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LysM-RLK plays an ancestral symbiotic function in plants
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Highlights

e The LysM-RLK LYKa is essential for arbuscular mycorrhiza in Marchantia paleacea

e The only LYR from Marchantia paleacea is not required for arbuscular mycorrhiza

e LYKaand LYR are both required for chito- and lipochito-oligosaccharide signalling

e Lipochito- and chito-oligosaccharide signalling is not essential for arbuscular mycorrhiza in
Marchantia paleacea

Summary

To ensure their water and mineral nutrition, most land plants form arbuscular mycorrhiza (AM) with soil-
borne Glomeromycota fungi . This ~450 million years old symbiosis was key in driving land colonisation
by plants?. In angiosperms, AM is thought to be initiated via the perception by the host plant of AM-fungi
derived chito- and lipochito-oligosaccharides leading to the activation of a conserved signalling pathway
referred to as the Common Symbiosis Pathway2®. Genetics in legumes and monocots have
demonstrated that members of the Lysin motif Receptor-Like Kinase (LysM-RLK) family are important
for the perception of these AM-fungi derived molecules, although none of the LysM-RLK mutants or
combination of mutants described to date fully abolish AM*. This discrepancy with the phenotypes
observed for components of the CSP, which fail to host AM fungi, might be the result of genetic
redundancy between the multiple LysM-RLK paralogs found in these species. In contrast to
angiosperms, the liverwort Marchantia paleacea contains only four LysM-RLKs. In this study, we
demonstrate the essential role of one LysM-RLK for AM in M. paleacea. Furthermore, we present
evidence that Marchantia's ability to respond to chito- or lipochito-oligosaccharides is not a predictor of

its symbiotic ability, suggesting the existence of yet uncharacterized AM-fungi signals.
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Results and Discussion

Phylogenetic analyses indicate that LysM-RLK originated in green algae and diversified
following the colonisation of land by plants 6. Extant liverworts harbour four clades, including three
LYKs with a predicted active kinase and one LYR with a deleted activation loop in the kinase domain”.
Based on the established nomenclature for LysM-RLKs*, M. paleacea LYKa belongs to the LYK-I
subclade that contains the immunity-related chitin co-receptor CERK1 from Arabidopsis® and the
symbiotic Nod factor receptor NFR1 from Lotus japonicus® (Figure S1A). MpaLYKb and MpaLYKc are
pro-orthologous to the LYK-1l and LYK-III subclades while the single MpaLYR is pro-orthologous to the
entire LYR-I to LYR-IV subclades (Figure S1A). Marchantia polymorpha that has lost the ability to form
AM10 contains two LYKs and one LYR’. Remnants in M. polymorpha of a third LYK gene, encoding a
truncated receptor from the LYKb subclade, accounts for this discrepancy between Marchantia species
(Figure S1A). All LysM-RLKs of M. paleacea contain a predicted N-terminal transit signal peptide, a
LysMs-containing extracellular domain, a transmembrane region and an intracellular kinase. Transient
expression in Nicotiana benthamiana and co-localization experiments with the Arabidopsis pattern-
recognition receptor FLS2'! confirmed a plasma membrane localisation for the four M. paleacea LysM-
RLKs (Figure S1B).

Mutation of a single LYK gene in Marchantia paleacea leads to symbiosis impairment

To determine the contribution of individual LysM-RLKs from the M. paleacea LYK clade to
arbuscular mycorrhiza, we generated loss-of-function mutants for LYKa, LYKb or LYKc using
CRISPR/Cas9. Following plant transformations and subsequent progeny selection, we recovered
independent mutant lines for each LYK gene. For LYKa and LYKb, only one guide-RNA led to
frameshift-causing INDELs while the two different guide-RNAs designed against LYKc were effective
in inducing null mutations (Figure S1C). We kept a minimum of two null mutant lines per receptor and
treated them as different alleles due to their independent T-DNA insertions, irrespective of the causal
null mutations. Next, we assessed the ability of the lyk mutants to form AM in comparison to an empty
vector-containing control line. Six weeks after inoculation with spores of Rhizophagus irregularis, we
evaluated the colonisation status of Marchantia by histological observations of transversal (Figure 1A)
or longitudinal (Figure S2A) sections of the thallus. A strong pigmentation along the midrib of the thallus
is a marker of a positive mycorrhizal colonisation in Marchantia'2. This pigmentation is visible in control,
lykb and lykc mutants but absent in lyka, suggesting successful symbiosis establishment in lykb and
lykc and a lack of fungal colonisation in lyka (Figure 1A, S2A - middle panels). Wheat-Germ-Agglutinin
(WGA)-Alexa Fluor staining of fungal membranes confirmed the presence of arbuscules-containing
cells in the thalli of control, lykb and lykc plants. In contrast, no intercellular hyphae nor arbuscules-
containing cells were labelled in lyka (Figure 1A, S2A — left and right panels), confirming the absence
of AM formation in this mutant. Over two large scale experiments, quantitative analysis of the exclusion
zone length? as well as the percentages of mycorrhizal plants per genotype did not reveal reproducible

