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residues in orthologous receptors, which opens for in vitro and in planta experimental testing 

of functional importance. 

The 3-dimentional (3D) structure of ectodomains bound to ligands are crucial for an 

understanding of the specificity of ligand interaction. The crystal structure of a number of 

Arabidopsis receptors and their peptide ligands have been solved over the last few years 

(Chakraborty et al., 2019) and RCM predictions have been validated by comparison to such 

crystal structures (Koller and Bent, 2014; Shi et al., 2019).  

Solved crystal structures can also be used as templates in comparative modelling. 3D protein 

models can be generated by extrapolating coordinates of solved crystal structures of 

Arabidopsis peptide-receptor pairs to evolutionarily related peptides and receptors, using 

SWISS-MODEL (Arnold et al., 2006). Provided with the amino acid sequence of a target this 

program can search for suitable templates in the Protein Data Bank (PDB), which is growing 

rapidly. Lately SWISS-modeling has been extended to protein complexes (Waterhouse et al., 

2018) which may be useful, since LRR-RLKs not only interacts with ligands, but also interact 

with other receptors and with co-receptors (Smakowska-Luzan et al., 2018; Chakraborty et al., 

2019). Small co-receptors as key partners in signaling complexes (Ma et al., 2016; Hohmann 

et al., 2018) is a topic of its own right, which awaits to be elucidated in an evolutionary 

perspective in land plants.  

Conservation of amino acid residues in the ectodomain 

When comparing LRR-RLKs one should keep in mind that high similarity observed between 

LRRs using BLASTp may result primarily from the conserved amino acids making up nearly 

half of each LRR. Thus, high BLASTp scores may not necessarily imply a conserved mode of 

ligand binding. One example is PEPR1 which in Arabidopsis is involved in amplification of 

biotic and abiotic stress responses and interact with endogenous stress-induced Pep peptides 

(Safaeizadeh and Boller, 2019). The phylogenetic distribution of the Pep peptides is, however, 

limited to angiosperms, and even within flowering plants Pep peptides show interfamily 

incompatibility. Peps of heterologous origin cannot be recognized as ligands due to rapid co-

evolution of PEPR LRRs with PEPs (Lori et al., 2015). Consistent with this the LRR of PEPR1-

PEPR2 subclade has a higher value than most of the LRXI subclades (Table 3). The scaffold 

residues as well as putative co-receptor-interacting residues are conserved, but the majority of 

the Arabidopsis PEPR1 residues interacting with the peptide ligand Pep (according to the 
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solved crystal structure (Tang et al., 2015)), are not conserved among PEPR orthologues from 

the species used in our studies (Figure 4A, C and E).  

This situation has likewise been found for an LRR-RLK of subfamily XII involved in defense, 

the FLAGELLIN-SENSITIVE2 (FLS2) which, like PEPR, is interacting with the co-receptor 

BAK1/SERK3 (Koller and Bent, 2014). This is in contrast to the conserved ligand-interacting 

residues of receptors involved in developmental processes, like GSO1 interacting with the 

confirmed ligand CIF2 (Figure 4B and F) (Okuda et al., 2020) or the M. polymorpha and S. 

moellendorffii orthologues of HSL2 interacting with putative IDA peptides of these species 

(Supplemental Figure 3).  

Matching DYsulf peptides with receptors 

An additional twist when investigating potential peptide-receptor interactions is the presence 

of modified amino acid residues, in particular sulfated Tyr and hydroxylated Pro. We have 

confirmed that GSO and RGI homologues are present in non-flowering plants (Bowman et al., 

2017; Liu et al., 2017; Man et al., 2020), and hypothesized that their respective ligands are 

conserved in the species where presumptive receptors are present. Using PHI-BLASTp, as 

described, we indeed retrieved ligand candidates from several species (Figure 1 and 5). The 

candidates show limited sequence identity (Figure 5A), however this is also the case for the 

four Arabidopsis CIF peptides and the recently identified TWISTED SEED1 (TWS1) peptide 

which show differential affinities to GSO1 and GSO2 (Barbosa et al., 2019) (Fiume et al., 

2016; Doll et al., 2020; Okuda et al., 2020). TWS1 functions with the GSOs to form a 

functional cuticle around the developing embryo of Arabidopsis.(Tsuwamoto et al., 2008).  

