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1. Introduction 

1.1.  Phycomitrium patens (P. patens) as a model to study evolutionary and developmental 

biology  

 

 The moss P. patens Gransden was established as a model species since 1962 (Cove et al., 

2009; Rensing et al., 2008). This moss can be easily cultured in the laboratory and spends 

majority of its life cycle in a haploid state, giving advantage for application of experimental 

techniques similar to those used in microbes and yeast (Cove, 2005; Cove et al., 2009). 

Furthermore, developmental processes of the P. patens  are relatively simple, and it generates 

only a few tissues that contain a limited number of cell types (Cove et al., 2009). Interestingly, 

Rensing et al (2008) reported that P. patens shares fundamental genetic and physiological 

processes with vascular plants. In another word, because gene families encoding the basic 

developmental ‘tool kit’ in flowering plants are conserved in the P. patens  genome, P. patens is 

rendered as a powerful model plant system in evolutionary and developmental biology (Prigge & 

Bezanilla, 2010; Rensing et al., 2008).  

 

1.2. Life cycle of P. patens 

 P. patens has a simple life cycle. Like vascular plants, the life cycle of P. patens exhibits 

alteration between haploid gametophyte and diploid sporophyte generation. However, unlike 

vascular plants, the haploid generation of P.patens is a dominant cycle. The first phase in the 

haploid generation is protonema. Protonema cells are multicellular filamentous, two-dimensional 

systems or network that develops when haploid spores germinate and is comprised of two 

filament types called chloronema and caulonema  (Jang & Dolan, 2011; Prigge & Bezanilla, 

2010).  
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The first cell type to emerge from the spore is the chloronema. This chloronema 

undergoes tip growth and continuously produces chloronemal cells to form a filamentous body 

(Kofuji & Hasebe, 2014; Menand et al., 2007). The features of chloronemal cells are slow-

growing and contain a lot of large round chloroplasts and the cell plates that form are oriented 

perpendicular to the growth axis. As the plant continues to grow, chloronema apical cells will 

differentiate into caulonema apical cells that produce caulonemal cells. These caulonemal cells 

are characterized by a more rapid growth, less-green chloroplasts, and cell plates that form an 

oblique angle to the long axis of the cell (Kofuji & Hasebe, 2014; Menand et al., 2007).  

When moss becomes mature, caulonema cells form side branch initial cells, and there is a 

transition in the side branch formation from chloronemal filaments to gametophore initials which 

later develop into gametophores. Kofuji and Hasebe (2014) reported that only 5% of the 

caulonemata cells form gametophores. On top of the gametophores, sex organs antheridia and 

archegonia will form. Upon sex organ maturation, flagellate sperm will be released from the 

archegonia to fertilize the egg cell within an archegonium. After fertilization, zygotes develop 

into diploid embryonic sporophytes that produce spores.  

 

1.3. RALFs are small peptides that act as growth regulators in plants 

Plant growth and development are influenced by environmental and endogenous signals. 

One of the important endogenous signals for cell-to-cell communication is small signaling 

peptides (Murphy et al., 2012). Studies of many small peptides have been shown that they are 

involved in almost all developmental processes. Among the many signaling peptides discovered, 

the rapid alkalinization factor (RALF) family has been linked to several physiological and 

developmental processes such as cell expansion (Haruta et al., 2014), lateral root development 
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(Gonneau et al., 2018; Murphy et al., 2016), root hair growth (Wu et al., 2007), pollen tube 

elongation (Covey et al., 2010) and immunity (Stegmann et al., 2017) (Czyzewicz et al., 2013; 

Murphy & De Smet, 2014). 

The RALF peptide family was discovered over two decades ago (Pearce et al., 2001). It was 

identified as a 5-kD secreted peptide from tobacco leaves that can be induced by a rapid 

alkalinization of the tobacco cell cultures. Not only in tobacco, RALFs are present in a large 

number of plant species from dicots to monocots and gymnosperms, indicating a fundamental 

role in plant evolution (Campbell & Turner, 2017; Cao & Shi, 2012; Pearce et al., 2001; Sharma 

et al., 2016). Of the 37 RALF genes encoded in Arabidopsis thaliana genome, the primary 

functions of several RALFs are inhibition of cell elongation (Abarca et al., 2021; Haruta et al., 

2014; Pearce et al., 2001) and cell division (Gonneau et al., 2018; Murphy et al., 2016).  

Generally RALF-encoding transcripts are translated as pre-pro-proteins and are activated 

in the apoplast through proteolytic cleavage by a serine protease (S1P) at an RRXL motif 

(Srivastava et al., 2009). The mature RALF peptide contains approximately 50 amino acids with 

four highly conserved cysteine residues. These conserved cysteines are important for forming 

disulfide bridges and for correct conformational folding of the mature peptide. Reduction of the 

disulfide bridge inactives the RALFs and led to diminished alkalinization activity (Pearce et al., 

2001). Moreover, the mature peptide also contains a functionally conserved YISY motif. This 

motif is vital for an effective binding between RALF and its receptor (Pearce et al., 2010).   

Signaling peptides specifically bind to the extracellular domain of receptors, and so far in 

Arabidposis receptors for the peptide signaling that have been identified are members of the 

receptor-like kinase (RLK) family (Oh et al., 2018). Haruta et al (2014) has identified FERONIA 

(FER), a receptor-kinase from the Catharantus roseus RLK1-like (CrRLK1L) subfamily, as the 



7 
 

first RLK for AtRALF1 and has confirmed that FERONIA is involved in the rapid alkalization 

response. RALF is able to suppresses cell elongation of the primary root by activating the cell 

surface-localised FER in A. thaliana (Haruta et al., 2014). This finding emphasized the canonical 

role of RALF1 in arresting root growth development in tomato and Arabidopsis (Pearce et al., 

2001).  

The RALF gene family is essential for the plant growth and development. However, there 

is no report in non-seed plants. In P patens, the RALF family is predicted to consist of three 

copies (Pp3c3_15280, Pp3c6_7200 and Pp3c25_4180). Unlike the vascular plants in which the 

RALF genes family has greatly expanded (4 in Vitis vinifera, 37 in A. thaliana) (Murphy & De 

Smet, 2014), the lower number of RALFs genes in P. patens allow me to investigate their 

ancestral and canonical roles.  