difference between lykb or lykc alleles versus control (Figure 1B, Figure S2B). These experiments
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confirmed AM-defectiveness in all three lyka alleles tested, scoring approximately 300 thalli for this
class of mutant in total (Figure 1B, Figure S2B). We therefore conclude that, within the LYK clade of
Marchantia paleacea, LYKa is critical for AM establishment when LYKb and LYKc seem dispensable.

The absence of AM in lyka mirrors earlier AM-defective phenotypes observed in the rice oscerk1
and oscerk1/oscerk2 mutants, the two closest homologs of LYKa in that species'3 4. However, those
mutants still harboured arbuscules-containing cells albeit formed with a delay in comparison to control 3.
To verify that the absence of fungal colonisation in lyka was not due to a delay in AM establishment,
we harvested lyka ten weeks after inoculation with R. irregularis spores. Again, we were unable to
observe pigmentation or positive WGA-Alexa Fluor signal in the thalli of lyka plants inoculated under
these conditions (Figure S2C). Thus, the absence of colonisation in lyka is not attributable to a delay in
AM formation.

Mycorrhiza defects can be either the direct result of a missing signalling component in the host
or the consequence of an indirect effect. For example, the lack of strigolactones (SLs) in the Marchantia
biosynthetic mutant Mpaccd8a/8b severely compromises AM establishment due to a failure in initiating
pre-symbiotic metabolic activity in the fungal partner2. Exogenous treatments with the synthetic SL-
analogue GR24 efficiently complement symbiosis in Mpaccd8a/8b, demonstrating the indirect effect
imposed by the Mpaccd8a/8b mutation on otherwise AM-capable plants?. Following that reasoning, we
sought to test for trans-complementation of lyka when co-cultivated in proximity with wild-type
Marchantia already hosting functional AM for several weeks. Six weeks after the start of the co-culture
with nurse plants, empty-vector control plants displayed a ~86% success rate in fungal colonisation
(Figure S2D). In contrast, none of the lyka plants grown under these conditions was colonised (Figure
S2D). This suggests that the lyka phenotype is not due to a secondary effect on the fungal symbiont
but is the direct consequence of a non-functioning LYKa-dependent signalling pathway in the host.

While angiosperm mutants in diverse LYKs showed delay or reduced colonisation rates*14-17,
this work reports on a single LYK mutant displaying an AM phenotype no different from those observed
for mutants of the CSP in angiosperms'82% or Marchantia (Vernié et al.). This supports the long-held
hypothesis that perception of a fungal-derived molecule(s) by LysM-RLK is a prerequisite to AM
establishment.

The single LYR gene from Marchantia paleacea is not essential for arbuscular

mycorrhiza symbiosis

In angiosperms, the LYR subgroup has expanded, giving rise, for example, to five and ten
paralogs in rice and Medicago truncatula respectively*. Because some of the LYR clades are
phylogenetically linked with the AM symbiosis?®, the potential function of LYRs during AM symbiosis
has been extensively studied. Single mutants have been tested for their symbiotic abilities in Medicago
(nfo and lyr4)2728, Lotus (Ljlys11)?®, Parasponia (Pannfo1, Pannfp2)'’, tomato (sllyk10)'¢, Petunia
(Phlyk10)'®, barley (rlk2 and rlk10)2!, and rice (Osnfr5)%°. In addition, the double nfp/lyr4 M. truncatula
mutant?’, lys11/nfr5 L. japonicus mutant?®, and the rik2/rlk10 barley mutant?! were tested. Most of the

single mutants displayed wild-type level of colonisation by AM fungi, with the exception of tomato and
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Petunia single mutants, and even double mutants were either not or only partially affected in their AM
fungi colonisation levels. The favoured hypothesis to explain these mixed results is the occurrence of
significant genetic redundancy and variable contributions from the different paralogs in a species-
specific manner.

