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Abstract

Leucine-rich repeat receptor-like kinases (LRR-RLKs) are ubiquitous in higher plants and act as receptors of extracellular signals to
trigger multiple physiological processes. However, the functions of the majority of LRR-RLKs remain largely unknown, especially
in tomato (Solanum lycopersicum L.). Here, we found that MRK1 (Multiple resistance-associated kinase 1), encoding a novel tomato LRR-
RLK, was significantly induced by temperature stresses and bacterial pathogen attacks. Knocking out MRK1 impaired tolerance to
both cold and heat stress, accompanied by decreased transcript levels of the master regulators C-repeat binding factor 1 (CBF1) and
Heat shock transcription factor a-1a (HsfAla), respectively. In addition, mrkl mutants were hypersensitive to Pseudomonas syringae pv.
tomato DC3000 and Ralstonia solanacearum and showed compromised pattern-triggered immunity (PTI) responses, as evidenced by
decreased production of reactive oxygen species and reduced upregulation of PTI marker genes. Moreover, bimolecular fluorescence
complementation, split-luciferase assays, and co-immunoprecipitation supported the formation of a complex of MRK1, FLS2, and
Somatic embryogenesis receptor kinase (SERK3A/SERK3B) in a ligand-independent manner. This work demonstrates that tomato
MRK1 is a novel positive regulator of multiple stress responses and may be a potential breeding target for improving crop stress

resistance.

Introduction

Climate change increases the frequency of various
stresses such as extreme temperatures and microbial
pathogen attacks. As sessile organisms, plants have to
manage all such biotic and abiotic stresses at the same
time. Over the course of evolution, plants have acquired
multiple strategies to deal with adverse environmental
conditions. These usually consist of three steps: stress
signal perception, signal transduction, and activation of
related gene expression, which contribute to protective
or adaptive physiological responses [1]. Accurate signal
perception is the first step by which plants stimulate
appropriate defense responses. Plants employ a set of
receptor-like kinases (RLKs) on the cell surface to detect
diverse signals in the apoplast between the cells. The
leucine-rich repeat RLKs (LRR-RLKs) are well studied and
are one of the largest classes of RLKs. Nearly half of
the estimated receptor kinases in Arabidopsis genomes
possess LRR receptor domains, and there are 234 LRR-
RLK genes in the tomato genome [2, 3]. LRR-RLKs contain
three functional domains: an extracellular LRR region
responsible for signal recognition, a transmembrane
domain to immobilize the protein on the membrane, and
a cytoplasmic protein kinase domain that participates

in signal transduction by autophosphorylation and
subsequent phosphorylation of specific substrates [4].
LRR-RLKs are ubiquitous in plants and play critical
roles in responses to biotic and abiotic stresses [5, 6].
Several LRR-RLKs have been shown to participate in
pathogen recognition, functioning as pattern recog-
nition receptors (PRRs) to sense diverse pathogen-
or damage-associated molecular patterns (PAMPs or
DAMPs). Upon recognition, these PRRs trigger basal
immunity and non-host resistance [/, 8]. In sensitive
host plants, PRR-triggered immunity can effectively
repulse the majority of virulent pathogens, contribut-
ing to basal immunity, which is also called pattern-
triggered immunity (PTI) [7, 8]. PTI responses involve
the production of reactive oxygen species (ROS), the
activation of mitogen-activated protein kinase (MAPK),
and the transcriptional reprogramming of immunity-
associated genes [9-11]. The well-studied PRRs contain
the bacterial flagellin receptors FLS2 (Flagellin sensing
2) and FLS3, the bacterial elongation factor Tu receptor
EFR, the peptide Pep receptors PEPR1 and PEPR2, and
the peptide phytosulfokine (PSK) receptor PSKR1 [12-
15]. Interestingly, LRR-RLKs form complexes with each
other to contribute to plant immunity. For example,
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the Arabidopsis LRR-RLK receptor BRASSINOSTEROID
INSENSITIVE1-ASSOCIATED RECEPTOR KINASE (BAK1)
functions as a co-receptor, forming complexes with FLS2
or EFR to promote ligand perception, which plays a role in
resistance to Pseudomonas syringae and Hyaloperonospora
arabidopsidis [16-18]. Similarly, RXEG1 (Receptor-like
protein response to XEG1) forms a complex with BAK1
and SOBIR1 (Suppressor of BIR1-1) to transduce defense
signals against Phytophthora sojae [19]. In addition, some
LRR-RLKs have been found to participate in abiotic
stress defense responses. Several studies have reported
that LRR-RLKs can sense the change in membrane
fluidity caused by abiotic stresses like cold and heat
and activate the expression of stress-responsive genes
[20-22]. For instance, GSLRPK from Glycine soja functions
as a key regulator in cold tolerance [23]; OsCTB4a
enhances rice cold tolerance [24]; and OsGIRL1 nega-
tively regulates rice heat tolerance [25]. Despite these
examples, the vast majority of LRR-RLKs have not been
investigated, and their possible contributions to plant
defense responses remain largely unknown, especially
for those that function in both biotic and abiotic
stresses.