  

2. Aim of the study 

RALF functions are mostly reported in angiosperms. Although it has been revealed that 

RALFs peptides are important in angiosperms, it remains unknown about their roles in early 

diverging land plants which have no root growth development process. This study aims to 

characterize and investigate what their functional roles are in early land plants.  
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3. Materials and methods 

3.1. Plant materials and growth conditions 

The moss P. patens Bruch and Schimp. subsp. patens collected in Gransden Woods  

(Ashton & Cove, 1977) was used as the wild-type line. In this study, I also used six KO mutants 

which were Ppralf1, Ppralf2, Ppralf3, Ppralf1.ralf2dko, Ppralf2.3dko and Ppralf1.2.3tko. The 

single knockout mutants Ppralf1 and Ppralf2, and double knockout mutants Ppralf1.Ppralf2 dko 

were kindly given by Dr. Ooi Kock Teh. Another knockout mutant had been generated by 

preparing 1.5kb of the 5’ and 3’homologous regions (HR) that were PCR-amplified from 

genomic DNA with PrimeSTAR Max DNA polymerase (Takara) (Ginanjar et al., under revision). 

The HR fragments of PpRALF1, PpRALF2 and PpRALF3 were cloned into pTN182, p35S-Zeo 

or pTN186 vectors, respectively, using the Hot Fusion method (Fu et al., 2014). Strategy of 

homologous recombination to generate knock-out mutants was described in Ginanjar et al (under 

revision). All knock out mutants have been generated by homologous recombination and 

screened via PCR for verification of disruption of the wild-type PpRALF locus as well as correct 

5’ and 3’ integration of the construct with primers that bind outside of the introduced construct 

and inside the selection cassette (Table S1). 

All plant materials were cultivated on BCDAT (BCD medium contains 1 mM MgSO4, 10 

mM KNO3, 45 µM FeSO4, 1.8 mM KH2PO4 (pH 6.5 adjusted with KOH), and trace element 

solution (alternative TES ; 0.22 µM CuSO4, 0.19 µM ZnSO4, 10 µM H3BO3, 0.10 µM Na2MoO4, 

2 µM MnCl2, 0.23 µM CoCl2, and 0.17 µM KI)) agar medium and grew under continuous white 

light at 25ºC as described previously (Nishiyama et al., 2000). To observe phenotype and 

gametophore number between WT, ralf knock-out mutants or iOX lines (strong iOX:PpRALF1-

Citrine line (#1), weak iOX:PpRALF1-Citrine line (#2), strong iOX:PpRALF2-Citrine line (#17) 
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and weak iOX:PpRALF2-Citrine line (#22) (kindly given by Dr. Ooi Kock Teh and also used in 

Ginanjar et al. under revision)), I regenerated plants from single protoplasts. Protoplasts prepared 

by driselase treatment were washed three times with 8% mannitol solution (Nishiyama et al., 

2000). Protoplast solution was mixed with PRMT (BCD medium supplemented with 5 mM 

ammonium tartrate, 10 mM CaCl2, 0.8% agar, and 8% mannitol) and plated onto a cellophane-

covered PRMB (BCD medium supplemented with 5 mM ammonium tartrate, 10 mM CaCl2, 

0.8% agar, and 6% mannitol) (Nishiyama et al., 2000). After incubation for 2-3 d under 

continuous light, the cellophane was transferred to a fresh BCDAT plate and incubated for 5-6 d, 

and then colonies were picked and used to inoculate a new BCDAT plate. After incubation for a 

further 15 to 16 d, colonies of WT or mutants were imaged with a commercially available digital 

camera (DMC-G2; Panasonic) on Olympus S2X12 microscope. However, iOX lines were only 

incubated for 8 d in a new BCDAT plate and then transfer and incubated on BCDAT medium 

supplemented with 1 µM β-estradiol (Sigma), or on BCDAT with 0.001 % dimethyl sulfoxide 

(DMSO) (Wako) as a control for 7 d. Then, gametophores were counted manually for each 

established colony by dissection. 

 

3.2. Cell number and length observation 

 For the cell length measurement, protoplasts of WT or ralf mutans were cultured on 

PRM-B medium for two or three days under continuous light and then transferred to BCDAT 

medium supplemented with 0.5% glucose (BCDATG) and cultivated for 9 d under 0.5 µmol m
-2

 

s
-1 

unilateral red light (λmax = 660± 20 nm). Unilateral red light was produced by passing light, 

provided by 40-W white fluorescence tubes (FLR40S-EX-N/M/36; Mitsubishi), through a 3-

mm-thick red plastic filter (No. 102; Mitsubishi) into light-proof boxes. In contrast, iOX lines 
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were transferred on BCDATG supplemented with 1 µM β-estradiol (Sigma), or on BCDAT with 

0.001% dimethyl sulfoxide (DMSO) (Wako) as a control for seven days under unilateral red light 

(red plastic filter (No. 102; Mitsubishi)), and imaged by Leica DMLB microscope as explained 

as follows. 

  

3.3. Microscopic observation and statistical analysis 

For bright field observation, chloronemal cells of wild-type, knock-out mutants and iOX 

lines were observed and imaged with a Leica DMLB microscope equipped with a CoolSNAP 

Color digital camera (Nippon Roper). The moss colonies were observed and imaged under the 

stereomicroscope (Olympus S2X12) and images were captured using a commercial digital 

camera (Panasonic Lumix DML-G2). Fiji (Image J) (https://imagej.net/software/fiji/) software 

was used to score subapical cell length, cell number and colony size. Average (mean), standard 

deviation (SD) and either t-test or ANOVA with post-hoc test according to Tukey were used 

with P-values <0.01, as indicated. 

 

3.4. Immunoblotting 

Proteins were extracted from the protonemata by urea extraction buffer (4 M urea 

(Sigma), 100 mM DTT (Wako), 1% Triton X-100, proteinase inhibitor (cOmplete Mini, EDTA-

free, Sigma-Aldrich). The homogenate was spun down for 5 mins at 20,000 g to remove cell 

debris. The protein extract was mixed with protein loading buffer and heated at 68ºC for 5 

minutes. I used mouse monoclonal anti-GFP JL-8 (Clontech, dilution 1:1,000) to detect 

PpRALF1-Citrine and PpRALF2-Citrine at room temperature for 2 hours. Secondary antibody 

used was anti-mouse HRP antibody (Amersham ECL Mouse IgG, dilution 1:5000) at room 
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temperature for 1 hour. Protein bands were visualized with ECL plus (Amersham ECL Prime 

Western Blotting Detection Reagent, GE Healthcare) used for chemiluminescent detection 

reagent and photographed using the LAS-3000 system (Fujifilm LAS-3000 imager).      

