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Summary

The cell surface localized lysin motif (LysM) receptor-like kinases/proteins (RLKs/RLPs) function
as sensors for pathogenic and symbiotic microbes in land plants, perceiving chitin, lipo-
chitooligosaccharides (LCOs), and peptidoglycan. LysM-RLKs/RLPs play a crucial role in
activating various responses that lead to defense against pathogens or the establishment of
symbiosis. While the functions of LysM-RLKs/RLPs were well-studied in land plants, their
evolutionary origin and broader functional roles remain less explored. Streptophyte algae are
widely recognized as the sister lineage of land plants. Land plants are believed to have emerged
from a streptophyte algal ancestor. Plant—pathogen interactions are ancient and have played a
pivotal role in shaping the evolution and complexity of the plant innate immune system. Genomic
analyses revealed the presence of LysM-RLKs in two streptophyte algal species, Charophyceae
Chara braunii and Zygnematophyceae Spirogyra pratensis. The functional roles of LysM-RLKs

in both species were subsequently characterized.

Through phylogenetic analysis combined with sequence alignment, I propose that LysM-RLKs
originated from the last common ancestor of Charophyceae, Zygnematophyceae, and land plants.
A conserved CXC motif within the LysM ectodomains (ECDs) was identified in streptophyte algal
LysM-RLKs, like those present in land plants. Structural predictions using AlphaFold2 and three-
dimensional modeling revealed that the overall architecture of LysM ECD is conserved, including
a chitin-binding groove within the LysM2 domain. /x vitro binding assays further demonstrated the
chitin-binding capability of LysM ECDs from both streptophyte algae and bryophytes, suggesting
an ancestral role of LysM ECDs in chitin recognition. Intriguingly, however, chitin treatment did
not trigger downstream transcriptional responses in streptophyte algae, pointing to a functional
divergence in LysM-RLKs during evolution. Furthermore, genetic and interaction studies
demonstrated that heterodimerization and the formation of higher-order oligomeric complexes of
LysM receptors are essential for proper function in bryophytes. In contrast to bryophytes, chitin
treatment did not promote homodimerization of algal LysM receptors. Overall, this study new
provides an insight into the evolutionary origin and functional diversification of LysM RLKs/RLPs

in plants.



Introduction
1.1 Streptophyta

The green lineage split into the clades of Chlorophyta and Streptophyta. Streptophyta
includes paraphyletic streptophyte algae and embryophytes (land plants) (Figure 1.1). The
streptophyte algae are divided into six distinct lineages: Mesostigmatophyceae,
Chlorokybophyceae,  Klebsormidiophyceae, = Charophyceae, = Coleochaetophyceae, and
Zygnematophyceae. These lineages are further categorized into two grades, KCM
(Klebsormidophyceae, Chlorokybophyceae, Mesostigmatophyceae) and 7CC
(Zygnematophyceae, Charophyceae, Coleochaetophyceae) (Figure 1.1). Streptophyte algae are
also referred to as charophytes. Land plants represent the remaining plant species that thrive on
land. While many streptophyte algae adopt an aquatic lifestyle, some species can be found in moist
terrestrial habitats. It is commonly accepted that land plants evolved from an algal ancestor, with
the Zygnematophyceae as the closest sister lineage to land plants. Over more than 500 million
years, when plants transitioned from aquatic to terrestrial environments, they were exposed to
adverse environmental conditions and pathogen invasions. This facilitated the evolution of adaptive

mechanisms that enabled plants to overcome the challenges of moving to land.
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Figure 1.1 The cladogram shows split of the green lineage of Chlorophyta and Streptophyta.
The Streptophyta consists of paraphyletic streptophyte algae and monophyletic land plants.
The habitats are illustrated. Illustration from (Fiirst-Jansen et al., 2020)

1.2 Plant-pathogen relationships

Bacteria are thought to have already existed roughly around 3.2-3.5 billion years ago
(Battistuzzi et al., 2004; Betts et al., 2018), well before the emergence of the streptophyte algal
ancestor of land plants around one billion years ago (Strother et al., 2011). Land plants are exposed
to a wide diversity of bacteria, many of which can cause disease in plants. Likewise, algae also host

diverse bacterial communities, some of which might also become pathogenic (Han, 2019).

Fungi appeared approximately one billion years ago, with the earliest fungi were mainly
aquatic (Loron et al., 2019; Naranjo-Ortiz & Gabaldon, 2019). Fungi can infect land plants,
including liverworts and mosses (Ponce De LeON et al., 2012; Redkar et al., 2022). The ancient
aquatic fungi may have acquired plant cell wall-digesting enzymes, enabling them to extract
nutrients from land plants and algae, suggesting that fungi may have been associated with plants

since their origin (Chang et al., 2015).

Oomycetes are fungi-like heterotrophs that are found ubiquitously in both aquatic and
terrestrial environments, and many species are also plant pathogens (Beakes et al., 2012). The
discovery of Paleonitella fossils, a streptophyte algae displaying infection by oomycete-like
filamentous structures, suggests that the association between oomycetes and plants is ancient

(Taylor et al., 1992).

The origin of viruses remains elusive; however, their existence predates the earliest forms
of life, which 1s widely accepted. They likely existed in the pre-cellular world as self-replicating
entities and later evolved into microbes that parasitize other cells (Forterre, 2006). Viruses infect
cells across all domains of life, Archaea, Bacteria, and Eukarya. Numerous pieces of evidence
showed that viruses have been infecting plants, including green algae, suggesting an ancient

association. (Perini et al., 2024; Van Etten et al., 1991)

Pathogenic microbes reduce plant fitness and increase mortality rates. Plants must counter
these threats to ensure survival. Consequently, plants have evolved an elegant and sophisticated
innate immune system to combat a wide range of pathogens. The evolutionary arms race between
plants and microbes has shaped the landscape of plant innate immunity over hundreds of millions

of years.
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1.3 Plant innate immunity

The threat of pathogenic microbes to plants is persistent, as pathogens continually evolve
new tools for infection, while plants, in turn, develop innovative ways to combat these pathogens.
Unlike mammals, plants lack mobile immune cells and an adaptive immune system. Plants rely
solely on the innate immune system. The plant’s innate immune system consists of a two-tier
system. The first layer involves cell-surface pattern recognition receptors (PRRs) that activate
pattern-triggered immunity (PTI) (Zipfel, 2008). The second layer of plant immunity consists of
intracellular receptors that detect pathogen effectors, activating effector-triggered immunity (ETI)

(Jones & Dangl, 2006; Ngou et al., 2022).

The PRRs recognize pathogen-associated molecular patterns (PAMPs), microbes-
associated molecular patterns (MAMPs), and herbivore-associated molecular patterns (HAMPs)
derived from bacteria, fungi, oomycetes, and herbivores, thereby activating PTI (Ge et al., 2022).
Some PRRs also recognize self-derived molecules, called damage-associated molecular patterns
(DAMPs), which are released upon damage that can be caused by pathogen invasion (Gust et al.,
2017; Jones et al., 2024; Reymond, 2021). Frequently, ligand-sensing PRRs require co-receptors
to transmit non-self signals and initiate a full immune response. Generally, the PTI response is less

drastic and does not result in host cell death.

Pathogens, on the other hand, secrete effectors into host cells to suppress PTI. Plants can
recognize certain effectors and trigger ETI. Plants recognize effectors by utilizing nucleotide-
binding, leucine-rich repeat (NLR) proteins. NLR proteins detect effectors either directly or
indirectly, leading to immune defense responses. Activation of NLR proteins often results in the
hypersensitive response (HR), in which cells at the infection site undergo programmed cell death,

thereby limiting the growth of biotrophic and hemibiotrophic pathogens.

PTI and ETI were once considered independent branches of the plant immune system.
However, growing evidence suggests that PTI and ETI engage in crosstalk rather than functioning
as two distinct modes, resulting in a more robust immune response (Igarashi et al., 2013; Ngou et
al., 2021; Pruitt et al., 2021; Tian et al., 2021; Wang et al., 2023; Yuan et al., 2021). In land plants,

particularly angiosperms, PTI, ETI, and their crosstalk have been extensively studied.
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1.4 Types of PRRs

PRRs are cell-surface localized receptors that can be broadly categorized into two types:
receptor-like kinases (RLKs) and receptor-like proteins (RLPs). Both RLKs and RLPs contain
various types of extracellular domains (ECDs) at their N-termini, which are responsible for MAMP
recognition. Based on their ECD types, including leucine-rich repeat (LRR), lysin motif (LysM),
epidermal growth factor (EGF)-like, and malectin-like domain, RLKs and RLPs can be grouped
into distinct classes (Albert et al., 2020; Boutrot & Zipfel, 2017; Ngou et al., 2022). RLKs consist
of an ECD, a single-pass transmembrane domain that anchors the protein in the plasma membrane,
and an intracellular kinase domain. RLPs lack an intracellular kinase domain. Depending on their
type, RLPs either contain a glycosylphosphatidylinositol (GPI)-anchor or possess a transmembrane
domain that anchors them to the plasma membrane. The key difference between RLKs and RLPs
is that RLKs possess an intracellular kinase domain at their C terminus, whereas RLPs do not.

Consequently, RLPs often rely on RLKs as co-receptors to initiate and transmit signals.

The types of ECDs primarily determine the nature of ligand specificity. Ligand binding
promotes the formation of complexes between PRRs and their co-receptors, leading to cis- and
/or trans-phosphorylation of the intracellular kinase domain. This phosphorylation subsequently
activates receptor-like cytoplasmic kinase (RLCKSs). RLCKs activate responses, including the
production of reactive oxygen species (ROS) by respiratory burst oxidase homologs (RBOHs)
that are NADPH oxidases, cytosolic calcium ion bursts, activation of mitogen-activated protein
kinase (MAPK) cascades, and induction of defense-related gene expression (DeFalco & Zipfel,
2021; Lu & Tsuda, 2020). The ROS production by RBOHs depends on phospho-regulation by
RLCKs and calcium-dependent kinase (Dubiella et al., 2013; Kadota et al., 2014; Kobayashi et
al., 2007; Li et al., 2014; Monaghan et al., 2014). These responses collectively serve as effective

host defense mechanisms, contributing to broad-spectrum resistance.
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Figure 1.2 Overview of plant PRRs and co-receptors from vascular plants with known
elicitors/ligands from bacteria, fungi, oomycetes, self-molecules, parasitic plants, viruses, and
herbivores from vascular plants. Abbreviations represent different plant species. Illustration
from (Ngou et al., 2022).

1.5 LysM domain; an ancient protein domain

The LysM domain is an ancient protein domain with carbohydrate-binding modules, first

identified in the lysozyme of the Bacillus bacteriophage phi29, which functions as an enzyme that

hydrolyzes bacterial cell walls (Garvey et al., 1986). Subsequent studies have revealed that LysM

domain-containing proteins are present across nearly all kingdoms of life,

including

bacteriophages, bacteria, fungi, and eukaryotes, but are absent in Archaea (Buist et al., 2008). In

both bacteria and fungi, the LysM domain-containing proteins often exhibit enzymatic activities
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such as glycoside hydrolase, transglycosylase, peptidase, amidase, and chitinase (Akcapinar et al.,

2015; Buist et al., 2008).

The LysM domain is a small, non-catalytic globular protein comprising approximately 40—
50 amino acids. It exhibits high sequence conservation primarily in the first sixteen amino acids
and contains none or only one conserved cysteine residue (Oguiza, 2022). The tertiary structure of
the LysM domain typically adopts a Baaf fold, in which both a-helices are packed on the same
side of two antiparallel B-sheets. This type of Paaf arrangement is a conserved structural feature

of the LysM domain (Bateman & Bycroft, 2000).

Several studies have shown that LysM domains bind the N-acetylglucosamine (GlcNAc), a
carbohydrate monomer, and can recognize peptidoglycan (PGN) and chitin (Mesnage et al., 2014;
Salamaga et al., 2023; Visweswaran et al., 2014). PGN, a key component of the bacterial cell wall,
is composed of linear glycan strands made up of alternating GIcNAc and N-acetylmuramic acid
(MurNAc) residues linked by B-1,4 bonds (Vollmer et al., 2008). The fungal cell wall is composed
of polysaccharides such as branched B-(1,3) glucan and chitin, with chitin consisting of linear

chains of B-(1,4)-GIcNAc (Gow Neil et al., 2017).

1.6 LysM domain-containing protein in plants: LysM-RLKs/RLPs

LysM-RLKs and LysM-RLPs also play crucial roles in symbiosis (Radutoiu et al., 2003;
Radutoiu et al., 2007). LysM-RLKs can be further classified into two subgroups, LYK and LYR,
based on the nature of their kinase domains. LYKSs possess both in vitro and in vivo protein
phosphorylation activity and contain canonical RD kinase domains. LYR functions as pseudo-
kinase, lacking the conserved feature typically found in canonical kinases, such as the glycine-rich
loop. The LysM-RLPs are also referred to as LYP (Buendia et al., 2018; Zhang et al., 2007). LysM-
RLKSs/RLPs typically have three tandem LysM domains in their ECDs. Each LysM is connected
by a highly conserved cysteine pair that flanks a single amino acid, forming a CXC motif. This
feature was found in all land plants LysM-RLKs/RLPs (Buendia et al., 2018; Lefebvre et al., 2012).
LysM receptors in land plants display remarkable diversity. Phylogenetic analyses have shown that
the LysM ECDs of land plants LysM receptor homologs form four major classes: LYKa, LYKD,
LYR, and LYP (Yotsui et al., 2023). The LysM RLKs/RLPs have been extensively studied
genetically, biochemically, and structurally, and the knowledge of LysM-RLKs/RLPs is rapidly

advancing.

15



[Lyle j—[LysMZ ]—[LysM?:}(TJ )—[Kinase domain )
(Lyle )—[LysMZ j—[LysME‘w}( TJ] )— non functional
(Lyle)—[LysMZ j—[LysM3 L

anchor

Figure 1.3 Three different types of LysM-RLKSs and LysM-RLPs. The receptors comprise
an SP (signal peptide), three tandem LysM domains (LysM1-LysM3), forming the ECD, and,
in certain receptors, a TJ (transmembrane and juxtamembrane) domain.

In Arabidopsis thaliana, there are eight members of LysM-RLKs/RLPs: one LYKa,
AtCERK1; one LYKb, AtLYK3; three LYRs, AtLYK?2, AtLYK4, and AtLYKS; and three LYPs,
AtLYMI, AtLYM2, and AtLYM3. AtCERKI1 has been reported to function as a chitin receptor
(Liu et al., 2012). The Atcerkl mutant displays deficiencies in chitin responses, including MAPK
activation, ROS production, and transcriptional reprogramming (Miya et al., 2007). Chitin
treatment induces autophosphorylations of AtCERK1 at its kinase domain, which is required for
downstream signaling (Suzuki et al., 2016). Among its phosphorylation sites, Y428 serves as the
"master" regulatory site, dictating interactions with downstream RLCKs for immune activation
(Suzuki et al., 2018). In addition to Y428, chitin treatment induced phosphorylation at T519 and
Y557, which are required for triggering the ROS burst but not MAPK activation (Liu et al., 2018;
Suzuki et al., 2016). Several RLCKs have been shown to interact with AtCERKI1, including
AtPBL27, which is preferentially phosphorylated by AtCERK1 (Shinya et al., 2014). AtPBL27, in
turn, phosphorylates AtMAPKKKS, thereby initiating the activation of the MAPK cascade
(AtMAPKKK5-AtMKK4/5-AtMPK3/6) (Yamada et al., 2016). Additionally, AtCERKI interacts
with AtPBL19, which also phosphorylates AtMAPKKKS to activate the AtMAPKKKS-
AtMKK4/5-AtMPK3/6 cascade. Furthermore, AtCERKI-activated AtPBL19 phosphorylates
AtMEKK(1, leading to activation of the AIMEKK1-AtMKK 1/2—-AtMPK4 cascade, thereby adding
further complexity to the signaling network (Bi et al., 2018). Notably, AtPBL27 does not
participate in chitin-induced ROS production. Instead, another RLCK, AtBIK1, which functions
downstream of LRR-type PRRs, including AtFLS2, a receptor for the bacterial flagellin-derived

peptide flg22, regulates chitin-induced immune responses by directly phosphorylating NADPH
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oxidase RBOHD (Kadota et al., 2015). AtLYKS has also been identified as a chitin receptor, which
heterodimerizes with AtCERK 1 upon chitin treatment (Cao et al., 2014). The Atlyk5 mutant shows
partial defects in chitin-induced responses. AtLYKS functions redundantly with AtLYK4 in
mediating chitin signaling: AtLYKS regulates the autophosphorylation of AtCERK1, whereas
AtLYK4 contributes to ROS production (Mittendorf et al., 2024). There is evidence suggesting that
AtLYK4 forms a tripartite complex with AtLYKS and AtCERKI, acting concertedly in plant
defense (Cao et al., 2014; Xue et al., 2019). Chitin binds to the LysM ECDs of both AtCERK1
and AtLYKS (Cao et al., 2014; Liu et al., 2012). AtLYM1 and AtLYM3, together with AtCERK1,
play a role in sensing bacterial PGN, contributing to resistance against bacterial infection
(Willmann et al., 2011). AtLYM2, together with AtLYK4 and AtLYKS, regulates plasmodesmata
closure as a defense mechanism (Cheval et al., 2020; Faulkner et al., 2013). Besides, AtCERKI is
required for immune responses induced by linear 1,3-B-D-glucans derived from the fungal cell wall
(Mélida et al., 2018). Binding of 1,3-B-D-glucans to the ECD of AtCERKI has not been detected,
suggesting that AtCERKI1 functions as a co-receptor in this signaling (del Hierro et al., 2021).
AtLYK?2 is required for chitin- and flg22-induced resistance against Botrytis cinerea and
Pseudomonas syringae infection, even though it is not required for chitin-induced early immune
responses (Giovannoni et al., 2021). AtLYK3 is required for nodulation (Nod) factor-induced
repression of flg22-triggered immunity (Liang et al., 2013). AtLYK3 also contributes to the
crosstalk between plant immunity and abscisic acid responses by negatively regulating basal and
early pathogen-induced expression of defense genes as well as abscisic acid-related genes

(Paparella et al., 2014).

