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Abstract:

Establishment of arbuscular mycorrhiza (AM) relies on a plant signaling pathway that can be
activated by fungal chitinic signals such as short chain chitooligosaccharides (CO) and lipo-
chitooligosaccharides (LCOs). The tomato LysM receptor-like kinase (LysM RLK) SILYK10 has high
affinity for LCOs and is involved in root colonization by arbuscular mycorrhizal fungi (AMF), however
its role in LCO responses has not yet been studied. Here, we show that mutated SILYK10 proteins
produced by Sllyk10-1 and Sllyk10-2 mutant alleles, which both cause decreases in AMF
colonization, and carry mutations in LysM1 and 2 respectively, have similar LCO binding affinity
compared to the WT SILYK10. However, the mutant forms were not no longer able to induce cell
death in Nicotiana benthamiana when co-expressed with MtLYK3, a legume LCO co-receptor, while
they physically interacted with MtLYK3 in co-purification experiments. This suggests that the LysM
mutations affect the ability of SILYK10 to trigger signaling through a potential co-receptor rather
than affect its ability to bind LCOs. Interestingly, tomato lines that contain a calcium (Ca?*)
concentration reporter (GECO), showed Ca?* spiking in responses to LCOs, but this occurred only in
inner cell layers of the roots, while short chain COs also induced Ca?* spiking in the epidermis.
Moreover, the LCO-induced Ca%*spiking was decreased in Sllyk10-1*GECO plants, suggesting that

the decrease in AMF colonization in Sllyk10-1 is due to a default in LCO signaling.
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Introduction

In terrestrial ecosystems, plants can make symbiotic association with soil microorganisms.
Arbuscular mycorrhiza (AM) is an interaction occurring between arbuscular mycorrhizal fungi (AMF)
and roots of more than 80% of terrestrial plants (Brundrett and Tedersoo 2018). The fungus receives
carbohydrates and lipids from the photosynthetic host (Rich et al. 2017), nutrients essential to
complete its life cycle, and provides plants with soil elements, such as nitrogen and phosphate (N
and P; Ferrol et al. 2019), which they gather through an extensive mycelium network they develop
in the soil. The nutrient exchange mainly occurs in the arbuscules which are highly branched fungal
structures formed in the inner root cortex (Bonfante and Genre 2010; Wang et al. 2017).

AM establishment relies on a plant signaling pathway highly conserved among mycotrophic plants,
called the common symbiosis signaling pathway (CSSP; Delaux et al. 2014). AMFs produce lipo-
chitooligosaccharides (LCOs; Maillet et al. 2011) and short chain chitooligosaccharides (COs,
including CO4 and CO5; Genre et al. 2013) considered as responsible for CSSP activation. During
plant evolution, the CSSP was recruited for the N-fixing symbiosis in nodulating plants. It was first
discovered that LCOs secreted by rhizobia (Nod factors) activate the CSSP leading to calcium (Ca?*)
concentration oscillations, known as Ca?* spiking, in and around the nucleus in root hair cells
(Ehrhardt, Wais, and Long 1996). Ca?* spiking is now considered as a hallmark of CSSP activation.
LCOs and COs were found to induce Ca?* spiking in root epidermal cells of several dicotyledons (Sun
et al. 2015; Cope et al. 2019) and monocotyledons (Sun et al. 2015; He et al. 2019, Li et al. 2022).
COs, also called chitin fragment are composed of N-acetyl glucosamine (GIcNAc). LCOs differ from
short chain CO (CO4/5 consisting in a 4 or 5 GIcNAc linear chain) by an acylation of the terminal non-
reducing GIcNAc. Moreover, LCO structural variation, including in the acyl chain length or
unsaturation and decorations of the chitinic skeleton such as addition of methyl, fucose,
methylfucose, sulfate groups, have been found in LCOs produced by AMF (Maillet et al. 2011; Rush
et al. 2020). Although high affinity receptors for short chain COs are not yet known, several high
affinity LCO receptors have been identified and belong to various phylogenetic groups of Lysin Motif
Receptor-Like Kinases (LysM-RLK; Buendia et al. 2018). Of particular interest, members of the LYRIA
phylogenetic group in Medicago truncatula, (MtNFP), Lotus japonicus, (LjNFR5), or Solanum
lycopersicum, (SILYK10), as well as their orthologs in several monocotyledons were shown to be LCO
binding receptors (Broghammer et al. 2012; Girardin et al. 2019; Gysel et al. 2021; Cullimore et al.,
2023) and essential for the N-fixing symbiosis in most legumes (Radutoiu et al. 2003; Arrighi et al.
2006) and/or involved in AM (Feng et al. 2019; Girardin et al. 2019; He et al., 2019; Li et al. 2022).



LYRIA proteins have an inactive kinase domain. In M. truncatula and L. japonicus, the LYRIA proteins,
MtNFP and LjNFR5, were shown to interact with members of the LysM-RLK LYKI phylogenetic group,
MtLYK3 and LjNFR1, respectively (Madsen et al. 2011; Moling et al. 2014) that have an active kinase
domain. The LYRIA-LYKI receptor complex is thus able to transduce the apoplastic LCO signal in the
cell (Buendia et al. 2018). SILYK10 is a high affinity LCO binding protein and both S/LYK10 and the
LYKI gene SILYK12 were shown to be involved in AM establishment in tomato (Girardin et al. 2019;
Liao et al. 2018). It is thus likely that these proteins interact to form a LCO receptor complex that
controls activation of the CSSP. However, LCO responses have not yet been studied either in tomato
or in Sllyk10 or Sllyk12 mutants.