 

4. Result 

4.1. Disruption of PpRALF1 and PpRALF2 in P.patens impairs protonemal development 

A BLAST search using the A. thaliana RALF1 (AtRALF1) amino acid sequence as a 

query against the P. patens genome (Phytozome v13, v3.0 assembly) revealed three putative 

RALF homologs: PpRALF1 (gene identifier Pp3c3_15280), PpRALF2 (gene identifier 

Pp3c6_7200) and PpRALF3, (gene identifier Pp3c25_4180).   

To investigate a role of RALF in moss development of P. patens, I generated ralf knock-

out mutants in various combinations: Ppralf1, Ppralf2, Ppralf3, ralf2dko, Ppralf2,3dko and 

Ppralf1,2,3tko (Table S2). Since mutant of the AtRALF34 showed a phenotype related to the 

planar cell polarity (PCP) of lateral root of A. thaliana (Murphy et al., 2016), I checked the 

phenotype of Ppralf mutants in relation to protonematal branching pattern in P. patens. However, 

I could not detect any deviation from the branching pattern in all Ppralf mutants (Fig. 1). 

Interestingly, I found some of the mutants showed unusual smooth edge on the colonies (Figure 

2). This “smooth-edge colony” phenotype was visible in colonies regenerated from single 

protoplasts in single (Ppralf1 and Ppralf2), double (Ppralf1,2dko and Ppralf2,3dko), and triple 

(Ppralf1,2,3tko) ralf knock-out mutants (Figure 2). The smooth edge phenotype was observed 

after 20 days of incubation on BCDAT medium. However, this smooth-edge phenotype was not 

observed in the Ppralf3 lines. Then, when checked this smooth-edge feature in Ppralf1 mutant 

under microscope, I found that this smooth edge feature is dominated by chloronemata cells and 
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is opposite to the hairy/rough protonematal edge in wild type that is dominated by caulonemata 

(Figure S1).  

As development progresses, or in response to certain environmental cues, dividing 

chloronemal cells may undergo transition to give rise to the more elongated caulonemal cells. In 

addition, modified protonemal side branches also give rise to buds, which in turn develop into 

leafy gametophores. I, therefore, checked the Ppralf mutants during gametophore production as 

it represents the downstream of cell fate transition/differentiation from choronema to caulonema. 

The result showed that in every  mutant, except Ppralf3 (mean = 23.33  9.86), gametophore 

production was reduced significantly in Ppralf1 (mean= 6.33  3.53), Ppralf2 (mean= 2  1.73) , 

Ppralf1,2dko (mean = 0.78  0.92), Ppralf2,3dko (mean = 1.88  2.20) and Ppralf1,2,3tko (mean 

= 1.33  1.66) when compared to WT (mean = 32.06  10.67) after 20 days of incubation on 

BCDAT medium (Figure 3). Only the Ppralf3 mutant was similar to WT in producing 

gametophores with the hairy protonematal edge. On the other hand, I also found that smooth-

edge phenotype in the Ppralf1,3dko (Figure 2), indicating that PpRALF1 disruption is 

responsible for the mutant phenotype. Therefore I continued to focus on characterizing PpRALF1 

and PpRALF2. Extended incubation (30 days) on WT against Ppralf1, Ppralf2, and Ppralf1,2dko 

showed the same result on number gametophores (Figure S2). This extended incubation result 

suggested that the phenotype cannot be simply explained by delayed gametophore development 

in these mutants. Rather, I think that Ppralf1, Ppralf2, and Ppralf1,2dko might be having less 

gametophores production than wild-type as the consensus of fewer caulonemal cells number as 

precursor of gametophores. 

  To support my data, I conducted a more detailed analysis on the choloronema-to-

caulonema differentiation in Ppralf1, Ppralf2 and Ppralf1,2dko by quantifying the proportion of 
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chloronema and caulonemata in a colony. Indeed, the proportion of caulonemata was drastically 

reduced in the Ppralf1, Ppralf2 and Ppralf1,2dko mutants (Figure 4), consistent with the reduced 

gametophore phenotype. Thus, I concluded that the “smooth-edge” and reduced gametophore 

phenotypes in Ppralf1, Ppralf2, and Ppralf1,2dko were consequences of decreased caulonemata 

formation. Then, based on these phenotype observations, PpRALF1 and PpRALF2 may play an 

essential role on protonemal development. 

 

4.2. Disruption of PpRALF1 or PpRALF2 reduces cell length and cell number in 

chloronema cells 

As the Ppralf mutant lines have smooth-edge colonies due to delayed cell fate transition, 

next I investigated whether the chloronemata has any delayed growth. Menand et al. (2007) 

reported that in P. patens both chloronemal and caulonemal cells elongate by a form of tip 

growth as a mode of cell growth. The chloronema cells elongate at the rate of 5.8±60.51m h
-1

, 

and gradually these chloronema will differentiate into caulonema cells that elongate at 

19.87±2.18 m h
-1 

(Menand et al., 2007). Smooth edge and reduced gametophores numbers in 

Ppralf1, Ppralf2, and Ppralf1,2dko may be due to impairment in chloronemata cell 

growth/elongation.  I first tested the chloronemal cell growth in Ppralf mutants during protoplast 

regeneration under white light, but no discernible phenotype was visible (Figure 1). However 

under unilateral red light condition in which the side branch initiation is inhibited (Aoyama et al., 

2012), the length of chloronema cells in Ppralf1,2dko was severely  impaired in the sub apical 

cells (Figure 5a,b).  The sub-apical cell was chosen for cell length quantification because this cell 

has fully elongated. The observation showed a significant reduction in cell length in Ppralf1 

(mean= 68.88 m  7.70 m), Ppralf2 (mean= 69.79 m  10.02 m), and Ppralf1,2 dko 

(mean= 66.38 m  10.14 m) when compared to the WT (mean= 96.56 m  13.17 m) (Fig. 
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5c). From this experiment, I found that cell length reduced significantly to 30% in Ppralf1, 

Ppralf2 and Ppralf1,2dko. This indicates that PpRALF1 and PpRALF2 loss-of-function reduced 

the cell length in chloronemata cells.   