Rice LYP OsCEBIP (chitin-elicitor binding protein) was the first chitin receptor identified
in plants (Kaku et al., 2006). OsCEBIP binds chitin and forms homodimers, playing a key role in
signal transduction and the defense responses (Akamatsu et al., 2013; Hayafune et al., 2014; Kaku
et al., 2006; Liu et al., 2016). Subsequent studies showed that the rice homolog of AtCERKI,
OsCERK1, is recruited to form a heterocomplex upon OsCEBiP homodimerization, highlighting
the importance of their cooperative function in regulating chitin signaling in rice (Shimizu et al.,
2010). Moreover, OsCERKI1 participates in the recognition of short-chain chitin (Xu et al., 2023),
which is important for arbuscular mycorrhizal symbiosis (Carotenuto et al., 2017).
OsLYK2/OsMYRI1 forms a heterodimer with OsCERK1 upon perception of short-chain chitin.
The Osmyrl and Oscerkl mutants are less sensitive to the mycorrhizal (Myc) factor, and
colonization by symbiotic fungi is disrupted (He et al., 2019). When OsMYRI perceives short-
chain chitin, it prevents complex formation of OsCERK 1 between OsCEBIiP, thereby inhibiting the

phosphorylation of downstream substrates. Two OsCEBiP homologs, OsLYP4 and OsLYP6, have
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also been shown to bind chitin and potentially form a complex with OsCERK1. The formation of
distinct receptor complexes enables rice to differentiate between symbiotic and immune signals
(He et al., 2019). During Magnaporthe oryzae infection, secreted endoglucanases degrade the plant
cell wall, releasing two glucan oligosaccharides: trisaccharide 3-B-D-Cellobiosyl-glucose and
tetrasaccharide 3-B-D-Cellotriosyl-glucose. OsCERKI1, but not OsCEBiP, binds these
oligosaccharides, triggering heterodimerization of OsCERK1 with OsCEBiP. Both Oscerk/ and
Oscebip mutants exhibit compromised responses to these oligosaccharides (Yang et al., 2021). In
A. thaliana and rice, CERK1 functions as a multifunctional receptor-like kinase in chitin-induced

response, with the execution of immune signaling relying on CERK1.
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Figure 1.4 The LysM-RLKSs/RLP in Arabidopsis and rice perceive different ligands,
activating downstream response. Illustration from (Yang et al., 2022).

In Lotus japonicus, LYKa LjNFRI and LYR LjNFRS5 are essential for the initiation of
nodulation. These receptors recognize lipo-chitooligosaccharides (LCOs), also known as Nod
factors, which are secreted by the symbiotic bacterium Mesorhizobium loti (Broghammer et al.,
2012). Mutations in either LiNFRI or LjNFRS fail to initiate infection thread formation and nodule
primordium development following inoculation with M. loti or treatment with purified LCOs
(Radutoiu et al., 2003). Expression of key symbiotic genes, such as NIN and ENOD2, is

significantly impaired in these mutants upon inoculation. LjNFR1 and LjNFRS5 form heterodimers
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in vivo, as demonstrated in Nicotiana benthamiana. In vitro analyses reveal that LJNFR1 possesses
kinase activity, whereas LjNFRS5 lacks detectable kinase function (Madsen et al., 2011). Another
LYKa LjCERK6/LjLYS6 plays a role in chitin perception and is involved in chitin-triggered ROS
production and defense responses. The ECD of LjCERK6 shows high sequence conservation with
that of AtCERK1 (Bozsoki et al., 2017), suggesting functional similarity. Interestingly, symbiotic
and immune signaling appear to be genetically and functionally separable in L. japonicus,
highlighting the plant's ability to distinguish between beneficial and pathogenic microbial signals

through structurally related LysM-type receptors (Bozsoki et al., 2017).

In the liverwort Marchantia polymorpha, the single LYKa MpLYK1 and the single LYR
MpLYR are required for chitin- and PGN-induced immune responses (Yotsui et al., 2023). Chitin
treatment induces defense-related gene expression and ROS production, both of which are absent
in Mplykl and Mplyr mutants, indicating that MpLYK1 and MpLYR function together to sense
chitin to trigger intercellular signaling. MpLYKI is also critical for defense against bacterial
pathogens. Moreover, phosphoproteomic analyses revealed that chitin treatment potentially
activates homologs of key PTI components found in A. thaliana, including RLCKs, RBOH, and
MAPK, suggesting that LysM receptor-mediated signaling mechanisms are conserved in
liverworts. The single LYP MpLYP and the single LYKb, MpLYK2 do not appear to be involved
in chitin- or PGN-induced ROS production (Yotsui et al., 2023). In Marchantia paleacea, which
can form symbiosis with arbuscular mycorrhizal (AM) fungi, the single LYKa MpalLYKa, also
known as MpaCERK1, and the single MpaLYR are involved in both immunity and symbiosis (Tan
et al., 2025). ECD of MpaLYR, but not MpaCERK1, binds both short- and long-chain chitin as
well as LCOs in vitro (Tan et al., 2025; Teyssier et al., 2025). MpaCERK1 and MpaLYR form a
complex in N. benthamiana, and their intracellular domains interact in yeast (Tan et al., 2025).
Both Mpacerkland Mpalyr mutants are impaired in chitin- and LCO-induced early responses,
similar to observations in M. polymorpha. While MpaCERKI1 is essential for AM symbiosis, the
role of MpaL YR in this process remains debated (Tan et al., 2025; Teyssier et al., 2025).

Taken together, these findings highlight the intricate regulatory architecture of LysM
receptor-mediated signaling in land plants. The interplay of multiple kinases and pseudo-kinases,
along with differential phosphorylation dynamics and the concurrent ROS production and
activation of MAPK pathways, underscores the complexity, redundancy, and specialization of this
signaling network. Such sophisticated mechanisms likely played a pivotal role in the adaptive

responses required for successful terrestrialization.
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1.7 LysM protein structure and ligand recognition

As mentioned earlier, the LysM domain is a highly conserved carbohydrate module that
recognizes polysaccharides containing GlcNAc. Structural studies of LysM proteins in complex

with their ligands have provided critical insights into the molecular basis of this recognition.

In 2012, Liu et al. reported the crystal structure of the ECD of AtCERK1 in complex with
a chitin pentamer (Liu et al., 2012). They provided the first molecular insights into how chitin is
recognized by plant LysM-RLK. The AtCERK1 ECD adopts a globular conformation, with three
tightly packed LysM domains. Each LysM portrays the canonical Baof fold that is a conserved
feature of LysM domains. The two B strands form an antiparallel B-sheet. The chitin pentamer was
observed to bind specifically to the second LysM domain (LysM2), with no conformational
changes occurring upon chitin binding. Electron density maps revealed that four of the five GIcNAc
residues are anchored within a shallow groove of LysM2 via hydrogen bonds and van der Waals

interactions, with specific recognition for the N-acetyl/ moieties of GIcNAc (Liu et al., 2012).

In 2013, Sanchez-Vallet et al. investigated the structural basis of chitin recognition by the
LysM effector Ecp6 from the fungal pathogen Cladosporium fulvum (Sanchez-Vallet et al., 2013).
Their findings revealed that chitin binding in Ecp6 occurs through intrachain dimerization of its
LysM domains, which creates a novel chitin-binding groove. The Ecp6 protein contains three LysM
domains (LysM1-LysM3), each exhibiting the characteristic Baaf fold that defines the LysM
structural family. Interestingly, despite crystallization in the absence of chitin, electron density
maps unexpectedly revealed a bound chitin tetramer positioned within a large interdomain groove
formed between LysM1 and LysM3. This configuration brings together the two domains to create
a deeply embedded chitin-binding site. The tetramer is almost entirely buried within the groove
and stabilized by multiple noncovalent interactions, including extensive hydrogen bonding. This
unique binding mode represents a previously uncharacterized LysM-mediated carbohydrate

recognition mechanism.

In 2016, Liu et al. further advanced our understanding of LysM—chitin interactions by
solving the crystal structure of the ECD of OsCEBIiP, both free and bound to chitin (Liu et al.,
2016). Like AtCERK1, the three LysM domains of OsCEBIP are tightly packed together and each
adopts the conserved Paaf fold. Notably, their analysis showed that chitin binding was restricted
to the LysM2. Electron density maps showed that three of the four GIcNAc residues in the chitin
tetramer were resolved, appearing to be sandwiched between two surface loops of LysM2,

stabilized by a network of hydrogen bonds and van der Waals interactions. These findings support
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a conserved mechanism for oligomeric GIcNAc recognition by LysM-containing proteins and

highlight amino acid conservation at key ligand-binding sites

LysM domains are not limited to recognizing chitin; they also exhibit binding affinity for
PGN, a key component of bacterial cell walls. A notable example is the multimodular LysM
domain from AtIA, an autolysin produced by Enterococcus faecalis (Mesnage et al., 2014).
Structural studies of this bacterial protein have elucidated the molecular basis of LysM—PGN
interactions. Specifically, the LysM domain was shown to recognize GIcNAc—X—GIcNAc¢ motifs,
where X can be either another GIcNAc or MurNAc. The study further demonstrated that ligand
specificity, such as the ability to distinguish between PGN, chitin, and Nod factors, is influenced
not only by carbohydrate composition but also by the surrounding secondary structure of the LysM

domain.

In summary, these findings suggest that subtle structural adaptations within the LysM
scaffold contribute to its functional diversity, enabling selective recognition of chemically similar

glycans across diverse biological contexts.
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Figure 1.5 Structure of the AtCERK1 ECD presented in ribbon form in two orientations.
Each LysM domain was presented as faaf fold and colored differently. PDB for AtCERK1
is 4EBZ. Illustration is from (Liu et al., 2012).

1.8 Origin and evolution of LysM receptors

The advancement of sequencing technology has opened new avenues for evolutionary
research, providing valuable insights from genome sequences. Comparative genomics and
phylogenomics have shed light on the evolution of PRRs. In the case of LysM receptors, multiple
studies have proposed different origins. Ngou et al. (2024) proposed that the LysM-RLKs
originated from the last common ancestor of land plants, whereas LysM-RLPs have emerged earlier
during the evolution of Archaeplastida (Ngou et al., 2024). However, a previous study showed that
the streptophyte algae Chara braunii encodes LysM receptors, referred to as CbLYKs (Nishiyama
et al., 2018) . This observation has led to the hypothesis that the last common ancestor of land
plants was already equipped with a LysM receptor, which may have originated from a streptophyte

algae LysM receptor (Delaux et al., 2015; Delaux & Schornack, 2021).
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Scope of thesis

Plant-microbe interactions have played a crucial role in the evolution and stability of
terrestrial ecosystems for over 450 million years, influencing both plant physiology and ecological
dynamics. These interactions include mutualistic symbioses, such as those formed with nitrogen-
fixing bacteria and mycorrhizal fungi, as well as pathogenic relationships that have driven the
evolution of plant defense mechanisms. Despite extensive research on land plants, significant gaps
remain in our understanding of the origin, diversification, and functional roles of LysM receptors

in the plant-microbe interactions within streptophyte algae.
This dissertation aims to address the following key questions:

1. What is the evolutionary origin of plant LysM receptors, and what was their ancestral role?
2. What is the functional role of LysM-RLKSs in streptophyte algae?
3. How did LysM receptors diversify and evolve functionally to assume essential roles in

plant—microbe interactions in land plants?

By integrating phylogenetic, transcriptomic, proteomic, and biochemical analyses, this dissertation

provides an evolutionary perspective on LysM-mediated signaling across the plant lineage.
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2. Result

2.1 Plant LysM receptors originated in the last common ancestor (LCA) of Charophyceae,
Zygnematophyceae, and land plants

Previous studies have discussed the origin of plant LysM-RLKs and LysM-RLPs (Delaux
et al., 2015; Ngou et al., 2024; Yotsui et al., 2023). However, the available information remains
fragmented, making it difficult to trace the origin of LysM-RLKs/RLPs. To address this, I analyzed
publicly available genome and transcriptome datasets from thirty species spanning rhodophytes,
chlorophytes, streptophyte algae, bryophytes, and tracheophytes. The datasets comprised one
rhodophytes (Chondrus crispus), two chlorophytes (Volvox carteri and Chlamydomonas
reinhardtii), twelve streptophyte algae (Chlorokybus atmophyticus, Mesostigma viride, Nitella
mirabilis, Klebsormidium nitens, Chara braunii, Penium margaritaceum, Spirogyra pratensis,
Mougeotia sp., Zygnema circumcarinatum, Mesotaenium endlicherianum, Mougeotiopsis
calospora, and Spirogloea muscicola), and fifteen land plants. The land plant set includes two
mosses (Sphagnum fallax and Physcomitrium patens), two liverworts (Ricciocarpos natans and
Marchantia polymorpha), two hornworts (Anthoceros punctatus and Anthoceros agrestis), one
lycophyte (Selaginella moellendorffii), and eight spermatophytes comprising gymnosperms and
angiosperms (A4zolla filiculoides, Amborella trichopoda, Oryza sativa, Cuscuta campestris,
Cuscuta australis, Arabidopsis thaliana, Lotus japonicus, and Medicago truncatula). The surveyed
species were illustrated in a cladogram depicting their species-level evolutionary relationship.
(Figure 2.1 A). LysM-receptors were defined according to the following criteria. First, they must
contain three LysM domains, each linked by two cysteine residues flanked by variable amino acids,
forming the characteristic CXC motif. Second, LysM-RLKSs must possess a transmembrane domain

and an intercellular kinase domain.

Consistent with previous reports, all land plants analyzed in this study were found to encode
LysM-RLKs. In contrast, no LysM-RLKs were identified in rhodophytes, commonly known as red
algae, or chlorophytes. Among streptophyte algae, the presence of LysM-RLKs varied, with some
species encoding them while others did not (Figure 2.1 A). Members of Charophyceae, including
C. braunii and N. mirabilis, were found to encode LysM-RLKs. Within Zygnematophyceae, the
closest algal sister lineage to land plants, only a few species encoded LysM-RLKs, including S.
pratensis and Mougeotia sp. (Figure 2.1 A). LysM proteins with CXC motifs were also identified

in M. endlicherianum and M. calospora; however, these proteins lacked an entire intracellular
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kinase domain, indicating that they do not qualify as true or functional LysM-RLKs (Figure 2.1
A).