Contrary to angiosperms, the genome of M. paleacea contains a single LYR gene'0 (Figure
S1). To assess its contribution to symbiosis, we generated loss-of-function alleles using CRISPR/Cas9
(Figure S1B) and tested their ability to host AM. As previously performed for the lyk mutants, we
evaluated the colonisation status of the lyr mutants by histological observations of transversal (Figure
2A) or longitudinal (Figure S3A) sections of the thallus. We observed no differences in thallus
pigmentation between empty-vector control and lyr, suggesting similar colonisation levels in both
genotypes. WGA-staining confirmed the presence of arbuscules in both control and lyr (Figure 2A,
Figure S3A). Similarly to what we observed for the lykb and lykc mutants, quantitative analysis of the
exclusion zone length? as well as the percentages of mycorrhizal plants per genotype did not point at
reproducible differences between lyr alleles and control (Figure 1B, Figure S3B). Over two large scale
experiments, control plants displayed a total of 98% mycorrhizal success rate, while the two lyr alleles
followed closely with 92% and 96% mycorrhizal success rate. The mean lengths of the exclusion zone
were similar between genotypes, although a slight difference of approx. 1imm was measured across
replicates (Figure 2B, Figure S3B). The absence of mycorrhiza phenotype in mutants of the single LYR
gene of M. paleacea demonstrates the non-essential role for this clade of LysM-RLK for AM symbiosis.

CO and LCO signalling is impaired in /yka and lyr mutants of Marchantia paleacea

Chito-oligosaccharides®! (COs) and lipo-chitooligosaccharides?® (LCOs) are two types of AM-
derived chemical signals described to date. While some of the plant responses triggered by COs were
considered immune- or symbiosis-specific depending on their degree of polymerization, recent studies
challenged this view. Immune-associated compounds, such as peptidoglycan or large chitin fragment
(C0O8), can induce calcium spiking?” in Medicago, while symbiosis-associated3' short CO fragments
(CO4) induce the transcription of defence-related genes®”®2. To correlate AM establishment and
perception of AM-derived signals, we sought to determine the signalling abilities of the different
Marchantia LysM-RLK mutants in response to these compounds.

Ligands perception events by receptor-like kinases induce, within seconds, calcium influx into
the cytosol and reactive oxygen species production in both immune and symbiotic contexts33. Here,
we developed a Marchantia marker line for monitoring cytosolic calcium variations using a genetically
encoded reporter. For that, we created a M. paleacea line expressing the cytosolic apoaequorin
luminescent marker3* under the control of the constitutive MpoEF1a promoter3. Once established and
tested for suitable apoaequorin expression, this line served as an homogeneous background to create
de novo all single lyk and lyr loss-of-function mutants using CRISPR/Cas9, as previously described
(Figure S1B). A control line consisting of a transformant expressing the Cas9 endonuclease alone was
also generated in the same genetic background (AEQ-cas9). Next, plants cultivated in AM permissive

conditions were treated with commercially available chito-heptaose and chito-tetraose or a mixture of
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fucosyl/methylfucosyl C18:1 LCOs, major forms of LCOs found in AM fungi®6. Control plants responded
to all three molecules applied at a final concentration of one micromolar (1uM) (Figure 3A). For all
elicitor treatments, cytosolic free calcium concentration peaked 5 minutes after application before
reaching back to the baseline at 15 minutes (Figure 3A). The maximum mean of free calcium
concentration elicited by CO7 was the highest (1.2 pM), followed by CO4 (1uM) and LCOs (0.75uM)
(Figure 3A). Importantly, dimethyl sulfoxide (DMSO) and water used to prepare stock solutions of CO7
or LCOs and CO4, respectively, did not trigger any calcium response in M. paleacea (Figure S4). Next,
we tested the response of receptor mutants to CO7, CO4 and LCOs applied separately and at identical
concentrations. The duration and amplitude of the calcium influxes obtained in AEQ-/ykb and AEQ-Ilykc
were similar to control for all three elicitors, while AEQ-lyka and AEQ-/yr failed to respond to all
treatments (Figure 3B). Quantitative analyses of the area under the curves followed by ANOVA further
confirmed the similarity between control, AEQ-/ykb and AEQ-/ykc and the statistical difference between
control and AEQ-/yka or AEQ-Iyr in response to CO7, CO4 or LCOs (Figure 3C). To rule out the
possibility that lyka and lyr mutants generally fail to produce a calcium response, we treated all
genotypes with hydrogen peroxide (H203) at a final concentration of 1mM. Like control, all four aequorin-
expressing mutants responded to H2O2 with a strong calcium influx (Figure S5A). Quantitative analyses
of the area under the curves followed by ANOVA confirmed the absence of difference between mutants
and control after H202 treatment (Figure S5B). Altogether, this supports the conclusion that lyka and lyr
are both required for perception of CO7, CO4 and LCOs in M. paleacea. These findings are in
agreement with the report of Marchantia polymorpha LYK1 and LYR being required for ROS production
in response to CO7 and bacterial peptidoglycan’.