 I also observed a phenotype in the cell number. In principle, reducing cell length may 

delay the cell cycle progression and it may lead to a lower cell number. One of the RALF 

functions is controlling cell cycle division (Gonneau et al., 2018). Expectedly, the cell number of 

chloronemal filaments was also reduced in the Ppralf1 (mean= 8.23  1.31), Ppralf2 (mean= 

7.98  1.36) and Ppralf1,2dko (mean= 6.3m  2.08) when compared to WT (mean= 16.2  

2.67) (Fig. 5d). From this phenotypic characterization, we conclude that the PpRALF1 and 

PpRALF2 are important for the protonemata growth in which the cell length and cell number of 

filamentous protonemata are dependent on PpRALF1 or PpRALF2.   

  

4.3. Overexpression of PpRALF1 and PpRALF2 impaired chloronemal cell length and 

highlighted their overlapping roles in chloronema tip growth. 

Since I found several compromised phenotypes in the protonemata growth, cell length 

and cell number, I hypothesized that the primary role of PpRALF1 and PpRALF2 might be 

involved in promoting protonemata growth. To test my hypothesis, I examined protonemata 

growth in weak and strong overexpressors for PpRALF1 and PpRALF2 C-terminal Citrine-

fusion reporter lines. These overexpressor lines are beta-estradiol inducible lines. Expression 

levels of the strong iOX:PpRALF1-Citrine line (#1), weak iOX:PpRALF1-Citrine line (#2), 

strong iOX:PpRALF2-Citrine line (#17) and weak iOX:PpRALF2-Citrine line (#22) have been 

checked by GFP immunoblotting .  

Interestingly, I found that the strong iOX:PpRALF1-Citrine showed shortened 

chloronemata cell length (DMSO: 91.45 µm ± 11.01 µm; 1  M β-Est: 57.56 µm ± 9.39 µm) after 
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7 days incubation under red light condition  (Fig. 6 a, b, e). This phenotype is similar to the 

Ppralf1 and Ppralf1,2 dko under the red light condition. Subsequently, the shortened 

chloronemata cell directly led to a fewer cell number (DMSO: 8.89 ± 1.14; 1  M β-Est: 6 ± 0.83, 

Fig. 6f) as well. As expected, the strong iOX:PpRALF1-Citrine line also exhibited “smooth-edge” 

colony phenotype when incubated on BCDAT supplemented with 1  M β-Est (Fig. 7b). When I 

observed the colony size and number of gametophore, I found that strong overexpression of 

iOX:PpRALF1-Citrine significantly reduced the colony size (DMSO: 39.96 µm ± 5.51 µm; 1 

 M β-Est: 25.98 µm ± 1.97 µm, Fig. 7e) as well as the gametophore number (DMSO: 18.4 ± 

8.26; 1  M β-Est: 2.3 ± 0.46, Fig. 7f). In contrast, weak overexpression of the iOX:PpRALF1-

Citrine showed only a mild impact on the cell length (DMSO: 81.15 µm ± 10.34 µm; 1  M β-

Est: 71.64 µm ± 9.43 µm, Fig. 6c, d, e), and cell number (DMSO: 9.06 ± 1.46; 1  M β-Est: 8.41 

± 1.52, Fig. 6f). I also found that the weak iOX:PpRALF1-Citrine overexpressor showed a mild 

impact on colony size (DMSO: 49.85 µm ± 6.21 µm; 1  M β-Est: 42.39 µm ± 6.73 µm, Fig. 7e). 

Furthermore, colonies of the weak iOX:PpRALF1-Citrine overexpressor have  rough edge/hairy 

phenotype on either DMSO or  1  M β-Est-supplemented medium (Fig 7c, 7d). For the 

gametophore number, I also observed no significant difference in the weak iOX:PpRALF1-

Citrine overexpressor (Fig. 7f). Therefore, the iOX:PpRALF1-Citrine lines exhibited a dosage-

dependent response in cell length and cell division during chloronema tip growth.  

Next, I also conducted phenotypic analyses using strong iOX:PpRALF2-Citrine line 

(#17) and weak iOX:PpRALF2-Citrine line (#22) overexpressors (Fig. 8). In general, I found the 

iOX:PpRALF2-Citrine overexpressor has a similar phenotype like that in the iOX:PpRALF1-

Citrine overexpressor. In details, phenotype of the strong iOX:PpRALF2-Citrine overexpressor 

has short sub apical cells (DMSO: 83.35 µm ± 9.82 µm; 1  M β-Est: 54.24 µm ± 8.34 µm, Fig. 8 
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a, b, e) and a reduced cell number (DMSO: 8.85 ± 1.19; 1  M β-Est: 4.98 ± 1.07, Fig. 8f) in 

chloronemal filaments under red light condition. Furthermore, I also checked the phenotype of 

the strong iOX:PpRALF2-Citrine overexpressor and observed  a “smooth-edge colony” 

phenotype (Fig. 9a, b). Moreover, colony size (DMSO: 37.62 µm ± 5.76 µm; 1  M β-Est: 20.98 

µm ± 2.98 µm, Fig. 9e) and gametophore number (DMSO: 18.4 ± 8.26; 1  M β-Est: 2.3 ± 0.46, 

Fig. 9f) of the strong iOX:PpRALF2-Citrine overexpressor was reduced significantly after β-

estradiol treatment.   

