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The ability of root cells to distinguish mutualistic microbes from
pathogens is crucial for plants that allow symbiotic microorganisms to
infect and colonize their internal root tissues. Here we show that
Lotus japonicus and Medicago truncatula possess very similar LysM
pattern-recognition receptors, LjLYS6/MtLYK9 and MtLYR4, enabling
root cells to separate the perception of chitin oligomeric microbe-
associated molecular patterns from the perception of lipochitin
oligosaccharide by the LjNFR1/MtLYK3 and LjNFR5/MtNFP receptors
triggering symbiosis. Inactivation of chitin-receptor genes in Ljlys6,
Mtlyk9, and Mtlyr4 mutants eliminates early reactive oxygen species
responses and induction of defense-response genes in roots. Ljlys6,
Mtlyk9, andMtlyr4mutants were also more susceptible to fungal and
bacterial pathogens, while infection and colonization by rhizobia and
arbuscular mycorrhizal fungi was maintained. Biochemical binding
studies with purified LjLYS6 ectodomains further showed that at least
six GlcNAc moieties (CO6) are required for optimal binding efficiency.
The 2.3-Å crystal structure of the LjLYS6 ectodomain reveals three
LysM βααβ motifs similar to other LysM proteins and a conserved
chitin-binding site. These results show that distinct receptor sets in
legume roots respond to chitin and lipochitin oligosaccharides found
in the heterogeneous mixture of chitinaceous compounds originating
from soil microbes. This establishes a foundation for genetic and bio-
chemical dissection of the perception and the downstream responses
separating defense from symbiosis in the roots of the 80–90% of land
plants able to develop rhizobial and/or mycorrhizal endosymbiosis.
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Legumes have an exceptionally wide range of interactions with
bacteria and fungi. They form endosymbioses with rhizobia

and arbuscular mycorrhizal (AM) fungi, host endophytes, support
a rhizosphere community, and, like other plants, are attacked by a
plethora of pathogens (1–7). Detailed studies in the two model
species Lotus japonicus (hereafter, Lotus) and Medicago truncatula
(hereafter, Medicago) have identified central components of the
signal exchange initiating the mutual recognition processes that
establish symbiosis with rhizobia and mycorrhiza. Legume roots
secrete (iso)flavonoids that activate the NodD transcriptional
regulator of rhizobial Nod genes (8, 9). This activation leads to
synthesis of lipochitooligosaccharide signal molecules (Nod fac-
tors) that are perceived by a Nod factor receptor complex con-
sisting of the transmembrane LysM receptor kinase proteins
LjNFR1/MtLYK3 and LjNFR5/MtNFP in Lotus and Medicago,
respectively (10–19). Genetic and biochemical analyses have shown
that LjNFR1 and LjNFR5 bind Nod factors at physiologically
relevant concentrations (20) and initiate signal transduction; one of
the first consequences of this is nuclear-associated calcium oscil-
lations (spiking) in epidermal root cells, which can be detected
within minutes (21–23). In Lotus the compatibility of exopoly-
saccharides is subsequently assessed by LjEPR3, another LysM
receptor kinase that is required for the formation of infection
threads (24–26). Interestingly, exopolysaccharides also appear to
play a role in endophyte invasion (6, 27).
Mycorrhiza formation is similarly guided by mutual signal

exchange. Strigolactone secreted by plant roots induces spore

germination and prepenetration hyphal branching in AM fungi
and hyphal growth toward the root surface (28–30). AM fungi
appear to signal to their host plant via short-chain chitin oligo-
mers (CO4 and CO5), and a mixture of lipochitooligosaccharides
with structural similarities to rhizobial Nod factors has also been
reported to be involved (31, 32). Receptors for these different
signals have not yet been identified in legumes, but results from
Parasponia and tomato suggest that LysM receptor proteins may
be involved, if not in the presymbiotic phase, then later during
root colonization (33, 34).
Proteins carrying LysM domains were also identified as recep-

tors of pathogen-associated molecular patterns (PAMPs) that
trigger plant defense reactions to prevent or limit microbial in-
vasion, a process called “PAMP-triggered immunity” (PTI) (35). In
rice and Arabidopsis chitin is perceived by LysM proteins such as
OsCEBiP and/or LysM receptor kinases OsCERK1, AtCERK1,
and AtLYK5 (36–41). Similarly, two Arabidopsis LysM proteins,
LYM1 and LYM3, together with AtCERK1, serve in a receptor
complex perceiving peptidoglycan (42). However, this distinction
between LysM receptors recognizing PAMPs and inducing PTI
and LysM receptors recognizing symbiotic signals appears too
simplistic. In riceOsCERK1 mediates mycorrhizal infection as well
as chitin-triggered defense responses toward pathogens, indicating
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a functional overlap (43, 44). OsCERK1 may thus serve as a
component in different receptor complexes triggering different
signal pathways. Adding further complexity, in Arabidopsis
AtLYK3 was reported to mediate suppression of defense reac-
tions by lipochitin oligosaccharides (LCOs) that have no endo-
symbiosis with mycorrhizal fungi or rhizobia (45). Taken together,
the results from Arabidopsis, rice, and legumes highlight our limited
insight into the composition and mechanisms of plant receptor
complexes that distinguish chitinaceous signal molecules. Since
PAMP receptors and defense reactions were primarily studied in
leaves, our insight into roots that must accommodate rhizobial
and/or mycorrhizal symbioses is even less.
In legume roots both LCOs and COs induce calcium spiking

through the common symbiosis pathway in a dose- and LCO
structure-dependent manner. MtNFP was not required for CO-
induced calcium spiking, and the corresponding LjNFR5 receptor
from Lotus has a higher affinity for LCO than for CO, implying a
difference in LCO and CO perception. This raises the question of
whether CO and LCO perception is mediated by different receptor
complexes and therefore are separable or whether there are func-
tional overlaps or compensation between individual receptor
components. One of the limitations for resolving this question has
been a shortage of genetic tools and biochemical methods needed
to distinguish the function of individual members of the large LysM
gene/protein families in legumes. Compared with Arabidopsis,
which has seven genes encoding predicted LysM receptor kinases,
and rice, which has nine such genes, Lotus has 21 genes encoding
predicted LysM receptor kinases, and Medicago has 26 (16, 46–49).
Forward genetics and suppressor screens have so far assigned
functions to the Nod factor and exopolysaccharide receptors
LjNfr1/MtLyk3, LjNfr5/MtNfp, and LjEpr3 (12–15, 25, 26). Re-
sources for reverse genetics have recently become available with the
LORE1 and Tnt1 mutant populations and, together with new
biochemical approaches, make a more comprehensive analysis of
large gene families in the two model legumes now possible (50–53).
In this report, we combine biochemical and genetic approaches

to identify and characterize conserved LysM receptor kinases that
allow recognition of chitinaceous signals for activation of immunity
signaling in both Lotus and Medicago. We show that these LysM
receptors have specificity for chitin and appear not to be involved
in the perception of symbiotic LCOs. Combined, these receptors
play essential roles in limiting pathogens, but alone they appear to
have little effect on symbiotic interactions. This work establishes
the foundations for understanding how plants differentiate po-
tential pathogens from symbionts, paving the way for detailed
analyses of the downstream signal transduction pathways separat-
ing LCO responses from chitin-triggered plant responses, partic-
ularly in roots.