We previously reported the mycorrhizal phenotype of the Sllyk10-1 mutant line. Here we have
characterized the impact of amino-acid changes in the proteins encoded by Sllyk10-1 and by a newly
identified allele, Sllyk10-2, on their affinity for LCOs and their ability to activate signaling. Moreover,
we have characterized Ca?* spiking in response to LCOs and short-chain COs in tomato and found

that LCO-induced Ca?* spiking is affected in the Sllyk10-1 mutant.

Results

The mutations E154K and F88L do not affect SILYK10 affinity for LCOs

We have previously shown that SILYK10 is involved in AM establishment (Girardin et al. 2019). The
EMS-mutagenized line Sllyk10-1 carrying a missense mutation in the sequence encoding the second
LysM (E154K, Figure 1(a)) had reduced number of AMF colonization sites, root-length colonization,
and expression of AM-marker genes compared with a segregating WT line (Girardin et al. 2019).
Here, we have identified another EMS-mutagenized line mutated in SILYK10 (Sllyk10-2) carrying a
missense mutation in the sequence encoding the first LysM (F88L, Figure 1(a)). This line showed a
reduction in the number of AMF colonization sites at 3 wpi and in AMF colonization at 4 wpi
compared to wild-type (Suppl Figure 1(a-b)), similar to what was observed previously in Sllyk10-1
(Girardin et al. 2019). The decrease in AMF colonization was similar in the two mutant lines and
maintained at 6 wpi (Figure 1(b-c) and Suppl Figure 1(c)).

Since SILYK10 is an LCO binding protein (Girardin et al. 2019) and we observed a decrease in AMF
colonization in Sllyk10 mutant lines, we hypothesized that these mutations would lead to a decrease
in LCO signaling. This could be due to either a lower affinity of the mutated proteins for LCOs and/or
lower ability of the mutated proteins to transduce the LCO signal in the cell. To test these
hypotheses, we first measured the effect of the mutations on the LCO binding properties of SILYK10.

We previously showed that a chimeric LysM-RLK containing the SILYK10 extracellular region (ECR),
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MtNFP transmembrane domain (TM) and intracellular region (ICR) fused to YFP (thereafter called
SILYK10c-YFP) binds LCO with high affinity, 19 nM £ 4 nM for LCO-V(C18:1,NMe,S) (Girardin et al.
2019). Based on this construction, we used Agrobacterium tumefaciens-mediated transient
expression to produce chimeras with mutated SILYK10 ECRs (thereafter called, SILYK10cE¥>*K-YFP
and SILYK10c™8-YFP) in leaves of Nicotiana benthamiana. Subcellular localization of SILYK10cE>#K-
YFP and SILYK10cMf8.-YFP was similar to SILYK10c-YFP (Figure 2(a)). All proteins were
immunodetected in the membrane fractions extracted from N. benthamiana leaves (Figure 2(b)).
Specific binding of the radiolabeled LCO-V(C18:1,NMe,3S) was significantly increased in membrane
fractions from leaves expressing SILYK10cE>#K-YFP, SILYK10c"8"-YFP, and SILYK10c-YFP compared to
membrane fractions from untransformed leaves (Figure 2(c)), showing that the three proteins are
able to bind LCOs. The higher amount of LCO binding in membrane fractions expressing
SILYK10cE'>*K-YFP is likely due to a higher amount of this protein detected in these membrane
fractions compared to the other proteins (Figure 2(b)). As an additional negative control, we tested
LCO binding to SILYK7c:YFP, another tomato LysM-RLK. This protein localization and expression level
in N. benthamiana leaves is similar to SILYK10c:YFP (Suppl Figure 2) but the amount of LCO binding
in membrane fractions expressing SILYK7c was similar to that of membrane fractions from
untransformed leaves (Figure 2(c)). To characterize in more detail the effect of the mutations on
LCO binding properties, we determined the affinity of SILYK10cE**-YFP and SILYK10cF88.-YFP for
LCO-V(C18:1,NMe,S) by equilibrium-binding, cold saturation experiments. Scatchard plot analysis
revealed a single class of binding sites (Figure 2(d)) with dissociation constants (Kq) of 11 nM + 2 nM
(n=2) and 62 nM * 27 nM (n=2) for SILYK10cE*>*K and SILYK10cF8" respectively, in the same range of
the Kq previously found for SILYK10c-YFP (19 nM £ 4 nM; Girardin et al. 2019). Together these results
suggest that there is no major difference between the mutated proteins and WT SILYK10 in terms
of their affinity for LCO-V(C18:1,NMe,S).

The mutations E154K and F88L might affect ability of SILYK10 to interact with co-receptors

Since there was no major difference between the mutated and the WT SILYK10 proteins in their
affinity for LCO, we tested the effect of the mutations on the ability of SILYK10 to interact with
putative co-receptors. As a LYR protein, SILYK10 bears a dead kinase domain, and likely interacts
with a LYK protein bearing an active kinase domain (Buendia et al. 2018). Among the tomato LYK
genes, SILYK12 was shown, as SILYK10, to be involved in AMF colonization, and SILYK12 has an active
kinase domain (Liao et al. 2018), hence is a candidate to form a complex receptor with SILYK10. We

aimed to measure interaction between SILYK10 and SILYK12 expressed in N. benthamiana leaves.