To investigate the phylogenetic relationships among LysM receptors, a phylogenetic tree
was constructed using the ECDs of LysM receptors. Consistent with previous reports, ECDs of
LysM receptors from land plants clustered into four major groups: LYKa, LYKb, LYR, and LYP.
Interestingly, the ECDs of streptophyte algae LysM-RLKs did not form a single monophyletic
group but were instead distributed across several distinct clades (Figure 2.2 B). The ECD of LysM
receptors is characterized by the conserved CXC motif, and alignment analysis of the LysM ECDs
of streptophyte algae LysM-RLKs, compared with representative ECDs from land plant LysM-
RLKs, revealed a high level of conservation in this motif, similar to that observed in land plants
(Figure 2.1 C). Collectively, these data suggest that LysM receptors evolved from a common
ancestor shared by Charophyceae, Zygnematophyceae, and land plants, and may have been lost in
certain species of streptophyte algae. The loss of LysM receptors in certain species may reflect

adaptations to specific environmental habitats.
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Figure 2.1 Origin and evolution of LysM-RLKs.

(A) LysM-RLKs in thirty species ranging from rhodophytes, chlorophytes, streptophyte algae and
land plants. (B) Unroot phylogenetic tree of the ECD of LysM receptors showing that land plants
ECD of (gray) were clustered into four major clades and LysM streptophyte algae ECDs (blue)
were clustered into several distinct clades. Tree scale = 0.5 (C) The architecture of the LysM ECDs
in representative streptophyte algae, compared with land plants LysM ECDs represented by
AtCERK1 (4. thaliana) and MpLYKI1 (M. polymorpha) shows a conserved CXC motif in the
sequence alignment.

2.2 Features of LysM-RLK in Charophyceae C. braunii and Zygnematophyceae S. pratensis

A previous study identified seven LysM-RLKs in C. braunii, designated as CbLYKs
(Nishiyama et al., 2018). In addition, the single LysM-RLK was found in S. pratensis, referred to
as SpLYK (unpublished, full-length coding-sequence (CDS) information provided by Prof. Dr. Jan
de Vries, Georg-August-University Goettingen). This study focuses on characterizing the functions
of LysM-RLKs from both species. All seven LysM-RLKs identified in C. braunii and SpLYK
contain the conserved CXC motif (Figure 2.2 A).

A detailed assessment of the kinase domain showed that only CbLYK1 and SpLYK contain
an unmodified glycine-rich P-loop (GXGXF or GXGXYG motif), a catalytic loop with the HRD
motif, and a magnesium-binding DFG motif (Figure 2.2 B). The kinase domains of other LYKSs in
C. braunii are defective in at least one of these features, suggesting they may have limited or no
kinase activity; however, the possibility of residual activity cannot be excluded. Based on these
findings, CbLYK1 and SpLYK were selected for further characterization due to their potential
kinase activities and their ability to activate downstream signaling events. First, we generated
transgenic M. polymorpha lines overexpressing CbLYK1 and SpLYK. CbLYK1 and SpLYK were
fused to mCitrine at the C-terminus and expressed under the constitutive MpEFla promoter.
However, in the transgenic lines, the fluorescence of both CbLYK1- and SpLYK-mCitrine fusion
proteins could not be detected by confocal microscopy. A key feature of LysM-RLKs is their
localization to the plasma membrane. The lack of detectable fluorescence raised questions about
the potential incompatibility of the signal peptides and whether the fusion proteins can localize at
the plasma membrane in the heterologous system. To investigate whether charophyte LysM-RLKs
contain signal peptide sequences indicative of the plasma membrane localization, I analyzed their
sequences using SignalP 6.0 (Teufel et al., 2022). Based on published annotations, only CbLYK3
and CbLYK®6 were predicted to contain signal peptides (Figure 2.2A). However, I observed that
the remaining LysM-RLKs possess atypical N-terminal extensions. Therefore, I hypothesized that
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the original annotations may have misidentified the translation start codons. To address this, I
searched for downstream methionine residues that could serve as alternative start sites. As a result,
alternative start codons were identified for CbLYK1, CbLYK4, and CbLYK?7, leading to the
prediction of signal peptides in these proteins as well (Figure 2.2A). Besides, SpLYK was predicted
to contain a signal peptide (Figure 2.2 A). These findings support the potential for CbLYKI1,
CbLYK3, CbLYK4, CbLYK6, CbLYK?7, and SpLYK to function as receptors at the plasma

membrane.

To investigate the subcellular localization of CbLYKI, with the alternative start codon
predicting a signal peptide, and SpLYK, I transiently expressed them in Nicotiana benthamiana
leaves via Agrobacterium-mediated infiltration. CbLYKI1 and SpLYK were fused to green
fluorescent protein (GFP) at their C-termini and expressed under -estradiol-inducible CaM V35S
promoter. This time, I observed fluorescence from the CbLYKI1-GFP fusion protein, which
localized to the plasma membrane in N. benthamiana leaf cells (Figure 2.2 C). In contrast, no
fluorescence signal was detected for the SpLYK-GFP fusion protein, consistent with our previous
observation in M. polymorpha. I hypothesized that the absence of fluorescence from SpLYK-GFP
may result from incompatibility between its native signal peptide and the N. benthamiana cellular
machinery. To test this, I generated a modified version of SpLYK in which its native signal peptide
was replaced with the signal peptide from MpLYKI1. This chimeric construct named mSpLYK,
was expressed under the same promoter and fused to GFP at the C-terminus. Interestingly,
expression of mSpLYK in N. benthamiana resulted in GFP fluorescence at the plasma membrane
(Figure 2.2C). These results suggest that while CbLYK1 1is efficiently targeted to the plasma
membrane, the native signal peptide of SpLYK may prevent proper translation or localization in
N. benthamiana and M. polymorpha. For simplicity, the modified CbLYK1 and SpLYK constructs

retained their original names and were used in subsequent analyses.
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Figure 2.2 LysM-RLKSs in Charophyceae C. braunii and Zygnematophyceae S. pratensis.
(A) Schematic representation of C. braunii LysM-RLKs CbLYK1, CbLYK2, CbLYK3, CbLYKA4,
CbLYKS, CbLYK®6, CbLYK?7 and S. pratensis SpLYK. The protein lengths and predicted signal
peptide, determined by SignalP 6.0, for both the original annotations and alternative start codons
are shown. (B) Alignment of the kinase domain of CbLYK1-CbLYK?7 and SpLYK. The glycine-
rich P-loop, catalytic loop, and Mg-binding loop are indicated. Only CbLYK1 and SpLYK retain
an unmodified P-loop, HRD motif, and DFG motif, with the relevant amino acids highlighted in
black boxes. (C) Subcellular localization of CbLYK1 and SpLYK in N. benthamiana. Scale bar:
20 um.

2.3 LysM ECDs exhibit structural conservation, including the chitin-binding groove in
LysM2

Structural analyses have demonstrated that chitin binds directly to the second LysM domain
(LysM2) of AtCERK1 (Liuetal.,2012). Based on the knowledge, I used AlphaFold2 to investigate
the structural conservation of the ECDs of LysM receptors across different plant lineages. I have
predicted structures of M. polymorpha MpLYK1 and MpLYR, both of which are genetically
required for chitin-induced responses (Yotsui et al., 2023), A. thaliana AtLYKS, C. braunii
CbLYKI1, and S. pratensis SpLYK. Structural comparisons were conducted against the crystal
structure of the AtCERK1 ECD (PDB: 4EBZ).

In-silico analysis showed that all predicted ECDs adopt the conserved Baof fold in each
LysM domain (Figure 2.3 A, Supplemental Figure 1), consistent with previously reported
structures. As previously observed in AtCERKI, chitin binding occurs in the LysM2. Manual
modelling of chitin into the predicted structures of AtLYKS, MpLYKI1, MpLYR, CbLYK1, and
SpLYK revealed a conserved shallow binding groove in the LysM2, resembling the known chitin-
binding interface of AtCERKI1 (Figure 2.3 B). Comparison of the chitin-binding interface of
LysM2 between AtCERK1 and the other LysM-RLKs showed high similarities in Region A and
Region B, although slight variations were observed in Region B of AtLYKS (Figure 2.3 C). In
Region A, despite minor differences in amino acid sequence alignment, the position of conserved
residues within the secondary structure was maintained (Figure 2.3 C). In Region B, hydrophobic
residues such as valine, leucine, and isoleucine are conserved, potentially mediating interactions
with the chitin molecule (Figure 2.3 D and E). Moreover, the manual modelling analysis indicated
possible hydrogen bonds between chitin and residues in the LysM2 binding groove in AtLYKS,
MpLYKI1, MpLYR, CbLYK1, and SpLYK (Figure 2.3 E). Overall, these structural models suggest

a high structural conservation of LysM ECDs across 4. thaliana, streptophyte algae, and M.
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polymorpha. The presence of the chitin-binding groove further suggests the potential of charophyte
LysM-RLKs to bind chitin.
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Figure 2.3 Structures of LysM ECDs predicted by AlphaFold2 and modeling of potential
chitin-binding groove within LysM2 domain.

(A) Structural superposition of the LysM ECDs of AtCERK1, AtLYKS, MpLYKI1, MpLYR,
CbLYKI, and SpLYK with the corresponding RMSD values indicated. (B) The presence of the
chitin-binding groove in the LysM2 domain of the AtcERK1 ECD (PDB:4EBZ) was revealed by
(Liu et al., 2012). Manual modelling of the chitin molecule was performed on AlphaFold2 models
of AtLYKS, MpLYKI1, MpLYR, CbLYKI, and SpLYK. The chitin-binding groove was
highlighted in different colors for identification. Structures are shown in surface form. (C) Close-
up representation of the structural superposition of all the LysM domains, focused on the chitin-
binding groove at the LysM2 domain, with Region A and Region B indicated. The colors
corresponding to each ECD are also indicated. (D) Sequence alignment of the LysM2 domain with
the chitin-binding groove of Region A and Region B is highlighted in red boxes. (E) Potential
hydrogen bonds (shown in yellow) between chitin (bicolor red/green stick) and the LysM ECDs of
AtLYKS, MpLYK1, MpLYR, CbLYKI1, and SpLYK. Amino acids that are potentially involved in
hydrogen bond formation are labeled for each protein and were highlighted with black boxes in
panel D.

2.4 ECDs of LysM receptor homologs from bryophytes and algae exhibit chitin-binding
activity in vitro

To evaluate the chitin-binding capacity of LysM receptor ECDs, I performed a microscale
thermophoresis (MST) binding assay. Chitin heptamer, a long-chain chitin that functions as
MAMP, was used as a ligand. I prepared histidine-tagged ECDs of LysM receptors, M. polymorpha
MpLYKI1 and MpLYR, C. braunii CbLYKI, and S. pratensis SpLYK, along with A4. thaliana
AtCERKI1 and AtLYKS as positive controls (Liu et al., 2012; Cao et al., 2014). Recombinant
proteins were expressed in insect cells, purified, and fluorescently labeled prior to MST analysis
(Figure 2.4 A). Binding was assessed using increasing concentrations of chitin heptamer, and
dissociation constants (Kd) were calculated from the binding curves. All tested ECDs exhibited
chitin-binding activity, although with varying affinities. The observed Kd ranged widely: 154 uM
+ 90 uM for AtCERK1, 208 pM =+ 60 uM for AtLYKS, 626 uM + 801 uM for MpLYK1, 395 uM
+291 uM for MpLYR, 290 uM + 300 uM for CbLYK1, and 939 uM + 400 uM for SpLYK (Figure
2.4 B to G). Consistent with previous reports, the positive controls AtCERK1 and AtLYKS
displayed chitin-binding activity. These data suggest that the ECDs of LysM receptor homologs
from bryophytes and streptophyte algae can directly bind chitin, and the observed differences in
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affinity may be attributed to variations in amino acids residue within the chitin-binding groove in

LysM2.
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Figure 2.4 LysM ECDs purified from insect cells and MST binding curves.

(A) SDS-PAGE gel images showing the purified ECDs of AtCERKI1, AtLYKS, MpLYKI,
MpLYR, CbLYKI, and SpLYK purified from insect cell expression, along with the protein
fractions used for the MST assay. (B) Binding curve of the AtCERK1 ECD with chitin heptamer
obtained by MST, used to calculate the Kd value, Kd value was 154 + 90 uM. (C) Binding curve
of the AtLYKS ECD with chitin heptamer obtained by MST, used to calculate the Kd value, Kd
value was 208 + 60 uM. (D) Binding curve of the MpLYK1 ECD with chitin heptamer obtained by
MST, used to calculate the Kd value, Kd value was 626+ 801 uM. (E) Binding curve of the
MpLYR ECD with chitin heptamer obtained by MST, used to calculate the Kd value, Kd value
was 395 £ 291 uM. (F) Binding curve of the CbLYK 1 ECD with chitin heptamer obtained by MST,
used to calculate the Kd value, Kd value was 290 £ 300 uM. (G) Binding curve of the SpLYK
ECD with chitin heptamer obtained by MST, used to calculate the Kd value, Kd value was
939+ 400 uM. The change in fluorescence in a thermal gradient (AAFn) as a function of ligand
concentration are plotted for each LysM ECD. The MST experiment were performed three times
(n=3, error bars indicate SD).

2.5 Chitin bead pull-down from protein extracts, followed by mass-spectrometry (MS),
identified LysM receptor homologs in land plants but not in algae

To confirm the chitin-binding activity of the LysM ECDs observed in the MST analysis, |
performed an affinity pull-down assay followed by MS. Chitin beads containing long-chain chitin
polymers were used to selectively enrich chitin-binding proteins from total protein extracts.
Affinity pull-downs were carried out using total protein extracts from 4. thaliana, M. polymorpha,
S. pratensis, and M. endlicherianum. Chara braunii was excluded from this analysis due to the
difficulty of obtaining sufficient tissue for total protein extraction, whereas M. endlicherianum was
included because of the potential presence of a truncated LysM receptor. In A. thaliana, MS
analysis identified known chitin-binding LysM receptors, including AtCERKI1, AtLYKS,
AtLYK4, and AtLYM2, thereby confirming the validity of the assay (Figure 2.5 A). In M.
polymorpha, MpLYR and MpLYP were identified, whereas MpLYK1 was not (Figure 2.5 B).
Meanwhile, SpLYK was not recovered from the S. pratensis extract, and no LysM receptor
homologs were identified in the M. endlicherianum extract (Figure 2.5 C and D). The successful
identification of known LysM receptors in A. thaliana demonstrated the robustness of the chitin
bead pull-down MS approach for studying LysM receptors in plants. The absence of MpLYK1 and

SpLYK in the pull-down assay is likely due to either low protein abundance in the total extracts or
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relatively weak chitin-binding affinity (Figure 2.4 D and G), which may have limited their

enrichment by chitin beads.
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Figure 2.5 LysM receptors identified by chitin bead pull-down followed by MS analysis in
A. thaliana, M. polymorpha, S. pratensis, and M. endlicherianum.

(A) Proteins significantly enriched by chitin bead pull-down in A. thaliana are labeled in blue.
Three biological replicates were used for analysis. (B) Proteins significantly enriched by chitin
bead pull-down in M. polymorpha are labeled in blue. Three biological replicates were used for
analysis. (C) Proteins significantly enriched by chitin bead pull-down in S. pratensis were labeled
in blue. Three biological replicates were used for analysis. (D) Proteins significantly enriched by
chitin bead pull-down in M. endlicherianum were labeled with blue. Two biological replicates were
used for analysis.

2.6 Charophyceae C. braunii and Zygnematophyceae S. pratensis do not respond to chitin

Previous studies have demonstrated that a wide range of land plants recognize chitin via
LysM receptors, triggering immune responses such as ROS burst and transcriptional
reprogramming. To investigate whether streptophyte algae can sense chitin, I treated C. braunii
and S. pratensis with chitin heptamer and monitored their responses. First, I measured ROS
production following chitin exposure. As a positive control M. polymorpha Tak-1, exhibited a clear
ROS burst following chitin treatment. In contrast, neither C. braunii nor S. pratensis showed
detectable ROS production under the tested conditions (Figure 2.6 A and 2.6 C). Next, I performed
RNA sequencing analysis to assess transcriptional responses. Chara braunii was treated with chitin
heptamer or mock for one hour (with the help of Prof. Keiko Sakakibara at Rikkyo University),
while S. pratensis was treated for one, three, and twenty-four hours. Principal component analysis
(PCA) of global gene expression profiles did not separate chitin-treated samples from mock-treated
samples (Figure 2.6 B and 2.6 D). Furthermore, no differentially expressed genes (DEGs) were
detected between chitin and mock treatments in either species. These results indicate that chitin
does not induce transcriptional reprogramming in these algal species. Taken together, these data
suggest that C. braunii and S. pratensis may not recognize chitin to activate downstream signaling,

despite encoding LysM-RLKs in their genomes whose ECDs exhibit chitin-binding activity.
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Figure 2.6 Response of C. braunii and S. pratensis to chitin treatment.