It may seem difficult to tell CIF and RGF peptides apart since they both start with DY (where 

Y is sulfated), they are enriched in Pro residues, and often end with a C-terminal Asn (N). They 

do, however, differ in length (Figure 5A-B, Table 1). The solved crystal structure of RGF1 and 

its receptor RGI3 (At4g26540) (Song et al., 2016); (note that the RGFR/RGI gene 

nomenclature differs in the literature) revealed that the DYsulf residues are recognized by the 

amino acid motif RxGG of the receptor. Importantly, the RGI orthologues from different land 

plant lineages contain this motif, which distinguishes RGIs from other LRXI members 

(Supplemental Figure 4). 
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Figure 5. Conservation of sulfated peptides.  

(A) Alignment of CIF- and TWS1-related peptides. Above the alignment shown is the sequence logo of the top 

seven sequences (boxed), which represent canonical CIFs. TWS1 and its putative orthologues are also boxed.  

(B) Alignment of the presumptive RGF peptides, with amino acids colored according to chemical properties. 

RGFs are classified into two distinct groups (boxed), represented by the sequence logos above and below the 

alignment.  

(C) Phylogenetic tree based on the ectodomain amino acid sequences of RGIs in Arabidopsis, and their 

orthologues in the A. trichopoda, the gymnosperm P. abies, the ferns A. filiculoides and S. cucullata, the lycophyte 

S. moellendorffii and the bryophyte M. polymorpha constructed by the maximum likelihood method. The GSO 

homologue of M. polymorpha (Mp1g04830.1) from the neighboring clade was used as outgroup. Bootstrap values 

were obtained from 500 bootstrap replicates and indicated at the nodes as percentages. The tree is drawn to scale, 

with branch lengths measured in the number of substitutions per site.  

(D) Alignment of the presumptive PSY peptides, with a sequence logo of the first 13 amino acids above the 

alignment. 

(E) Alignment of the PSK1 mature peptide (YIYTQ) and adjacent conserved motif.  

Sequence logos were generated using WebLogo 2.8.2 (https://weblogo.berkeley.edu). 
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To further clarify phylogenetic relationships among RGI homologues from different lineages, 

we bridged the evolutionary gap between Arabidopsis and S. moellendorffii by finding genes 

encoding highly similar receptors in ferns (duckweed, Azolla filiculoide, and buce plant, 

Salvinia cucullata) and gymnosperm (Norway spruce, Picea abies). In each of these species, 

two or three RGI genes were identified, one or two belonging to a clade that includes 

Arabidopsis RGI5 and the other to a branch with three A. trichopoda and four Arabidopsis 

RGIs genes (Figure 5C), suggesting one gene duplication in the common ancestor ferns and 

gymnosperms generated the RGI1-4 and RGI5 clades. In the RGI1-4 clade, at least three gene 

duplications are inferred: one in the seed plant lineage, generating two subgroups, both of 

which experienced another duplication in the eudicot lineage. A previous study also indicates 

that gene copies increased through lineage-specific gene duplications (Man et al., 2020).  

In Arabidopsis, Tyr sulfation regulates protein-protein interactions and affects receptor binding 

(Matsubayashi and Sakagami, 1996; Shinohara et al., 2016; Kaufmann and Sauter, 2019). The 

gene encoding the responsible enzyme, TYROSYLPROTEIN SULFOTRANSFERASE (AtTPST), 

was discovered in Arabidopsis (Komori et al., 2009). TPST-encoding genes are conserved 

across land plants and found in S. moellendorffii, P. patens, and M. polymorpha, as well in 

ferns and gymnosperms (Supplemental Figure 5) supporting the likely presence of sulfated 

signaling peptides and the plausible contribution of PTMs to the ligand diversity in early land 

plant evolution.  

