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Significance Statement: New oligosaccharides that trigger plant immunity have been described recently,
but the mechanisms of perception of these glycans are unknown. We describe here three Arabidopsis
thaliana receptor kinases (AT1G56130, AT1G56140, and AT1G56145) with Leucine Rich Repeat (LRR)
and Malectin (MAL) domains in their extracellular ectodomains (ECDs), which function as Pattern
Recognition Receptors (PRRS) triggering immune response mediated by oligosaccharides from cellulose
(B-1,4-glucan) and mixed-linked B-1,3/1,4-glucans (MLGs) of plant and microbial cell walls. The ECD-
AT1G56145 binds cellulose oligosaccharides, but not MLGs, supporting its function as a novel receptor
of carbohydrate ligands in plants. Our data indicate that these LRR-MAL-PRRs control a complex
mechanism of oligosaccharides perception and immune activation that differs from that of fungal chitin

oligosaccharides recognition which involves LysM-PRRs.
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Abstract

Plant immune system perceives through the extracellular ectodomains (ECDs) of Pattern Recognition
Receptors (PRRs) a diversity of carbohydrate ligands from plant and microbial cell walls, which activate
Pattern-Triggered Immunity (PTI). Among these ligands are oligosaccharides derived from mixed-linked
B-1,3/p-1,4-glucans (MLGs, e.g., B-1,4-D-(GlIc),-p-1,3-D-Glc, MLG43) and cellulose (e.g., B-1,4-D-(Glc)s,
CEL3). The mechanisms of perception of carbohydrates by plants are poorly characterized, with the
exception of that determining recognition of fungal chitin oligosaccharides (e.g., B-1,4-D(GICNAC)s,
CHI6) that involves several PRRs with LysM-ECDs that function as receptor or co-receptors. Here, we
describe the isolation and characterization of Arabidopsis thaliana mutants impaired in glycan perception
(igp), which are defective in PTI activation mediated by MLG43 and CELS3, but not CHI6. igpl-igp4 are
altered in receptor-like kinases [RLKs: AT1G56145 (IGP1), AT1G56130 (IGP2/3), and AT1G56140
(IGP4)] with Leucine-Rich-Repeat (LRR) and Malectin (MAL) domains in their ECDs. igp4 is a T-DNA
insertional, loss of function mutant whereas igpl and the allelic igp2/igp3 harbour point mutations
(E906K and G773E, respectively) in their kinase domains, which impact their structure and surface
electrostatic potential as revealed by in silico structural analyses. Notably, Isothermal Titration
Calorimetry assays with purified ECD-RLKSs showed that AT1G56145 binds with high affinity CEL3 (Kd
=1.19 £ 0.03 uM) and cellopentaose (Kd = 1.40 £ 0.01 uM), but not MLG43, supporting AT1G56145
function as a plant PRR for cellulose oligosaccharides. Our data suggest that these LRR-MAL RLKSs are
receptor/co-receptors of a novel mechanism of perception of cellulose and MLG-derived oligosaccharides

and PTI activation in Arabidopsis thaliana.
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Plants have evolved a very complex immune system that comprises several defence layers and
mechanisms for the recognition of pathogens and pests that cooperatively interact to restrict plant
infection. One of these layers of defence is known as Pattern-Triggered Immunity (PTI), which is based
on the recognition of Damage- and Microbe-Associated Molecular Patterns (DAMPs and MAMPS)
derived from plants or microorganisms, respectively, by plasma membrane-resident Pattern Recognition
Receptors (1). Upon DAMP/MAMP recognition by ectodomains (ECDs) of PRRs functioning as
receptors, additional PRRs are recruited as co-receptors to form PRRs complexes, which trigger the
activation of cytoplasmic protein kinase domains (KD) of PRRs that initiate phosphorylation and
signalling cascades (1, 2). Among early PTI responses are the increase of cytoplasmic concentration of
Ca*? second messenger, the production of reactive oxygen species (ROS) by NADPH-oxidases (e.g.,
RBOHD), the phosphorylation of Mitogen-activated Protein Kinases (MPKs) and Ca®*-Dependent Protein
Kinases (CDPKs) and the transcriptional reprogramming of gene expression, that ultimately result in
plant restriction of pathogen/pest colonization (2, 3). PTI relevance in plant disease resistance is well-
illustrated by the fact that immune responses and restriction of pathogen colonization are compromised in
plants defective in PRRs (receptors or co-receptors) involved in the perception of DAMPs or MAMPs of
different biochemical nature, including peptides, carbohydrates (oligosaccharides) or fatty acids (1-3).
Many PRR/peptidic DAMP/MAMP pairs triggering PTI responses have been elucidated, like
AtPepl DAMP and bacterial flg22 MAMP peptides which are directly bound by Arabidopsis thaliana
PEPR1/2 and FLS2 PRRs, respectively (2-4). PRR co-receptors for FLS2 and PEPR1/2 involve members
of the SERK family of PRRs, like BAKZ1, since bakl mutant alleles are also impaired in flg22 and AtPepl
perception (2-4). These PRRs are Receptor-Like Kinases (RLKSs) with an ECD harbouring Leucine-Rich
Repeats (LRR), a Transmembrane domain (TM) and a cytoplasmic serine/threonine KD. RLKs with
LRR-ECDs represent about 50% of putative plants PRRs that also comprise Receptor-Like Proteins
(RLPs) with ECD and TM but lacking the KD, and Receptor-Proteins (RPs), consisting of an ECD that

can be either attached to the plasma membrane by a Glycosylphosphatidylinositol-anchor or to be an


https://doi.org/10.1101/2022.08.09.503277

bioRxiv preprint doi: https://doi.org/10.1101/2022.08.09.503277; this version posted August 10, 2022. The copyright holder for this preprint

10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

extracellular protein (5, 6). Arabidopsis thaliana genome has more than 600 genes encoding
RLKSs/RLPs/RPs members, that in some cases are clustered in the same plant genome loci illustrating
their recent evolutionary divergence (1, 6, 7).

In contrast to the extended knowledge of peptidic DAMP/MAMP perception, our understanding
of the mechanisms of activation of plant immunity by carbohydrate-based DAMPS/MAMPs is scarce
despite carbohydrates being highly abundant in plant and microbial extracellular layers, like cell walls,
and that several oligosaccharides that trigger PTI in plants have been identified (8). Moreover, about 50%
of RLK/RLP/RP from plant genomes have ECDs that are predicted to bind carbohydrate-based ligands
and are grouped in different families: Lysin Motif (LysM), Lectins (G, L and C-lectins), CRinkly-Like
(CR4L), Wall-Associated Kinases (WAK), LRR-Malectins, Malectin-LRRs, Catharanthus roseus
Receptor-Like Kinases 1-like (CrRLK1LS), and Cysteine-Rich Kinases (CRK/DUF26) (5, 6, 8). Several
carbohydrate-based ligands are perceived by the plant immune system such as oligosaccharides from
chitin (e.g., chitohexaose (p-1,4-D-N-acetylglucosamine)s, CHI6) and $-1,3-glucan of fungal/oomycete
cell walls, peptidoglycan from bacterial walls, and oligosaccharides derived from plant cell wall polymers
like cellulose (B-1,4-glucan), mix-linked glucans (MLGs; B-1,4/8-1,3-glucans), xyloglucan, mannan,
xylan, and homogalacturonan/pectins (oligogalacturonides or OGs) and from other plant glycans, like
fructans (9-20).

Cellulose, a linear polymer of -1,4-glucosyl residues, is present in all plants, most algae, some
protists and microbial (bacteria, oomycetes) extracellular matrixes or walls, being the most abundant
biomolecule on the earth (21-23). MLGs, consisting of unbranched and unsubstituted chains of -1,4-
glucosyl residues interspersed by -1,3-linkages, are widely distributed as matrix polysaccharides in cell
walls of plants from the Poaceae group (cereals) but have also been reported in Equisetum spp. and other
vascular plants (24, 25), bryophytes and algae (26, 27), bacteria (28), and fungi and oomycetes (29-31).
MLGs derived oligosaccharides (e.g. MLG43 (B-1,4-D-(Glc),-p-1,3-D-Glc), MLG443 ($-1,4-D-(Glc)s-p-

1,3-D-Glc) and MLG34 (B-1,3-D-Glc-B-1,4-D-(Glc),) are perceived with different degree of specificity by
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the immune system of several plant species (e.g. Arabidopsis thaliana, rice, barley, tomato and pepper)
(31-34). Similarly, cellulose-derived oligosaccharides (e.g., p-1,4-D-(Glc), to -1,4-D-(Glc)s cellobiose to
cellohexaose, CEL2-CELS) trigger PTI response in Arabidopsis thaliana, rice and other plant species (9,
31, 33-36). MLGs (e.g., MLG43, MLG443) and cellulose-derived oligosaccharides (e.g., CEL2-CEL3)
play a critical role as self-alert signals (DAMPSs) of plant colonization by pathogens, since they can be
released from plant cell walls by the activity of microbial endoglucanases, like cellulases, secreted during
plant colonization (33, 37). MLGs can be also perceived as MAMPs by those plant species that do not
contain MLGs in their cell walls, such as Arabidopsis thaliana and Solanaceae species (31, 32).

Our knowledge of the mechanisms of oligosaccharides perception by the mammal immune
system through carbohydrate-recognition domains (CRDs) is quite large (8, 38, 39). In contrast, our
understanding of the structural basis of perception of oligosaccharides by plants PRR is limited and
mainly restricted to PRRs of the LysM family (e.g., CERK1 (Chitin Elicitor Receptor Kinase 1), LYK4
and LYKS5), which harbour promiscuous ECDs involved in the activation of PTI mediated by structural
diverse ligands like chitin derived oligosaccharides (e.g., CHI6-CHI8), B-1,3-glucan (laminarihexaose,
LAMS6) and MLGs (MLG43/MLG34/MLG443) (15, 19, 31, 33, 40-44). Immune responses triggered by
CHI6, LAM6 and MLG43 are partially impaired in cerkl single and lyk4 Iyk5 double mutants (15, 31, 43-
46). However, a direct binding of LAM6 and MLG43 to Arabidopsis thaliana CERK1 ECD was
discarded based on in silico structural molecular dynamics simulations and Isothermal Titration
Calorimetry (ITC) binding assays performed with purified ECD-CERK1 and LAMG6 (6). These data
suggest that CERK1/LYK4/LYKS5 might function as a co-receptor or be part of LAM6 perception system.
Notably, rice OsCERK1 seems to bind MLG43 and MLG443, whereas OsCeBIP, the rice chitin receptor,
is required for these ligands’ perception, but not for their direct binding (33). In addition to LysM-PRRs,
Arabidopsis WAK receptors (e.g., WAK1 and WAK?2) have been described as PRRs required for the

perception of OGs, and the CrRLK1L member FERONIA (FER), which has two MAL domains in its
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ECD, has been described to bind homogalacturonans, but the structural bases of these bindings have not
been elucidated yet (47, 48).

