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Summary

� How plants can distinguish pathogenic and symbiotic fungi remains largely unknown. Here,

we characterized the role of MaLYK1, a lysin motif receptor kinase of banana.
� Live cell imaging techniques were used in localization studies. RNA interference (RNAi)-si-

lenced transgenic banana plants were generated to analyze the biological role of MaLYK1.

The MaLYK1 ectodomain, chitin beads, chitooligosaccharides (COs) and mycorrhizal lipochi-

tooligosaccharides (Myc-LCOs) were used in pulldown assays. Ligand-induced MaLYK1 com-

plex formation was tested in immunoprecipitation experiments. Chimeric receptors were

expressed in Lotus japonicus to characterize the function of the MaLYK1 kinase domain.
� MaLYK1 was localized to the plasma membrane. MaLYK1 expression was induced by Foc4

(Fusarium oxysporum f. sp. cubense race 4) and diverse microbe-associated molecular pat-

terns. MaLYK1-silenced banana lines showed reduced chitin-triggered defense responses,

increased Foc4-induced disease symptoms and reduced mycorrhization. The MaLYK1

ectodomain was pulled down by chitin beads and LCOs or COs impaired this process. Ligand

treatments induced MaLYK1 complex formation in planta. The kinase domain of MaLYK1

could functionally replace that of the chitin elicitor receptor kinase 1 (AtCERK1) in

Arabidopsis thaliana and of a rhizobial LCO (Nod factor) receptor (LjNFR1) in L. japonicus.
� MaLYK1 represents a central molecular switch that controls defense- and symbiosis-related

signaling.

Introduction

Plants have evolved sophisticated mechanisms to control interac-
tions of various plant-associated microbes, which may be either
pathogenic or symbiotic (Boller & Felix, 2009; Zipfel &
Oldroyd, 2017). For activation of defense responses (innate
immunity), plants specifically recognize conserved microbe-asso-
ciated molecular patterns (MAMPs) by pattern recognition
receptors (PRRs). Well-studied examples of MAMPs are fungal
chitin and chitooligosaccharides (COs), bacterial peptidoglycan
(PGN) and the flagellin peptide flg22 (G�omez-G�omez & Boller,
2000; Hayashi et al., 2001; Silipo et al., 2005; Gust et al., 2007).
COs are b-1,4-linked polymers of N-acetylglucosamine
(GlcNAc) with various degrees of polymerization (DPs). PGN
from bacterial cell walls carries alternating b-1,4-linked GlcNAc
and N-acetylmuramic acid residues (Gust et al., 2007). Lipochi-
tooligosaccharides (LCOs) can be considered as derivatives of
COs with lipid modifications at the nonreducing end. Nod-
LCOs (DP = 4–5), also known as Nod factors, are secreted by

rhizobia (Lerouge et al., 1990) and mycorrhizal LCOs (Myc-
LCOs; DP = 4–5) are produced by arbuscular mycorrhizal (AM)
fungi (Maillet et al., 2011). More recently, it has been reported
that AM fungi also produce short-chain COs (DP = 4–5) without
lipid modification, referred to as mycorrhizal COs (Myc-COs;
Genre et al., 2013). Accumulated evidence indicates that long-
chain COs (such as hexamers and octamers) as well as PGN are
potent inducers of immune responses (Wan et al., 2008; Shimizu
et al., 2010). LCOs and short-chain COs, especially tetramers
(CO4) and pentamers (CO5), can induce symbiotic responses in
host plants (Genre et al., 2013; Bozsoki et al., 2017; Carotenuto
et al., 2017).

Previous studies have shown that plasma membrane PRRs car-
rying lysin (LysM) motifs in their ectodomains (LysM containing
receptor-like kinases, LysM-RLKs; LysM containing receptor-like
proteins) are implicated in the recognition of MAMPs containing
GlcNAc residues and subsequent induction of immune responses
(Kaku et al., 2006; Miya et al., 2007; Shimizu et al., 2010). In
rice, chitin elicitor binding protein (OsCEBiP), a receptor that
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lacks an intracellular kinase domain, directly recognizes chitin or
long-chain COs. Binding of OsCEBiP to the ligand induces self-
dimerization (Hayafune et al., 2014) and formation of a receptor
complex with OsCERK1 (chitin elicitor receptor kinase 1) to
induce chitin signaling (Kaku et al., 2006; Shimizu et al., 2010).
In addition, related receptor-like proteins, OsLYP4 and OsLYP6,
are also involved in perception of chitin or PGN in rice (B. Liu
et al. 2012). In Arabidopsis thaliana, AtCERK1 can bind to COs
and partially acetylated chitosan oligomers (DP > 6), and its
kinase activity is required for activation of immune responses
(Iizasa et al., 2010; Petutschnig et al., 2010; T. Liu et al., 2012;
Gubaeva et al., 2018). Orthologs of AtCERK1 in grapevine
(VvLYK1-1 and VvLYK1-2) are also required for long-chain
CO-triggered immunity (Brul�e et al., 2019). Chitin perception
in Arabidopsis largely depends on ligand-induced formation of a
complex between AtCERK1 and AtLYK5, another receptor with
high-affinity binding activity to long-chain COs (Cao et al.,
2014). Hence, chitin and long-chain COs are perceived by chitin
perception systems that form heteromeric complexes when acti-
vated by ligands.

In contrast to hostile microbes, nitrogen-fixing rhizobia and
AM fungi establish a mutualistic symbiosis with host plants. In
legumes, Nod-LCOs from rhizobia are perceived by pairs of
LysM-receptors, named LjNFR1/LjNFR5 (Nod factor receptors
1 and 5) in Lotus japonicus and MtLYK3/MtNFP (lysin-motif-re-
ceptor like kinase 3/Nod-factor perception) in Medicago
truncatula (Madsen et al., 2003; Radutoiu et al., 2003; Arrighi
et al., 2006; Smit et al., 2007). Although rhizobia and AM fungi
induce morphologically different symbiotic responses in host
plants, striking similarities between these two symbioses rely on
the so-called common symbiotic signaling pathway (Gobbato,
2015; Jin et al., 2016). Central to this pathway is the induction
of oscillations of nuclear calcium (Ca) concentration (Ca spik-
ing), which is a hallmark of symbiotic signaling in AM and root-
nodule symbioses (Walker et al., 2000; Genre et al., 2013; Sun
et al., 2015; Carotenuto et al., 2017). The symbiotic signaling
pathway requires an additional receptor-like kinase located at the
plasma membrane (Endre et al., 2002; Stracke et al., 2002), three
components (NENA, NUP85 and NUP133 in L. japonicus) at
nuclear pores (Kanamori et al., 2006; Saito et al., 2007; Groth
et al., 2010; Oldroyd, 2013), and ion channels of the nuclear
membrane (An�e et al., 2004; Charpentier et al., 2008). The per-
ception of nuclear Ca oscillations involves a Ca-regulated
calmodulin-dependent protein kinase and its substrates (L�evy
et al., 2004; Messinese et al., 2007; Yano et al., 2008; Jin et al.,
2016). Various transcription factors with different roles in rhizo-
bial and mycorrhizal symbioses function downstream of the
nuclear Ca oscillations (Smit et al., 2005; Middleton et al., 2007;
Gobbato et al., 2012; Jin et al., 2016). In L. japonicus, for exam-
ple, the nodulation-associated transcription factor gene, Nodule
Inception (NIN), is strongly upregulated by Nod-LCOs (Schauser
et al., 1999). GRAS transcription factors (nodulation signaling
pathways 1 and 2, NSP1 and 2) are necessary for nodule develop-
ment and mycorrhizal infection, respectively (Middleton et al.,
2007; Hirsch et al., 2009; Liu et al., 2011; Gobbato et al., 2012;
Delaux et al., 2013).

