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Supplementary Note 1 :

For extended figure 2: AfFLS2!, AfEFR2, OsXa213, A(LORE*, AtRDA25, AtWAK1/267, AtCRK 13,28,38810,
AtDORN1'!, AtLecRK 1.812, AtCERK 1'3, AtFERONIA 418, AtCORK 119, AtCLV 129, AtHAESA?!, SRKs22,
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For reference in supplementary figure legends: 101-118,



Supplementary Note 2

The expansion rate of cell-surface receptors and signalling components

The expansion rate of cell-surface receptors and signalling components in this study is determined by
calculating the number of identified genes divided by the number searched genes, or the number of annotated
proteins in each genome. We have tried to repeat this analysis while implementing evolutionary models and
housckeeping genes. We originally tried to reconstruct a species phylogenetic tree with tools like
Orthofinder2, but that simply does not find any genes that could be used to reconstruct the species tree. We
have also searched through the 350 genomes for single copy BUSCO genes and not a single one was found
in all species. The maximum was a single gene in 300 species. Most of the BUSCO genes are found in about
250-270 species (see Peer Review file). As a result, we cannot improve our gene family expansion analysis
in this study. We believe that more tailored analysis are required to study the expansion/contract rate of each
cell-surface receptor classess in the future.

Further discussions

The study of PRRs and the core PTI-signalling pathway has primarily focused on model plants, such as
Arabidopsis and rice. However, recent investigations into chitin perception by LysM-RLKs in the Bryophyte
Marchantia polymorpha have revealed a high degree of conservation in the PTI-signalling pathway across
land plants!34135, In fact, most cell-surface receptors and PTI signalling components in the Tracheophytes are
conserved in Bryophytes, with the exception of Duf26-RLKs, EP proteins, and RPW8-NLRs (Main figure
6a). Therefore, the most recent common ancestor of land plants is likely to possess a considerable number of
cell-surface receptors and basic components of immune signalling network, facilitating adaptation to
terrestrial environments (Main figure 6a). The presence of diverse cell-surface receptor classes and PTI
signalling components in algal species suggests that algae may also have PTI system (Main figure 6a), as
indicated by the MAMPs triggering of defense responses in some algal species. For instance, treatment with
lipopolysaccharides (LPS) and oligosaccharides in multiple red algae species (Rhodophyta) stimulated ROS
production, activation of nitric oxide (NO) signalling, changes in protein expression and hypersensitive
responses (HR)!3¢, Land plants perceive LPS and oligosaccharides through G-lectin- and WAK-/LysM-
receptors*6, In Rhodophyta, we identified the presence of LysM-RLPs, but not WAK- or G-lectin-containing
cell-surface receptors, suggesting that other PRRs perceive LPS in algae. Nevertheless, PTI is likely to be
present in multiple algal lineages. Further investigation into PRRs and signalling network in the Glaucophyta,
Rhodophyta, and green algal species holds promise for shedding light on the evolution PTI in Viridiplantae.
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Supplementary figure 1. Domain architecture and roles of the major cell-surface receptors classes in plants. (a) Schematic
figure represents the domain architecture of different classes of receptor-like kinase (RLKs) and receptor-like proteins (RLP) in
plants. Lower box defines the domains in the receptor classes. “*” represents the definitive domains in these receptors. Note that the
number of definitive domains and the domain architecture in each receptor is variable. (b-c) Table representing the characterized (b)
RLKs and (c) RLPs in plants; the biological processes of which the characterized members are involved in, and type of ligand (L) of
which they perceive. Grey box indicate indicates that receptor class has not been reported to involved in that biological process. For
ligands, red box indicates PAMPs from pathogens, purple box indicates DAMPs released from damage and blue box indicates
phytohormones, self-protein/peptide or phytocytokines, question mark (?) indicates unidentified ligand. Abbreviations for plant
species: A. thaliana, At; S. lycopersicum, SI; O. sativa, Os; N. benthamiana, Nb. References to the genes are included in the
supplementary information.
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Supplementary Figure 1

Supplementary figure 2. Expression of cell-surface receptors in Arabidopsis thaliana during PTI. A. thaliana seedlings were
treated with (a) flg22, (b) elf18, (¢) pepl, (d) nlp20, (e) OGs, (f) chitin, or (g) LPS to activate PTI. Light blue represents increased
expression and light pink represents decreased expression during PTI. X-axis values represent log2 (fold change during PTI relative to
samples at 0 min after PAMP/DAMP treatment). RNA-seq data analyzed here were reported previously, where PTI was activated by
different PAMPs/DAMPs in A. thaliana for 90mins. RNA-seq data were obtained from Bjornson et al, Nature Plants 2021 (reference 15
in main text). ). For a-g, n (number of cell-surface receptors analyzed in the RNAseq data) is provided in the Source Data file.
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Supplementary Figure 1

Supplementary figure 3. The origin and expansion of cell-surface receptors in Viridiplantae. The origin and expansion of (a) LRR-
, (a continued) LRR-RLP subgroups and LRR-RLK-XIIL, (b) WAK-, (¢) LysM-, (d) Malectin, (e) G-lectin, (f) L-lectin, and (g) Duf26-
domains in plants. Top panel represents a sequence similarity tree of multiple algal and plant lineages. Circles (©) and stars (5¥) indicate
the origin and expansion of receptor families. The timescale (in million years; MYA) of the sequence similarity tree is estimated by
TIMETREE. Bottom panel represents the present/absence of an ectodomain (with no TM/KD), ectodomain-RLP, ectodomain-RLK in
different algal and plant lineages. Grey box indicates the absence of receptor and green box indicates the presence of receptors in each
lineage. *M/C/K represents Mesostigmatophyceae, Chlorokybophyceae and Klebsormidiophyceae. Number of available species from
algae and plant lineages are indicated by numbers in the boxes. Boxplot below represents the percentage (%) of ectodomains (in proteins
without TM or KD), ectodomain-RLPs and ectodomain-RLKs in each lineage. Right plot represents the distribution of the relative
frequency of the percentage of ectodomains, ectodomain-RLPs and ectodomain-RLKs in each lineage. Boxplot elements: centre line,
median; bounds of box, 25th and 75th percentiles; whiskers, 1.5 X IQR from 25th and 75th percentiles. For a-g, n (number of cell-
surface receptors analyzed) is provided in the ‘Protein counts per species’ file on Zenodo (see Data availability section).
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WAK domain full sequence similarity tree
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LysM domain subset sequence similarity tree
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LysM domain full sequence similarity tree
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Malectin domain full sequence similarity tree