(A) ROS measurement of C. braunii treated with mock, 100 uM chitin heptamer, or 200 uM chitin
heptamer. Measurements were performed at least two times. (B) PCA of RNA-sequencing data
from C. braunii treated with mock and 1 pM chitin heptamer. Data were from four biological
replicates. (C) ROS measurement of S. pratensis treated with mock, or 1 uM chitin heptamer.
Seven-day-old M. polymorpha Tak-1 gemmae were used as a positive control. Measurements were
performed at least two times. D PCA of RNA-sequencing data from S. pratensis treated with mock
or 1 uM chitin heptamer. Data were from three biological replicates.

2.7 Species-specific LysM ECD is required for a chitin response in M. polymorpha

A previous study showed that MpLYK1 is required for chitin-induced responses, as Mplyk!
mutants fail to trigger a ROS burst upon chitin treatment (Yotsui et al., 2023). To assess the chitin-
sensing capabilities of ECDs from different species in the context of chitin-induced responses, I
employed a trans-species domain-swapping complementation approach in Mplykl. A full-length
trans-species complementation, which includes the intracellular kinase domain, was not performed
because the downstream signaling targets of the kinase domain are likely to be species-specific. |
generated chimera constructs by replacing the ECD of MpLYK1 with that of AtCERK1, CbLYK1,
or SpLYK, and fused each to mCitrine at their C-terminus. (Figure 2.7 A). These chimeric proteins
were expressed under the constitutive MpEF 1o promoter. Confocal microscopy confirmed that all
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domain-swapped fusion proteins were expressed and correctly localized to the plasma membrane,
similar to MpLYK1-mCitrine (Figure 2.7 B). For ROS burst measurements, wild-type Tak-1 was
used as a positive control. The expression of MpLYK1-mCitrine in the Mp/yk/ restored the chitin-
induced ROS burst (Figure 2.7 C). In contrast, the transgenic plants expressing the chimeric
receptors did not exhibit a ROS burst in response to chitin treatment (Figure 2.7 C). These results
indicate that, although -chitin-binding ability may be conserved, replacing the MpLYKI1
ectodomain with those from other species is insufficient to restore downstream immune signaling,

suggesting that species-specific LysM receptor complex is critical in M. polymorpha.
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Figure 2.7 ECD domain-swapped, trans-species complementation of LysM-RLKSs into M.
polymorpha lykl mutant

(A) Schematic representation of the domain replacement constructs. (B) Plasma membrane
localization of chimera receptors in M. polymorpha. Confocal microscopy images for MpLYK1-
mCitrine, AtCERK1 ECD-MpLYKI1 KD-mCitrine chimera, CbLYK1 ECD-MpLYKI1 KD-
mCitrine chimera, and SpLYK ECD-MpLYKI1 KD-mCitrine. Scale bars, 20 pum. (C) ROS
production in M. polymorpha upon mock or 1uM chitin heptamer treatment. Seven-day-old
gemmae were used. The experiment was repeated twice with similar results.

2.8 Role of chitin in homodimerization and heterodimerization of M. polymorpha LysM
receptors

In A. thaliana, the LysM receptors AtCERK1 and AtLYKS are known to form heterodimer,
and a similar interaction occurs between MpaCERK 1 and MpaLYR in M. paleacea. Given that the
domain-swapped chimera complementation lines containing ECDs from AtCERK 1, CbLYK1, and
SpLYK failed to restore the chitin-induced ROS burst, it is possible that heterodimer formation

between the LysM receptors was impaired.

To test this possibility, I first examined whether MpLYKI1 and MpLYR form a
heterodimeric complex in planta and whether this interaction is chitin-inducible. Forster resonance
energy transfer—fluorescence lifetime imaging (FRET-FLIM) experiment was employed to assess
their interaction. MpLYK1 was fused to mCherry at the C-terminus, and MpLYR was fused to
GFP at the C-terminus. These fusion proteins were expressed in N. benthamiana leaves via
Agrobacterium-mediated transformation, and FRET-FLIM measurements were taken one- or two-
days post-infiltration. Both proteins localized to the plasma membrane (Figure 2.8A). Firstly, the
fluorescence lifetime (1) of MpLYR-GFP alone, used as a negative control, was measured under
mock and chitin-treated conditions, showing no significant difference (Figure 2.8 B). Co-
expression with MpLYK1-mCherry resulted in a reduced lifetime of MpLYR-GFP under mock
conditions, which was further reduced upon chitin treatment (Figure 2.8 B). These results indicate
that MpLYK1 and MpLYR can form a complex at the plasma membrane, and that their interaction

is enhanced in the presence of chitin.

Previous studies have demonstrated that both AtCERK1 and AtLYKS can homodimerize
in addition to forming heterodimers (Petutschnig et al., 2024). Therefore, I investigated whether
MpLYK1 and MpLYR are also able to homodimerize. I performed FRET-FLIM measurements
under the following combinations: MpLYKI1-GFP donor alone, MpLYR-GFP donor alone,
MpLYKI1-GFP donor co-expressed with MpLYKI1-mCherry acceptor (to assess MpLYKI1
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homodimerization), and MpLYR-GFP co-expressed with MpLYR-mCherry acceptor (to assess
MpLYR homodimerization). Measurements were conducted under both mock- and chitin-treated
conditions. For MpLYK1-GFP, co-expression with MpLYK1-mCherry led to a reduced GFP
fluorescence lifetime, indicating homodimerization; however, no significant difference was
observed between the mock and chitin treatments (Figure 2.8 C). For MpLYR-GFP, co-expression
with MpLYR-mCherry also resulted in reduced GFP fluorescence lifetime, and this reduction was
further enhanced upon chitin treatment, indicating that MpLYR homodimerization is promoted by
chitin (Figure 2.8 D). To conclude, the LysM receptors complex in M. polymorpha may consist of
a least an MpLYK1 homodimer and an MpLYR homodimer, which could assemble into a higher-

order oligomer complex upon chitin perception.

Next, [ examined whether the chimeric LYKSs can properly form a complex with MpLYR
using FRET-FLIM analysis. Using MpLYR-GFP as the donor, GFP fluorescence lifetime was
measured in the presence of MpLYKI1-mCherry or chimeric receptors containing the ECDs of
AtCERKI, SpLYK, or CbLYK1 fused to mCherry. Co-expression of MpLYR-GFP with MpLYK-
mCherry resulted in a clear reduction in fluorescence lifetime, consistent with previous results. By
contrast, co-expression with the domain-swapped chimeras resulted in a less pronounced reduction
in fluorescence lifetime (Figure 2.8 E). Notably, expression of the SpLYK ECD chimera induced
lesions in N. benthamiana, which interfered with FRET-FLIM measurements. As a result, only a

single replicate of measurement could be obtained (Supplemental Figure 2).

These results indicate that proper pairing of ECDs is critical for stable receptor—co-receptor
complex formation, potentially explaining why chimeric receptors failed to restore MpLYK1

function in M. polymorpha (Figure 2.7 C).
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Figure 2.8 Multimer formation of MpLYK1, MpLYR, and the chimeric receptors in /V.
benthamiana.

(A) Subcellular localization of transiently expressed MpLYK1 and MpLYR at the plasma
membrane in N. benthamiana leaf cells. (B) FRET-FLIM analysis of MpLYR-GFP and MpLYK1
m-Cherry expressed in N. benthamiana. The graph shows the fluorescence lifetime of the donor
alone or with the acceptor, under mock (water) or 10 uM chitin heptamer treatment. The significant
reduction in the donor's lifetime in the presence of the acceptor indicates energy transfer and
physical interaction. Dots represent the values of each datapoint, N > 45. Statistical analysis was
calculated by the Kruskal-Wallis test followed by Dunn’s test. Significant differences are indicated
by p-value, while ‘ns’ indicated non-significant differences. Experiments were performed in three
independent replicates. (C) FRET-FLIM analysis of MpLYK1-GFP and MpLYKI1-mCherry in N.
benthamiana. The graph illustrates the fluorescence lifetime of the donor alone or with the
acceptor, under mock (water) or 10 uM chitin heptamer treatment. The significant reduction in the
donor's lifetime with the acceptor demonstrates energy transfer and physical interaction. Dots
represent values of each datapoint, N > 45. Statistical analysis was calculated by the Kruskal-Wallis
test followed by Dunn’s test. Significant differences are indicated by p-value, while ‘ns’ indicated
non-significant differences. Experiments were performed in three independent replicates. (D)
FRET-FLIM analysis of MpLYR-GFP and MpLYR-mCherry in N. benthamiana. The graph
illustrates the fluorescence lifetime of the donor alone or with the acceptor, under mock (water) or
10 uM chitin heptamer treatment. The significant reduction in the donor's lifetime with the acceptor
demonstrates energy transfer and physical interaction. Dots represent values of each datapoint, N
> 45. Statistical analysis was calculated by the Kruskal-Wallis test followed by Dunn’s test.
Significant differences are indicated by p-value, while ‘ns’ indicated non-significant differences.
Experiments were performed in three independent replicates. (E) FRET-FLIM analysis of
MpLYR-GFP and the domain-swapped chimera receptors. The graph displays the fluorescence
lifetime of the donor alone or with the acceptor. The significant reduction in the donor's lifetime
with the acceptor confirms energy transfer and physical interaction. Dots represent the values of
each datapoint. Statistical analysis was calculated by one-way ANOVA followed by Tukey HSD
test. Significant differences are indicated by different letters (adjusted P < 0.05). Experiments were
performed in two independent replicates, except for the MpLYR-GFP and SpLYK ECD-
MpLYK1 KD-mCherry pair.

2.9 CbLYKI1 and SpLYK form homodimers, but are not induced by chitin

Previous studies have suggested that the formation of homo- and heterodimer formation of
LysM receptors is crucial for their activation and signal transduction. To assess whether this
property is conserved in charophyte LysM-RLKs, I examined the homodimerization potential of
C. braunii CbLYK1 and S. pratensis SpLYK using FRET-FLIM. GFP fluorescence lifetimes were
measured for CbLYKI1-GFP expressed alone or co-expressed with CbLYK1-mCherry, and for
SpLYK-GFP expressed alone or co-expressed with SpLYK-mCherry. Measurements were
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conducted under both mock- and chitin-treated conditions. For CbLYK1-GFP, co-expression with
CbLYKI-mCherry led to a reduction in GFP fluorescence lifetime, indicating homodimer
formation. However, the extent of lifetime reduction was not significantly different between mock-
and chitin-treated samples (Figure 2.9A). A similar pattern was observed for SpLYK-GFP, where
co-expression with SpLYK-mCherry led to a modest reduction in GFP fluorescence lifetime that
was likewise unaffected by chitin treatment (Figure 2.9 B). These results suggest that CbLYK1 and
SpLYK can form homodimers in vivo. However, as observed for MpLYKI, their
homodimerization is not enhanced by chitin treatment. The absence of LYR-type or LYP-type
LysM receptors may hinder the assembly of a chitin-induced oligomeric formation. Taken
together, these findings suggest that chitin-induced complex formation is a feature that evolved
specifically within land plant lineages. An alternative, and not mutually exclusive, hypothesis is

that chitin is not the activating ligand for CbLYK1 and SpLYK.
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Figure 2.9 CbLYK1 and SpLYK can homodimerize, which is not enhanced by chitin
treatment.

(A) FRET-FLIM analysis of CbLYK1-GFP and CbLYK1-mCherry expressed in N. benthamiana.
The graph shows the fluorescence lifetime of the donor alone or with the acceptor, under mock
(water) or uM chitin heptamer treatment. The significant reduction in donor lifetime in the presence
of the acceptor indicates energy transfer and physical interaction. Dots represent values of each
datapoint, N > 45. Statistical analysis was calculated by the Kruskal-Wallis test followed by Dunn’s
test. Significant differences are indicated by p-value, while ‘ns’ indicated non-significant
differences. Experiments were performed in three independent replicates. (B) FRET-FLIM analysis
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of SpLYK-GFP and SpLYK m-Cherry expressed in N. benthamiana. The graph shows the
fluorescence lifetime of the donor alone or with the acceptor, under mock (water) or 10 uM chitin
heptamer treatment. The significant reduction in donor lifetime in the presence of the acceptor
indicates energy transfer and physical interaction. Dots represent values of each datapoint, N > 45.
Statistical analysis was calculated by the Kruskal-Wallis test followed by Dunn’s test. Significant
differences are indicated by p-value, while ‘ns’ indicated non-significant. Experiments were
performed in three independent replicates.

2.10 SpLYK was not detected in the plasma membrane-enriched fraction of S. pratensis

The SpLYK protein could not be heterologously expressed either in M. polymorpha or N.
benthamiana using its native signal peptide sequence. Moreover, chitin beads failed to pull-down
SpLYK from the protein extract of S. pratensis (Figure 2.5 C). To further investigate the expression
status of SpLYK in S. pratensis, 1 enriched the plasma membrane fraction and analyzed the
proteome using MS approach. As a result, I did not identify SpLYK from the plasma membrane-
enriched fraction or in other fractions. Of note, MpLYK 1, MpLYK2, MpLYR, and MpLYP of M.
polymorpha were identified from fractionated or non-fractionated samples using similar conditions
(Supplemental table 1). These results suggest that SpLYK is either expressed at very low levels,
not translated, or not targeted to the plasma membrane in S. pratensis. This could be an alternative

reason why chitin does not trigger responses in S. pratensis.
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3. Discussion

LysM-RLKs are PRRs that play pivotal roles in PTT in land plants. Extensive studies have
demonstrated their function in recognizing MAMPs and initiating downstream immune signaling
pathways in land plants. Streptophyte algae, the closest living relatives of land plants, offer a
valuable evolutionary context for tracing the origins of the plant immune mechanisms. With recent
advances in genome sequencing, LysM-RLK homologs have been identified in multiple
streptophyte algae species. However, their functional roles remain unknown. In this study, I
investigated the molecular properties and potential signaling functions of LysM-RLKs in two
streptophyte algae: the Charophyceae C. braunii and the Zygnematophyceae S. pratensis. Through
this analysis, I provided new insights into the origin and function of LysM receptors, revealing
aspects of their ancestral functions and highlighting key divergences that may have contributed to

the emergence of PTI in land plants.

3.1 The origin and emergence of LysM-RLK

LysM-RLKs are characterized by three tandem repeats of the LysM domain connected by
CXC motif. It is worth noting that LysM domain-containing proteins are prevalent across all
kingdoms of life; however, LysM-RLKs with the specific domain-motif features described appear
to be unique to Streptophyta (Buendia et al., 2018; Zhang et al., 2007). Genome analyses indicated
that LysM-RLKs are absent in certain early-diverging streptophyte algae lineages with sequenced
genomes, including members of Mesostigmatophyceae, Chlorokybophyceae, and
Klebsormidiophyceae. The presence of LysM-RLK-encoding genes in the Charophyceae C.
braunii and Zygnematophyceae S. pratensis, suggested that the plant LysM receptors originated
from the last common ancestor of Charophyceae, Zygnematophyceae, and land plants (Figure 2.1

A).

Phylogenetic analysis of LysM ECDs revealed that LysM-RLKs from streptophyte algae
do not form a monophyletic clade and are divided into distinct clades. This pattern suggests that
streptophyte algae LysM-RLKs and land plant LysM receptors share a common evolutionary
origin, with individual streptophyte algae lineages likely evolved their LysM-RLKs independently
(Figure 2.1 A and B). Therefore, LysM-RLKs in Charophyceae C. braunii and Zygnematophyceae
S. pratensis may have diverged to fulfill distinct functions in each species. Following the
divergence of streptophyte algae and land plants, LysM receptors underwent significant expansion

in land plants, forming four major clades, prior to the divergence of bryophytes and tracheophytes.
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This expansion may have enabled LysM receptors to function in immune signaling and symbiotic

interactions, both of which are thought to be essential for survival in terrestrial environments.