Results
LjLYS6 Is a Chitin-Binding Receptor Kinase. In the genome of
L. japonicus four genes encode LysM receptor kinase proteins
that are closely related to the LjNFR1 Nod factor receptor and
belong to the same phylogenetic clade. Among these genes
LjLys6 stands out as the only gene expressed at similar levels in
leaves, stems, roots, and root nodules (48). This broad expression
pattern suggests a role for LjLYS6 in processes that are not de-
velopmentally controlled or limited by tissue or cell specialization.
We asked whether LjLYS6 as a putative pattern-recognition re-
ceptor would bind chitin, thus predicting a role in the first line of
defense against pathogens. To test this possibility in vitro, affinities
toward different chitin oligomers were determined biochemically.
A his-tagged LjLYS6 ectodomain carrying the three LysM do-
mains was expressed in insect cells (Fig. 1A), purified by two
rounds of immobilized-metal affinity chromatography (IMAC),
deglycosylated, and finally purified by size-exclusion chromatog-
raphy (Fig. 1 B–E). Equilibrium dissociation constant (Kd) values
for the LjLYS6 ectodomain and wheat germ agglutinin as control
were determined in free solution using microscale thermophoresis
as previously described (20, 54). Protein was fluorescently labeled,
and binding was measured with increasing concentrations of

ligands. Kd values were subsequently calculated from the binding
curves (SI Appendix, Fig. S1) and are listed in Table 1. The Kd
values show LjLYS6 ectodomain affinity for chitohexaose (CO6),
chitoheptaose (CO7), and chitooctaose (CO8) in the lower mi-
cromolar range (∼50 μM). Binding to chitotetraose (CO4) was
undetectable, whereas Kd values for chitopentaose (CO5)
approached the detection limit. These direct binding measure-
ments suggest that at least six GlcNAc residues (CO6) are re-
quired for optimal binding. Stronger binding was not apparent
with CO7 and CO8. Wheat germ agglutinin binds to all chitin
ligands with comparable Kd values in the low-micromolar range.

LjLYS6 Crystal Structure. The purified LjLYS6 ectodomain from
residues Lys27 to Ser223 was crystallized. The structure was
solved by molecular replacement using the structure of the
AtCERK1 ectodomain [Protein Data Bank (PDB) ID code:
4EBZ] as a search model and refined to 2.3-Å resolution. The
crystal belongs to the P21 space group with two molecules of
LjLYS6 per asymmetric unit. The data collection and refinement
statistics (SI Appendix, Table S1) support the quality of the
structure. Clear electron density is visible for residues of two
LjLYS6 monomers in the asymmetric unit with the exception of
the first and last residues and the multihistidine tag in the C
terminus. Moreover, core glycosylation is clearly visible at three
N-glycosylation sites on Asn46, Asn123, and Asn148 for each
monomer, despite pretreatment of the protein with Peptide:N-
glycosidase F (PNGase F) endoglycosidase.
The three LysM domains of each monomer are organized as

an overall globular protein. Each LysM domain adopts a βααβ
structure in which the two β-strands form an antiparallel β-sheet
(Fig. 2A). This fold is typical for crystal structures of LysM
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Fig. 1. Expression and purification of the LjLYS6 ectodomain. (A) Schematic
representation of the LjLYS6 construct with residue boundaries indicated.
(B and D) The size-exclusion chromatography profile of glycosylated (B) and
deglycosylated (D) LjLYS6 ectodomain purified on a Superdex 200 10/300 GL
column. In the size-exclusion chromatography profile, both glycosylated and
deglycosylated LjLYS6 ectodomains elute as a single peak (P3 and P4 re-
spectively). (C and E ) Coomassie brilliant-stained SDS–PAGE gels of the
corresponding size-exclusion chromatography fractions. Glycosylated and
deglycosylated LjLYS6 ectodomain from P3 (C) and P4 (E) are visible as distinct
bands ∼35 or 27 kDa, respectively (indicated by a black arrow).
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domains from different proteins (55–57). The LysM2 and
LysM3 domains are packed tightly against the LysM1 domain
through two disulphide bridges established between Cys28 and
Cys32 proximal to LysM1 and Cys93 and Cys155 proximal to
LysM2 and LysM3, respectively. Finally, an additional disulphide
bridge formed between Cys91 from LysM2 and Cys153 from
LysM3 stabilizes the ectodomain structure (Fig. 2A).
The LjLYS6 ectodomain structure is similar to that of the

Arabidopsis AtCERK1 ectodomain (55). Superimposition of the
main chains of LjLYS6 and AtCERK1 structures lead to an rmsd
of 0.6 Å, documenting that the two are corresponding structures
(Fig. 2B). Despite many attempts at cocrystallization or soaking
crystals with chitin oligomers, we could not obtain a LjLYS6
structure bound to chitin. However, we could easily dock a chitin
molecule in the LysM2 domain of LjLYS6 by superimposing the
LysM2 domain of the AtCERK1:chitin complex crystal structure
(PDB ID code: 4EBZ) onto it. To perform this docking without
triggering any steric hindrance between the chitin molecule and the
amino acid side chains, only two manual adjustments were made:
changing the rotamers of residues Arg122 and Asp142 of LjLYS6.
This docking shows that a potential chitin-binding site exists in the
LysM2 domain of LjLYS6 and that the residues interacting with
chitin in the AtCERK1 chitin structure are well conserved in
LjLYS6 (Fig. 2C). In the AtCERK1 chitin crystal structure 10 res-
idues are involved in the recognition of the carbohydrate via either
hydrogen bonds or Van der Waals interactions. The structural and
primary sequence alignments show that all these potential inter-
actions are indeed conserved in the LjLYS6 ectodomain (Fig. 2E).
The structural analysis of LjLYS6 therefore strongly supports a
chitin-binding function for LjLYS6.