PSY1 and phytosulfokine (PSK) are two sulfated peptides of 18 and five amino acid, 

respectively. PSY1 has an N-terminal DYsulf, and promotes cellular proliferation and expansion 

(Amano et al., 2007). The mature PSK peptide is only five amino acids long (YIYIQ) and 

promotes cell growth, acts in the root apical meristem, contributes to pollen tube guidance, and 

integrates growth and defense (Sauter, 2015; Kaufmann and Sauter, 2019). We identified 

putative orthologues both for PSY1 and PSK in P. patens, M. polymorpha as well as P. abies 

(Figure 5D-E). PSK-like genes and bioactivities have previously been detected in 

gymnosperms (Igasaki et al., 2003; Wu et al., 2019), but surprisingly, we did not find any 

orthologue of the Arabidopsis PSY1-receptror in the bryophytes. In contrast to all the 

subfamily XI receptors discussed here, the two PSK-RECEPTORs (PSKRs) of Arabidopsis 

belong to the subfamily X, of which binding to small ligands is facilitated by a so-called island 

domain (ID) in the LRR structure that doesn’t fit in with the rest of the repeats. In the PSK-like 

sequences found in P. patens and M. polymorpha the Asp (D) residue preceding the YIYIQ 
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sequence is missing, but a conserved N-terminal region can still be recognized (Figure 5E). 

Such conserved sequences outside the assumed mature peptide might be involved in precursor 

processing and peptide maturation steps, which have been less characterized in plant peptidic 

signals.  

Matching receptors and hydroxylated ligands 

In silico searches for homologues of many known Arabidopsis peptide sequences have 

identified candidate ligand-receptor pairs across land plants, with the latest discovery of 

BAM/CLV1 receptor and an H-type CLE peptide in hornworts (Li et al., 2020; Zhang et al., 

2020a). This was further complemented by our findings of hornwort TDR/PXY and R-type 

CLE homologs (Figures 1; Table 2). It is, therefore, feasible that both H-CLE and R-CLE 

signaling pathways are conserved in hornworts. 

Putative orthologues of IDA and HSL2 were also identified in M. polymorpha (Bowman et al., 

2017) and therefore we looked for IDA in other AMPS. We did not detect IDA orthologues in 

the moss, but identified potential hits in S. moellendorffii and Anthoceros hornworts (Figure1 

and 6). The crystal structure of synthetic AtIDA peptide bound to its receptor AtHAE has 

previously been solved, and showed as expected that the ligand is positioned along the inner 

surface of the LRR ectodomain of the receptor (Figure 6A) (Santiago et al., 2016). Using this 

structure (PDBid:5ixq), we have recently generated a three-dimensional model of IDA-HSL2 

orthologues from oil palm, thereby substantiating a likely interaction in this monocot species 

(Shi et al., 2019). Here we have used the same modeling strategy for putative peptide ligands 

and receptors of M. polymorpha and S. moellendorffii, which demonstrates that the potential 

overall hydrogen bonding interactions between the modeled MpHSL2 and SmHSL2 receptors 

and their corresponding IDA peptides (MpIDA1-2 and SmIDA1-3) support receptor-peptide 

binding, regardless of variations in IDA-peptide sequences (Figure 6B-C). A substantial 

fraction of the AtHAE amino acids generating hydrogen bonds with IDA residues are identical 

in MpHSL2 and SmHSL2 (Figure 6A-B and Supplemental Figure 3), and crucial residues, in 

particular the central Pro and the C-terminal His-Asn, are also conserved in the amino acid 

sequence of the MpIDA1-2 and SmIDA peptides (Figure 6C). Thus, the generated models are 

consistent with the possible function as ligand-receptor pairs in early-diverging land plant 

lineages. 
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Figure 6. Modelling of the interaction between 

putative IDA ligands and HSL2 receptors of M. 

polymorpha and S. moellendorffii. 