Among the Charophyceae species with available genomic databases, not all encode LysM-
RLKs. This observation suggests that the loss of LysM-RLKs may have occurred independently in
certain algal species, both before and after the divergence of streptophyte algae and land plants.
The phenomenon could potentially be linked to specific ecological conditions, possibly due to
differences in the microbial communities they interact with. Meanwhile, the presence of a partial
LysM-RLK gene in some streptophyte algae suggests that the last common ancestor possessed a
complete LysM-RLK gene, which subsequently lost the kinase domain and became non-functional.
This observation raises the possibility that streptophyte algae are gradually losing LysM-RLK
genes over evolutionary time. Taken together, these findings highlight the Charophyceae as a key
phylogenetic group for elucidating the origin and evolution trajectory of LysM-RLKs.

3.2 Ancestral property of the ECD of plant LysM-RLKSs in ligand recognition

Chitin binding is likely an ancient property of the LysM domain, predating the emergence
of the green lineage. /n vitro binding analyses conducted in this study demonstrated that chitin-
binding capacity is also an ancestral feature of the plant LysM receptor-specific ECDs (Figure 2.4
B-G). These findings indicate that LysM ECDs from both streptophyte algae and land plants retain

the ability to bind chitin, supporting the hypothesis that this function is evolutionarily conserved.

The observed differences in binding affinities among various LysM ECDs may reflect the
amino acid variations within conserved chitin-binding grooves. The reliability of the MST-based
approach was confirmed by the detection of chitin binding in both AtCERK1 and AtLYKS.
However, in contrast to my results, Cao et al. (2014) reported that AtLYKS exhibits a chitin-
binding affinity approximately 200 times higher than that of AtCERKI1. This discrepancy may
result from differences in protein expression systems used. Cao et al. (2014) employed the
Escherichia coli protein expression system, whereas the insect cell protein expression system was
used in this study, which can lead to distinct post-translational modifications of the expressed LysM
ECDs. Additionally, the binding assays differed: Cao et al. (2014) used isothermal titration
calorimetry (ITC), while MST was used in this study. Liu et al. (2012) also used ITC with an insect
cell expression system and reported a binding affinity of 45 uM for AtCERKI1 to a chitin octamer.
In this study, I used MST and measured AtCERK 1 binding affinity to a chitin heptamer, resulting

in a different value.
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Tan et al. (2025) reported that the ECD of MpLYK1, as well as its homologs in M. paleacea.
MpaCERK1, does not bind chitin, which contrasts with the findings of this study, where I
demonstrated chitin binding of MpLYK1 ECD using MST. Again, this discrepancy may arise from
differences in experimental approaches employed to assess chitin binding. Tan et al. (2025) used a
chitin bead pull-down approach, in which the ECD of MpLYR but not MpLYK1 was recovered.
Intriguingly, my chitin bead pull-down MS analyses also identified but failed to detect MpLYKI1.
One possible explanation is that the form of chitin presented on beads is not suitable for stable
interaction with MpLYK1 ECD. Taken together, these observations highlight that differences in
protein expression systems, chitin oligomer lengths, and binding assay methods strongly influence
outcomes, and therefore, direct comparison of binding affinities across studies should be made with

caution.

My MST results were partly validated using chitin bead pull-down MS-based analyses
(Figure 2.5). The lack of detection of MpLYK1 and SpLYK may reflect technical limitations, such
as low expression levels in the native tissues, or biological factors such as relatively weaker
interactions with long-chain chitin. An affinity pull-down MS-based approach using total protein
extracts from C. braunii would be valuable for further validating my MST results. Future studies
employing additional complementary methods will be important to confirm and reconcile these

findings.

Binding of chitin to the LysM2 domain has been reported in previous studies (Liu et al.,
2016; Liu et al., 2012; Yu et al., 2024). Based on structural prediction and modelling analyses, it is
plausible that chitin-binding occurs through a conserved shallow groove within the LysM2 domain
of both algal and M. polymorpha LysM ECDs (Figure 2.3 B-E). Binding assays combined with
site-directed mutagenesis could be conducted to assess the functional significance of key residues
within the LysM2 domain. Very recently, a structural study of the LYR-type LysM receptor LYS13
(renamed as CHIP13 in that study) from Lotus japonicus revealed that chitin octamer binding
involves not only a groove in the LysM2 domain but also an additional interface in the LysM3
domain, demonstrating a binding module not previously observed LysM ECD (Gysel et al., 2025).
Therefore, the possibility that LYR-type LysM receptors engage chitin through multiple interfaces
within the LysM ECD cannot be ruled out.

Previous studies have shown that LysM ECDs can bind to various ligands, such as glycan
oligosaccharides, lipo-chitooligosaccharides (LCOs), and PGN. Therefore, it is possible that the
LysM ECDs from streptophyte algae and M. polymorpha may also have the capacity to bind
additional ligands. Testing a broader range of ligands in binding assays is worth pursuing.
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3.3 Chara braunii and Spirogyra pratensis do not respond to chitin treatment

Land plants, including M. polymorpha and A. thaliana, can perceive chitin, typically
triggering a ROS burst and the induction of defense-related genes expression (Miya et al., 2007;
Yotsui et al., 2023). In contrast, C. braunii and S. pratensis showed no detectable response to chitin
treatment, as evidenced by the absence of ROS production and transcriptional responses. This
suggests that these streptophyte algae either do not perceive chitin or do not mount canonical
immune responses (Figure 2.6). This difference in chitin response between streptophyte algae and
land plants can be attributed to the functional divergence of LysM-RLKs or LysM receptors. In
land plants, chitin-induced homo- or heterodimerization of LysM receptors is required for
downstream signal transduction. While chitin-binding ability appears to be an evolutionarily
conserved feature in LysM-RLKs, FRET-FLIM analysis revealed that chitin does not enhance
homodimerization of streptophyte algae LysM-RLKs (Figure 2.9 A and B). This lack of chitin-
induced homodimerization may suggest that, despite the conservation of chitin-binding ability, the
signal transduction in streptophyte algae may rely on other, yet unidentified ligands that promote

homodimerization and downstream signaling.

Another notable feature of land plants is the high diversity of LysM receptors, including
additional LYR- and LYP-type receptors (Figure 2.1 B). In contrast, C. braunii and S. pratensis
show no evidence of LysM receptor diversification, and LYR- or LYP-type receptors are absent.
This raises an important question: why are LysM receptors in these algae not diversified? One
plausible hypothesis is that the diversification of LysM receptors was driven by selective pressures

associated with terrestrialization, including interactions with different microbes

It is possible that the LysM-RLKs encoded in the genomes of C. braunii and S. pratensis
are not translated or properly localized to the plasma membrane, and therefore, they cannot
perceive exogenously applied chitin. Indeed, fluorescence from the SpLYK-GFP fusion protein
expressed in M. polymorpha or N. benthamiana was not detectable by confocal microscopy.
However, when the signal peptide of SpLYK was replaced with that of MpLYK1, SpLYK-GFP
fluorescence was observed at the plasma membrane of N. benthamiana when expressed
heterologously (Figure 2.2 C). Despite this, SpLYK was not detected in either the crude extract or
the plasma membrane-enriched fraction of S. pratensis using an MS-based proteomics approach.
Additionally, SpLYK was also not detected in the chitin-bead pulldown samples (Figure 2.5 C).
Among the seven LysM-RLKs in C. braunii, only CbLYK3 and CbLYK6 were predicted to contain
signal peptides in the original annotation (Figure 2.2 A). In this study, alternative start codons were

identified for CbLYK1, CbLYK4, and CbLYK?7, which would result in the prediction of signal
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peptides in these proteins. However, there is currently no evidence that these alternative start
codons are utilized. Furthermore, among the seven CbLYKs, only CbLYK1, along with SpLYK,
is predicted to possess protein kinase activity based on its kinase domain sequence (Figure 2.2 B).
It is important to investigate whether streptophyte algae LysM-RLKs possess the catalytic activity

required to trigger intracellular signaling cascades.

In land plants, RLCKs, RBOHs, and MAPK cascades play crucial roles downstream of
LysM receptors in chitin responses, including ROS production and transcriptional reprogramming
(Bietal., 2018; Kadota et al., 2014; Liu et al., 2018; Miya et al., 2007). Although previous studies
suggested that RLCK, RBOH, and MAPK cascade components are widely conserved, including in
streptophyte algae, their functions in streptophyte algae remain uncharacterized (Gong & Han,
2021; Ngou et al., 2024). Indeed, I found that subfamily VII RLCKSs, which act downstream of
various PRRs in land plants, are highly conserved both in C. braunii and S. pratensis (Supplemental
Figure 3 A). However, it remains unclear whether these RLCK-VII homologs function downstream
of LysM-RLKs for signal transduction in streptophyte algae as they do in land plants. By contrast,
streptophyte algae appeared to lack land plant-type RBOH homologs (Supplemental Figure 3B).
RBOHs are NADPH oxidases that, in land plants, mediate MAMP-induced ROS burst. Land plant
RBOHSs possess a characteristic N-terminal extension, which is phosphorylated by calcium-
dependent protein kinases and RLCKs upon MAMP recognition, leading to ROS production
(Kadota et al., 2015). As far as I investigated, NADPH oxidases identified in streptophyte algae
likely lack this N-terminal region, suggesting that the calcium-dependent protein kinase and
RLCK-dependent RBOH-mediated ROS production mechanism is not conserved in streptophyte
algae. This may explain the absence of chitin-induced ROS production in C. braunii and S.

pratensis.

Overall, my findings suggest a potential evolutionary decoupling between chitin
recognition and the capacity to activate immune signaling in streptophyte algae, possibly
representing an intermediate stage in the emergence of LysM-mediated PTI. Future investigations
into the molecular architecture and activation potential of LysM-RLKs in streptophyte algae may
provide critical insights into how PTI evolved from ancestral lineages to the sophisticated defense

mechanisms observed in land plants.
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3.4 How does the immune system function in streptophyte algae?

The absence of a chitin response in C. braunii and S. pratensis underscores a key difference
from land plants and raises the question of how the immune system functions in streptophyte algae.
Streptophyte algae exhibit remarkable diversity, ranging from the complex morphology of C.
braunii to filamentous forms like S. pratensis, and unicellular types such as M. endlicherianum.
Their habitats are also highly variable, spanning both aquatic and terrestrial environments.
Considering these morphological and environmental differences, it is conceivable that streptophyte
algae have evolved distinct immune strategies independently of land plants, potentially relying
more on metabolite-based defenses and/or physical protective barriers. Establishing a pathosystem
between algae and a compatible pathogen would therefore be valuable for elucidating algal immune
system. Another important question concerns the function of LYK genes in the studied species.
Although genetic transformation techniques have been developed for Closterium peracerosum-
strigosum-littorale (C. psl), a Zygnematophyceae species, no such methods exist for C. braunii or
S. pratensis (Kawai et al., 2022). Notably, C. psl does not encode any LysM-RLK genes,
highlighting a major limitation for functional studies in both species. Future efforts to develop
genetic transformation techniques for C. braunii and S. pratensis will be critical for enabling

functional studies in these species.

3.5 The role of chitin in homo- and/or hetero-dimerization of LysM receptors in M.
polymorpha

In A. thaliana, LYKa AtCERKI1 interacts with LYR AtLYKS to form heterodimers, and
both AtCERKI1 and AtLYKS can also form homodimers, collectively playing a key role in
regulating chitin-triggered PTI (Cao et al., 2014; Petutschnig et al., 2024). Through FRET-FLIM
analysis in N. benthamiana, I demonstrated that LYKa MpLYK1 interacts with LYR MpLYR, and
importantly, this interaction is enhanced by chitin treatment (Figure 2.8 B). This represents the first
evidence that chitin mediates homo- and/or heterodimerization of LysM receptors in bryophytes.
A previous study in M. paleacea showed that LYKa MpaCERK (a homolog of MpLYK1) interacts
with LYR MpaLYR (a homolog of MpLYR), but the role of chitin in enhancing this interaction
was not investigated (Tan et al., 2025).

My FRET-FLIM results of M. polymorpha LYKaLYR heterodimerization are consistent
with previous observations in A. thaliana, where the interaction between AtCERK1 and AtLYKS
is enhanced by chitin treatment, as demonstrated using FRET-FLIM in transgenic plants and co-
immunoprecipitation (Cao et al., 2014; Petutschnig et al., 2024). In contrast, although LYKa
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MpLYKI1 formed homodimers, this interaction was not enhanced by chitin treatment (Figure 2.8
C), differing from A. thaliana, where LYKa AtCERK1 homodimerization is induced by chitin
treatment (Petutschnig et al., 2024). This discrepancy may be due to differences in the experimental
system, as my study relied on heterologous transient expression, whereas the previous study used
transgenic plants expressing fluorescent protein-tagged LysM receptors. Alternatively, the chitin-

enhances homodimerization of LYKa can be species-specific.

Cao et al. (2014) also showed that LYR AtLYKS forms homodimer both before and after
chitin treatments using co-immunoprecipitation. However, because co-immunoprecipitation is not
quantitative, it remains unclear whether chitin enhances the homodimerization. By contrast, my
FRET-FLIM analysis demonstrated that LYR MpLYR forms homodimers both prior to and after
chitin treatment, and further revealed that chitin enhanced MpLYR homodimerization (Figure 2.8

D).

Heterodimerization between LYK and LYR proteins plays a critical role in initiating PTI
response, as demonstrated by the impaired chitin-triggered immunity observed in plants lacking
either AtCERK 1 or AtLYKS. Consistently, chitin-triggered ROS production in the Mplykl mutant
was not restored by the expression of the ECD-swapped chimera MpLYKIls (Figure 2.7 C),
suggesting that proper heterodimerization between LYKa and LYR is essential for this response.
Supporting this, FRET-FLIM analysis demonstrated that the ECD-swapped chimera MpLYK1
failed to form heterodimers and/or only weakly interacted with MpLYR (Figure 2.8 E). However,
it remains unresolved whether these chimera receptors are also incapable of activating the
downstream MAPK signaling cascade or triggering transcriptional reprogramming upon chitin

treatment.

Importantly, by integrating the results of in vitro chitin-binding assays and FRET-FLIM
analyses from this study (Figure 2.4, 2.5, 2.7 A B) with the genetic evidence provided by Yotsui et
al. (2023), I conclude that both MpLYK1 and MpLYR function as bona fide chitin receptors that
form chitin-induced higher-order oligomeric complexes. Nonetheless, the precise role of chitin in
regulating homo- and/or heterodimerization of LysM receptors remains to be fully resolved.
Further studies employing complementary experimental approaches will be essential to achieve a

more comprehensive understanding of these molecular mechanisms.

3.6 Conclusion

In conclusion, to my knowledge, this is the first study to investigate the origin and function
of LysM-RLKs in streptophyte algae. My findings provide evidence that LysM ECDs in both
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streptophyte algae and land plants shared functional similarity in chitin binding, while also
revealing key differences in the LysM-mediated chitin response between these two lineages.
Furthermore, this study provides the first evidence that chitin promotes homo- and/or
heterodimerization of LysM receptors in M. polymorpha, suggesting the formation of a higher-
order oligomeric complex that may represent a feature specific to land plant and absent in
streptophyte algae (Figure 3). Collectively, these findings contribute to a deeper understanding of

the molecular mechanisms underlying chitin-triggered PTI in land plants.
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Figure 3 Scenario of stepwise evolution of LysM receptors during plant evolution. A
simplified cladogram illustrates the proposed origin and stepwise neofunctionalization of
LysM receptors.

3.7 General discussion and outlooks

It is well established that chitin triggers the complex formation and activation of LysM-
RLKs, leading to downstream signaling responses. These receptors are localized at the plasma
membrane, with their LysM ECDs facing the extracellular space. Evidence suggests that complex
formation is mediated through these ECDs (Liu et al., 2012; Cao et al., 2014). However, the detailed
mechanism of this process at the single-molecule level remains unclear. It would be particularly
interesting to investigate how chitin influences the dynamics of LysM receptors at the single-

particle level, and how the ratio of heterodimerization to homodimerization of LysM-RLKs
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changes between the resting and active states. Single-particle tracking photoactivated localization

microscopy may be useful to map the dynamics.

The development of AlphaFold2 by DeepMind, as reported by Jumper et al. (2021), has
revolutionized the field of structural biology by enabling highly accurate prediction of three-
dimensional (3D) protein structures directly from amino acid sequences. This breakthrough has
significantly accelerated our understanding of protein architecture and function, making
AlphaFold2 an indispensable tool not only in structural biology but also in hypothesis generation
and the design of experimental studies. Importantly, to fully grasp the biological functions of
proteins, it is essential to also consider their interactions with ligands, as some proteins will have
conformational changes in the bound or unbound state. More importantly, several studies
emphasize that while AlphaFold predictions are valuable, they do not replace experimental
structure determination, and also point out the limitations of AlphaFold’s accuracy and reliability
(Agarwal & McShan, 2024; Akdel et al., 2022; Terwilliger et al., 2024). Thus, structural biology

with ligand remains essential.

