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Antagonistic systemin receptors integrate the
activation and attenuation of systemic wound

signaling in tomato
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In brief

Zhou et al. report that two antagonistic
wound peptide hormone systemin
receptors (SYR1 and SYR2) enable plants
to integrate the attenuation of wound
signaling with its activation. Whereas
SYR1 acts as a high-affinity receptor to
initiate systemin signaling, SYR2
functions as a low-affinity receptor in
signaling attenuation in tomato.

¢ CellP’ress


mailto:ldeng@sdau.edu.�cn
mailto:lichangbao@nercv.�org
mailto:chuanyouli@sdau.edu.�cn
https://doi.org/10.1016/j.devcel.2024.11.005

Please cite this article in press as: Zhou et al., Antagonistic systemin receptors integrate the activation and attenuation of systemic wound signaling in
tomato, Developmental Cell (2024), https://doi.org/10.1016/j.devcel.2024.11.005

Developmental Cell & CelPress

OPEN ACCESS

Antagonistic systemin receptors integrate
the activation and attenuation of systemic wound
signaling in tomato

Ke Zhou,"-2:3:9:15 Fangming Wu,"-2% Lei Deng,’-*15* Yu Xiao,”:'5> Wentao Yang,!-23 Jiuhai Zhao,® Qinyang Wang,-2:3
Zegian Chang,-?® Huawei Zhai,"-> Chuanlong Sun,-5> Hongyu Han,"-¢ Minmin Du,-° Qian Chen,-5 Jijun Yan,?

Peiyong Xin,? Jinfang Chu,? Zhifu Han,'° Jijie Chai,'%'" Gregg A. Howe,'%'3 Chang-Bao Li,"-*%*

and Chuanyou Li1.2,3:4,5,16,*

1Taishan Academy of Tomato Innovation, Shandong Agricultural University, Tai’an, Shandong 271018, China

2Key Laboratory of Seed Innovation, Institute of Genetics and Developmental Biology, Chinese Academy of Sciences, Beijing 100101, China
3College of Advanced Agricultural Sciences, University of Chinese Academy of Sciences, Beijing 100049, China

4College of Life Sciences, Shandong Agricultural University, Tai’an 271018, China

5College of Horticulture Science and Engineering, Shandong Agricultural University, Tai’an 271018, China

6College of Agronomy, Shandong Agricultural University, Tai’an, Shandong 271018, China

“Beijing Frontier Research Center for Biological Structure, Tsinghua-Peking Joint Center for Life Sciences, Center for Plant Biology, School of
Life Sciences, Tsinghua University, Beijing 100084, China

8Key Laboratory of Soybean Molecular Design Breeding, Northeast Institute of Geography and Agroecology, Chinese Academy of Sciences,
Changchun 130102, China

9Beijing Key Laboratory of Growth and Developmental Regulation for Protected Vegetable Crops, College of Horticulture, China Agricultural
University, Beijing 100193, China

10Westlake Laboratory of Life Sciences and Biomedicine, Hangzhou, Zhejiang 310024, China

1School of Life Sciences, Westlake University, Hangzhou 310024, China

12Department of Energy-Plant Research Laboratory, Michigan State University, East Lansing, MI 48824, USA

13Plant Resilience Institute, Michigan State University, East Lansing, Ml 48824, USA

14Key Laboratory of Biology and Genetic Improvement of Horticultural Crops (North China), Ministry of Agriculture, Beijing Institute of
Vegetable Science, Beijing Academy of Agriculture and Forestry Sciences, Beijing 100097, China

15These authors contributed equally

16| ead contact

*Correspondence: [deng@sdau.edu.cn (L.D.), lichangbao@nercv.org (C.-B.L.), chuanyouli@sdau.edu.cn (C.L.)
https://doi.org/10.1016/j.devcel.2024.11.005

SUMMARY

Pattern recognition receptor (PRR)-mediated perception of damage-associated molecular patterns (DAMPs)
triggers the first line of inducible defenses in both plants and animals. Compared with animals, plants are
sessile and regularly encounter physical damage by biotic and abiotic factors. A longstanding problem con-
cerns how plants achieve a balance between wound defense response and normal growth, avoiding over-
commitment to catastrophic defense. Here, we report that two antagonistic systemin receptors, SYR1 and
SYR2, of the wound peptide hormone systemin in tomato act in a ligand-concentration-dependent manner
to regulate immune homeostasis. Whereas SYR1 acts as a high-affinity receptor to initiate systemin
signaling, SYR2 functions as a low-affinity receptor to attenuate systemin signaling. The expression of sys-
temin and SYR2, but not SYR1, is upregulated upon SYR1 activation. Our findings provide a mechanistic
explanation for how plants appropriately respond to tissue damage based on PRR-mediated perception
of DAMP concentrations and have implications for uncoupling defense-growth trade-offs.

INTRODUCTION

In response to tissue damage caused by chewing insects or ne-
crotrophic pathogens, higher plants activate cellular and molec-
ular reprogramming involved in attacker deterrence, wound
healing, and other defense-related processes.'™'° A fascinating
feature of these inducible defenses is their occurrence both
locally at the site of wounding and systemically in remote undam-

aged leaves (systemic wound responses [SWRs])."" Wound-
inducible defensive proteinase inhibitors (Pls) in tomato
(Solanum lycopersicum) provide an attractive model system to
investigate the mechanism of SWR.">'" In their pioneer study
of wound-induced Pl expression half a century ago, Green and
Ryan proposed that specific mobile signals generated at the
wound site travel throughout the plant and activate defense
gene expression in systemic leaves.'" The discovery of SWR in
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tomato spurred remarkable progress in our understanding of
systemic wound signaling and other long-distance signaling
events in plants.* %74

Among the well-established intercellular signals promoting
SWR are systemin, the first bioactive peptide isolated from
plants, and the wound hormone jasmonate (JA).'>'® Systemin
is an 18-amino-acid immunomodulatory peptide cleaved from
a precursor protein called prosystemin.'®”:'® Transgenic to-
mato plants expressing an antisense PROSYSTEMIN (PRS)
gene lack SWR and were more susceptible to necrotrophic path-
ogens.'®'® Conversely, transgenic tomato plants (35S::PRS)
that overexpress PRS constitutively express SWR without
wounding and are more resistant to insects.® In addition, jasm-
onate mutants can suppress the constitutive wound signaling
phenotype of 35S::PRS plants.”’” These genetic studies,
together with a wealth of other evidence, led to a model in which
systemin functions upstream of jasmonate and that these two
signals act through a common signaling pathway to regulate
SWR.2'23'24

Upon its discovery, systemin was initially considered to be the
long sought-after systemic wound signal.”'"'> However, graft-
ing experiments with tomato mutants defective in jasmonate
and/or systemin signaling provided evidence that systemin
acts locally at the site of wounding, where it amplifies jasmonate
production to threshold levels that are required for the activation
of systemic defense responses.””” This proposed mode of ac-
tion of systemin in the amplification of systemic immunity shares
similarities to metazoan cytokines.”® " From this perspective,
systemin and other related host-derived, damage-associated
molecular patterns (DAMPs) may be termed immunomodulatory
phytocytokines,'”8:32734

In the current model of systemic wound signaling, cellular
damage induces the proteolytic cleavage of prosystemin to pro-
duce mature systemin,®® which then travels to neighboring cells
where it is perceived by its putative receptor. Systemin receptor
activation triggers a signaling cascade that promotes the pro-
duction of jasmonate, which, in turn, initiates long-distance
signaling and activates the immune transcriptional reprogram-
ming by the master transcription factor MYC2.517:23:36738 Thyg,
a linear intracellular signaling pathway from surface-localized
pattern recognition receptor (PRR) complex to nuclear-localized
transcription factors is thought to execute the activation and
amplification of SWR. However, identification of the systemin re-
ceptor has proven to be very challenging. Until recently, Wang
et al. reported that the tandemly duplicated leucine-rich-repeat
receptor-like kinases (LRR-RLKs) systemin receptor 1 and 2
(SYR1 and SYR2) are involved in systemin perception.®® They
showed that SYR1 is a genuine receptor for systemin but did
not assign a definitive function to SYR2 and concluded that
SYR1 is not decisive for local and SWRs,*® which contradicts
the well-established function of systemin in regulating SWR.