Tree scale: 1 ————
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G-lectin domain full sequence similarity tree
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L-lectin domain subset sequence similarity tree
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L-lectin domain full sequence similarity tree
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Duf26 domain subset sequence similarity tree
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Duf26 domain full sequence similarity tree
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Supplementary Figure 4

Supplementary figure 4. Phylogenetic analysis of ectodomains from RLKs, RLPs and ectodomain-only proteins in plants. (a),
(¢), (e), (g), (1), (k), Sequence similarity tree of (a) WAK, (c) LysM, (e) Malectin, (g) G-lectin, (i) L-lectin and (k) Duf26 domains from
RLKs (RLK), RLPs (RLP) and ectodomain-only proteins (ECTO) obtained from a subset of 25 species. These 25 species include
Cyanophora paradoxa, Chondrus crispus, Porphyra umbilicalis, Cyanidioschyzon merolae, Galdieria phlegrea , Galdieria sulphuraria
, Micromonas commoda, Micromonas pusilla CCMP1545, Ostreococcus tauri, Ostreococcus lucimarinus, Coccomyxa subellipsoidea
C-169, Botryococcus braunii, Chromochloris zofingiensis, Dunaliella salina, Volvox carteri, Chlamydomonas schloesseri CCAP
11/173, Chlamydomonas eustigma, Chlamydomonas incerta SAG 7.73, Chlamydomonas reinhardtii, Klebsormidium nitens ,
Mesostigma viride , Chlorokybus atmophyticus, Chara braunii, Spirogloea muscicola, Mesotaenium endlicherianum, Penium
margaritaceum, Marchantia polymorpha, Marchantia paleacea, Anthoceros agrestis, Anthoceros punctatus, Anthoceros angustus,
Sphagnum fallax, Sphagnum magellanicum, Fontinalis antipyretica, Ceratodon purpureus, Physcomitrium patens and Arabidopsis
thaliana. The outer ring indicates ectodomains from either Glaucophyta, red algae (Rhodophyta), green algae, Bryophytes or
Tracheophytes. The branch-extension colour indicates if the ectodomain is obtained from RLKs (orange), RLPs (purple) or ectodomain-
only proteins (green). (b), (d), (), (h), (j), (1), Sequence similarity tree of (b) WAK, (d) LysM, (f) Malectin, (h) G-lectin, (j) L-lectin and
(1) Duf26 domains from RLKs (RLK), RLPs (RLP) and ectodomain-only proteins (ECTO) obtained from 350 species. The branch-
extension colour indicates if the ectodomain is obtained from RLKSs (orange), RLPs (purple) or ectodomain-only proteins (green).
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Supplementary figure 5. The origin and expansion of LRR-containing PRRs in plants. Top panel represents the sequence
similarity tree of multiple algae and plant lineage. The timescale (in million years; MYA) of the sequence similarity tree is estimated
by TIMETREES5?2. Bottom panel represent the present/absence of different receptor classes in different algae and plant lineages. RLP
represenst LRR-RLPs. ‘Out clade’ refers to LRR-RLPs outside the ID+4LRR clade in figure 4c and ‘in clade’ refers to LRR-RLPs
inside the ID+4LRR clade in figure 4c. *M/C/K represents Mesostigmatophyceae, Chlorokybophyceae, and Klebsormidiophyceae.
Number of available species from each algae and plant lineages are indicated by numbers in the boxes. Grey box indicates the
absence of receptor and green box indicates the presence of receptors in each lineage. Origin of receptor is indicated with a circle (©).
Expansion rate of receptor classes are indicated by boxplots. Cyan boxplot represents the expansion rate from Glaucophtya and
Rhodophyta to green algae. Yellow boxplot represents the expansion rate from green algae to embryophytes and orange boxplot
represents the expansion rate from early land plants to Tracheophytes. Boxplot elements: centre line, median; bounds of box, 25th
and 75th percentiles; whiskers, 1.5 x IQR from 25th and 75th percentiles. n (number of LRR-RLK subclass members analyzed) is
provided in the ‘Protein counts per species’ file on Zenodo (see Data availability section).
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Supplementary figure 6. PTI signalling pathway in plants. Schematic figure represents the PTI signalling pathway in plants.
The architecture of different signalling components is defined in the lower box. Grey arrow represents the activation of downstream

signalling components by upstream signalling components following the perception of PAMPs/MAMPs by PRRs. Multiple
signalling components are activated through phosphorylation by an activated kinase domain (KD). Downstream signalling
components are activated to produce ROS and cytosolic calcium influx. Multiple immune-related transcription factors (TF) are also
activated by cytoplasmic protein kinases, which then leads to defence-related gene expression.
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Supplementary figure 7. Roles of signalling components in different biological processes in plants. Table representing the
characterized PTI signalling components in plants and the biological processes they are involved in. Characterized examples of
each signalling component involved in different biological processes are given. Grey box indicates that signalling component has
not been reported to involved in that biological process. The methods of identifying these signalling components from genomes are
also stated. Abbreviations for plant species: 4. thaliana, At; S. lycopersicum, SI; N. benthamiana, Nb. References to the genes are
included in the supplementary information.
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Supplementary figure 8a. Phylogenetic analysis of SERKSs in plants. Full-length sequence similarity tree of SERK members
identified from the LRR-RLK-II sequence similarity tree. The inner ring indicates SERK members from Glaucophyta, red algae