In the context of this dissertation, the ligand of interest is a glycan, which serves as the
substrate for LysM proteins. Although the primary focus of my dissertation does not extensively
address the glycan side, it is important to acknowledge the structural and functional relevance of
glycans. Glycans (also known as carbohydrates, saccharides, or sugars) are among the most
structurally complex biomolecules, participating in a wide range of physiological functions. Their
complexity arises from the vast enzymatic repertoire involved in their biosynthesis, degradation,
and modification. Unlike proteins, where structural prediction has been vastly improved due to the
abundance of structural data and sequence homology-based approaches, glycan structural biology
has lagged. Predicting glycan structure remains a major challenge, as traditional sequence-based
strategies are not readily applicable. Furthermore, glycans often undergo extensive chemical
modifications that significantly influence their structural properties. Adding to this complexity,
glycans are inherently flexible molecules that can adopt multiple, well-defined conformational
states under physiological conditions. This conformational flexibility complicates structural
characterization and poses limitations for studying protein-ligand interactions involving glycans.
Understanding the glycan itself may help in the acceleration of our knowledge of the protein it

interacts with.
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4. Materials and methods

4.1 Plant materials

Marchantia polymorpha
M. polymorpha lines used in this study are listed in the table below.

Table 1: M. polymorpha and transgenic lines used and generated in this study

Name Description Vector Selection Source
marker
Tak-1 Wild type male - - Takaragaike,
M. polymorpha Japan
Mplykl-1 KO MpLYK1 loss-

of-function
mutant in Tak-1
and Tak-2
background
MpLYKI1/Mplykl- MpLYKI
1 KO complementation
in Mplykl-1 KO
mutant
background
CbLYK1-mCitrine CbLYKI1-mCitrine utilizing information in original annotation
were created by Katharina Melkonian, a former lab member
AtCERK1 ECD MpLYK1 ECD pMpGWB308 Chlorsulfuron This work
chimera 1 swapped  with
AtCERKI1 ECD

chimera driven

by EFla
promoter
complementation

in Mplyk1-1 KO
mutant

background
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AtCERKI1

chimera 2

CbLYK1

chimera 4

CbLYK1

chimera 15

SpLYK

chimera 6

ECD

ECD

ECD

ECD

MpLYK1 ECD
swapped  with
AtCERK1 ECD
chimera driven
by EFla
promoter
complementation
in Mplykl-1 KO
mutant
background
MpLYK1 ECD
swapped  with
CbLYK1 ECD
chimera driven
by EFla
promoter
complementation
in Mplykl-1 KO
mutant
background
MpLYK1 ECD
swapped  with
CbLYK1 ECD
chimera driven
by EFla
promoter
complementation
in Mplykl-1 KO
mutant
background
MpLYK1 ECD
swapped  with
SpLYK  ECD

chimera driven

pMpGWB308  Chlorsulfuron This work

pMpGWB308 Chlorsulfuron This work

pMpGWB308 Chlorsulfuron This work

pMpGWB308  Chlorsulfuron This work
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by EFla

promoter

complementation

in Mplykl-1 KO

mutant

background
SpLYK ECD MpLYK1 ECD pMpGWB308 Chlorsulfuron This work
chimera 16 swapped  with

SpLYK  ECD

chimera driven

by EFla
promoter
complementation

in Mplykl-1 KO
mutant

background

Chara braunii

C. braunii S276 was originally isolated from Lake Kasumigaura (Ibaraki, Japan) (Nishiyama et al.,

2018) and obtained from the laboratory of Prof. Dr. Wolfgang Hess (University of Freiburg)
Spirogyra pratensis

S. pratensis strain MZCH10213 was from the Microalgae and Zygnematophyceae Collection
Hamburg and obtained from the laboratory of Prof. Dr. Jan de Vries (Gottingen University)

Mesotaenium endlicherianum

M. endlicherianum SAG 12.97 was obtained from the Culture Collection of Algae at Gottingen
University (SAG).

Arabidopsis thaliana
A. thaliana ecotype Columbia (Col-0) was used.
Nicotiana benthamiana

N. benthamiana wild type was used.
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4.2 Plant growth conditions and cultivation

Marchantia polymorpha

A male accession of M. polymorpha, Tak-1 was used as wild-type, mutants, and transgenic lines
were grown from single gemmae or thallus. The plants were grown on 2 Gamborg’s B5 medium
containing 1% (w/v) agar, under continuous white LED light with intensity of 50-60 umol photons

m?2s!at22°C.

For transgenic plants generation, 14-day-old plants were grown from single gemmae on 2
Gamborg’s B5 medium containing 1% (w/v) agar at 22 °C under continuous white LED light with

intensity of 50-60 umol photons m™s™ at 22 °C.

For ROS assay, 7-day-old gemmae were cultured in liquid 2 Gamborg’s B5 medium supplemented
with 0.1% (w/v) sucrose with shaking at 130 rpm under continuous white LED light with intensity
of 50-60 umol photons m2 s at 22 °C.

For in-vitro chitin beads pull-down with mass spectrometry analysis, 3-weeks-old Tak-1 wild -type

plants were grown from single gemmae on %2 Gamborg’s B5 medium containing 1% (w/v) agar at

2 o1

22 °C under continuous white LED light with intensity of 50-60 umol photons m™s™.

Algae

C. braunii were grown using the protocol of (Holzhausen et al., 2022) in glass jars containing
compost (Gardol Pure Nature, Bauhaus), lime (Gardol Garten- & Rasenkalk, Bauhaus), quartz sand
(0.4-0.8 mm in diameter and distilled water, sealed with surgical tape (Micropore, 3 M). Algae
were kept under long-day condition with 16 hours light/8 hours dark under white LED light with

intensity of 50-60 umol photons m™s!.

For RNA sequencing analysis, in-vitro chitin beads pull-down with mass-spectrometry analysis,
13-day-old S. pratensis and 7-day-old M. endlicherianum were grown on sterilized cellophane on
WHM medium containing 11% (w/v) agar and were kept under long-day condition with 16 hours

light/8 hours dark under white LED light with intensity of 50-60 umol photons m s,
A. thaliana

For in-vitro chitin beads pull-down with mass spectrometry analysis, A. thaliana seeds were vapor-
sterilized using and grown on 2 Murashige-Skoog medium containing 1% (w/v) agar for 3 weeks
and were kept under long-day condition with 16 hours light/8 hours dark under white LED light
with intensity of 50-60 pmol photons m?2s!.
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N. benthamiana

N. benthamiana plants were grown on soil at the greenhouse of the Max Planck Institute for Plant

Breeding Research, Cologne, with a controlled environment.

4.3 Bacterial and insect cell strains

Table 2: Bacterial and insect cell strains used in this study

Name Supplier Genotype Purpose
E. coli Invitrogen F— mcrA A(mrr-hsdRMS-mcrBC) Molecular cloning
DH10B (now ¢80lacZAM15 AlacX74 recAl
Thermo endA1 araD139 A (ara-leu)7697
Fisher galU galK A— rpsL (StrR) nupG
Scientific)
E. coli Invitrogen F- ¢80(lacZ)AM15 AlacX74 Molecular cloning
MACHI1 (now hsdR(rK-mK+) ArecA1398 endA 1
Thermo tonA
Fisher
Scientific)
E. coli Invitrogen gyrA462 endA1 A(srl-recA) merB  Amplification of
DB3.1 (now mrr hsdS20 ginV44 (=supE44) gateway binary
Thermo aral4 galK2 lacY1 proA2 rpsL20 vector containing
Fisher xyl5 leuB6 mtl1 toxic CcdB cassette
Scientific)
E. coli Invitrogen F-mcrA A (mrr-hsdRMS-mcrBC) Production of
DHI0Bac  (now ®80lacZAM15 A lac X74 recAl recombinant
Thermo endAl araD139 A (ara, leu)7697 bacmids used in the
Fisher galU galK A - rps L Bac-to-Bac
Scientific) nupG /pMON14272 / pMON7124 Baculovirus
Expression System.
A. pMPI0RK, Gm', Km" M. polymorpha
tumefaciens transformation and
GV3101 transient
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S.
frugiperda
Sf21

T. ni High

Five™

Invitrogen
(now
Thermo
Fisher
Scientific)
Invitrogen
(now
Thermo
Fisher

Scientific)

4.4 Other materials

Oligonucleotides
All oligonucleotides were synthesized by and purchased from Sigma-Aldrich (Darmstadt,

Germany).

IPLB-Sf21-AE, isolated from
Spodoptera frugiperda (Fall

Armyworm) ovary

BTI-TN-5B1-4, a clonal isolate
derived from the parental
Trichoplusia ni cell line (cabbage

looper ovary)

Table 3: Oligonucleotides used in this study

Name

MpLYKI1 ectodel F

MpLYK1 ectodel R

ChaLYK1 ecto F

ChaLYK1 ecto R

AtCERKI1 ecto F

Description

To delete MpLYK1 ectodomain

To amplify CbLYK1 ectodomain

and in-fusion cloning for

generating chimera receptor

To amplify AtCERK1 ectodomain

and in-fusion cloning for

generating chimera receptor
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Generation of

baculovirus

Expression of
recombinant
proteins using the
Baculovirus
Expression Vector

System (BEVS)

Sequence
CAAAGAGTGTTTGCC
ACTGGTGC
ATCACCCTCCGAGGT
CGGA
ACCTCGGAGGGTGA
TTGTTCTACGGAAGA
CTCCTCTTGC
GGCAAACACTCTTTG
AGGGATGATCAGCTT
AATGCCAG
ACCTCGGAGGGTGA
TTGCAGGACTAGCTG
TCCTTTAGC



AtCERK1 ecto R

Polyhedrin_F

SpLYK_F

SpLYK R

att CbLYK1 Fnew

att CbLYK1 Rnew

MpLYK1 Sigp F

MpLYK1 Sigp R

SpLYK noSP_F

SpLYK noSP R

PO-hem

To sequence pFastBacl vector

SpLYK cds amplification

CbLYK1 cds amplification with

signal peptide and attB site added

MpLYK1 signal

peptide

amplification that will be replaced

to SpLYK signal peptide

SpLYKcds amplification without

signal peptide sequence

Sequential primer to add BamH]I

and hemolin
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GGCAAACACTCTTTG
AACACCATCTTGTTT
ACTTGATTTGAATGG
T
AAATGATAACCATCT
CGCAAA
ATGCAATTTTACGTA
ATCCTTAAT
GTCTTCTAATAAGCA
TTCGAAA
GGGGACAAGTTTGT
ACAAAAAAGCAGGC
TTAATGAGATGCCGC
CCT
GGGGACCACTTTGTA
CAAGAAAGCTGGGT
TCCTCAGCAATTGCG
C
GCAGGCTCCACCATG
ATTGCGACGGGAGTT
AT
TGAGAATGACCCTCC
GAGGTCGG
GGAGGGTCATTCTCA
TTGCAACGAAACATT
AGG
GAAAGCTGGGTCTA
GGTCTTCTAATAAGC
ATTCGAAAATGGCT
GGATCCATGGCGTTC
AAGAGTATAGCAGT
TTTAAGCGCCTGCAT
AA



P1 hem

P2-AtCERK1 hem

P2 SpLYK hem

P2 MpCERK_hem

P2 AtLYKS5 hem

P2 MpLYR hem

P2 CbLYKI hem

R_AtCERKI his

R_AtLYKS5 his

R MpCERKI his

Sequential primer for hemolin

Sequential primer partial hemolin

with partial AtCERK1

Sequential primer partial hemolin

with partial SpLYK

Sequential primer partial hemolin

with partial MpLYK1

Sequential primer partial hemolin

with partial AtLYKS

Sequential primer partial hemolin

with partial MpLYR

Sequential primer partial hemolin

with partial CbLYK1

Reverse primer for amplification
of AtCERKI ectodomain with
histidine tag and Xhol site

Reverse primer for amplification
of AtLYKS
histidine tag and Xhol site

ectodomain  with
Reverse primer for amplification

of MpLYKI1 ectodomain with
histidine tag and Xhol site
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ATAGCAGTTTTAAGC
GCCTGCATAATTGTG
GGTTCAGCGCTTCCC
TTGTGGGTTCAGCGC
TTCCcAAGTGCAGGA
CTTCTTGCCC
TTGTGGGTTCAGCGC
TTCCCCACTCTCACT
GCAACGAAAC
TTGTGGGTTCAGCGC
TTCCCATCCCTACCT
CTGAAGGCGA
GGTTCAGCGCTTCCC
CAGCCCTACGTCAAC
AACC
GGTTCAGCGCTTCCC
CAGGTCTACGGCGA
AACC
GGTTCAGCGCTTCCC
ATCCCTGCTGCTTGC
GCC
CTCGAGTTAGTGATG
GTGATGGTGATGGA
CACCGTCCTGCTTAG
A
CTCGAGTTAGTGATG
GTGATGGTGATGCCA
CTTGTGAGAGCTAGA
CTCGAGTTAGTGATG
GTGATGGTGATGTCC
GGCGTTGGTCTTAGA



R MpLYR his Reverse primer for amplification CTCGAGTTAGTGATG
of MpLYR ectodomain with GTGATGGTGATGGTT
histidine tag and Xhol site GGTGGAAGAGGAGC

T

R _CbLYK his Reverse primer for amplification CTCGAGTTAGTGATG
of CbLYKI1 ectodomain with GTGATGGTGATGCTG
histidine tag and Xhol site GTTTCCGTCAGAGTG

A

R _SpLYK his Reverse primer for amplification CTCGAGTTAGTGATG
of SpLYK ectodomain with GTGATGGTGATGGTT
histidine tag and Xhol site CAGGTCGTCGTTCTT

infuse PO F Amplification for BamHI and ATCGGGCGCGGATC
hemolin and ectodomain for in- CATGGCGTTCAAGA
fusion into pFastBacl GTATAGCAG

infuse his R Amplification for histidine tag for TACCGCATGCCTCGA
in-fusion into pFastBacl GTTAGTGATGGTGAT

GGTGATG
pFB lin R In-fusion cloning pFastBacl CTCGAGGCATGCGGT
ACCA
pFB lin F In-fusion cloning pFastBacl GGATCCGCGCCCGAT
GGT
Plasmids
Table 4: Plasmids used and generated in this study
Name Description Vector Selection
marker
pDONR207 Gateway® donor vector with  pDONR207  Gentamycin
attP1 and attP2 sites
pDONR207-SpLYK = Gateway® donor vector with  pDONR207  Gentamycin
SpLYK cds
pENTR4-mSpLYK  Gateway® enrty vector with pENTR4 Kanamycin

SpLYK cds with
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pDONR207-
CbLYK1 real

pENTR4-
AtCERKIED MpL
YK1 KD

pENTR4-
CbLYKIED MpLY
K1 KD

pENTR4-
SpLYKED MpLYK
1 KD

pABI117

(Somssich & Simon,

2017)
pAB118
(Somssich & Simon,

2017)

pAB117-mSpLYK

pAB118-mSpLYK

pAB117-CbLYK1

replacement of MpLYKI
signal peptide

Gateway® donor vector with
CbLYK1 cds with new
signal peptide

Gateway® entry vector
MpLYK1 ECD swapped
with  AtCERKI1 ECD
chimera

Gateway® entry vector
MpLYK1 ECD swapped
with CbLYK1 ECD chimera
Gateway® entry vector
MpLYK1 ECD swapped
with CbLYK1 ECD chimera
Gateway® binary vector
with  estradiol inducible
promoter and GFP (C
terminal on insert)
Gateway® binary vector
with  estradiol inducible
promoter and mCherry (C
terminal on insert)
Expression of mSpLYK
fused with GFP at the C
terminal