On the receptor level, Nod-LCO and Myc-LCO recogni-
tion mechanisms appear to be similar. Indeed, the LCO
receptor proteins MtNFP in M. truncatula and LjNFR1 in
L. japonicus are required for Myc-LCO-induced Ca spiking
and subsequent transcriptional changes (Maillet et al., 2011;
Czaja et al., 2012; Sun et al., 2015; Zhang et al., 2015). Simi-
larly, orthologs of MtNFP/LjNFR5 and OsCERK1 in tomato
(SILYK10 and SlLYK12) are required for successful AM colo-
nization (Buendia et al., 2016; Liao et al., 2018). However,
Myc-COs activate AM-specific nuclear Ca spiking in legume
and nonlegume roots independently of the NFP/NFR5 recep-
tor proteins (Genre et al., 2013; Sun et al., 2015; Carotenuto
et al., 2017). Hence, the roles of Myc-LCOs and Myc-COs
in the AM symbiosis remain difficult to decipher. It can be
assumed that successful AM colonization requires a coordi-
nated perception of Myc-LCOs and Myc-COs.

Some PRRs perceiving COs appear to play a specific role
in the activation of defense responses against pathogens (Kelly
et al., 2017). However, OsCERK1, for example, is involved
not only in induction of chitin-triggered immune responses
against fungal pathogens but also in establishment of an AM
symbiosis (Zhang et al., 2015; Miyata et al., 2016). Coexpres-
sion of the symbiotic genes MtNFP and MtLYK3 in
Nicotiana benthamiana induced upregulation of defense genes
and cell death, which was also observed by overexpression of
AtCERK1 (Pietraszewska-Bogiel et al., 2013). Arabidopsis
seedlings treated with either Nod-LCOs or short-chain COs
showed significant suppression of immune responses induced
by MAMP treatments (Liang et al., 2013). Such observations
suggest similarities and crosstalk between CO and LCO per-
ception systems, as reported previously for tomato cells (Stae-
helin et al., 1994). Consistent with such changes in ligand
specificity, we recently studied the role of chimeric LysM-
RLKs in L. japonicus and Arabidopsis (Wang et al., 2014).
These findings opened up the possibility of prime defense
reactions by Nod-LCOs or rhizobial inoculation and thus
enhanced disease resistance against pathogens in nonlegumes.
It is now important to provide explanations for how legumes
and nonlegumes perceive LCOs and COs to distinguish
friends from foes.

Banana (Musa spp.) is the fourth most important fruit crop in
the world (Mar�ın et al., 2003). Its production is severely affected
by several diseases such as black Sigatoka or black leaf streak dis-
ease caused by Mycosphaerella fijiensis and Panama disease or
fusarium wilt caused by Fusarium oxysporum f. sp. cubense (Foc)
(Mar�ın et al., 2003; Wang et al., 2012). AM fungi are known to
promote growth of bananas and improve their resistance to
pathogens (Declerck et al., 2002; Mohandas et al., 2010). Until
now, it remains unknown which, and how, LysM-RLKs perceive
AM symbiotic signals and distinguish defense and symbiotic
responses in banana. In this study, we found that a LysM-RLK
gene of banana, named MaLYK1 (LYSIN MOTIF-
CONTAINING RECEPTOR-LIKE KINASE 1 of Musa
acuminata), not only is required for resistance to Foc tropical race
4 (Foc4), but also plays a role in the AM symbiosis. MaLYK1
can be pulled down with chitin beads. This reaction was
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competitively inhibited by Myc-LCOs and COs. Our findings
reveal a direct relationship between defense and symbiotic mech-
anisms in banana and shed light on the function and evolution of
LysM-RLK in the context of plant immunity and symbiosis.

Materials and Methods

Biological material

Micropropagated banana plantlets of Musa acuminata cv. Wil-
liams (AAA) and Foc4 were obtained from the Chinese Academy
of Tropical Agricultural Sciences, Haikou, China. The chitin
receptor mutant cerk1-2 of A. thaliana ecotype Columbia
(SALK_007193C) was provided by the Arabidopsis Biological
Resource Center (Columbus, OH, USA). Mutants of the L.
japonicus (ecotype Gifu) nfr1-1 (pNIN::GUS) expressing a GUS
gene under the control of the symbiotic NIN gene promoter
(Radutoiu et al., 2003) were obtained from Dr Jens Stougaard
(University of Aarhus, Aarhus, Denmark) and confirmed by
nodulation tests (nonnodulation phenotype) with Mesorhizobium
loti strain MAFF303099 (Japan Collection of Microorganisms;
RIKEN BioResource Center, Tsukuba, Ibaraki, Japan).
Rhizophagus irregularis were cultured using Ri T-DNA-trans-
formed carrot roots in a simple monoxenic culture system
(Chabot et al., 1992). Bacterial strains used in this study are listed
in Table S1.

Amplification ofMaLYK1 and plasmid construction

Total RNA from banana roots inoculated with Foc4 was isolated
with the Trizol reagent (Invitrogen). To obtain the full-length
sequence of MaLYK1, a rapid amplification of cDNA ends
method (Clontech, Palo Alto, CA, USA) was performed accord-
ing to the supplier’s recommendations using the expressed
sequence tag information obtained from previous suppression
subtractive hybridization (SSH) libraries (Li et al., 2015). All
constructs generated for this study are described in Methods S1.
Used plasmids and PCR primers are listed in Tables S1 and S2,
respectively.

Phylogenetic analysis, subcellular localization and
generation of transgenic banana plants

Methods S1 contains a detailed description of the procedures
used for phylogenetic analysis, subcellular localization of
GFP-MaLYK1 and construction of transgenic banana plants.

Inoculation of banana plants with Foc4 and AM fungi

For detection of defense responses, Foc4 conidiospores (19 106

spores ml–1) were inoculated on banana roots using a root-dip-
ping method (Wang et al., 2012). For inoculation with AM
fungi, 200 spores of R. irregularis were added to the roots of each
banana plant. After staining with trypan blue, AM fungal struc-
tures and colonization status were determined (Koske & Gemma,
1989). Further details are described in Methods S2.

Arabidopsis protoplast preparation, transformation, and
preparation of microsomal membranes

Four-week-old A. thaliana plants were used for protoplast prepa-
ration and preparation of microsomal membranes, as described
in Methods S3.

Chitin, PGN, COs, Nod-LCOs and LCOs

Details regarding the preparation of chitin, PGN, COs, Nod-
LCOs from Rhizobium sp. strain NGR234 and LCOs are
described in Methods S4. Myc-LCO analogs were obtained by
expressing nodA, nodB and nodC genes of Sinorhizobium meliloti
in Escherichia coli (Maillet et al., 2011) followed by an in vitro
sulfation procedure with NodH protein (Schultze et al., 1995).
Banana roots (and transformed Arabidopsis protoplasts) were
treated with these molecules at specified concentrations for the
indicated periods. Where indicated, effects of PGN (derived from
Staphylococcus aureus; Sigma-Aldrich), chitosan, (GlcN)7 (chi-
tosan heptamer), and the flg22 peptide were also analyzed.

Chitin binding and coimmunopurification assays

Proteins with affinity tags were expressed in Arabidopsis protoplas-
ts. The protein pull-down assay with commercial crab shell chitin
or chitin beads was performed according to previously reported
methods (Tjoelker et al., 2000; Iizasa et al., 2010). In competition
experiments, purified recombinant proteins were incubated with
100 lg ml�1 chitin combined with 30 lM of COs ((GlcNAc)n;
n = 3, 4, 5, 6, 7, 8), 30 lM LCOs, 71 lM (GlcN)7 or
100 lg ml�1 of soluble PGN. Arabidopsis protoplasts coexpressing
the ectodomain of MaLYK1 carrying either 3HA- or FLAG tags
were treated with 100 lg ml�1 chitin, 100 lg ml�1 PGN, 10 lM
LCOs, 10 lM (GlcNAc)8 or 10 lM (GlcNAc)3-5 for 15min to
test whether the different molecules induce protein complex for-
mation and phosphorylation of MaLYK1 (T. Liu et al., 2012; Cao
et al., 2014). Details are described in Methods S5.