(Rhodophyta), green algae, Bryophytes or Tracheophytes. The outer ring indicates LRR-RLK-II members from gymnosperm,
monocots or dicots. The SERK, SERK1/2 and SERK3/4/5 clades are defined. Characterized SERK members are labelled in the
tree. Abbreviations for plant species: 4. thaliana, At; N. benthamiana, Nb; O.sativa, Os.
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Supplementary figure 8b. The origin and expansion of SERKSs in plants. Top panel represents the sequence similarity tree of
multiple algae and plant lineage. With circle (©) and star (3%) indicate the origin and expansion of receptor families. The timescale (in
million year; MYA) of the sequence similarity tree is estimated by TIMETREE. Bottom panel represent the present/absence of SERKs,
SERK1/2-related and SERK3/4/5-related proteins in different algae and plant lineages. Grey box indicates the absence of receptor and
green box indicates the presence of receptors in each lineage. The origin of SERKs are marked with a circle. *M/C/K represents
Mesostigmatophyceae, Chlorokybophyceae and Klebsormidiophyceae. Number of available species from each algae and plant lineages
are indicated by numbers in the boxes. Boxplot below represents the percentage (%) and right plot represents the distribution and rug of
the relative frequency of the % of SERKs, SERK1/2-related and SERK3/4/5-related proteins in each lineage. Boxplot elements: centre
line, median; bounds of box, 25th and 75th percentiles; whiskers, 1.5 x IQR from 25th and 75th percentiles. n (number of downstream
signalling component analyzed) is provided in the ‘Protein counts per species’ file on Zenodo (see Data availability section).
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Supplementary figure 8c. Phylogenetic analysis of SOBIR1 in plants. Sequence similarity tree of full length SOBIR1 members
identified from 350 species. The inner ring indicates SOBIR1 members from Glaucophyta, red algae (Rhodophyta), green algae,
Bryophytes or Tracheophytes. The outer ring indicates SOBIR1 members from gymnosperm, monocots or dicots. The
SOBIR1/SOBIR1-related and angiosperm SOBIR1 clades are defined. Characterized SOBIR1 members are labelled in the tree.
Abbreviations for plant species: M. polymorpha, Mp; A. thaliana, At; S. lycopersicum, Sl; O. sativa, Os; Z. mays, ZM.
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Supplementary figure 8d. The origin and expansion of SOBIR1 in plants. Top panel represents a sequence similarity tree of
multiple alga and plant lineages. Circles (0) and stars (3%) indicate the origin and expansion of receptor families. The timescale (in
million years; MYA) of the sequence similarity tree is estimated by TIMETREE. Bottom panel represents the presence/absence of
SOBIR1 and angiosperm SOBIR1 in different algae and plant lineages. Grey box indicates the absence of receptor and green box
indicates the presence of receptors in each lineage. The origin of SOBIR!1 is marked with a circle. *M/C/K represents
Mesostigmatophyceae, Chlorokybophyceae and Klebsormidiophyceae. Number of available species from each algal and plant lineage
are indicated by numbers in the boxes. Boxplot below represents the percentage (%) and right plot represents the distribution and rug of
the relative frequency of the % of SOBIR1 and angiosperm SOBIR1 in each lineage. Boxplot elements: centre line, median; bounds of
box, 25th and 75th percentiles; whiskers, 1.5 x IQR from 25th and 75th percentiles.
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Supplementary figure 8e. Phylogenetic analysis of RLCK-VII in plants. Sequence similarity tree of full length RLCK-VII
members identified from 350 species. The inner ring indicates RLCK-VII members from either Glaucophyta, red algae
(Rhodophyta), green algae, Bryophytes or Tracheophytes. The outer ring indicates RLCK-VII members from either gymnosperm,
monocots or dicots. The 10 RLCK-VII clades are defined based on previous annotation''. Arabidopsis thaliana RLCK-VIIs
members are labelled in the tree. Abbreviations for plant species: 4. thaliana, At.
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Supplementary figure 8f. The origin and expansion of RLCKs in plants. Top panel represents the sequence similarity tree of
multiple algae and plant lineage. With circle (©) and star (3%) indicate the origin and expansion of receptor families. The timescale (in
million year; MYA) of the sequence similarity tree is estimated by TIMETREE. Bottom panel represent the present/absence of RLCKs,
RLCK-VII and RLCK-VII-4,5,6,7,8,9 in different algae and plant lineages. Grey box indicates the absence of receptor and green box
indicates the presence of receptors in each lineage. The origin of RLCKs are marked with a circle. *M/C/K represents
Mesostigmatophyceae, Chlorokybophyceae and Klebsormidiophyceae. Number of available species from each algae and plant lineages
are indicated by numbers in the boxes. Boxplot below represents the percentage (%) and right plot represents the distribution and rug of
the relative frequency of the % of RLCKs, RLCK-VII and RLCK-VII-4,5,6,7,8,9 in each lineage. Boxplot elements: centre line, median;
bounds of box, 25th and 75th percentiles; whiskers, 1.5 x IQR from 25th and 75th percentiles. n (number of downstream signalling
component analyzed) is provided in the ‘Protein counts per species’ file on Zenodo (see Data availability section).



Supplementary Figure 8

CDPK sequence similarity tree

=
=
% P-4 S =
7,
23 2 &
) = é 3
%% 2 S
%) 2

QLS

5
2,

AtCPKz
Alcp,{ 1

AICPK24

AEBKE

ACPK20

Inner ring annotation : Outer ring annotation: Clade annotation:
O Glaucophyta G  Gymnosperm [ CDPKI/CDPK-related clade
R Rhodophyta M Monocot [_] CDPK-I clade
Green algae D Dicot E ggg?::lcc:fa%ee
Bryophytes ] CDPK-IV clade
E Tracheophytes