For the last 10 years, short CO oligomers and LCOs have been presented as MYC-Factors,
the blend of symbiotic signals produced by AM fungi to initiate symbiotic responses?283'.37. The fact that
other compounds, such as CO8, can induce similar molecular and cellular first challenged this view?”.
In addition, large-scale analyses of exudates from sixty fungal species revealed that neither short COs
nor LCOs are specific to AM fungi®®38, Our result supports a new hypothesis where the perception of
currently-known MYC-factors is not essential for AM establishment (Figure 2 and 3B). From this, the
existence of additional molecules, possibly specific to AM fungi, can be hypothesised. Such molecules
would be perceived by a receptor independent of Mpalyr while their signalling would rely on Mpalyka.

Future analyses of AM fungi exudates may allow identifying this signal in the future.

Conclusion

We demonstrate that mutating a single LysM-RLK in M. paleacea is sufficient to fully abolish
AM, mirroring the phenotypes observed in mutants of the Common symbiosis pathway by Vernié et al.
By contrast, abolishing the response to both COs and LCOs is not sufficient to reach the same
phenotype, as observed in the lyr mutant. Our study reports the demonstration that the perception of
symbiont-derived signals by LysM-RLK is essential for AM to occur, yet the nature of the signal(s)
remains elusive. The suite of Marchantia paleacea mutants developed here offer the opportunity to

identify these compounds in the future. The study of mutants in bryophyte species which have lost the
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ability to form symbiosis allowed discovering the ancestral function of LysM-RLK in plant immunity?-3°.
Our work demonstrates that LysM-RLK have been maintained in land plant genomes for half a billion

years with a dual function in immunity and symbiosis.
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LEAD CONTACT AND MATERIALS AVAILABILITY

Further information and requests for resources and reagents should be directed to and will be fulfilled
by the Lead Contact, Malick Mbengue (malick.mbengue@univ-tlse3.fr).

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Plant material, growth conditions and transformation
Plant transformation
Marchantia paleacea ssp paleacea wild-type plants were grown axenically in vitro from sterile gemmae

on V2 strength Gamborg B5 (G5768, Sigma) medium supplemented with 1.4 % agar (1330, Euromedex)
for 4 to 5 weeks in 16/8h photoperiod at 22°C/20°C. For transformation, ~20 plantlets were blended 15
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seconds in a sterile 250ml stainless steel bowl (Waring, USA) in 10mL of OM51C medium [KNOs (2
g.L"), NH4NO3 (0.4 g.L"), MgSO4 7H20 (0.37 g.L'"), CaCl2 2H20 (0.3 g.L'"), KH2PO4 (0.275 g.L"), L-
glutamine (0.3 g.L'"), casamino-acids (1 g.L"), Na2MoO4 2H20 (0.25 mg.L""), CuSO4 5H20 (0.025 mg.L-
1), CoCl2 6H20 (0.025 mg.L"), ZnSO4 7H20 (2 mg.L"), MnSO4 H20 (10 mg.L"), H3BOs (3 mg.L"), KI
(0.75mg.L "), EDTA ferric sodium (36.7 mg.L"), myo-inositol (100 mg.L™"), nicotinic acid (1 mg.L"),
pyridoxine HCL (1 mg.L"), thiamine HCL (10mg.L")]. The blended plant tissues were transferred to
250ml erlenmeyers containing 150ml of OM51C and kept at 22°C/20°C, 16/8h photoperiod, 200 RPM
for 3 days. Co-cultures with A. tumefaciens (GV3101) containing constructs were initiated by adding
100uL of saturated bacterial liquid culture and acetosyringone (100 uM final). After 3 days, plant
fragments were washed by decantation 3 times with water and plated on 2 Gamborg containing 200
mg.L" amoxicillin (Levmentin, Laboratoires Delbert, FR) and 10 mg.L' Hygromycin or 50nM
Chlorsulfuron (34322-100MG Sigma).