Unlike animals, the sessile lifestyle of plants increases their
exposure to physical damage by abiotic and biotic factors.
Because sustained activation of wound signaling can inhibit
plant growth and fitness, a plant’s capacity to attenuate wound
signaling must be tightly integrated with the activation of the
pathway.>*%*!" However, the molecular mechanisms respon-
sible for the balance between activation and attenuation remain
unknown.
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Here, we discovered a mechanism by which two antagonistic
systemin receptors act in concert to initiate and attenuate SWR.
Multiple lines of evidence suggest that SYR1 functions as a
high-affinity receptor that initiates systemin signaling through
ligand-induced heteromerization with its co-receptor somatic
embryogenesis receptor kinase 3a (SERK3a), whereas SYR2
functions as a low-affinity receptor that attenuates systemin
signaling by outcompeting SYR1 for binding to SERKS3a.
Wounding specifically upregulates the expression of PRS and
SYR2, but not SYR1, through the master transcription factor
MYC2. Our findings highlight how plants fine-tune the wound
response based on receptor-mediated perception of variable
concentrations of a damage-induced immunomodulatory
phytocytokine.*>~44

RESULTS

SPR1-dependent systemin signaling is required for
resistance to Botrytis cinerea and Spodoptera exigua
The tomato suppressor of prosystemin-mediated responsest
(spr1) mutant was previously identified as lacking prosystemin-
mediated responses.®” In contrast to jasmonate mutants, which
are defective in wound-inducible local and systemic defense re-
sponses,”"?? spr1 mutants lacked a SWR yet maintained an in-
termediate local wound response (Figure 1A). Consistent with
our previous observation that spri defines a signaling step that
couples systemin perception to activation of jasmonate
signaling,®” spr1 plants were insensitive to systemin but were
fully responsive to exogenous jasmonate, as assessed by
expression of a Pl marker gene (PI-Il) and root growth inhibition
assays (Figures 1B-1E).

The deficiency of spr1 plants to express defensive PI-Il in
response to wounding and systemin suggested that the mutant
might be compromised in resistance to chewing insects. To test
this, we examined the performance of Spodoptera exigua, a
globally significant agricultural pest,® in feeding assays with
spr1 mutants and 35S::PRS plants. The weight gain of larvae
fed with spr1 leaves was significantly greater than that of larvae
fed with wild-type (WT) leaves (Figure 1F). By contrast, the
weight gain of larvae fed with 35S::PRS leaves was significantly
lower than that of larvae fed with WT leaves (Figure 1F). Next, we
examined the performance of spr1 mutants in infection assays
with Botrytis cinerea, a widespread fungal pathogen with a ne-
crotrophic lifestyle.”*° In line with previous observation that sys-
temin is involved in tomato resistance to B. cinerea,'® B. cinerea-
induced necrotic lesions on 35S::PRS leaves were significantly
smaller than those on WT leaves (Figure 1G). By contrast,
B. cinerea-induced necrotic lesions on spr1-1 and spr1-2 leaves
were significantly larger than those on WT leaves (Figure 1G).
Collectively, these results support that SPR1-dependent sys-
temin signaling is required for plant resistance to both chewing
insects and necrotrophic pathogens.

SPR1 encodes the systemin receptor SYR1 that
positively regulates systemin signaling and SWR
We leveraged the systemin insensitivity of spr7-1 to support
map-based identification of the SPR1 gene. We screened a
segregating population for the systemin-mediated root growth
inhibition phenotype and performed bulk population sequencing
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Figure 1. SPR1-dependent systemin
signaling is required for resistance to
B. cinerea and S. exigua

(A) Wound-induced PI-Il expression in WT and spr1
mutants. 18-day-old seedlings were wounded,
and damaged (local) leaves and undamaged
(systemic) leaves were harvested 12 h after
wounding. Leaves of undamaged seedlings were
harvested as control. Data are mean + SD, n = 3
repeats.

(B) Systemin-induced PI-Il expression in WT and
spr1 mutants. 18-day-old seedlings were treated
with or without 100 nM systemin. P/-Il expression
was measured 12 h after systemin treatment. Data
are mean = SD, n = 3 repeats.

(C) Image of 5-day-old WT, spr1-1, and spr1-2
seedlings grown on medium with or without
100 nM systemin. Scale bar, 2 cm.

(D) Systemin-induced root growth inhibition in WT
and spr1 mutants. Seedlings were grown on me-
dium with or without 100 nM systemin for 5 days
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(E) Methyl jasmonate (MeJA)-induced PI-II
expression in WT, spr1-1, and spr1-2. 18-day-old
seedlings were exposed to MeJA vapor for 12 h
before sampling for gene expression analysis.
Data are mean + SD, n = 3 repeats.

(F) Average weight (top) and representative image
(bottom) of S. exigua larvae after 4-day feeding
trials on leaves of indicated genotypes. Each circle
dot represents the weight of an individual larva.
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on DNA pools obtained from F2 individuals with either the spr1-1
or WT phenotype. Single-nucleotide polymorphism (SNP) com-
parison between the two DNA pools located the target gene to
a heterochromatin region on chromosome 3 (Figure 2A). Within
the SPR1 mapping interval, we identified two tandemly dupli-
cated LRR-RLK genes (Figures 2A, 2B, and S1A), which encode
SYR1 (Solyc03g082470) and SYR2 (Solyc03g082450).%°
Sequencing the genomic loci of SYR7 and SYR2 in spr1-1 and
spr1-2 revealed that the former allele contained a T2854A muta-
tion of SYR17, which leads to a Y952N amino acid substitution in
the kinase domain of the SYR1 protein, whereas spr1-2 con-
tained a G710A mutation in SYR7, which results in a C237Y

Data are mean + SD, n = 40 larvae. Scale bar, 1 cm.
(G) Average lesion area (top) and representative
image (bottom) of B. cinerea-inoculated leaves at
3 days after inoculation (DAI). Each circle dot rep-
resents the lesion area of an individual leaf. Data
are mean = SD, n = 16 leaves. Scale bar, 1 cm.

In (A), (B), and (D)-(G), the error bars represent
standard deviation (SD). ***p < 0.001 (Student’s t
test); ns, not significant.

amino acid substitution in the LRR
domain of the predicted SYR1 protein
(Figures 2B and S1A).

