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¢ Small signalling peptides are key molecules for cell-to-cell communications in plants. The
cysteine-rich signalling peptide, rapid alkalinisation factors (RALFs) family are involved in
diverse developmental and stress responses and have expanded considerably during land
plant evolution, implying neofunctionalisations in the RALF family. However, the ancestral
roles of RALFs when land plant first acquired them remain unknown.

e Here, we functionally characterised two of the three RALFs in bryophyte Physcomitrium
patens using loss-of-function mutants, overexpressors, as well as fluorescent proteins tagged
reporter lines.

¢ We showed that PpRALF1 and PpRALF2 have overlapping functions in promoting pro-
tonema tip growth and elongation, showing a homologous function as the Arabidopsis RALF1
in promoting root hair tip growth. Although both PpRALFs are secreted to the plasma mem-
brane on which PpRALF1 symmetrically localised, PPRALF2 showed a polarised localisation at
the growing tip. Notably, proteolytic cleavage of PpRALF1 is necessary for its function.

e Our data reveal a possible evolutionary origin of the RALF functions and suggest that func-
tional divergence of RALFs is essential to drive complex morphogenesis and to facilitate other
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Introduction

An important innovation in the evolution of multicellular organ-
isms is cell-to-cell communications that are important to coordi-
nate development at tissue level. The importance and necessity of
cell-to-cell communications are even more marked in the plant
cells given the obstructive rigid cell walls. It is therefore not surpris-
ing that identities of plant cells are often determined by positional
information relayed from neighbouring cells as exemplified by the
cell fate specification in embryo and during root development
(Nakajima eral, 2001; Friml eral, 2003; Cui eral, 2007; ten
Hove etal, 2015). This mobile positional information can be
macromolecules such as the classic example of SHORTROOT, a
plant-specific transcription factor that is trafficked from the vascu-
lature to the adjacent layer to regulate asymmetric divisions of the
cortex endodermal initial daughter as well as endodermal specifica-
tion (Helariutta ezal, 2000; Nakajima etal, 2001; Cui etal,
2007); alternatively these positional cues can also be small RNA
molecules such as microRNAs (miRNAs) miR165/166 that
move from endodermis into the vascular cylinder to restrict
PHABULOSA expression and regulate xylem differentiation
(Carlsbecker eral, 2010). Signal transduction in cell-to-cell
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novel processes in land plants.

communication is also mediated by the plasma membrane-
localised receptors that form receptor-like kinase (RLK)/ligand sig-
nalling modules. The ligands that have been shown to interact with
the RLKSs are diverse in form and can include metabolites, cell wall
polysaccharide and secreted signalling peptides (Hohmann ezal,
2017; Feng etal, 2018). The most well characterised signalling
peptide, CLAVATA3 (CLV3), promotes differentation of stem
cells in the shoot apical meristem upon perception by three recep-
tor complexes and transduces signalling to restrict the expression of
WUSCHEL, a transcription factor that maintains stem cell iden-
tity (Rojo ez al., 2002; Miiller ez al., 2008; Kinoshita ez al., 2010).
In plants, at least 13 peptide families have been identified and
can be loosely classified based on their length, either as the small
post-translationally modified peptides that are composed of 5-20
amino acids (in which the CLV3 belongs to) or as the cysteine-
rich polypeptides with ¢. 50 amino acids that are synthesised as
precursor proteins (Tavormina ezal, 2015; Breiden & Simon,
2016). A prominent member of the latter peptide category is the
rapid alkalinisation factor (RALF) that was first isolated from
tobacco as peptides that could rapidly increase the medium pH
(Pearce eral, 2001). Matrix-assisted laser desorption/ionization
mass spectrometry (MALDI-MS) analysis on the high perfor-
mance liquid chromatography (HPLC)-purified leaf tissues iden-
tified RALF as a 5-kDa polypeptide that was derived from a 115
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amino acid preproprotein (Pearce ezal, 2001). This founding
member of the RALF peptide, RALFI, was found to arrest
tomato and Arabidopsis root growth without activating the
defence pathway, therefore setting it apart from other plant pep-
tide hormones such as systemin (Murphy & De Smet, 2014).
Subsequent genome mining of other plant species shows that
RALF homologues are widely represented across the plant king-
dom, indicating a fundamental role in plant evolution (Sharma
etal., 2016; Campbell & Turner, 2017). Consistent with this
notion, RALFs have been implicated in a wide range of processes
that include cell expansion (Haruta ezal., 2014), lateral root and
root hair development (Wu eral, 2007; Murphy eral., 2016),
pollen tube elongation/integrity (Covey etal, 2010; Ge etal.,
2017) and immunity (Stegmann etal, 2017). Similar to the
CLV3, RALF also transduces signalling upon binding to its cog-
nate receptors. The most well described receptor for Arabidopsis
thaliana RALF1 (AtRAFL1) is a plasma membrane-localised RLK
from the Catharanthus roseus RLK1 (CrRLK1) family, termed
FERONIA (FER). The AtRALF1-FER interaction was identified
using a phosphoproteomic approach in which recombinant
AtRALF1-treated plants showed a significant increased phospho-
rylated FER, as a result of FER autophosphorylation upon
AtRALF1 binding (Haruta ezal, 2014). To date, novel receptors
and co-receptors have been determined not only for AtRALF1
but also for other RALF paralogues (Li eral, 2015; Dressano
et al., 2017; Gonneau et al., 2018; Blackburn ez 2/, 2020).
Characterisation of the AtRALF1 overexpressor and knock-out
mutants strongly supports the notion that RALFs repress cell
elongation and expansion in root (Mingossi eral, 2010).
Although the downstream signalling output of AtRALF1-FER
remains unclear, the aforementioned phosphoproteomics analysis
(Haruta ezal., 2014) provides clues to the potential downstream
effectors. Apart from FER, abundance of phosphopeptides from
three other proteins also displayed an increase upon AtRALF1
treatment and these include a plasma membrane proton pump
H"-ATPase 2 (AHA2), a calcium-dependent protein kinase9
(CPK9) and a PEN3/ABCG36 transporter. It has been hypo-
thesised that the RALF peptides seemingly affect cell and organ
growth through Ca®" signalling, mitogen activated protein
(MAP) kinase signalling and pH modulation. As well as repress-
ing cell expansion in root growth, the AtRALF1-FER signalling
complex was also shown to promote tip growth in the root hair
through phosphorylation of a translation initiation factor elF4E,
thereby controlling the translational efficiency of key tip growth
regulators such as ROOT HAIR DEFECTIVE 6 LIKE 4 (RSL4)
and RHO GTPases in PLANTS2 (ROP2) (Zhu et al., 2020a).
The diverse roles of RALFs in various plant developmental
processes is likely to be a direct consequence of the massive
expansion of RALF members during land plant evolution. A
comprehensive phylogeny analysis of the RALF peptides showed
that RALF is absent in chlorophytes and first acquired after the
evolution of embryophytes (Ghorbani ez al., 2015; Campbell &
Turner, 2017). In the early diverging land plants, only one and
two copies of RALF were reportedly detected in Selaginella moel-
lendorffii and  Physcomitrium patens (formerly Physcomitrella
patens) respectively (Campbell & Turner, 2017). By contrast, the
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number of RALFs increased significantly in angiosperms, espe-
cially in Brassicaceae (37 in Arabidopsis thaliana, 33 in Arabidop-
sis lyrata, 32 in Brassica rapa, 33 in Capsella rubella) through gene
duplication events. The widespread presence of RALFs in early
diverging lineages indicates that acquisition of RALFs was not
intended for core aspects of angiosperms development processes
such as pollination and root growth, as these processes are absent
in the early land plants. Therefore, what is the ancestral function
(s) of RALF when land plants first acquired them? To address this
question, we investigated the RALF function in P. patens, one of
the models used to study early diverging land plants. Characteri-
sation of the RALF knock-out and overexpressor mutants indi-
cated that RALFs have overlapping functions in promoting
protonemal tip growth, showing similarities to the tip growth-
promoting effects of AtRALF1 in Arabidopsis root hair (Zhu
et al., 2020a). Furthermore, PpRALF2 accumulates at the edge of
growing tip, indicating that it is indeed acting on tip growth.