Supplementary figure 8g. Phylogenetic analysis of CDPK in plants. Sequence similarity tree of full length CDPK members
identified from 350 species. The inner ring indicates CDPK members from either Glaucophyta, red algae (Rhodophyta), green
algae, Bryophytes or Tracheophytes. The outer ring indicates CDPK members from either gymnosperm, monocots or dicots. The
CDPK-I/II/ITI/TV clades are defined based on previous annotation'>!%, 4rabidopsis thaliana CDPK members are labelled in the
tree. Abbreviations for plant species: 4. thaliana, At.
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Supplementary figure 8h. The origin and expansion of CDPK in plants. Top panel represents the sequence similarity tree of
multiple algae and plant lineage. With circle (©) and star (3%) indicate the origin and expansion of receptor families. The timescale (in
million year; MYA) of the sequence similarity tree is estimated by TIMETREE. Bottom panel represent the present/absence of CDPK
(all) and CDPK-I in different algae and plant lineages. Grey box indicates the absence of receptor and green box indicates the presence
of receptors in each lineage. The origin of CDPKs are marked with a circle. *M/C/K represents Mesostigmatophyceae,
Chlorokybophyceae and Klebsormidiophyceae. Number of available species from each algae and plant lineages are indicated by
numbers in the boxes. Boxplot below represents the percentage (%) and right plot represents the distribution and rug of the relative
frequency of the % of CDPK (all) and CDPK-I in each linecage. Boxplot elements: centre line, median; bounds of box, 25th and 75th
percentiles; whiskers, 1.5 X IQR from 25th and 75th percentiles. n (number of downstream signalling component analyzed) is provided
in the ‘Protein counts per species’ file on Zenodo (see Data availability section).
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Supplementary figure 8i. Phylogenetic analysis of MAPKKK in plants. Sequence similarity tree of MAPKKK members
identified from 350 species. The inner ring indicates MAPKKK members from either Glaucophyta, red algae (Rhodophyta), green
algae, Bryophytes or Tracheophytes. The outer ring indicates MAPKKK members from either gymnosperm, monocots or dicots.
The MAPKKK-IVIVII/ZIV/V/VI clades are defined. Arabidopsis thaliana MAPKKKs members are labelled in the tree.
Abbreviations for plant species: 4. thaliana, At.
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Supplementary figure 8j. The origin and expansion of MAPKKK in plants. Top panel represents the sequence similarity tree of
multiple algae and plant lineage. With circle (©) and star (3%) indicate the origin and expansion of receptor families. The timescale (in
million year; MYA) of the sequence similarity tree is estimated by TIMETREE. Bottom panel represent the present/absence of
MAPKKK, MAPKKK-IIT and MAPKKK-I members in different algae and plant lineages. Grey box indicates the absence of receptor
and green box indicates the presence of receptors in each lineage. The origin of MAPKKKSs are marked with a circle. *M/C/K represents
Mesostigmatophyceae, Chlorokybophyceae and Klebsormidiophyceae. Number of available species from each algae and plant lineages
are indicated by numbers in the boxes. Boxplot below represents the percentage (%) and right plot represents the distribution and rug of
the relative frequency of the % of MAPKKK, MAPKKK-IIT and MAPKKK-I members in each lineage. Boxplot elements: centre line,
median; bounds of box, 25th and 75th percentiles; whiskers, 1.5 x IQR from 25th and 75th percentiles. n (number of downstream
signalling component analyzed) is provided in the ‘Protein counts per species’ file on Zenodo (see Data availability section).
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Supplementary figure 8k. Phylogenetic analysis of MAPKK in plants. Sequence similarity tree of MAPKK members
identified from 350 species. The inner ring indicates MAPKK members from either Glaucophyta, red algae (Rhodophyta), green
algae, Bryophytes or Tracheophytes. The outer ring indicates MAPKK members from either gymnosperm, monocots or dicots.
The MAPKK-V/II/II/IV clades are defined based on previous annotation'®. Arabidopsis thaliana MAPKKs members are labelled

in the tree. Abbreviations for plant species: 4. thaliana, At.
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Supplementary figure 81. The origin and expansion of MAPKK in plants. Top panel represents the sequence similarity tree of
multiple algae and plant lineage. With circle (©) and star (3%) indicate the origin and expansion of receptor families. The timescale (in
million year; MYA) of the sequence similarity tree is estimated by TIMETREE. Bottom panel represent the present/absence of
MAPKK, MAPKK-II and MAPKK-III members in different algae and plant lineages. Grey box indicates the absence of receptor and
green box indicates the presence of receptors in each lineage. The origin of MAPKKSs are marked with a circle. *M/C/K represents
Mesostigmatophyceae, Chlorokybophyceae and Klebsormidiophyceae. Number of available species from each algae and plant lineages
are indicated by numbers in the boxes. Boxplot below represents the percentage (%) and right plot represents the distribution and rug of
the relative frequency of the % of MAPKK, MAPKK-II and MAPKK-III members in each lineage. Boxplot elements: centre line,
median; bounds of box, 25th and 75th percentiles; whiskers, 1.5 x IQR from 25th and 75th percentiles. n (number of downstream
signalling component analyzed) is provided in the ‘Protein counts per species’ file on Zenodo (see Data availability section).
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Supplementary figure 8m. Phylogenetic analysis of MAPK in plants. Sequence similarity tree of MAPK members identified
from 350 species. The inner ring indicates MAPK members from either Glaucophyta, red algae (Rhodophyta), green algae,
Bryophytes or Tracheophytes. The outer ring indicates MAPK members from either gymnosperm, monocots or dicots. The

MAPK-I/I/II/IV clades are defined based on previous annotation'*1%5. Arabidopsis thaliana MAPKs members are labelled in
the tree. Abbreviations for plant species: 4. thaliana, At.
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Supplementary figure 8n. The origin and expansion of MAPK in plants. Top panel represents the sequence similarity tree of
multiple algae and plant lineage. With circle (©) and star (3%) indicate the origin and expansion of receptor families. The timescale (in
million year; MYA) of the sequence similarity tree is estimated by TIMETREE. Bottom panel represent the present/absence of MAPK,
MAPK-III+IV members in different algae and plant lineages. Grey box indicates the absence of receptor and green box indicates the
presence of receptors in each lineage. The origin of MAPKs are marked with a circle. *M/C/K represents Mesostigmatophyceae,
Chlorokybophyceae and Klebsormidiophyceae. Number of available species from each algae and plant lineages are indicated by
numbers in the boxes. Boxplot below represents the percentage (%) and right plot represents the distribution and rug of the relative
frequency of the % of MAPK, MAPK-III+IV members in each lineage. Boxplot elements: centre line, median; bounds of box, 25th and
75th percentiles; whiskers, 1.5 x IQR from 25th and 75th percentiles. n (number of downstream signalling component analyzed) is
provided in the ‘Protein counts per species’ file on Zenodo (see Data availability section).
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Supplementary figure 8o. Phylogenetic analysis of CNGCs in plants. Sequence similarity tree of CNGCs identified from 350
species. The inner ring indicates CNGC members from either Glaucophyta, red algae (Rhodophyta), green algae, Bryophytes or
Tracheophytes. The outer ring indicates CNGC members from either gymnosperm, monocots or dicots. The CNGC-IVII/III/IV
clades are defined based on previous annotation'%. Arabidopsis thaliana CNGC members are labelled in the tree. Abbreviations