(A) The AtHAE-AtIDA crystal structure (PDBid:5ixq) 

(Santiago et al., 2016) the IDA peptide is lining up along 

the inner face of the LRR structure. (B) Overall models 

of the interaction between M. polymorpha and S. 

moellendorffii putative HSL2 receptors (MpHSL2 in 

magenta and SmHSL2 in green) with respectively two 

and three M. polymorpha and S. moellendorffii 

superimposed putative IDA peptides (grey backbones) 

built on the AtHAE-AtIDA structure using SWISS-

MODEL (Arnold et al., 2006). Note in particular 

receptor interaction with the Asn (N) at the C-terminal 

end of the peptides.  

(C) Close-up view of the central parts of the respective 

receptor models and the surrounding hydrogen bonding 

network, with a central Pro (P) in the ligands. 

(D) Close-up view as in (C), however, with 

hydroxylation of the central Pro (P*), which facilitates 

formation of additional hydrogen bonds.  

Central amino acids of the receptors, as well as the 

peptides, are shown as sticks and colored by atom type. 

Water molecules are shown as red spheres, and 

modelled based on coordinates from the AtHAE-AtIDA 

crystal structure. Hydrogen bonds are depicted as dotted 

lines (yellow). Residues involved in hydrogen bonding 

to the peptides are depicted with three-letter symbols in 

colors according to the respective structures. The 

peptide residues are shown in one-letter symbols. All 

structure figures were prepared using PyMOL 

(Schrödinger, LLC). 

 

Synthetic peptides of the IDA/IDL family have been shown to bind and activate the HAE and 

HSL2 receptors more efficiently when the central Pro is hydroxylated (Table 1) (Butenko et 

al., 2014; Santiago et al., 2016), and this PTM has also been detected in planta on CLE peptides 

(Stührwohldt and Schaller, 2019). We therefore modeled MpHSL2 and SmHSL2 with 

hydroxylated MpIDA and SmIDA peptides. In these models, the hydroxylation postulated an 

increased number of hydrogen bonds, which would result in a stronger interaction (Figure 6C 

and D). Interestingly, genes encoding prolyl 4-hydroxylases (P4Hs) which mediate Pro 

hydroxylation, are evolutionarily conserved from algae to angiosperms (Myllyharju, 2003; 

Ogawa-Ohnishi et al., 2013). Thus, mature peptides produced from IDA and CLE orthologues 

may have been hydroxylated already in early land plants (Oelkers et al., 2008; Bowman et al., 

2017). Hydroxyproline has also been found in members of other peptide families (Table 1).  
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In Arabidopsis, IDA and its receptors HAE and HSL2 are involved in cell separation processes, 

like floral organ abscission, lateral root emergence, and root cap sloughing (Aalen et al., 2013; 

Shi et al., 2018). In various angiosperm species that shed other organs, like fruits or leaves, the 

IDA-HAE/HSL2 signaling module has also been found expressed at the base of the organ to 

be shed (Shi et al., 2019), indicating that the molecular process underlying cell separation is 

highly conserved. This suggests that a change in timing or location of expression of peptide 

signaling components through changes in their cis-regulatory elements may have served as an 

important driving force for evolutionary changes in plant architecture and reproductive 

strategies.  

Cell separation processes also play a role in bryophyte development, for example in air 

chamber formation of M. polymorpha. Ishizaki et al. (2015) revealed that E3 ubiquitin ligase 

regulates cell separation in Marchantia air chamber formation, and it is not known whether the 

IDL-HAE/HSL signaling module is involved or not in this process. It will be important to find 

out more about biological processes in bryophytes and lycophytes that are controlled by cell 

separation, where the putative IDA and HSL orthologues might have conserved roles. 