Materials and Methods

Plant materials and growth

The moss Physcomitrium patens of Bruch & Schimp subsp. patens
was used as wild-type (WT) (Ashton & Cove, 1977; Rensing et al.,
2020). Wild-type protonematal cells and the transformants were
cultivated on BCDAT agar medium under continuous white-light
exposure (¢. 25 pmol photon m™*s™ ") at 25°C (Nishiyama ez,
2000). The moss tissues were homogenised in fresh sterile water
every 5—7 d. Suspensions were incubated on BCDAT or BCD agar
medium overlaid with the cellophane in 9-cm Petri dishes. For the
inducible system, 4-d-old protonemal tissues after subculture were
transferred with cellophane (Futamura Chemical, Nagoya, Japan)
to agar medium containing 1 uM B-estradiol (Wako, Osaka, Japan)
and used for observation subsequently.

For gametophore number scoring, protoplast-derived colonies
were used. Regenerated protoplasts were transferred to a fresh
BCDAT plate and incubated for 5-6 d. Established colonies were
picked and grown for an additional 15-16d before game-
tophores were scored. To induce transgene overexpression, estab-
lished colonies were grown for an additional 8 d before being
transferred to BCDAT medium supplemented with either
dimethyl sulfoxide (DMSO) or 1 uM PB-estradiol (Sigma) and
grown for a further 7 d before gametophore counting by manual
scoring. For subapical cell length measurement, 2-d-old proto-
plasts regenerated from various genotypes were transferred to
BCDAT medium supplemented with 0.5% glucose (BCDATG)
and cultivated for an additional 9 d under unilateral red light.
For transgene overexpression, regenerated protoplasts were grown
for 7d on BCDATG medium supplemented with either DMSO
(as mock) or 1 uM B-estradiol. Fiji (IMAGE]) software was used to
score subapical cell length, cell number and colony size.

To quantify the proportion of chloronemata and caulonemata
in a single colony, colonies were divided to four equal parts and
20 protonemata from each part were randomly scored. The iden-
tity of the protonemata was determined by the presence of
oblique or perpendicular crosswalls.

© 2021 The Authors
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Gene identifiers, phylogenetic tree construction and
bioinformatics

Rapid alkalinisation factor amino acid sequences and respective
gene identifiers were retrieved from PHYTOZOME v.13 (https://
phytozome-next.jgi.doe.gov, for species other than Arabidopsis
thaliana) and TAR v.10 (hteps://www.arabidopsis.org/index.jsp,
for Arabidopsis thaliana) (Supporting Information Table S1).
These sequences are aligned using MAFFT v.7 (https://mafft.cbre.
jp/alignment/software/) (Katoh ez al., 2018) before being curated
using NOISY algorithms embedded on PHYLOGENY (https://
ngphylogeny.fr) (Dress etal., 2008; Lemoine etal., 2019). The
best substitution model (with the lowest Bayesian information
criterion, BIC score) for these aligned and curated amino acid
sequences was then predicted using the model selection tab on
the IQ-TRee web server (http://igtree.cibiv.univie.ac.at)
(Trifinopoulos et al., 2016). Maximum-likelihood analysis of the
amino acid sequences was then performed using the Tree Infer-
ence tab on the IQ-TREE web server by choosing the variable time
(VT) substitution model and standard bootstrap analysis, with
100 bootstrap alignments.

The following web tools were used to predict the presence of
signal peptides (SIGNALIP-5.0, http://www.cbs.dtu.dk/services/
SignalP/), S-palmitoylation (GPS-Lipid, hetp://lipid.biocuckoo.
org/index.php) (Xie eral, 2016) and transmembrane domains
(TMaMM  v.2.0,  heep://www.cbs.dtu.dk/servicess TMHMMY/).
Web-based Illustrator for Biological Sequences (IBS; http://
ibs.biocuckoo.org/online.php#) was used to draw schematic rep-
resentations for genes and proteins (Liu ez al., 2015).

Molecular cloning and transgenic plants

To generate knock-out mutants for PpRALFs, ¢. 1.5 kb of the 5
and 3’ homologous regions (HR) were PCR-amplified (primers
#468, #469 for PpRALF1 5 HR; primers #470, #471 for
PpRALF1 3’ HR; primers #472, #473 for PpRALF2 5 HR;
primers #474, #475 for PpRALF2 3’ HR; primers #476, #477
for PpRALF3 5" HR; primers #478, #479 for PpRALF3 3'HR)
from genomic DNA with PrimeSTAR Max DNA polymerase
(Takara, Kusatsu, Japan). The HR fragments of PpRALFI,
PpRALF2 and PpRALF3 were cloned into pTN182 (Sakakibara
etal., 2008), p35S-Zeo or pTN186 vectors (Li eral, 2017),
respectively, using the HotFusion method (Fu eral, 2014). To
generate PpRALF1-Citrine and PpRALF2-Citrine inducible con-
structs, coding sequences (including 5° UTR) were PCR-
amplified (primers #818, #1120 for PpRALF1; primers #820,
#1121 for PpRALF2) using PrimeSTAR Max DNA polymerase
(Takara) and cloned into pENTRIA (ThermoFisher) and
sequenced, before being subcloned into pGX8Y (Kubo eral,
2013) using LR reactions to generate pGX8Y-PpRALF1 and
pGX8Y-PpRALF2.

To generate in-frame knock-in PpRALF1-Citrine and
PpRALF2-tagRFP constructs, ¢. 1.5kb of HR upstream of the
stop codon (primers #1122, #1123 for PpRALF1; primers
#1124, #1125 PpRALF2) and downstream of the last exon
(primers #1126, #1127 for PpRALF1; primers #1128, #1129 for
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PpRALF2) were PCR-amplified from genomic DNA using Tks
Gflex™ DNA polymerase (Takara). These HR fragments from
PpRALF1 and PpRALF2 were cloned into pCTRN-NPTII and
pTagRFP-NPTII, respectively, using the HotFusion method (Fu
etral., 2014). Tables S2 and S3 summarise the oligonucleotide
sequences used in this study and recombinant plasmids generated
from this study, respectively. Strategies for homologous recombi-
nation to generate knock-out mutants and knock-in reporter
lines and their verifications are described in Methods S1-S6.

To generate transgenic moss, protoplasts of an appropriate
genetic background were prepared and transformed with 15 pg
of plasmid DNA. The polyethylene glycol (PEG)-mediated
transformation was performed as described previously
(Nishiyama ez al., 2000). The final transgenic lines were selected
twice on BCDAT agar medium containing the appropriate
antibiotics. Table S4 summarises the transgenic lines generated
and respective selection markers.

RNA sequencing
Total RNA from 16 h-induced (either DMSO or 1uM B-

estradiol) protonemata tissues were extracted using the RNeasy
Plant Mini Kit (Qiagen). RNA quality control, preparation of
cDNA libraries, sequencing and raw reads processing were per-
formed on the DNBSeq platform (BGI, Kobe, Japan) in 150-bp
paired-end mode. Low-quality, adaptor-polluted and high con-
tent of unknown base reads were filtered and 42—46 million clean
reds were obtained for each library. Differentially expressed genes
(DEG) were identified using PossionDis algorithms.