for plant species: A. thaliana, At.
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Supplementary figure 8p. The origin and expansion of CNGC in plants. Top panel represents the sequence similarity tree of
multiple algae and plant lineage. With circle (©) and star (3%) indicate the origin and expansion of receptor families. The timescale (in
million year; MYA) of the sequence similarity tree is estimated by TIMETREE. Bottom panel represent the present/absence of CNGC
and CNGC-I members in different algae and plant lineages. Grey box indicates the absence of receptor and green box indicates the
presence of receptors in each lineage. The origin of CNGCs are marked with a circle. *M/C/K represents Mesostigmatophyceae,
Chlorokybophyceae and Klebsormidiophyceae. Number of available species from each algae and plant lineages are indicated by
numbers in the boxes. Boxplot below represents the percentage (%) and right plot represents the distribution and rug of the relative
frequency of the % of CNGC and CNGC-I members in each lineage. Boxplot elements: centre line, median; bounds of box, 25th and
75th percentiles; whiskers, 1.5 x IQR from 25th and 75th percentiles. n (number of downstream signalling component analyzed) is
provided in the ‘Protein counts per species’ file on Zenodo (see Data availability section).
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Supplementary figure 8q. Phylogenetic analysis of OSCA in plants. Sequence similarity tree of OSCA members identified
from 350 species. The inner ring indicates OSCA members from either Glaucophyta, red algae (Rhodophyta), green algae,
Bryophytes or Tracheophytes. The outer ring indicates OSCA members from either gymnosperm, monocots or dicots. The
OSCA1/2/3/4 clades are defined based on previous annotation'%’. Arabidopsis thaliana OSCAs members are labelled in the tree.

Abbreviations for plant species: 4. thaliana, At.
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Supplementary figure 8r. The origin and expansion of OSCA in plants. Top panel represents the sequence similarity tree of multiple
algae and plant lineage. With circle (0) and star (%) indicate the origin and expansion of receptor families. The timescale (in million
year; MYA) of the sequence similarity tree is estimated by TIMETREE. Bottom panel represent the present/absence of OSCA and
OSCA-I members in different algae and plant lineages. Grey box indicates the absence of receptor and green box indicates the presence
of receptors in each lineage. The origin of OSCAs are marked with a circle. *M/C/K represents Mesostigmatophyceae,
Chlorokybophyceae and Klebsormidiophyceae. Number of available species from each algae and plant lineages are indicated by
numbers in the boxes. Boxplot below represents the percentage (%) and right plot represents the distribution and rug of the relative
frequency of the % of OSCA and OSCA-I members in each lineage. Boxplot elements: centre line, median; bounds of box, 25th and
75th percentiles; whiskers, 1.5 x IQR from 25th and 75th percentiles. n (number of downstream signalling component analyzed) is
provided in the ‘Protein counts per species’ file on Zenodo (see Data availability section).
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Supplementary figure 8s. Phylogenetic analysis of NADPH oxidases in plants. Sequence similarity tree of NADPH oxidase
members identified from 350 species. The inner ring indicates NADPH oxidase members from either Glaucophyta, red algae
(Rhodophyta), green algae, Bryophytes or Tracheophytes. The outer ring indicates NADPH oxidase members from either
gymnosperm, monocots or dicots. The FRO and RBOH clades are defined. Characterized RBOH members and Arabidopsis
thaliana NADPH oxidases are labelled in the tree. Abbreviations for plant species: M. polymorpha, Mp; A. thaliana, At; N.
benthamiana, Nb.
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Supplementary figure 8t. Phylogenetic analysis of RBOHs in plants. Sequence similarity tree of RBOH members identified
from 350 species. The inner ring indicates RBOH members from either Glaucophyta, red algae (Rhodophyta), green algae,
Bryophytes or Tracheophytes. The outer ring indicates RBOH members from either gymnosperm, monocots or dicots. The
RBOH-VIVIII/IV/V clades are defined based on previous annotation!®!%. 4rabidopsis thaliana RBOH members are labelled in
the tree. Abbreviations for plant species: M. polymorpha, Mp; A. thaliana, At; N. benthamiana, Nb.
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Supplementary figure 8u. The origin and expansion of NADPH oxidases in plants. Top panel represents the sequence similarity tree
of multiple algae and plant lineage. With circle (o) and star (%) indicate the origin and expansion of receptor families. The timescale (in
million year; MYA) of the sequence similarity tree is estimated by TIMETREE. Bottom panel represent the present/absence of NADPH
oxidase and RBOHs in different algae and plant lineages. Grey box indicates the absence of receptor and green box indicates the
presence of receptors in each lineage. The origin of NADPH oxidases are marked with a circle. *M/C/K represents
Mesostigmatophyceae, Chlorokybophyceae and Klebsormidiophyceae. Number of available species from each algae and plant lineages
are indicated by numbers in the boxes. Boxplot below represents the percentage (%) and right plot represents the distribution and rug of
the relative frequency of the % of NADPH oxidase and RBOHs in each lineage. Boxplot elements: centre line, median; bounds of box,
25th and 75th percentiles; whiskers, 1.5 x IQR from 25th and 75th percentiles. n (number of downstream signalling component
analyzed) is provided in the ‘Protein counts per species’ file on Zenodo (see Data availability section).
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Supplementary figure 8v. Phylogenetic analysis of EP proteins in plants. Sequence similarity tree of EP proteins identified
from 350 species. The inner ring indicates EP proteins from either Glaucophyta, red algae (Rhodophyta), green algae, Bryophytes
or Tracheophytes. The outer ring indicates EP proteins from either gymnosperm, monocots or dicots. The PAD4, EDS1 and
SAG101 clades are defined based on previous annotation''?. Arabidopsis thaliana EP protein members are labelled in the tree.
Abbreviations for plant species: 4. thaliana, At.