To identify novel PRRs involved in the recognition of glycans DAMPs/MAMPs and to
characterize novel mechanisms of PTI activation by oligosaccharides in plants, we designed genetic
screenings in Arabidopsis thaliana to identify mutants impaired in glycan perception (igp). We selected
several mutants (igpl-igp9) impaired in the perception of MLG43 and CELS3, but not CHI6, since
cytoplasmic Ca?* elevations and additional PTI responses were partially or fully impaired in igpl-igp9
upon treatment with either MLG43 or CEL3. We show here that IGP1, IGP2/IGP3, and 1GP4 encode
three previously uncharacterized RLK members (AT1G56145, AT1G56140, and AT1G56130,
respectively) with LRR-MAL in their ECDs, which are required for perception of MLG43 and CEL3 and
PTI activation. We also demonstrate that the ECD of AT1G56145 binds directly to CEL3 and CEL5 with
high affinity, further supporting its function as a plant PRR receptor of cellulose-derived
oligosaccharides. These results expand our knowledge of oligosaccharide perception and immune

activation in plants.

Results

I dentification and isolation of Arabidopsisigpl-igp9 mutants

We generated an ethyl methanesulphonate (EMS) mutagenized population of the Arabidopsis thaliana
Aequorin-based Ca®*sensor line (Col-05?: (15, 49, 50) to perform a genetic screening aiming to isolate
mutants impaired in glycans perception (igp). This screening was based on the identification of mutant
lines (igp) with defective activation of cytoplasmic Ca®* burst upon application of oligosaccharides in
comparison to Col-0"%? (S Appendix, Fig. S1A). Eight-day-old seedlings (about 6,400 individuals) of 13
M2 EMS-mutagenized Col-0"%? families and of Col-0"? control line were grown in microtiter plates,
treated with 100 uM of MLG43 and triggered Ca®* burst determined in a luminometer (S Appendix, Fig.

S1A). Several mutants (igpl “F%-igp3*t? and igp5*F2-igp9*t?) that showed weaker Ca** burst than that of
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Col-0"¥? plants were selected for further genetic characterization (backcrosses and allelism tests: Fig. 1A
and S Appendix, Fig. S2). The specificity of MLG43 perception impairment in igp was assessed by
determining Ca?* burst upon their treatment with fungal MAMP CHI6 (50 puM). This analysis revealed
that Ca®* bursts were similar in igp mutants and Col-0"? plants upon CHI6 treatment, in contrast to the
impaired response of cerk1=° line, as reported (Figure 1B and S Appendix, Fig. S2;15), indicating that
the mechanism of perception of CHI6 and MLG43 in Arabidopsis thaliana might not be identical, as
suggested previously (31). To further discard that Ca®* burst reduction observed in MLG43-treated igp
mutants might be due to mutations in the Aequorin transgene, we determined the sequence of Aequorin
gene in igp1”2-igp3"=? lines, and mutations were not found (S Appendix Dataset 1). Moreover, we also
performed Ca?* discharges in igp1”®-igp3"? and Col-0"? plants to determine total Ca®" in seedling
cells and no differences were observed in endogenous Ca”* levels between the mutants and Col-0°F?
seedlings (S Appendix, Fig. S1B), further indicating that the observed lower Ca®* bursts in MLG43
treated igp1*=°-igp3*F° seedlings were due to a defective perception of MLG43.

igp1”=?, igp2*¥? and igp3”=? mutants harbour recessive mutations (Chi-test: 0,7 > P > 0,5; 0,5 >
P> 0,3 and 0,8 > P > 0,7, respectively; Sl Appendix, Dataset 2) and igp2*=? and igp3"*=? were allelic
(Chi-test: P > 0,95; Sl Appendix, Dataset 2, Fig. S1C). In the progeny of F2 backcrosses of igpl*c<,
igp2”t?, and igp3"F? with Col-0"F° we selected 50 plants impaired in MLG43 perception, bulk genomic
DNA was extracted from these plants, and Col-0"%? parental lines and DNA was sequenced and
assembled to identify putative mutations (frequency higher than 0.99 in alignments: S Appendix Dataset
3). We found that igp1”? has a point mutation in the AT1G56145 gene, encoding an RLK with an LRR-
MAL ECD, that resulted in E906K amino acid change in its KD (Fig. 2A). On the other hand, igp2*=?
and igp3*£? share the same point mutation in the AT1G56130 gene, encoding an additional LRR-MAL
RLK, that resulted in G773E amino acid change in its KD (Fig. 2A). Notably, these two LRR-MAL RLKSs
are in a genomic cluster with two additional LRR-MAL RLK encoding genes, AT1G56120 and

AT1G56140, which are also members of the LRR-MAL RLK family comprising at least 12 genes in the
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Arabidopsis thaliana genome (6; S Appendix, Fig. S3A), with a few characterized members, like RFK1
(AT1G29720) that promotes compatible pollen grain hydration and pollen tube growth (51). Phylogenetic
analyses indicated that these four genes (AT1G56120/AT1G56130/AT1G56140/AT1G56145) form part of
a specific clade of the LRR-MAL RLK family, that differs from RLKs with MAL-LRR ECDs (S
Appendix, Fig. S3A).

We tested by gRT-PCR the expression of these 4 LRR-MAL RLK encoding genes in seedlings
treated with MLG43, CHI6 and other glucans (e.g., CEL3) and we found that the expression of
AT1G56140, but not that of AT1G56120, AT1G56130 and AT1G56145 was up-regulated upon treatment
with these oligosaccharides (S Appendix, Fig. S3B). We then selected T-DNA insertional mutants of
AT1G56120 and AT1G56140 genes and tested their perception of MLG43 and CHI6 by determining by
gRT-PCR the upregulation of PTI marker genes WRK53 and CYP81F2 (15, 31) in treated seedlings of
these mutants and Col-0 wild-type plants (S Appendix, Fig. S3C). In the at1g56140 knock-out mutant a
reduced upregulation of WRK53 and CYP81F2 expression upon MLG43 treatment was clearly observed
in comparison to Col-0 lines, whereas in at1g56120 mutant the upregulation of PTI marker genes upon
MLG43 or CHI6 treatments was very similar to that of Col-0 plants (S Appendix, Fig. S3C). In both
mutants, up-regulation of WRK53 and CYP81F2 expression upon CHI6 treatment was similar to that of
wild-type plants (S Appendix, Fig. S3C). To further validate the phenotype of the at1g56140 mutant, it
was crossed with Col-0"? and the homozygous at1g56140°=° line generated was tested for Ca®* burst
upon MLG43 and CHI6 treatment. We found that at1g56140°%? was impaired in MLG43, but not CHI6,
perception, similarly to igp1”*¥2-igp3"&?, and that this defective response was not due to alteration in Ca?*
endogenous levels, as revealed by Ca?* discharge experiments, and accordingly the mutant was named
igpd"=? (Fig. 2B). These results indicate that AT1G56145 (IGP1), AT1G56130 (IGP2/IGP3) and
AT1G56140 (IGP4) LRR-MAL RLKs are required for MLG43, but not CHI6, perception, and PTI
activation. We assessed the impact of the igpl-igp4 mutations on plant developmental phenotypes and no

significant differences were observed in the rosette and silique size and morphology of igp1”? and

10
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igp4”=? plants in comparison to Col-0"? or cerk1-2*5°, whereas igp2**? and igp3*=? plants have rosettes

and siliques slightly smaller than those of Col-0 plants or cerk1-2*? (S Appendix, Fig. S4A-C).

LRR-MAL RLKs are also required for the perception of additional cellulose and MLG derived
oligosaccharides

To determine the specificity of PTI responses mediated by this group of LRR-MAL RLKs, we treated
igp1"t?, igp3*=? and igp4®=? and Col-0"=? seedlings with different DAMPs (i.e., carbohydrates ligands
CEL3 and OGs (DP10-12), and AtPepl) and the MAMP flg22, and Ca®* bursts were measured.
Remarkably, the three igp”=? lines were almost fully impaired in CEL3-mediated Ca*? burst activation,
suggesting that they are also required for the perception of cellulose-derived oligosaccharides (Fig. 3A,B).
In contrast, the elevation of cytoplasmatic Ca®* induced upon flg22, OGs and AtPepl treatments in the
mutants were similar to those observed in Col-0"%? (Fig. 3C-E). We also tested the response of igp5"&°-
igp9*t? mutants to CEL3 and we found that they were also impaired in CEL3 perception (S Appendix,
Fig. S5), further supporting that the mechanisms of perception of MLG43 and CEL3 in Arabidopsis
thaliana share some components, like the three PRRs with LRR-MAL ECDs. Since additional cellulose
and MLGs derived oligosaccharides, like cellobiose (CEL2), cellotetraose (CEL4), cellopentaose (CELS5)
and MLG34 have been described to trigger PTI in Arabidopsis thaliana (31, 35, 36), we also determined
Ca®" burst activated by these glycans in igp1”?, igp3*¥? and igp4”=? and Col-0*c°. As shown in S
Appendix, Fig. S6, igp1*£?, igp3*E? and igp4”=? showed reduced Ca®* influxes in comparison to Col-0"5?
upon treatment with CEL4, CEL5 and MLG34, indicating that the three LRR-MAL RLKSs are required
for perception of these cellulose and MLGs derived oligosaccharides. Ca** influxes triggered by CEL2
were very low in comparison to the rest of the active ligands tested, suggesting that this disaccharide has
low immunogenic activity in Arabidopsis thaliana and that CEL3 is the minimal, active cellulose-derived

oligosaccharide putatively recognized by these RLKs (S Appendix, Fig. S6).
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To further validate whether the mechanism of perception of cellulose and MLGs oligosaccharides
in Arabidopsis thaliana share some PRRs and signalling components, we performed cross-elicitation
experiments by treating 8-day-old Col-0*5° seedlings first with MLG43 or CEL3, and a few minutes later
with either CEL3 or MLG43. As shown in S Appendix Fig. S7, Ca?* influxes were not observed upon
treatment of Col-0"5? seedling with MLG43+CELS3, similarly to what was observed in CEL3+CEL3 and
MLG43+MLG43 treatments, indicating that PRRs or components involved in the perception and
downstream activation of Ca?* influxes mediated by MLG43 and CEL3 are shared in Arabidopsis
thaliana.