To verify that SYRT is the causative
gene for the systemin-insensitive pheno-
type, the WT SYR7 genomic DNA with
its native promoter was introduced into
the spr1-1 mutant. The resulting trans-

genic plants were fully responsive to exogenous systemin and
exhibited a local and SWR that was indistinguishable from that
of WT plants (Figures 2C-2E and S1B). We then generated
SYRT1-overexpression (SYR7-OE) plants (Figure S1C) and
CRISPR-Cas9-mediated null alleles (syr1) of SYR1 (Figure S1D).
Systemin- and wound-triggered responses of syr1 plants were
similar to the spr7-1 mutant, whereas systemin- and wound-trig-
gered responses of SYR7-OE plants were significantly increased
compared with the WT (Figures 2F and 2G). Collectively, these
results demonstrate that SPR7 encodes the systemin receptor
SYR1, which positively regulates both systemin signaling
and SWR.

Developmental Cell 60, 1-16, February 24, 2025 3
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Figure 2. SPR1 encodes the systemin receptor SYR1 that positively regulates systemin signaling and SWR

(A) Mapping-by-sequencing of the SPR1 gene. Shown was ASNP index of all 12 chromosomes between the two DNA pools.

(B) Schematic domain architecture of SYR1 and SYR2. Purple boxes indicate the signal peptide; green boxes indicate the LRR domain; black boxes indicate the
transmembrane domain; blue boxes indicate kinase domain; red lines indicate mutations in spr7-1 and spr1-2. Ecto, ectodomain; CD, cytoplasmic domain.
(C) Systemin-induced root growth inhibition of indicated genotypes. Seedlings were grown on medium with or without 100 nM systemin for 5 days before root

length was measured. Data are mean + SD, n = 20 seedlings.

(D-G) Systemin- (D) and (F) and wound-induced (E) and (G) PI-II expression in the indicated genotypes. 18-day-old seedlings were treated with 100 nM systemin
(D) and (F) or wounded (E) and (G), and seedlings were harvested 12 h after treatment. Data are mean + SD, n = 3 repeats.
In (C)—(G), the error bars represent SD. *p < 0.05, **p < 0.01, ***p < 0.001 (Student’s t test); ns, not significant.

See also Figure S1.

SYR2 negatively regulates systemin signaling and SWR

Previous studies showed that SYR1 is a genuine receptor for sys-
temin but did not assign a definitive function to SYR2.%° We
explored this question by generating null mutants (syr2) of SYR2
(Figure S2A) as well as SYR2-overexpression (SYR2-OE) plants
(Figure S2B). Surprisingly, we observed that systemin-induced
PI-Il expression was increased in syr2 plants (Figure 3A) but was
decreased in SYR2-OE plants (Figure 3B) as compared with the
WT, suggesting that SYR2 negatively regulates systemin signaling.
To substantiate this observation, we examined the contribution of
SYRs to systemin-induced production of reactive oxygen species

4 Developmental Cell 60, 1-16, February 24, 2025

(ROS). In line with previous studies,*® WT plants treated with sys-
temin displayed a rapid (within 5 min) and transient ROS burst (Fig-
ure 3C). That the systemin-induced ROS burst was nearly abol-
ished in syr1 plants confirmed that SYR1 positively regulates
systemin signaling. However, the systemin-induced ROS burst
was significantly elevated in syr2 plants (Figure 3C), consistent
with the hypothesis that SYR2 negatively regulates systemin
signaling. We also found that wound-induced PI-II expression
was significantly increased in syr2 plants (Figure 3D) but was
decreased in SYR2-OE plants (Figure 3E) compared with the
WT, further supporting that SYR2 negatively regulates SWR.
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Figure 3. SYR2 negatively regulates systemin signaling and SWR
(A and B) Systemin-induced PI-Il expression in indicated genotypes. 18-day-old seedlings were treated with or without 100 nM systemin. PI-Il expression was
measured 12 h after treatment. Data are mean + SD, n = 3 repeats.

(legend continued on next page)
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That SYR1 and SYR2 antagonistically regulate systemin
signaling and SWR prompted us to investigate their genetic in-
teractions. To this end, we generated SYR2-OE plants in the
syr1-1 background (Figure S2B) and syr7 syr2 double mutants
(Figure S2C). Systemin- and wounding-triggered responses of
SYR2-OE/syr1-1 plants (Figures 3B and 3E) and syr1 syr2
(Figures 3F and 3G) resembled syr1 plants, suggesting that the
function of SYR2 depends on SYR1.

To further understand the biological function of these antag-
onistic SYRs, we performed S. exigua feeding assays and
B. cinerea infection assays with syr mutants and SYR-OE plants.
The weight gain of larvae fed with syr7 leaves was significantly
greater than that of larvae fed with WT leaves, whereas the
weight gain of larvae fed with SYR7-OE leaves was significantly
lower than that of larvae fed with WT leaves (Figure 3H). By
contrast, the weight gain of larvae fed with syr2 leaves was
significantly lower than that of larvae fed with WT leaves,
whereas the weight gain of larvae fed with SYR2-OE leaves
was significantly higher than that of larvae fed with WT leaves
(Figure 3H). In parallel pathogen infection assays, B. cinerea-
induced lesions on syr1 and SYR2-OE leaves were significantly
larger than those on WT leaves (Figure 3l). By contrast,
B. cinerea-induced lesions on SYR7-OE and syr2 leaves were
significantly smaller than those on WT leaves (Figure 3l). Collec-
tively, these results indicate that, whereas SYR1 positively reg-
ulates plant resistance against herbivorous insects and ne-
crotrophic pathogens, SYR2 plays a negative role in regulating
these responses.

The systemin-binding affinity of SYR2 is much lower
than SYR1

Pull-down assays using Nicotiana benthamiana cell-expressed
SYR ectodomains (SYRE®™S) and biotinylated systemin showed
that both SYRs interacted with systemin (Figure 4A). However,
the ability of SYR2 to interact with biotinylated systemin was
reproducibly weaker than that of SYR1 (Figure 4A). To further
compare the capability of SYRs to bind systemin, we performed
peptide competition experiments with N. benthamiana cell-ex-
pressed SYREC™® and systemin labeled with an acridinium ester
(acri-systemin). Acri-systemin was widely used for sensitive
detection of the active peptide via chemiluminescence.*® For
these experiments, SYRE®* immunoprecipitates were incubated
with 10 nM acri-systemin to determine total binding or with
10 nM acri-systemin and a 10,000-fold excess of unlabeled sys-
temin to assay for non-specific binding, respectively (Figure 4B).
Specific binding (total binding minus non-specific binding) of
acri-systemin to SYR2E°™ was shown to be much lower than

Developmental Cell

that to SYR1E®™ (Figure 4B), corroborating that the systemin
binding affinity of SYR2 is much lower than SYR1.

Further, dose-response studies revealed that unlabeled sys-
temin, but not the bacterial flagellin epitope flg22, effectively
competed the binding of acri-systemin to SYR1E™, with a
half-maximal competition (ICsg) at ~18 nM (Figure 4C). We also
tested the competition effect of systemin'"'4, a systemin antag-
onist that comprises the N-terminal 14 amino acids.*® Results
showed that systemin'~'* competed the binding of acri-systemin
to SYR1E°® with an ICsq of ~220 nM (Figure 4C). In parallel ex-
periments, systemin and systemin'~'* competed the binding of
acri-systemin to SYR2E'® with ICsq of ~2.5 and ~15.2 uM,
respectively (Figure 4D), whereas flg22 did not show detectable
competition effect (Figure 4D). Collectively, our peptide compe-
tition experiments indicate that the systemin-binding affinity of
SYR2 is much lower than SYR1.