Microscopy imaging

Confocal images were acquired using a Zeiss Laser Scanning
Microscope 980. Citrine was excited using laser 514 nm (laser
power 0.5-1%) with emission signal collected within a 508—
579 nm spectrum at 1 Airy Unit, in conjunction with a main
dichroic beam splitter (MBS) 514/639. TagRFP was excited
using a 543 nm laser (laser power 0.4-0.8%) with the emission
signal collected within a 543632 nm spectrum at 1 Airy Unig, in
conjunction with an MBS 488/561.

Immunoblotting

Protonemal tissues were ground to fine powder in liquid nitrogen
followed by the addition of three volume of urea extraction buffer
(4 M urea, 100 mM dithiothreitol (DTT), 1% Triton X-100).
The homogenate was spun down for 5 min at 20 000 g to remove
the cell debris. The protein was mixed with protein loading
buffer (10% sodium dodecyl sulphate (SDS), 500 mM DTT,
50% glycerol, 500 mM Tris—=HCI, 0.05% bromophenol blue)
and denatured at 68°C for 5 min before electrophoresis. For
immunodetection of PpRALF1-Citrine and PpRALF2-Citrine,
total proteins were resolved on 12% SDS-polyacrylamide gel
electrophoresis (SDS-PAGE) acrylamide gels and immunoblot-
ted with mouse monoclonal anti-green fluorescent protein
(anti-GFP) JL-8 (dilution 1:1000; Takara) and anti-mouse
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immunoglobulin G (IgG) (dilution 1:5000; GE Healthcare,
Hino, Japan).

Results

Physcomitrium patens possesses three copies of RALFs

To identify RALF orthologues in Physcomitrium patens
(PpRALF), we queried the Physcomitrium genome (PHYTOZOME
v.13, v.3.0 assembly) using the AtRALF1 amino acid sequence.
Three putative homologues were detected with £ values of 3.3E-
7 (PpRALFI, gene identifier Pp3c3_15280), 3.8E-5 (PpRALF2,
gene identifier Pp3c6_7200) and 2.9E-6 (PpRALF3, gene identi-
fier Pp3c25_4180). No additional RALF candidate was detected
when queries we repeated using the remaining 36 AtRALFs
(Table S1). All PpRALFs are characterised by an N-terminus sig-
nal peptide and PpRALF1 possesses a canonical RxxL/RxLx site
that could be subjected to SITEl-Protease (SIP) cleavage
(Fig. 1a) (Matos eral., 2008; Srivastava et al., 2009). Therefore
our search had uncovered an additional PpRALF as opposed to
those reported previously (Campbell & Turner, 2017). Phyloge-
netic analysis using selected AtRALFs of which their queries on
Physcomitrium proteome returned positive hits was unable to
resolve the phylogeny relationship between AtRALFs and
PpRALFs (Fig. S1). We therefore sought to perform phylogenetic
analyses using putative RALFs from more closely related species
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such as chlorophytes (marine water algae), charophytes (fresh
water algae) and early land plant bryophytes. Similar to results
reported previously (Campbell & Turner, 2017), RALF homo-
logues were missing in all nine chlorophytes queried, including
Chlamydomonas reinbardtii and Volvox cateri (hteps://phytozome-
next.jgi.doe.gov). We were also unable to identify any RALF
homologues from the genomes of representative charophytes
such as Mesostigma viride, Klebsormidium nitens, Chara braunii,
Mesotaenium endlicherianum and Spirogloea muscicola (hteps://
phycocosm.jgi.doe.gov/phycocosm/home). This strongly sug-
gested that RALF is a novel genetic invention after terrestrialisa-
tion. Indeed, putative RALFs were detected in all bryophytes:
Anthoceros punctatus (a hornwort, one RALF), Marchantia poly-
morpha (a liverwort, three RALFs), Ceratodon purpureus (a moss,
four RALFs) and Sphagnum (peat moss, four RALFs). The num-
ber of RALF homologues expanded considerably in early tracheo-
phyte (vascular plants) such as Ceratopteris richardii (a fern, eight
RALFs) and Thuja plicata (a conifer tree, 15 RALFs). Intrigu-
ingly, only 2 RALFs were found in the Selaginella moellendorffi (a
lycophyte) proteome.

Our phylogenetic analyses showed that PpRALF1 diverged
from PpRALF2 and PpRALF3 to form two sister groups with
the purple moss (Ceratodon purpureus) RALFs CepurRALFs.
Notably PpRALFs seemingly shared an ancestral lineage with
some of the pteridophytes and angiosperm (Arabidopsis) RALFs
and formed a clade that was distinct from RALFs of other

()
sp RRLL Fig. 1 Physcomitrium patens possesses
PpRALF1 | I T three rapid alkalinisation factors (RALFs).
PPRALF2 | I | (a) Schematic representations of the PpRALF
PPRALF3 | I | protein domains. All RALFs are characterised
10 aa by an N-terminus signal peptide (SP; purple
rectangular boxes). PPRALF1 possesses an
RRLL cleavage site (red rectangular box). Bar,
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B _g'gfq‘;i’;\“;gszi:@ (Antho_angustus), Marchantia polymorpha
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87,%°_——Mapoly004050047
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Mapoly002s016
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Sphagnum magellanicum (Sphmag),
Ceratopteris richardii (Ceric), Selaginella
moellendorffii (Sm), Thuja plicata (Thupl),
Acorus americanus (Acora), Amborella

\
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bryophytes such as liverwort and hornwort (Fig. 1b). Nine
AtRALFs could be found within this clade and the grouping was
consistent with trees published previously (Mecchia ez al., 2017;
Abarca et al., 2021), lending support to the reliability of our phy-
logenetics analyses. It is interesting to note that these AtRALFs
were not functionally orthologous, with AtRALF19/4 involved in
pollen tube tip growth and AtRALF23/33 required for pollen
hydration (Mecchia et al., 2017; Liu et al., 2021). The remaining
AtRALFs in this clade were either not functionally characterised
(AtRALFL32, AtRALFL24) or have been reported to function in
salt stress tolerance (AtRALFL31, AtRALFL22) (Zhao etal,
2018) and root hair tip growth/root expansion (AtRALF1)
(Dressano etal., 2017; Zhu et al, 2020a). The diverse functions
of AtRALF observed in this clade strongly argues for rapid neo-
functionalisation and functional diversification amongst the land
plant RALFs.

PpRALF1 and PpRALF2 have overlapping functions in
chloronemal and filament elongation