Tomato (Solanum lycopersicum L.) is an economically
important vegetable crop worldwide, and its production
is threatened by temperature fluctuations and pathogen
attacks, causing severe crop losses. Because tomato is
a temperature-sensitive plant, temperatures lower than
12°C or higher than 35°C significantly impair its growth,
resulting in up to 70% yield losses [26, 27]. Global cli-
mate change has markedly increased the frequency of
temperature fluctuations, which adversely affect tomato
productivity. Moreover, diseases caused by various bac-
terial pathogens frequently occur in tomato cultivation.
In particular, P. syringae pv. tomato (Pst DC3000) and Ral-
stonia solanacearum are the two most important bacte-
rial pathogens and cause bacterial leaf speck disease
and root-borne bacterial wilt disease, respectively [28-
30]. Characterization of the functions of LRR-RLKs in
tomato is a prerequisite for breeding tomato cultivars
with enhanced resistance to various stresses. In this
study, through analyzing the expression patterns of 234
tomato LRR-RLK genes in response to temperature stress
and bacterial pathogen inoculation, we identified a novel
LRR-RLK from tomato, Solyc01g105080, and named it
Multiple resistance-associated kinase 1 (MRK1). To gain
deeper insight into the function of MRK1 in response to
multiple stresses, we generated two homozygous mrkl
mutant lines using CRISPR/Cas9 and MRK1 overexpres-
sion plants using transgenic overexpression approaches.
Our results showed that MRK1 plays a positive role in
the resistance to both cold and heat stresses, as well
as the PTI response, and it functions as a component
in a complex with FLS2 and the co-receptor Somatic
embryogenesis receptor kinase (SERK3A/SERK3B) to trig-
ger immunity signaling. This study not only broadens our
understanding of the role of LRR-RLKs in defense against
multiple stresses but also highlights MRK1 as an ideal

gene for breeding tomato with resistance to multiple
biotic and abiotic stresses.

Results
MRK1 is induced by multiple stresses

The expression patterns of all tomato genes under
temperature stress and bacterial pathogen attacks were
inferred from tomato gene transcriptomic studies [31,
32]. We found that a gene (Solyc01g105080) annotated
as a putative kinase was significantly upregulated in
response to multiple stresses, and we subsequently
named it Multiple resistance-associated kinase 1 (MRK1)
(Table S1). The MRK1 protein is predicted to be a
transmembrane LRR-RLK by SMART and TMHMM V2.0
(Fig. 1a—-d). We confirmed the expression of MRK1 using
quantitative real-time polymerase chain reaction (qRT-
PCR). MRK1 transcript levels increased 5- and 2.5-fold
after exposure to cold and heat stress, respectively
(Fig. 1e). Meanwhile, inoculation with the bacterial
pathogens Pst DC3000 and R. solanacearum also signif-
icantly enhanced the expression of MRK1 at 12 hours
post-inoculation (hpi) and 3 days post-inoculation (dpi),
respectively (Fig. 1f). However, the expression of MRK1
was not affected by inoculation with the necrotrophic
fungal pathogen Botrytis cinerea (Fig. S1a).

We also analyzed the subcellular localization of
tomato MRK1 by transiently expressing an MRK1-GFP
fusion protein driven by the cauliflower mosaic virus 35S
promoter in Nicotiana benthamiana leaves. As shown in
Fig. 1g, the fluorescence signal was present mainly on
the plasma membrane (Fig. 1g), suggesting that MRK1 is
probably localized in the plasma membrane.