To distinguish the responsiveness of SYR1 and SYR2 to sys-
temin, we assessed their contribution to several of the sys-
temin-triggered early signaling events.” When ectopically ex-
pressed in N. benthamiana, a species that lacks the systemin
perception system,*® SYR7 was responsive to systemin, exhib-
iting rapid induction of a ROS burst (Figure 4E). By comparison,
the responsiveness of SYR2-expressing leaves was delayed and
weaker than leaves expressing SYR7 (Figure 4E). Dose-
response studies showed that N. benthamiana leaves express-
ing SYR1 conferred responsiveness to subnanomolar concen-
trations of systemin, resulting in half-maximal stimulation
(ECs0) at ~0.06 nM systemin (Figure 4F). Leaves expressing
SYR2 were less sensitive and responded with an ECsq of
>20 nM systemin (Figure 4F), indicating that the systemin-bind-
ing affinity of SYR2 is much lower than SYR1.

We then used a protoplast-based reporter assay to examine
whether the SYRs can mediate systemin-induced expression
of FRK1, an early marker gene for PRR activation.***” Arabidop-
sis thaliana protoplasts transfected with SYR7 showed marked
induction of FRK71 promoter-luciferase reporter (oFRK1::LUC)
in response to systemin, whereas those transfected with SYR2
only displayed marginal reporter induction (Figure 4G), confirm-
ing that the systemin responsiveness of SYR2 is lower than
SYR1. In this assay, systemin-dependent induction of
PFRK1::LUC occurred with an ECgsg of ~0.05 nM with SYR1
and more than 1 uM with SYR2 (Figure 4H). Collectively, these
observations are consistent with a previous report showing
that SYR1 exhibits high-affinity systemin binding®® and support
a scenario in which both SYRs are systemin receptors, with
SYR2 having a markedly lower affinity for the systemin ligand
compared with SYR1.

(C) Systemin-induced ROS burst in indicated genotypes. Leaves from 18-day-old seedlings were treated with or without 100 nM systemin. ROS production was
detected by luminometer over 30 min. LU, light unit. Data are mean + SD, n = 8 leaf discs. Experiments were repeated three times with similar results.

(D and E) Wound-induced PI-Il expression in the indicated genotypes. 18-day-old seedlings were wounded, and damaged (local) leaves and undamaged (systemic)
leaves were harvested 12 h after wounding for RNA isolation. Leaves of undamaged seedlings were harvested as control. Data are mean + SD, n = 3 repeats.

(F and G) Systemin- (F) and wound-induced (G) PI-Il expression in the indicated genotypes. 18-day-old seedlings were treated with 100 nM systemin (F) or
wounded (G), seedlings were harvested 12 h after treatment. Data are mean + SD, n = 3 repeats.

(H) Average weight (top) and representative image (bottom) of S. exigua larvae after 4-day feeding trials on leaves of indicated genotypes. Each circle dot
represents the weight of an individual larva. Data are mean = SD, n = 40 larvae. Scale bar, 1 cm.

(I) Average lesion area (top) and representative image (bottom) of B. cinerea-inoculated leaves at 3 DAI. Each circle dot represents the lesion area of an individual

leaf. Data are mean + SD, n = 16 leaves. Scale bar, 1 cm.

In (A), (B), and (D)—(l), the error bars represent SD. *p < 0.05, **p < 0.01, **p < 0.001 (Student’s t test); ns, not significant.

See also Figure S2.
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SYR2 antagonizes SYR1-mediated systemin signaling

In vitro phosphorylation assays showed that the cytoplasmic do-
mains (CDs) of both SYRs displayed kinase activity (Figure 5A).
Mutations in the putative ATP-binding sites*® of the kinase domain
(K872Ein SYR1 and K867E in SYR2) abolished their kinase activity
(Figure 5A). The Y952N substitution encoded by the spri-1 allele
also caused loss of kinase activity (Figure 5A). When transiently
expressed in N. benthamiana, the kinase activity of SYR1 was
increased after systemin elicitation (Figure 5B), whereas that of
SYR2 was only mildly induced by systemin (Figure 5B), indicating
that systemin triggers weaker kinase activity on SYR2 than SYR1.
Moreover, SYR2 attenuated the capability of SYR1 to mediate
systemin-induced ROS production (Figure 4E) and pFRK1::LUC
expression (Figure 4G), suggesting that SYR2 antagonizes
SYR1 in mediating these systemin responses.

Next, we assessed the contribution of SYRs to systemin-
induced mitogen-activated protein kinase (MAPK) activation.?*°
Systemin-induced MPK3/6 phosphorylation in SYR2-expressing
N. benthamiana leaves was much lower than that in SYR7-ex-
pressing leaves (Figure 5C), confirming that the systemin-depen-
dent signaling capacity of SYR2 is weaker than SYR1. In these
assays, SYR2 attenuated SYR1-mediated MPK3/6 phosphory-
lation (Figure 5D), corroborating that SYR2 antagonizes SYR1-
mediated systemin signaling.

At 30 min after systemin treatment, MPK3/6 phosphorylation
was significantly increased in WT seedlings (Figure 5E). This sys-
temin-induced MPK3/6 phosphorylation was decreased in syr1
but was enhanced in SYR7-OE plants (Figure 5E). By contrast,
systemin-induced MPK3/6 phosphorylation was enhanced in
syr2 but was impaired in SYR2-OE plants (Figure 5E), suggesting
that SYRs antagonistically regulate systemin-induced MAPK
activation. Moreover, both syr? syr2 and SYR2-OE/syr1-1 plants
resembled syr1 plants in exhibiting diminished MPK3/6 phos-
phorylation in response to systemin (Figure 5E), suggesting
that the function of SYR2 depends on SYR1. Together, these re-
sults support the notion that SYR2 antagonizes SYR1-mediated
systemin signaling in a SYR1-dependent manner.

SYR2 competes with SYR1 for binding to the co-receptor
SERK3a

To understand how SYR2 antagonizes SYR1-mediated systemin
signaling, we set out to identify their SERK co-receptors. SERKs

Developmental Cell

have been extensively demonstrated to function as co-receptors
of multiple LRR-RLKSs, which are key and convergent modules in
diverse signaling pathways governing plant growth, cell differen-
tiation, and immunity.**** Among the SERK co-receptor genes
in tomato,*? CRISPR-Cas9-mediated mutation of SERK3a, but
not SERK3b, led to compromised systemin and SWRs as as-
sessed by PI-Il expression (Figures 6A, 6B, and S3A-S3D).
These data suggested that SERK3a may function as a co-recep-
tor involved in systemin signaling. Indeed, co-immunoprecipita-
tion (colP) assays using HA-FLAG-tagged SYR1 (SYR1-HA-
FLAG) and SYR2-HA-FLAG expressed in N. benthamiana
showed that both SYRs interacted with SERK3a-myc in a sys-
temin-dependent manner (Figure 6C).