To functionally characterise PpRALFs, we generated single
(Ppralfl, Ppralf2, Ppralf3), double (Ppralfl Ppralf2, Ppralf2
Ppralf3) and triple (Ppralfl Ppralf2 Ppralf3) knock-out mutants
through a targeted homologous recombination approach to dis-
rupt all the PpRALF loci. Given that the mutant of the
AtRALFL34, ralfi34, displayed unusual positioned lateral root
initiations, we first sought to investigate if a similar positional
defect was also observed in the Ppralf mutants. The
Physcomitrium protonemata are single-layered filamentous cells
from which side branches are continuously formed at the apical
end of the cells (Fig. S2a). Examination of the branching pattern
in all Ppralf mutants did not reveal any deviation from the usual
apical-end protrusions (Fig. S2b—g), ruling out the involvement
of PpRALFs in positional determination of side branch forma-
tion. We further examined the morphology of single-cell-derived
colonies and observed an unusual smooth edge on the colonies in
Ppralfl, Ppralf2, Ppralfl Ppralf2 (from this point forwards
Ppralfl,2 dko), Ppralf2 Ppralf3 (from this point forwards
Ppralf2,3 dko) and Ppralfl Ppralf2 Ppralf3 (from this point for-
wards Ppralfl,2,3 tko) mutants compared with the usual hairy/
rough edges seen in the WT control (Fig. 2a—n). The observed
‘smooth edge’ growth defects in some of the Ppralf mutants
highly resembled the knock-out mutants of SUPPRESSOR OF
GENE SILENCING3 (8GS3) and ROOT HAIR DEFECTIVE 6
LIKE (RSL) that have been shown to exhibit defects in caulone-
mal formation (Menand etal, 2007b; Plavskin etal, 2016).
Hairy edges observed in the WT colonies were ascribed to the
long caulonemal filaments that extend from the colonies and
serve as precursor cells from which leaf-like gametophores
develop, as opposed to the short, chloroplast-rich chloronemal
filaments (Harrison ez al., 2009). We posit that the ‘smooth edge’
phenotype in some of the Ppralf mutants may result from
reduced caulonemal filaments. Given that the ‘smooth edge” phe-
notype is not quantifiable, we sought to obtain numerical data by
measuring the number of the gametophores that should be
directly proportional to the number of caulonemal filaments in
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each genotype. Indeed, the number of gametophores was signifi-
cantly reduced in Ppralfl (mean = 6.33 £ 3.53), Ppralf2 (mean =
2+ 1.73), Ppralfl,2 dko (mean = 0.78 £0.92), Ppralf2,3 dko
(mean = 1.88 £ 2.20) and Ppralfl,2,3 tko (mean = 1.33 & 1.66)
when compared with WT (mean = 32.06 £ 10.67) and Ppralf3
(mean = 23.33 £ 9.86), after 20d of incubation on BCDAT
medium (Fig. 20). Extended incubation (30 d) under the same
conditions showed similar results (Fig. S3), suggesting that the
phenotype could not be simply explained by delayed game-
tophore development in these mutants. Notably, gametophore
number in Ppralf3 was comparable with that of WT (Fig. 20),
indicating that only the disruption of Ppralfl or Ppralf2 in the
Ppralfl,3 dko and Ppralf2,3 dko was responsible for the pheno-
type observed. We therefore continued to functionally charac-
terise PpRALFI and PpRALF2. A prominent phenotypic
difference between chloronema and caulonema is the perpendicu-
lar and oblique crosswalls in respective cell types. Using this as a
criterion, we scored the proportion of chloronema vs caulonema
cells in Ppralfl, Ppralf2 and Ppralfl,2 dko. In agreement with the
reduced gametophore phenotype, the proportion of caulonemata
was also drastically reduced in Ppralfl, Ppralf2 and Ppralfl,2 dko
(Fig. 2p). Therefore, the ‘smooth edge’ and reduced gametophore
phenotypes in Ppralfl, Ppralf2 and Ppralfl,2 dko were conse-
quences of decreased caulonemata formation.

We further determined the causative factor of reduced
caulonemata formation in Ppralfl, Ppralf2 and Ppralfl,2 dko.
During the early phase of haploid stage, the protonema of
Physcomitrium is predominated by the chloroplast-rich
chloronema cells that elongate at the rate of ¢. 6 pum h™'; gradu-
ally these chloronema will differentiate into caulonema cells that
elongate at ¢ 20 pm h™' (Menand etal, 2007a). Both
chloronema and caulonema elongate by a form of tip growth
(Menand ezal, 2007a). The reduced caulonemal filaments in
Ppralfl, Ppralf2 and Ppralfl,2 dko may indicate impaired tip
growth in chloronemata that eventually affects the chloronema-
to-caulonema differentiation. As such, we investigated the
chloronema growth under normal white-light and red-light con-
ditions. Chloronemal growth in Ppralfl,2 dko was not visibly
affected under white-light conditions; however under the red-
light condition in which side branch protrusion was inhibited,
the length of the chloronemal filaments in Ppralfl,2 dko was
severely impaired (Fig. 2q,r). By examining subapical cells that
had fully elongated, we observed a significant ¢. 30% reduction
in Ppralfl (mean = 68.88 + 7.70 um), Ppralf2 (mean = 69.79 =+
10.02 pum) and Ppralfl,2 dko cell length (mean = 66.38 +
10.14 pm) when compared with WT (mean = 96.56 =+
13.17 um) (Fig. 2s). As cell division is triggered when plant cells
reach a defined cell size (Jones eral., 2017), reduced cell length
may delay the cell cycle progression and lead to a lowered cell
number. Expectedly, the cell number in chloronemal filaments
was also reduced in the Ppralfl (mean = 8.23 & 1.31), Ppralf2
(mean = 7.98 +1.36) and Ppralfl,2 dko (mean = 6.3 pm =+
2.08) when compared with WT (mean = 16.2 & 2.67) (Fig. 2¢).
Consistently, the presumed delay in cell cycle progression in the
Ppralfl and Ppralf2 mutants did not affect their ploidy level
(Fig. S4a). This suggests that the entire cell cycle, rather than a

New Phytologist (2022)
www.newphytologist.com



New
Phylogi

Ppralf1 Ppralf2 Ppralf3 Ppralf1,2 dko  Ppralf2,3 dko  Ppralf1,2,3 tko

® n=80 n=80 n=80 n=79

o 50+
© a 1009 — —
a
_ 40 n=9 90-
g 80_
E —_
2 304 < 701
2 >
o 3 604
'§. 201 b S o D Chloronemata
8 S 50-
m M
% 10_n-18”=9b b b é 40- DCaulonemata
© : n=9 n29”=9n=9 §_ 30- .Intermediate
0 ‘ 1 A ! DL- 201
= = N ™ o [e) (o) |
QO Q@ - & W 0 - " '
e R = by N g
T £ 3 = g & 3
&8 & & ¢
=
s
Q
(s) )
1401 25
a = a
@
€120 I £ 20- l
3 o
= £
= 100+ = 45
87100 b b 8 X . .
[} b IS
= 8o/ i l 5 10 | 1
® —
© 2 | n=100 ¥ .
%1 =98 W x © 5 n=43 n=45 T
40- n=42 n=42 -4 0- n=100
= = ] 3 = = N o
= § 8 3 = 3 § 3
& & o & & o
© ©
& &

Fig.2 PpRALF1 and PpRALF2 are involved in cell elongation. (a-n) Growth phenotype of 20-d-old colonies of wild-type (WT) (a, h), Ppralf1 (b, i), Ppralf2
(c, ), Ppralf3 (d, k), Ppralf1,2 dko (e, ), Ppralf2,3 dko (f, m) and Ppralf1,2,3 tko (g, n). Curved dashed lines indicate smooth edge. Bar, 1 mm. (0) Violin
plots depict the number of gametophore/colony in WT (white), Ppralf1 (light blue), Ppralf2 (blue), Ppralf3 (light green), Ppralf1,2 dko (light yellow),
Ppralf2,3 dko (green) and Ppralf1,2,3 tko (pink). White circles show the medians; box limits indicate the 25" and 75" percentiles; polygons represent
density estimates. Letters indicate statistically significant differences (one-way analysis of variance (ANOVA) and Tukey's post hoc test, P <0.01). n,
sample size. (p) Stacked bars depict the proportion of chloronemal (grey), caulonemal (beige) and intermediate (black) cells in WT, Ppralf1, Ppralf2 and
Ppralf1,2 dko. n, sample size. (q, r) Red-light-grown chloronemal filament of WT (q) and Ppralf1,2 dko (r). White arrowheads indicate crosswalls of the
subapical cells. Bar, 0.5 mm. (s, t) Violin plots depict the subapical cell length (s) and cell number of chloronemal filaments (t) in red-light-grown
protonemata from WT (white), Ppralf1 (light blue), Ppralf2 (blue) and Ppralf1,2 dko (light yellow). White circles show the medians; box limits indicate the

25t and 75" percentiles; polygons represent density estimates. Letters indicate statistically significant differences (one-way ANOVA and Tukey's post hoc
test, P<0.01). n, sample size.
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particular cycle check-point, was slowed down. Collectively, phe-
notypic characterisation of the Ppralfl,2 dko showed that the pri-
mary defects of PpRALFI and PpRALF2 disruption were in cell
length and cell division, indicative of their roles in promoting the
apical tip growth of the filamentous protonema.