Evolution of peptide ligands 

In the 20 years since Shiu and Bleecker identified the LRR-RLKs of Arabidopsis, the 

knowledge about their function and their confirmed ligands have gradually increased. 

Principally it is expected that genes encoding a receptor and its ligand display the same mutant 

phenotype. The CLAVATA1 (CLV1) receptor and the CLV3 peptide ligand were discovered 

already at the end of the last century by their spectacular meristem phenotypes (Clark et al., 

1995; Clark et al., 1997). A double mutant of the closely related receptors HAE and HSL2 was 

needed to disclose their involvement in floral organ abscission, like their peptide ligand IDA 

(Butenko et al., 2003; Cho et al., 2008; Stenvik et al., 2008). Furthermore, triple to quintuple 

mutants were necessary to disclose the involvement of the RGI receptors in root development, 

with RGFs peptides as ligands (Shinohara et al., 2016; Song et al., 2016; Qiu et al., 2020). 

Thus, functional redundancy on the receptor side as well as the peptide side has made it 

complicated to identify ligand-receptor pairs through genetics. However, in non-seed plants 

with often fewer duplicated genes and with the establishment of CRISPR-Cas mutagenesis, a 

genetic approach for identification of peptide ligand receptor-pair should be more feasible. In 

order to pursue this, we need to develop more non-seed, genetically tractable model plants 

(Rensing, 2017).   
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It has just started to be revealed that the CLE peptide signaling has evolutionarily conserved 

roles from P. patens and M. polymorpha to angiosperms. One of the known key roles of the 

CLE signaling in angiosperms is to regulate cell proliferation in the sporophytic (2n) meristems, 

which grow indeterminately. In the bryophytes, the sporophyte shows determinate growth 

while indeterminate meristems are present in the gametophyte body (1n). The CLE signaling 

in both P. patens and M. polymorpha is involved in cell proliferation in the gametophyte and 

determination of the orientation of cell division planes which thereby facilitating the transition 

from 2D to 3D growth (Whitewoods et al., 2018; Hirakawa et al., 2019). Similarly, Arabidopsis 

quadruple mutant for CLV1 and the three BAM genes show abnormal cell division planes. 

These studies support the idea that peptide-receptor modules are conserved and employed in a 

parallel manner, although the evolutionary relationship between the bryophyte gametophytic 

meristems and the vascular plant sporophytic meristems is still debated (Bowman, 2013).  

To our surprise, several Arabidopsis CLE peptides have been found to interact with LRRs of 

different clades. The AtCLE9/CLE10 peptides interact with both the HSL1 and BAM1 

receptors, depending on tissue type (Qian et al., 2018). AtCLE14 peptide can signal through 

AtPEPR2 (Gutierrez-Alanis et al., 2017). While PEPs and CLEs differ in length, the C-terminal 

12 amino acids of mature PEPs share sequence similarity to CLEs (Table 1), offering a possible 

explanation for the recognition mechanism. Another CLE peptide, AtCLE45, which differs 

from other CLE peptides by a number of arginine (Arg, R) residues near its N-terminus, is 

perceived by canonical CLE receptors as well as an RGF receptor homolog, AtRGI4/SKM2 

(Endo et al., 2013; Hazak et al., 2017).  