A. tumefaciens-mediated transient expression of SILYK12-mTurquoise alone, in N. benthamiana
leaves, showed expression of the protein in the cell periphery 2 days after A. tumefaciens infiltration
(dpi, Suppl Figure 3(a)). However, strong necrotic symptoms were observed from 3 dpi (Suppl Figure
3(b)), making impossible to test interaction with SILYK10. Similar necrotic symptoms were induced
by expression of the Arabidopsis thaliana LYKIA protein AtCERK1-YFP alone in N. benthamiana
leaves (Pietraszewska-Bogiel et al. 2013). Because necrotic symptoms induced by AtCERK1-YFP were
dependent on its kinase activity, we mutated the catalytic residue in the SILYK12 kinase domain in
order to reduce the protein ability to induce necrotic symptoms. SILYK12P437A-mTurquoise was
however still able to induce necrotic symptoms at 3 dpiin N. benthamiana leaves (Suppl Figure 3(b)).
As an alternative to compare the ability of mutated and WT SILYK10 proteins to interact with a LYK
protein, we used the M. truncatula LYKI protein MtLYK3, which was previously shown to induce cell
death when co-expressed with the LYRIA MtNFP in N. benthamiana leaves, but not when expressed
alone (Pietraszewska-Bogiel et al. 2013; Fliegmann et al. 2016). We co-expressed a kinase dead
version of MtLYK3 with the various SILYK10 proteins in N. benthamiana leaves. We did not find a
decrease in the amount of MtLYK3-HA co-purified with the mutated SILYK10c-YFP compared to the
WT SILYK10c-YFP (Figure 3(a)). In contrast, co-expression in N. benthamiana leaves of WT SILYK10c-
YFP together with an active kinase version of MtLYK3 induced necrotic symptoms, while no visible
necrotic symptoms were observed when MtLYK3-mCherry was co-expressed with SILYK10cE>4K-YFP
or SILYK10c8.-YFP (Suppl Figure 3(c)). The differences in the symptoms induced by the WT and
mutated SILYK10 proteins were even stronger when the proteins were expressed in Nicotiana
tabacum (Figure 3(b)), a species known to induce stronger cell death responses than N.
benthamiana. Differences in intensity of necrotic symptoms induced by mutated and WT SILYK10
proteins co-expressed with MtLYK3 in N. benthamiana were confirmed by measuring leaf
autofluorescence (Figure 3(c-e)), a way to quantify cell death intensity (Xi et al. 2021).

Altogether, these results suggest that the mutations in SILYK10 do not affect its affinity for LCO or
its ability to interact with a co-receptor, but affect its ability to trigger signaling through a co-
receptor.

LCO treatment can activate Ca?* spiking in inner cell layers of tomato roots

There are currently no tools to directly measure LCO responses in tomato. We thus introduced in
tomato a nuclear-localized G-GECO (Green Genetically Encoded Ca?* indicators for Optical imaging),
a reporter of Ca?* concentrations, to measure Ca®* spiking. We produced A. tumefaciens stably

transformed lines expressing G-GECO and DsRed. Two independent transgenic lines showing



detectable basal G-GECO fluorescence in the root epidermis (Figure 4(a) and Suppl Figure 4(a)) were
selected and multiplied. Plantlets were grown in vitro and lateral roots were cut to quantify with a
confocal microscope G-GECO fluorescence following chitinic molecule treatments. The DsRed
fluorescence was used to verify that nuclei were always in the focal plan during image acquisitions.
Since it was previously reported that short chain COs induce Ca?* spiking in non-legume plants, we
first tested CO4 at 107 M. We observed repeated peaks of G-GECO fluorescence in epidermal cells
of COA4-treated roots (Figure 4(b)), revealing oscillations in the nuclear Ca%* concentration in
response to CO4. In contrast to CO4, none of the LCO structures we tested were able to induce Ca?*
spiking in tomato root epidermal cells at 10”7 M (Figure 4(c)), even after root pre-treatment with 10°
7'M 2-aminoethoxyvinyl Gly (AVG) for 2 hours, an inhibitor of ethylene biosynthesis as performed in
poplar roots (Cope et al. 2019) to avoid inhibitory effects of ethylene on LCO responses that can
occur when plants are grown in vitro.

In contrast, we observed Ca?* spiking in response to various LCO structures at 107 M in inner cell
layers of the roots (Figure 4(a, d) and Suppl Figure 4(b)). CO4 also induced Ca?* spiking in these cell
layers. No Ca?* spiking was observed when roots were treated with the solvents used for CO4 or LCO
stocks (Figure 4(d)). To determine whether inner cell layers of tomato roots show different
sensitivities to the various chitinic signal molecules, we quantified the proportion of cells exhibiting
Ca?* spiking following the different LCO treatments. All LCO structures tested induced Ca?* spiking.
We found that the LCO-IV(C18:1,S) and a mixture of LCO-V bearing fucose or methyl-fucose groups
induced Ca?* spiking with the highest cell number (Figure 4(e) and Suppl Figure 4(c)) and were used
to compare responses induced by LCOs in WT and Sllyk10-1.