To further confirm the role of this group of LRR-MAL receptors as potential PRRs for cellulose
and MLG oligosaccharides perception in Arabidopsis thaliana, we analysed the activation of additional
immunity hallmarks in igp1*¥?, igp3*t? and igp4"®? and Col-0 wild-type plants upon treatment with
MLG43, CEL3 and CHI6. We first monitored ROS burst in these genotypes and rbohD line, which is
impaired in DAMP/MAMP-triggered ROS production (52). Upon treatment with MLG43, ROS burst was
partially impaired in igp mutants in comparison to Col-0 plants, whereas in CEL3-treated igp mutants
ROS burst was significantly reduced to a higher extent (Fig. 4A,B). In both cases, the reduction of ROS
production was not as noticeable as in the case of rbohD (Fig. 4A,B). Notably, ROS burst in igp mutants
upon CHI6 and flg22 treatment was not altered in comparison to Col-0 plants (S Appendix, Fig. S8A,B),
as observed for Ca™ burst (Fig. 3). Next, we tested the phosphorylation of protein kinases
(MPK3/MPK6/MPK4/MPK11) by Western-blot and we found that MPK3- and MPK6-phosphorylation
triggered by MLG43 and CEL3 was reduced in igp1*¥?, igp3*E? and igp4”=? in comparison to Col-0
plants, whereas MPK3/MPK®6 phosphorylation in CHI6 treated igp mutants was similar to that of Col-0
plants (Fig. 4B). MPK4/11-phosphorylation was almost not-detectable in either CEL3-treated or MLG43-
treated plants (Fig. 4B), as reported previously (31). Last, we studied by gRT-PCR the expression of two
PTI-marker genes up-regulated by CHI6 and MLG43 (WRKY53 and CYP81F2; (15, 31)) in seedlings 30

minutes after treatment with these oligosaccharides. We found that up-regulation of WRKY53 and
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CYP81F2 in MLG43- and CEL3-treated igp1”t®, igp3*=? and igp4 "2 seedlings was weaker than in Col-
0 plants (Fig. 4C). In contrast, in CHI6-treated igp mutants, transcriptional up-regulation of these genes
was similar to that of Col-0 plants (Fig. 4C).

Since Arabidopsis and rice perception of MLGs have been described to involve LysM-PRRs
(e.g., CERK1, LYK4 and LYKS5 in Arabidopsis thaliana), we determined MPK3/MPK®6 phosphorylation,
ROS production and gene expression upon treatment with MLG43 or CEL3 in seedlings of Col-0, cerkl-
2 and cerk1-2lyk4lyks triple mutant, which was generated in this work (S Appendix, Fig. S4A-C). ROS
kinetics and burst in plants treated with MLG43 were slightly lower in cerkl-2 and cerk1-2lykalyks
genotypes than in Col-0, whereas it was not impaired in cerk1-2 and cerk1-2lyk4lyk5 genotypes treated
with CEL3 (S Appendix, Fig. S9A). Moreover, a slight reduction of the phosphorylation of MPK3/MPKG6
in these mutants compared to Col-0 was observed upon MLG43 and CELS3 treatment, but it was weaker
than that observed in LysM-PRR mutants treated with CHI6 (S Appendix, Fig. S9B). MLG43-mediated
up-regulation of WRKY53 and CYP81F2 was partially affected in cerkl-2 and cerkl1-2lyk4lyk5, whereas it
was not altered upon CEL3 treatment (9 Appendix, Fig. S9C). Together these PTI hallmark analyses
further support the function of the three LRR-MAL RLKSs identified as PRRs involved in the perception
of cellulose (either as receptors or co-receptors), and in lower extent, of MLGs derived oligosaccharides.
These data also indicate that MLG43 perception involves CERK1/LYK4/LYKS5 LysM-PRRs, as
described previously for MLGs in Arabidopsis thaliana and rice (31, 33), whereas these LysM-PRRs

have almost no contribution in CEL3 perception.

Model structures of AT1G56130, AT1G56140 and AT1G56145 RLKs point to their function as
PRRs.

Malectin domains (MAL) like those present in ECDs of the LRR-MAL RLK family have been previously
described in animals to bind short glycans based on the NMR structure of malectin from Xenopus laevis

in complexes with maltose and nigerose (53). MAL domain is present in at least 2 additional families of
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plant RLKs (MAL-LRRs, and CrRLK1Ls), and the ECDs of two CrRLK1Ls members (ANXUR1
(ANX1) and ANXUR2 (ANX2)) which have been crystallized, but no oligosaccharide ligands were
identified in ITC binding experiments (54). We performed phylogenetic analyses of MAL domains of
Arabidopsis thaliana LRR-MAL RLK members (represented by AT1G56145) and determined the
conservation of MAL domain in plants, finding that it is highly conserved in cruciferous and other dicots
species, but orthologs seems to be absent in grasses (9 Appendix, Fig. S10). On the other hand, the MAL
domain of AT1G56130/AT1G56140/AT1G56145 were found to be evolutionary divergent from ANX1
and ANX2 and Xenopus sp. MAL domains (S Appendix, Fig. S10).

We then performed in silico analyses on the predicted AlphaFold LRR-MAL RLK model
structures to understand the impact of igpl and igp2/igp3 point mutations in the KD of AT1G56130 and
AT1G56145. AlphaFold predicts LRR, MAL and KD domains of the three RLKs with confidence very
high (> 90%) for LRR and KD, high for MAL (70-90) and low (50-70%) or very low (< 50%) for
transmembrane (TM) and both N- and C-terminal regions, respectively (S Appendix, Fig. S11A-C). In
AlphaFold the spatial arrangement of all these domains does not properly describe the expected ECD
(LRR+MAL)-TM-intracellular KD organization (S Appendix, Fig. S11D). Therefore, we modified
AlphaFold structures to obtain a proper domains organization (see Material and Methods). The new
models (Fig. 5A) provide a complete picture of the proteins to be used as initial geometries for further
computational studies (e.g., docking, and molecular dynamics simulations). To assess the models of MAL
domains (which have lower confidence than LRR and KD domains), we selected for MAL domain
structural modeling some of the few entries in PDB (5 plant RLKs from CrRLK1Ls involved in peptide
perception and 9 human and bacteria proteins), including the NMR structures of malectin from X. laevis
in complex with maltose (PDB code 2KR2; (53)), X. laevis malectin (an apo-form and a complex with
nigerose: (55)), and the crystal structure of tandem malectin-like domains in the ANX1/ANX2 ECDs
from Arabidopsis thaliana (PDB code 6FIG; (54)). MAL domains in AlphaFold models of AT1G56130

(202 residues), AT1G56140 (198 residues), and AT1G56145 (196 residues) are extremely similar: the
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three pair Combinatorial Extension (CE) structural superpositions included 192 residues with Root-Mean
Square Deviation (RMSD) values 0.730-0.790 A (Fig. 5B). As for MAL experimental structures and
taking AT1G56140 as a reference, the CE superposition with 2KR2 (179 residues) and 6FIG (224
residues) included 146 residues with RMSD 4.341 and 3.837 A, respectively (Fig. 5B). Since these
RMSD values are high because CE works with all structural regions in the superpositions, we used TM-
Align to set a quantitative degree of fold structural similarity through its TM-score defined in a (0-1)
scale, with higher values meaning higher fold similarity (56). Superpositions of AT1G56140 with X.
laevis and Arabidopsis thaliana malectins gave TM-scores 0.623 and 0.710, respectively, indicating
highly similar folds of AT1G561nn MAL domains to animal malectin and to plant malectin-like
structures (Fig. 5B).

Similar structural comparison analyses were performed for the KDs of AT1G56130, AT1G56140
and AT1G56145, whose number of residues are 269, 269, and 302, respectively. We narrowed down the
search in the PDB to some Kinase crystals-like MPK6 from Arabidopsis (5C16 (57) and 6DTL (58)). Their
pair CE superpositions included 256 residues in the three cases with RMSD values (A):
AT1G56130/AT1G56140 = 0.315, AT1G56130/AT1G56145 = 0.578 and AT1G56140/AT1G56145 =
0.622. These values indicate that AT1G56145 kinase domain is noticeably different from that of the two
other RLKSs due to the extra loop seen in the intracellular part of its complete structure (indicated by the
arrow in Fig. 5A). The local confidence AlphaFold metric reveals a clear difference in AT1G56145 for
which low or even very low predicted Local Distance Difference Test (pIDDT) values appear in the
middle of its KD (9 Appendix, Fig. S11A-C), a feature not found in AT1G56130 or AT1G56140 (9
Appendix, Fig. SL11A-C). This notwithstanding, the catalytic site is nearly indistinguishable in the three
proteins (Fig. 5C). Next, we tested in silico the possible structural impact of single mutations G773E in
AT1G56130 and E906K in AT1G56145 KDs. Model structures of the KD of wild-type and mutants were
newly generated from the corresponding sequence segments with AlphaFold2 and I-TASSER, to test that

the backbone in fact remained unaltered though we found differences in loop flexible regions, minor in
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AT1G56130 and greater in AT1G56145. The conformation of side chains of catalytic residues was
identical in wild-type and mutant structures (Fig. 5D,E), a result worth emphasizing as the mutation
positions are near the catalytic site in both proteins. The changes G773E in AT1G56130 and E906K in
AT1G56145 changes had the effect of increasing the surface patch associated with the mutated position
(Fig. 5D,E). In the case of AT1G56130, the G773E mutation also brought two amino acids (Q777 and
K783) into a close vicinity of 4 A from the mutated residue (Fig. 5D) whereas in AT1G56145 the E906K
mutation had no significant variations in the neighborhood of the mutated residue (Fig. 5D). The major
effect of these single mutations was found in the surface electrostatic potential (Fig 5F,G). In wild-type
AT1G56130, there are 11 residues (7 non-polar, 3 polar, and 1 positively charged, K783) at 5 A from
G773 that confer a weakly positive electrostatic character to a large area around position 773 that
becomes strongly negative upon the G773E mutation (Fig. 5G). In wild-type AT1G56145 there are 15
residues (12 non-polar, 2 polar, and 1 positively charged, R911) at 5 A from E906 that produce a weakly
negative electrostatic character, which is besides neutralized in part by R911 (Fig. 5G). In the mutant, the
negative charge is substituted for a positive charge and the new K906 together with R911 give place to a
strongly positive electrostatic potential in a large area around position 906 (Fig. 5G). Because of these
local distributions of residues, the electrostatic effects extend over a surface region far larger than that
expected from the small, exposed surface areas of residues 773 (Fig. 5D) and 906 (Fig. 5E). These
changes in KD domains of IGP1/AT1G56130 and IGP2/IGP3/AT1G56130 LRR-MAL RLKs might

explain their loss of functionality.