Overexpression of PDRALF1 and PpRALF2 impaired
chloronemata cell length

To substantiate the claim that PpRALF1 and PpRALF2 are
involved in tip growth, we generated B-estradiol (EST) inducible
overexpressor lines for PpRALF1 and PpRALF2 C-terminal
Citrine-fusion reporter lines, iOX:PpRALF1-Citrine and iOX:
PpRALF2-Citrine. We determined the expression levels of these
transgenic lines using GFP immunoblotting and identified strong
and weak expression lines for iOX:PpRALF1-Citrine and iOX:
PpRALF2-Citrine (Fig. S5). Phenotypic analyses of the strongly
expressed iOX:PpRALF1-Citrine (line #1) phenocopied the
Ppralfl and Ppralfl,2 dko by exhibiting shortened chloronemata
cell length (DMSO: 91.45 & 11.01 pum; EST: 57.56 & 9.39 pum,
Fig. 3a,b,i) and ‘smooth edge’ (Fig. 3e,f), which further led to
fewer caulonemata (Fig. S4b), cell numbers (DMSO:
8.89 £ 1.14; EST: 6 £ 0.83; Fig. 3j) and gametophore numbers
(DMSO: 18.4+8.26; EST: 2.3 +£0.46; Fig.3k), as well as
smaller colony size (DMSO: 39.96 + 5.51 mm; EST: 25.98 +
1.97 mm; Fig. 31). Conversely, the weak iOX:PpRALF1-Citrine
overexpressor (line #2) had only a mild impact on cell length
(DMSO: 81.15 £ 10.34 um; EST: 71.64 £ 9.43 pm; Fig. 3¢,d,
1), cell numbers (DMSO: 9.06+ 1.46; EST: 8.41 +1.52;
Fig. 3j) and colony size (DMSO: 49.85 + 6.21 mm; EST:
42.39mm £ 6.73 mm, Fig.3l). The dosage-dependent cell
length observed in iOX:PpRALF1-Citrine was indicative of the
PpRALF1 function as a signalling peptide in chloronema tip
growth.

When the same analyses were performed in iOX:PpRALF2-
Citrine strong (line #17) and weak (line #22) overexpressors, we
observed similar phenotypes. In the strong iOX:PpRALF2-
Citrine overexpressor (#17), chloronema subapical cell lengths
were shortened with visibly ‘smooth edge’ (DMSO: 83.35 +
9.82 um; EST: 54.24 + 8.34 pm; Fig. 4a,b,e,f1), cell numbers

Fig. 3 Overexpression of PpRALF1 impairs cell elongation. (a—d)
Protonemata of strong (a, b, line #1) and weak (c, d, line #2) iOX:
PpRALF1-Citrine overexpressors. Here, 7-d-old chloronemata were grown
under red light on either dimethyl sulphoxide (DMSO)-supplemented (a,
c) or 1 pM B-estradiol-supplemented (b, d) BCDAT medium. Arrowheads
indicate cell septa. Bar, 20 pm. (e-h) Single-cell derived colonies (25-d-old)
of strong (e, f, line #1) and weak (g, h, line #2) iOX:PpRALF1-Citrine
overexpressors. Colonies were grown on BCDAT medium supplemented
with either DMSO (e, g) or 1 uM B-estradiol (f, h). Bar, 1 mm. (i-l) Violin
plots depict the subapical cell length (i) and cell number in protonemal
filament (j) that were scored based on images in (a—d). Gametophore
number (k) and colony size (I) were also scored using images in (e-h).
White circles show the medians; box limits indicate the 25" and 75
percentiles; polygons represent density estimates. One-tailed independent
Student's t-test was used to determine significant difference. **, P<0.01;
ns, not significant. n, sample size.
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(DMSO: 8.85 +1.19; EST: 4.98 & 1.07; Fig. 4j) and colony size
(DMSO: 37.62 £ 5.76 mm; EST: 20.98 + 2.98 mm; Fig. 41)
were reduced. Similar to the weak iOX:PpRALF1-Citrine overex-
pressor, weak iOX:PpRALF2-Citrine (#22) displayed only subtle
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changes in chloronema subapical cell length (DMSO: 87.32 +
11.94 pm; EST: 77.37 £ 11.72 um; Fig. 4¢,d,g,h,i), cell num-
bers (DMSO: 9.06 + 1.46; EST: 8.42 + 1.52; Fig. 4j), as well as
colony size (DMSO: 49.87 &+ 5.46 mm; EST: 46.70 £ 5.94 mm;
Fig. 4l). Notably, PpRALF2 had an additional impact on the
gametophore formation as gametophore number in the weak
iOX:PpRALF2-Citrine overexpressor was readily reduced to half
(DMSO: 14.2 & 5; EST: 7.67 & 3.26; Fig. 4k) and gametophore
formation was completely inhibited in the strong iOX:
PpRALF2-Citrine overexpressor (DMSO: 7 +2.51; EST: 0;
Fig. 4k). The PpRALF2 overexpression effect on gametophore
formation was consistent with the genetic evidence in which the
gametophore number in Ppralf2 (2 £ 1.73; Fig. 20) was signifi-
cantly reduced compared with that in Ppralfl (6.33 £ 3.54;
Fig. 20) and WT (32.06 & 10.67; Fig. 20). Together the growth
defects observed in PpRALF1 and PpRALF2 overexpressors and
knock-out mutants highlighted their overlapping roles in
chloronema tip growth, with PpRALF2 having an additional pre-
dominant role in gametophore formation.

PpRALF1 and PpRALF2 are secreted to the plasma
membrane but displayed different localisations

A prominent characteristic of the RALF signalling peptides is the
presence of an N-terminal signal peptide for their extracellular
secretion. The N-terminus of PpRALF1 and PpRALF2 are pre-
dicted to possess a cleavable signal peptide at amino acid (aa) 1-
26 and aa 1-23, respectively (Fig. 1a). Using the weak overex-
pressors of iOX:PpRALF1-Citrine and iOX:PpRALF2-Citrine
that displayed no obvious growth defects upon induction (Figs 3,
4), we sought to determine the subcellular localisations of
PpRALF1 and PpRALF2. In agreement with the N-terminal sig-
nal peptide, PpRALF1-Citrine and PpRALF2-Citrine were
observed in the cortical endoplasmic reticulum (ER) tubular net-
work and perinuclear membranes upon 16h EST induction
(Fig. S6a,b,d,e), indicating that both RALFs entered the secretory
pathway. PpRALF1-Citrine and PpRALF2-Citrine are secreted
to the plasma membrane but not the cell wall, as indicated by
their localisation on Hechtian strands upon 0.8 M mannitol plas-