Sllyk10-1 shows reduced response to LCOs but not to CO4

In order to test whether LCO responses were affected in Sllyk10 mutants, we crossed a G-GECO-
DsRed line with Sllyk10-1 and measured, in the progeny, Ca?* spiking following treatment with LCOs
or CO4. We found that the proportion of cells exhibiting Ca%* spiking in response to LCOs was
significantly reduced in the segregating homozygote plants bearing the Sllyk10-1 allele compared to
the segregating plants bearing the WT SILYK10 allele both in root sections (Figure 4(f)) and in intact
roots (Suppl Figure 5(a)). Moreover, in the Sllyk10-1 mutant, in the few cells showing spikes, the
frequency of spikes was reduced (Figure 4(g) and Suppl Figure 5(b)). In contrast, similar responses
were found in WT and Sllyk10-1 segregating plants following CO4 treatment both in epidermal and
inner cell layers (Figure 4(f) and Suppl Figure 5(b-d)). This result shows that LCO, but not CO4,
signaling is affected in Sllyk10-1.



Discussion

SILYK10 is involved in AM establishment

Our previous data showed a reduction in the number of colonization sites in Sllyk10-1, which
together with expression of the SILYK10 promoter in the root epidermis in absence of AMF,
suggested a role of SILYK10 for AMF penetration in roots (Girardin et al. 2019). Following AMF
inoculation, expression of the SILYK10 promoter in cortical cells containing developing arbuscules
suggested additional roles during the colonization process, particularly for arbuscule formation
(Girardin et al. 2019). Here, we found that Sllyk10-1 and Sllyk10-2 have both a maintained reduced
colonization level by AMF at 4 and 6 wpi, and that all type of AMF structures, hyphae, arbuscules
and vesicles, were affected in the two mutant lines.

Mutations in Sllyk10-1 and Sllyk10-2 alleles might affect the ability of the protein to trigger
signaling through a co-receptor

The two SILYK10 residues mutated in proteins encoded by Sllyk10-1 and Sl/lyk10-2 alleles, in LysM?2
and LysM1 respectively, have not been characterized in other LYRIA proteins. The mutated residue
in the protein produced by the S/Lyk10-1 allele, at position 154, is not far from a residue
corresponding to L154 in MtNFP (Figure 5(a)), a critical residue for its role in nodulation and
suggested to be involved in LCO binding (Bensmihen et al. 2011; Gysel et al. 2021). The residue 154
in SILYK10 corresponds to a position where K, E, Q, D are mainly found among the diversity of LYRIA
proteins in angiosperms (Gough et al. 2018). No critical residue was previously identified in LysM1
of LYRIA proteins. The mutated residue in the protein produced by the SiLyk10-2 allele, at position
88, is however very close to a residue corresponding to a residue in the LysM1 of the LYKI protein
LiNFR1 that is critical for its role in nodulation (Figure 5(b); Bozsoki et al. 2020). The residue 88 in
SILYK10 corresponds to a position where |, F, V and T, but not L, are mainly found among the
diversity of LYRIA protein in angiosperms (Gough et al. 2018).

We did not find strong effect of these mutations on SILYK10 affinity for LCOs. However, recent data
from Gysel et al (2021) suggest that the dynamics of LCO binding (Kon and Koff) rather than the
affinity (Kq) could be critical for LCO signaling. The LCO binding approach we have used does not
permit the determination of Kon and Koff. We thus cannot exclude that the two SILYK10 critical
residues modify LCO binding dynamics.

The mutations in SILYK10 did not affect the ability of SILYK10 to physically interact with MtLYK3, but
affected the ability of SILYK10 to induce cell death in N. benthamiana when co-expressed with

MtLYK3. Variable residues in the natural diversity of the LYRIA protein in Vicia sativa, VsNFR5, were



suggested to be involved in the interface between VsNFR5 and the LYKI protein, VsK1 (lgolkina et
al. 2018). In contrast, the two SILYK10 critical residues correspond to highly conserved residues
(100% identity) in the natural diversity of VsNFR5, consistent with the fact that these residues are
not at the LYRIA-LYKI interface and that their mutation does not affect the interaction of SILYK10
with a LYKI co-receptor. It can be hypothesized that the mutations block signaling through a change
of conformation of a SILYK10-LYKI complex, affecting protein transphosphorylations and/or
recruitment in the complex of additional protein(s) required for signaling. Mutations leading to loss
of function independently of their ability to bind ligands, have been identified in other RLKs and are
proposed to be involved in protein-protein interactions, for example as in the brassinosteroid
receptor AtBRI1 (Hothorn et al. 2011). It would, however, need to be verified whether the SILYK10
mutations affect the interaction of SILYK10 with SILYK12 and/or with other potential LYKI interactors
in tomato roots.