Generation of mrk1l mutants and MRK1
overexpression plants in tomato

To study the potential role of MRKI in plant resistance,
mutations in MRK1 were generated by CRISPR/Cas9. The
CRISPR-P web tool was used to design a guide RNA,
MRK1-gRNA (AAGTTGACTGATTAAAACCG; Fig. 2a), that
targeted the first exon of the MRK1 gene. After trans-
formation of the cultivar Condine Red, we obtained two
homozygous mutant lines (mrk1#2 and mrk1#9) (Fig. 2a).
Line mrk1#2 had a 1-bp insertion in MRK1 that resulted
in an early stop codon at the 17274 amino acid of the
protein, whereas line mrk1#9 had a 1-bp deletion in MRK1
that resulted in an early stop codon at the 176" amino
acid (Fig. 2a). The expression levels of MRK1 and sev-
eral other well-studied LRR-RLKs were also analyzed in
mrkl mutants by gqRT-PCR, and the results showed that
knocking out MRK1 only reduced the expression of MRK1
(Fig. S2). In addition, we generated two MRK1 overex-
pression lines, OE-MRK1#1 and OE-MRK1#3, with the 35S
promoter using transgenic overexpression approaches
(Fig. S3a). The growth patterns of the two mrkl mutant
lines and the MRK1 overexpression lines were indistin-
guishable from those of wild-type (WT) plants (Fig. 2b
and Fig. S3b). Likewise, there were no obvious differences
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Figure 1. Bioinformatics and expression characteristics of tomato Multiple resistance-associated kinase 1 (MRK1). a, b The chromosomal locus and
exon-intron structure of MRK1. Data were retrieved from the Solanaceae Genomics Network. ¢ The functional domains of MRK1 determined using
Pfam. d Illustration of the putative transmembrane region of MRK1 predicted by TMHMM V2.0. The expression profiles of MRK1 in response to cold
(4°C) and heat (45°C) stress (e) and Pst DC3000 and R. solanacearum inoculation (f) were quantified using qRT-PCR with ACTIN2 as a normalization
control. Samples were collected at 6 hours after exposure to cold or heat stress, at 12 hours after Pst DC3000 infection, and at 3 days after R.
solanacearum inoculation. h Subcellular localization of MRK1. The tomato MRK1-GFP plasmid was transiently expressed in N. benthamiana leaves. The
GFP and mCherry (a plasma membrane marker) signals were visualized by confocal microscopy at 48 h after infiltration. Bars =50 um. An asterisk
indicates a significant difference between treatments (P < 0.05, Tukey'’s test). The results in e and f are presented as mean values + SD; n=3. The

experiment was performed three times with similar results.

in plant height and net photosynthetic rate (Pn) between
mrk1 mutants and WT plants (Fig. 2c—d).

MRK1 is critical for tomato tolerance to
temperature stress

To investigate the function of MRKI in cold tolerance,
mrkl mutants and WT plants were exposed to 4°C. We
found that the mrk1 mutants exhibited increased sensi-
tivity to cold stress, as shown by changes in plant pheno-
type, reduced maximum photochemical efficiency of PSII
(Fv/Fm), and increased relative electrolyte leakage (REL,
an indicator of membrane permeability) (Figs. 3a—d). Pre-
vious studies have shown that the transcription factor
C-repeat binding factor (CBF) pathway plays a critical
role in cold stress response [33]. In this study, transcripts
of CBF1 increased significantly in WT plants but were
greatly suppressed in mrkl mutants upon exposure to
cold stress (Fig. 3e). These results suggest that MRK1 has

a positive role in cold tolerance and is associated with the
CBF pathway.

Next, mrkl mutants and WT plants were exposed to
45°C to investigate the role of MRK1 in thermotolerance.
Crucially, mrkl mutants also showed a higher suscep-
tibility to heat stress. Compared with WT plants, mrkl
mutants exhibited a notable decrease in Fv/Fm and a
significant increase in REL (Fig. 4a—c). Heat shock tran-
scription factor a-la (HsfAla) has been identified as a
master regulator of the heat-shock response in tomato
plants [34]. The induction of HsfAla expression by heat
stress was largely suppressed in mrkl mutants (Fig. 4e).
These results demonstrate that MRK1 is critical for plant
tolerance to extreme temperature stress.

The role of MRK1 in response to extreme temperature
stress was further evaluated by analyzing the tolerance
of OE-MRK1 plants. However, the overexpression of MRK1
did not further enhance tolerance to either cold or heat
stress (Fig. S3c-d).
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Figure 2. Generation of tomato MRK1 mutants by CRISPR/Cas9. a Schematics show the guide-RNA (gRNA) target site in the first exon (ex) of MRK1 and
the missense mutations present in two mrkl mutant lines (mrk1#2 and mrk1#9). The mrk1#2 line has a 1-bp insert, and the mrk1#9 line has a 1-bp
deletion. The mrk1 mutant lines have a premature stop codon at the 17274 or 176™ amino acid of the MRK1 protein. b Plant phenotypes of WT plants
and mrk1 mutants at 4 weeks after germination. Bars =8 cm. Plant height (c) and net photosynthetic rate, Pn, (d) were measured at the same time. An
asterisk indicates a significant difference between treatments (P < 0.05, Tukey’s test). The results in ¢ and d are presented as mean values + SD; n=38.

MRK1 is required for resistance to bacterial
disease

The expression of MRK1 was strongly induced by
inoculation with the bacterial pathogens Pst DC3000 and
R. solanacearum (Fig. 1f). Both mrk1 mutant lines exhibited
increased disease symptoms compared with WT plants
at 5 dpi with Pst DC3000, as reflected by increased chloro-
sis and necrosis of tomato leaves (Fig. 5a). This phenotype
was consistent with greatly increased bacterial growth in
mrkl mutant leaves compared with WT leaves (Fig. 5b).
Similarly, mrkl mutants were more susceptible to R.
solanacearum. The mrkl mutants showed more severe
disease symptoms than WT plants at 10 dpi with R.
solanacearum (Fig. 5¢), with significantly higher bacterial
growth on leaves (Fig. 5d). The role of MRK1 in anti-
bacterial immunity was further evaluated by analyzing
the susceptibility of OE-MRK1 plants to Pst DC3000 and
R. solanacearum. However, overexpression of MRK1 was
unable to improve the resistance to these bacterial

diseases compared with that of wild-type controls
(Fig. S3e-h).