Next I characterized the weak iOX:PpRALF2-Citrine overexpressor. Similar to the weak 

iOX:PpRALF1-Citrine overexpressor, iOX:PpRALF2-Citrine line (#22) exhibited a mild impact 

in chloronema subapical cell length (DMSO: 87.32 µm ± 11.94 µm; 1  M β-Est: 77.37 µm ± 

11.72 µm, Fig. 8 c,d, e), and cell number (DMSO: 9.06 ± 1.46; 1  M β-Est: 8.42 ± 1.52, Fig. 8f) 

under red light condition. Indeed, this weak iOX:PpRALF2-Citrine overexpressor has a similar 

colony size before and after induction (DMSO: 49.87 µm ± 5.46 µm or 1  M β-Est: 46.70 µm ± 

5.94 µm, Fig. 9 c, d, e). Furthermore, I also found that the number of gametophores in the weak 

iOX:PpRALF2-Citrine overexpressor was reduce to half (DMSO: 14.2 ± 5; 1  M β-Est: 7.67± 

3.26, Fig. 9 f) in which the gametophores number of strong iOX:PpRALF2-Citrine line (#17) 

was completely inhibited (DMSO: 7 ± 2.51; 1  M β-Est: 0, Fig. 9 f). This phenomenon was 

consistent with the previous result in which the number of gametophore in Ppralf2 (2 ± 1.73) 

was significantly reduced compared to Ppralf1 (6.33 ± 3.54) and WT (32.06 ± 10.67) (Fig. 3). 

PpRALF2 may have a role in regulating gametophore formation. 

In conclusion, phenotypic characterization of the PpRALF1 and PpRALF2 overexpressor 

reveals the dosage effects of PpRALF1 and PpRALF2 expression level. In addition, the growth 



17 
 

defects observed in PpRALF1 and PpRALF2 overexpressor and knock-out mutants highlighted 

their overlapping roles in chloronemal growth. 

 

4.4. PpRALF1 and PpRALF2 displayed different localization demonstrating their 

involvement in facilitating protonema tip growth. 

To investigate the subcellular localization of PpRALF1 and PpRALF2 proteins, in-frame 

knock in reporter lines of PpRALF1-Citrine and PpRALF2-tagRFP was generated (unpublished 

materials kindly provided from Dr. Ooi-kock Teh). Here, PpRALF1-Citrine and PpRALF2-

tagRFP were expressed under their native promoters. Subcellular localization of PpRALF1-

Citrine was detected to localise evenly on the plasma membrane (Fig.10a) and PpRALF2-

tagRFP accumulated polarly at the tip of apical cells (arrowhead, Fig. 10b). Even though 

PpRALF1 and PpRALF2 displayed different localization, this result suggested that PpRALF1 

and PpRALF2 play a role in promoting chloronema elongation using different modes of actions. 

Next, to understand whether the apical localization of PpRALF2-tagRFP has any 

correlation with the chloronemata apical growth, I tried to track the signal of PpRALF2-tagRFP 

in the apical cells. Here, I observed the protoplast regeneration process which shows apical tip 

growth. Observation of protoplasts from different regeneration stages showed that in intact 

protoplast the PpRALF2-tagRFP localized evenly on the plasma membrane (Fig 10 c, d). After 

protrusion happened, we found that the PpRALF2-tagRFP signal accumulated at the protrusion 

site. This indicated that the PpRALF2-tagRFP signal clearly arose around apical tip growth. 

Indeed, the signal of PpRALF2-tagRFP persisted throughout the tip growth until the first 

asymmetric division was completed (Fig. 10 e-j). Finally, the subcellular localization of the 

PpRALF1 and PpRALF2 suggested that they are involved in protonemata tip growth. 

 



18 
 

4.5. Proteolytic cleavage of PpRALF1 is necessary for its function  

In Arabidopsis, the primary structure of some RALF precursors contain a conserved 

dibasic motif RRXL motif which is upstream to the active peptide and suggest that RALF 

precursors undergo proteolytic processing. Recent studies have shown that this site is required 

for the pro-peptide processing and activities of both AtRALF1 (Matos et al., 2008) and 

AtRALF23 (Srivastava et al., 2009). Overexpression of a preproAtRALF1 causes semi- 

dwarfism whereas overexpression of a preproAtRALF1(R69A) that contains  a mutated dibasic 

site exhibited normal growth. This indicated that proteolytic processing of RALFs is important 

for its function (Matos et al., 2008; Srivastava et al., 2009). Srivastava et al (2009) has identified 

AtS1P as the protease that is required for the processing of AtRALF23. 

 Although both PpRALF1 and PpRALF2 are genetically required for protonema cell 

elongation, they are structurally distinguishable by the presence of an S1P cleavage site, RRLL 

motif, in the PpRALF1 (Fig.11a ). Previously it reported that a dibasic site upstream of a plant 

peptide hormone, AtRALF1 and AtRALF23, is essential for processing. AtRALF peptides are 

expressed as precursors that need to be cleaved by S1P in order to produce a mature RALF 

peptide that can execute its function (Matos et al., 2008; Srivastava et al., 2009) . Therefore I 

next wanted to investigate if PpRALF1 is also proteolytically processed in vivo and how this 

cleavage may affect its function by replacing one of the basic amino acids, Arginine, to Alanine 

(R73A, Fig. 11a). The iOX:PpRALF1
R73A

-Citrine was expressed as an inducible construct 

(unpublished materials from Dr. Ooi-kock Teh) in P.patens. After screening of all the available 

transgenic lines using GFP-immunoblot, I obtained an expressing transgenic line, 

iOX:PpRALF1
R73A

-Citrine line (#6). Western blot analyses revealed that the PpRALF1-Citrine 

(predicted MW = 43.7kDa) migrated in two forms: the unprocessed proPpRALF1 and the 
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cleaved mature mPpRALF1. The mPpRALF1 migrated faster than the proPpRALF1 (predicted 

MW = 40 kDa) (Fig. 11b). However, the PpRALF1
R73A

-Citrine transgenic line only produced a 

non-cleaved form (Fig. 11b), suggesting that the monobasic site is no longer efficiently 

processed by proteases. Next, I conducted morphological characterization on the iOX:PpRALF1
 

R73A –
Citrine line and it exhibited normal chloronemata subapical cell length (DMSO: 100.29 µm 

± 8.75 µm; 1  M β-Est: 99.77 µm ± 8.50 µm, Fig. 11d) and cell number (DMSO: 9.43 µm ± 

1.12 µm; 1  M β-Est: 9.38 µm ± 1.03 µm Fig. 11e) after beta-estradiol induction  under the red 

light conditions. Indeed, when we incubated iOX:PpRALF1
R73A-

Citrine on BCDAT 

supplemented with 1 M β-estradiol under white light condition, there was no difference in the 

appearance of colony edge (Fig. 11g) and gametophores numbers (Fig. 11f). Therefore, I 

conclude that the PpRALF1 is cleaved in vivo at the S1P cleavage site and this process affects 

the PpRALF1 function. 