The ECD of AT1G56145 directly binds cellulose derived oligosaccharides CEL 3 and CEL5

Based on the initial structural models of MAL domains of the three LRR-MAL RLKs and their
similarities with MAL domain from Xenopus sp. that binds short glycans ((53) and Fig. 5B), we tested
whether ECDs of these LRR-MAL RLKs could be glycan receptors for cellulose and MLG derived

oligosaccharides. We expressed the ECDs of AT1G56145 and AT1G56140 in insect cells and purified
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them by affinity chromatography (S Appendix, Fig. S12A). Then, ITC experiments (59) were carried out
to test the binding of MLG43 and CELS3 to these ECDs. ITC results proved direct interactions of CEL3
with the ECD of AT1G56145 (Kd = 1.19 + 0.03 uM; Fig. 6A), but not with AT1G56140 (S Appendix,
Fig. S12B). Results obtained in ITC clearly indicated that these ECDs did not bind, at least directly, to
MLG43 (Fig. 6A, B and S Appendix, Fig. S12B). Similar binding experiments were performed with the
ECD of AT1G56145 and CEL5 to determine the specificity of receptor-ligand recognition, and direct
binding was also detected with similar high affinity (Kd = 1.40 £ 0.01 uM: Fig. 6A). The binding reaction
measured for CEL3 and CELS5 were exothermic, with a single binding site (N = 1) and very similar values
of AH, indicating that extra sugar subunits in the CEL5 oligomer do not improve the detected binding.
These data support the role of the ectodomain of AT1G56145 as a receptor for cellulose-derived
oligosaccharides and suggest that AT1G56140 RLK might function as a co-PRR in the sensing complex

for cellulose and MLG derived oligosaccharides.

DISCUSSION

Plant immunity is activated by a diverse set of ligands (DAMPsS/MAMPS) of different biochemical nature
and structure (e.g., peptides and carbohydrates) that are specifically perceived by diverse sets of ECDs
from plant PRRs. The specific and direct recognition of a DAMP/MAMP by the ECD of its PRR
counterpart receptor trigger the formation of a ligand-PRRs complex, that involves additional PRRs that
directly (co-receptors) or indirectly contribute to the functionality of the recognition complex through the
stabilization of ligand-receptor binding or activation of KD of some PRRs from the complex, which in
turn initiates phosphorylation events and PTIl-associated responses (1-3). Several new glycoligands
(DAMPsS/MAMPS) derived from cell walls or extracellular matrixes from plants or microorganisms that
trigger immune responses in plants have been recently described ((9-20), (31-34)). These new

carbohydrate-based elicitors include oligosaccharides derived from plant cell wall B-glucans, like MLGs
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(e.g., MLG43, MLG34 and MLG443) or cellulose (e.g., CEL2, CEL3, CEL4, CEL5, CELS6), or from
arabinoxylans and mannans polysaccharides (16, 18, 31-33). These glycoligands have been added to the
list of previously characterised oligosaccharides, which include oligoglycans from fungal chitin (e.g.,
CHI6) or plant pectins (e.g., OGs), which are perceived by LysM-PRRs and WAK1/2/FER1-PRRs,
respectively (40, 47, 48). Here, we describe a new group of Arabidopsis thaliana RLKs (AT1G56145
(IGP1), AT1G56130 (IGP2/IGP3), and AT1G56140 (IGP4)) with LRR-MAL domains in their ECDs,
which function as PRRs triggering immune responses mediated by oligosaccharides derived from
cellulose (e.g., CEL3-CELS6) and MLGs (e.g., MLG43 and MLG34; Fig. 1 and Fig. 2). Remarkably, we
also demonstrate that the ECD of AT1G56145 (IGP1) directly binds CEL3 and CELS5 with high affinity
(Kd =1.19 £0.03 uM, and Kd = 1.40 £ 0.01 uM, respectively), but it does not bind MLG43 (Fig. 6 and
S| Appendix. Fig. S12). These data suggest that these LRR-MAL RLKs have a function in Arabidopsis
thaliana as either receptor (AT1G56145 for CEL3/CELS5) or components of the PRR complex involved in
the perception of these oligosaccharides or the signaling complex activating PTI responses triggered by
the oligosaccharides (Fig. 4). The function of AT1G56145 RLKs as a receptor for cellulose derived
oligosaccharides has also been recently proposed by Tseng et al., (2022; bioRxiv preprint (60)), that
identified the Cellulose Oligosaccharide Receptor Kinase 1 (CORK1) in a similar genetic screening to the
one performed here; but without reporting any binding of ECD-CORK1 to cellulose-derived
oligosaccharides . We now demonstrate that AT1G56145 RLKs is a true PRR receptor for CEL3/CEL5
oligosaccharides further corroborating its function in Arabidopsis thaliana immunity. In a previous
independent approach, a Poly(A) ribonuclease (AtPARN, AT1G55870) was found to be also required for
the regulation of the immune responses triggered by CEL3 in Arabidopsis thaliana, probably through a
mechanism of degradation of polyA tail from specific mMRNA (61). However, this regulatory mechanism
of CEL3-mediated responses acts downstream of the CEL3 perception by PRRs at the membrane surface

described here.
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Our results support the addition of LRR-MAL RLK family to the set of plant PRRs that are
involved in the perception of carbohydrate-based DAMPs/MAMPs, as recently hypothesized (6). This set
of PRRs includes members of LysM, WAK and CrRLK1 RLK families (5, 6, 43, 44, 47, 48, 62). The
function of the majority of these proteins in oligosaccharides perception and PTI activation has been
discovered through the isolation and characterization of Arabidopsis thaliana mutants (e.g., cerkl, lyk4
and Iykb5, wakl and wak2, or ferl), which are generally only partially impaired in PTI responses triggered
by specific DAMPS/MAMPs, due to their redundant functions with additional PRRs. Accordingly, PTI
deficient phenotypes in these PRRs mutants need to be validated in double or triple mutants (40, 43, 44,
47, 62-64). Similarly, AT1G56145 (IGP1), AT1G56130 (IGP2/IGP3) and AT1G56140 (IGP4) described
here were discovered in a screening of Arabidopsis thaliana mutants impaired in glycan perception (igp),
that led to the identification of nine (igpl-igp9) mutants, that initially were found to be impaired in
MLG43 recognition, and later proved to be also defective in the perception of cellulose-derived
oligosaccharides (CEL3-CEL5: Fig. 3 and S Appendix Fig S3). These results suggested that the
mechanisms of perception of CEL/MLG oligosaccharides are quite similar in Arabidopsis thaliana, and
this hypothesis was confirmed by CEL3/MLG43 cross-elicitation experiments (SI Appendix. Fig. S8).
Despite the similarities between the mechanisms of perception of CEL and MLG-derived
oligosaccharides in Arabidopsis thaliana, some differences in these mechanisms might exist. For
example, we found that LysM-RLKSs (i.e., CERK1, LYK4 and LYKD5) have a partial contribution in the
perception of MLG43 (S Appendix Fig $9), as described previously (31). In contrast, their role in CEL3
perception is minor since PTI activation was observed to be quite similar in cerkl-2, cer1-2lyk4lyk5 and
Col-0 plants treated with CEL3 (SI Appendix. Fig. $9). The partial requirement of LysM-RLKs for MLG
perception in Arabidopsis thaliana is in line with the described function of rice LysM-RLKs members in
the perception of MLG oligosaccharides and immune activation. OSCERK1 has been suggested to be the
PRR receptor of MLG oligosaccharides based on Microscale Thermophoresis analysis performed with

ECD produced in baculovirus, whereas OsCeBIiP, the rice receptor for chitin oligosaccharides, has been
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proposed to be the MLGs co-receptor based on the lack of binding of its ECD to these ligands (33). Kq
values of ECD-OsCERKZ1 for MLGA43 are in the 1-2 uM range, similar to that found for AT1G56145
(IGP1) in this work (Fig. 6) and to that of ECD-OsCeBiP for chitohexaose (33). It is of note, that
perception of CHI6 in Arabidopsis thaliana is not altered in igpl-igp4 impaired in LRR-MAL RLKSs nor
in igp5-igp9 mutants (Fig, 1 and S Appendix Fig. S2), further indicating that IGP1-IGP9 proteins are not
required for CHI6 perception. These data indicate that at least two different mechanisms for the
perception of CHI6 and CEL3/MLGA43 oligosaccharides might exist in Arabidopsis thaliana. The
mechanisms of PTI activation mediated by IGP1, IGP2/IGP3 and IGP4 LRR-MAL RLKs also differ from
that of pectin and OGs perception involving FER1 and WAK1-WAK2 (47, 48, 63), respectively, since
Ca®* burst in igpl*¥°-igp4”? upon OGs treatment was similar to that of Col-0"¥? plants (Fig. 3).
Similarly, response to other MAMPs/DAMPs in igp1”¥%-igp4”=? seedling is not impaired in comparison
to that in wild-type plants, further supporting the specific function of IGP1, IGP2/IGP3 and IGP4 RLKs
in MLG/CEL oligosaccharide recognition (Fig. 3).