To investigate the function of MRK1 in plant immu-
nity to pathogens other than bacteria, mrkl mutants
were used to evaluate the role of MRK1 in resistance to
the necrotrophic fungal pathogen B. cinerea. The mrkl
mutants were as sensitive as WT plants to B. cinereaq,
suggesting that MRK1 has no evident function in defense
against this necrotrophic fungus (Fig. S1b-c). Together,
these results indicate that MRK1 plays a positive role in
tomato anti-bacterial immunity.

MRK1 modulates PTI responses

PTI response is an important component of plant basal
immunity, which can repel most virulent pathogens. To
assess whether MRK1 is related to PTI responses, we
monitored the expression of MRK1 after treatment with
100 nM flg22. The results showed that MRK1 transcripts
increased at 1 h after treatment (Fig. S4). Notably, ROS
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Figure 3. MRK1 positively regulates tomato cold tolerance. a Representative image of mrkl mutants and WT plants after exposure to control
temperature (Control, 25°C) or cold temperature (Cold, 4°C) for 7 days. Bars =8 cm. b, ¢ The maximum photochemical efficiency of PSII (Fv/Fm) of WT
plants and mrk1 mutants after 7 days at different temperatures. The color gradient scale (b) at the right indicates the magnitude of the fluorescence
signal represented by each color. Bars =1 cm. d Relative electrolyte leakage of WT and mrk1 leaves after 7 days at 25°C or 4°C. e CBF1 expression in
tomato leaves was assessed by qRT-PCR after 6 h at 4°C. An asterisk indicates a significant difference between treatments (P < 0.05, Tukey'’s test). The
results in ¢ to e are presented as mean values + SD; n=5. These experiments were performed twice with similar results.
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Figure 4. MRK1 positively regulates tomato thermotolerance. a Representative image of mrk1 mutants and WT plants after exposure to control
temperature (Control, 25°C) or high temperature (Heat, 45°C) for 12 h. Bars=8 cm. b, ¢ The maximum photochemical efficiency of PSII (Fv/Fm) of WT
plants and mrkl mutants after 12 h at different temperatures. The color gradient scale (b) at the right indicates the magnitude of the fluorescence
signal represented by each color. Bars=1 cm. d Relative electrolyte leakage of WT and mrk1 leaves after 12 h at 25°C or 45°C. e HsfAla expression in
tomato leaves was assessed by qRT-PCR after 12 h at 45°C. An asterisk indicates a significant difference between treatments (P < 0.05, Tukey'’s test).
The results in ¢ and e are presented as mean values =+ SD; n=5. These experiments were performed twice with similar results.
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Figure 5. MRK1 positively regulates tomato disease resistance to P. syringae pv. tomato (Pst DC3000) and R. solanacearum pathogens. a Disease symptoms
of mrkl mutants and WT plants photographed at 5 days post inoculation (dpi) with Pst DC3000. Bars =2 cm. b Pst DC3000 bacterial populations were
assessed at 3 dpi. ¢ The phenotypes of tomato plants at 10 dpi with R. solanacearum and R. solanacearum bacterial populations (d) in plants assessed at
10 dpi. Bars =8 cm. An asterisk indicates a significant difference between treatments (P < 0.05, Tukey’s test). The results in b and d are presented as
mean values + SD; n=5. These experiments were performed three times with similar results.

production and activation of MAPK cascades are two
typical early PTI-related responses in plants [7, 10]. To
assess whether MRK1 is involved in early PTI events, we
performed ROS assays with flg22 in mrk1 and WT leaves.
Because both of the mrkl mutant lines showed similar
susceptibility to Pst DC3000 and R. solanacearum, most
subsequent experiments focused on the mrk1#2 line.
PAMP-triggered ROS production was strongly reduced
in mrkl mutants compared with WT plants (Fig. 6a).
However, mrk1 mutants displayed the same level of MAPK
activation as the WT after treatment with flg22 (Fig. 6D).
Together, these results illustrate that MRK1 is required
for the ROS burst but not for MAPK activation.

Genes encoding Osmotin-like protein (OLP) and Lipid
particle serine esterase (LPSE) are well known as PTI-
specific markers in tomato [35]. To further examine the
function of MRK1 in late PTI responses, we observed the
expression of OLP and LPSE after treatment with flg22
(Fig.6¢). At 1 h after PAMP treatment, mrkl mutants
showed less change in OLP and LPSE expression levels
than WT plants. Together, these results indicate that
MRKT1 positively regulates several PTI responses.