Expression of mSpLYK
fused with mCherry at the C-
terminal

Expression of CbLYKI
fused with GFP at the C

terminal
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pDONR207

pENTR4

pENTR4

pENTR4

pABindGFP

pABindmChe
Iy

pAB117

pAB118

pAB117

Gentamycin

Kanamycin

Kanamycin

Kanamycin

Spectinomycin

Spectinomycin

Spectinomycin

Spectinomycin

Spectinomycin



pAB118-CbLYKI Expression of CbLYKI pABI18 Spectinomycin
fused with mCherry at the C
terminal
pAB117-MpLYK1 Expression of MpLYKI1 pABI117 Spectinomycin
fused with GFP at the C
terminal
pAB118-MpLYK1 Expression of MpLYK1 pABI118 Spectinomycin
fused with mCherry at the C
terminal
pAB117-MpLYR Expression of MpLYR fused pABI117 Spectinomycin
with GFP at the C terminal
pAB118-MpLYR Expression of MpLYR fused pABI118 Spectinomycin
with mCherry at the C
terminal
pFastBacl Vector for  high-level pFastBacl Ampicillin
expression of proteins in
insect cells using the Bac-to-
Bac® baculovirus system
pFastBacl- Expression of AtCERKI1 pFastBacl Ampicillin
AtCERKI1 ECD ectodomain protein with 6x
histidine tag at C-terminal
pFastBacl-AtLYKS  Expression of AtLYKS pFastBacl Ampicillin
ECD ectodomain protein with 6x
histidine tag at C-terminal
pFastBacl-MpLYK1 Expression of MpLYKI pFastBacl Ampicillin
ECD ectodomain protein with 6%
histidine tag at C-terminal
pFastBacl-MpLYR  Expression of MpLYR pFastBacl Ampicillin
ECD ectodomain protein with 6%
histidine tag at C-terminal
pFastBacl-CbLYK1 Expression of CbLYKI1 pFastBacl Ampicillin
ECD ectodomain protein with 6x

histidine tag at C-terminal
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pFastBacl-SpLYK  Expression of SpLYK pFastBacl Ampicillin
ECD ectodomain protein with 6x
histidine tag at C-terminal
pMpGWB308 Gateway® binary vector pMpGWB30 Chloramphenic
(Ishizaki et al., 2015) with MpEFla promoter and 8 ol and
Citrine (C terminal on insert) Spectinomycin
pMH3 MpLYK1 ECD swapped pMpGWB30 Chloramphenic
with CbLYK1 ECD chimera 8§ ol and
driven by EFla promoter Spectinomycin
pMHS5 MpLYK1 ECD swapped pMpGWB30 Chloramphenic
with SpLYK ECD chimera 8 ol and
driven by EFla promoter Spectinomycin
pMH6 MpLYK1 ECD swapped pMpGWB30 Chloramphenic
with  AtCERKI1 ECD 8 ol and
chimera driven by EFla Spectinomycin

promoter

Gene synthesis
Gene for protein expression, SpLYK and CbLYK1 were commercially purchased from GeneArt

(Thermo Fisher Scientific).

Chemicals
All chemicals were purchased from Carl Roth GmbH (Karlsruhe, Germany), Sigma-Aldrich (St.

Louis, USA) or Merck (Darmstadt, Germany), unless otherwise mentioned in the respective

section.

Molecular biology Kkits and reagents
The section below provides information of general molecular biology kits and reagents used in this
study. Standard protocols for molecular biology methods that were used in this study were

performed according to the manufacturer’s instructions unless otherwise stated. Specific reagents

that were used will be mentioned in particular section.
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Table 5: Kits and reagents used in this study

Kits / Reagents

NucleoSpin Plasmid, Mini Kit for Plasmid

SNA

NucleoSpin Gel and PCR Clean-up, Mini Kit

for Gel Extraction and PCR Clean-up
Spectrum Plant Total RNA Kit
Gateway BP Clonase

Gateway LR Clonase

LightRun tubes

In-Fusion cloning kit

NEBuilder® HiFi

DNA Assembly Cloning Kit
PrimeSTAR® GXL DNA Polymerase
Q5 DNA polymerase

BamH1-HF

Xhol-HF

Ncol-HF

Xbal-HF

Software

Purpose

Isolation of plasmid

PCR product clean up

RNA extraction

BP cloning

LR cloning

Sanger sequencing

Cloning
Cloning

PCR
PCR

Restriction digest

Restriction digest

Restriction digest

Restriction digest

Supplier
Macherey-Nagel

Macherey-Nagel

Sigma-Aldrich
Thermo Fisher
Scientific
Thermo Fisher
Scientific
Eurofins
Genomics
Takara Bio
New  England
Biolabs
Takara Bio
New  England
Biolabs

New  England
Biolabs

New  England
Biolabs

New  England
Biolabs

New  England
Biolabs

The softwares that were used in this study is mentioned in respective section.
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4.5 Methods

4.5.1 Plasmid construction

The information about primers was listed in the table provided in the previous section.

For plasmids with pENTR4 backbone, the pENTR4 vector were digested with Ncol and Xbal to
linearize the vectors, and gel purified. The inserts were PCR amplified. The entry vector and inserts
were recombined with In-fusion cloning kit or NEBuilder® HiFiDNA Assembly Cloning Kit (New
England Biolabs). For plasmids with pDONR backbone, the inserts were PCR amplified with
primer with attB site added. The inserts were recombined into pDONR vector with BP clonase. For
generating transgenic line, the entry vectors were cloned into pMpGWB308 binary vector using
LR clonase. For generating estradiol-inducible expression vectors with GFP or mCherry as
translational fusions at the C-terminus for transient expression in N. benthamiana leaves. The entry
vectors were further cloned into pABind117 and pABind118 by LR clonase (Thermo Fisher
Scientific). For generating protein expression plasmids, the pFastBacl vector was digested with
BamH]1 and Xhol enzymes, the cds sequences of genes of ectodomains that were synthesized from
GeneArt were PCR amplified sequentially to add BamH]1 site, followed by hemolin signal peptide
at the N terminus and 6 xhistidine sequences followed by Xhol site. The pFastBacl vector and the
inserts were recombined using In-Fusion cloning kit. All plasmids generated were verified by

Sanger sequencing.

4.5.2 Agrobectrium-mediated Marchantia stable transformation

M. polymorpha transgenic lines were produced using the cut thallus method for Agrobacterium-
mediated stable transformation, as shown by Kubota et al. 2013, with minor modifications.
Candidate transformants were selected using the same conditions as mentioned before but on 2
Gamborg’s BS medium containing 1% agar and corresponding antibiotics supplemented with 100
mg/L. cefotaxime for killing of residual agrobacteria. The transgenic plants were selected by

visualizing fluorescence under confocal microscope.

4.5.3 Transient expression in N. benthamiana

Agrobacterium cells transformed with the desired plasmids were grown at 28 °C and were cultured
on Luria-Bertani (LB) medium containing 1 % (w/v) agar with antibiotics for 2 days. A single
colony was selected and inoculated into 5 mL LB liquid medium with appropriate antibiotics and

then cultured overnight at 28 °C with shaking at 200 rpm. To prepare a fresh liquid culture, 1 mL
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of overnight culture was added to 4 mL of LB liquid culture and further grown with shaking at 200
rpm for 4 hours. The bacteria were then collected by centrifugation for 5000 x g and the bacteria
pellets were resuspended with infiltration solution (10 mM MgCl,, 10 mM MES, 450 uM
acetosyringone, adjusted to pH 5.6). The bacterial suspension was kept on ice before infiltration.
The optical density was measured using spectrophotometer and adjusted to an OD600 of 0.2 for
strain expressing GFP fusion protein or 0.4 for strain expressing mCherry fusion protein.
Agrobacteria strain carrying pl9 construct was mixed with a ratio of 1:1 respectively. N.
benthamiana leaves were infiltrated with suspension using a needless syringe. The plants were kept
in growth chamber at 22 °C with continuous white LED light of intensity of of 50-60 umol photons
m? s7!. The expression of proteins was induced by brushing the abaxial side of leaves using

induction solution (20 uM B-estradiol and 0.1% Tween 20) for 24-48 hours.

4.5.4 LysM RLK/RLP homologs identification

The publicly available genome and transcriptome database of thirty plant species were searched
for LysM RLK/RLP homologs identification. The M. polymorpha MpLYK1 and MpLYP amino
acid were used as query sequences for BLASTp search. The identified proteins were then subjected
to InterProScan to confirm the presence of LysM domain and kinase domain for in LysM RLK and
LysM domain for LysM RLP. Sequences were obtained from Yotsui et al. (2023) and the database
from JGI Genome Portal. The presence of CXC motif was further inspected. Species tree was
drawn based on the information from Timetree5 for land plants (Kumar et al., 2017) and for

Charophyceae (Hess et al., 2022).

4.5.5 Phylogenetic tree generation

LysM ectodomain
Phylogenetic analysis for LysM ectodomain was performed by Yosuke Hoshino.
RBOH

The Marchantia RBOH1 (Mp3g20340.1) amino acid sequence was used as query in BLASTp
search with an E-value threshold of le-3. The sequences were aligned with MAFFT using default
parameters (Katoh et al., 2019) and phylogenetic analysis was performed using 1Q-tree with
ModelFinder and ultrafast bootstrap of 1000 replicates (Hoang et al., 2018; Kalyaanamoorthy et
al., 2017; Trifinopoulos et al., 2016). Phylogenetic tree was visualized using iTOL.

70



Subfamily VII RLCK

The M. polymorpha and A. thaliana subfamily VII RLCK sequences were obtained from Izumi et
al. The MpRLCKVIIa (Mp3g25360.1) amino acid sequence was used as query in BLASTp with
an E-value threshold of 1e-30. The sequences were aligned with MAFFT using default parameters
(Katoh et al., 2019) and phylogenetic analysis was performed using [Q-tree with ModelFinder and
ultrafast bootstrap of 1000 replicates (Hoang et al., 2018; Kalyaanamoorthy et al., 2017;
Trifinopoulos et al., 2016)Phylogenetic tree was visualized using iTOL.

4.5.6 Multiple sequence alignment

Multiple sequence alignment was performed with MAFFT or T-COFFEE using default parameters
and visualized using ESPript 3.0 ENDscript - https://endscript.ibcp.fr ((Robert & Gouet, 2014).

4.5.7 Signal peptides prediction

The signal peptides of LysM RLK were predicted using amino acid sequence submitted to SignalP
6.0 server (Teufel et al., 2022).

4.5.8 Subcellular localization

For imaging of subcellular localization of CbLYK1 and SpLYK, the N. benthamiana leaves that
were transiently expressing CbLYK-GFP and SpLYK-GFP were used. GFP was detected using an
excitation wavelength of 485 nm and emission of 492-540 nm using Leica SP§ FALCON-DIVE

confocal system with 40x water immersion lenses. The images were processed using Fiji Image J.

For imaging subcellular localization of chimera constructs, gemma was taken from gemma cup of
the transgenic lines carrying respective constructs. mCitrine was excited using 514 nm and
emission of 500-550 nm using Zeiss LSM 880 confocal system with 40x water immersion lenses.

Z-stack projection images were taken, and the images were processed using Fiji Image J.

4.5.9 Molecular modelling

The three-dimensional structure of AtLYKS ectodomain (residues 27-278), MpLYK1 ectodomain
(residues 29-247), MpLYR ectodomain (residues 24-262), CbLYK1 ectodomain (residues 26-289),
and SpLYK ectodomain (residues 22-232) were modelled using AlphaFold2 provided by
Colabfold (Jumper et al., 2021). The structure of AtCERK1 ectodomain (4EBZ) was retrieved from
protein data bank (RCSB PDB). The ligand was extracted from 4EBZ and was manually docked
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to each protein of interest according to surface complementarity with no energy minimization
involved. The visualization of three-dimensional structure model and analysis were done using

PyMOL by Schrodinger.

4.5.10 Protein expression in insect cells
Bacmid generation

The ectodomains of AtCERK1 (residues 25-230), AtLYKS (residues 27-278), MpLYK 1 (residues
29-247), MpLYR (residues 24-262), CbLYKI (residues 26-289), and SpLYK (residues 22-232)
were synthesized and codon optimized for expression in insect cell. 6 x histidine tag was added at
the C-terminal and hemolin peptide sequence was added at the N-terminal. The genes were cloned
into pFastBacl vector. Plasmids were transformed into DH10Bac competent cells and incubated
on LB medium containing 1 % (w/v) agar with supplemented with antibiotics (50 pg/ml kanamycin
sulfate, 7 pg/ml gentamicin, and 10 pg/ml tetracycline, 100 pg/ml X-gal, 40 pg/ml IPTG) for 48
hours. The white colonies were selected for positive bacmids. The bacmids DNA were extracted

using alkaline lysis method.
Preparation of PO and P1 virus

The transfection of bacmids to Sf21 insect cells were performed to generate PO and P1 virus. Sf21
cells were grown and cultured to a density of 2.0x 10° cells/mL in incubator shaker 28°C and 120
rpm. The cells were diluted to 1.0x 10° cells/mL, and the cells were seeded to 6 well plate. The
cells were allowed to attach for 30 minutes at room temperature and the media were remove and 2
mL of Sf~900™ II SFM medium were added to each well. Transfection mixture were prepared in
two Eppendorf tubes. For first tube, 6 pl of Cellfectin®, 100 pl of Sf-900™ II SFM (Thermo Fisher
Scientific) medium and 8 pl of purified bacmid were mixed by pipetting. For second tube, 6 pl of
Cellfectin® and 100 pl of S£-900™ II SFM medium (Thermo Fisher Scientific) were mixed. The
mixture in first and second tubes were mixed and incubated at room temperature for 30-40 minutes.
After that, 800 pl of Sf-900™ II SFM medium were added to the mixture and the transfection
mixture were further added into wells containing Sf21 cells. The cells were incubated in 28°C for
6 hours. After 6 hours, the mixture was removed and replaced with Sf-900™ II SFM medium
containing 1 X Penicillin-Streptomycin (Gibco, Thermo Fisher Scientific). The cells were
incubated at 28°C for 4-5 days. Once Sf21 cells displayed signs of late-stage infection with
increasing cell size and detachment, the medium was harvested by centrifugation at 2000 xg for 5
minutes. The P1 virus was generated by infecting 30 mL of Sf21 cells in the density of 1.0-1.5 x
10° cells/mL with PO virus for 5 days at 28°C and medium were harvested by 2000 xg for 5 minutes.
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Once the P1 virus stock was obtained, it was amplified by infecting more Sf21 cells. The viruses

were amplified until a third passage which is P2.

Protein expression and purification

Protein purification steps in this study were performed at 4 °C unless otherwise stated. The protein
was expressed in High Five™ cells at 28 °C with shaking at 120 rpm. One liter of High Five™
cells (2.0 x 10° cells/mL) were infected with 30 mL of P2 virus in ESF91 (Expression Systems)
medium supplemented with 1 x Penicillin-Streptomycin. The cells were infected for 48 hours.
Afterward, the protein was harvested by centrifugation for 6000 xg at 4 °C and the medium was
collected. The collected medium was mixed with 4 mL Nuvia IMAC Affinity Resin (Biorad
Laboratories) and incubated for 1 hour at 4 °C. The medium was applied 1.5 x 10 cm gravity
Econo-column (Bio-Rad Laboratories) and washed with 10 CV of washing buffer (25 mM Tris
HCI pH 8.0, 150 mM NacCl, 30 mM imidazole). The protein was eluted with 20 mL of elution
buffer (25 mM Tris HCI pH 8.0, 150 mM NaCl, 500 mM imidazole).

For AtCERK, MpLYKI1, and SpLYK, after affinity purification, the proteins were concentrated to
500 pl using centrifugal concentrator 10-kD molecular-mass cut-off Amicon Ultra Filter (Merck
Millipore). Proteins were further purified using size exclusion chromatography (SEC) using
Superdex 200 Increase 10/300 GL column (Cytiva) connected to Biorad NGC choromtaography
system (Biorad Laboratories) using 1 x PBS buffer (137 mM NacCl, 2.7 mM KCl, 10 mM Na;HPOs,
1.8 mM KH; PO4pH 7.0).

For AtLYKS, MpLYR and CbLYK1 ectodomain, 2 mL of concentrated protein was diluted with 4
CV of start buffer (25 mM Tris HCI pH 8.0), were passed through 1 mL HiTrap Capto Q ImpRes
anion exchange chromatography column (Cytiva) using syringe manually, washed with 5 CV of
start buffer and protein were eluted with up to 10 CV of buffer (25 mM Tris HCI pH 8.0) with
increasing salt concentration up to 0.5 M NaCl. Ten fractions (each fraction contained 1 mL of
eluted protein) were performed (Tris HCI pH 8.0 with NaCl concentration ranging from 50 mM to
500 mM). All purification fractions were examined using denaturing SDS-PAGE followed by
Coomassie blue R-250 staining. The fractions that contained target protein were further collected
and concentrated to 500 pl using centrifugal concentrator 10-kD molecular-mass cut-off Amicon

Ultra Filter (Merck Millipore). SEC were performed as described before.