Distinct LCO and short chain CO receptors are involved in AM

Although LCOs are generally essential for establishment of the nitrogen fixing symbiosis in legumes,
the role of LCOs in AM establishment is still not clear, especially now since LCOs were also found to
be produced by fungi other than AMF (Cope et al. 2019; Rush et al. 2020). Data that are compatible
with a mycorrhizal role of LCOs include the fact that various LCO structures, including structures
different from those produced by their specific rhizobial partners, induce Ca?* spiking in the legume
and non-legume root epidermis in a CSSP dependent manner (Sun et al. 2015; Li et al. 2022). Our
previous data showing that the LYRIA LysM-RLK in tomato and petunia, LYK10, has high affinity for
LCOs and plays a role in AM establishment (Girardin et al. 2019) suggested a role of LCO signaling in
AM establishment. Here we show that Ca?* spiking, induced by LCOs is affected in an Sllyk10 mutant
line, reinforcing a direct involvement of LCO perception and signaling in AM establishment.
Interestingly the LCOs bearing fucose or methylfucose groups that were among those inducing Ca%*
spiking in the highest proportion of cells are those found to be the most abundant in AMF (Rush et
al. 2020). The fact that short chain COs induced Ca?* spiking similarly in Sllyk10-1 and WT tomato
plants, as found previously in Mtnfp-2 and WT Medicago plants (Genre et al. 2013), is coherent with
specificity of the SILYK10 LCO binding site for LCOs vs short chain COs (Girardin et al. 2019) and
shows that short chain COs are perceived by another as yet uncharacterized receptor.

LCOs might be perceived in the epidermis and transduced to the inner root cell layers by a
secondary signal

Although we observed Ca?* spiking in tomato root epidermal cells in response to CO4, no LCO-



induced Ca?* spiking was observed in these cells in our experimental conditions, as first found in rice
(Sun et al. 2015). Recent data from Li and co-authors (2022) have demonstrated that LCO-induced
Ca?* spiking in the epidermis, in various plant species, depends on nitrogen and phosphorus
starvation, and in barley, is associated with an increase in expression of HVRLK2, the ortholog of
SILYK9. We thus do not exclude that LCOs could induce Ca?* spiking in tomato root epidermal cells
in other experimental conditions, but our data clearly show that these cells have a different
sensitivity to short chain COs and LCOs.

Surprisingly, LCO-induced Ca?* spiking was observed in deeper tomato root cell layers including at
least 3 cell layers surrounding the vascular cylinder, likely comprising the pericycle, the endodermis
and the inner cortex, with about a third of the LCO-responding cells being in the cortex and about
two-thirds in the root stele (Suppl Figure 4(d)). Responses induced by LCOs in inner root cell layers,
including the pericycle, the endodermis and the inner cortex, were also found in legumes, in which
cell division, starch accumulation and gene transcription are induced by purified Nod-factors
(Ardourel et al. 1994; Truchet et al. 1991, Timmers, et al. 1999, van Zeijl et al. 2015). Another LCO
response in inner root cells is the LCO induction of lateral root formation consisting of cell divisions
in the pericycle, the endodermis and the inner cortex (Herrbach et al. 2014; Herrbach et al. 2017).
In the context of AM, LCO-induced Ca?* spiking in inner root cell layers could be related to similar
responses induced at distance by AMF. Indeed, starch accumulation was found in the legume inner
root cortex in response to diffusible molecules released by AMF and this was dependent on the CSSP
(Gutjahr et al. 2009), and DNA endoreduplication is initiated in the inner root cortex from the early
steps of AM development, often at distance from the colonizing AMF hyphae (Carotenuto et al.
2019; Russo et al. 2019). Moreover, LCOs induce lateral root formation in non-legume species
(Buendia et al., 2019). Responses in the central cylinder could also be linked to modifications in the
stele diameter in mycorrhizal roots (Miller at al., 1997) and in endodermal cell wall depositions
expected for nutrient exchanges between arbuscule-containing cells and the vasculature. All these
responses might be involved in preparing inner root cell layers for AM.

Symbiotic microbial signals might either be perceived in the epidermis and a secondary signal
transduced to inner root cell layers or there could be diffusion from the root surface for perception
directly ininner root cell layers. The first hypothesis is supported by data showing that LCO receptors
are required in the epidermis but not in the inner root cell layers for nodule organogenesis (Rival et
al. 2012; Hayashi et al. 2014) while the latter being initiated by cell divisions in the pericycle, the

endodermis and the inner cortex (Xiao et al. 2014). In contrast, decoding of Ca?* spiking is required



both in epidermal and inner root cell layers to trigger cell divisions following root hair colonization
by rhizobia (Rival et al. 2012; Hayashi et al. 2014) and for arbuscule formation by AMF (Rival et al.
2013). In tomato, initial LCO perception by the LYRIA protein SILYK10 might occur in the epidermis,
since SILYK10 is mainly expressed in the epidermis at a pre-symbiotic stage (Girardin et al. 2019).
The subsequent transmission of LCO perception to the inner root cell layers might then be via a
secondary signal that would be produced relatively fast since Ca?* spiking was observed about 30

min after LCO treatments.

Materials and Methods

S. lycopersicum mutant identification and genotyping

Induced mutations in the SILYK10 gene were isolated as described previously (Clepet et al. 2021)
from an ethylmethanesulfonate-mutant population of Solanum lycopersicum cv M82 described
previously (Piron et al. 2010) and from a new generated collection totaling 10,000 M2 families. The
screening was carried out by direct sequencing of target amplicons on a MiSeq system (lllumina)
with the primers listed in Suppl Figure 6. The mutation C264A (Sl/lyk10-2) was found in line 1179.
Generation of tomato G-GECO-DsRed lines and cross.

