), and the reactions were terminated by 

heating at 70 °C for 30 mins. Then MBPHis-FER was incubated with either GST-LYK1 or 

GST-LYK1-KD in kinase reaction buffer containing 50 mM, Tris-HCl (pH 7.55), 10 mM 

MgCl2, 1 mM DTT, and 10 mM ATP in a final volume of 10 µL. The reaction was incubated 

for 1 hour at 24 °C, terminated by adding equal volume of SDS sample buffer, and then heated 

at 70 °C for 10 mins.  

5.2.18 Immunoblotting 

The samples from in vitro kinase assay were then separated by 6% 20 µM Mn2+-Phos-Tag 

polyacrylamide gel. Preparation and use of Mn2+-Phos-Tag polyacrylamide gels and subsequent 

immunoblot was performed as described by the manufacture (FUJIFILM wako). The gel was 

run at 140 V (25 mA) for 150 mins at 4 °C. The resolving gel was then washed six times in 15 

mL of transfer buffer containing 10 mM EDTA with gentle shaking for 10 mins each time and 

then washed twice for 15 mins each time in transfer buffer without EDTA. Proteins were then 

blotted onto polyvinylidene fluoride (PVDF) membranes (Bio-Rad) using a Trans-Blot Turbo 

(Bio-Rad) transfer system at room temperature. Membranes were blocked using 5% non-fat 

milk in T-BST buffer. For detection of MBPHis-FER-KD, membranes were probed with 1:1000 

dilution of Anti-His (Cell Signaling) and 1:10000 dilution of anti-mouse HRP secondary 

antibody (Cell Signaling). For detection of GST-LYK1 and GST-LYK1-KD, membranes were 

probed with 1:1000 dilution Anti-GST (Cell Signaling) and 1:10000 dilution of anti-mouse 

HRP secondary antibody (Cell Signaling). 

For immunoblotting of protein extracts from transgenic lines expressing target protein 

tagged with miniTurbo-Myc, proteins were separated by SDS-polyacrylamide-gel 

electrophoresis (PAGE) and blotted onto PVDF membranes (Bio-Rad) using a Trans-Blot 

Turbo (Bio-Rad) transfer system. Membranes were blocked using 5% non-fat milk in T-BST 

buffer. For detection of biotinylated proteins, membranes were probed with HRP-conjugated 

streptavidin (Cell Signalling). For detection of Myc-tagged proteins, membrane was probed 

with anti-Myc-tag mouse monoclonal antibody (Cell Signaling) and HRP-conjugated anti-
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mouse immunoglobulin G (IgG) antibody (Cell Signaling). All membranes were probed with 

primary antibody for 1 hour at room temperature or overnight at 4 °C and then probed with 

secondary antibody for 1 hour at room temperature. Proteins were visualised on the membranes 

using a luminol-based chemiluminescent substrate that is oxidised by HRP in the presence of 

peroxide (ThermoFisher). 

5.2.19 Statistical analysis  

Excel, R (4.2.3) and RStudio (2024.04.1) were used for statistical analysis and drawing figures. 

Bacterial growth and ROS burst quantifications were statistically analysed using Student’s t-

test, with p-values adjusted by the BH method. Statistical analysis of total ROS production was 

performed using the Tukey-HSD test. Statistically significant differences were defined as 

values with p < 0.05. 

In qRT-PCR and root inhibition assay, statistical analysis was performed by applying 

one-way ANOVA followed by Dunnet’s test, comparing each treatment to the mock control 

using Prism 9.0 (GraphPad).  

5.2.20 Cryo-scanning electron microscopy (Cryo-SEM) 

Samples were mounted on copper sample holders, snap-frozen in liquid nitrogen and 

sublimated, sputtered with Gold/Palladium mixture (80% Gold/20% Palladium) using an 

Emitech K1250X cryo system, and then images were taken using a Zeiss Supra 40VP scanning 

electron microscope. 

5.2.21 FRET–FLIM 

Nicotiana benthamiana leaf samples expressing either only GFP as donor in absence of 

mCherry as acceptor, or in combination with mCherry, were mounted on microscope slides in 

water, covered with a high precision cover glass and immediately used for analysis of 

fluorescence lifetimes. For this, a Leica SP8 FALCON-DIVE confocal system, equipped with 

an InSight X3 pulsed laser from Spectra Physics with a fixed laser line of 1045 and a line 

tunable from 680 to 1300 nm, was used in combination with either a 40x/1.25 NA GLYC or 

40x/1.10 W immersion objective. For imaging and FLIM experiments, GFP was excited with 

930 nm and the emission window from 490 to 550 nm was recorded with the RLD detector. To 

observe FRET between GFP as donor and mCherry as acceptor, only the donor fluorescence 

was recorded for lifetime imaging. Images with a frame size of 512 by 512 pixels were acquired 

until a level of 1000 photons were reached for the maximum pixel value. Mean τ intensity 
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weighted lifetimes (ns) were averaged across multiple regions of interest, containing two 

neighbouring cells.  