w Supplementary Figure 8

1250MYA
1150MYA
1050MYA
950MYA
850MYA
750MYA
650MYA
550MYA
450MYA L. )
_____________ .I Origin of EP proteins
350MYA
Clade 1 5 13| 3 | 1 312|531 3 |10 |300 Relative Frequency
EDS1 Ol o 02 04 06 08 10
0.03% -4 i ioiod i d b i E 0.03%
0.02% P g 0.02%
XL S S e e S S S e e 0.01%
0.00% [ A N D T T T R 0.00%
PAD4 0 02 04 06 08 1.0
0.08% 4 i i iEi i e 0.08%
L Iy o S S S S S S S i 0.06%
‘ 0.04% L 0.04%
.02 — NSNS NS SN SN IS RSN, U NI, WG N—— .| .. . 0.02%
L]
0.00% —NSuuuu; SUNI; SO SN S S U SO WA S — . # 0.00%
SAG101 Op 02 04 06 08 10
L - 0.05%
[ L R e T e T s SR I 0.04%
0.08% b 0.03%
0.029% o/ 0.02%
001% B T B T B T e 0010/0
0.00% 4 0.00%
o3 osoN g L3Oz
c ¢ 3 2@ 8 € 2 3F 53 § £ 3 @
6 2 = X 3 2 0 T T 8 B 3 o
o 9 o * B O T 8 > 9 o o .
5 8 8 =5 5 3 8 & § < 2 o T o) Origin of D Absence
3 .,?: 3 G < g.. o g T O g [} receptor
S o & i T ° -] i -g- 3 g D Presence
= 3 3= 22 522 25 @8 = Large
= = w o < - 0 W * expansion of
= § 3 % g § § receptor family
g ) = === | and plants
Red algae Tracheophytes

Supplementary figure 8w. The origin and expansion of EP proteins in plants. Top panel represents a sequence similarity tree of
multiple algae and plant lineages. Circles (0) and stars (%) indicate the origin and expansion of receptor families. The timescale (in
million years; MYA) of the sequence similarity tree is estimated by TIMETREE. Bottom panel represent the present/absence of EDS1,
PAD4 and SAGI101 in different algae and plant lineages. Grey box indicates the absence of receptor and green box indicates the
presence of EDS1, PAD4 and SAG101 in each lineage. The origin of EP proteins are marked with a circle. *M/C/K represents
Mesostigmatophyceae, Chlorokybophyceae and Klebsormidiophyceae. Number of available species from each algae and plant lineages
are indicated by numbers in the boxes. Boxplot below represents the percentage (%) and right plot represents the distribution and rug of
the relative frequency of the % of EDS1, PAD4 and SAG101 in each lineage. Boxplot elements: centre line, median; bounds of box,
25th and 75th percentiles; whiskers, 1.5 x IQR from 25th and 75th percentiles. n (number of downstream signalling component
analyzed) is provided in the ‘Protein counts per species’ file on Zenodo (see Data availability section).



Supplementary Figure 8

RWP8-NLR sequence similarity tree

e

1 AADR1

| AtADRR1-L2

Inner ring annotation : Outer ring annotation: Clade annotation:

O Glaucophyta G  Gymnosperm [] ADR1 clade

R Rhodophyta M  Monocot 1 NRG1 clade
Green algae D  Dicot

L. Bryophytes
E Tracheophytes

Supplementary figure 8x. Phylogenetic analysis of RPW8-NLRs (RNLs/helper NLRs) in plants. Sequence similarity tree of
helper NLRs identified from 350 species. The inner ring indicates helper NLRs from either Glaucophyta, red algae (Rhodophyta),
green algae, Bryophytes or Tracheophytes. The outer ring indicates helper NLRs from either gymnosperm, monocots or dicots.
The ADR1 and NRG1 clades are defined based on previous annotations!!!- A4rabidopsis thaliana helper NLRs are labelled in the
tree. Abbreviations for plant species: 4. thaliana, At.
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Supplementary figure 8y. The origin and expansion of RWP8-NLRs in plants. Top panel represents a sequence similarity tree of
multiple algae and plant lineages. Circles (o) and stars (%) indicate the origin and expansion of receptor families, respectively. The
timescale (in million years; MYA) of the sequence similarity tree was estimated by TIMETREE. Bottom panel represents the presence
or absence of RPW8-NLRs in different algal and plant lineages. Grey box indicates the absence of receptors and green box indicates the
presence of receptors in each lineage. The origin of RWP8-NLRs is marked with a circle. *M/C/K represents Mesostigmatophyceae,
Chlorokybophyceae and Klebsormidiophyceae. Number of available species from algae and plant lineages are indicated by numbers in
the boxes. Boxplot below represents the percentage (%) and right plot represents the distribution and rug of the relative frequency of the
% RPWS8-NLRs in each lineage. Boxplot elements: centre line, median; bounds of box, 25th and 75th percentiles; whiskers, 1.5 x IQR
from 25th and 75th percentiles. n (number of downstream signalling component analyzed) is provided in the ‘Protein counts per species’
file on Zenodo (see Data availability section).



Supplementary Figure 9

RLK*
a Immunity-related proteins (337,434) ¢
12.2% RLP* Typel * ’ Correlation to %PRRs* Expression level*
NB-ARC | & ‘ ‘
SERKs \‘
SOBIR1 k!
signalling L
components: RLCK-VlIs *
CDPKs .
b MAPKKKs | <
signalling components (78,271)
1.6% MAPKKs .

2.3% 1.8%

1.4%

4.1% \ \ MAPKs .

5.8%

27.6%
Il CNGCs
9.5%
I oscAs |
[N RBOHs LS

EP proteins

8.8% .