 

5. Discussion 

It is well known that RALFs function in many plant species and have been known to act 

as negative regulators of plant growth. In Arabidopsis, the AtRALF1 peptide has been well-

characterized and known to inhibit cell elongation of  the primary root  (Haruta et al., 2014). Cell 

elongation appears to be primary mechanisms that the RALF family affects, as seen through 

synthetic peptide application and overexpression (Murphy & De Smet, 2014; Pearce et al., 2001).  

Not only as a negative regulator, recently RALF also has been shown to play a positive role in 

regulating root hair tip growth (Zhu et al., 2020).   

In my research, interestingly I found that PpRALF1 and PpRALF2 showed an 

overlapping function in promoting protonemata tip growth. Based on knock out phenotype, I 
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hypothesized that PpRALF1 and PpRALF2 might form a heterodimer before binding to a 

receptor and induce downstream signalling that is necessary to promote tip growth. The recent 

report of the cysteine-rich transmembrane module (CYSTM) members, as the non-secreted 

cysteine-rich peptides (NCRPs), showed that between signaling peptide may be involved in 

cellular signaling by forming homodimers or heterodimers to activate the stress-related signaling 

pathway (Xu et al., 2018).  

The function of PpRALF1 and PpRALF2 in promoting protonemata tip growth is also 

similar to the AtRALF1 in regulating in root hair tip growth. Zhu et al (2020) reported that to 

promote root hair polar growth, the RALF1–FER complex promotes the mRNA translation of 

root hair-specific genes, including RSL4 and ROP2, by facilitating eIF4E1 phosphorylation. The 

root hairs  emerge from the primary root as tip-growing structures which are similar to the tip 

growth exhibited by chloronemata and caulonemata in moss (Menand et al., 2007). Therefore, I 

think that promotion of protonema tip growth by the PpRALF1 and PpRALF2 may have similar 

mechanisms as the AtRALF1 in promoting root hair tip growth. Thus, it is likely that tip growth-

promoting function of RALF is conserved between bryophytes and vascular plants. 

It is interesting to note that the iOX:RALF1-Citrine and iOX:RALF2-Citrine 

overexpressors phenocopied the loss-of-function alleles by exhibiting inhibition of protonemata 

growth. Although I expected that overexpressors display enhanced tip growth as adding 

exogenous treatment of synthetic AtRALF1 showed in elongation phases of  root hair growth 

(Zhu et al., 2020), it is not unusual that hypermorphic and loss-of-function alleles exhibit a 

similar phenotype such as the hypermorphic allele the 35S::RALF34 overexpression lines 

(Gonneau et al., 2018) and RALF34 loss-of-function alleles (Gonneau et al., 2018; Murphy et al., 

2016). This indicates that the dosage-dependent regulation of RALF activity is critical for normal 
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signaling pathway in these contexts as reported by Gonneau et al (2018). Another possibility to 

explain for this phenomenon is that PpRALF overexpression enforces a titration effect which 

dilutes out the receptor activation responses. Therefore, overexpressed peptides made the tip 

growth dysfunctional.     

The PpRALF1 and PpRALF2 have different localizations in which PpRALF1 

symmetrically localised on the plasma membrane while PpRALF2 accumulated at the growing 

tip. Interestingly, the apical localization of PpRALF2 is similar to that of AtRALF1 (Zhu et al., 

2020). Different localization between the PpRALF1and PpRALF2 may indicate cooperative 

roles between PpRALF1 and PpRALF2 in tip growth promotion, possibly through activating 

receptors that are mechanistically similar to the AtRALF1 during root hair tip growth promotion.  

According to the GenBank and Phytozome, the CrRLK1L protein kinase subfamily to which 

FERONIA receptor kinase belongs is present in P. patens (Galindo-trigo et al., 2016), implying 

that a signaling pathway of RALF and its receptor in A. thaliana is present in P. patens.  

Finally, my study demonstrated that only the PpRALF1 has an RRLL motif. The pair of 

Arg residues (RR), a feature typically found in animal prohormones processed by convertases, is 

located just upstream from the N terminus of the active peptide in almost all RALFs (Pearce et 

al., 2001). Moreover, Matos et al. (2008) reported that a canonical subtilase site (also 

characterised by a dibasic RR motif) upstream from the presumed start of the mature peptide was 

important for the processing of the precursor of AtRALF1. Mutation in the second Arg residue 

demonstrated that the precursor was not processed, and the construct did not produce the 

overexpressor phenotype (Matos et al., 2008). Consistently, my results also showed that the 

PpRALF1 is proteolytically cleaved in vivo and this is necessary for the PpRALF1 function in tip 

growth.  
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6. Conclusion 

My study reveals that PpRALF1 and PpRALF2 have overlapping functions in promoting 

protonema tip growth and elongation in P.patens, showing homologous function as the 

Arabidopsis RALF1 in promoting root hair tip growth, and proteolytic cleavage of PpRALF1 is 

necessary for its function. 
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Figure. 1. Ppralf mutants show normal protonematal branch positioning under normal white light. 

Five-day-old protonema filaments of WT (a), Ppralf1 (b), Ppralf2 (c) Ppralf3 (d), Ppralf1,2 dko (e), 

Ppralf2,3 dko (f) and Ppralf1,2,3 tko (g) regenerated from a protoplast on PRMT medium. Photos show 

from 4th to 7th cells number. Black arrowheads indicate septum. Bar: 0.5 mm. 
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Figure. 2. Ppralf mutants show smooth edge colony except Ppralf3. (a-g) Growth phenotype of 

colonies of WT (a), Ppralf1 (b), Ppralf2 (c), Ppralf3 (d), Ppralf1,2 dko (e), Ppralf2,3 dko (f) and 