The purified samples were checked again with SDS-PAGE followed by Coomassie blue R-250
staining. The proteins concentration was assessed using NanoDrop or Pierce 660 nm Protein Assay

Kit (Thermo Fisher Scientific).
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4.5.11 Microscale thermophoresis (MST) assay

Proteins were labeled with Monolith His-Tag Labeling Kit RED-tris-NTA 2nd Generation dye
(Nanotemper Technologies) according to the manufacturer’s instructions. A serial dilution of chitin
heptamer (Elicityl) starting from 10 mM using 10 pL was prepared in low-binding microfuge tubes
and 10 pL of labeled protein (200 nM final concentration) was added to each serial dilution. The
mixtures were incubated for 30 minutes at room temperature to facilitate complex formation. Then,
approximately 5-8 puL of each reaction was loaded into a standard Monolith capillary tube
(Nanotemper Technologies) where each sample contained MST buffer (1 xPBS containing 0.05%
Tween 20) to prevent aggregation. The capillary tubes were loaded into the Monolith MST machine
(Nanotemper Technologies) and ran at 100% excitation power and 50% MST Power at 25°C. Data
were analyzed using PALMIST Analysis Software and rendered with GUSSI (Scheuermann et al.,
2016). The raw data were imported to PALMIST and 1:1 Kd fitting parameter was applied with
95% CI. The resulting dissociation constant were shown as Kd value. To generate figure, the
analyzed data were rendered in GUSSI, upper panel showing data curve of the change in
normalized fluorescence (AFnorm in [%o]) against the concentration of the ligand and lower panel
showing residual of a plot between the fitted line and the data. The error bars represent standard

deviation. The binding experiments were performed in three independent replicates.

4.5.12 In vitro chitin beads pull-down mass spectrometry (MS) analysis

Three-week-old M. polymorpha, 13-day-old S. pratensis, 7-day-old M. endlicherianum, 3-week-
old A.thaliana were used. The experiment was performed in cold unless otherwise mentioned. Plant
tissues were frozen and ground in liquid nitrogen using mortar and pestles. Total protein was
extracted using fresh extraction buffer (50 mM Tris HCI pH 7.5, 150 mM NaCl, 10% glycerol, 2
mM EDTA, 5 mM DTT, 1 % Triton X-100 supplemented with plant protease and phosphatase
inhibitor) and incubated for 30 minutes on ice. The samples were centrifuged at 10,000 xg for 10
minutes and repeated twice. The concentration of total proteins was measured using Pierce 660 nm
Protein Assay Kit (Thermo Fisher Scientific). Fifty microliter of chitin magnetic beads (New
England Biolabs) or amylose magnetic beads were mixed with 500 pg of total protein, topping up
to a final volume of 1 mL. The mixtures were incubated for 3 hours on a rolling wheel. The tubes
were washed with wash buffer (50 mM Tris HCI pH 7.5, 150 mM NacCl, 10% glycerol, 2 mM
EDTA) for four times. The magnetic beads were kept in -20 °C and submitted to mass spectrometry

analysis.
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Sample preparation and LC-MS/MS data acquisition.

Enriched proteins were submitted to an on-bead digestion using trypsin. In brief, dry beads were
re-dissolved in 25 pL digestion buffer 1 (50 mM Tris, pH 7.5, 2M urea, ImM DTT, 5 ng/uL trypsin)
and incubated for 30 min at 30 °C in a Thermomixer with 400 rpm. Next, beads were pelleted, and
the supernatant was transferred to a fresh tube. Digestion buffer 2 (50 mM Tris, pH 7.5, 2M urea,
5 mM CAA) was added to the beads. After mixing the beads were pelleted, the supernatant was
collected and combined with the previous one. The combined supernatants were then incubated o/n
at 32 °C in a Thermomixer with 400 rpm; samples were protected from light during incubation.
The digestion was stopped by adding 1 pL TFA and desalted with C18 Empore disk membranes
according to the StageTip protocol (Rappsilber et al, Anal. Chem. 2003, 75, 663.).

Dried peptides were re-dissolved in 2% ACN, 0.1% TFA (10 pL) for analysis. Samples from 4.
thaliana, M. polymorpha and S. pratensis were analyzed using an EASY-nLC 1200 (Thermo
Fisher) coupled to a Q Exactive Plus mass spectrometer (Thermo Fisher). Peptides were separated
on 16 cm frit-less silica emitters (MSWil, 75 um inner diameter), packed in-house with reversed-
phase ReproSil-Pur C18 AQ 1.9 pm resin (Dr. Maisch). Peptides were loaded on the column and
eluted for 115 min using a segmented linear gradient of 5% to 95% solvent B (0 min : 5%B; 0-5
min -> 5%B; 5-65 min -> 20%B; 65-90 min ->35%B; 90-100 min -> 55%; 100-105 min ->95%,
105-115 min ->95%) (solvent A 0% ACN, 0.1% FA; solvent B 80% ACN, 0.1%FA) at a flow rate
of 300 nL/min. Mass spectra were acquired in data-dependent acquisition mode with a TOP15
method. MS spectra were acquired in the Orbitrap analyzer with a mass range of 300—-1750 m/z at
a resolution of 70,000 FWHM and a target value of 3x10° ions. Precursors were selected with an
isolation window of 1.3 m/z. HCD fragmentation was performed at a normalized collision energy
of 25. MS/MS spectra were acquired with a target value of 10° ions at a resolution of 17,500
FWHM, a maximum injection time (max.) of 55 ms and a fixed first mass of m/z 100. Peptides
with a charge of +1, greater than 6, or with unassigned charge state were excluded from

fragmentation for MS?, dynamic exclusion for 30s prevented repeated selection of precursors.

Samples from M. endlicherianum were analyzed using an Ultimate 3000 RSLC nano (Thermo
Fisher) coupled to an Orbitrap Exploris 480 mass spectrometer equipped with a FAIMS Pro
interface for Field asymmetric ion mobility separation (Thermo Fisher). Peptides were pre-
concentrated on an Acclaim PepMap 100 pre-column (75 uM x 2 cm, C18, 3 uM, 100 A, Thermo
Fisher) using the loading pump and buffer A** (water, 0.1% TFA) with a flow of 7 ul/min for 5
min. Peptides were separated on 16 cm frit-less silica emitters (New Objective, 75 um inner
diameter), packed in-house with reversed-phase ReproSil-Pur C18 AQ 1.9 um resin (Dr. Maisch).

75



Peptides were loaded on the column and eluted for 130 min using a segmented linear gradient of
5% to 95% solvent B (0 min : 5%B; 0-5 min -> 5%B; 5-65 min -> 20%B; 65-90 min ->35%B; 90-
100 min -> 55%; 100-105 min ->95%, 105-115 min ->95%, 115-115.1 min -> 5%, 115.1-130 min
->5%) (solvent A 0% ACN, 0.1% FA; solvent B 80% ACN, 0.1%FA) at a flow rate of 300 nL/min.
Mass spectra were acquired in data-dependent acquisition mode with a TOP_S method using a
cycle time of 2 seconds. For field asymmetric ion mobility separation (FAIMS) two compensation
voltages (-45 and -60) were applied, the cycle times for both compensation voltages were set to 1
second. MS spectra were acquired in the Orbitrap analyzer with a mass range of 320—1200 m/z at
a resolution of 60,000 FWHM and a normalized AGC target of 300%. Precursors were filtered
using the MIPS option (MIPS mode = peptide), the intensity threshold was set to 5000, Precursors
were selected with an isolation window of 1.6 m/z. HCD fragmentation was performed at a
normalized collision energy of 30%. MS/MS spectra were acquired with a target value of 75% ions
at a resolution of 15,000 FWHM, at an injection time of 120 ms and a fixed first mass of m/z 120.
Peptides with a charge of +1, greater than 6, or with unassigned charge state were excluded from

fragmentation for MS2.
Data analysis

Raw data were processed using MaxQuant software (version 1.6.3.4, http://www.maxquant.org/)
(Cox et al., Nat. Biotechnol. 2008, 26, 1367.) with label-free quantification (LFQ) and iBAQ
enabled (Cox et al., Nat. Protoc. 2016, 11,2301.). MS/MS spectra were searched by the Andromeda
search engine against a combined database containing the sequences from A. thaliana
(TAIR10 pep 20101214; ftp://ftp.arabidopsis.org/home/tair/Proteins/TAIR10 protein_lists/), M.
polymorpha (Mp_MpTak v7.1.protein.fasta, https://marchantia.info/data/MpTakl v7.1/) and S.
pratensis (Sp_vl.release.gff3.pep.fasta, provided by Prof. Dr. Jan de Vries) or M. endlichrianium
(Me_Mel v2.release.gff3.pep.fasta, Dadras et al., 2023 ), and sequences of 248 common
contaminant proteins and decoy sequences. Trypsin specificity was required and a maximum of
two missed cleavages allowed. Minimal peptide length was set to seven amino acids.
Carbamidomethylation of cysteine residues was set as fixed, oxidation of methionine and protein
N-terminal acetylation as variable modifications. The match between runs option was enabled.
Peptide-spectrum-matches and proteins were retained if they were below a false discovery rate of

1% in both cases.

Statistical analysis of the MaxLFQ values was carried out using Perseus (version 1.5.8.5,
http://www.maxquant.org/). Quantified proteins were filtered for reverse hits and hits “identified
by site” and MaxLFQ values were log2 transformed. After grouping samples by condition only
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those proteins were retained for the subsequent analysis that had two valid values in one of the
conditions. Two-sample t-tests were performed using a permutation-based FDR of 5%.
Alternatively, quantified proteins were grouped by condition and only those hits were retained that
had three valid values in one of the conditions. Missing values were imputed from a normal
distribution (1.8 downshift, separately for each column). Volcano plots were generated in Perseus
using an FDR of 5% and an SO=1. The Perseus output was exported and further processed using

Excel. The final volcano plots were plotted using R studio.

4.5.13 Transcriptome analysis

For RNA-seq analysis of C. braunii, the algae were treated with water as a mock and 1 uM chitin
heptamer for 1 hour. Treatment and total RNA extraction were performed by Prof. Dr. Keiko

Sakakibara, Rikkyo University, Tokyo, Japan.

For RNA-seq of S. pratensis, 13-day-old algae were harvested from WHM agar plates and
transferred to WHM liquid medium in 6-well plates. The algae were incubated in a growth chamber
overnight. Next, water or chitin heptamer was added in the final concentration of 1 uM. The algae
were treated for 1 hour, 3 hours, and 24 hours. The algae were harvested and frozen in liquid
nitrogen. Total RNAs were extracted using Spectrum Plant Total RNA Kit (Sigma Aldrich).
Samples were sonicated for 1 minute after addition of lysis solution, the subsequent step were
performed according to the manufacturer’s instructions. On-column DNAse I treatment was
performed using DNAse I solution (Sigma Aldrich). Total RNAs were quantified by a Nanodrop
spectrophotometer and samples were frozen in liquid nitrogen and kept in -70 °C before being

submitted to Novogene UK for RNA sequencing.

RNA samples were shipped on dry ice to Novogene, UK (https://www.novogene.com/eu-en/) where the
samples were quality checked with Bioanalyzer (Agilent Technologies), libraries were prepared
and subsequently sequenced on Illumina NovaSeq X Plus platform. The S. pratensis MZCH10213
genome was supplied by personal communication from Prof. Dr. Jan de Vries, was used for
mapping and counting transcripts per gene in STAR aligner. Genes with less than the average of
10 read counts were excluded, and DESeq2 was used for raw count normalization and differentially
expressed gene (DEQG) analyses. RNA sequencing analysis was performed by Gabriel X. Garcia

Ramirez.
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4.5.14 ROS burst measurement

For ROS burst measurement in algae, 13-day-old S. pratensis or plantlets of C. braunii were
harvested and transferred to 96-well-plate and were incubated in WHM liquid medium (for S.
pratensis) or water (for C. braunii). The algae were washed with water 3 times and the water were
removed. Twenty micromolar L-O12 solutions were added and incubated in the dark for 3 hours at
room temperature. At least three technical replicates were performed. The chitin heptamer was
dissolved in water supplemented with 2.5 units/mL HRP to desired concentration (2x). The mock
solution was prepared in elicitor-free Milli-Q water supplemented with 2.5 units/mL HRP. After
incubation with luminol, 100 pL of the 2 x concentration of chitin heptamer and mock solutions

were added to the samples and relative RLU were measured in a plate reader.

For ROS burst measurement in M. polymorpha, the gemmae from corresponding phenotype were
collected from the gemma cups using a sterile tweezer and resuspended in 50 mL liquid 2
Gamborg’s B5 medium supplemented with 0.1% sucrose in a 250 mL Erlenmeyer flask and were
then cultured in a walk-in growth chamber under 50—-60 pmol photons m™s™! continuous white LED
at 22 °C for 7 days, while shaking at 200 rpm. The gemmae were transferred to 50 mL falcon tubes
and washed three times with water. Five gemmae of each genotype were carefully transferred into
100 puL water containing 20 uM L-O12. For each genotype and treatment, at least three technical
replicates were used. The samples were incubated overnight in dark for 3 hours at room
temperature. The chitin heptamer supplemented with 2.5 units/mL HRP to a final concentration of
2 uM (2 x). The mock solution was prepared in elicitor-free Milli-Q water supplemented with 2.5
units/mL HRP. After incubation with luminol, 100 puL of the 2 X concentration of chitin heptamer

and mock solutions were added to the samples and relative RLU were measured in a plate reader.

4.5.15 FRET-FLIM

FRET-FLIM analyses were conducted in transiently expressed N. benthamiana plants of 4 to 6
weeks old using a Leica SP§ FALCON-DIVE confocal system, equipped with an InSight X3 pulsed
laser from Spectra Physics with a fixed laser line of 1045 and a line tunable from 680 to 1300 nm,
in combination with 40x/1.10 W immersion objective. The leaves were transiently expressed with
either only with GFP as donor in absence of mCherry as acceptor, or in combination of mCherry.
The leaves were punched in pieces in diameter of 5 mM, mounted on microscope slides in water
and covered with high precision cover glass. After that, the leaves were used for analysis of

fluorescence lifetime. For imaging and FLIM experiments, GFP was excited with 930 nm and the
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emission window from 490 to 550 nm was recorded with the RLD detector. To observe FRET
between GFP as donor and mCherry as acceptor, only the donor fluorescence was recorded for
lifetime imaging. Images with a frame size of 512 by 512 pixels were acquired until a minimum
level of 1000 photons was reached for the maximum pixel value. The fluorescence decays of donor
only were analyzed to determine the average lifetime using a mono- or biexponential fitting model
in the LAS X software (Leica, Germany) and the mean 7 intensity weighted lifetimes (ns) were
calculated. Regions of interest (ROIs) that showed specific fluorescence of the transformed
protein(s) were defined manually. Importantly, areas with contaminating fluorescence signals
stemming from subtending or adjacent plastids were excluded. Similarly, the cuticle, regions with

stomatal autofluorescence, and air inclusions were avoided.
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6. Supplemental figures and tables

CbLYK1 ectodomain (AF2 model) SpLYK ectodomain (AF2 model)

Supplemental Figure 1 LysM ECDs of AtCERK1 (PDB: 4EBZ), AtLYKS, MpLYK1, MpLYR,
CbLYKI, and SplYK as predicted by AlphaFold2.
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Supplemental Figure 2 Lesions on leaves (red circle) caused by infiltration of SpLYK ECD-
MpLYK1 KD chimera construct into N. benthamiana.
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Supplemental Figure 3 (A) Unroot maximum likelihood phylogenetic tree of land plants and
streptophyte algae NADPH oxidases. Streptophyte algae NADPH oxidases do not cluster with
RBOH NADPH oxidase. Tree scale:1 (B) Unroot maximum likelihood phylogenetic tree of land

plants and streptophyte algae (labeled in red) RLCK subfamily VII. Tree scale:]1.
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Cytosolic P.G Organelle P.G Plasma membrane

Quantity Quantity P.G Quantity
MpLYK1 16.4 17.9 19.4
MpLYP 21.5 20.7 22.1
MpLYK2 Not detected Not detected 12.4
MpLYR 16.1 18.2 19.4

Supplemental table 1. LysM receptors identified by MS from the fractionation samples in M.
polymorpha.
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