5.2.22 Interactome analysis  

Interactome analysis was carried out as described before (Melkonian et al. 2022). Briefly,14-

day-old thalli were collected, vacuum-infiltrated with 700 µM biotin solutions, and incubated 

overnight in biotin solution with gentle shaking at room temperature. After incubation, thalli 

were washed with Milli-Q water, drained on filter paper, and snap-frozen in liquid nitrogen. 

Plants were ground into tissue powder and the total protein was extracted. Then, 500 μg of total 

protein were used for biotin depletion by MeOH:ChCl3 precipitation. Biotinylated proteins 

were pulled down using streptavidin magnetic Sepharose (GE Healthcare Life Sciences) and 

then processed for on-bead digested with trypsin. Biotin-treated samples were also analysed 

through immunoblotting analysis.   

Sample processing. After removal of the supernatant the beads were submitted to on-

bead digestion. To this end, beads were resuspended in 25 µL digest buffer 1 (50 mM Tris pH 

7.5, 2M Urea, 1 mM DTT, 5µg/mL Trypsin) and incubated in a Thermomixer at 32 °C with 

400 rpm for 30 mins. The supernatant was transferred to a fresh tube and the beads were treated 

with 50 µL digest buffer 2 (50 mM Tris pH 7.5, 2 M Urea, 5 mM CAA), mixed briefly, the 

supernatant was combined with the previous one and the total digest was incubated overnight 

in a Thermomixer at 32 °C with 400 rpm. After acidification with 10% TFA (5 µL) samples 

were desalted with C18 Empore disk membranes according to the StageTip protocol 

(Rappsilber 2003). The eluted peptides were dried and then taken up in 10 µL A* buffer and 

peptide concentration was determined by Nanodrop. 

LC-MS/MS data acquisition. Samples were analysed using an EASY-nLC 1200 

(ThermoFisher) coupled to a QExactive Plus mass spectrometer (ThermoFisher). Peptides were 

separated on 16-cm frit-less silica emitters (New Objective, 75 µm inner diameter), packed in-

house with reversed-phase ReproSil-Pur C18 AQ 1.9 µm resin (Dr. Maisch). Peptides were 

loaded on the column and eluted for 60 mins (For analysis of MpSERK) or 115 mins (For 

analysis of MpFER and MpLYK1) using a segmented linear gradient of 5% to 95% solvent B 

(0 min: 5% B; 0–5 mins -> 5% B; 5–25 mins -> 15% B; 25–50 mins -> 35%B; 50–55 mins -> 

95% B; 55–60 mins -> 95% B) (For analysis of MpSERK) or (0 min: 5% B; 0–5 mins -> 5% 

B; 5–65 mins -> 20% B; 65–90 mins -> 35% B; 90–100 mins -> 55%; 100–105 mins ->  95%, 

105–115 mins -> 95%) (For analysis of MpFER and MpLYK1) (solvent A 0% ACN, 0.1% FA; 

solvent B 80% ACN, 0.1% FA) at a flow rate of 300 nL/min. Mass spectra were acquired in 
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data-dependent acquisition mode with the TOP12 method (For analysis of MpSERK) or TOP15 

method (For analysis of MpFER and MpLYK1). MS spectra were acquired in the Orbitrap 

analyser with a mass range of 300–1500 m/z (For analysis of MpSERK) or 300–1750 m/z (For 

analysis of MpFER and MpLYK1) at a resolution of 70,000 FWHM and a target value of 3×106 

ions. Precursors were selected with an isolation window of 1.3 m/z. HCD fragmentation was 

performed at a normalised collision energy of 25. MS/MS spectra were acquired with a target 

value of 5x105 ions at a resolution of 17,500 FWHM, a maximum injection time of 85 ms (For 

analysis of MpSERK) or 55 ms (For analysis of MpFER and MpLYK1) and a fixed first mass 

of m/z 100. Peptides with a charge of 1, greater than 6, or with unassigned charge state were 

excluded from fragmentation for MS2; dynamic exclusion for 20 s (For analysis of MpSERK) 

or 30 s (For analysis of MpFER and MpLYK1) prevented repeated selection of precursors. 