LysM-PRR members (e.g., CERK1/LYK5/LYK4 in Arabidopsis thaliana or CeBiP/CERKL in
rice (44, 62) are the only PRRs from plants that have been demonstrated to directly bind oligosaccharides
(i.e., CHI4-CHI8 or MLGSs) either by ITC or Microscale Thermophoresis analysis performed with
purified ECDs or by the generation of crystalized structures ECDs-CERK1/chitin oligosaccharides, which
have revealed the structural based of this recognition (33, 43). Other plant ECD-RLKSs, like ANX1 and
ANX2 that harbour two tandem MAL domains, have been also purified and crystalised, but their putative
glycoligand(s) has not been identified (54). Notably, MAL domains like those of ANX1/ANX2 are
present in the ECD of the three IGPs RLKSs identified in this work, that also contains a LRR domain in the
N-terminal (Fig. 5). We have generated de novo structural models for the three LRR-MAL RLKs, and
these models suggest that AT1G56145 (IGP1), AT1G56130 (IGP2/3) and AT1G56140 (IGP4) have
similar structures, in line with their putative recent evolutionary divergence (S Appendix Fig. S3A), and

that AT1G56145 has an extra loop in its KD (Fig. 5). Remarkably, MAL domains of these RLKs are
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structurally very similar to that of Xenopus sp. MAL protein, that has been involved in oligosaccharide
binding, and to that of plant ANX1/ANX2 from CrRLK1 family (Fig. 5). We hypothesize that the LRR
domain of ECDs in IGP1/AT1G56145 might be essential for the formation of the structural pocket
involved in CEL3 and CELS5 binding, since glycoligands for ANX1/ANX2 MAL domains have not been
identified (65), though this hypothesis deserve experimental confirmation. In the recent article by Tseng
et al., (60), two Phe residues conserved in all Arabidopsis thaliana MAL domains, but not in MAL from
Xenopus sp. (53) has been suggested to be essential for CEL3 perception and PTI activation, but this
hypothesis has not been validated through binding experiments. The obtention of crystalized structures of
CEL3/ECD-AT1G56145 will contribute to decipher the structural bases of CEL3-CELS5 recognition by
LRR-MAL ECD, and to determine if it shows some similarities with the mechanisms of cellulose
polymer binding by cellulases from microorganisms. Despite our recent progresses in the characterization
of the mechanisms of perception of glycoligands by plants PRRs, our current knowledge of innate
immunity activation by oligosaccharides in plants is far away of our understanding of these mechanism in
mammals (8, 38, 39). Several carbohydrate-recognition domains (CRDs) motifs have been characterised
in mammals that binds glycans that are either identical or quite similar to those perceived by plant PRRs
(38, 39). However, CEL3 and MLG43 have not been described to be perceived by mammal innate
immunity system, and structural comparison of CRDs and LRR-MAL ECDs is not feasible.

Interestingly igpl and igp2/igp3 mutants have point mutations in their KDs that clearly impact on
their functionality (Fig. 2). G773E in AT1G56130 and E906K in AT1G56145 do not seem to impair the
catalytic sites of these RLKs which are predicted to be almost identical to that of wild-type KDs (Fig.
5C). However, these point mutations are predicted to increase the surface patch associated with the
mutated position (Fig. 5D,E), having a major effect on the surface electrostatic potential of the residues
around the mutated positions, that extends over a surface region far larger than that expected from the
small areas corresponding to the exposed surfaces of residues (Fig. 5F,G). Since kinase activity can be

altered by mutations at distant residues from the active site (66), we can hypothesize that G773E and
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E906K mutations might either affect the catalytic activity of the KDs or the observed changes in the
surface patches and electrostatic potential in the mutated KDs might interfere with the interaction of the
RLKs KDs with other PRRs or additional proteins that form part of PRR recognition complexes.
Additional protein families with diverse domains in their ECDs have been suggested to putatively
function as receptors or co-receptors in the perception of oligosaccharides MAMPs/DAMPs based of their
ECD domains (6), but these proteins (RLKs/RLPs/RPe) are poorly characterized. This myriad of potential
PRRs encoded by plant genomes would be needed to perceive the diversity of oligosaccharides that can
be released from plant and microbial cell walls by the activity of cell wall degrading enzymes secreted by
pathogens during colonization or by plant cells during the interaction with pathogen aiming to degrade
cell wall from pathogens to compromise their survival (67, 68). The relevance of these carbohydrate-
based ligands released during plant-microbe interaction in the regulation of plant disease resistance has
been proved in different plant species that show enhanced disease resistance to different pathogens upon
exogenous application of glycans DAMPs/MAMPs (e.g., MLGA43) in comparison to untreated plants (15,
31). This oligosaccharide-mediated priming effect on PTI and disease resistance has driven the
development of sustainable crop protection solutions based on mixtures of active glycans
(DAMPs/MAMPs: (69, 70)). The discovery of counterpart receptors for these active glycans in crops will
accelerate the selection of the corresponding genes in breeding programs to enhance crops disease
resistance. Notably, AT1G56145 (IGP1), AT1G56130 (IGP2/3) and AT1G56140 (IGP4) genes are in a
cluster of Arabidopsis thaliana genome, indicating recent duplication events. These genes form part of a
family of at least 12 members that has not been characterized in detail previously, except for RFK1
protein that has been involved in pollen tube growth (51). Interestingly, orthologs of AT1G56145 (IGP1),
AT1G56130 (IGP2/3) and AT1G56140 (IGP4) do not seem to be present in grasses, like rice and corn,
whereas they have been identified in other plant species (S Appendix Fig. S10). However, MLG43, and

in a lower extend CEL3, have been described to be perceived by cereals suggesting that additional
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receptors to LRR-MAL RLKs (e.g., LysM-RLKs for MLGs in rice) would be involved in these
perception mechanisms (32, 33).

MLG- and cellulose-derived oligosaccharides can be also released upon alteration of plant cell
wall integrity triggered by other stresses (e.g., salt or drought) or during plant development (e.g., cell wall
remodelling: (71, 72)). During these processes plant endogenous enzymes can hydrolase cell wall
polysaccharides, as described recently for a maize GH17 licheninase that releases MLG43 and other
oligosaccharides from MLGs (73). The characterization of the role of glycan-mediated responses in these
additional processes need to be determined to understand their cross-regulation with PTI/disease
resistance responses and their impact on plant fitness. Also, regulation of the homeostasis of cell wall
derived oligosaccharide needs to be characterised. For example, several plant berberine-bridge enzymes
have been identified that control CEL oligosaccharide homeostasis by oxidating the anomeric carbon of
CEL3-CELS® oligosaccharides and thus reducing both their activity as DAMPs, and their preference use as
a carbon source by fungi (74). In summary, the results describe here contribute to our understanding of
the mechanism of perception of oligosaccharides by the plant immune system and expand the set of

families of PRRs and the ECD structures involved in ligand recognition and immune activation in plants.

Material and Methods

Biological material and growth conditions

All the Arabidopsis thaliana lines used in this study were in Columbia-0 (Col-0) background.
Arabidopsis thaliana plants used for cytoplasmatic Ca®* measurements were grown in 96-well
plates (1 seedling per well) and for MAPKs phosphorylation and gene expression analyses were
grown in 24-well plates (~10 seedlings per well). These seedlings were grown under long-day
conditions (14 hours of light) at 19-22°C in a liquid MS1/2 medium. Plants were also grown in soil-

vermiculite (3:1) mixture under short-day photoperiod (10 hours of ligh-14h ours dark, 21-20 °C) or
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long-day photoperiod (14 hours of light-10 hours dark, 19-22°C). Arabidopsis thaliana lines used in
this work were Col-0"%? (49, 50), cerk1-2*? (50), rbohD (52) and igp”®? isolated in this work.
cerkl1-2lykalyk5 triple mutant was generated by crossing cerkl-2 and Iy4lyk5 (31) double mutant
and selecting the triple mutants with described oligonucleotides (S Appendix Data Set 3). The
at1g56140 (igp4) and the at1g56120 T-DNA mutants were obtained from NASC (SALK 005808

and SALK 043782, respectively).

Carbohydrates used in the experiments

MLG43 (B-1,4-D-(Glc),-B-1,3-D-Glc, # O-BGTRIB), MLG34 (B-1,3-D-(GIc),-B-1,4-D-Glc,; # O-
BGTRIA), hexaacetyl-chitohexaose (CHI6; B-1,4-D-(GIcNACc)g; #0-CHI6), CEL3 (B-1,4-D-(Glc)s;
O-CTR), CEL4 (B-1,4-D-(Glc)4; # O-CTE), CEL5 (B-1,4-D-(Glc)s; # O-CPE) were purchased from
Megazyme (Wicklow, Ireland). CEL2 (cellobiose, B-1,4-D-(Glc),; C7252) was purchased from
Sigma-Aldrich. OGs (Galacturonan oligosaccharides Mixture DP10/DP15; GalAal-4[GalAal-4]8.
13GalA; GAT114) were purchased from Elicityl (Crolles, France). The peptides FIg22 and AtPEP1

were synthesized from EZBiolab (Carmel, USA) and Abyntek (Zamudio, Spain), respectively.

Aequorin luminescence measur ements

Arabidopsisthaliana 8-day-old liquid-grown seedlings carrying the calcium reporter aequorin
(35S:: Apoaequo,, in Col-0 background, Col-0"F?; (31, 49)) were used as described for cytoplasmic
calcium (Ca**.,;) measurements in the genetic screening performed to identify the igps and to test
the specificity of the igps to different compounds, as described previously (31). Negative controls
(water) were included in all the experiments. Aequorin luminescence was recorded with a

Varioskan Lux Reader (Thermo Scientific).
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Genetic screening to identify igp mutants

Arabidopsis thaliana Col-0"? seeds were mutagenized with 0,3% EMS for 17 hours. Seeds were
sown in soil-vermiculite (3:1) to obtain next-generation seeds (e.g., M1 and M2) (75). M2 seedlings
were grown in vitro for 8 days, and calcium influxes were evaluated using a luminometer upon
treatment with 100 uM MLG43. The bioluminescence of each seedling was analysed individually
and those with a low response to the treatment were transferred to soil (230 putative mutants out of
6,400 total seedlings screened), self-crossed and then Ca®* burst tested in F1 seedlings to confirm
the impaired response to MLG43. The most interesting (lower response) and validated igp mutants
were selected for further characterization and backcrossed with Col-0°%? (igp1”*®-igp3*? and
igp5~=%-igp9*=? described in this work, and igp10*°-igp20”=?, which are not described here).
Total calcium discharge was performed by treating seedlings with1M CaCl, and Ca?* burst then was

measured in the Luminometer.

M apping by whole Genome Sequencing and SNP analysis.

Whole-genome sequencing of F2 igp™t® x Col-0"%? segregating plants with impaired response to
MLG43 led to the identification of Single Nucleotide Polymorphism (SNPs) associated with
phenotypes in each single mutant isolated. Tissue from 50 F2 segregant individuals was harvested
and pooled for gDNA sequencing. gDNA from control line Col-0"¥? was also sequenced as a
reference for the SNPs analysis. DNA of the samples were introduced in FastQC v.0.11.9 for
quality report (76) and then whole-genome sequencing (150 bp pair-end reads) was performed in
an Illumina platform to reach a coverage of 30 million reads (Macrogen, Seoul, South Korea).
Reads were aligned with BWA-MEM v.0.7.17 against Arabidopsis thaliana TAIR10 genome
release (77). BAM files were obtained with samtools v.1.15.1. Variant Caller 16GT Docker image

was employed to obtain VCF files (78, 79). From these VCF files, with bcftools v.1.15.1
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chromosome, position, reference, alternate and allelic depth (AD) fields were extracted and placed
in Excel files. Col-0"? SNPs were subtracted from the resulting files to obtain mutant exclusive
SNPs. Frequency was calculated from AD fields as follows (AD-alternate allele / (AD-alternate
allele + AD-reference allele)) and those SNPs with frequency values higher than 0.99 were selected

for further analyses (9 Appendix Dataset 2).