Ectodomain Conservation in Lotus and Medicago. Current versions
of the Lotus and Medicago genomes suggest that they encode at
least 21 and 26 LysM receptor kinases, respectively (58, 59). Phy-
logenetic analysis shows that LjLYS6 and MtLYK9 are orthologs
and their primary sequences share 79.8% amino acid identities (SI
Appendix, Fig. S2A). Both the LjLYS6 and MtLYK9 proteins have
three LysM modules in their ectodomains and a cytoplasmic kinase
where all classical kinase domains are conserved (SI Appendix, Fig.
S2C). Aligning the sequence of the LysM2 motif of LjLYS6 and
the homologous MtLYK9 with that of the LysM2 motif of
AtCERK1 shows an identity of 54% and 57%, respectively. Ho-
mology modeling of theMtLYK9 suggests an ectodomain structure
similar to LjLYS6 and AtCERK1 and also conservation of the
amino acids and structure of the LysM2 chitin-binding site (Fig. 2

D, F, andG). However, theMtLYK9 ectodomain expresses poorly,
and sufficient amounts for biochemical studies were not obtained.

Ljlys6 and Mtlyk9 Mutants Are Impaired in Defense Responses. The
biochemical and structural results obtained with LjLYS6 suggested
that LjLYS6 andMtLYK9 function as first-line pattern recognition
receptors for long chitin oligomers (n > 4). Five mutant alleles of
Ljlys6 insertion mutants were therefore obtained from the Lotus
LORE1 population, and three were characterized in detail. One
insertion was obtained from the Medicago Tnt1 collection (SI Ap-
pendix, Fig. S2B). Wild-type controls and Ljlys6 mutants were
treated with 1-μM concentrations of CO4, CO5, CO6, CO7, and
CO8, which elicited a robust response, and the reactive oxygen
species (ROS) responses were quantified using a fluorescence as-
say (Fig. 3A and SI Appendix, Fig. S3 A and B). In Lotus wild-type
plants, CO8 elicited the strongest ROS response. The ROS level
elicited by CO6 was intermediate; CO4 elicited a significantly
lower response than CO8 (Fig. 3A), while purified Mesorhizobium
loti Nod factor at 10−12 to 10−6 M did not elicit any ROS response
using this assay (Fig. 3A and SI Appendix, Fig. S3 C and D). In
contrast to Lotus wild-type plants, the CO8-, CO7-, CO-6, CO5-,
and CO4-induced ROS responses were absent in Ljlys6 mutants.
However, Ljlys6 mutants responded to flg22 similar to wild type
(Fig. 3A). Similarly, the ROS response to 1 μM CO4 and CO8 in
Medicago was dependent on MtLyk9 (Fig. 3 B and C), whereas the
flg22 response in Mtlyk9 mutants was comparable to that in Med-
icago wild type (Fig. 3D). Complementation of the Mtlyk9 mutant
restored the ROS response (SI Appendix, Fig. S4). In contrast to
the Ljlys6 and Mtlyk9 mutants, an unchanged ROS response was
observed in Lotus Nod factor receptor mutants Ljnfr1 and Ljnfr5
and in Ljnfr1 Ljnfr5 double mutants (12, 14, 17) and in the cor-
responding Medicago Mtnfp and Mtlyk3 mutants (Fig. 3 A and E
and SI Appendix, Fig. S5) (11, 15).
Further evidence for the role of LjLys6 and MtLyk9 in the

activation of defense responses was obtained by assaying
MAPK3/6 phosphorylation. A CO8-induced increase in phos-
phorylation of MAPK3/6 was not observed in Ljlys6, while de-
creased phosphorylation of MAPK3/6 was observed in the
Mtlyk9 mutants (Fig. 4). In Ljlys6 there was also no detectable
increase after CO4 or CO6 treatment (SI Appendix, Fig. S6). In
line with the ROS results, the MAPK3/6 phosphorylation was
also unchanged in Ljnfr1, Ljnfr5, Mtnfp, and Mtlyk3 mutants and
thus was independent of the symbiotic pathway (Fig. 4). Com-
pared with wild-type control plants transcriptional up-regulation
of six typical defense-response genes after chitin (CO4 or CO8)
treatment was impaired in Ljlys6 mutants (Fig. 5), while the
flg22 response was as in wild type (SI Appendix, Fig. S7). The six
genes tested are homologs of the potato respiratory burst oxidase
homolog protein B (RbohB-like), Arabidopsis WRKY70 (WRKY70-
like), potato pathogenesis-related protein 27 (PRp27-like), and
Arabidopsis PHYTOALEXIN DEFICIENT 4 (PAD4-like), as well
as the Lotus mitogen-activated protein kinase 3 (MPK3) and
WRKY53 genes (60–64).

Ljlys6 and Mtlyk9 Mutants Are More Susceptible to Pathogens. Tran-
sient expression of LjLys6 or MtLyk9 in Nicotiana benthamiana
leaves induces a cell-death response, and typical tissue collapse
zones, characteristic of a defense reaction against pathogens, were
observed (Fig. 6A). Direct evidence of this was obtained by
pathogen-infection tests of Ljlys6 andMtlyk9mutants. An increased
lesion size on Ljlys6 and Mtlyk9 leaves infected with Botrytis cinerea
and an increased colonization of mutant leaf tissue show that
LjLys6 and MtLyk9 are required for resistance toward this fungal
pathogen (Fig. 6 B–G). The role of MtLyk9 in plant immunity was
further shown using a bacterial pathogen Pseudomonas syringae pv.
tomato (Pst DC3000). Priming the plant immune system by prior
CO8 treatment decreases bacterial colonization of wild-type leaf
tissue, while inMtlyk9mutants this response is attenuated (Fig. 6H).
Infection studies using a Pst hrcC− mutant show that MtLyk9 is not
involved in P. syringae-triggered immunity (SI Appendix, Fig. S8).

Table 1. Dissociation constants of LjLYS6 ectodomain and
wheat germ agglutinin toward chitin oligomers

Ligand Kd, μM SD, μM n of replicates

LYS6 ectodomain
Maltodextrin N.D. — 2
Chitotetraose N.D. — 3
Chitopentaose 277 118 3
Chitohexaose 71 38 4
Chitoheptaose 26 16 3
Chitooctaose 38 22 4

Wheat germ agglutinin
Maltodextrin N.D. — 2
Chitotetraose 7.6 1.4 3
Chitopentaose 1.7 0.3 3
Chitohexaose 2.2 0.4 3
Chitooctaose 1.5 0.8 4