Biological assays

For AM experiments, Marchantia paleacea ssp paleacea control and mutants were grown on a zeolite
substrate (50% fraction 1.0-2,5mm, 50% fraction 0,5-1.0-mm, Symbiom) in 7x7x8 cm pots with a density
of five thalli per pot. Pots were watered once a week with Long Ashton medium containing 7.5 pM of
phosphate*? and grown with a 16/8h photoperiod at 22°C/20°C for at least 2 weeks prior inoculation
with AM fungi. For calcium measurement, similar conditions were applied with the exception of a higher
plant density per pot and a growth duration of 4 weeks.

Phylogeny

To reconstruct the phylogeny of LysM-RLKs, a set of 102 protein sequences composed of 8 Marchantia
genes and the set described by Buendia et al. (2018) supplemented with the Lotus japonicus EPR3a
sequence*' was aligned using MUSCLE (v3.8). The phylogeny was reconstructed using IQ-TREE
v1.6.12 (http:/igtree.cibiv.univie.ac.at/) with the VT+F+|+G4 model and support was provided with

1,000 ultrafast bootstrap replicates*?>=#4. The unrooted tree visualisation was generated using iTOL#.

Cloning

The Golden Gate modular cloning system was used to prepare the plasmids as described in Schiess/
et al's. Level 1 and Level 2 empty vectors used in this study are listed in the Key Resources Table and
held for distribution in the ENSA project core collection (https://www.ensa.ac.uk/). Other Level 0, Level
1 and Level 2 vectors containing constructs are listed in the Key Resources Table. Coding sequences
were either domesticated in-house in the pUPD2 vector or synthesised and cloned into pMS (GeneArt,
Thermo Fisher Scientific, Waltham, USA).

Transient expression assays in Nicotiana benthamiana
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Agrobacterium tumefaciens (GV3101) cultures carrying vectors of interest (see key resources table)
were grown under agitation overnight at 28°C in liquid LB medium supplemented with adequate
antibiotics. Cultures were washed twice by centrifugation at 8000g and resuspended in water
supplemented with 50 pM acetosyringone. Bacteria concentrations were adjusted to ODe0o=0.2 per
construct prior infiltration of the abaxial side of two months old N. benthamiana leaves using 1 mL
needleless syringe. After 48 hrs, mCherry and GFP signals were sequentially acquired using a Leica
SP8 confocal microscope mounted with a FLUOTAR VISIR 25x/0.95NA water immersion objective
(Leica). GFP was excited at 488 nm and detected from 500 to 535 nm. Monomeric Cherry was excited
at 552 nm and detected from 560 to 610 nm.

Generation of CRISPR mutants in M. paleacea ssp. paleacea

Constructs containing the A. thaliana codon-optimised SpCas9*” under the MpoEF1a promoter and
single guide RNAs (Table Suppl. 1) under the M. polymorpha U6 promoter were transformed in M.
paleacea. Two alleles of lyka, lykb, lykc and lyr were selected for AM phenotyping. A M. paleacea line
expressing the calcium reporter aequorin under the MpoEF1a promoter was retransformed with the
CRISPR/Cas9 vectors modified to contain a secondary selection marker. One line per AEQ/mutant was
used for calcium assays.

Mycorrhization tests

Each pot was inoculated with ~1,000 sterile spores of Rhizophagus irregularis DAOM 197198
(Agronutrition, Labége, France). For the nursing experiment, thalli of empty-vector control and lyka were
transplanted in proximity to wild-type plants inoculated with R. irregularis spores more than 10 weeks
before. Six or ten weeks post-inoculation (or nursing), thalli were cleared of chlorophyll using ethanol
100% for 1 day before storage in an EDTA (0.5 mM). Cleared thalli were scanned with an EPSON
11000XL and the distance between apical notches and the colonisation zone (naturally coloured with a
purple/brown pigment) were scored on using Imaged. Large-scale mycorrhization assays were run
independently twice.