Reactive oxygen species deter mination
Ten-day-old seedlings of Arabidopsis thaliana Col-0 or the mutants were grown in vitro conditions
as explained above. H,O, production was determined after treatments with MAMPs/DAMPSs using

the luminol assay and a microplate luminescence reader (31).

Immunoblot analysis of MAPK activation

Twelve-day-old Arabidopsis thaliana seedlings grown on liquid MS1/2 medium in 24-well plates
were treated with water (mock) and different oligosaccharides for 0, 10 and 20 minutes, and then
seedlings were harvested in liquid nitrogen and homogenized using FastPrep Bead Beating Systems
(MP Biomedicals) in extraction buffer (50 mM Tris-HCI pH 7.5, 200 mM NaCl, 1 mM EDTA, 10
mM NaF, 2 mM sodium orthovanadate, 1 mM sodium molybdate, 10% (v/v) glycerol, 0.1% (v/v)
Tween-20, 1 mM 1,4-dithiothreitol, 1 mM phenylmethylsulfonyl fluoride, and phosphatase inhibitor
cocktail P9599 (Sigma)). Total protein extracts were quantified by Bradford assay (Bio-Rad).
Protein electrophoresis and Western-Blot were performed as described previously using the
Phospho-p44/42 MAPK (Erk1/2) (Thr202/Tyr204) antibody (Cell Signaling Technology) (1:1000)
(31). After a membrane stripping process consisting of 5 minutes incubation in a stripping buffer
(50 mM glycine pH=2, 0,1% SDS, and 0,05% Tween 20), followed by 10 washing steps and a one-

hour blocking in TBS-T with 1% non-fat milk, the same membranes were incubated with Anti-
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AtMPK3 (1:2500) and horseradish peroxidase-conjugated anti-rabbit antibody (GE-Healthcare)
(1:5000). The membranes developed following such protocol was used as a total protein loading

control.

Gene expression analyses

Gene expression analysis was carried out in 12-day-old Arabidopsis thaliana seedlings grown on
liquid MS1/2 medium after treatment with oligosaccharides (i.e., 100 uM MLG43, 10 pM CELS3,
50 pM CHI6) or water (mock) solutions for 0- and 30-minutes Total RNA was extracted from 100
mg of frozen and ground tissue from mock and treated seedlings using the RNeasy Plant Mini Kit
(Qiagen) according to the manufacturer’s protocol (31). qRT-PCR analyses were performed as
previously reported (31). UBC21 (AT5G25760) expression was used to normalize the transcript
level in each reaction. In the case of showing normalized data to mock conditions, the expression
and normalization were determined using the Pfaffl (80). Oligonucleotides used for PCR are

described in S Appendix Dataset 4.

Phylogenetic analysis

The evolutionary history of IGP proteins was inferred using the Minimum Evolution method (81).
The bootstrap consensus tree inferred from 1000 replicates is taken to represent the evolutionary
history of the taxa analyzed (82). Branches corresponding to partitions reproduced in less than 50%
bootstrap replicates are collapsed. The percentage of replicate trees in which the associated taxa
clustered together in the bootstrap test (1000 replicates) are shown next to the branches (82). The
evolutionary distances were computed using the p-distance method (83) and are in the units of the
number of amino acid differences per site. The ME tree was searched using the Close-Neighbor-

Interchange (CNI) algorithm (83) at a search level of 1. The Neighbor-joining algorithm (84) was
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used to generate the initial tree. The analysis involved 25 amino acid sequences. All ambiguous
positions were removed for each sequence pair. There were 709 positions in the final dataset.

Evolutionary analyses were conducted in MEGAG (85).

Structureanalysesin silico.

Model structures of AT1G56130, AT1G56140 and AT1G56145 were downloaded from the
AlphaFold Protein Structure Database (86). These models present six identifiable domains: N-
terminal containing a signal peptide annotated in Pfam (87), LRR, MAL, TM, KD, and C-terminal
tail. The pIDDT metricover value of most of LRR, MAL and KDs is > 90% (9 Appendix, Fig.
S11A-C) indicative of a reliability a priori compared to experiment (88). To achieve the proper
extracellular/TM/intracellular domains separation and taking the AT1G56140 model as benchmark,
we proceeded as follows: 1) Torsions were applied to backbone dihedral angles in the segment
following MAL with UCSF Chimera 1.15 (89); 2) Energy minimization of the extended segment
joining MAL and TM domains was performed with Chimera 1.15 keeping fixed all the remaining
structure; 3) The resulting structure was inserted in a pre-equilibrated model of a bilayer composed
of 256 POPC lipids with an 8 A-radius pore downloaded from the CHARMM-GUI Archive (90)
and the protein-bilayer system was parametrized using the CHARMM 3.6 force field (91) with
CHARMM-GUI (92); 4) The protein-bilayer system was solvated at 16 A-margins solvation box
and NaCl 0.150 M salt ions with VMD 1.9.3 (93), and the structure of the whole protein-bilayer-
water-ions system was optimized at 10,000 conjugated gradient energy minimization steps with
NAMD 2.14 (94). The optimized final structure of AT1G56140 was then used as input for
modeling the corresponding structures of AT1G56130 and AT1G56145 with SWISS-MODEL (95)
in “user template mode”. The structural comparisons of MAL and KD in the three AlphaFold
models were analyzed with the Combinatorial Extension (CE) algorithm (96) implemented in

PyMOL 2.5.1 (PyMOL, (97)). To further assess structural fold similarities, the TM-Align web
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server (56) was also used. The structural analysis of mutants AT1G56130-G773E and AT1G56145-
E906K was addressed by modelling separately their KD structures from their sequence segments
with both AlphaFold (88) using ColabFold (98) and with I-TASSER (99). Wild-type KDs of both
proteins were also modelled with the same methodology in order to double-check the possible

structural impact of the mutations.

Calculation of Poisson-Boltzmann (PB) electr ostatic potentials (EPS).

PB EPs were computed with the Adaptive Poisson Boltzmann Solver (APBS) 3.0.0 program (100)
through its plug-in in PyMOL 2.5.1 (PyMOL, (97)) using the following settings: nonlinear PB
equation solved in sequential focusing multigrid mode, 3D grids of 161° = 4,173,281 points (~0.5 A
step size), T = 298 K, ionic concentration 0.150 M (NacCl), and dielectric constants 4 for proteins
and 78.54 for water. The numerical output was saved in OpenDX format and the PB EP was then

mapped onto molecular surfaces computed and rendered with PyMOL 2.5.1 (PyMOL, (97)).

Protein expression and purification from insect cells

Codon-optimized synthetic genes corresponding to the ectodomains of AT1G56145 and
AT1G56140 (residues 25 to 630 and 29 to 636, respectively) from Invitrogen GeneArt were cloned
into a modified pFastBac donor vector (Geneva Biotech, Geneva, Switzerland) harboring the
Drosophila BiP (101) or the 30K Bombyx mori (102) secretion signal peptides, and with a TEV
(tobacco etch virus protease) cleavable C-terminal Strepll-9xHis tag. Baculovirus vectors were
generated in DH10MultiBac E.coli Cells (Geneva Biotech). Virus amplification was carried out in
Foodoptera frugiperda Sf9 cells (Geneart, Thermo Fisher Scientific) and was used to infect
Trichoplusia ni Tnao38 cells (103) for protein expression (virus with a multiplicity of infection
(MOI) of 3). The cells were grown 1 day at 28°C and two days at 22°C at 110C1rpm. The secreted

proteins were subjected to tandem affinity purification, using Ni** (HisTrap excel, GE Healthcare,
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equilibrated in 2577 mM KPi pH7.8 and 500C"mM NacCl) and Strep (Strep-Tactin Superflow high-
capacity, (IBA, Germany) equilibrated in 2500mM Tris pH 8.0, 2500'mM NaCl, 11mM EDTA)
columns. Affinity tags were removed using His-tagged TEV protease in a 1:50 ratio at 4 °C
overnight. Separation of cleavage tags and aggregated proteins was performed using size-exclusion
chromatography on a Superdex 200 Increase 10/300 GL column (GE Healthcare) equilibrated in
200mM citric acid pH 5.0, 150 1mM NaCl. Proteins were analysed for purity and structural

integrity by SDS-PAGE.

Analytical size-exclusion (SEC) chromatogr aphy

Analytical size-exclusion experiments were performed on a Superdex 200 Increase 10/300 GL
column (GE Healthcare) equilibrated in 200mM citric acid pH 5.0, 15000mM NaCl. 400 pg of
protein (aprox. 6 wM) were injected using a loop of 1 mL, sample was eluted with a flow of 0.5
mL/min. UV absorbance at 280 nm was used to monitor the elution of proteins. The peak fractions

were analysed by SDS-PAGE followed by Coomassie blue staining.

I sothermal titration calorimetry (ITC)

Experiments were performed at 25°C using a MicroCal PEAQ-ITC (Malvern Instruments) with a
2007JpL standard cell and a 4007l titration syringe. Proteins were gel-filtrated into the ITC buffer
(200mM sodium citrate pH 5.0, 1507 mM NacCl). A typical experiment consisted of injecting 3 uL
of potential ligand (CEL3, CEL5 or MLG43) at a concentration range between 135 and 400 1uM
into the ITC cell containing AT1G56145 or AT1G56140 protein at 9 uM. A total of 13 injections
were done at 1501 Is intervals and 5001 Irpm stirring speed. Dilution heat was corrected using as a
control the thermograph of titration of the ligand into the cell containing only buffer. Experiments

were done in duplicates or triplicates, otherwise specified, and data were analysed using the
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MicroCal PEAQ-ITC Analysis Software provided by the manufacturer. All ITC runs used for data

analysis have an N ranging from 0.98 to 1.05. The N values were fitted to 1 in the analysis

ACCESION NUMBERS

The genome assembly data of Col-0*5?, igp1*F®, igp2*&? , igp3"F? and igp4 can be retrieved from the
NCBI Sequence Read Archive (SRA) under BioProject ID PRINA864842 and Biosample accessions
SAMN30087195, SAMN30087196, SAMN30087197, SAMN30087198 and SAMN30087199,
respectively.