Dissociation constants of the LjLYS6 ectodomain and wheat germ agglu-
tinin with various ligands as measured on a Monolith NT.115 system. Repli-
cates for the LYS6 ectodomain are biological replicates; replicates for wheat
germ agglutinin are technical replicates. Maltodextrin was used as a nega-
tive control. N.D., not detectable.
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Mtlyr4 Mutants Are Impaired in Defense Responses. The Lotus
LjLys13 and LjLys14 and Medicago MtLyr4 genes are all homo-
logs of AtLYK5 (SI Appendix, Fig. S2D) known to perceive chitin
in Arabidopsis (40), and chitin treatment in Lotus was shown to
increase the expression of LjLys13 and LjLys14 in roots and
shoots (48). This suggested that the LjLYS13 and LjLYS14 and
Medicago MtLYR4 pseudokinase LysM receptors might be in-
volved in chitin perception together with LjLYS6 and MtLYK9.
Mutant alleles of Ljlys13 and Ljlys14 responded like wild type to
CO4, CO8, and flg22 (SI Appendix, Fig. S9); double mutants
could not be obtained since they are tightly linked neighboring
genes (48). In contrast, the MtLyr4 gene is a single-copy gene.
ROS responses to CO4 and CO8 in two Mtlyr4-1 and Mtlyr4-2
mutant alleles were absent, while complementation of Mtlyr4-1
restored the ROS response (Fig. 3 B and C and SI Appendix, Fig.
S4). The response to flg22 was comparable to that of wild type
(Fig. 3D). Further evidence for the role of MtLyr4 in the acti-
vation of defense responses was obtained by assaying MAPK3/
6 phosphorylation. Decreased phosphorylation of MAPK3/6 was
observed in Mtlyr4 mutants compared with wild-type plants (Fig.
4B). Supporting these results, an increased lesion size on Mtlyr4-1
and Mtlyr4-2 leaves infected with B. cinerea and an increased
colonization of mutant leaf tissue show that MtLyr4 is required
for resistance toward this fungal pathogen (Fig. 6 E–H). Com-
pared with Medicago wild-type control plants, transcriptional up-
regulation of two typical defense-response genes after chitin
(CO4 or CO8) treatment was impaired in Mtlyr4-1 and Mtlyr4-2
mutants (SI Appendix, Fig. S10). Biochemical studies of the
MtLYR4 ectodomain were not possible, as a sufficient amount of
protein was not obtained from insect cell expression.

Expression Studies. Legume roots are infected by rhizobia during
the development of symbiotic nitrogen-fixing root nodules and
by AM fungi forming mycorrhiza. Expression of the LjLys6 gene
was therefore assayed in the root cells infected by these symbi-
onts and/or in cells adjacent to infection sites. A proLys6:tYFP-
NLS reporter construct localizing YFP in the nucleus of trans-
genic roots was used to resolve LjLys6 gene expression at the
cellular level. The LjLys6 promoter was expressed in all root cells
(Fig. 7 A and B). Inoculation with M. loti or colonization by AM
fungi (Rhizophagus irregularis) did not change the expression
pattern or the level of expression (Fig. 7 C–F and SI Appendix,
Fig. S11). LjLys6 was expressed in all stages of fungal invasion
and also in cells with arbuscules. In contrast, expression was not
observed in infected root nodule cells (SI Appendix, Fig. S11),
suggesting that LjLys6 is repressed in infected root nodule cells.
Further qPCR analysis confirmed that, in contrast to LjNin, a
typical symbiotically activated gene, LjLys6 gene expression is not
regulated by Nod factor treatment and that LjNin expression is
unchanged in Ljlys6 mutants. (SI Appendix, Fig. S12 A and B).
Likewise, there was no detectable increase in LjLys6 gene expres-
sion following CO4 or CO8 treatment (SI Appendix, Fig. S12C).

Symbiotic Phenotype of Ljlys6, Mtlyk9, and Mtlyr4 Mutants. Ljlys6,
Mtlyk9, and Mtlyr4 mutants were assayed for nodulation after in-
oculation withM. loti or Sinorhizobium meliloti, respectively. There
were no changes in the number of infection threads or nodules of
greenhouse-grown Ljlys6 mutants and also there was no consistent
difference in nodulation on plates (Fig. 8 A and B and SI Appendix,
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F

Fig. 2. Structural comparison of the ectodomains of LjLYS6, AtCERK1,
and MtLYK9. (A) Cartoon representation of the crystal structure of the
LjLYS6 ectodomain. The LysM1, LysM2, and LysM3 domains are colored in
slate blue, pale green, and salmon pink, respectively. The disulphide
bridges are represented as sticks. “C” followed by a number denotes the
cysteines. The α and β signs followed by numbers indicate the numeration
of α-helices and β-strands, respectively. (B) Superposition of the crystal
structure of LjLYS6 onto AtCERK1 (gray; PDB ID code: 4EBZ). (C and D)
Docking of a chitin molecule in the predicted LysM2-binding site of
theLjLYS6 (C ) and MtLYK9 (D) homology model. (E and F ) Comparison of
the LysM2 domain of AtCERK1, LjLYS6 crystal structures, and
MtLYK9 homology model. The structures of the AtCERK1 (white), LjLYS6
(pale green), and MtLYK9 (blue) LysM2 domains are aligned, and residues

involved (AtCERK1) or putatively involved (LjLYS6, MtLYK9) in chitin rec-
ognition are displayed as sticks. The chitin molecule is displayed as yellow
sticks. NAG, N-acetylglucosamine. NAG1 indicates the carbohydrate at the
reducing end. (G) Primary sequence alignment based on the 3D structures of
LjLYS6, AtCERK1, and MtLYK9 ectodomains. The red and yellow boxes in-
dicate strict or semi-conservation of the residues, and the blue asterisks mark
residues involved in chitin recognition in AtCERK1. The secondary structures
of LjLYS6 and AtCERK1 are indicated by arrows for β-strands and spirals for
α-helices; the amino acids numbering corresponds to the position in the
LjLYS6 primary sequence. TT, turn.
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Fig. S13). Likewise, there was no change in S.meliloti microcolony,
infection thread, or nodulation numbers of Mtlyk9 and Mtlyr4
mutants (Fig. 8 C and D). Ljlys6 mutants were also assayed for
mycorrhization after inoculation with AM fungal spores. No sig-
nificant changes in colonization of Ljlys6 mutant roots by mycor-
rhizal hyphae or formation of arbuscules were observed (Fig. 8E).

Discussion
Most land plants have an evolutionarily ancient endosymbiosis
with AM fungi colonizing their roots to establish a long-lasting
mutualistic relationship, and legumes also engage rhizobia to
establish symbiotic nitrogen fixation. Transcriptome profiling in
legumes has detected only a modest induction of defense reac-
tions during initiation of endosymbiosis, and, once recognized by
the host, microbial access to the root tissue is promoted (12, 14,
65–67). At the same time legumes, like other plants, defend
themselves against infection from pathogens. The molecular
basis of this dichotomy is one of the open questions that only
recently has begun to be addressed systematically (67, 68). Here
we identified and characterized chitin receptors from Lotus and
Medicago with equivalent functions in plant defense. Bio-
chemical studies show that the LjLYS6 ectodomain distinguishes
short-chain CO4/CO5 from long-chain CO6/CO7/CO8 chitin olig-
omers and binds CO6/CO7/CO8 chitin oligomers with Kd values in
the low-micromolar range. Comparable Kd values in the low-
micromolar range were found for the AtCERK1 ectodomain
(55), while a Kd of 82 nM was estimated for full-length AtCERK1
binding to chitin beads (69), suggesting increased avidity by in-
teraction of full-length proteins. Expression of sufficient amounts of
MtLYK9 and MtLYR4 ectodomains for similar biochemical studies
has so far been unsuccessful. However, the in vitro results were
corroborated using exonic insertion mutants that, like previously
analyzed exonic mutants (70), are null mutants as judged by the lack
of intact LjLys6, MtLyk9, and MtLyr4 transcripts (SI Appendix, Fig.
S2G). Inactivation of the LjLys6, MtLyk9, and MtLyr4 genes elimi-
nates ROS and eliminates or reduces the MAP3/6 kinase phos-
phorylation induced in planta. In both Lotus and Medicago wild-type
plants, the amount of ROS released increases with the chain length
of the chitin oligomers. CO8 induces the strongest response, whereas
CO4 induces the lowest level of ROS. These in planta data support
the direct biochemical binding assays, which show no detectable
CO4 binding and weak CO5 binding by LjLYS6, and suggest that the
full-length LjLYS6 receptor in its in planta context has a higher