MRK1 associates with FLS2 and SERK3A/SERK3B

in a ligand-independent manner

The above results indicate that MRK1 acts upstream of
the ROS burst in the PTI responses triggered by flg22.
Thus, we considered the possibility that MRK1 associates
with FLS2 as a complex, similar to previous reports on

FLS2 and WAK1 in tomato [36]. First, bimolecular fluores-
cence complementation (BiFC) assays were used to verify
the molecular interactions of MRK1 with FLS2 or the
co-receptor SERK3A/SERK3B (an ortholog of Arabidopsis
BAK1). YFP fluorescence signals showed that MRK1 inter-
acted with FLS2 at the plasma membrane and interacted
with SERK3A/SERK3B in the cytoplasm (Fig. 7a). Next, the
interactions were evaluated by a split-luciferase assay,
and the luciferase signal showed that MRK1 associated
with both FLS2 and SERK3A/SERK3B (Fig. 7b).

Next, co-immunoprecipitation (ColP) assays were
used to determine whether the molecular interaction
of MRK1 with FLS2 or SERK3A/SERK3B was affected
by the presence of flg22. MRK1-GFP was co-expressed
with HA epitope-tagged FLS2 or SERK3A/SERK3B in N.
benthamiana. Equal amounts of samples were used for
immunoprecipitation with GFP-Trap beads, and FLS2-
HA or SERK3A/SERK3B-HA was detected by anti-HA
immunoblotting. FLS2 was detected in both mock- and
flg22-treated samples (Fig. 7c). Likewise, SERK3A/SERK3B
was also detected in the MRK1 immunoprecipitate
with and without flg22 (Fig.7d). These observations
demonstrate that MRK1 forms a complex with FLS2 and
SERK3A/SERK3B in a ligand-independent manner.

Discussion

In the natural environment, plants are frequently
exposed to a range of environmental challenges involving
biotic and abiotic stress, and they must therefore cope
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Figure 6. Effects of MRK1 knockout on the pathogen-associated molecular pattern (PAMP)-induced immunity (PTI) response. a ROS production in mrk1
mutants. Leaf discs from mrkl mutants and WT plants were treated with 100 nM flg22, and the production of ROS is expressed as relative light units
(RLU) over a period of 80 minutes after elicitation. Values are means =+ SD of three independent experiments, each with six leaf discs. One-way
analysis of variance (ANOVA) followed by Tukey’s honestly significant difference post hoc test (p <0.05) was performed at 23 min (peak readout) after
elicitation. There was an obvious decrease in ROS production of mrkl mutants compared with WT plants. b MAPK activation in mrkl mutants. Leaf
discs from mrkl mutants and WT plants were treated with water or 100 nM flg22 for 10 min. Proteins were extracted and subjected to immunoblotting
using an anti-pMAPK antibody, which detects the phosphorylated MAPKs. Ponceau S staining was used to estimate equal loading in each lane. Similar
results were observed in a second independent experiment. ¢ Upregulation of the PTI-responsive genes Osmotin-like protein (OLP) and Lipid particle serine
esterase (LPSE). Relative expression of OLP and LPSE was evaluated at 1 h post treatment with 100 nM flg22 in mrk1 mutants and WT plants. Relative
expression levels were compared with those of the WT mock control (set to 1) using gqRT-PCR analysis with ACTIN2 as a normalization control. Values

are means =+ SD of three independent experiments, each with three samples from six plants. An asterisk indicates a significant difference between
treatments (P < 0.05, Tukey’s test). These experiments were performed twice with similar results.

with multiple stresses at the same time. In plants,
LRR-RLKs comprise a large gene family and modulate
multiple plant processes, including responses to biotic
and abiotic stress [5]. Genetic analyses have identified
the roles of a small fraction of LRR-RLKs, but most have
yet to be functionally defined, especially those that are
involved in multiple signaling pathways [5, 37]. Here, we
identified a novel LRR-RLK gene MRK1 from tomato that
was upregulated by temperature stress and bacterial
pathogen inoculation. Our results demonstrate that
MRK1 positively regulates tolerance to cold and heat by
regulating the transcripts of master transcription factors
in temperature stress. MRK1 also associates in a complex
with FLS2 and SERK3A/SERK3B to modulate the flagellin-
induced PTI response.