Dose-response assays showed that <1 nM systemin was suf-
ficient to promote interaction between SYR1-HA-FLAG and
SERK3a-myc, whereas 50-fold higher concentrations of sys-
temin were required to promote SYR2-HA-FLAG-SERK3a-myc
interaction (Figure 6C). This finding is consistent with a lower
systemin-binding affinity of SYR2 relative to SYR1.

To test whether and how SYR2 competes with SYR1 for
SERK3a binding, N. benthamiana leaves coexpressing SYR1-
HA-FLAG, SERK3a-myc, and a chemical inducible SYR2-GFP
construct® were infiltrated with increasing concentrations of
estradiol to induce the expression of SYR2-GFP. ColP results
indicated that the systemin-induced capability of SYR1-HA-
FLAG to interact with SERK3a-myc was gradually weakened by
increasing amounts of SYR2-GFP (Figure 6D), suggesting that
SYR2 acts in a dose-dependent manner to compete with SYR1
for SERK3a binding. We also found that SYR2-HA-FLAG did not
show interaction with SERK3a-myc and had a negligible effect
on SYR1-GFP-SERK3a-myc interaction in the presence of 1 nM
systemin, whereas a comparable amount of SYR2-HA-FLAG
showed strong interaction with SERK3a and effectively impaired
SYR1-GFP-SERKB3a-myc interaction in the presence of 100 nM
systemin (Figure 6E). Microscale thermophoresis (MST) analysis
showed that systemin-dependent SYR1E°°-SERK3af®® and
SYR2EC°-SERK3aF®™ interaction displayed a Ky of 3.04 and
2.60 pM, respectively (Figure 6F), suggesting that the systemin-
dependent binding affinity of SYR2 to SERK3a is comparable to
SYR1. Collectively, these results support a role for SYR2 in nega-
tive regulation of systemin signaling by interfering with ligand-
stimulated formation of an SYR1-SERK3a complex.

Figure 4. SYR1 and SYR2 show distinct systemin-binding affinity

(A) Pull-down assay between HA-FLAG-tagged SYRE®'°S with biotinylated systemin. SYR15°"°-HA-FLAG and SYR25°"°-HA-FLAG purified from N. benthamiana
leaves were incubated with biotinylated systemin. After being pulled down with streptavidin magnetic beads, the bound and input proteins were detected with an
anti-FLAG antibody.

(B) Binding of acri-systemin (10 nM) in the absence (total binding) or presence of 100 uM unlabeled systemin (non-specific binding) to immunoprecipitates from
N. benthamiana leaves expressing SYR1E°-HA-FLAG or SYR2E®°-HA-FLAG. SYR15°°-HA-FLAG or SYR2E®*-HA-FLAG purified from N. benthamiana leaves
was incubated with 10 nM acri-systemin peptide in the presence or absence of 100 uM unlabeled systemin as a competitor. Controls show binding to leaf material
from non-transformed N. benthamiana. Data are mean + SD, n = 3 repeats. LU, light unit.

(C and D) Competitive binding assays with SYR1 (C) or SYR2 (D) and various concentrations of different competitors indicated. SYR15°°-HA-FLAG or SYR2E°*°-
HA-FLAG purified from N. benthamiana leaves was incubated with 10 nM acri-systemin and indicated concentrations of systemin, systemin1’14, or flg22 as
competitors. The signal detected from samples without competitors was defined as 100% binding. Data are mean + SD, n = 3 repeats. N/A, not applicable.
(E and F) Systemin-induced ROS production. N. benthamiana leaves transfected with indicated constructs were treated with 100 nM systemin (E) or indicated
concentrations of systemin (F). ROS production was calculated at indicated time (E) or integral over 30 min (F). Data are mean + SD, n = 6 leaf discs. Experiments
were repeated three times with similar results.

(G and H) Systemin-induced pFRK1::LUC expression in A. thaliana protoplasts. Protoplasts were transfected with pFRK7::LUC along with indicated constructs.
After being induced with 100 nM (G) or indicated concentrations (H) of systemin for 3 h, the luciferase activities were measured. Data are mean + SD, n = 3 repeats.
In (B) and (G), the error bars represent SD. ***p < 0.001 (Student’s t test); ns, not significant.
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Figure 5. SYR2 antagonizes SYR1-mediated systemin signaling

(A) Autophosphorylation of indicated recombinant proteins expressed in E. coli.
The purified recombinant proteins were incubated in protein kinase buffer with
[y-32P]ATP and separated by SDS-PAGE gel. The autoradiograph of the gel was
shown in the upper panel, and the CBB-stained proteins were shown in the lower
panel. CD, cytoplasmic domain. CBB, Coomassie brilliant blue staining.

(B) Systemin-induced autophosphorylation of SYR1 and SYR2.
N. benthamiana leaves expressing indicated constructs were treated with
100 nM systemin for 20 min before autophosphorylation assays. The autora-
diograph of the gel was shown in the upper panel, and the input proteins were
detected with an anti-FLAG antibody. Numbers indicate band intensity
normalized to SYR1-HA-FLAG without systemin.

(C and D) Systemin-induced MPK3/6 phosphorylation in N. benthamiana leaves.
N. benthamiana leaves expressing indicated constructs were treated with
100 nM systemin for 20 min before immunoblot with anti-pERK antibody. Input
proteins are shown with immunoblotting. Numbers indicate arbitrary densi-
tometry units of pMPK3/6 normalized to SYR1-HA-FLAG (C) or SYR1-GFP (D).
(E) Systemin-triggered MPK3/6 activation in tomato seedlings. 18-day-old
seedlings of indicated genotypes were treated with 100 nM systemin for 30 min
before immunoblot with anti-pERK antibody. Ponceau staining of RuBisCO in-
dicates equal loading. Numbers indicate arbitrary densitometry units of pMPK3/6
normalized to the WT.

To test whether SYR2 negatively regulates responses other
than those mediated by the systemin/SYR1 ligand-receptor pair,
we examined the responses of syr2 mutants to flg22, because
SERK3a can also be complexed with the LRR-RLK flagellin
sensing 2 (FLS2) in a flg22-dependent manner.*? Results showed
that the responsiveness of syr2 mutants or syr7 mutants to flg22
was comparable to that of the WT plants in terms of flg22-induced
biomass reduction (Figure S3E), ROS production (Figure S3F),
and MPK activation (Figure S3G), suggesting that SYR2 specif-
ically competes with SYR1, but not FLS2, for co-receptor binding.

SYRs are differentially induced by wounding

Our results suggest that SYR1 and SYR2 likely function in a
ligand concentration-dependent manner to initiate and attenuate
systemin signaling. If true, we anticipated that wound signaling
may dynamically regulate the abundance of three components:
SYR1, SYR2, and their ligand systemin. Given the established
role of MYC2 in controlling systemin/jasmonate-induced tran-
scriptional reprogramming,? 22411 we compared systemin-
and wound-induced transcriptional regulation of SYR1, SYR2,
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and the systemin precursor gene PRS. SYR2 transcript levels
rose rapidly, reaching a peak at 15 min post-systemin feeding
and at 60 min post-wounding (Figures 7A and 7B). This pattern
of SYR2 mRNA accumulation is similar to that of PRS mRNA,
which is also upregulated by wounding.’® By contrast, we
observed only minor (if any) induction of SYR7 upon systemin
or wounding treatments (Figures 7A and 7B). In addition, the pro-
tein abundance of PRS (Figures S4A-S4C), systemin (Fig-
ure S4D), and the SYR2-HA-FLAG fusion (Figures S4C and
S4E) was upregulated upon wounding, while that of the SYR1-
HA-FLAG fusion was only mildly induced (Figures S4C and
S4F). These results suggest that wounding-triggered transcrip-
tional induction of relevant genes can be translated into protein
abundance. Noteworthy, the wound inducibility of SYR2 and
PRS was much weaker in spr1-1 plants and in MYC2 RNA inter-
ference (RNAi) plants (Figures 7C and 7D),?' revealing that
wound-induced transcriptional regulation of PRS and SYR2 re-
quires SYR1-dependent systemin signaling as well as its down-
stream MYC2-dependent jasmonate signaling.