ligand affinity than the in vitro-expressed ectodomains used in the
biochemical assays. The LjLYS6 receptor may gain avidity by func-
tioning as a dimer or in a larger receptor complex, and this would not
be reflected in vitro where the ectodomains most likely act as
monomers. In our assay a ROS response to Nod factor application
was not detected, and the Ljnfr1, Ljnfr5, Mtnfp, and Mtlyk3 Nod
factor receptor mutants also responded to chitin oligomers like the
Lotus and Medicago wild-type plants. Previous reports have detected
a low, transient ROS release in root hairs of the susceptible zone
following Nod factor treatment (71–75). Our assay may not have
sufficient sensitivity to detect such localized effects, and we infer that
only responses related to chitin-induced host defense reactions are
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distinguished in the conventional disease-related ROS-response as-
say adapted for our measurements. On this basis, we conclude that
the LjLYS6, MtLYK9, and MtLYR4 receptors are pattern-
recognition receptors for chitin and that they can be function-
ally separated from Nod factor perception. A domain-swap
receptor composed of an NFR1 ectodomain and a LjLYS6 ki-
nase was previously shown to partly rescue nodulation of Ljnfr1
mutants (76). This observation highlights the importance of the
ectodomain for separating perception of chitin and Nod factor
and suggests that the LjLYS6 kinase can substitute, at least in
part, for the LjNFR1 kinase.
The phenotypes of the Ljlys6,Mtlyk9, andMtlyr4mutants support

the notion that LjLYS6, MtLYK9, and MtLYR4 receptors are
pattern-recognition receptors for chitin. Short-chain CO4 and
CO5 chitin oligomers have been isolated from extracts of germi-
nating mycorrhizal spores (32). Our biochemical binding assay shows
that they are poor ligands for the LjLYS6 pattern-recognition
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receptor, and CO4 and CO5 oligomers may therefore be presym-
biotic signals, as previously suggested (32). Further support for a
specialized function for the LjLYS6, MtLYK9, and MtLYR4 re-
ceptors comes from the increased susceptibility toward pathogens
demonstrated in Ljlys6, Mtlyk9, and Mtlyr4 mutants. Finally, the
crystal structure of LjLYS6 shows strong similarity to AtCERK1,
and the putative chitin-binding site in LysM2 is well conserved,
suggesting that LjLYS6 serves as a pattern-recognition receptor for
chitin. Comparing the kinase domains of LjLYS6, MtLYK9,
OsCERK1, and AtCERK1 shows that LjLYS6 and MtLYK9 are
more similar to OsCERK1 than to AtCERK1. The AtCERK1 ki-
nase appears to have diverged from both legume and cereal chitin
receptors (76, 77). However, considering the structural and func-
tional similarities within this group of receptors, we have renamed
LjLYS6 as “LjCERK6” and the corresponding gene as “LjCerk6”
and will use this nomenclature in further communications.
Understanding the signaling leading to symbiosis and defense

responses in plants entering endosymbiosis is a challenge for the
future. Isolation of Lotus and Medicago mutants in the chitin re-
ceptor reported here opens the way for more detailed investigation
of the different signal-transduction pathways involved using com-
binations of mutations removing one or the other or both path-
ways. The involvement of OsCERK1 in mycorrhizal infection as

well as in chitin-triggered defense responses highlights the impor-
tance of this approach.

Materials and Methods
LjLys6 Ectodomain Cloning, Expression, and Purification. The LjLYS6 ectodomain
was defined by secondary structure prediction performed with PSIPRED (78),
whereas the signal peptide was predicted using the SignalP 4.1 server (79). The
predicted ectodomain sequence, without its peptide ranging from Lys27 to
Ser223, was codon-optimized for insect cell expression and synthesized with an
N-terminal gp67 secretion signal peptide (GenScript). The optimized sequence
was cloned into the pOET4 transfer vector (Oxford Expression Technologies)
between the SacI and HindIII restriction sites. An additional hexahistidine tag
was added in frame to the C terminus of the LjLYS6 ectodomain sequence.

Recombinant Autographa californica multiple nuclear polyhedrosis virus
(AcMNPV) baculoviruses were produced in Sf9 cells cultured with TNM-FH
medium (Sigma Aldrich) supplemented with 10% (vol/vol) FBS (Gibco),
1% (vol/vol) chemically defined lipid concentrate (Gibco), and 1% (vol/vol)
penicillin/streptomycin (Pen/Strep) (10,000 U/mL; Life Technologies). The
flashBAC GOLD kit (Oxford Expression Technologies) was used according to
the manufacturer’s instructions. The virus was amplified until a third-
passage virus culture of 500 mL was obtained.

Protein expressionwas performed as follows. Sf9 cells infectedwith 5% (vol/vol)
passage-three virus solution were cultured in suspension with serum-free
MAX-XP medium (BD Bioscience) or SFX-Insect medium (HyClone) supple-
mented with chemically defined lipid concentrate and Pen/Strep as described
above. The culture was maintained in a shaking incubator at 26 °C for 5 d.
Afterward, the medium was harvested by centrifugation in a Sorvall RC5plus
centrifuge (SLA-1500 rotor) at 6,000 rpm at room temperature for 25 min to
remove cellular debris. The supernatant was then dialyzed against 10 volumes
of buffer A [50 mM Tris·HCl (pH 8) and 200 mM NaCl] for 1 d at room tem-
perature, and the buffer was exchanged at least four times. The medium was
then subjected to another centrifugation step at the same conditions described
above to remove insoluble particles.