Generation of transgenic Arabidopsis plants and transgenic
hairy roots on L. japonicus

Electroporation was used to transfer plasmids containing
chimeric constructs into A. tumefaciens EHA105 (for transforma-
tion of A. thaliana) and Agrobacterium rhizogenes LBA9402 (for
transformation of L. japonicus) (Hood et al., 1993). Transgenic
A. thaliana plants (cerk1-2 derivatives) were obtained by a floral-
dip method (Zhang et al., 2006). Transgenic hairy roots of
L. japonicus mutant (nfr1-1 (pNIN-GUS)) plants grown on
Fahraeus medium plates were obtained according to previously
described procedures (Nakagawa et al., 2011).

Inoculation of Arabidopsis with Foc4

Fully expanded leaves of 4-wk-old A. thaliana plants were used
for Foc4 inoculation experiments according to Wang et al.
(2014). Fungal structures, leaf chlorosis, reactive oxygen species
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(ROS) activity and expression of defense genes were determined
as described in Methods S6.

Inoculation of L. japonicus withM. loti

Local treatment of transgenic hairy roots with Nod-LCOs and
nodulation tests with M. loti strain MAFF303099 were per-
formed as described in Methods S7.

ROS measurements and quantitative reverse transcription
polymerase chain reaction (qRT-PCR)

Methods used for ROS measurements are described in Meth-
ods S8. qRT-PCR was performed as summarized in Methods S9.
Used primers are listed in Table S2.

Statistical analyses

Data processing and statistical analysis were performed as
described in Methods S10.

Results

Identification and subcellular localization of MaLYK1, a
Foc4-related LysM-RLK in banana

Suppression subtractive hybridization libraries were previously
constructed to identify defense-related genes from Foc4-
treated and untreated ‘Williams (AAA)’ banana (Li et al.,
2015). The results revealed that expression of a lysin motif-
containing receptor-like kinase (named MaLYK1) was strongly
upregulated upon Foc4 inoculation. Six additional LysM-RLK
genes were found in the banana genome. Phylogenetic analy-
sis was performed with full-length protein sequences
(MaLYK1–MaLYK7) and with related LysM-RLKs from
Arabidopsis (AtLYK1–AtLYK5), rice (OsLYK1–OsLYK10) and
L. japonicus (LjNFR1). The results indicated that MaLYK1
belongs to a subclade that is represented by AtCERK1
(AtLYK1), OsCERK1 (OsLYK9) and LjNFR1 (Fig. S1).
AtCERK1 and OsCERK1 are known chitin receptors, and
LjNFR1 is an LCO receptor (Radutoiu et al., 2003; Miya
et al., 2007; Wan et al., 2008; Shimizu et al., 2010). MaLYK1
contains 11 exons/10 introns and encodes a protein consisting
of 606 amino acids. Bioinformatic analysis predicted that
MaLYK1 possesses an N-terminal signal peptide (amino acid
residues 1–21), three extracellular LysM domains, one trans-
membrane domain and an intracellular kinase domain at the
C-terminus (Figs 1a, S2). This domain structure suggests that
the MaLYK1 is a membrane protein. Furthermore, subcellular
localization studies were performed with a MaLYK1 fusion
protein, in which a green fluorescent protein (GFP) tag was
inserted after the predicted N-terminal signal peptide (residues
1–21) of MaLYK1. The GFP-MaLYK1 construct, under the
control of the CaMV 35S promoter, was then transiently
expressed in leaves of tobacco. Analysis with a confocal
microscope suggested that fluorescence signals were associated

with the plasma membrane (Fig. 1b). To provide additional
support for plasma membrane localization, GFP-MaLYK1
protein in the microsomal fraction of transformed Arabidopsis
protoplasts was immunodetected. Immunoblot analysis showed
that a membrane protein control (AtCERK1-FLAG) was con-
siderably enriched in the microsomal fraction (Wan et al.,
2008). Likewise, GFP-MaLYK1 recognized by anti-GFP anti-
bodies was detected in the microsomal fraction. By contrast,
GFP and endogenous tubulin proteins (typical nonmembrane
proteins; B. Liu et al., 2012) were found in the soluble frac-
tion (Fig. 1c). Collectively, these data indicate that MaLYK1
is most probably a plasma membrane protein.

Expression ofMaLYK1 is rapidly induced by Foc4 inocula-
tion and by treatment with various MAMPs

To better understand the function of MaLYK1, we used
qRT-PCR to analyze expression of MaLYK1 in different
banana tissues at various developmental stages. MaLYK1 tran-
scripts were accumulated most abundantly in banana roots at
the seven-leaf stage (Fig. S1b). In agreement with the results
obtained from the SSH libraries, expression of MaLYK1 in
roots was induced upon inoculation with Foc4 when analyzed
as early as 12 h postinoculation (hpi). Maximal induction of
MaLYK1 in response to Foc4 inoculation (a 32-fold increase)
was observed at 24 hpi (Fig. 2a). To investigate MaLYK1
expression induced by diverse molecules, they were applied to
the roots (Fig. 2b; for dose–response relationships, see
Fig. S3). At 2 hpi, MaLYK1 expression levels were increased
by the flagellin peptide flg22, PGN, chitin, chitosan, or long-
chain COs ((GlcNAc)7 and (GlcNAc)8), suggesting a role of
MaLYK1 in innate immunity against pathogens. Remarkably,
a treatment of roots with short-chain COs ((GlcNAc)4 or
(GlcNAc)5) and Myc-LCO analogs (LCOs) synthesized by
bacterial genetic engineering also induced MaLYK1 expression,
providing hints regarding a potential function of this gene in
the mycorrhizal symbiosis (Figs 2b, S3). qRT-PCR analysis
was used to examine the expression of defense marker genes
such as mitogen-activated protein kinase 1 (MaMPK1) and b-
1,3-glucanase (Mab-1,3-Glu). In contrast to treatments with
chitin, PGN or (GlcNAc)8, treatments with (GlcNAc)4 or
LCO did not obviously influence the transcript abundance of
these defense genes (Fig. S3).

Silencing ofMaLYK1 compromises activation of defense
reactions in response to Foc4 inoculation and MAMP treat-
ment

To evaluate the role of MaLYK1 in defense reactions acti-
vated by Foc4 inoculation or different MAMPs, we con-
structed banana plants overexpressing MaLYK1 (MaLYK1-
OE) and RNA interference (MaLYK1-RNAi) lines. Represen-
tative lines (overexpression lines: MaLYK1-OE nos 3 and 5;
MaLYK1-RNAi lines nos 4 and 7) were selected for further
characterization. MaLYK1 expression in MaLYK1-OE lines
was increased 2.5- to 3.6-fold, whereas MaLYK1-RNAi lines
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showed 3.8- to 7.2-fold reduced transcript abundance as
compared with wild-type (WT) plants (Fig. S4a). Expression
levels of other LysM-RLK genes (MaLYK2 to MaLYK7) in

the MaLYK1-RNAi lines were not different from those in
WT plants (Fig. S4b), indicating specific silencing of
MaLYK1.