We used Agrobacterium tumefaciens strain GV3101 to introduce a NLS-G-GECO and DsRed
construct (Cope et al. 2019) in the M82 tomato cultivar with the cotyledon transformation method
described in (Van Eck et al. 2019). Transgenic diploid TO plants were selected using 150mg/L
Kanamycin and flow cytometry. Among the latter, we selected 2 lines based on their level of basal
G-GECO fluorescence. T1 G-GECO-DsRed plants were crossed with Sllyk10-1 plants (Girardin et al.
2019). F1 and F2 plants were genotyped by sequencing (Sanger) a similar amplicon that the one
described above, for S/lyk10-1, and by basal fluorescence for presence of the G-GECO construct.
Cloning

SILYK10c-YFP construct is from (Girardin et al. 2019). For the SILYK10c®'>#%-YFP and SILYK10cF88.-YFP
constructs, we used site-directed mutagenesis (primers are listed in Suppl Figure 6) to introduce the
mutations of G460A and C264A on the sequence coding SILYK10 extracellular region (ECR) coding
sequence. The sequence coding the SILYK7 ECR (Solyc02g089920) was amplified by PCR (primers
are listed in Suppl Figure 6). The sequences coding mutated SILYK10 ECR and SILYK7 ECR were cloned
in translational fusion with the sequences encoding the TM/ICR of MtNFP and YFP under the control
of Pro35S in a pCambia 2200 vector modified for golden gate cloning as for SILYK10c. SILYK12
(Solyc02g081050) coding sequence (Suppl Figure 7) was produced by gene synthesis, then cloned in

translational fusion with the sequence coding mTurquoise under the control of Pro35S in a pCambia
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2200 vector modified for golden gate cloning. For the SILYK12P*37A construct, we used site-directed
mutagenesis (primers are listed in Suppl Figure 6) to introduce the mutation of A1310C into the
sequence coding SILYK12 kinase domain and cloned as for SILYK12-mTurquoise construct. All
constructs were introduced in Agrobacterium tumefaciens LBA4404 VirGN54D. The MtLYK3-
mcherry construct is from (Pietraszewska-Bogiel et al. 2013). The sequence coding for MtLYK36334¢
was cloned in translational fusion with the HA-tag under the control of Pro35S in a pCambia 2200
vector modified for golden gate cloning. All constructs were verified by Sanger sequencing.

AM phenotyping

Tomato seeds were surface sterilized and germinated in sterile water. Tomato plantlets were then
transferred in 50 ml containers (one plantlet / container) filled with attapulgite (Oil Dri UK), watered
with 20 ml of 0.5x modified Long ashton (7.5 uM NaH;P0Qa), and inoculated with 500 spores of
Rhizophagus irregularis DAOM 197198 (Agronutrition). Roots were harvested at 4 or 6 weeks post
inoculation, washed and stained using an ink-vinegar solution.

Transient Expression in N. benthamiana

For LCO binding assays, subcellular localization, co-immunopurification and necrotic symptom
analysis, 4-week-old N. benthamiana leaves were fully infiltrated with A. tumefaciens LBA4404
virGN54D strain containing the expression vectors. A. tumefaciens strains were grown overnight at
28°C in liquid LB medium supplemented with appropriate antibiotics. Bacteria were washed and
diluted in 10 mM MES, pH 5.6, 10mM MgCl2, and 100 uM acetosyringone. The p19 protein, which
inhibits gene silencing was co-expressed with the proteins of interest.

LCO binding assays

Approximately 10 g of leaves were homogenized at 4°C in a blender in the presence of 20 ml of
extraction buffer (25 mM Tris, pH 8.5, 0.47 M sucrose, 5 mM EDTA, 10 mM DTT, 0.6% PVPP and
protease inhibitors). Samples were centrifuged for 15 min at 3000 g, and then the supernatant was
recentrifuged for 30 min at 80 000 g. The pellet (membrane fraction) was first washed in 5 ml and
then resuspended in 2 ml of binding buffer (25 mM Na-Cacodylate pH 6, 250 mM sucrose, 1 mM
CaCl2, 1 mM MgCl2 and protease inhibitors). The amount of fusion proteins was quantified by
immunoblotting of 10 ug of membrane fraction proteins using anti-GFP antibodies.

PAPS was synthesized in the presence of 500 pCi of 3°S sodium sulfate and yeast extract, and used
as a substrate for a sulfotransferase to introduce 3°S on LCO-V(C18:1,NMe). LCO binding assays were
performed with membrane fractions containing 20 pg of proteins, 1 nM of LCO-V(C18:1,NMe,*S)

and a range of unlabeled LCO-V(C18:1,NMe,S) from 1 nM to 1 uM. Incubations were performed for
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1 h in 96-well microtiter plates on ice, and then filtered and washed. Radioactivity (DPM) in the
membrane fractions was measured with a scintillation counter. Incubation of the membrane
fractions with the radiolabeled ligand, LCO-V(C18:1,NMe,?S), in the absence or in the presence of
1 uM unlabeled LCO-V(C18:1,NMe,S) allowed to determine the total and non-specific binding
respectively and by difference the specific binding.

LCO binding assays were performed independently on the mutated SILYK10c proteins and the
SILYK7c protein, each with the positive (WT SILYK10c) and negative (untransformed) controls. All
data were pooled in Figure 2(c).