The resulting supernatant was then loaded on a HisTrap excel column (GE
Healthcare) equilibrated with buffer A and recirculated over 3 d at 4 °C using
a peristaltic pump. The column was washed with buffer W [50 mM Tris·HCl
(pH 8), 500 mM NaCl, and 20 mM imidazole] to remove contaminants. The
proteins were then eluted with buffer B [50 mM Tris·HCl (pH 8), 200 mM
NaCl, and 500 mM imidazole]. Imidazole was removed by dialyzing against
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Fig. 7. The LjLys6 promoter is expressed in all root cells of rhizobial and
mycorrhized plants. (A and B) Activity of the proLys6:NLS-tYFP reporter in un-
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root cells inoculated with and infected by M. loti labeled with DsRed. (E and F)
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R. irregularis. Extraradical hyphae were stained with Alexa Fluor 488 conjugate of
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A

0

5

10

15

10 dpi 14 dpi

IT
 / 

cm
 ro

ot

Gifu lys6-5 lys6-1 lys6-4

R108 lyr4-1 lys4-2 lyk9-1

B

0

2

4

6

7 dpi 14 dpi 21 dpi

N
od

ul
es

 / 
pl

an
t

50

0%
 ro

ot
 s

ys
te

m
 c

ol
on

iz
ed

E

4 wpi

100

In
fe

ct
io

n 
ev

en
ts

0

2

4

6

8

IT MC

C D

0

20

40

60

N
od

ul
es

 / 
pl

an
t

7 dpi 14 dpi 21 dpi

Lotus

Medicago

Fig. 8. Symbiotic phenotype of the Ljlys6, Mtlyk9, and Mtlyr4 mutants. (A) In-
fection threads (IT) and (B) nodule numbers (n = 40) of Ljlys6 mutants and Lotus
wild-type plants (n = 20) inoculated with DsRed-labeled M. loti. (C and D)
Microcolonies (MC) (n = 15), infection threads (n = 15) (C) and nodule numbers
(n = 15) (D) of S. meliloti-inoculated Mtlyk9 and Mtlyr4 mutants and Medicago
wild-type plants at the indicated times. (E) Mycorrhization of Ljlys6 andwild-type
Lotus plants (n = 10). Error bars indicate 95% CI. wpi, weeks postinfection.

E8124 | www.pnas.org/cgi/doi/10.1073/pnas.1706795114 Bozsoki et al.

www.pnas.org/cgi/doi/10.1073/pnas.1706795114


buffer A, and the proteins were subjected to another round of IMAC puri-
fication using a HisTrap HP column (GE Healthcare). N-glycans were removed
by treatment with PNGase F (home-made, 1:10, wt/wt) overnight at room
temperature. The protein was then concentrated in a Vivaspin column (10-Da
cutoff; Sartorius Stedim Biotech) and loaded onto a Superdex 200 10/300 GL
size-exclusion column connected to an ÄKTApurifier system (both GE
Healthcare) using isocratic elution with buffer A. At each purification step,
yield and purity were assayed using SDS/PAGE.

Microscale Thermophoresis. Purified LYS6 ectodomain and wheat germ ag-
glutinin were fluorescently labeled in microscale thermophoresis (MST) la-
beling buffer [50 mM KH2PO4 (pH 7.5)] using the Monolith NT.115TM Protein
Labeling Kit Blue NHS (NanoTemper Technologies) according to the manu-
facturer’s instructions. A ligand titration series (CO4–CO8 and negative
control maltodextrin) was prepared in which the concentration of the la-
beled proteins was kept constant at 75 nM, and all experiments were per-
formed in MST running buffer [50 mM K2PO (pH 7.5), 500 mM NaCl, 0.05%
Tween-20]. Mixtures were incubated for 30 min at room temperature to
facilitate complex formation. MST experiments were conducted on a Monolith
NT.115 TM instrument (25 °C, blue LED at 40%, 20% MST power) using
standard capillaries (both from NanoTemper Technologies). For each ligand,
three or four complete datasets (biological replicates) were obtained and
processed using the GraphPad Prism 6 software (GraphPad Software, Inc.) using
the sigmoidal dose–response model to obtain equilibrium Kd values.

Crystallization, Data Collection, and Structure Refinement. The deglycosylated
LjLYS6 ectodomain was concentrated to 5 mg/mL after the last purification step
and was crystallized in sitting drops by vapor drop diffusion mixing 0.5 μL of
protein with 0.5 μL of reservoir solution containing 0.2 M ammonium sulfate,
0.1 M sodium acetate (pH 4.6), and 28% PEG-2000 monomethyl ether (MME) at
4 °C. Crystals were quickly soaked in 0.2 M ammonium sulfate, 0.1 M sodium
acetate (pH 4.6), 28% PEG-2000 MME, and 10% glycerol before being cryo-
cooled in liquid nitrogen. A full dataset was collected at the I911-3 beamline,
MAX-Laboratory II synchrotron. The structure was solved by molecular re-
placement using Phaser from the Phenix package (80) and the structure of
AtCERK1 (PDB ID code: 4EBZ) as a search model (55). Refinement and model
quality assessment were performed with the PHENIX package (80), and model
building was performed with COOT (81). Data collection and refinement sta-
tistics are reported in SI Appendix, Table S1. The structure coordinates and
structure factors were deposited at the Protein Data Bank (ID code: 5LS2). The
figures were prepared with the PyMOL program (www.pymol.org). Primary
sequence alignments were generated with ESPript (82).

Homology Modeling. The homology modeling of the MtLYK9 ectodomain
was performed using the Phyre2 server (83) with the default parameters.
The geometry of the model was further optimized manually with Coot (81)
and using the phenix.geometry_minimization command from the Phenix
package (80). The figure was prepared with PyMOL (www.pymol.org).

Plant Material and Growth Conditions. The DK09-030067625 (lys6-1), DK11-
030085995 (lys6-2), DK07-030053579 (lys6-3), DK13-030106162 (lys6-4), DK07-
030054694 (lys6-5), DK07-030056007 (lys13-1), and DK02-030009815 (lys14-1)
LORE1 insertion mutant lines were identified by searching Lotus Base (84).
L. japonicuswild-type Gifu (85) and mutant seeds were sandpaper scarified and
surface sterilized for 15 min with 0.5% sodium hypochlorite. Seedlings were
germinated on a stack of wet filter paper (AGF 651; Frisenette ApS) in an up-
right position in sterile square Petri dishes at 21 °C and thenwere transferred to
slanted agar plates solidified with 1.4% Agar Noble (Difco). Plates for nodule
and infection thread counting and gene-expression studies were supplemented
with nitrogen-free 1/4× Broughton and Dilworth (B&D) nutrient solution, and
the surface of the slope was covered with filter paper. Hairy root transforma-
tions were done on agar slopes supplemented with 1/2×Gamborg’s B5 nutrient
solution (Duchefa Biochemie) without filter paper on the agar surface. In the
promoter:reporter gene experiments plants with transgenic roots were in-
oculated with Rhizophagus intraradices as described below or were moved to
Magenta boxes (Sigma-Aldrich) filled with a 4:1 mixture of lightweight ex-
panded clay aggregate (LECA, 2–4 mm; Saint-Gobain Weber A/S) and vermic-
ulite (size M; Damolin A/S) supplemented with nitrogen-free 1/4× B&D nutrient
solution and inoculated with Rhizobium. All plants were grown at 21 °C under
16/8-h light/dark conditions. Rhizobium inoculations were done using an
OD600 = 0.02 of a M. loti R7A strain constitutively expressing the fluorescent
protein DsRed (24).