(a) (c)

(b)

Fig. 1 Characterization and subcellular localization of a lysin motif receptor kinase of banana (MaLYK1). (a) Gene structure ofMaLYK1. Analysis of
genomic DNA indicates 11 exons and 10 introns. The predicted protein possesses an N-terminal signal peptide (SP), three LysM domains, a transmembrane
(TM) domain and a kinase domain. The nucleotide region (from 695 to 822 bp) used to construct RNA interference (RNAi) lines is also marked. (b)
Subcellular localization of MaLYK1. A green fluorescent protein-MaLYK1 (GFP-MaLYK1) fusion protein (GFP inserted behind the N-terminal signal
peptide) was expressed in epidermal cells of tobacco leaves. Cells were visualized by confocal fluorescence microscopy and photographed 36 h after
infiltration with agrobacteria (bar, 0.1 mm). (c) Immunoblot (IB) analysis of GFP-MaLYK1 expressed in Arabidopsis protoplasts. GFP-MaLYK1 was
coexpressed with AtCERK-FLAG and GFP alone. Microsomal and soluble fractions of protoplast lysates were separated by sucrose gradient centrifugation.
Distribution of the expressed proteins and the endogenous Arabidopsis tubulin was analyzed with anti-GFP, anti-FLAG and anti-tubulin antibodies. GFP-
MaLYK1 and AtCERK-FLAG were detected in the microsomal fraction and tubulin in the soluble fraction.

(a) (b)

Fig. 2 Quantitative analysis ofMaLYK1 expression in banana roots inoculated with Fusarium oxysporum f. sp. cubense Tropical race 4 (Foc4) and diverse
molecules. (a) Induction ofMaLYK1 expression in banana roots inoculated with Foc4 for the indicated time period. For fungal inoculation, the root tips of
banana plants at the seven-leaf stage were cut and immersed into a Foc4 suspension (c. 19 106 conidiospores ml–1) or mock-treated with sterile water for
10min. The degree of induction was calculated by the ratio of the expression levels in Foc4-inoculated and mock-treated roots at the same time point.
Data are means� SE from three independent experiments (nine RNA extractions overall; three plants per RNA sample). Asterisks indicate significant
differences between the Foc4-inoculated and control plants at the indicated time period (Student’s t-test; **, P < 0.01). (b) Induction ofMaLYK1

expression by diverse molecules. The roots of banana at the seven-leaf stage were treated with 100 lgml�1 of peptidoglycan (PGN), chitin or chitosan,
10 lΜ of indicated chitooligosaccharides (COs), lipochitooligosaccharides (LCOs), or 100 nΜ of flg22 for 2 h. Accumulation ofMaLYK1 transcripts were
then examined by quantitative reverse transcription polymerase chain reaction. Data are means� SE from three independent experiments (nine RNA
extractions in total; three plants per RNA sample). Asterisks indicate significant differences ofMaLYK1 expression between treated and mock-treated
plants (Student’s t test; **, P < 0.01).
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The constructed MaLYK1-OE and MaLYK1-RNAi lines were
further used to examine changes in response to inoculation with
Foc4 or MAMPs. Three host responses, namely ROS generation
in roots, defense gene activation in roots, and formation of wilt
symptoms, were quantified. Inoculation of MaLYK1-RNAi
plants with Foc4 resulted in bigger leaf lesions (chlorotic area)
when compared with WT plants and overexpression lines.
Although weak chlorotic symptoms were detected in leaves of
inoculated WT plants, no obvious lesions were observed in inoc-
ulated MaLYK1-OE lines (Fig. 3a,b). Treatments of roots with
PGN, chitin or (GlcNAc)8 considerably increased ROS produc-
tion in all genotypes, whereas plants treated with water, LCOs,
(GlcNAc)4 or (GlcNAc)5 did not show enhanced values (Figs 3c,
S5a). As compared with WT plants, a significant decrease in
ROS production by 38–59% was measured for roots of
MaLYK1-RNAi lines treated with PGN, chitin or (GlcNAc)8.

Roots of MaLYK1-OE lines exhibited elevated ROS production
in response to PGN or chitin when compared with WT plants
treated with these MAMPs (Fig. 3c). Likewise, roots ofMaLYK1-
OE lines treated with Foc4 conidiospores showed higher ROS
production, whereas lower values were measured for MaLYK1-
RNAi lines (Fig. S5b).

Next, transcript abundance of defense marker genes in the dif-
ferent banana genotypes was determined by qRT-PCR. In these
tests, expression of MaMPK1, phenylalanine ammonialyase
(MaPAL), Mab-1,3-Glu, and pathogenesis-related protein 1
(MaPR1) was analyzed. When roots were treated with PGN,
chitin or (GlcNAc)8 for 2 h, transcripts of these genes were sub-
stantially lower in MaLYK1-RNAi lines than in WT and empty-
vector control plants. However, the treatment with LCOs,
(GlcNAc)4 or (GlcNAc)5 did not cause a significant upregulation
of these defense-related genes in the roots of all tested genotypes

(a)

(b) (c)

Fig. 3 RNA interference-silenced banana lines with reducedMaLYK1 transcript abundance (MaLYK1-RNAi) show increased disease symptoms and
reduced microbe-associated molecular pattern (MAMP)-triggered immune responses. (a) Representative photographs of wild-type (WT),MaLYK1-RNAi
andMaLYK1-OE (lines overexpressingMaLYK1 (under the control of the CaMV 35S promoter)) plants infected with Fusarium oxysporum f. sp. cubense
Tropical race 4 (Foc4). For fungal inoculation, the root tips of the indicated genotypes at the seven-leaf stage were cut and immersed into a Foc4
suspension (c. 19 106 conidiospores ml–1) for 5 min. The photographs were taken at 35 d postinoculation (dpi). (b) Quantification of leaf chlorosis
(expressed as a percentage of total leaf areas) of Foc4-inocuated plants with differentMaLYK1 transcript abundances at 35 dpi. Columns represent
means� SE from seven leaves per genotype from three independent repeats. Asterisks indicate significant differences between WT and different lines
(Student’s t-test; **, P < 0.01). (c) Quantification of reactive oxygen species (ROS) generation in roots of the same genotypes by a luminol-dependent
chemiluminescence assay. Roots of each genotype were incubated with 100 lgml�1 of peptidoglycan (PGN) or chitin, 10 lΜ of (GlcNAc)8 or
lipochitooligosaccharides (LCOs), and sterile water (mock) for 30min before ROS measurement. Data, shown in arbitrary units (means� SE), were
obtained from a total of six roots per genotype (from three independent experiments, n = 3). RLU, relative light units; CK, line transformed with the empty
vector. Asterisks indicate significant differences between the WT and different lines (Student’s t-test; *, P < 0.05; **, P < 0.01).
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(Figs 4, S6a). Finally, expression data were obtained for plants of
the different banana genotypes that were inoculated with Foc4
conidiospores. Transcript abundance of the defense genes in
roots of WT, empty vector control plants and MaLYK1-OE lines
were higher than in MaLYK1-RNAi roots from 12 to 72 hpi
(Fig. S6b). Hence, silencing of MaLYK1 compromised activation
of defense genes in response to Foc4 inoculation. Taken together,
these findings suggest that MaLYK1 plays a role in resistance
against Foc4 by mediating MAMP-induced ROS generation and
defense gene activation.

Biochemical characterization of MaLYK1

We further examined whether MaLYK1 can bind directly to
chitin. The extracellular domain of MaLYK1 (amino acid
residues 1–225) tagged with three haemagglutinin epitopes
(3HA) (MaLYK1-ECD-3HA) was expressed in Arabidopsis pro-
toplasts. The protein was purified on an anti-HA resin. Chitin
beads and commercial crab shell chitin were then used to pull
down the MaLYK1-ECD-3HA protein. Immunoblot analysis
showed that MaLYK1-ECD-3HA was present in the pull-down
fraction. These findings suggest that MaLYK1-ECD can physi-
cally interact with chitin. By contrast, a truncated MaLYK1-
ECD variant with the signal peptide and two LysM domains
(LysM 2+3; amino acid residues 1–21 and 83–225), obviously
could not bind to chitin (Fig. 5a). For comparison, we also per-
formed a similar pull-down assay with the FLAG-tagged extracel-
lular domain of the Arabidopsis chitin receptor AtCERK1
(AtCERK1-ECD-FLAG) and FLAG-tagged AtLYM1 (AtLYM1-
FLAG), which is a LsyM domain containing Arabidopsis plasma
membrane protein that physically interacts with PGN but not
chitin (Willmann et al., 2011). In agreement with published
results (Shimizu et al., 2010; Willmann et al., 2011), AtCERK1-
ECD coprecipitated with chitin beads or crab shell chitin
(Fig. 5a), while AtLYM1-FLAG was not pulled down under
these conditions.