molysis  (Fig. S6¢,f).  Notably, PpRALF2-Citrine showed

Fig. 4 Overexpression of PPRALF2 impairs cell elongation and
gametophore formation. (a—d) Protonemata of strong (a, b, line #17) and
weak (c, d, line #22) iOX:PpRALF2-Citrine overexpressors. Here, 7-d-old
chloronemata were grown under red light on either dimethyl sulphoxide
(DMSO)-supplemented (a, c) or 1 M B-estradiol-supplemented (b, d)
BCDAT medium. Arrowheads indicate cell septa. Bar, 20 um. (e-h) Single-
cell-derived colonies (25-d-old) of strong (e, f, line #17) and weak (g, h,
line #22) iOX:PpRALF2-Citrine overexpressors. Colonies were grown on
BCDAT medium supplemented with either DMSO (e, g) or 1 M B-
estradiol (f, h). Bar, 1 mm. (i) Violin plots depict the subapical cell length
(i) and cell number in protonemal filament (j) that were scored based on
images in (a—d). Gametophore number (k) and colony size (I) were also
scored using images in (e—h). White circles show the medians; box limits
indicate the 25" and 75™ percentiles; polygons represent density
estimates. One-tailed independent Student's t-test was used to determine
significant difference. **, P <0.01; ns, not significant. n, sample size.
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polarised localisation at the tip of protonema (arrowhead,
Fig. S6e) while PpRALF1-Citrine localised evenly on the plasma
membrane (Fig. S6b), implying their different mode of action at
promoting chloronema elongation. To rule out the possibility
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that the observed localisations of PpPRALF1 and PpRALF2 were
artefacts from overexpression, we used an homologous recombi-
nation approach to generate in-frame knock-in reporter lines of
PpRALF1-Citrine and PpRALF2-tagRFP. When expressed
under their native promoters, PpRALF1-Citrine and PpRALF2-
tagRFP exhibited identical subcellular localisations, as did their
respective weak overexpressor lines, in which PpRALF1-Citrine
was detected to localise evenly on the plasma membrane (Fig. 5a)
and PpRALF2-tagRFP accumulated in a polar position at the tip
of apical cells (arrowhead, Fig. 5b). Similar to the weak overex-
pressors, PpRALF1-Citrine and PpRALF2-tagRFP were also
observed on Hechtian strands upon plasmolysis (Fig. 5¢,d), indi-
cating that they were secreted to the plasma membrane.

As PpRALF2-tagRFP displayed polarised localisation in the
apical cells, we sought to understand if this localisation was corre-
lated with the apical growth. We prepared protoplasts from
PpRALF2-tagRFP-expressing moss and examined its localisation
during the regeneration process. Snapshot of protoplasts from
different regeneration stages showed that PpRALF2-tagRFP
localised evenly on the plasma membrane before protrusion
(Fig. 5e,f), but rapidly accumulated at the protrusion site when
apical growth was initated (Fig. 5g,h). The apical accumulation
of PpRALF2-tagRFP persisted throughout the tip growth
(Fig. 51,j) untl the first asymmetric division was completed

(Fig. 5k,1). This subcellular localisation of PpRALF1 and

Fig. 5 PpRALF1 and PpRALF2 displayed
different subcellular localisations during
apical growth. (a—d) Here, 5-d-old
protonemata of PpRAFL1-Citrine (a, ¢) and
PpRALF2-tagRFP (b, d) incubated on either
BCDAT medium (a, b) or plasmolysed with
0.8 M mannitol (c, d). Confocal images
shown are z-stack projections (sum),
magenta indicates chloroplasts and green
indicates Citrine (a, ¢). TagRFP is
pseudocoloured as green (b, d) for easier
visualisation. Arrowheads indicate apical
accumulation of PpRALF2-tagRFP. Bar,

10 um. (e-1) Confocal images of regenerating
protoplasts from PpRALF2-tagRFP.
Fluorescence (e, g, i, k) and bright field (f, h,
j, ) images shown are z-stack projections
(sum). Magenta indicates chloroplasts and
green indicates tagRFP. Arrowheads indicate
apical accumulation of PpRALF2-tagRFP.
Bar, 10 um.
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PpRALF2 demonstrated their involvement in facilitating pro-
tonema tip growth.

Proteolytic cleavage affects PpRALF1 function

Although both PpRALF1 and PpRALF2 are required genetically
for protonema cell elongation, they are distinguishable by the
presence of an S1P cleavage site in PpRALF1 (Fig. 1a). This puta-
tive cleavage site, denoted by the tetrapeptide RRLL in PpRALF1,
contains a highly conserved dibasic arginine (RR) site found in
yeasts and animals, and is recognised by members of the subtilisin
family of serine protease (Siezen & Leunissen, 1997). Proteolytic
processing of RALFs has been shown to be important for its func-
tion in root cell expansion (Matos etal, 2008; Srivastava et al.,
2009). We next asked if PpRALF1 was also proteolytically pro-
cessed 77 vivo and how this cleavage may affect its function when
replacing one of the basic amino acids for alanine (R73A; Fig. 6a).

This inducible noncleavable PpRALFI, iOX:PpRALFlR73A—
Citrine was introduced to the moss and transgenic lines with
expression levels comparable with the strong iOX:PpRALF1-
Citrine (#1; Fig. 3) and was chosen for further characterisations
(Fig. S7). Immunoblotting of PpRALF1-Citrine, PpRALF177?A-
Citrine and PpRALF1-Citrine showed that PpRALF1-Citrine
migrated in two forms, the unprocessed proPpRALF1 (predicted
MW 40.3kDa) and the predominant

mature cleaved
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Fig. 6 Proteolytic processing of PPRALF1 is necessary for its function. (a) A
schematic representation of PpRALF1773#, The R73A mutation is indicated
by a red-coloured A. Bar, 10 aa (b) Green fluorescent protein (GFP)
immunoblot of RALF1-Citrine, RALF1%73A-Citrine and RALF2-Citrine.
Numbers on the left indicate molecular weight of ladder in kDa. White-
filled arrowheads on the right indicate propeptide PpRALF1 (proPpRALF1)
and mature PpRALF1 (mPpRALF1) while black-filled arrowhead indicates
PpRALF2. (c) Representative images of 7-d-old protonemata from iOX:
RALF1?73A_Citrine (line #6). Red-light-grown chloronemata were
incubated on dimethyl sulphoxide (DMSO)-supplemented or 1 pM B-
estradiol-supplemented BCDAT medium. Arrowheads indicate cell septa.
Bar, 0.5 mm. (d) Violin plots depicts the subapical cell length of DMSO-
treated or 1 uM B-estradiol-treated iOX: RALF1?73A-Citrine (line #6).
White circles show the medians; box limits indicate the 25" and 75t
percentiles; polygons represent density estimates. n, sample size.

mPpRALF1 (predicted MW 35.3 kDa) that migrated faster than
PpRALF2-Citrine (predicted MW 37.6kDa) (Fig. 6b). Con-
versely, PpRALF1%"*A_Citrine migrated as an uncleaved form
(Fig. 6b), suggesting that the monobasic site is no longer effi-
ciently processed by proteases. We next characterised morpholog-
ically the iOX:PpRALF1R73A—Citrine (#6) line by measuring the
subapical cell length in chloronemata and found no significant
difference upon PpRALFR73A expression (DMSO: 100.29 +
8.75 um; EST: 99.77 £ 8.50 um; Fig. 6¢,d). Collectively we
concluded that PpRALF1 was indeed proteolytically cleaved
in vivo at the S1P cleavage site and that this was necessary for the
PpRALF1 function.
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PpRALF1 and PpRALF2 regulate distinct but overlapping
genes to mediate tip growth