The NF16753 (lyk9-1), NF10265 (lyr4-1), and NF15280 (lyr4-2) Tnt1 in-
sertion mutant lines were acquired by reverse screening from the Samuel
Roberts Noble Foundation database (52). M. truncatula were cultivated in

controlled-environment rooms at 22 °C and 80% humidity (16-h photope-
riod and 300 μE·m−2·s−1). Medicago seeds were scarified in 1 M H2SO4 for
10 min, then sterilized in 10% sodium hypochlorite for 2 min and rinsed in
sterile distilled water after several washes. They were then placed on
inverted agar plates in the dark at 4 °C for 3 d and at 22 °C for 1 d. The
germinated seedlings were transferred to plates or soil according to the
experiments to be performed. One-week-old Medicago seedlings were cul-
tivated in a 1:1 mix of Terragreen/sand (Oil-Dri Corporation) and inoculated
with 4 mL of Sinorhizobium meliloti 1021 phemA:LacZ at OD600 = 0.02.
Fifteen plants were used to count the infection events after 1-wk in-
oculation, and the nodule numbers were counted at indicated times.

Mycorrhization Analysis. Ten-day-old seedlings or plants with transgenic roots
were placed on a 0.22-μm Global Soil Wetness Project (GSWP) nitrocellulose
membrane (Merck Millipore), inoculated with R. intraradices spores (Sym-
biom), and covered with another nitrocellulose membrane. The spores were
suspended in modified Long–Ashton (mLA) solution (0.75 mM MgSO4, 1 mM
NaNO3, 1 mM K2SO4, 2 mM CaCl2, 3.2 μM Na2HPO4, 25 μM FeNa-EDTA, 5 μM
MnSO4, 0.25 μM CuSO4, 0.5 μM ZnSO4, 25 μM H3BO3, 0.1 μM Na2MoO4). The
membrane sandwich was then placed in a sterile Magenta box (Sigma-
Aldrich) filled with baked sand and moistened with mLA solution. Plants
were grown for 4 wk under 16/8-h light/dark conditions at 21 °C and then
were harvested. The roots were cleared in 10% KOH; then the fungal
structures were stained with 5% black ink (Quink black; Parker) diluted in
5% acetic acid following the method developed by Vierheilig et al. (86).
Mycorrhizal colonization was determined by counting whole root systems
according to the method by Trouvelot et al. (87).

ROS Measurements. Lotus andMedicago seedlings were grown, respectively, on
a stack of wet filter paper (AGF 651; Frisenette ApS) for 7 d or on 1.5% water
agar for 5 d after germination. Roots were cut into 0.5-cm pieces, collected into
white 96-well flat-bottomed polystyrene plates (Greiner Bio-One), and kept
overnight in sterile water. Six Lotus roots or one Medicago root were used per
well. For the ROS assay, the water on the root pieces was replaced by a reaction
mixture consisting of 20 μM luminol (Sigma) or 0.5 mM L-012 (Wako Chemicals),
5 (for Lotus) or 10 (forMedicago) μg/mL horseradish peroxidase (Sigma), and the
respective elicitor. The chitin elicitors tetra-N-acetyl-chitotetraose (CO4), penta-
N-acetyl-chitopentaose (CO5), hexa-N-acetyl-chitohexaose (CO6), hepta-N-acetyl-
chitoheptaose (CO7), and octa-N-acetyl-chitooctaose (CO8) were used at 1-μM
concentrations. flg22, the 30–51 22-amino acid peptide of Pseudomonas aeru-
ginosa flagellin, was used at 0.5 μM (for Lotus) or 1 μM (for Medicago). For
Lotus, CO4, CO5, and CO6 were obtained from Megazyme, CO7 and CO8 from
IsoSep, and flg22 from Alpha Diagnostic. For Medicago, CO4 and CO8 were
synthesized by Sébastien Fort, Université Grenoble Alpes, Grenoble, France, and
flg22 was obtained from EZBiolab. In the negative-control wells the elicitor was
replaced by water. Luminescence in the 15-min assays was recorded with a Vari-
oskan FlashMultimode Reader (Thermo Scientific). In one repetition, at least three
wells were measured for every treatment for every genotype. At least three repe-
titions were conducted with similar results.

MAPK3/6 Phosphorylation Analyses. For Lotus, scarified and surface-sterilized
seeds were imbibed overnight in sterile water with gentle shaking at 4 °C.
Twenty imbibed seeds were placed in a sterile polystyrene plant container
(In Vitro A/S) on a specially fabricated metal grid allowing the roots to grow
up to 4 cm. Sterile water on the bottom of the container and a stack of wet
filter paper on top of the seeds maintained humidity. The roots were grown
for 7 d in complete darkness at 21 °C before the treatment. Treatments were
done by placing the metal grid holding the roots in elicitor solution followed
immediately by freezing in liquid nitrogen. For Medicago, plants were
grown on modified Fahraeus plant medium (FP, pH 7.5) for 1 wk. Then 50- to
100-mg plant roots were collected, cut into 0.5-cm strips, and incubated in
sterile water overnight. The next day the root pieces were treated with the
respective elicitor and then frozen in liquid nitrogen; 1 μM CO4, CO6, or
CO8 or 0.5 μM flg22 was used as elicitor, and sterile water was the negative
control. Treatment time was 10 min with COs and water or 15 min with
flg22, which peaks later. Total root protein was isolated in a buffer con-
taining 50 mM Tris·HCl (pH 7.5), 100 mM NaCl, 15 mM EGTA (pH 7.5), 10 mM
MgCl2, 0.1% Triton X-100, 1 mM NaF, 30 mM β-glycerophosphate, 5 mM
DTT, 0.5 mM PMSF, 1% protease inhibitor mixture (P9599; Sigma), 1%
phosphatase inhibitor mixture 2 (P5726; Sigma), and 1% phosphatase in-
hibitor mixture 3 (P0044; Sigma) for Lotus or 50 mM Hepes-KOH (pH 7.5),
150 mM KCl, 1 mM EDTA, 0.5% Triton-X 100, 1 mM DTT, complete protease
inhibitors (Roche), and phosphatase inhibitors (Roche) for Medicago. Equal
amounts of total protein were electrophoresed by 10% SDS–PAGE. Twin gels
were run to visualize the phospho-MAPK3/6 and α/β-tubulin bands using
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anti–phospho-p44/42 MAPK (no. 4370; Cell Signaling) and anti–α/β-tubulin
(no. 2148; Cell Signaling) for Lotus or anti–α/β-tubulin (Sigma) for Medicago.