Data analysis. Raw data were processed using MaxQuant software (version 1.6.3.4) 

(http://www.maxquant.org/) (Cox and Mann 2008) with label-free quantification (LFQ) and 

iBAQ-enabled (Tyanova, Temu, and Cox 2016), normalisation was skipped for the LFQ 

quantification. MS/MS spectra were searched by the Andromeda search engine against a 

combined database containing the sequences from M. polymorpha 

(MpTak1v5.1_r1_primary_transcripts_proteinV3; https://marchantia.info/) and sequences of 

248 common contaminant proteins and decoy sequences and the sequence of the miniTurbo tag. 

Trypsin specificity was required and a maximum of two missed cleavages allowed. Minimal 

peptide length was set to seven amino acids. Carbamidomethylation of cysteine residues was 

set as fixed, oxidation of methionine and protein N-terminus acetylation as variable 

modifications. Peptide-spectrum-matches and proteins were retained if they were below a false 

discovery rate of 1%.  

The non-normalised MaxLFQ values of every two-genotype combination (five 

replicates per condition) were pre-processed in Perseus (version 1.5.8.5) 

(http://www.maxquant.org/) and submitted for normalisation analysis using the Normalyser 

tool (http://normalyzer.immunoprot.lth.se/) (Chawade, Alexandersson, and Levander 2014). 

The output was analysed for outliers and one replicate per condition was removed in the 

subsequent data analysis. The final data analysis was carried out in MaxQuant as described 

above on the reduced raw dataset; each two-genotype combination was searched independently.  

Statistical analysis of the MaxLFQ values was carried out using Perseus. Quantified 

proteins were filtered for reverse hits and hits “identified by site” and MaxLFQ values were 

log2-transformed and the data was normalised by subtraction of the median per column. After 

grouping samples by condition only those proteins were retained for the subsequent analysis

http://normalyzer.immunoprot.lth.se/
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that had three valid values in one of the conditions. Two-sample t-tests were performed using 

a permutation-based FDR of 5%. The output was exported to Excel for further processing. 

Alternatively, data was filtered for either three or four valid values in one of the conditions and 

missing values were imputed from a normal distribution (1.8 downshift, separately for each 

column). Volcano plots were generated in Perseus using an FDR of 5% and an S0=1. The 

Perseus output was exported and further processed using Excel and R. 
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Supplemental data 

 

Peptides Sequence 

MpRALF1 AASGYYVGYGALTANRVPCPPQSGRSYYTPGCSTASGPVRPYTRGC

STITRCARDG 

MpRALF3 ATKKKSNTKSSGYFISYSALSASRTSCPPRSGRSYYTRNCNSASGPVR

PYSRGCSTISRCARDSG  

AtRALF23 ATRRYISYGALRRNTIPCSRRGASYYNCRRGAQANPYSRGCSAITRC

RRS  

AtRALF34 YWRRTKYYISYGALSANRVPCPPRSGRSYYTHNCFRARGPVHPYSR

GCSSITRCRR 

F-RALF PAAKPQSGEISYGALNRDHIPCSVKGASAANCRPGAEANPYNRGCN

AIEKCRGGVGGN  

 

Data S1. Sequences of RALF peptides 

Chemically synthesised RALF peptides used in this study. All peptides were dissolved in Milli-Q water for usage 

and stored at -20 °C at a concentration of 1 mM. 

 

 

 
MpRALF1 AtRALF23 Mock 

3h 7.0 7.0 7.0 

24h 7.42 7.41 7.32 

 

Data S2. The pH of surrounding buffer in primming assay 

The pH of the surrounding buffer was measured after 3 hours or 24 hours of RALF peptide treatment at room 

temperature. The pH values represent the average of three measurements. 
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Figure S1. Interactome analysis of MpLYK1 

Identification of MpLYK1 interacting proteins by the miniTurbo-based proximity in vivo labelling approach. 

Marchantia polymorpha wild-type Tak-1 was used as a control. Three biological replicates were used for the 

analysis. MpFER and bait protein MpLYK1 are shown in black.  

 

Figure S2. Chitin-induced phosphoproteome changes in M. polymorpha 

Volcano plots showing differential abundance of phosphopeptides between M. polymorpha gemmalings treated 

with mock and 1 mg/mL chitin. Each circle represents a single unique phosphopeptide. Significantly increased 

and decreased phosphopeptides are coloured red and blue, respectively (|log2FC| > 0.58, p < 0.01). 

Phosphopeptides of MpFER were shown in orange filled circles. 
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Figure S3. Sequence alignment of MpBIR and AtBIRs 

An alignment of MpBIR and AtBIR1 to AtBIR4 reveals that MpBIR contains important catalytic residues 

(highlighted by red boxes) of the kinase domain. 

 

 

Table S1 Transcriptome analysis  

Table S2 Interactome analysis 

Table S3 Interactome analysis 

Table S4 Transcriptome analysis 
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