Ppralf1,2,3 tko (g) which are regenerated from a protoplast on BCDAT medium for 20 days.  Dash lines 

indicate smooth edge. Bars: 1 mm.  
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Figure. 3. Gametophore number of 20-day-old colonies of WT, Ppralf1, Ppralf2, Ppralf3, Ppralf1,2 

dko, Ppralf2,3 dko and Ppralf1,2,3 tko.  The box plot shows the number of gametophore/colony in WT (white 

box), Ppralf1 (red blox), Ppralf2 (yellow box), Ppralf3 (green box), Ppralf1,2 dko (blue box), Ppralf2,3 dko (orange 

box) and Ppralf1,2,3 tko (pink box). The black horizontal line indicates the median value and the box represents the 

second and third quartiles. The upper and lower quartiles are represented as whiskers. Letters indicate statistically 

significant differences (one-way ANOVA and Tukey’s post hoc test, p < 0.01). n= sample size.  
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Figure. 4. Proportion of cells (%) of a colony of WT, Ppralf1, Ppralf2, and Ppralf1,2 dko. A stacked 

bar shows the proportion of chloronemal (grey), caulonemal (beige) and intermediate (black) cells in WT, Ppralf1, 

Ppralf2 and Ppralf1,2 dko. n= sample size.  
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Figure. 5. Cell length inhibition of sub-apical cell and cell numbers in WT, Ppralf1, Ppralf2, and 

Ppralf1,2 dko. Chloronemal filament of WT (a) and Ppralf1,2 dko (b) were grown in red-light condition. Red 

arrow heads indicate septum of the sub-apical cells. Bar: 50  m. The box plot shows the cell length (c) and cell 

number (d) of WT (white box), Ppralf1 (red blox), Ppralf2 (yellow box), Ppralf1,2 dko (green box). The black 

horizontal line indicates the median value and the box represents the second and third quartiles. The upper and lower 

quartiles are represented as whiskers. Letters indicate statistically significant differences (one-way ANOVA and 

Tukey’s post hoc test, p < 0.01). n= sample size. 
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Figure 6. Overexpression of PpRALF1 impairs cell length and cell number (a-d). Protonemata of 

strong iOX:PpRALF1-Citrine line #1 (a, b) and weak iOX:Pp RALF1-Citrine line #2 (c, d). Chloronemata were 

grown under red light on either DMSO (a, c) or 1  M  -estradiol (b, d) supplemented BCDAT medium for 7 days. 

Arrow heads indicate septums. Bars: 20  m. The box plot shows the cell length (e) and cell number (f) of line #1 

(d) (a) (c) (b) 
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(white box: DMSO and cyan: 1  M β-Est), and line #2 (white box: DMSO and light cyan: 1  M β-Est). The black 

horizontal line indicates the median value and the box represents the second and third quartiles. The upper and lower 

quartiles are represented as whiskers. One-way ANOVA and Tukey’s post hoc test were used to determine 

significant difference at p < 0.01 (indicated by ***) or not significant (n. s.). n=sample size. 
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Fig.7. Overexpression of PpRALF1 impairs colony size and gametophore number. Colony phenotype 

(25-day-old) of strong iOX:PpRALF1-Citrine line#1 (a, b) and weak iOX:PpRALF1-Citrine line#2 (c, d). Colonies 
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were grown on BCDAT medium supplemented with either DMSO (a, c) or 1  M  -estradiol (b, d). Bars: 3mm. (e-

f) The box plot shows the colony size (e) and gametohore number (f) of line #1 (white box: DMSO and cyan: 1  M 

β-Est), and line #2 (white box: DMSO and light cyan: 1  M β-Est). The black horizontal line indicates the median 

value and the box represents the second and third quartiles. The upper and lower quartiles are represented as 

whiskers. One-way ANOVA and Tukey’s post hoc test were used to determine significant difference at p < 0.01 

(indicated by ***) or not significant (n. s.). n=sample size. 
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Fig. 8. Overexpression of PpRALF2 impairs cell length and cell number (a-d) Protonemata of strong 

iOX:PpRALF2-Citrine line#17 (a, b) and weak iOX:PpRALF2-Citrine line#22 (c, d). Chloronemata were grown 

under red light on either DMSO (a, c) or 1  M  -estradiol (b, d) supplemented BCDAT medium for 7 days. Arrow 
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heads indicate septums. Bars: 20  m.  (e-f) The box plot shows the cell length (e) and cell number (f) of line #17 

(white box: DMSO and cyan: 1  M β-Est), and line #22 (white box: DMSO and light cyan: 1  M β-Est). The black 

horizontal line indicates the median value and the box represents the second and third quartiles. The upper and lower 

quartiles are represented as whiskers. One-way ANOVA and Tukey’s post hoc test were used to determine 

significant difference at p < 0.01 (indicated by ***) or not significant (n. s.). n=sample size. 
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Fig. 9. Overexpression of PpRALF2 impairs colony size and gametophores number (a-d). Colony 

phenotype (25-day-old) of strong iOX:PpRALF2-Citrine line#17 (a, b) and weak iOX:PpRALF2-Citrine line#22 (c, 

d). Colonies were grown on BCDAT medium supplemented with either DMSO (a, c) or 1  M  -estradiol (b, d). 

Bars: 3mm. (e-f) The box plot shows the colony size (e) and gametophores number (f) of line #17 (white box: 

DMSO and cyan: 1  M β-Est), and line #22 (white box: DMSO and light cyan: 1  M β-Est). The black horizontal 

line indicates the median value and the box represents the second and third quartiles. The upper and lower quartiles 

are represented as whiskers. One-way ANOVA and Tukey’s post hoc test were used to determine significant 

difference at p < 0.01 (indicated by ***) or not significant (n. s.). n=sample size. 
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Figure 10. Subcellular localization is different between PpRALF1 and PpRALF2 during apical 

growth. (a-d) 5-day-old protonemata of PpRAFL1-Citrine (a) and PpRALF2-tagRFP (b) were grown on BCDAT. 

Confocal images shown are z-stack projections (sum), chloroplasts are indicated by magenta and green indicates 

Citrine (a). TagRFP is pseudocoloured as green for easier visualization (b). Apical accumulation of PpRALF2-

tagRFP is pointed by an arrowhead. Bars= 10 µm. (c-j) Confocal images of regenerating protoplasts from 

PpRALF2-tagRFP. Fluorescent (c, e, g, i) and bright field (d, f, h, j) images shown are z-stack projections (sum). 

Chloroplasts are indicated by magenta and green indicates tagRFP. Arrowheads indicate apical accumulation of 

PpRALF2-tagRFP. Bars= 10µm.  
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Figure 11. Active function of PpRALF1 requires proteolytic processing 

(a) A schematic representation of PpRALF1
R73A

. Red colored indicates the position of R73A mutation. Bar= 10 a.a. 