Gene-Expression Analysis. Germinated Lotus seedlings were grown on 1/4× B&D
medium slopes covered with filter paper. The roots were kept in darkness by
placing ametal spacer below the hypocotyl of the plants inside the Petri dish and
aluminum foil around the outside of the lower part of the Petri dish, while the
shoots were kept under 16-h/8-h light/dark conditions. Ten-day-old plants were
treated with 10 nMM. loti R7A Nod factors for 24 h or with 1 μMCO4 or CO8 for
1 h in parallel with water controls. Root messenger RNAs were isolated using the
Dynabeads mRNA DIRECT kit (Ambion) followed by cDNA synthesis with
RevertAid M-MuLV Reverse Transcriptase (Fermentas) using oligo(dT) primer.
Genomic DNA contamination was tested with primers specific for the Nin
gene promoter region. The real-time qPCR reactions were performed in a
Lightcycler480 instrument (Roche) using the LightCycler 480 SYBR Green I master
reaction mix (Roche). ATP-synthase (ATP), ubiquitin-conjugating enzyme (UBC),
and protein phosphatase 2A (PP2A) were used as internal control genes. Primer
specificity was tested by melting curve analysis and sequencing the PCR products.
Relative quantification was done with LightCycler 480 Software (release 1.5.0;
Roche) to determine the efficiency-corrected relative transcript levels normalized
to a calibrator sample and then the geometric mean, and the corresponding
95% CI of three biological and three technical replicates was calculated.

M. truncatula R108, lyr4-1, and lyr4-2 plants were grown on BNM
plates for 5 d and then were carefully transferred to liquid buffered
nodulation medium (BNM) with DMSO (control) or elicitors (100 nM flg22,
100 nM CO4, or 100 nM CO8) for 6 h. Roots were harvested and snap-
frozen in liquid nitrogen. Total RNA was extracted using the Qiagen
RNeasy Plant mini kit. One microgram of total RNA was used for cDNA
synthesis with the iScript cDNA Synthesis Kit (Bio-Rad). Gene expression
was measured by an ABI 7500 instrument using SYBR Green PCR master
mix (Bio-Rad). The M. truncatula histone H2A gene was used as endog-
enous control, and fold induction was calculated for the different treat-
ments relative to the DMSO-treated wild-type R108.

The complete list of primers used for RT-PCR is shown in SI Appendix, Table S2.

Promoter Activity Analysis. A putative promoter region of 2,496 bp upstream
of the translation start of Lys6 was used to drive a triple YFP reporter car-
rying a nuclear localization signal on the C terminus. The construct was as-
sembled in a pIV10 vector backbone using the Golden Gate method (88).
Agrobacterium rhizogenes-mediated hairy root transformation was used to
introduce the pIV10:proLys6:tYFP-NLS construct into L. japonicus Gifu plants
using the strain AR1193 (89, 90). Plants with transgenic roots were in-
oculated with either M. loti R7A DsRed or R. intraradices as described above.
For better visualization, extraradical hyphae on the mycorrhized roots were
stained with wheat germ agglutinin Alexa Fluor 488 conjugate (Invitrogen).
Root and nodule sections (60- to 100-μm thick) were prepared in 4% water
agar with a VT1000 S vibrating-blade microtome (Leica). Imaging was done
with a Zeiss LSM 780 laser-scanning confocal microscope. For image pro-
cessing Zen (black edition) 2011 software was used (Zeiss).

Mutant Complementation. For the complementation experiments synthesized
coding sequences of Medicago Lyr4 or Lyk9 under the control of their own

promoter (1,245 bp and 2,340 bp, respectively) and a 35S terminator were
assembled in a Golden Gate vector carrying a DsRed selection marker. The
constructs were transformed in M. truncatula roots by hairy root trans-
formation. After 3 wk 10 individually transformed roots were cut into 0.5-cm
fragments and tested in a ROS assay.

Transient Gene Expression in N. benthamiana Leaves. The cauliflower mosaic
virus (CaMV) 35S promoter was used to express the Lotus LYS6 and Medicago
LYK9 receptors in N. benthamiana leaves. A. tumefaciens AGL1 was used for
the infiltration, and AGL1 without an expression vector was included for the
mock control. Liquid cultures of A. tumefaciens AGL1 were grown to high
densities. Cells were harvested by centrifugation and suspended in infiltration
buffer consisting of 10 mM Mes, 10 mM MgCl2, and 450 μM acetosyringone.
Final concentrations of OD600 = 0.2 for the clones carrying the respective ex-
pression construct (or the mock control) were used together with OD600 =
0.02 concentration of an A. tumefaciens strain expressing the silencing sup-
pressor p19. Leaves of 3- to 4-wk-old N. benthamiana plants were infiltrated
with a syringe and analyzed 3 d after infiltration.

Phylogenetic Analysis. Phylogenetic analysis was done using theMEGA6 package
(91). Full-length amino acid sequences were aligned with ClustalW. Maximum
likelihood phylogeny estimation was done using the Jones–Taylor–Thornton
(JTT) matrix-based model with discrete Gamma distribution (+G, five cate-
gories). One thousand bootstrap replications were performed.

Pathogen Inoculation. Plants were cultivated in nutrient-rich soil for 6 wk. Pst
DC3000 and its hrcC− derivative strain were grown in King’s B (KB) medium
(proteose peptone 29 g/L, K2HPO4 1.5 g/L, glycerol 10 mL/L, MgSO4 0.74 g/L)
for 2 d. A similar-sized terminal leaflet of each plant was syringe infiltrated
with the indicated bacteria strain at OD600 = 0.008; 20 leaves were used as
replicates. Leaflets were then transferred to a growth chamber with high
humidity. For the CO8 treatment, the plant leaves were infiltrated with 1 μM
CO8 for 24 h before inoculation with Pst DC3000. The leaf punches were
collected at the indicated time points and ground in sterile water. The sus-
pension liquid then was diluted to different concentrations with water and
spread on KB plates. Colonies were counted after 2 d incubation at 30 °C.

B. cinerea strain B05.10 was cultivated on Difco potato dextrose agar
(Thermo Fisher) 39 g/L medium as described (92). Spores were suspended in
1/4× potato dextrose broth with 0.02% Tween 80. Six-week-old Medicago or
Lotus leaves were detached and put on 0.6% water agar with 5-μL droplet
suspensions of spores (2.5 × 105 spores/mL) on the center of the leaf discs.
The lesion size was documented and measured at 3 d postinfection (dpi). To
quantify fungal growth, total DNA was isolated from leaf discs, and copy
numbers of the Botrytis Cutinase A gene were determined relative to Lotus
ATP-synthase or Medicago histone H2A housekeeping genes, respectively
(93).
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