In this study, a reverse genetics approach identified two
independent mrkl mutants with hypersensitivity to cold
and heat stress and to the bacterial pathogens Pst DC3000
and R. solanacearum (Figs. 3-5) but with a sensitivity to
the fungal pathogen B. cinerea similar to that of the WT
(Fig. S1). However, overexpression of MRK1 with the 35S
promoter did not further enhance resistance to these
stresses. One possibility is that the expression of MRK1 in
plants has been upregulated by various stresses, and its
overexpression cannot further increase plant resistance.
It is also possible that transgenic overexpression with
the 35S promoter is an artificial process that cannot

completely simulate the native physiological process in
plants; the gene needs to be studied further with its
native promoter. These results indicate that MRK1 is
critical for tolerance to cold and heat and for resistance
to hemi-biotrophic bacteria but not for tolerance to the
necrotrophic fungus B. cinerea. Similarly, the Arabidopsis
LRR-RLK gene PHLOEM INTERCALATED WITH XYLEM-like
1 (AtPXL1) has been shown to play a positive role in the
regulation of tolerance to both cold and heat stress [38],
but its function in immunity remains unclear. Several
LRR-RLKs have been shown to participate in responses
to stress in tomato. For instance, FLS2 recognizes the
flg22 peptide derived from P. syringae to trigger the immu-
nity response [13], and EFR and PSKR1 positively reg-
ulate tomato immunity against R. solanacearum and B.
cinerea, respectively [12, 39]. Based on the studies above, it
appears that these LRR-RLKs only regulate the response
to a single stress in tomato, whereas MRK1 identified here
regulates the responses to multiple stresses. Further-
more, we found that mutation of MRK1 did not impair the
growth of tomato plants (Fig. 2). In conclusion, tomato
LRR-RLK MRK1 appears to be a potentially ideal candi-
date for genetic engineering programs aimed at generat-
ing multiply resistant materials.

Plants have evolved a complex adaptation process
in response to temperature stress [40]. Previous studies
have shown that CBFs are master transcription factors
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in response to cold stress, activating the transcription
of cold-regulated (COR) genes like WRKY6 and PYL6 [41].
HsfAla can regulate most heat shock genes by binding
to the heat shock element (HSE) motif under heat stress
[42]. The LRR-RLK gene GsLRPK enhances plant cold toler-
ance by triggering the expression of CBFs [23]. Therefore,
MRKT1 possibly regulates plant cold and heat tolerance
by modulating the expression of cold- and heat-inducible
marker genes. Consistent with this assumption, we found
that knocking out MRK1 suppressed the upregulation
of CBF1 and HsfAla, leading to compromised cold and
heat tolerance, respectively (Figs.3-4). However, the
mechanisms by which transmembrane MRK1 regulates
the expression of these two nuclear-localized master
transcription factors remain unknown. It is possible that
MRK1 may regulate the expression of these two genes
through phosphorylation or transcription events, which
need to be addressed in the future.

In this study, we found that the increased sensitivity
of mrkl mutants to bacterial disease was related to
a defective PTI response (Fig.6). The flg22-induced
production of ROS was greatly reduced in mrkl mutants.
Moreover, upregulation of the PTI-responsive genes
OLP and LPSE was greatly suppressed in mrkl mutants
compared with WT plants. By contrast, the activation
of MAPKs upon flg22 elicitation occurred at the same
level in mrk1 mutants and WT plants. These observations
demonstrate that MRK1 is essential for the complete
activation of both early and late PTI responses. Likewise,
the LRR-RLK gene IMPAIRED OOMYCETE SUSCEPTIBILITY1
(I0S1) is essential for activation of some early and late
PTI responses in Arabidopsis [43]. However, ios1 mutants
exhibited reduced MAPK activation and reduced upregu-
lation of FLG22-INDUCED RECEPTOR-LIKE KINASE1 (FRK1),
one of the PTI marker genes, but showed no defects
in ROS production upon PAMP treatment, indicating
that these two positive regulators of PTI have different
mechanisms.

MRK1 is an LRR-RLK gene whose importance in flg22-
triggered PTI upstream of the ROS burst and PTI marker
gene expression was genetically clarified in the current
study. These findings raised the possibility that MRK1
might form a part of PRR complexes for the recognition
of bacterial PAMPs. We therefore tested this hypothesis
and found that MRK1 does interact with FLS2 and the
co-receptor SERK3A/SERK3B, but in an flg22-independent
manner (Fig. 7). This is reminiscent of I0S1, an LRR-RLK
from Arabidopsis that was found to associate with FLS2
and BAK1 toregulate the PTI response; elicitation by flg22
also does not significantly affect this association [43]. It
is possible that MRK1, like I0S1, may play a positive role
in FLS2-BAK1 complex formation. Based on our obser-
vations, we propose that MRK1 acts as a component of
the FLS2 and SERK3A/SERK3B complex to modulate PTI
TeSpOonses.

In addition, salicylic acid (SA)-mediated signaling is
one of the most important components of plant immu-
nity for repelling microbial pathogens [44]. However, in

the present study of plant defense against Pst DC3000 in
tomato, knockout of MRK1 did not impair SA accumula-
tion or expression of the SA-responsive defense genes PR1
and PR4, suggesting that MRK1-mediated defense may be
independent of SA (Fig. S5). A previous study also showed
that silencing CaLRR-RLK1 in pepper did not affect the
expression of the SA signaling-associated genes CaPR1
and CaNPR1 during R. solanacearum infection [45]. By con-
trast, negative regulation of cell death (an important
response in plant immunity) by BAK1 and BAK1-LIKE1
(BKK1) was dependent on the SA pathway in Arabidopsis
[46], and PSKR1 negatively regulated plant resistance
to Pst DC3000 via the SA-mediated signaling pathway
[47]. The above results suggest that the mechanisms by
which LRR-RLKs regulate immunity differ among differ-
ent plant pathosystems.