These “unconventional” ligand-receptor pairs raise the question of how the specificity of 

ligand-receptor pairs evolves. It is of note that genes encoding CLE peptides highly similar to 

AtCLE9/CLE10 are present in both M. polymorpha and P. patens (PpCLE5/CLE6) 

(Whitewoods et al., 2018) (Figure 7). Our phylogenetic investigations suggest that founder 

receptors, representing the seven clades, by the onset of the angiosperm era had increased about 

three times, and in each of the clades a new gene has evolved during dicot evolution. We 

therefore speculate that during early evolution of peptide signaling, there were fewer peptides, 

and receptors were less specific. Accordingly, large-scale clustering analyses of land plant CLE 

peptides based on their entire prepropeptide sequences found a smaller number of clusters in 

AMPS, indicative of the diversification of CLE peptide sequences, which could have resulted 

in changes in the specificity of ligand-receptor interactions during land plant evolution (Goad 
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et al., 2017). Hirakawa et al. (2017) found that a synthetic CLE peptide, KIN named after the 

K (2nd), I (10th), and N (12th) residues crucial for activity, exerts both R-type and H-type CLE 

activities and interact directly with both the CLV1 and the TDR receptors (Figure 7) (Hirakawa 

et al., 2017), illustrating the potential for a broader specificity in ligand-receptor interaction 

hidden in short mature peptide sequences (Figure 7).  

 

 

 

 

 

 

 

 

 

 

Figure 7. Conservation of CLE and IDA peptides.  

Alignments of mature CLE and IDA peptides in land 

plants and a synthetic peptide, KIN. Note shared core 

residues (PSGP) and C-terminal end (HN) between 

IDA and some of the CLE peptides, and the presence 

of almost identical R-CLE, H-CLE and IDA peptides 

in AMPS, ferns and Arabidopsis. The amino acids 

are colored according to chemical properties.  
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two closely positioned arginine (Arg, R) residues found in many receptors (Hou et al., 2014; 

Vie et al., 2015; Song et al., 2016) (Table 1). Instead, CEPs and PIP-PIPLs share the C-terminal 

GxGH motif (Vie et al., 2015) (Table 1). The CEPs and PIP-PIPLs have been demonstrated to 

signal through closely-related receptors of the HSL major clade, CEPRs and RLK7, 

respectively (Figure 2). This points to the possibility that a ligand recognition mechanism is 

conserved among recently diversified receptors, and in the case of the CEP and PIP-PIPL 

signaling, the GxGH motif could be crucial for peptide-receptor interactions.  

Perspectives 

With the increasing availability of genomic data, it is now possible to analyze the molecular 

inventory of peptide-signaling components in all major lineages of land plants. All known 

signaling peptides were originally discovered in angiosperms, however, the identification of 

LRXI in non-seed plants and our successful hunt for their likely peptide ligands, give a new 

perspective on the roles and evolution of cell-to-cell signaling. A fourth of the present-day XI 

receptors of Arabidopsis, with seemingly angiosperm-specific functions, have a history all the 

way back to the ancestor of the bryophytes and vascular plants. In addition to the previously 

identified orthologues of CLE peptide ligands and their receptors (BAM/CLV and TDR) 

(Whitewoods et al., 2018; Hirakawa et al., 2019; Hirakawa et al., 2020), our approach has 

disclosed early occurrence of orthologues of GSO and RGI receptors and their CIF and RGF 

ligands. Additionally, the direct interaction between HSL2 and IDA orthologues of M. 

polymorpha and S. moellendorffii, was substantiated by taking advantage of the solved 3D 

structure of the Arabidopsis peptide-receptor pair. We have also bridged the gap between 

AMPS and Arabidopsis by identifying likely orthologues of LRXI in ferns and gymnosperms. 

This may be a starting point for investigation of peptide signaling in these taxa. This would 

elucidate LRXI evolution prior to the emergence of angiosperms, and possibly identify 

common ancestors for receptors present both in A. trichopoda and Arabidopsis (Table 2). Nine 

of the Arabidopsis XI genes are results of gene duplication within the eudicots lineage (Table 

2). Several of the receptor families have also proliferated in monocot lineages (Figure 2). This 

may reflect the increased need for cell-to-cell communication for development of more 

complex organisms with more complex organs. An approach similar to what we have shown 

here with the integration of phylogenetic, functional and structural information, should 

facilitate the disentanglement of distinct evolutionary histories of peptide ligands and their 

.CC-BY-NC-ND 4.0 International licenseperpetuity. It is made available under a
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in 

The copyright holder for thisthis version posted January 20, 2021. ; https://doi.org/10.1101/2020.06.02.130120doi: bioRxiv preprint 

https://doi.org/10.1101/2020.06.02.130120
http://creativecommons.org/licenses/by-nc-nd/4.0/


31 
 

receptors in mono- and dicots. One study along these lines have recently been published on the 

BAM/CLV1/TDR receptors and CLE peptides (Cammarata and Scanlon, 2020). 