4.6%

RPW8-NLRs

14.6%

03 00 03 06 09-6 4 -2 0 2 4 6



Supplementary Figure 9

[}

T

N s @
L %v%,%\s - %V\Y%\S L &\V\F%\s
L @Q\@o Y L @@0\0 % i b@wxo SAY
o Yoy 2y
%@ % @
| - %0, N - 0g, Il - %0g,
TN I o, LN 1R T
AR T TS LI T T s IR - %y,
Vo N> N
N s s
i \—\QVs B \TQVs r \_\O\V\
%y 7 %y
I @D\Q? i ,w.\v\vQY i @D\QT
L @\«D\\—\O\V\ - .mw\\v\_\QVs L %\—\\—\\TO\V
| - Yl I - Yo, | %,
IV T A2 RRNTTET R S L,
| I N&\@og | I @\moa, | I @\mo,w
|1 R ™S | 11 || - Mg HEEE Sy
© < N o N © < N o N © < N o N
juswieal} g9 JO sulw 06 J1aye on_N.mo_ o uswjieas) 0zd|u Jo sulw Q6 Joye on_wmo_ == JuswijeaJ} uilyo Jo sulw Q6 Joye ou_umo_
R s
L &V\?%§ - n.v\w\—\,%§
% &
-@@@o«Q Y L @@@@Q Y
@ %
LTI _ - %0g, 1 - %0g,
1l I %o, I (LA
TN L TN S _ I o,
|,mu\0\v§\ -@\Qv\&\
- Sy, - S,
b, b,
w %
-, - S,
. 0\?\\§ . QT@
- Yot W T Y,
N TETITY TIRE A9
_ _ L4, v _ L 4y, 4
.@Orn. \@O_m,
] I N IR
© < N o N © < ~ o o © < ~ o « ©
juswieas} gzbyj Jo suiw Qg Joye on_m.mo_ 4= juswieal) |dad Jo sulw Q6 Joye On_umo_ £ Juswieal) SHO JO SUIW 06 Jeye D4%60| —

4
Juswesl} Sd7 40 Sulw 06 Jeye O

T
Q
60|



Supplementary Figure 9

Supplementary figure 9. Properties and expressions of cell-surface receptor downstream signalling components (a) Distribution
of RLKs, RLPs, NB-ARCs, and PTI-signalling components in plants. Each fraction represents the percentage (%) of ectodomain out of
all four protein classes from 350 species (337,434). *Note that RLKs and RLPs here represent RLKs and RLPs with LRR-, G-lectin-, L-
lectin-, LysM-, Malectin-, WAK- and Duf26- ectodomains. (b) Distribution of PTI-signalling components in plants. Each fraction
represents the percentage (%) of each protein family out of all the families combined (78,271). The colour codes for (a) and (b) are
indicated on the right. (¢) Characterised PTI-signalling components involved in microbial interaction (bacteria icon), reproduction
(flower icon), and development (leaf icon) are indicated with green boxes. A grey box indicates that receptor class has not been reported
to be involved in that particular biological process (see Supplementary figure 7). The sizes of each signalling component family are
given as a percent of all the proteins in the genomes of the plant species. Correlations between different classes of signalling
components and PRR* in 300 angiosperms are indicated by the lengths of bars. *Note that PRRs here represent the combined sum of
LRR-RLK-XII and LRR-RLPs, since many characterised members of these two classes are involved in PAMP recognition. A moderate
positive correlation is represented in yellow (Pearson’s r between 0.3-0.6). Expression level* refers to the expression of each class of
PTI-signalling component during NTI in 4. thaliana. The blue shade represents increased expression, and the red shade represents
decreased expression during NTI. The X-axis represents log, (fold change during NTI relative to untreated samples). The boxplot
elements: centre line, median; bounds of box, 25th and 75th percentiles; whiskers, 1.5 x IQR from 25th and 75th percentiles. RNA-seq
data analysed here were reported previously in reference 16 in main text, where NTI was activated by estradiol-induced expression of
AvrRps4 in A. thaliana for 4 hours. (d-j) The expression of PTI signalling components during PTI in Arabidopsis thaliana. Arabidopsis
thaliana seedlings were treated with (d) flg22, (e) elf18, (f) pepl, (g) nlp20, (h) OGs, (i) chitin, or (j) LPS to activate PTI. Light blue
represents increased expression and light pink represents decreased expression during PTI. X-axis values represent log2 (fold change
during PTI relative to samples at 0 min after treatment). RNA-seq data analyzed here were reported previously, where PTI was activated
by different PAMPs/DAMPs in A. thaliana for 90mins. RNA-seq data were obtained from Bjornson et al, Nature Plants 2021 (reference
15 in main text). For ¢-j, n (number of downstream signalling component analyzed in the RNAseq data) is provided in the Source Data
file.
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Supplementary figure 10. Domain architecture of the characterized LRR-RLP in plants. (a) Table represents the domain
architecture of the characterized LRR-RLPs in plants. Characterized receptors involved in microbial interaction (bacteria icon),
reproduction (flower icon) and development (leaf icon) are indicated with green boxes. Grey box indicates that receptor class has
not been reported to involved in that biological process. Number of LRR motifs, N-loopouts (NLs) and island domains (IDs), and
the position of NL/ID (from N-to-C terminal or C-to-N terminal) are obtained from structures shown in supplementary figure 11. (b)
Schematic figure represents the domain architecture of the characterized LRR-RLPs in plants. Arrow represents the ligands of which
these receptor classes have been reported to perceive or recognize. Yellow highlights represent IDs and green highlights represent
NLs. Upper box defines the ligands recognized by different LRR-RLPs and the domains in the LRR-RLPs. Number of LRRs and
position of ID/NL are obtained from structures shown in supplementary figure 11. Note that these receptors might be able to
recognise other unidentified ligands. References to the genes are included in the Supplementary Reference.
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Supplementary figure 11. Published or predicted structures of ectodomains of LRR-RLP in plants. Ectodomain structures of
characterized LRR-RLPs in plants. Structure of RXEG1 and TMM were obtained from PDB"2113_ Structures of the other LRR-RLPs
were predicted by Alphafold2™!'!* Ectodomains were trimmed by PDBeditor and visualized in iCn3D!!. Island domains (ID) are