In conclusion, we identified the novel LRR-RLK MRK1,
which was induced by several abiotic and biotic stresses.
We demonstrated that MRK1 positively regulated cold
and heat tolerance, perhaps by modulating the expres-
sion of the master regulator genes CBF1 and HsfAla,
respectively. In addition, MRK1 also plays a positive role
in anti-bacterial immunity and acts as a component
of an FLS2 and SERK3A/SERK3B complex. This research
provides insights into the complex structure of LRR-RLK-
mediated signaling systems and provides a new target
for the breeding of tomato with enhanced resistance to
multiple stresses.

Materials and methods
Plant materials and growth conditions

To knock out the MRKI gene in tomato, a guide RNA
(AAGTTGACTGATTAAAACCG) targeting the first exon of
MRK1 was designed using CRISPR-P (http://crispr.hzau.e
du.cn/CRISPR2/). Next, the gRNA was cloned into a Cas
9-expression binary vector (pCAMBIA1301) as described
previously [31]. Agrobacterium cells containing the target
construct were used for transformation of the tomato
cultivar Condine Red (CR). Genomic DNA was extracted
from each transgenic plant by the CTAB method, and the
genomic regions spanning the guide RNA were ampli-
fied and then sequenced at Zhejiang Sunya Biotech Co.,
Ltd. MRK1 overexpression tomato lines were generated
by PCR-amplifying the coding sequence of MRK1 and
inserting it into the pGWB417 vector under the control of
the CaMV 35S promoter with an MYC epitope tag at the
C terminus. The confirmed plasmids were transformed
into tomato CR by Agrobacterium tumefaciens-mediated
cotyledon tissue culture. After confirmation by west-
ern blotting, two independent overexpression lines were
selected for experiments.

Tomato plants were grown in a plant growth room
under a 12-h light/dark photoperiod, 500 umol m=2 s}
photosynthetic photon flux density, 25/21°C (day/night)
temperatures, and 85% relative humidity. Tomato plants
were used for experiments at the five-leaf stage. N. ben-
thamiana plants were grown under similar conditions.
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Figure 7. MRK1 associates with FLS2 and SERK3A/SERK3B in a complex. a Bimolecular fluorescence complementation (BiFC) assays showing MRK1
interaction with FLS2 and SERK3A/SERK3B. MRK1-YFPN and FLS2-YFPC or SERK3A/SERK3B-YFPC were co-transfected into N. benthamiana leaves. The
YFP fluorescence was visualized under a confocal microscope at 2 d after transfection. At least two independent experiments were performed with
similar results. Bars =50 um. b Split-luciferase (LUC) assays showing the interactions of MRK1 with FLS2 and SERK3A/SERK3B. MRK1-nLUC and
FLS2-cLUC or SERK3A/SERK3B-cLUC were co-transfected into N. benthamiana leaves. The signal was visualized using a Photek camera. The pseudocolor
bar indicates the range of luminescence intensity. These experiments were repeated three times with similar results. ¢, d Co-immunoprecipitation of
MRK1 with FLS2 or SERK3A/SERK3B proteins in N. benthamiana. Proteins were extracted from N. benthamiana leaves expressing MRK1-GFP in
combination with FLS2-HA (c) or SERK3A/SERK3B-HA (d) and subjected to immunoprecipitation (IP) with GFP-trap beads followed by immunoblotting
with anti-HA antibody. EV-GFP was used as a negative control. These experiments were performed twice with similar results.

The net photosynthetic rate (Pn) was assessed with an LI-
6400 photosynthesis system (LI-COR, Lincoln, NE, USA).

Subcellular localization

Agrobacterium GV3101 strains carrying the 355S:MRK1-GFP
vector and the FLS2-mCherry vector (as a plasma mem-
brane marker) were used to perform transient expression
in N. benthamiana as previously described [12]. At 48 h
after infiltration, the fluorescence signals were detected
with a Zeiss LSM 780 confocal microscope (Zeiss, Ger-
many) according to a previously described method [48].

Cold and heat tolerance assays

For the cold and heat stress treatments, tomato plants
were exposed to temperatures of 4°C and 45°C, respec-
tively, under 500 pmol m~2 s~ photosynthetic photon
flux density with a 12/12 h (light/dark) cycle and 85% rel-
ative humidity in controlled-environment growth cham-
bers (Zhejiang Qiushi Artificial Environment, China).
Relative electrolyte leakage (REL), which indicates
membrane permeability, was evaluated as described
previously [49]. The maximum quantum yield of PSII

(Fv/Fm) was measured with an Imaging-PAM (IMAG-
MAXI; Heinz Walz).