Interestingly, the GSO/RGI clades on one side and the HSL/TDR/BAM/CLV clades on the 

other, seem to have ligands representing two different groups – those with sulfated Tyr and the 

CLE/IDA-like peptides. Founder genes for both were possibly present in the most recent 

common ancestor of vascular plants and bryophytes. Alternatively, convergent evolution 

cannot be completely dismissed and might account for the highly variable central part of 

peptide precursor sequences. Signaling peptides can evolve not only from changes in the 

primary sequences, but through changes in proteolytic processing of prepropeptides, or by 

PTM enzymes conferring Tyr sulfation or Pro hydroxylation. The PTM processes tend to be 

irreversible and hence require precise regulation, pointing to the possible contribution of PTMs 

in diversification of peptide ligands and in defining the specificity of ligand-receptor 

interaction since the early stages of land plant evolution. Our structure-based modeling of IDA-

HSL2 is consistent with an ancient origin of peptide hydroxylation. Structural information can 

be used to model whether suggested peptide-receptor pairs actually fit together, and structural 

analyses of bioactive forms of PTMPs in AMPS will be critical for confirming the prediction 

from the models.  

It needs to be mentioned that a number of receptors, even some in Arabidopsis, are orphans, in 

the sense that their peptide ligands are unknown. Likewise, all PTMP families seem to have 

orphan members. These may have resulted from gene or genome duplications where some 

sister genes have accumulated mutations that weakened ligand-receptor interaction. An 

alternative (and likely) explanation is that more specific genetic, molecular and biochemical 

factors and conditions for peptide-mediated cell-to-cell communication remain to be 

discovered. In line with this suggestion, CLE9/10 of Arabidopsis is recruited to bind HSL1 

very efficiently in the presence of the small multi-faceted co-receptors SERK1-2 or 3 (Kd = 1.5 

µM), while in the absence of SERK the preferred receptor is BAM1 (Kd = 0.112 µM) (Qian et 

al., 2018). To dig deeper into the evolution of peptide signaling, we recommend the matching 

of additional phylogenetic, functional and structural data, especially on the interaction with 

other XI receptors (Smakowska-Luzan et al., 2018), and co-receptors like the SERKs as key 

partners in receptor complexes in diverse peptide signaling pathways (He et al., 2018; Liang 

and Zhou, 2018; Hohmann et al., 2017; Ma et al., 2016). 
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Land plant evolution must successfully have made use of a broadened spectrum of receptors 

as more complex organ evolved and interspecies interactions increased. However, except for 

the bryophyte CLE signaling pathways, biological roles have not been assigned for peptide 

LRXI signaling other than in angiosperms. Peptide signaling pathways have most often been 

studied in angiosperm-specific organs, of which homologous structures are not universally 

found outside the flowering plants. A question therefore arises as to whether these peptide 

signaling modules mainly have undergone neofunctionalization in more recently evolved 

lineages. This may well be the case from an organismal perspective, however, from a molecular 

and cellular perspective it may not. Where and when a signaling system triggers a given 

outcome (e.g. cell division, cuticle formation or cell separation) may actually be the crux of 

the matter. Thus, a very important next step in tracing the evolutionary origin and history of 

land plant peptide signaling pathways will be to investigate thoroughly the temporal and spatial 

expression patterns of LRXI receptors and their putative peptide ligands, and to study 

downstream molecular events. 
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