As the genetic evidence indicated that PpRALF1 and PpRALF2
function overlappingly to promote tip growth, we sought to per-
form RNA sequencing (RNAseq) to gain insights into the gene reg-
ulatory network controlled by PpRALF1 and PpRALF2 when their
cognate receptors were activated. To this end we performed
RNAseq using 5-d-old protonemata from iOX:PpRALF1-Citrine
(#1) and iOX:PpRALF2-Citrine (#17) after 16h of B-estradiol
induction, a time point when the tip growth inhibition began to be
observed. We detected more than 9000 differentially expressed
genes (DEGs) (—1 < log, fold change > 1) when either PpRALF1
or PpRALF2 was overexpressed, of which 3178 DEGs were com-
monly regulated by both RALFs (Fig. 7a). By filtering for DEGs
that showed a fold change of —2 < log, fold change > 2, in total
1948 commonly regulated DEGs were further identified. Cluster-
ing analysis of these DEGs showed that PpRALF1 and PpRALF2
indeed regulated the expression patterns of two gene clusters (clus-
ters 1 and 4) in a similar manner (Fig. 7b) while the remaining two
gene clusters (clusters 2 and 3) showed opposite regulation
(Fig. 7b). The overlapping functions between PpRALF1 and
PpRALF2 were also reflected in gene ontology (GO) enrichment
analysis (Tables S5, S6). GO terms related to cellular compart-
ments such as nucleus (GO: 0005634), intracellular and membrane
bound organelles (GO: 0005622, 0043227, 0043231, 0043229,
0043226) were commonly enriched (Fig.7c,d; Tables S5, S6).
Notably Cellular Compartments of ‘kinesin complex’ (GO:
0005871) and ‘microtubule associated complex’ (GO: 0005875)
that facilitated tip growth in P. patens were also enriched
(Hiwatashi eral., 2014; Yamada & Goshima, 2018), supporting
our claim that PpRALF1 and PpRALF2 are involved in tip growth.
While a range of biological process GO terms in biosynthesis
and metabolic turnover processes were enriched in both
PpRALFs, we detected distinct Molecular Function GO terms
between PpRALF1 and PpRALF2. For example, phosphatidyli-
nositol phosphate (PIP) 5’ dephosphorylation (GO: 0052866,
0004439, 0034593, 0034595, 0106019) was specifically overrep-
resented in the iOX:PpRALF1, whereas signalling receptor-
related molecular functions (GO: 0038023, 0019199, 0004888,
0060089) were only enriched in the iOX:PpRALF2 (Fig. 7¢,d;
Tables S5, S6). These enriched GO terms were consistent with
the physiological changes such as rapid secretion and mainte-
nance of polarised membrane domains that take place during the
polarised tip growth. In conclusion, transcriptomics changes
observed in the PpRALF overexpressors strongly supported the
notion that PpRALF1 and PpRALF2 cooperatively mediated
overlapping functions that are necessary to promote tip growth.

Discussion
Functional conservation of PpRALFs and AtRALF1 in tip
growth

During terrestrialisation, land plants have acquired complex
three-dimensional (3D) body plans to cope with the new
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Fig. 7 Overlapped and distinct transcriptional regulation patterns of PpRALF1 and PpRALF2. (a) Venn diagram that summarises the number of
differentially expressed genes (DEGs) (—1 <log, fold change > 1) between PpRALF1 (beige-coloured circle) and PpRALF2 (blue-coloured circle).

(b) Heatmap that depicts the clustering analysis of overlapped DEGs (—2 < log, fold change > 2) between PpRALF1 and PpRALF2. (c) A bubble plot that
depicts enriched GO terms (false discovery rate (FDR) adjusted P-values < 0.05) that are related to biological processes (blue), cellular compartments

(beige) and molecular functions (green) after 16 h of PpRALF1 overexpression.

Terms are shown as —log (adj P-value) (y-axis) and z-scores (x-axis) that

predict the bias in gene regulation. Size of the bubbles is proportional to the number of DEGs. Numbers next to bubbles are Gene Ontology (GO)
identifiers. (d) A bubble plot that depicts enriched GO terms (FDR adjusted P-values < 0.05) that are related to biological processes (blue), cellular
compartments (beige) and molecular functions (green) after 16 h of PpPRALF2 overexpression. Terms are shown as —log (adj P-value) (y-axis) and z-scores
(x-axis) that predict the bias in gene regulation. Size of the bubbles is proportional to the number of DEGs. Numbers next to bubbles are GO identifiers.

challenges on dry land. Two mechanisms, namely the tip growth-
mediated branching and rotation of the cell division plane, are
thought to contribute to the two-dimensional (2D) and eventu-
ally 3D morphological complexity (Harrison, 2017; Buschmann,
2020). Genetics and morphological analyses on root hair-like rhi-
zoids in earlier land plant models such as mosses (Physcomitrium
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patens) and liverwort (Marchantia polymorpha) have uncovered
genetic novelties used by early land plants to mediate tip growth
(Vidali eral, 2010; Jang & Dolan, 2011; Wu etal, 2011;
Honkanen ezal., 2016). Some of these genetic tools are ancient
and highly conserved, for example a group of basic helix-loop—

helix (bHLH) transcription factors ROOT HAIR DEFECTIVE
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6 (RHDO) functions in promoting the rhizoids and root hair
development of bryophytes and angiosperms, respectively
(Menand et al., 2007b; Honkanen & Dolan, 2016). Conversely,
the small signalling peptide CLV3 was co-opted to regulate the
orientation of cell division plane through a RECEPTOR-LIKE
PROTEIN KINASE 2 (RPK2) signalling pathway that is shared
between Physcomitrium and Arabidopsis (Whitewoods ezal.,
2018) and thereby contributes to the 2D-to-3D transitionary
growth in land plants. This finding highlights the multifaceted
roles played by signalling peptides in plant growth and develop-
ment (Czyzewicz et al., 2013). In line with their diversified func-
tions, the angiosperm Arabidopsis genome encodes a staggering
over 1000 putative small signalling peptide sequences (Lease &
Walker, 2006), making functional characterisation a challenging
task. It is clear that the highly elaborated signalling peptide reper-
toire has resulted from multiple gene duplication events, as is the
case for RALFs (Campbell & Turner, 2017). While it is of great
importance to delineate the signalling mechanisms elicited by
these signalling peptides, an equally important question is their
evolutionary origin. We approached this question by examining
the PpRALFs in modern mosses Physcomitrium patens, which is
often used as a model to understand novel morphological com-
plexities acquired by early diverging land plants (Vidali &
Bezanilla, 2012; de Keijzer et al., 2021).

Here, we report that the PpRALFs diverged from RALFs in
liverworts and tracheophytes and formed a specific sister clade
that is distinct from other RALFs (Fig. 1b), leading to the specu-
lation that PpRALFs may not be functionally orthologous to
RALFs in tracheophytes and in liverworts. Unexpectedly, we
found that PpRALF1 and PpRALF2 were involved in promoting
protonema tip growth (Fig. 2), a function that is similar to the
positive regulation of AtRALF1 in root hair tip growth (Zhu
etal., 2020a,b). Upon activation by AtRALF1, the FER phos-
phorylates eIF4EI, a translation initiation factor that enhances
mRNA binding ability with RSL4 to increase its protein synthesis
rate (Zhu ezal., 2020a). Although root systems are thought to
have arisen independently in tracheophytes (Hetherington &
Dolan, 2018), root hairs seem to share some morphological/func-
tional similarities with the protonemata/rhizoids of bryophytes in
which both are tip-growing filamentous cells that are important
for nutrient uptake and better anchorage to substrate (soil) (Jones
& Dolan, 2012). Strikingly, both root hairs and rhizoid develop-
ment is dependent on a bHLH transcription factor RSL of which
the function has been conserved for > 420 million years (Myr)
since mosses and vascular plants diverged (Menand ez 4l., 2007b).
Our findings demonstrate the analogous function between
PpRALF1/2 and AtRALF1 in tip growth promotion and provide
an additional feature similarity in the tip growth mechanism
between bryophytes and vascular plants. This may indicate a
functional conservation of RALF after P. patens diverged from
tracheophytes and angiosperms. It will be necessary to perform
cross-species complementation of RALF to determine whether
PpRALF1/2 and AtRALF1 are functionally orthologous.