The chitin beads were then used in competition experiments
with different molecules. Qualitative and quantitative analysis
showed that the presence of excess amounts of COs (DP ≥ 4;
Fig. S7a,b), and to a certain extent LCOs (Fig. S7c), reduced the
amount of MaLYK1-ECD-3HA protein that was pulled down
by the chitin beads. By contrast, addition of excess amounts of
(GlcN)7 (chitosan heptaose), PGN or (GlcNAc)3 did not signifi-
cantly reduce the amount of MaLYK1 in the pull-down fraction
(Fig. S7a,b). These data suggest that MaLYK1 preferentially
binds to COs and also provide indications of an interaction
between MaLYK1 and LCOs.

To test whether MaLYK1 molecules form a complex in
response to ligand binding, we used Arabidopsis protoplasts that
simultaneously expressed 3HA- and FLAG-tagged variants of
MaLYK1-ECD (Figs 5b, S8a). The protoplasts were treated with
COs, LCOs or PGN, and anti-FLAG resin was used for immuno-
precipitation. Immunoblot analysis with the anti-HA antibody
was then performed to examine whether the pull-down fraction
contained MaLYK1-ECD-3HA. The results indicated that a com-
plex consisting of MaLYK1-ECD-3HA and MaLYK1-ECD-

FLAG was immunoprecipitated when the protoplasts were treated
with COs (DP ≥ 4) and LCOs, respectively. However, such com-
plex formation was not observed for protoplasts treated with PGN
or (GlcNAc)3 (Figs 5b, S8a). These data suggest that COs
(DP ≥ 4) and LCOs induce MaLYK1 protein complex formation
which may be required for activation of downstream signaling.

Bioinformatic analysis predicts that the intracellular domain of
MaLYK1 (residues 247–606; MaLYK1-ICD) possesses a number
of residues related to kinase activity in the P-loop sub-domain I,
the RD domain in subdomain VIa, and the DFG domain in sub-
domain VII (Fig. S2). We therefore suggested that ligand-induced
complex formation of MaLYK1 could result in phosphorylation of
the protein. To obtain indications for MaLYK1 phosphorylation,
we expressed the protein in Arabidopsis protoplasts which were left
untreated or challenged with COs and LCOs. The MaLYK1-3HA
protein was then purified with an anti-HA resin and an aliquot
was subjected to a k-phosphatase treatment. Immunoblot analysis
showed that the k-phosphatase treatment influenced the gel migra-
tion properties of MaLYK1-3HA when the protoplasts were
treated with (GlcNAc)4, (GlcNAc)5, (GlcNAc)8 and LCOs. By
contrast, such an effect was not observed for MaLYK1-3HA puri-
fied from untreated protoplasts or from protoplasts treated with
(GlcNAc)3 (Fig. S8b,c). These experiments suggest that MaLYK1-
3HA became phosphorylated when protoplasts were exposed to
COs (DP ≥ 4) or LCOs.

Silencing ofMaLYK1 reduces colonization by AM fungi

To test whether MaLYK1 plays a role in the symbiotic interac-
tion with AM fungi, we analyzed the degree of AM colonization
in the roots of WT banana and MaLYK1-RNAi lines. Mycor-
rhizal roots of WT banana showed typical AM structures such as
extraradical and intraradical hyphae, hyphopodia, arbuscules and
young arbuscular-containing cells with arbuscule trunks (Fig. 6a).
Remarkably, mycorrhizal infection was considerably impaired in
transgenic roots of MaLYK1-RNAi plants. On the surface of
MaLYK1-RNAi roots, extraradical hyphae of AM fungi fre-
quently showed finger- or short hyphopodia-like outgrowths
(Fig. 6b). In contrast to WT plants (Fig. S9a), no intraradical
hyphae were observed in the roots of MaLYK1-RNAi plants at
12 d postinoculation (dpi; Fig. S9b). At 16 dpi, occasional pene-
trations of fungal hyphae into root cortical cells were observed
for MaLYK1-RNAi plants (Fig. S9c) and delayed arbuscule for-
mation was observed at 21 dpi in MaLYK1-RNAi roots
(Fig. S9d). The occurrence of finger-like swelling or outgrouth of
extracellular AM hyphae (Estrada-Navarrete et al., 2016) was
analyzed at 28 dpi. Remarkably, finger-like outgrowths
(10.90� 1.13 per root) were observed in extracellular hyphae of
MaLYK1-RNAi, but barely detected in WT or control roots
(plants transformed with the empty vector). No obvious differ-
ences were found between WT andMaLYK1 overexpressing lines
(MaLYK1-OE-3 and MaLYK1-OE-5).

To obtain quantitative data, we determined the overall per-
centage of mycorrhization (expressed in % root length).
MaLYK1-RNAi lines exhibited a significantly lower level of AM
colonization as compared with WT or MaLYK1 overexpressing
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lines at 28 and 42 dpi. Compared with MaLYK1-RNAi lines,
WT plants and control roots (transformed with the empty vector)
showed about two-fold higher AM colinization (Fig. 6c). Similar
differences were also observed for mycorrhizal roots harvested at
49 and 56 dpi (Fig. S10a). MaLYK1-RNAi lines showed a

reduced number of infection (root penetration) sites when ana-
lyzed at 28 dpi. However, this difference was no longer observed
in roots harvested at 42 dpi, when AM colonization was high
(Fig. S10b). These findings suggest that MaLYK1 is important
for AM infection and early root colonization stages.

Fig. 4 RNA interference-silenced banana lines with reducedMaLYK1 transcript abundance (MaLYK1-RNAi) show decreased expression levels of defense
genes. Roots of the indicated genotypes were treated with indicated molecules for 2 h at concentrations described in Fig. 2b. The transcript abundances of
the four representative defense marker genes (Mab-1,3-Glu,MaPAL,MaWRKY4,MaPR1) were determined by quantitative reverse transcription
polymerase chain reaction. Data are means� SE from three independent experiments (nine RNA extractions in total; three plants per RNA sample).
Asterisks indicate significant differences between wild-type (WT) and different lines (Student’s t-test; *, P < 0.05; **, P < 0.01) LCO,
lipochitooligosaccharide; PGN, peptidoglycan.