To understand the transcriptional mechanism through which
SYR1 and SYR2 are differentially regulated by MYC2-dependent
JA signaling, we examined the SYR promoters for putative
MYC2 binding motifs and identified a G-box-like motif
(5’-CACGTT-3') in SYR2 promoter and two G-box-like variants
(5'-CACTTG-3') in SYR1 promoter (Figure 7E). Electrophoretic
mobility shift assay indicated that the probe for the SYR2 promoter
(containing the G-box-like motif) showed strong binding affinity for
MYC2, whereas the probe for the SYR1 promoter (containing the
G-box-like variant) showed little or no affinity for MYC2 (Figures 7E
and 7F). Consistently, chromatin immunoprecipitation-quantita-
tive polymerase chain reaction using MYC2-GFP plants®® and
GFP antibody revealed that MYC2-GFP was enriched in the
SYR2 promoter but not the SYR7 promoter (Figures 7E and 7G).
These results collectively suggest that differential binding of
MYC2 to the G-box-like motifs in the promoters of SYR7 and
SYR2 accounts for the distinct transcriptional activation strength
of SYR1 vs. SYR2 as induced by systemin or wounding.

In summary, our results support a hypothesis that SYR1-inia-
tiated transcriptional induction of PRS and SYR2 negatively
feeds back on SYR1-mediated systemin signaling, thereby illus-
trating how plant cells precisely (and economically) integrate the
attenuation of systemic wound signaling with its initiation. This
model predicts that mutations of SYR7 or SYR2 could result in
distinct effects on plant growth because of the uncoupled activa-
tion and attenuation of systemin-dependent SWR. Indeed, when
grown on systemin-containing medium, the biomass of syr2-2
seedlings was more severely inhibited than that of the WT,
whereas that of syr7-1 seedlings was not significantly affected
(Figure 7H). When grown in the field, spr1 and syr1 plants dis-
played increased overall growth and enlarged organ size
compared with their WT counterparts, whereas syr2 plants dis-
played reduced overall growth and organ size (Figures 71, 7J,
and S5), implying that SYR genes are promising molecular tar-
gets for uncoupling defense-growth trade-offs.

DISCUSSION

The sessile lifestyle of plants makes it impossible to avoid wound-
ing by multiple abiotic and biotic factors, such as wind, rain,
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Figure 6. SYR2 competes with SYR1 for binding SERK3a

(A) Systemin-induced PI-Il expression in WT and serk3a mutants. 18-day-old seedlings were treated with or without 100 nM systemin. PI-Il expression level was

measured 12 h after treatment. Data are mean + SD, n = 3 repeats.
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extreme temperatures, as well as herbivores and pathogens.
Thus, successful plants must have evolved sophisticated defense
mechanisms to cope with those frequently occurring yet rapidly
changing cellular damages in an efficient manner. Despite the ad-
vances in our understanding of the initiation and amplification of
wound signaling, little is known about the attenuation and termina-
tion of wound responses and the underlying mechanisms.

Building on our previous success in molecular genetic dissec-
tion of systemin/JA-regulated SWR in the model system of
tomato, we have identified a mechanism through which antago-
nistic systemin receptors function in a ligand concentration-
dependent manner to couple the attenuation of systemic wound
signaling with its activation (Figure 7K). Our data support a model
in which cellular damage triggers the production of systemin,
which interacts with the high-affinity receptor SYR1, leading to
the formation of an active SYR1-SERK3a complex. This complex
initiates systemin signaling and subsequently activates MYC2-
regulated defense transcriptional reprogramming. In this
MYC2-mediated transcriptional regulation, PRS and SYR2, but
not SYR1, are transcriptionally induced, which results in an
increased relative abundance for both systemin and its low-affin-
ity receptor SYR2. This increase enables SYR2 to outcompete
SYR1 for binding with SERK3a, resulting in reduced SYR1 activ-
ity and attenuation of the systemin signal (Figure 7K). Thus,
SYR1-iniatiated transcriptional induction of PRS and SYR2 ex-
erts negative feedback control on SYR1 to attenuate systemic
wound signaling. This receptor competition mechanism for dy-
namic modulation of the wound response expands current con-
cepts®®°® of how opposing functions fine-tune peptide-medi-
ated signal transduction in plants.

Notably, as previously described,*® the SYR1-SYR2 tandem
duplication seems to be restricted to the Solanoideae subfamily,
including tomato, potato, eggplant, and pepper. By contrast,
only single SYR-like genes were present in representative spe-
cies of the sister subfamily Nicotianoideae and in other higher
plants.® It is of significance in future studies to explore the
mechanisms through which Nicotianoideae plants (contain only
single SYR-like genes) integrate the attenuation with activation
of systemin-mediated SWR.

Our findings offer explanations for how plants respond appro-
priately—but not excessively—to wounding. In the face of
continuous biotic and abiotic threats that expose plants to tissue
damage, this peptide-triggered immune switch may allow an
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economizing of cellular resources to optimize fitness throughout
the life cycle. Our model, however, does not exclude the possi-
bility that other leaf-to-leaf wound response pathways operate
in parallel to the systemin pathway, including rapid responses
mediated by electrical'® and calcium signals.’*

In mammals, trauma induces uncontrolled release of
DAMPs (cytokines), which are recognized by PRRs and
thereby triggering the activation of inflammatory immune
response;>*>* activation of innate immunity frequently results
in post-trauma immune disorders, including exaggerated sys-
temic and organ-specific inflammatory response or immuno-
suppression, leading to multiple organ failure and death,
contributing a leading cause of human death worldwide.***
Despite several features of the plant systemic wound signaling
described here are strikingly similar to the inflammatory im-
mune response of animals, plants can appropriately respond
to wounding and do not display excessive defense or post-
trauma immune dysfunctions. In this perspective, our findings
likely provide a mechanistic explanation for how plants appro-
priately respond to tissue damage based on PRR-mediated
perception of injury-induced immunomodulatory phytocyto-
kine concentrations.

Further, emerging evidence has implicated DAMPs as
apparent triggers of a battery of wounding-associated complex
processes, including wound healing, tissue repair, and organ
regeneration.?®°>% Indeed, we show here that whereas manip-
ulation of the low-affinity systemin receptor SYR2 favors plant
defense, manipulation of the high-affinity systemin receptor
SYR1 favors plant growth. In this perspective, future investiga-
tions can explore connections between our signaling model
and these additional DAMP-associated processes beyond plant
defense. In this context, both DAMPs and their receptors can be
understood as potential molecular targets for engineering crops
with both enhanced fitness and increased yield.