Co-immunopurification

N. benthamiana leaves were crushed in liquid nitrogen and proteins solubilized for 30 min at 4 °Cin
IP buffer (25 mM HEPES pH7.5, 150 mM NaCl, 10% glycerol, 10 mM EDTA, 1 mM DTT, phosphatase
and protease inhibitors) containing 0.2 % dodecyl-maltoside (DDM), with a ratio 1:4 (w:v).
Supernatant (solubilized fraction) after a 20 min centrifugation at 100 000 g was diluted twice in IP
buffer and incubated with 10 pl of washed magnetic agarose beads coupled to anti-GFP nanobodies
(Chromotek) for 2 h at 4°C. Beads were washed three times with IP buffer containing 0.1 % DDM
and proteins were eluted in 50 plL of 2X Laemmli buffer at 95°C for 5 min.

Short chain CO/LCO treatments

A segregating F2 G-GECO-DsRed*Sllyk10-1 population was used. Individual plants were genotyped
to identify homozygote Sllyk10-1 and WT SILYK10 plants and the presence of the G-GECO-DsRed
construct. Plantlets were grown on agar supplemented with 25mg/L kanamycin for 6 weeks. About
2 cm long root pieces corresponding to middle parts of the secondary roots were cut and put
between glass slides and treated with approximately 200ul 10’M LCO or for CO4 30min before
microscopy analysis. As LCO stocks (10* M) were in 50% ethanol, we treated controls with 0.05%
ethanol. The synthetic LCO-1V(C16:0,S), LCO-IV(C16:0), LCO-IV(C18:1,S), LCO-IV(C18:1) are as in
Maillet et al, 2021, the mixture of synthetic LCO-V(C18:1,Fuc)/LCO-V(C18:1,MeFuc) is as in
(Bonhomme et al. 2021), the natural LCO-V(C18:1,NMe,S) and LCO-V(C18:1,NMe) were purified
from the rhizobial strain Rhizobium tropici. CO4 (Megazyme) stock was 10* M in water.
Microscopy analyses

All image were acquired using a SP8 confocal laser-scanning microscope (Leica) with a fluotar VISIR
25x/0.95 WATER objective. For subcellular localization, YFP and m-turquoise were respectively
excited with the 488-nm line of an argon laser or 448-nm, and emissions (520 to 555 nm or 455 to

600 nm) were imaged. For cell death quantification, auto-fluorescence was excited with the 405-
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nm line of an argon laser and fluorescent emissions (415 to 506 nm) were measured in randomly
pick-up leaf discs. The images were acquired with a scanning resolution of 1024 x1024 pixels.
Settings (laser intensity, gain, offset, magnification, airy units) were similar between observations
for all samples. After acquiring images, we used Image J to measure the mean fluorescence intensity
in each image. For Ca?* spiking measurement G-GECO and DsRed were respectively excited with the
488-nm or the 561-nm argon laser lines, and fluorescent emission (500 to 550 nm or 570 to 650 nm)
were imaged. Images were acquired at 6.29s intervals with a scanning resolution of 512x512 pixels.
Settings (laser intensity, gain, offset, magnification, airy units) were similar between observations
for all samples. Following 20min captures, all nuclei in the focal plan were designated as specific
regions of interest using the software LAS X (version 3.3), and the fluorescence intensities in each
region of interest were exported. Total number of cells with visible G-GECO basal fluorescence and
the number of cells with nuclei spiking more than once were used to calculate the percentage of
cells with spiking nuclei.

Data and material availability

All data, plant lines and constructs are available upon request.
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Figure 1. Sllyk10-2 is affected in AMF colonization

(a) Position of F88L and E154K point mutations on the SILYK10 schematic structure. Grey: LysM,
Black: transmembrane domain, White: kinase domain. (b-c) Detailed analysis of AMF structures
found in WT plants (WT), segregating progenies of mutagenized lines bearing the WT SILYK10 allele
(seg WT), the Sllyk10-1 allele (Sllyk10-1), or the Sllyk10-2 allele (Sllyk10-2) harvested at 4 wpi (b) or
6 wpi (c). Individual samples and means between the indicated numbers of root systems obtained
from 1 experiment, are shown. Statistical differences (* p-value < 0.05) were calculated using a
Kruskal Wallis test and detailed results are shown in Suppl Figure 1(c).
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Figure 2. SILYK10ct'>*€ and SILYK10c™® bind LCO as WT SILYK10

(a) Confocal images of epidermal cells from N. benthamiana leaves expressing the indicated proteins
tagged with YFP. Scale bars represent 20um. (b) Immunodetection with anti YFP antibodies in 10ug
of membrane fractions from N. benthamiana leaves expressing the indicated YFP-tagged proteins.
The ponceau red staining shows the protein loading. (c) Specific binding of LCO-V(C18:1,NMe,*S)
to membrane fractions containing the indicated proteins expressed as amount of radioactivity
(disintegrations per minute, DPM) per quantity of proteins in the membrane fractions. Bar plot
shows the individual samples and means between at least two technical replicates on two
independent batches of membrane fractions (n>4). Different letters mean significant difference
using a pairwise T-test. (d) Scatchard plots of cold saturation experiments using the indicated
proteins and a range of LCO-V(C18:1,NMe,S) concentrations as competitor. The plots are
representative of experiments performed with two independent batches of membrane fractions.
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Figure 3. Co-expression of MtLYK3 with WT SILYK10c, but not with SILYK10cE'>4¢ and SILYK10c"88:
induces necrotic symptoms in N. benthamiana leaves.