(a) (b)

Fig. 5 Chitin and lipochitooligosaccharide (LCO) bind to MaLYK1 and induce complex formation of the protein. (a) MaLYK1 coprecipitates with chitin. The
indicated proteins were expressed in Arabidopsis protoplast. The proteins (50 ng in 200 ll�1 binding buffer) purified on anti-HA and anti-FLAG resins were
incubated with commercial chitin beads (70 lgml�1) or crab shell chitin (100 lgml�1) for 20min. After washing, bound proteins were recovered by boiling
with sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) loading buffer and subjected to immunoblot analysis with either
haemagglutinin epitope (HA) or FLAG antibodies. (b) (GlcNAc)8 and LCOs induce MaLYK1-ECD (extracellular domain of MaLYK1) complex formation
in vivo as determined by a coimmunoprecipitation assay. Genes encoding the extracellular domain of MaLYK1 tagged with either 3HA or FLAG (MaLYK1-
ECD-3HA and MaLYK1-ECD-FLAG) were coexpressed in Arabidopsis protoplasts. The protoplasts were then treated either with 10 lM of (GlcNAc)8 and
LCOs, or 100 lgml�1of peptidoglycan (PGN). After incubation of the protoplasts for 15min, extracted proteins were subjected to immunoprecipitation
with anti-FLAG resin (FLAG IP) and then analyzed on an immunoblot with anti-HA and anti-FLAG antibodies. The ‘+’ and ‘�’ signs stand for the presence
and absence of indicated molecules, respectively.
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Furthermore, we found that formation of fungal structures in
MaLYK1-RNAi roots was different from the other genotypes. At
28 and 42 dpi, most infection units in WT or control roots devel-
oped fully branched arbuscules, whereas infected roots of
MaLYK1-RNAi roots contained thick intracellular hyphae with
poor branching that frequently induced formation of undeveloped
arbuscular cells with an arbuscule trunk as the main fungal struc-
ture (Fig. S10b). Accordingly, the number of infection units
(derived from a penetration site) that contained only intercellular
hyphae (without arbuscules) was higher in MaLYK1-RNAi plants
than in the other genotypes. Furthermore, the number of hyphopo-
dia without root-penetrating hyphae was considerably increased in
MaLYK1-RNAi plants when compared with the other examined
genotypes at 42 dpi (Fig. S10c). Hence, establishment of the AM
symbiosis was drastically impaired inMaLYK1-silenced roots.

MaLYK1 is required for full induction of symbiosis-related
marker gene expression in roots treated with LCOs or short
chain COs

To evaluate the responses against AM infection in roots of
MaLYK1-RNAi plants, expression of AM symbiosis-related

genes were analyzed by qRT-PCR. We identified banana genes
that showed sequence homology to Nup85, NSP1, RAM1 and
PT4 of L. japonicus. These genes have been identified as
marker genes of the AM symbiosis (Liu et al., 2011; Takeda
et al., 2013; Bravo et al., 2016). Compared with mock-inocu-
lated roots, expression of MaNup85, MaNSP1, MaRAM1 and
MaPT4 was induced in roots colonized by AM fungi
(Fig. S11a). A treatment of uninoculated banana roots with
LCOs for 3 h also stimulated expression of these marker genes
(Fig. 7). Compared with the other genotypes, MaLYK1-RNAi
plants with reduced AM colonization (Fig. 6c) showed reduced
expression of the marker genes (Fig. 7). Uninoculated roots
treated with (GlcNAc)8 did not show significant changes in
expression of the examined marker genes (Figs 7, S11b). Treat-
ments with different concentrations of short-chain COs,
namely (GlcNAc)4 or (GlcNAc)5, resulted in enhanced expres-
sion of MaRAM1 and MaPT4, whereas no induction was
observed for MaNup85 and MaNSP1 (Fig. S11b). Taken
together, these data suggest that LCOs and short-chain COs
both trigger activation of the symbiosis signaling pathway in
banana, but also cause differences in expression of downstream
genes.

(a) (c)

(b)

Fig. 6 Roots of RNA interference-silenced banana lines with reducedMaLYK1 transcript abundance (MaLYK1-RNAi) show reduced arbuscular mycorrhizal
(AM) fungi colonization. (a) Representative examples of hyphal structures formed in banana roots of WT plants (n = 8) inoculated with the AM fungus
Rhizophagus irregularis at the indicated time points. Entire root systems of mycorrhizal plants were harvested and stained with typan blue to observe
fungal structures. (b) Representative examples of hyphal structures formed in banana roots of theMaLYK1-RNAi plants (n = 8) inoculated with the AM
fungus R. irregularis at 21 and 42 d postinoculation (dpi). Eh, extraradical hyphae; Ep, epidermis; Fs, finger-like swelling or outgrowth of hyphae; Vb,
vascular bundles; Arb, arbuscule; UnA, undeveloped arbuscule. Bar, 0.03mm. (c) Degree of AM colonization in different genotypes as shown in Fig. 3.
Colonization by R. irregularis (mycorrhization expressed in % root length) was determined for the indicated genotypes at 28 and 42 dpi. Columns
represent means� SE from three independent experiments (24 plants in total; eight plants per genotype in each experiment). Asterisks indicate significant
differences between wild-type (WT) and different genotypes (Student’s t-test; **, P < 0.01). CK, line transformed with the empty vector.

New Phytologist (2019) 223: 1530–1546 � 2019 The Authors

New Phytologist� 2019 New Phytologist Trustwww.newphytologist.com

Research

New
Phytologist1538



The kinase domain of MaLYK1 mediates defense signaling
in Arabidopsis and symbiotic signaling in L. japonicus

A comparison of the amino acid sequences of MaLYK1,
AtCERK1 and LjNFR1 indicated that their C-terminal kinase
domain is highly conserved (Fig. S2). This finding prompted us
to test whether the intracellular domain of MaLYK1 (MaLYK1-
ICD) is able to functionally replace the corresponding domains
in AtCERK1 (chitin-triggered defense signaling in Arabidopsis)
and LjNFR1 (Nod-LCO-mediated nodulation signaling in
L. japonicus). First we analyzed the ability of MaLYK1-ICD to
activate AtCERK1-regulated defense genes in Arabidopsis. The
extracellular and transmembrane domain regions of AtCERK1
were fused to MaLYK1-ICD, forming the chimeric receptor gene
AtCERK1-MaLYK1 (Fig. S12). The construct (with an upstream
CaMV 35S promotor) was transformed into the Arabidopsis
cerk1-2 mutant (AtCERK1 knockout mutant of ecotype Col-0)
via Agrobacterium tumefaciens. The leaves of these plants, along
with cerk1-2 and the WT (Col-0), were then inoculated with
Foc4. We observed that the presence of the chimeric construct in
the cerk1-2 mutant led to an intermediate phenotype (Figs 8a–d,

S13a,b). Compared with the cerk1-2 mutant, leaves of cerk1-2
expressing AtCERK-MaLYK1 showed reduced chlorosis, whereas
WT plants showed only little leaf chlorosis in the experiment
(Fig. 8a,c). Foc4-inoculated leaves were stained with trypan blue
to quantify differences in fungal colonization among the different
genotypes (Fig. 8d). The cerk1-2 line expressing AtCERK1-
MaLYK1 as well as WT plants showed reduced growth of hyphae
in comparison with the cerk1-2 mutant. Consistent with these
findings, Foc4-inoculated cerk1-2 plants expressing AtCERK1-
MaLYK1 showed an intermediate response with respect to
expression of defense-related expression of AtWRKY29,
AtWRKY30, AtWRKY33, and AtWRKY53 when compared with
WT and the cerk1-2 mutant (Fig. S13a). Moreover, expression of
the chimeric receptor in cerk1-2 mutant plants rescued chitin-in-
duced ROS production (Fig. S13b). These findings indicate that
replacement of the kinase domain in AtCERK1 by that from
MaLYK1 results in a functional chimera that is able to trigger
chitin-induced defense responses in Arabidopsis.