Pathogen inoculation and sensitivity assays

P. syringae pv. tomato DC3000 (Pst DC3000) was cultured
at 28°C in King's B solid medium with 25 mg mL™!
rifampicin. The bacterial infection with Pst DC3000 was
carried out according to previously described methods
[50]. Disease severity was evaluated by assessing the
bacterial population at 3 d post-inoculation (dpi) and
evaluating the plant phenotypes at 5 dpi. R. solanacearum
was cultured in Casamino Peptone Agar (CPG) at 28°C.
The inoculation with R. solanacearum was performed as
described previously [51] In planta stem colonization with
R. solanacearum was measured at 10 dpi as described
previously [51].

RNA extraction and transcript analysis

Total RNA was extracted from leaves using RNA extrac-
tion kits (Easy-do Biotech Co., Ltd., China) and reverse
transcribed using a HiScript II Q RT SuperMix for gPCR
kit (Vazyme Biotech Co., Ltd., China) following the
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manufacturer’s instructions. The AceQ gPCR SYBR Green
Master Mix Kit (Vazyme Biotech Co., Ltd., China) was
used to perform real time-quantitative PCR (RT-gPCR)
assays on a LightCycler 480 II detection system (Roche,
Germany) as described previously [52]. The housekeeping
gene ACTIN2 was used as the internal reference gene.
Sequences of primer pairs are listed in Table S1.

Reactive oxygen species (ROS) assay

ROS production was measured according to a previously
described method [36]. After treatment with water or
flg22, ROS production was then measured with a Synergy
2 microplate reader (BioTek).

Mitogen-activated protein kinase (MAPK)
phosphorylation assay

The activation of MAPKs was measured according to a
previously described method [36]. Leaf discs were used
to perform the experiment after allowing the wound
response to subside, and samples were collected after
treatment with 10 nM flg22. Next, the total protein was
extracted, and MAPK phosphorylation was assessed with
an anti-phospho-p44/42 MAPK (Erk1/2) antibody (anti-
PMAPK; Cell Signaling).

Bimolecular fluorescence complementation
assay

Bimolecular fluorescence complementation (BiFC) assays
were carried out as described previously [12]. In brief,
MRK1, FLS2, and SERK3A/SERK3B genes were cloned into
the BiFC vectors p2YN and p2YC, which were generously
provided by C. Mao (Zhejiang University, China). At
48 h after infiltration of N. benthamiana leaves with
Agrobacterium strains, samples were examined using
a Zeiss LSM 780 confocal microscope (520 to 560 nm
wavelengths).

Split-luciferase assay

pCAMBIA-GW-nLUC and pCAMBIA-GW-cLUC were used
for the split-luciferase assay and were provided by Y.
Liang (Zhejiang University, China). At 48 h after infil-
tration with Agrobacterium strains, N. benthamiana leaves
were incubated with 1 mM luciferin (MedChemExpress,
USA) for 10 min. A Photek camera (HRPCS5, Photek) was
then used to capture signals and images.

Co-immunoprecipitation

Co-immunoprecipitation (ColP) was performed as described

previously [36]. Agrobacterium strains carrying the given
vectors with MRK1, FLS2 and SERK3A/SERK3B or GFP
were infiltrated into N. benthamiana leaves. About 48 h
later, leaves were treated with 100 nM flg22 or buffer for
10 minutes before harvest, and the total protein was then
extracted from the N. benthamiana tissue using extraction
buffer.

Soluble proteins of each sample were incubated with
GFP-Trap beads (Chromotek) for 2 h at 4°C, then washed
three times with extraction buffer. In order to analyze

the immunoprecipitated proteins, immunoblotting was
performed with anti-GFP or anti-HA antibodies.

Statistical analysis

At least three independent biological replicates from
different plants were performed for each experiment.
Unless otherwise stated, experiments were performed
three times independently. The data obtained were sub-
jected to analysis of variance using SAS software version
8 (SAS Institute) and tested for significance using one-
way analysis of variance (ANOVA) followed by Tukey’s
honestly significant difference post hoc test.

Accession numbers

Sequence data from this article can be found at the Sol
genomics network database (http://solgenomics.net/)
under the following accession numbers: MRK1 (SolycOlg
105080), FLS2 (Solyc02g070890), SERK3A (Solyc10g047140),
SERK3B (Solyc01g104970), CBF1 (Solyc03g026280), HsfAla
(Solyc08g005170), OLP (Solyc11g044390), LPSE (SolycO4g
077180), PAL4 (Solyc09g007890), PR1 (Solyc01g106620),
PR4 (Solyc00g174340) and ACTIN2 (Solyc03g078400).
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