(a) Co-purification of MtLYK3%334-HA with SILYK10c-YFP, SILYK10cE*>*-YFP and SILYK10c8.-YFP.
Solubilized proteins from N. benthamiana leaves expressing the indicated proteins were purified
using anti-GFP beads (IP). Purified proteins were detected using anti-GFP antibodies (WB anti-GFP)
and co-purified proteins using anti-HA antibodies (WB anti-HA). Ratios between the intensity of the
bands corresponding to YFP and HA fusion proteins are indicated below. Note that part of LYK3 co-
purification is nonspecific since also found with the negative control MtLRII.1-YFP. Similar results
were obtained in an independent experiment. (b) Representative images of adaxial sides of N.
tabacum leaves expressing the indicated proteins at 3 dpi. (c) Representative confocal images of
autofluorescence observed at 3 dpi in abaxial side of N. benthamiana leaves co-expressing MtLYK3
and the indicated proteins. (d) Quantification of the autofluorescence induced by co-expression of
MtLYK3 and the indicated proteins. Box plots represent the level of autofluorescence at 3 dpi in at
least 25 samples obtained from 3 independent experiments. Values are normalized by the level of
autofluorescence in untransformed leaves. Different letters mean significant differences using a
Kruskal Wallis test on the total number of samples analyzed. (e) Immunodetection of the YFP-fusion
proteins in total extract of leaves expressing the indicated proteins in absence of MtLYK3-mCherry.
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Figure 4. LCO induction of Ca?* spiking in inner cell layers of tomato roots is partially SILYK10
dependent.

(a) Scheme of a tomato root section (not at scale) and focal planes used for imaging different root
cell layers expressing G-GECO and DsRed (visible in green and red channels respectively). The red
fluorescence in the center of the transversal focal plane corresponds to the auto-fluorescence of
the vasculature. Scale bars represent 50um. Separated green and red channels are shown in Supp
Figure 4. (b) Representative green (black line, left y-axis) and red (grey line, right y-axis) fluorescence
traces over time (x-axis) in nuclei visible in tangential focal planes of roots from G-GECO-DsRed
tomato lines following treatment with 107 M CO4. Fluorescence measurements started 30 min after
treatment and lasted 20 min. (c) Number of nuclei showing Ca?* spiking to all fluorescent nuclei in
root tangential focal planes following treatments with 107 M of the indicated chitinic signal
molecules or ethanol (control) used as solvent for the stock solutions. Data are the sum from at
least three independent plants. Only nuclei with two and more spikes along the 20 min were
considered as responding cells. (d) Representative green (black line, left y axis) and red (grey line,
right y axis) fluorescence traces over time (x axis) in transversal focal planes of roots from G-GECO-
DsRed tomato lines following treatments with 10”7 M of the indicated chitinic signal molecules or
ethanol (control). Measurement as in (b). () Number and proportion of nuclei showing Ca?* spiking
to all fluorescent nuclei in root transversal focal plans. Experimental design and counting as in (c).
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(f) Number and proportion of nuclei showing Ca?* spiking to all fluorescent nuclei in transversal focal
planes on roots from segregating homozygote Slyk10-1*G-GECO-DsRed (Sllyk10-1) or SILYK10*G-
GECO-DsRed (Seg WT) plants. Experimental design and counting as in (c). Statistical differences
between mutant and WT plants were calculated using a Chi-square test. * p-value < 0.05. (g)
Representative green (black line, left y axis) and red (grey line, right y axis) fluorescence traces over
time (x axis) in nuclei visible in transversal focal planes of roots from homozygote Slyk10-1*G-GECO-
DsRed plants. Treatment and measurement as in (d).
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(a) LysM1

S1LYK10 44 CDTFI-SYRARPPNHLDVGSISDLLEVSR-—----— LSVATATGLASEDTELEPDQLLLVPVKC 99
MENEP 47 CETYV-AYRAQSPNFLSLSNISDIFNLSP-——--- LRIAKASNIEAEDKKLIPDQLLLVPVTC 102
LiNFR1 30 CDLALASYYILP—GVEILQNITTFMQSEIVSSNDAITSENKDKILNDINIQSFQRLNIPFPC 90
(b) LysM2

S1LYK10 101 CNSSHYFSNVTYQIRKGDSFYSVSIRAFENLTNYHVVQDMNPTLDPTNLTIGAEAVEPLFC 161
MENEP 104 CTENHSFANITYSIKQGDNFFILSITSYQONLTNYLEFKNFNPNLSPTLLPLDTKVSVPLFC 164
LjNFR1 92 CIGGEFLGHVFEYSASKGDTYETIANLYYANLTTVDLLERFNSYDPENIPVNAKVNVTVNC 152

Figure 5. Position of residues with known functions on LysM-RLK alignments. SILYK10, MtNFP and
LiNFR1 LysM1 and 2 were alignment with Clustal Omega. Cys residues involved in di-sulphide
bridges that delimit the LysMs are shown in bold. Residues shown to be critical for the protein
functions (Bensmihen etal. 2011; Gysel et al. 2021 for MtNFP and Bozsoki et al. 2020 for LjNFR1) are
shown in bold and underlined.
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