Genes described in this work are: IGPL/AT1G56145; |IGP2/AT1G56130; |IGP3/AT1G56130;

IGP4/AT1G56140; CERK1/AT3G14840; LYK4/AT2G23770; LYK5/AT2G33580; RBOHD/AT5G47910.
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LEGENDSTO FIGURES

Figure 1. Identification of Arabidopsisthaliana mutantsimpaired in glycans perception (igp).
Cytoplasmic calcium burst upon application of (A) 100 uM of MLG43 and (B) 50 uM CHI6) was
measured as relative luminescence units (RLU) over the time in 8-day-old seedlings of Col-0"F?
and igp”®? mutants. cerk1-2"%? line, impaired in CHI6 perception, was included for comparison.
Data represent the mean =+ standard error (n = 4 in the case of Col-0"*? and cerk1-2**?; and n = 8 in
the case of igp™® mutants). Data are from one of the four experiments performed that gave similar

results.

Figure 2. Identification of casual mutationsin igpl-igp4 mutants.

(A) Representation of protein domains of AT1G56130, AT1G56140 and AT1G56145 LRR-MAL
RLKs: LRR (blue), MAL (green), phosphorylase kinase (orange) and phophotransferase (yellow) of
KD, regions connecting such domains and N- and C-terminal domains (black lines), and TM (grey).
Red arrows indicate the position of the mutations in the coding regions of igp1*?, igp2*=?® and

igp3°E?, and the red triangle the insertion of the T-DNA sequence in igp4. Whole genome
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sequencing and single polymorphism analysis led to the identification of a C to T changes in DNA
sequences of AT1G56130 and AT1G56145 genes (S Appendix Data Set 1), that led to G to E, and E
to K amino acid changes in the indicated amino acids of RLK KDs. (B) Calcium burst measured as
relative luminescence units (RLU) over the time in 8-day-old Col-0%F%, igp1*£?, igp2"&?, igp3"=?,
and igp4/at1g56140"? seedlings upon treatment with 100 pM MLG43. Data represent the mean +
standard error (n=4 in the case of Col-0"%? and n=8 in the case of igp”¥? mutants). After recording
the elicitor induced Ca?* kinetics, the total Ca®* was discharged by the addition of 1mM CaCl, to the
wells. The Kinetic areas after both treatments were integrated and their values used for the
calculation of the total Ca** % induced by the treatment compared with the total calcium discharge

(graph at the top right). This is one of the three experiments performed that gave similar results.

Figure 3. Cytoplasmic calcium burst triggered by CEL 3 isimpaired in igp”= mutants.

Ca”* burst measured as relative luminescence units (RLU) over the time in 8-day-old Col-0°F? in
igp1”EQ, igp3"=? and igp4”=? seedlings after treatment with (A) 10 uM CEL3, (B) 100 pM MLG43,
(C) 0,5 mg/ml OGs, (D) 1 uM flg22, and (E) 1 uM AtPepl. Data represent the mean + standard
error (n=4 in the case of Col-0"? and n=8 in the case of igp”*? mutants). Data are from one of the

three experiments performed that gave similar results.

Figure4. Activation of PTI hallmarks by M LG43, CEL3 and CHI6 in igp”? mutants.

(A,B) Reactive Oxygen Species (ROS) production was monitored as H,O, production over a period
of 50 minutes by luminol-assays and measured as relative luminescence units (RLU) in the
indicated genotypes. Oligosaccharides were added 5 minutes after the transfer of the plate with
seedling and luminol reagents to the luminometer: (A) 100 uM MLG43 and (B) 10 uM CEL3. Data
represent mean + standard error (n = 8). Comparison to Col-0 assessed by Student t-test (n = 24) at

the time of Col-0 peak shows statistically significant differences for igp1*F? and igp3*c? (P < 0.01)
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and igp4™=? (P < 0.001) in response to MLGA43. Likewise, all three mutants show statistical
differences at P < 0.001 compared to Col-0 in response to CEL3. rbohD plants impaired in ROS
production showed statistically significant differences (P < 0.001) with both treatments. These
results are from one representative experiment out of the three performed that gave similar results.
(C) Mitogen-activated protein kinases (MAPK) phosphorylation was analyzed in seedlings of Col-0
and igp1”F?, igp3*t? and igp4”=? treated with 100 pM MLG43, 10 pM CEL3, 50 uM CHI6 or
water (mock). Western-Blot using anti-pTEpY antibody (anti p42/44) for phosphorylated MAPK
moieties was performed with samples harvested at different time points (0, 10 and 20 minutes).
Black arrows indicate the position of phosphorylated MPKG6 (top), MPK3 (middle) and MPK4/11
(bottom). Anti-MPK3 was used as total protein control to show the loading of each gel. These
results are from one representative experiment out of the two performed that gave similar results.
(D)-(E) Quantitative RT-PCR analysis in 12-day-old seedlings of the indicated genotypes.
Expression levels of immune marker genes (D) CYP81F2 and (E) WRKY53, relative to the
Arabidopsis thaliana housekeeping gene UBC21 (AT5G25769) at 30 min after mock treatment or
application of the oligosaccharides are shown. Data represent mean + standard error of three
technical replicates out of three independent biological replicates (n=3). Statistically significant
differences between MLG43, CEL3 or CHI6 treated igp”=® versus treated Col-0 according to

Student’s t-test (*P < 0.05, ** 0.01< P> 0.001, *** P < 0.001).

Figure 5. Modd structures of AT1G56130 (IGP2/IGP3), AT1G56140 (IGP4) and AT1G56145
(IGP1) LRR-MAL RLKs.

(A) Structures obtained from AlphaFold models as explained in Material and Methods to suit the
extracellular/membrane/intracellular organization. Domains colored as follows: N-terminal, orange;
LRR, slate blue; MAL, yellow; segment containing transmembrane helix, cyan; KD, green with

catalytic residues shown as black sticks; C-terminal, red. The bilayer modelled by 256 POPC lipids
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is shown as sticks for carbons and spheres for P, O, and N atoms in polar heads. The arrow in
AT1G56145 indicates an extra loop in its KD. (B) Left: structural alignment of MAL domains of
AT1G56130 (light blue), AT1G56140 (blue) and AT1G56145 (cyan) models with experimental
structures of MAL domain from X. laevis (yellow; NMR structure PDB code 2KR2) in complex
with maltose (sticks with white carbons) and MAL-like domain of ANX1 ECD from Arabidopsis
thaliana (deep green; crystal structure PDB code 6FIG). Secondary structure elements are shown as
opaque cartoons and loops are drawn as partially transparent ribbons to highlight the conserved -
sandwich fold. Right: segments of the three AT1G561nn proteins presumably involved in glycan-
binding as predicted by selecting residues at 4 A from maltose in the structural superposition at the
left. Labels indicate the sequence positions of those segments in the three proteins. (C) Left:
Structural alignment of kinase domains of AT1G56130 (deep green), AT1G56140 (marine blue)
and AT1G56145 (pale green) models with experimental structures of mitogen-activated protein
kinase 3 (MPK3) from L. donovani (pale cyan; crystal structure PDB code 402Z) and MPK6 from
A. thaliana (orange; crystal structure PDB code 5CI6). Same depiction of structural elements as in
(B) to highlight the overall fold of MPK3/6 fold. Right: catalytic site in the three AT1G561nn
proteins (sticks with carbons in same colors as in the left image) showing the nearly
indistinguishable geometry of side chains of conserved residues VHRDVKASN. (D) Molecular
surface of wild-type (green) and G773E mutation (igp2/igp3, pink) structures of KD of
AT1G56130. Surface patches of the catalytic site and position 773 are colored black and yellow,
respectively. The insets show the catalytic site (black) and residue G773 (yellow) in wild-type
(green transparent cartoon) and in mutant (pink transparent cartoon) structures. Q777 and K783
residues within 4 A from E773 are also shown in the mutant. (E). Molecular surface of wild-type
(pale green) and E906K mutant (igp2/igp3, purple) structures of KD of AT1G56145. Surface
patches of the catalytic site and position E906 are colored black and yellow, respectively. The insets

show the catalytic site (black) and residue 906 (yellow) in wild-type (pale green transparent
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cartoon) and in mutant (K906, purple transparent cartoon) structures. (F) KD of AT1G56130
comparing the Poisson-Boltzmann (PB) electrostatic potential (EP) mapped onto the protein surface
at orientations shown in above cartoons colored green for wild-type and pink for G773E mutant.
(G) Comparison for KD of AT1G56145 with cartoons colored green for wild-type and purple for
E906K mutant. (F, G). Arrow indicates the positions of the mutations and the corresponding residue
is shown as yellow sticks. Kinase site VHRDVKASN (815-823 in AT1G56130 and 835-843 in
AT1G56145) is shown as black sticks. Green circles indicate surface regions at which the mutation
provokes a significant electrostatic change. Bar gives the color code for the PB EP in KT/e units (k:

Boltzmann constant, T: absolute temperature, e: electron charge unit).

Figure 6. AT1G56145 ECD directly binds CEL 3 and CEL 5 oligosaccharides.

(A) Isothermal titration calorimetry (ITC) experiments of AT1G56145 ECD vs. CEL3, MLG43 and
CELS5. (B) ITC table summaries of AT1G56145 and AT1G56140 vs CEL3, MLG43 and CEL5
oligosaccharides. The binding affinities of AT1G56145 ECD and the corresponding glycans are

reported as Kq (dissociation constant, in micromoles), N indicates the reaction stoichiometry (N =1
for a 1:1 interaction) and AH indicates the enthalpy variation. Values indicated in the table are

means + S.D. of independent experiments (n = 2). n.d indicates no binding detected.
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Appendix Sl Information

Supplemental Figure 1. Forward genetic screen using Col-0"%? was used as tool to discover
new PRRsand proteinsinvolved in oligosaccharide per ception and PTI activation.

(A) Arabidopsis thaliana seeds carrying the Apoaequorin transgene (35S:: Apoaequogy, Col-0"59),
encoding a calcium cytoplasmatic sensor, were mutagenized with 0,3% (v/v) EMS for 17 hours. T2
seedlings were grown in vitro for 8 days, and calcium influxes were evaluated using a luminometer
upon oligosaccharide treatment. Seedlings with a low response to the treatments were transferred to
soil and backcrossed with Col-0”"?. Whole-genome sequencing of F2 segregating plant for this
backcross led to the identification of SNPs associated with the phenotype of each single mutant
isolated (S Appendix Data Set 2). (B) Total calcium of the igpl-igp3*=® was discharged by the
addition of 1ImM CaCl, to the wells with the seedlings. The kinetic areas after CaCl, treatment were
integrated and their values used for the calculation of the total Ca?* % produced which was similar
in all genotypes tested. (C) Elevations of cytoplasmatic calcium concentration over time, measured
as relative luminescence units (RLU), after treatment with 100 uM of MLG43 of eight-day old
seedlings of Col-0"5? and F1 igp2*tRigp3*F? cross. Lack of response to MLG43 in F1 seedlings of
igp2*=igp3"= cross indicates that both mutations are allelic. Data represent the mean + standard
error (n=6 in Col-0"%? and n=12 in F1 of igp2"*igp3*?). (B.C) Data from one of the three

experiments performed that gave similar results.