To examine whether MaLYK1-ICD can activate nodulation
signaling in L. japonicus roots, LjNFR1-MaLYK1 was constructed
by fusing the extracellular and transmembrane domains of the

Fig. 7 Roots of RNA interference-silenced banana lines with reducedMaLYK1 transcript abundance (MaLYK1-RNAi) show decreased expression levels of
symbiosis-related genes. Quantitative reverse transcription polymerase chain reaction expression analysis of symbiosis marker genes in roots of the
different banana genotypes was performed after treatment with 30 lΜ of lipochitooligosaccharide (LCO), (GlcNAc)4, (GlcNAc)5 and (GlcNAc)8 for 3 h.
Treatments with 0.8% dimethyl sulfoxide (mock) and sterile water (control) were used as controls. Columns represent means� SE from three independent
experiments (nine RNA extractions in total; three plants per RNA sample). Asterisks indicate significant differences between wild-type (WT) and different
genotypes (Student’s t-test; *, P < 0.05; **, P < 0.01). CK, line transformed with the empty vector.
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Nod-LCO receptor gene LjNFR1 of L. japonicus to the intracellu-
lar domain of MaLYK1 (Fig. S12). The chimeric receptor gene
under the control of the native LjNFR1 promoter was expressed
in the nonnodulating L. japonicus mutant nfr1-1 (pNIN::GUS)
using A. rhizogenes-mediated transformation. The nfr1-1 (pNIN::
GUS) plants do not show detectable GUS activity in response to
either M. loti MAFF303099 inoculation or purified Nod-LCOs
(Radutoiu et al., 2003). To detect whether LjNIN expression was
induced in the examined lines, we applied Nod-LCOs to roots in
the region between emerging root hairs and fully elongated root
hairs. As expected, the Nod-LCO treatment followed by GUS
staining resulted in blue coloration (reflecting LjNIN promoter
activity) in repaired nfr1-1 (pNIN::GUS) mutant plants express-
ing full-length LjNFR1. Likewise, when nfr1-1 (pNIN::GUS)
expressing chimeric LjNFR1-MaLYK1 was analyzed in a similar
way, GUS staining resulted in blue coloration at the treatment
site of Nod-LCOs. Hence, expression of the LjNFR1-MaLYK1
construct enabled activation of nodulation signaling in Nod-
LCO-treated root regions. By contrast, no GUS activity was
detected in Nod-LCO-treated roots of nfr1-1 (pNIN::GUS)
expressing full-length MaLYK1 or in control plants transformed
with the empty vector (CK; Fig. 9a).

Finally, we investigated whether M. loti inoculation stimulates
expression of nodulation-related genes in nfr1-1 (pNIN::GUS)

expressing LjNFR1-MaLYK1. Relative transcript abundances of
two Nod-LCO inducible marker genes, LjNSP1 and LjNSP2
(Hirsch et al., 2009; Liu et al., 2011; Jin et al., 2016) were quanti-
fied by qRT-PCR (Fig. 9b). Similar to the LjNIN promoter
activity analyzed in the previous experiment, transcript abun-
dances of LjNSP1 and LjNSP2 were induced in inoculated roots
of nfr1-1 (pNIN::GUS) expressing LjNFR1-MaLYK1. The NSP1
and NSP2 transcripts reached levels comparable to those of inoc-
ulated WT plants (ecotype Gifu) or repaired nfr1-1 (pNIN::
GUS) plants expressing full-length LjNFR1. By contrast, chitin
was nearly inactive in inducing expression of LjNSP1 and
LjNSP2 in all examined genotypes. Remarkably, when plants
were inoculated with M. loti, expression of LjNFR1-MaLYK1
(but not full-length MaLYK1) in nfr1-1 (pNIN::GUS) resulted in
formation of nodules, indicating that the intracellular domain of
MaLYK1 could functionally replace that of LjNFR1 (Fig. 9c).

Discussion

In our present study, a LysM-domain-containing LYK gene,
MaLYK1, was identified in banana. In comparison to WT plants,
MaLYK1-RNAi lines showed reduced ROS generation and
defense gene expression when treated with PGN, chitin or
(GlcNAc)8. Similar data were previously reported in studies on

(a) (c) (d)

(b)

Fig. 8 Effect of expression of AtCERK1-MaLYK1 on Fusarium oxysporum f. sp. cubense Tropical race 4 (Foc4)-mediated defense responses in Arabidopsis

cerk1-2. (a) Examples of leaves of the Arabidopsismutant cerk1-2 expressing chimeric AtCERK1-MaLYK1 inoculated with Foc4. The cerk1-2mutant and
wild-type (WT) plants ecotype Columbia (Col-0) are shown for comparison. Photographs were taken at 10 d postinoculation (dpi). (b) Examples for Foc4
hyphae in leaves of cerk1-2 expressing AtCERK1-MaLYK1 as compared with WT plants (Col-0) and the cerk1-2mutant (10 dpi). Leaves were stained with
trypan blue to visualize fungal structures (bar, 0.2 mm). (c) Quantification of chlorosis (values expressed as % of leaf area) in Foc4-inoculated Arabidopsis
leaves (10 dpi) of indicated genotypes (CK, control cerk1-2 plants transformed with the empty vector). Data are means� SE from 20 leaves per genotype
(three independent experiments). Asterisks indicate significant differences betweenWT and different genotypes (Student’s t-test; **, P < 0.01). (d) Degree
of Foc4 infection in these Arabidopsis genotypes as quantified by the determination of hyphal structures in randomly selected square areas of pictures.
Data are means� SE from 16 leaves per genotype harvested at 10 dpi (three independent experiments). Asterisks indicate significant differences between
WT and different genotypes (Student’s t-test; **, P < 0.01).
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knockout mutants of MaLYK1-related RLKs, namely cerk1
mutants in Arabidopsis (Miya et al., 2007) and rice (Shimizu
et al., 2010; Ao et al., 2014; Kouzai et al., 2014). Notably,
MaLYK1-RNAi plants also showed increased susceptibility to
Foc4. Infection by AM fungi was frequently arrested at the root
surface and formation of arbuscules was considerably impaired in
the examined MaLYK1-RNAi roots. These findings suggest that
the MaLYK1 protein has dual functions in defense and symbio-
sis. However, it is worth noting that responses to Foc4 and AM
fungi were not completely suppressed in MaLYK1-RNAi plants.
These observations may be interpreted by incomplete suppression
of MaLYK1 expression in the RNAi-silenced plants. Besides
MaLYK1, other LysM-RLKs of banana may play a role in per-
ception of fungal signals, and future studies are required to sup-
port this possibility.

The 3HA-tagged ectodomain of MaLYK1 expressed in
Arabidopsis protoplasts had the capacity to bind to chitin as
determined by a pull-down assay. Further competition

experiments showed that the presence of COs and LCOs
reduced the amount of the tagged protein in the pull-down
fraction, whereas no obvious effects were observed for PGN and
(GlcN)7 treatments. Furthermore, COs and LCOs both
induced MaLYK1-ECD complex formation in Arabidopsis pro-
toplasts. Future biochemical studies are required to quantify the
affinity of MaLYK1-ECD to chitin, COs and LCOs. In this
context, it is worth noting that closely related LysM-RLKs may
show rather different binding affinities. For example, activation
of AtCERK1 in Arabidopsis requires long-chain COs (DP > 5)
for ligand-induced complex formation (T. Liu et al., 2012),
whereas OsCERK1 in rice does not appear to bind directly to
COs (Kaku et al., 2006; Shinya et al., 2012; Kouzai et al.,
2014). Nod-LCOs at nanomolar concentrations bind specifi-
cally to LCO receptors of legumes such as LjNFR1 and
LjNFR5 in L. japonicus (Broghammer et al., 2012), whereas
long-chain COs in legumes are perceived by other LysM-RLKs
(Bozsoki et al., 2017).