Conversely, RALF is also known to inhibit root cell expansion
in angiosperms such as Arabidopsis (Matos ez al., 2008; Srivas-
tava et al., 2009), tobacco (Wu ez al., 2007), sugarcane (Mingossi
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eral., 2010) and dandelion (Wieghaus ezal, 2019). In many
cases the inhibitory effect was demonstrated by the application of
synthetic RALF peptides that suppressed root growth (Abarca
etal, 2021). Markedly, exogenous treatment of synthetic
AtRALF1 peptide also enhanced root hair length (Zhu eral,
2020a), pointing to the fact that RALF exerts tissue-specific func-
tions in a modular manner by binding to different combinations
of receptors and co-receptors. Notably, the inhibitory effects of
angiosperm RALFs on root growth is also shared by a variety of
fungal phytopathogens such as Fusarium oxysporum (Masachis
etal., 2016; Thynne ez al., 2017), leading to the speculation that
fungal phytopathogens may acquire RALFs from their host plants
through horizontal gene transfer and exploit RALFs to enhance
infectious potential and suppress host immunity.

Overlapping functions of PpRALF1 and PpRALF2 in
protonemal tip growth

Our genetic data revealed the overlapping functions of PpRALF1
and PpRALF2 in promoting chloronemal tip growth. There are
two scenarios that set out how this can be achieved at the molecu-
lar level. On the one hand, PpRALF1 and PpRALF2 might form
a heterodimer before receptor binding and induce downstream
signalling that is necessary to promote tip growth. Heterodimeri-
sation between signalling peptides, although rare, has recently
been reported for the nonsecreted cysteine-rich peptides
(NCRPs). These NCRPs, named the cysteine-rich transmem-
brane module (CYSTM) are described by 13 loci in the Ara-
bidopsis genome (Xu etal, 2018) and can function as
homodimers or heterodimers to regulate salt stress (Xu eral,
2018). On the other hand, it is equally possible that PpRALF1
and PpRALF2 individually bind to different RLKs on the cell
surface to recruit additional co-receptors for signalling event initi-
ation, as has been reported for RALF-mediated pollen tube elon-
gation (Ge etal., 2019). During the tip growth of pollen tube
through the female pistil tissues, pollen tube integrity is main-
tained by the interaction between autocrine AtRALF4 and
AtRALF19 and the surface-localised receptor complex
ANXUR1/2 (ANX1/2) and Buddha’s Paper Seall/2 (BUPS1/2)
(Miyazaki etal, 2009; Ge etal, 2017). The presence of the
AtRALF4/AtRALF19 further enhances the heterodimerisation
between ANX/BUPS and their co-receptors, LORELEI-like-
glycosylphosphatidylinositol-anchored proteins (LLG) (Ge ezal.,
2019). Indeed, structural analysis of the RALF23-induced FER-
LLG1 heterocomplex suggests that RALF can serve as a molecu-
lar glue between receptors and co-receptors, thereby increasing its
diversity in regulating multiple processes (Xiao eral, 2019).
Identifying the binding receptors for PpRALF1 and PpRALF2
will be instrumental in delineating the signalling mechanisms in
tip growth promotion.

It is intriguing to note that the iOX:RALF1-Citrine and iOX:
RALF2-Citrine overexpressors phenocopied the loss-of-function
alleles by exhibiting shortened protonemata. Although over-
expressors are expected to display enhanced tip growth as exo-
genous treatment of synthetic AtRALF1 did to root hair tip
growth (Zhu ez al., 2020a), it is not unusual that hypermorphic
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and loss-of-function alleles exhibit a similar phenotype (Gonneau
etal., 2018). A possible explanation for this phenomenon is that
PpRALF overexpression imposes a titration effect that dilutes out
the receptor activation responses, therefore rendered the tip
growth dysfunctional.

Polarised localisation of PpRALF2 in the control of
protonemal tip growth

It is interesting to note that although both PpRALFI and
PpRALF2 are secreted to the plasma membrane (Fig. 5¢,d), they
displayed rather different subcellular localisations, with
PpRALF1 symmetrically localised on the plasma membrane,
while PpRALF2 accumulating at the growing tip (Fig. 5a,b).
The symmetrical localisation of PpRALF1 is likely to corre-
spond to the cleaved mPpRALF1 that represents the predomi-
nant form (Fig. 6b). The apical localisation of PpRALF2 is also
shared by AtRALF1 that promotes tip growth (Zhu ezal,
2020a) and AtRALF4/AtRALF19 that regulates pollen tube tip
growth (Ge eral.,, 2017). Polarised protein localisation is com-
mon in eukaryotes and plays crucial roles in tissue patterning
during plant morphogenesis (Qi & Greb, 2017; Yang eral,
2020). One of the most prominent polarity proteins is Rho of
Plants (ROP), plant-specific small GTPases that are similar to
the Rho/RAC/CDC42 in other eukaryotes, which are master
regulators for cell polarity in plants (Fu & Yang, 2001). In
P. patens, ROP4 is localised at the growing tip of chloronemata
and at the incipient sites of side branches, presumably to act-
vate effectors that are necessary for cell wall remodelling before
and during tip growth (Ito eral, 2014; Cheng eral., 2020; Yi
& Goshima, 2020) The PpRALF1 symmetrical localisation on
plasma membrane and apical accumulation of PpRALF2 at the
growing tip provide a clue to the cooperative roles of
PpRALF1/2, in which PpRALF1 may activate cell wall-localised
receptors that facilitate cell wall remodelling, while PpRALF2
initiates signalling pathways that are crucial for tip growth, pos-
sibly through a mechanism that is analogous to that of
AtRALF1 (Zhu et al., 2020a).

Unlike STOMAGEN and CLV3 that are secreted to the
apoplast (Rojo etal., 2002; Sugano eral., 2010), we found that
PpRALF1 and PpRALF?2 are both localised on the plasma mem-
brane, as indicated by their association with the Hechtian strands
after plasmolysis. This observation is consistent with that of
AtRALF1 (Campos eral, 2018). Membrane association of
PpRALF2 can be explained by a putative transmembrane domain
at aa 44toaa 61 (Fig. S8). However, PpRALF1 possesses no
transmembrane domain, therefore it is likely that its anchorage to
the plasma membrane is facilitated by lipidation events such as -
palmitoylation. Indeed, we detected several putative S-
palmitoylation sites in both PpRALF1 (aa 27 and aa 128;
Fig. S8) and PpRALF2 (aa 101; Fig. S8). Furthermore, the
plasma membrane localisation of PpRALF1, PpRALF2 and
AtRALF1 may reflect their autocrine signalling nature, as
opposed to the paracrine signalling nature of STOMAGEN and
CLV3 that affects neighbouring cells (Schoof ¢z al., 2000; Wang
etal,2021).
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Conclusions

Gene duplication and functional diversification is an important
driving force for evolutionary innovation and organismal adapta-
tion (Conant & Wolfe, 2008). Our results provide a possible
evolutionary route for land plant RALFs and suggest that the
ancestral function of RALFs is likely to promote tip growth, an
important morphogenesis feature acquired by the land plant after
bryophytes diverged from the sister lineage of charophytes. Dur-
ing land plant evolution, RALFs have undergone multiple events
of tandem duplication (Cao & Shi, 2012; Campbell & Turner,
2017) and functional differentiation that eventually led to neo-
functionalisation of RALFs in the tracheophytes and served to
communicate signals in various developmental, reproduction and
immunity processes.
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