Limitations of the study

We have identified a mechanism through which antagonistic sys-
temin receptors function in a ligand-concentration-dependent
manner to couple the attenuation of systemic wound signaling
with its activation. Although these findings provide mechanistic ex-
planations for how plants maintain immune homeostasis in
response to on-going wounding damage, several open questions
remain. First, previous studies have demonstrated that the

(B) Wound-induced PI-Il expression in WT and serk3a mutants. 18-day-old seedlings were wounded. Damaged (local) leaves and undamaged (systemic) leaves
were harvested 12 h after wounding for gene expression analysis. Leaves of undamaged seedlings were harvested as control. Data are mean + SD, n = 3 repeats.
(C) SYR1 or SYR2 complexes with SERK3a in a systemin concentration-dependent manner. N. benthamiana leaves transfected with indicated constructs were
treated with indicated concentrations of systemin for 30 min before IP with anti-myc agarose. SYR1 and SYR2 were detected by immunoblotting with anti-FLAG
antibody. Input proteins are shown with immunoblotting.

(D) SYR2 acts in a dose-dependent manner to compete SYR1-SERKS3a interaction. N. benthamiana leaves coexpressing SYR1-HA-FLAG, SERK3a-myc, and
gradients of estradiol-induced SYR2-GFP were treated with 100 nM systemin for 30 min before IP with anti-myc agarose. SYR1 and SYR2 were detected with
anti-FLAG and anti-GFP antibody, respectively. Input proteins are shown with immunoblotting.

(E) SYR2 acts in a systemin-concentration-dependent manner to compete SYR1-SERK3a interaction. N. benthamiana leaves coexpressing SYR1-GFP, SERK3a-
myc, and SYR2-HA-FLAG were treated with 1 nM or 100 nM systemin for 30 min before IP with anti-myc agarose. SYR1 and SYR2 were detected with anti-GFP
and anti-FLAG antibody, respectively. Input proteins are shown with immunoblotting.

(F) Quantification of binding affinity of SYR15°'® and SYR2E°'® with SERK3a"**® by MST. Data points indicate the difference in normalized fluorescence (%)
generated by SYRE®'® or systemin-saturated-SYRE®®S with SERK3a™'°, Data are mean + SD, n = 3 repeats. AFNorm, change in fluorescence. N/A, not
applicable.

In (A) and (B), the error bars represent SD. *p < 0.05, **p < 0.01, **p < 0.001 (Student’s t test).

See also Figure S3.
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Figure 7. Wounding differentially induces the expression of SYR7 and SYR2
(A and B) Systemin- (A) or wound-induced (B) expression of SYR7 and SYR2 of WT seedlings at indicated time. 18-day-old seedlings were treated with 100 nM
systemin (A) or wounded (B), then seedlings were harvested at indicated time for gene expression analysis. Data are mean + SD, n = 3 repeats.

(legend continued on next page)
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systemin phytocytokine functions upstream of jasmonate and that
these two signals act through the same signaling pathway to
activate immune transcriptional reprogramming by the master
transcription factor MYC2.22%243657 However, the detailed mech-
anisms by which the systemin-SYR1 ligand-receptor pair relays
defense signals (e.g., phosphorylation signaling cascades) to
MYC2 need further investigation. Second, although we have eluci-
dated the mechanistic details through which the SYR1-SYR2
negative feedback loop enables plants to integrate the attenuation
of systemic wound signaling with its activation, the SYR1-SYR2
tandem duplication appears to be limited to the Solanoideae sub-
family (e.g., tomato, potato, eggplant, and pepper), and only single
SYR-like genes are present in representative species of the sister
subfamily Nicotianoideae plants.>® Thus, it is of significance in
future studies to explore how Nicotianoideae plants, which contain
only single SYR-like genes, regulate the activation and attenuation
of systemin-mediated SWR. Finally, we exemplified that syr? or
syr2 mutations display differential effects on plant growth and or-
gansize, indicating that engineering these antagonisticimmune re-
ceptors led to significant growth/yield effect. It is now important to
identify the specific growth-promoting processes antagonized by
the systemin signaling via SYR1, and these studies hold promise to
advance on-going efforts of optimizing or uncoupling the growth-
defense trade-offs to produce crops with both strong growth and
defense traits.”®°°
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STARXMETHODS

Detailed methods are provided in the online version of this paper and include
the following:

e KEY RESOURCES TABLE

(C and D) Wound-induced expression of PRS (C) and SYR2 (D) in the indicated genotypes. 18-day-old seedlings were wounded, and then seedlings were
harvested at indicated time for gene expression analysis. Data are mean + SD, n = 3 repeats.

(E) Schematic representation of SYR7 and SYR2 showing primers and probes used for chromatin immunoprecipitation (ChIP)-gPCR and electrophoretic mobility
shift assay (EMSA). Green and red triangles represent G-box-like or G-box-like variant, respectively. Blue lines represent probes.

(F) EMSA showing that MYC2 binds the G-box-like motif of SYR2 promoter but not the G-box-like variant of SYR7 promoter. Labeled probes incubated with the
MBP protein and mutated probes incubated with the MBP-MYC2 protein were used as negative controls. 10- and 20-fold excesses of unlabeled or mutated
probes were used for competition. Mu, mutated probe in which the G-box-like or G-box-like variant was replaced by 5'-AAAAAA-3'.

(G) ChIP-gPCR showing wound-induced MYC2 enrichment on the chromatin of SYR7 and SYR2. The chromatin of damaged or undamaged MYC2-GFP
seedlings was immunoprecipitated using anti-GFP antibody, and the immunoprecipitated DNA was quantified by qPCR. The enrichment of target gene pro-
moters was displayed as a percentage of input DNA. ACTIN2 was used as a nonspecific target. Primers used for PCR amplicons are indicated in (E). Data are
mean + SD, n = 3 repeats.

(H) Biomass of 6-day-old seedlings of indicated genotypes grown on medium with or without 100 nM systemin. Data are mean + SD, n = 20 seedlings.

(I and J) Biomass (I) and representative image (J) of 58-day-old field-grown plants of indicated genotypes. Data are mean + SD, n = 10 plants.

(K) Proposed model through which systemin concentration-dependent activation of SYR2 leads to de-activation of SYR1. Damage-induced systemin promotes
its high-affinity receptor SYR1 to complex with SERK3a, initiating systemin signaling and activating MYC2-regulated defense transcriptional reprogramming.
MYC2-mediated dynamic transcriptional regulation leads to an increased abundance of both systemin and its low-affinity receptor SYR2. This increase enables
SYR2 to outcompete SYR1 for binding with SERK3a, resulting in reduced SYR1 activity and attenuation of the systemin signal.

In (C), (D), and (G)—(l), the error bars represent SD. *p < 0.01, **p < 0.001 (Student’s t test); ns, not significant.