For imaging, cleared thalli of control and of one mutant allele per receptor were embedded in 6%
agarose and 100 um thick transversal and longitudinal sections were prepared using a Leica VT1000s
vibratome. Sections were incubated overnight in 10% K-OH (w/v) prior to three washes in PBS. Pictures
were taken with a Zeiss AxioZoom V16 binocular using a PlanApo Z 0.5X.objective and the ZEN
software suite with similar settings. Fungal membranes were stained overnight using 1 ug.mL' WGA-
Alexa Fluor 488 (Sigma) diluted in PBS. Alexa Fluor was excited between 450 and 490 nm and emission

collected between 500 and 550 nm.

Calcium influx measurements

Four weeks old plants grown in low phosphate conditions were submerged in 2.5 yM coelenterazine-h
(Interchim) diluted in water for a minimum of 16 hrs at room temperature in the dark. Samples were

then transferred in a Berthold Sirius luminometer before treatments with a 250 pL aqueous solution of
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1 uM CO7, 1 uM CO4 (Elicityl, Crolles, France) or a 1 uM mixture of fucosyl/methylfucosyl C18:1 LCOs
(gift from Pr. Guillaume Becard). Luminescence was continuously recorded for 15 min using a 1 sec
interval. An equal volume of 2X lysis buffer [20% ETOH, 10mM CaCl2 , 2% NP-40] was injected to
discharge the total luminescence left and light was collected for an additional 5 min. Calcium
concentrations were calibrated as previously done“s. Graphs were prepared using RStudio and the
ggplot2 package by plotting signals from 10 to 900 seconds after treatment. Areas under the curve were
calculated by addition of calcium concentrations minus baselines, defined by the lowest value in each

trace.

Statistical analyses and graphs

ANOVA were performed using GraphPad (www.graphpad.com). Dunn’s multiple comparison test and
Dunnet’s multiple comparison test were applied to evaluate differences versus control, for phenotypic
characterisation and calcium measurements, respectively. Only significant differences versus control

are reported.

FIGURE LEGENDS

Figure 1. LYKa is essential for arbuscular mycorrhizal symbiosis in M. paleacea.

(A) Transversal sections of M. paleacea control (E.V.) or single lyka-1 mutants six weeks after
inoculation with Rhizophagus irregularis. Left panels are overlays of bright fields (middle panels) and
fluorescent images (right panels) of wheat germ agglutinin (WGA) coupled to Alexa Fluor 488 to detect
fungal structures. Dashed line-delimited insets are enlarged underneath the original images. Scale bars

are 500um and 200um for insets.

(B) Exclusion zone length on mycorrhized plants for control (E.V.) and loss-of-function lyk mutants.
Fractions in bold grey represent mycorrhized thalli over total thalli assessed for each genotype.
Adjusted p-values for Dunn’s multiple comparisons test versus control are shown (**<0.01). Control

(E.V.) values are shared with figure 2.

Figure 2. LYR is dispensable for arbuscular mycorrhizal symbiosis in M. paleacea.

(A) Transversal sections of M. paleacea control (E.V.) or the lyr-2 mutant six weeks after inoculation
with Rhizophagus irreqularis. Left panels are overlays of bright field (middle panels) and fluorescent
images (right panels) of wheat germ agglutinin (WGA) coupled to Alexa Fluor 488 (FITC) to detect
fungal structures. Dashed line-delimited insets are enlarged underneath the original images. Scale bars

are 500 pm and 200 pm for insets.
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(B) Exclusion zone length on mycorrhized plants for control (E.V.) or two independent lyr mutants. For
each genotype, fractions in bold grey represent mycorrhized thalli over total thalli assessed. Control

values are shared with figure 1.

Figure 3. LYKa and LYR are essential for chitooligosaccharides- and lipochitooligosaccharide-
induced cytosolic calcium influx in M. paleacea.

(A) Cytosolic calcium influx in M. paleacea control (AEQ-cas9) or (B) single lysm-rlk mutants (as
indicated) treated with 1uM chitoheptaose (CO7- left column), 1 uM chitotetraose (CO4 — middle
column) or 1uM LCOs (right column). Each trace represents the mean (line) = standard deviation

(shading) from at least three replicates over a time course of 15 min.