Supplemental Figure 2. Identification of additional igp (igp5-igp9) mutants impaired in
ML G43 per ception.

Calcium burst was measured as relative luminescence units (RLU) over time in eight-day-old
seedlings of Col-0"5? in comparison with igp5*=2-igp9"=? mutants after treatment with (A) 100 pM
of MLG43 or (B) 100 uM of CHI6. Data represent the mean + standard error (n=3 in the case of

Col-0"? and n=12 in the case of igp”? mutants).
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Supplemental Figure 3. LRR-MAL RLK family in Arabidopsis thaliana includes additional
members, such as| GP4/AT1G56140, that isalso required for ML G43 perception.

(A) Phylogenetic tree of the LRR-MAL RLKs in Arabidopsis thaliana. The full-length sequence of
Arabidopsis thaliana proteins predicted to contain a MAL domain in their ECDs (6) were aligned
using the ClustalW algorithm (see Material and Methods). The evolutionary history was inferred
using the Minimum Evolution method. The analysis involved 25 protein sequences. All ambiguous
positions were removed for each sequence pair. Evolutionary analyses were conducted in MEGAGB.
(B) Endogenous expression of the four genes (AT1G56120, AT1G56130 (IGP2/3), AT1G56140,
AT1G56145 (IGP1)) of the IGP clade family members in Col-0 wild-type plants determined by RT-
gPCR in seedling treated (30 minutes) with water (mock), MLG43 (100 uM), CEL3 (10 uM) or
CHI6 (50 uM). Gene expression values are relative to the housekeeping gene UBC21
(AT5G25769), and to the expression levels in mock-treated. (C) Quantitative RT-PCR analysis of
the immunity marker genes CYP81F2 and WRKY53 in T-DNA lines of LRR-MAL RLKs members
of the same clade (at1g56120 and at1g56140/igp4) and Col-0 seedlings after treatment with
MLG43 (100 puM). Gene expression values are relative to the housekeeping gene UBC21
(AT5G25769) and are normalized to Col-0 (value of 1). Data represent the mean + standard error of
three technical replicates out of three independent biological replicates (n=3). Statistically

significant differences were calculated according to Student’s t-test (*P <0.05, ** 0.01< P <0.001).

Supplemental Figure 4. Developmental phenotypes of igp plants and LysM -PRR mutants.

(A) Mature siliques and pedicels from 50-day-old plants of the indicated genotypes. (B,C) Rosettes
in 23 day-old plants grown under short-day (B) photoperiod (10:14 hours light: dark). and 28 day-
old plants grown long-day (C) photoperiod (14:10 hours light:dark). c1/14/15 is the abbreviation of

the triple mutant cerk1-2lyk4lyk5 generated in this work.
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Supplemental Figure 5. Cytoplasmic calcium burst in response to CEL 3 isimpaired in igp5-
igp9 mutants.

Ca”" influx measured as relative luminescence units (RLU) over time in 8-day-old Arabidopsis Col-
0”FQ and igp5~F2-igp9"E? seedlings after treatment with 10 uM CEL3. Data represent the mean +
standard error (n=3 in the case of Col-0 *F? and n=12 in the case of igp”?). Data are from one of

the three experiments performed that gave similar results.

Supplemental Figure 6. Calcium burst in response to ML G34 and cellulose oligosaccharidesis
impaired in igp mutants.

Ca”* burst measured as relative luminescence units (RLU) over the time in 8-day-old Col-0"c<,
igp1”EQ, igp3"E? and igp4”=? seedlings after treatment with (A) 100 pM MLG34, (B) 10 pM CEL4,
(C) 10 uM CELS5 and (D) 10 uM CELZ2. Data represent the mean + standard error (n=3 in the case
of Col-0 “E? and n=12 in the case of igp”=?). Data are from one of the three experiments performed

that gave similar results.

Supplemental Figure 7. Cross-dlicitation during the refractory period of calcium burst
triggered by MLG43 or CEL 3.

Data show cytoplasmic calcium burst measured as relative luminescence units (RLU) over time in
8-day-old Col-0"? seedlings after sequentially treatments with (A) 50uM MLG43 and 50pM
MLG43, (B) 10uM CEL3 and 10uM CEL3, and (C) 50uM MLG43 and 10pM CEL3 (blue) and 10
UM CEL3 and 50 uM MLGA43 (red). Arrow indicates the application time of the second elicitor
within the refractory period of the first elicitation. Data represent the average RLU values of 4
seedlings (n=4) + standard deviation. Data are from one of the three experiments performed that

gave similar results.
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Supplemental Figure 8. ROS production triggered by flg22 and CHI6 in igpl-igp4 mutants.
Luminol-assay in 10-day-old seedlings of igp1”=?-igp4"*? to monitor H,0, production over a
period of 50 minutes, measured as relative luminescence units (RLU). Col-0 and rbohD genotypes
were included as controls. MAMPs/DAMPs were added 5 minutes after incubation of the seedling
in plates in the Luminometer: (A) 1 uM flg22 and (B) 100 uM CHI6. Data represent mean +
standard error (n=24). Student t-test showed statistically significant differences (P < 0.001) only in
the comparison of Col-0 and rbohD in both treatments Data are from one of the three experiments

performed that gave similar results.

Supplemental Figure 9. Activation of PTI hallmarks by MLG43, CEL3 and CHI6 in LysM-
PRR mutants.

(A-C) Reactive Oxygen Species (ROS) production was monitored as H,O, production over a period
of 50 minutes in luminol-assays, measured as relative luminiscence units (RLU), in seedlings of the
indicated genotypes. Col-0 and rbohD were included as controls. Oligosaccharides were added 5
minutes after incubation of the seedling in plates in the Luminometer: (A) 100 uM MLG43; (B) 10
uM CEL3; (C) 100 uM CHI6. Comparison to Col-0 assessed by Student t-test at the time of the
Col-0 peak shows statistically significant differences for cerk1-2lykalyks and cerkl-2 (P < 0.001)
only in response to CHI6 (C), whereas rbohD showed statistically significant differences (P <
0.001) in all treatments. Data represent mean + standard error (n=24). Data are from one of the three
experiments performed that gave similar results. (D) Mitogen-activated protein kinases (MAPK)
phosphorylation was analyzed in 12-day-old seedlings of Col-0, cerkl-2 and cerkl-2lyk4lyk5
(c11415) treated with either 100 uM MLG43, 10 uM CEL3, 50 uM CHI6 or water (mock). Western-
Blot using anti-pTEpY antibody (anti p42/44) for phosphorylated MAPK moieties of seedling
samples harvested at different time points (0, 10 and 20 minutes) was performed. Black arrows

indicate the position of phosphorylated MPKG6 (top), MPK3 (middle) and MPK4/11 (bottom). Anti-
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MPKS3 was used as total protein control to show the loading of each gel. These results are from one
representative experiment out of the two performed that gave similar results. (E,F) Quantitative RT-
PCR analysis in 12-days-old seedlings of Col-0, cerkl1-2 and cerk1-2lykadlyk5 (cl1l415) genotypes.
Expression levels of immune marker genes (E) CYP81F2 and (F) WRKY53 relative to housekeeping
gene UBC21 (AT5G25769) at 30 min after application of oligosaccharidel00 pM MLG43, 10 uM
CEL3, 50 uM CHI6, or water (mock) are shown. Data represent mean + standard error of three
technical replicates out of three independent biological replicates (n=3). Statistically significant
differences between MLG43, CEL3 or CHI6 treated cerkl-2 and cerkl-2lykalyks (c11415) versus
treated Col-0 seedlings according to Student’s t-test (* P <0.05, ** 0.01 < P > 0.001, *** P <

0.001).

Supplemental Figure 10. Phylogenetic analysis of LRR-MAL RLKsin Arabidopsis and other
plant species.

Phylogenetic tree of the LRR-MAL RLKs family members in selected plant species. The LRR-
MAL ECD domain of IGP1/AT1G56145 was blasted against Uniprot protein database to retrieve a
total of 248 protein ECD sequences that are evolutionary related to AT1G56145. A representative
subset of 25 sequences in different plant species was selected to build up this phylogenetic tree. In
addition, the outgroup protein ANX1, a member of a distinct clade of plant malectin RLKSs, and the
X. laevis malectin protein Q6INX3 were included in the tree for comparison. The evolutionary
history was inferred using the Minimum Evolution method. Evolutionary analyses were conducted

in MEGAG (see Material and Methods).

Supplemental Figure 11. AlphaFold predictions for AT1G56130, AT1G56140 and

AT1G56145 proteins.
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(A) Plot of pIDDT (predicted local Distance Difference Test) for AT1G56130. AlphaFold uses this
metric to give a per-residue confidence score between 0 and 100. Horizontal lines and the
corresponding colors follow the AlphaFold guidelines to consider the model confidence very high
(pIDDT > 90, blue), high (90 > pIDDT > 70, light blue), low (70 > pIDDT > 50, light orange), and
very low (pIDDT < 50, deep orange). According to AlphaFold, regions with pIDDT < 50 may be
unstructured in isolation. Vertical lines separate the domains. Regions shaded grey correspond to
short segments not assigned to any domain. (B) Same plot for AT1G56140. (C) Same plot for
AT1G56145. (D) AlphaFold structure predicted for AT1G56140 protein. The domains are correctly
predicted but their spatial organization is not consistent with the extracellular (LRR + MAL) -
transmembrane (TM) — intracellular (KD) separation. The short loop region enclosed in the magenta
box is the segment used to modify the structure for obtaining the proper spatial organization as

explained in Methods.

Supplemental Figure 12. Purification of ECDs of AT1G56140 and AT1G56145 and ITC of
AT1G56140 binding of MLG43 and CEL 3.

(A) Analytical size exclusion chromatography (SEC) and SDS-PAGE of the corresponding proteins
purified by SEC and used in the Isothermal titration calorimetry (ITC) binding assays. (B) ITC

experiments of AT1G56140 ECD vs. CEL3 and MLG43.
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