(b) GFP immunoblot analysis of RALF1-Citrine, RALF1
R73A

-Citrine, and RALF2-Citrine were induced by DMSO 
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or 1  M β-estradiol.  The molecular weight of ladder in kDa was shown on the numbers on the left. White arrow 

heads indicate propeptide PpRALF1 (proPpRALF1) and mature PpRALF1 (mPpRALF1). (c) Representative images 

of 7-day-old protonemata from iOX: PpRALF1
R73A

-Citrine (line #6). Chloronemata were incubated on DMSO or 1  

M β-estradiol-supplemented BCDAT medium under red light condition. Black arrow heads indicate septum. Bars= 

50  m. (d-f) The box plot shows the cell length (d), cell number (e), and gametophores number of 

iOX:PpRALF1
R73A

-Citrine (line #6) (white box: DMSO and cyan: 1  M β-Est) (f) . The black horizontal line 

indicates the median value and the box represents the second and third quartiles. The upper and lower quartiles are 

represented as whiskers. One-way ANOVA and Tukey’s post hoc test were used to determine significant difference 

at p < 0.01 (indicated by ***) or not significant (n. s.). n=sample size. Colony of iOX: PpRALF1
R73A

-Citrine (line 

#6) on BCDAT medium (g). 
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9. Supporting figures 

 

 

 

 

 

 

Supporting figure 1. Smooth edge feature is dominated by chloronemata cells in Ppralf1KO. Growth 

phenotype of colonies of WT (a) and Ppralf1KO (b and c) regenerated from a protoplast on BCDAT medium for 20 

days. Dotted lines indicate smooth edge. Red arrows are septum of chloronemata cells. A scale bar is indicated on 

each panel.   
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Supporting figure 2. Gametophore number of 30-day-old colonies of WT, Ppralf1, Ppralf2, Ppralf1,2 

dko.  The box plot shows the number of gametophore/colony in WT (white box), Ppralf1 (red blox), Ppralf2 

(yellow box), Ppralf3 (green box), Ppralf1,2 dko (blue box), Ppralf2,3 dko (orange box) and Ppralf1,2,3 tko (pink 

box). The black horizontal line indicates the median value and the box represents the second and third quartiles. The 

upper and lower quartiles are represented as whiskers. Letters indicate statistically significant differences (one-way 

ANOVA and Tukey’s post hoc test, p < 0.01). n= sample size.  
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10. Supporting tables 

Supporting table 1. Summary of oligonucleotides (primers) used in this study. 

Number Oligos (5'-3') Purpose 

#468 CGGGCCCCCCCTCGAGTGATCGGACTCGGTGCTCACTCAT cloning of pTN182: PpRALF1-HR 

#469 TATCGATACCGTCGACGTAACCCAGGCGTGACTCCCACCC cloning of pTN182: PpRALF1-HR 

#470 CATGCCCGGGTCTAGATGTTAAAGGGGGATTAACTCGG cloning of pTN182: PpRALF1-HR 

#471 GGCCGCTCTAGGATCCTGCATCATAAACAGCTCATTTGG cloning of pTN182: PpRALF1-HR 

#472 CATGCCCGGGTCTAGATGTTAAAGGGGGATTAACTCGG cloning of p35S-Zeo: PpRALF2-HR 

#473 GGCCGCTCTAGGATCCTGCATCATAAACAGCTCATTTGG cloning of p35S-Zeo: PpRALF2-HR 

#474 ATCCACTAGTTCTAGAATACAGTCCGAATTACTTCCTCAG cloning of p35S-Zeo: PpRALF2-HR 

#475 TATAGGGCGAATTGGAGCTCTGGTGGTGGATATTCTTGAAGGT cloning of p35S-Zeo: PpRALF2-HR 

#476 CGGGCCCCCCCTCGAGAGAAGACATACTTCATATCAATTA cloning of pTN186: PpRALF3-HR 

#477 TATCGATACCGTCGACTGTCAGGCAGTCAGGCAGTCGCA cloning of pTN186: PpRALF3-HR 

#478 CTAGACATATGGATCCAAGTGGTTACTAATGGCTACGTG cloning of pTN186: PpRALF3-HR 

#479 ACCGCGGTGGCGGCCGCACCCTCATGGCTCGTGCATGCGCA cloning of pTN186: PpRALF3-HR 

#499 AGTGTGACAATAGTAAAGCTTTTC genotyping of Ppralf3 knock-out 

#500 AGTTGATGGAAGCCATCGTACTAC genotyping of Ppralf3 knock-out 

#509 GTTCTCTCCGCTGGGAAACTCATC genotyping of Ppralf1 knock-out 

#510 TCTTGTGAGACGAGAGAACGTGGA genotyping of Ppralf1 knock-out 

#511 GTCACTCAATAGTTCTTGACAAAT genotyping of Ppralf2 knock-out 

#512 TACAAATGCCATGAGTAATGCCAA genotyping of Ppralf2 knock-out 
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Supporting table 2. Transgenic lines are used in this study. 

Transgenic lines  Antibiotics selection 

Ppralf1  Geneticin 

Ppralf2  Zeocin 

Ppralf3  Hygromycin 

Ppralf1, 2 dko  Geneticin, Zeocin 

Ppralf2,3 dko  Zeocin, Hygromycin 

Ppralf1,2,3 tko  Geneticin, Zeocin, Hygromycin 

iOX: PpRALF1-Citrine  Hygromycin 

iOX: PpRALF1R73A-Citrine  Hygromycin 

iOX: PpRALF2-Citrine  Hygromycin 

PpRALF1-Citrine (knock-in)  Geneticin 

PpRALF2-tagRFP (knock-in)  Geneticin 
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11. Abbreviations 

Abbreviations are used in this thesis: 

CrRLK1L  : Catharantus roseus RLK1-like  

d : Day    

DMSO : Dimethyl sulfoxide    

 FER : FERONIA 

GFP : Green fluorescent protein 

HR : Homologous regions 

iOX : Inducible overexpression 

PRMB : Protoplast regeneration medium for the bottom layer  

PRMT : Protoplast regeneration medium for the top layer 

RALF : Rapid alkalinization factor 

RLK : Receptor-like kinase 

S1P : Serine protease 

β-Est : β-Estradiol  

 

 