highlighted in black with yellow background.
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Supplementary figure 12. Distribution of gaps within LRR motifs in LRR-containing cell-surface receptors. (a) Method of gap
identification from LRR-containing PRRs. For details, please refer to methods. (b) Distribution of LRR-RLKs and LRR-RLPs in
LRR-containing cell surface receptors (LRR-TM) from 350 species. (¢) Distribution of LRR-RLPs and LRR-RLKs with or without
gaps of 10-29 amino acids (10-29) or 30-90 (30-90) amino acids. Labels are indicated on the right. (d) Distribution of LRR-RLPs
and LRR-RLKSs with one, two, three, or more than 3 gaps of 10-29 amino acids (10-29) or 30-90 (30-90) amino acids. Labels are
indicated on the right.
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Supplementary figure 13a-c. Distribution of small gaps within LRR motifs in LRR-RLKSs. Position of small gaps (NLs; 10-
29 amino acids) in LRR-RLKSs with (a) one, (b) two and (c) three small gaps. N1, N2, N3, and N4 represents the number of LRR
motifs between the small gaps. X-axis presents number (n) of proteins.
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Supplementary figure 13d-f. Distribution of large gaps within LRR motifs in LRR-RLKS. Position of large gaps (IDs; 30-90
amino acids) in LRR-RLKs with (d) one, (e) two and (f) three large gaps. N1, N2, N3, and N4 represents the number of LRR
motifs between the large gaps. X-axis presents number (n) of proteins.
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Supplementary figure 13g-i. Distribution of small gaps within LRR motifs in LRR-RLPs. Position of small gaps (NLs; 10-
29 amino acids) in LRR-RLPs with (g) one, (h) two and (i) three small gaps. N1, N2, N3, and N4 represents the number of LRR
motifs between the small gaps. X-axis presents number (n) of proteins.
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Supplementary figure 13j-1. Distribution of large gaps within LRR motifs in LRR-RLPs. (a-c) Position of large gaps (IDs;
30-90 amino acids) in LRR-RLPs with (j) one, (k) two and (I) three large gaps. N1, N2, N3, and N4 represents the number of
LRR motifs between the large gaps. X-axis presents number (n) of proteins.
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Extended figure 14. Interaction surfaces between SERKs, LRR-RLKs and LRR-RLP. Published structures of (a) AtFLS2-
AtBAKI1, The left panels show the full structure, and the middle panels show the interaction sites between LRR-RLKs or LRR-RLP
and SERKSs. Hydrogen bonds are indicated by green dotted lines, and salt bridges are shown as cyan dotted lines. The positions of
LRR residues (counting from N to C for SERKSs and counting from C to N for LRR-RLKs and LRR-RLP) are shown. The right panel
represents the 2D interaction network between SERKs and its receptors. Contacts/interactions are shown in grey lines, hydrogen
bonds are shown in green lines, and salt bridges are shown in cyan lines. Amino acids are labelled in colours according to their
positions in the LRR motifs (counting from N to C for SERKs and counting from C to N for LRR-RLKs and LRR-RLP (L)).
Structures were visualized in iCn3D. For (a), the interaction sites are calculated by iCn3D with the following thresholds: hydrogen
bonds: 4.2A; salt bridges/ionic bonds: 6A; contacts/interactions: 4A. (b) Alignment of the ectodomains of SERKs from A. thaliana
(At) and N. benthamiana (Nb). The amino acid residues between the interaction interfaces of AtFLS2-AtBAK1, AtBRI1-AtBAKI,
AtPSKR1-AtSERK1, and NbRXEG1-NbBAKI are highlighted in different colours as indicated in the boxes below. Hydrogen bonds
and salt bridges/ionic bonds are also indicated.
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Supplementary figure 15. Motif enrichment analysis and clustering of IDs (a) Number of ID clusters with LRR-receptors
from a single subgroup/family. The left graph shows the number of clusters containing LRR-receptors from each
subgroup/family. The right graph shows the distribution of the sizes of each cluster (number of IDs in each cluster). (b) Number
of ID clusters with LRR-receptors from two different subgroups/families. The graph on the left shows the number of clusters
containing LRR-receptors with the combination of subgroups/families. The graph on the right shows the distribution of the sizes
of each cluster (number of IDs in each cluster). Boxplot elements: center line, median; bounds of box, 25th and 75th percentiles;

whiskers, 1.5 x IQR from 25th and 75th percentiles. For a and b, n (number of receptors in each classes) in the right graph is
stated on the left graph.
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Supplementary figure 16a. Sequence similarity tree of the ectodomain region of all LRR-containing PRRs from 350
species. Clades and branches are labelled as indicated.
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Supplementary figure 16b. Sequence similarity tree of the ectodomain region of all LRR-containing PRRs from 350
species within the PSKR/PSY1R-clade from (a). Clades and branches are labelled as indicated.
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Supplementary figure 17. Ectodomains shared by LRR-RLK-Xbs and LRR-RLPs. (a) The full alignment of ectodomain
from LRR-RLK-Xb (blue) and LRR-RLP (pink) members taken from the sequence similarity tree in Figure Sh. The green
highlights indicate the amino acids residues required from PSK binding in AtPSKR1. The green highlights are corresponding
to the amino acids highlighted in the structure in Figure Sg. The positions of the LRR motifs and ID in the alignment are
indicated in colors shown in Figure Sg. (the interaction network; right panel). b Sequence similarity tree of ectodomains of
PSY1R members from 350 species extracted from the PSYIR clade from Supplementary Fig. 16b. ¢ Right top bar represents
the distribution of LRR-RLK-Xb (blue) against LRR-RLP (pink) within the sequence similarity tree. Bottom alignment
represents the alignment of the IDs from LRR-RLK-Xb (blue) and LRR-RLP (pink) from members taken from the sequence
similarity tree. Amino acid residues that are conserved are highlighted by their properties by Clustal X.
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Supplementary figure 18. Activation of immune and development pathways by LRR-RLK-Xbs and LRR-RLPs. (a)
Functionality testing of AtRLP23 chimeras with brassinosteroid (BL) as a positive control. Nb leaves expressing the indicated
constructs were treated with 1uM nlp20 or BL, and samples were collected at indicated time points. Dephosphorylation of BESI1-
HA was detected with HA antibody. Phosphorylation of NbSIPK and NbWIPK was detected with p-P42/44 antibody. The
experiments were repeated at least twice with similar results. (b) Schematic model of the interaction between LRR-RLK-Xb (BRI1)
and LRR-RLP (RLP23) with co-receptors to induce differential downstream signalling. Both receptor classes utilize the last 4 LRRs
(highlighted in yellow) to interact with SERKs (BAK1). LRR-RLP evolved to interact with SOBIR1 with the GxxxG motifs in TM
(highlighted in yellow outline). Colored hexagons on RLKs indicate activated kinases and black hexagon indicates an inactivated
kinase.
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