Fig. 9 Effect of expression of LjNFR1-MaLYK1 on symbiotic responses in Lotus japonicus nfr1-1 (pNIN::GUS). (a) Analysis of hairy roots of the L. japonicus
mutant nfr1-1 (pNIN::GUS) expressing chimeric LjNFR1-MaLYK1. Β-Glucuronidase (GUS) staining of roots treated with Nod-lipochitooligosaccharides
(Nod-LCOs, 100 lgml�1) resulted in blue coloration, reflecting activation of nodulation signaling. For comparison, nfr1-1 (pNIN::GUS) roots expressing
LjNFR1 orMALYK1 and roots transformed with the empty vector (CK) were analyzed. (b) Quantitative reverse transcription polymerase chain reaction
analysis of nodulation signaling pathway 1 (LjNSP1) and LjNSP2 expression in hairy roots of L. japonicus nfr1-1 (pNIN::GUS) expressing chimeric LjNFR1-
MaLYK1. Roots were treated with water (mock), with a 2ml suspension ofMesorhizobium loti strain MAFF303099 and with a 1ml chitin suspension
(100 lgml�1). Plants were harvested 2 h after the treatment. For comparison, roots of wild-type (WT) plants (Gifu), the nfr1-1 (pNIN::GUS) mutant, nfr1-
1 (pNIN::GUS) expressing LjNFR1, and nfr1-1 (pNIN::GUS) expressingMALYK1were analyzed in a similar way. Data are means� SE from three
independent experiments (nine RNA extractions; three plants per RNA sample). Asterisks indicate significant differences betweenWT and different
genotypes (Student’s t-test; **, P < 0.01). (c) Expression of LjNFR1 or LjNFR1-MaLYK1 in the nfr1-1 (pNIN::GUS) mutant restores nodule formation. No
nodules were observed for the nfr1-1 (pNIN::GUS) mutant and for nfr1-1 (pNIN::GUS) plants expressingMaLYK1. Plants were inoculated withM. loti

strain MAFF303099 and harvested at 21 dpi. Data are means� SE from three independent experiments (32 plants per experiment).
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From an evolutionary perspective, it is tempting to speculate
that primitive host plants of AM fungi may have exploited short-
chain COs to initiate symbiotic signaling, as COs are the most
simple products of the fungal chitin metabolism. In
M. truncatula for example, short-chain COs as well as Myc-
LCOs induce symbiotic responses such as activation of Ca spik-
ing (Genre et al., 2013; Sun et al., 2015). Our study shows that
not only LCOs but also short-chain COs can trigger expression
of AM-related genes in banana. We found that MaRAM1,
MaNSP1 and MaNUP85 were induced by LCOs, whereas
MaPT4 was induced by LCOs and to a lesser extent by
(GlcNAc)4 and (GlcNAc)5. The transcription abundances were
dependent on the treatment concentrations of LCOs and short-
chain COs (Fig. S11b). Expression of phosphate transporter gene
is indispensable for AM symbiosis (Javot et al., 2007; Bravo et al.,
2016). The homology genes NSP1, RAM1 and NUP85 in
L. japonicus are required for Ca spiking as well as rhizobia/AM
symbiosis (Saito et al., 2007; Gobbato et al., 2012; Takeda et al.,
2013; Gobbato, 2015). For MaNSP1 and MaNUP85, however,
no expression differences were detected in the roots treated with
short-chain COs and water. A different responsiveness to
(GlcNAc)4 and LCOs may result in activation of specific symbi-
otic transcription factors (Sun et al., 2015). In fact, mycorrhiza-
induced genes in rice appear to be either dependent or indepen-
dent of the common symbiosis signaling pathway (Gutjahr et al.,
2008) and it can be hypothesized that different plants possess dif-
ferent receptors to perceive LCOs and short-chain COs derived
from AM fungi. In M. truncatula root cultures, for example,
Myc-LCOs, as compared with (GlcNAc)4, were found to be less
efficient elicitors of Ca spiking (Genre et al., 2013). Furthermore,
Ca spiking in rice trichoblasts was most pronounced when roots
were cotreated with both Myc-LCOs and (GlcNAc)4 (Sun et al.,
2015), suggesting that activation of symbiotic signaling depends
on a mixture of Myc-LCOs and short-chain COs at an optimal
concentration ratio.

Previous studies suggested that all three LysM domains in the
ectodomain of AtCERK1 are necessary for chitin binding activity
by forming a clover leaf-shaped assembly (Petutschnig et al.,
2010; T. Liu et al., 2012). The second LysM domain (LysM2)
provides a binding pocket for (GlcNAc)5 (T. Liu et al., 2012).
However, additional motifs (besides the LysM domains) may be
required for ligand binding to a given LysM-RLK. For instance,
studies on receptors of legumes perceiving Nod-LCOs suggested
that conserved CXC motifs and two other Cys residues located in
the spacer sequences between the LysM domains are necessary for
ligand binding (Lefebvre et al., 2012). Here, we found that 3HA-
tagged MaLYK1-ECD (LysM1+2; i.e. the MaLYK1 ectodomain
lacking residues 25–82) could not be pulled down by chitin as
compared with full-length MaLYK1-ECD. This result suggests
that residues close to the N-terminus are apparently required for
a proper conformation of the MaLYK1 receptor.

Expression of the chimeric AtCERK1-MaLYK1 protein
restored Foc4-induced immune signaling in the Arabidopsis
cerk1-2 mutant. Moreover, expression of the chimeric LjNFR1-
MaLYK1 protein resulted in recovery of nodulation signaling in
the L. japonicus nfr1-1 mutant. Hence, the kinase domain of

MaLYK1 could functionally replace the kinase domains of
AtCERK1 and LjNFR1. LysM-RLKs possess highly conserved
motifs in their kinase domains. The kinase domain of MaLYK1,
for example, contains a YAQ motif (Fig. S2). The YAQ motif in
LjNFR1 was found to be important for the symbiotic ability of
L. japonicus to initiate nodulation signaling in response to Nod-
LCOs (Nakagawa et al., 2011). Likewise, the corresponding YAR
motif in OsCERK1 appears to contribute to AM symbiosis in
rice (Miyata et al., 2014). Further studies are required to investi-
gate whether the YAQ motif in MaLYK1 is important for estab-
lishment of the AM symbiosis in banana.

The treatment of banana roots with chitin or (GlcNAc)8
resulted in expression of defense genes, but (GlcNAc)8 did not
induce expression of marker genes related to the AM symbiosis.
Conversely, applied LCOs or short-chain COs triggered expres-
sion of symbiotic genes but failed to induce ROS production
and expression of defense genes under the used test conditions.
We suggest that signaling pathways in banana culminating in
AM symbiosis and chitin-triggered immunity are, at least in
part, controlled at the receptor level. Our experiments with
MaLYK1-RNAi plants indicate that MaLYK1 is implicated in
both pathways. Such bifunctionality raises the question of how
different signaling cascades are regulated at the receptor level. In
rice, an Oscerk1 mutant as well as OsCERK1-silenced plants are
not only defective in immune defense responses but also
impaired in AM colonization (Miyata et al., 2014; Zhang et al.,
2015; Carotenuto et al., 2017). OsCEBiP is the major long-
chain CO receptor in rice, whereas OsCERK1 does not appear
to bind COs directly (Kaku et al., 2006; Shinya et al., 2012;
Kouzai et al., 2014). However, a cebip rice mutant showed nor-
mal AM fungal colonization (Miyata et al., 2014) and retained
the capacity to respond to applied short-chain Myc-CO
(Carotenuto et al., 2017). Hence, OsCERK1 probably interacts
with an additional, as yet to be identified coreceptor to perceive
AM signal molecules. Likewise, we suggest that ligand-activated
MaLYK1 only forms a homodimer but also interacts with addi-
tional coreceptors that are specific for symbiosis (LCOs; short-
chain COs) or immunity (chitin; long-chain COs; PGN). In
other words, a ligand-induced interaction between MaLYK1
and a specific coreceptor would possibly trigger phosphory-
latyion events that initiate different signaling pathways. Such
coreceptors could provide explanations for the observed dual
role of MaLYK1 in pathogenic and mycorrhizal interactions.
Future studies on MaLYK1 and on yet to be identified partner
LysM-RLKs are required to understand the recognition mecha-
nisms that enable banana plants to distinguish between symbi-
otic and pathogenic fungi.
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