(C) Bar graph representation of the area under the curves (A.U.C.) shown in (A). p-values for Dunnett’s
multiple comparisons test versus control are shown (* < 0,05; ** <0,01; *** <0,001; **** <0,0001).

Suppl. Figure 1. Marchantia paleacea possesses four LysM Receptor-Like Kinases.

(A) Phylogenetic analysis of LysM-RLKs from land plant species. Full-length protein sequences from
A. thaliana (AT), S. lycopersicum (Solyc), O. sativa (0s), P. persica (Prupe), L. japonicus (Lj), M.
truncatula (Medtr), M. polymorpha (Mapoly) and M. paleacea (Marpal) were aligned with MUSCLE prior
unrooted Maximum Likelihood phylogenetic tree construction using a 1000 bootstraps resampling
value. Branch colours indicate bootstrap values. Four phylogenetic sub-groups are highlighted: LYK-A
(blue), LYK-B (orange), LYK-C (green), LYR (pink). M. paleacea proteins are labelled in red. The star
sign indicates the truncated LYKb homolog in M. polymorpha. Notable receptors for chitin perception in
Arabidopsis and Nod factors perception in legumes are annotated with yellow and green dots,

respectively.

(B) Confocal micrographs of Nicotiana benthamiana epidermal cells transiently co-expressing M.
paleacea LysM-RLKs-mCherry fusions (left panel - as indicated) and the plasma membrane marker
AtFLS2-GFP (middle panel). Overlays including bright fields are shown. Scale bars = 25 pm.

(C) Schematic representation of M. paleacea LysM-RLKs gene structure: exons (grey boxes), introns
(black line), transmembrane domain coding sequence (green boxes). Arrows point at guide RNAs

positions used for generating CRISPR/Cas9 loss-of-function mutants.

Suppl. Figure 2. LYKa is essential for arbuscular mycorrhizal symbiosis in M. paleacea.

(A) Longitudinal sections of M. paleacea control (E.V.) or single lyka-1 mutants six weeks after

inoculation with Rhizophagus irregularis.

(B) Exclusion zone length on mycorrhized plants for control (E.V.) and loss-of-function lyk mutants. For
each genotype, fractions in bold grey represent mycorrhized thalli over total thalli assessed. Control

values are shared with supplemental figure 3.
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(C) Longitudinal sections of the lyka-1 mutant 10 weeks after inoculation with Rhizophagus irregularis.

(D) Longitudinal sections of M. paleacea control (E.V.) or the lyka-1 mutant six weeks after co-cultivation
with mycorrhized M. paleacea nurse plants. Fractions in black represent mycorrhized thalli over total

thalli assessed. Scale bar = 200 um.

(A, C, D) Left panels are overlays of bright field (middle panels) and fluorescent images (right panels)

of wheat germ agglutinin (WGA) coupled to Alexa Fluor 488 to detect fungal structures.

(A, C) Dashed line-delimited insets are enlarged underneath the original images. Scale bars are 500

pm and 200 pm for insets.

Suppl. Figure 3. LYR is dispensable for arbuscular mycorrhizal symbiosis in M. paleacea.

(A) Longitudinal sections of M. paleacea control (E.V.) or the lyr-2 mutants six weeks after inoculation

with Rhizophagus irregularis. Left panels are overlays of bright field (middle panels) and fluorescent
images (right panels) of wheat germ agglutinin (WGA) coupled to Alexa Fluor 488 to detect fungal
structures. Dashed line-delimited insets are enlarged underneath the original images. Scale bars are
500 um and 200 um for insets.

(B) Exclusion zone length on mycorrhized plants for control (E.V.) and two independent /yr mutants.
For each genotype, fractions in bold grey represent mycorrhized thalli over total thalli assessed.
Adjusted p-values for Dunn’s multiple comparisons test versus control are shown (**<0.01). Control

values are shared with supplemental figure 2.
Suppl. Figure 4. Carriers do not elicit calcium influx in M. paleacea.

Cytosolic calcium influx in M. paleacea control plants (AEQ-cas9) in response to (A) 0.1% DMSO diluted

in water or (B) water, over a time course of 15 min.

Suppl. Figure 5. M. paleacea LysM-RLKs mutants produce a calcium influx in response to
hydrogen peroxide.

(A) Cytosolic calcium influx in M. paleacea control (AEQ-cas9) or single lysm-rlk mutants (as indicated)
in response to 1mM hydrogen peroxide in water. Each trace represents the mean (line) + standard

deviation (shading) from three replicates over a time course of 15 min.

(B) Bar graph representation of the areas under the curves (A.U.C.) shown in (A). ANOVA revealed no

statistical differences between mutants and control.
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Gene codes Guide RNA code Sequence Mutant / Target name Mutation
gRNA #1 lyka-1 A insertion/frameshift at AA59 leading to STOP
3 Marpal_utg000050g0087701 gRNA #1 TGATACTCTCCTAGCTCTGG lyka-2 A insertion/frameshift at AA59 leading to STOP
Z gRNA #1 lyka-3 A insertion/frameshift at AA59 leading to STOP
1 gRNA #1 lykb-1 Tinsertion/frameshift AA29 leading to STOP
§ g Marpal_utg000156g0182581 gRNA #1 CGGAGCGGATTAATCAACTG lykb-2 TT insertion/frameshift AA29 leading to STOP
% = gRNA #1 lykb-3 19bp deletion/frameshit AA29 leading to STOP
5 Marpal_utg000140g0175151 gRNA #1 GGACCGTTACGATGCGGATA lykc-1 Tinsertion/frameshift at AA179 leading to STOP
o - gRNA #2 GCTCGGGAAGTAGCTGACAT lykc-2 G insertion/frameshift at AA192 leading to STOP
3 Marpal_utg000049g0084191 gRNA #1 ACTCGTGCTCAACAGGTCTA lyr-1 Tinsertion/frameshift at AA26 leading to STOP
- gRNA #2 TTACAAAGACATTCCCGCTG lyr-2 A insertion/frameshift at AA61 leading to STOP
« o Marpal_utg000050g0087701 gRNA #1 TGATACTCTCCTAGCTCTGG AEQ-lyka 1bp deletion/frameshit AA57 leading to STOP
) Marpal_utg000156g0182581 gRNA #1 CGGAGCGGATTAATCAACTG AEQ-lykb Tinsertion/frameshift at AA27 leading to STOP
‘5 Eo Marpal_utg000140g0175151 gRNA #1 GGACCGTTACGATGCGGATA AEQ-lykc G insertion/frameshift at AA179 leading to STOP
Marpal_utg000049g0084191 gRNA #1 ACTCGTGCTCAACAGGTCTA AEQ-lyr Tinsertion/frameshift at AA26 leading to STOP
Marpal_utg000050g0087701_g1 Forward TCTCGTGATACTCTCCTAGCTCTGG LYKa
- - Reverse AAACCCAGAGCTAGGAGAGTATCAC
Qo Forward TCTCGCGGAGCGGATTAATCAACTG
£ Marpal _utg000156g0182581._g1 Reverse AAACCAGTTGATTAATCCGCTCCGC LYKo
© Forward TCTCGGGACCGTTACGATGCGGATA
2 Marpal_utg000140g0175151_g1 Reverse AAACTATCCGCATCGTAACGGTCCC tyke
g Marpal_utg000140g0175151_g2 Forward TCTCGGCTCGGGAAGTAGCTGACAT LYKe
1% - Reverse AAACATGTCAGCTACTTCCCGAGCC
é Marpal_utg000049g0084191_g1 Forward TCTCGACTCGTGCTCAACAGGTCTA LYR
a Reverse AAACTAGACCTGTTGAGCACGAGTC
Marpal_utg000049g0084191_g2 Forward TCTCGTTACAAAGACATTCCCGCTG LYR
- Reverse AAACCAGCGGGAATGTCTTTGTAAC
. Marpal_utg000050g0087701 Forward TGAGAATTCGCCTGTAGTTTG LYKa
b Reverse ACCTTTCTGGGGGATAAAGATGA
% Marpal_utg000156g0182581 Forward ATGAGAGCGAGGAGTCCCGTA LYKb
w0 Reverse GAAGTTGAGCGGGATGAAGAGGT
§ Marpal_utg000140g0175151 Forward GTTTCAGACATCATGGAACAAAAAG LYKc
§ Reverse CCGTTCAACCGATCATAGTAC
g Forward AGGTGATTTCAAAGTGGGAGAC
° Marpal_utg000049g0084191 Reverse TCCAGAGTGTTGTTGCTGAG LR

Supplementary Table 1.
List of primers used.
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