See also Figures S4 and S5.
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Solanum lycopersicum: MYC2-RNAi Yan et al.”’ N/A
Solanum lycopersicum: MYC2-GFP Du et al.*® N/A
Nicotiana benthamiana N/A N/A
Arabidopsis thaliana Col-0 ABRC CS2004
Oligonucleotides

Primers used in this study, see Table S1 This paper N/A
Recombinant DNA

pTX041-SYR1 This paper N/A
pTX041-SYR2 This paper N/A
pTX041-SERK3a This paper N/A
pTX041-SERK3b This paper N/A
pCAMBIA1300-pSYR1-SYR1 This paper N/A
pCM1307-35S-SYR1-HA-FLAG This paper N/A
pCM1307-35S-SYR2-HA-FLAG This paper N/A
pCM1307-35S-SYR1E"°-HA-FLAG This paper N/A
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER
pCM1307-35S-SYR2E1-HA-FLAG This paper N/A
pGWB17-35S-SERK3a-myc This paper N/A
PEAQ-35S-SYR1E°°-Flag-His This paper N/A
PEAQ-35S-SYR2EC-Flag-His This paper N/A
pK7FWG2.0-35S-SYR1-GFP This paper N/A
pK7FWG2.0-35S-SYR2-GFP This paper N/A
pER8-SYR2-GFP This paper N/A
pMAL-c2X-MYC2 Liu et al.”” N/A
pFastBac1-SERK3at° This paper N/A
PGEX-4T-3-GST-SYR1°P This paper N/A
PGEX-4T-3-GST-SYR1Y952N-CD This paper N/A
pGEX-4T-3-GST-SYR2°P This paper N/A
pUC19-35S-SYR1-FLAG This paper N/A
pUC19-35S-SYR2-FLAG This paper N/A

Software and algorithms

ImageJ Schneider et al.®° https://imagej.nih.gov/ij/

R (v3.5.3) N/A N/A

Prism 8 GraphPad https://www.graphpad.com/

BWA-MEM 0.7.15 - http://bio-bwa.sourceforge.net/

PicardTools 2.0.1 - https://broadinstitute.github.io/
picard/

Samtools 1.9 Li et al.®’ http://samtools.sourceforge.net/

bcftools 1.9 - https://samtools.github.io/
bcftools/bceftools.html

MutMap Abe et al.®” https://doi.org/10.1038/
nbt.2095.

VCFtools 0.1.17 Danecek et al.®® https://vcftools.github.io/

man_latest.html

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Plant material and growth conditions

Seeds of Solanum lycopersicum cv. Ailsa Craig (AC; LA2838A) and cv. Castlemart (CM; LA2400) were obtained from TGRC (Tomato
Genetics Resource Center; https://tgrc.ucdavis.edu). AC was used as the wild type (WT) for most plant materials. For spr1-1 and
spr1-2, CM was used as the WT. The following tomato genotypes were used in this study: spri-1 and spr1-2,%" syr1, syr2, syrt
syr2, serk3a, serk3b, 35S::PRS,*> MYC2-RNAI,>" MYC2-GFP,*® ProSYR1::SYR1/spr1-1 (Comp), SYR1-OE (35S::SYR1-HA-Flag/
AC), SYR2-OE (35S::SYR2-HA-Flag/AC) and SYR2-OE/syr1-1 (35S::SYR2-HA-Flag/syr1-1). Seeds of N. benthamiana are from our
own stocks.

Tomato seeds were germinated on moistened filter paper at room temperature and then sown in 32-cell plastic flats. Seedlings
were grown in growth chamber and maintained at 60% relative humidity under 16 h of light (200 uE m™ s™') at 26°C and 8 h of
dark at 18°C. N. benthamiana seeds were directly sown in soil in 8 cm diameter pots and grown under the same conditions for
10 d before being transplanted to the 32-cell plastic flats.

Biomass and phenotypic analyses of CM, spr1-1, spr1-2, AC, syr1-1, syr1-2, syr2-1 and syr2-2 were conducted on plants grown in
the experimental field at the Institute of Genetics and Developmental Biology (IGDB) in Beijing in the natural growing season. Germi-
nating seeds were sown in 50-cell flats and grown in growth chamber for 30 d before being transplanted to the field. Plants were
grown under standard water and fertilizer management.

METHOD DETAILS

Plasmid construction and plant transformation

To generate ectodomain constructs for in vitro pull-down assays, DNA fragments of the SYR71 coding sequence (CDS) (1-2340 bp)
and SYR2 CDS (1-2325 bp) were cloned into the pCM1307 (HA-Flag tag) vector® using a ClonExpress Il one Step Cloning Kit (Va-
zyme Biotech cat#C115) to generate SYR15"°-HA-Flag and SYR2E™-HA-Flag constructs, respectively.
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To generate constructs for recombinant proteins for in vitro phosphorylation assays, SYR1°P (2410-3348 bp), SYR2°P (2395-
3348 bp) were cloned into the pGEX-4T-3 vector to create translational fusion to GST tag. Point mutations were introduced into
the above constructs by site-directed mutagenesis.

To generate constructs for transient expression assay in protoplasts, SYR7 CDS, SYR2 CDS were cloned into the pUC19-35S-
Flag-RBS vector® using a ClonExpress Il one Step Cloning Kit (Vazyme Biotech cat#C115).

To generate constructs for N. benthamiana transient expression assays, SYR7 CDS and SYR2 CDS were cloned into the
pK7FWG2.0 (GFP tag) or pCM1307 (HA-Flag tag) vectors. SERK3a CDS was cloned into the pGWB17 (myc tag) vector. For the
B-estradiol-inducible SYR2-GFP construct, SYR2 CDS was fused with GFP tag and cloned into the pER8 vector.>°

For genetic complementation of the spr7-1 mutant, a SYR7 genomic fragment containing its 2016-bp promoter sequence and cod-
ing sequence was cloned into the pCAMBIA1300 vector®® to generate the ProSYR1::SYR1 construct. SYR7 CDS and SYR2 CDS
were cloned into the pCM1307 vector®* to generate the Pro35S::SYR1-HA-Flag and Pro35S::SYR2-HA-Flag constructs. All con-
structs were introduced into tomato via Agrobacterium tumefaciens-mediated transformation. Transformants were selected based
on their resistance to hygromycin B or kanamycin. Homozygous T2 or T3 transgenic plants were used for further experiments. All
primers used for plasmid construction and genotyping are listed in Table S1.

CRISPR-Cas9-mediated mutation

Null mutations of SYR1, SYR2, SERK3a and SERK3b were generated by the tomatoU6 promoter-controlled CRISPR-Cas9 system as
previously described.®” Briefly, two sets of primers containing guide RNA (JRNA) sequences of SYR7 were used in PCR to generate a
tomato U6-26-SYR1-gRNA cassette. The resulting U6-26-SYR71-gRNA cassette was then cloned into the binary vector pCBC-
DT1T2_tomatoU6 to form the SYR7-pTX041 construct. The SYR2-pTX041, SERK3a-pTX041 and SERK3b-pTX041 constructs
were generated following the same protocol. The final binary vectors were transformed into tomato via Agrobacterium-mediated
transformation. CRISPR-Cas9-mediated mutations were genotyped by PCR amplification and DNA sequencing. syr1 syr2 double
mutant lines were generated by transforming the SYR2-pTX041 construct into syr7-1 mutant. Homozygous lines without Cas9
were identified for further experiments. Primers used for plasmid construction and genotyping are listed in Table S1.

Wounding, systemin and MeJA treatment of tomato seedlings

For wounding treatment, 18-d-old (with two expanded leaves and a third emerging leaf) seedlings were wounded once with a hemo-
stat across the midrib of all leaflets on the lower (older) leaves as described.?” Wounded plants were incubated under continuous
illumination. After 12 h, lower damaged (local response) and upper undamaged (systemic response) leaves were harvested for
RNA extraction and gene expression assays. Leaves of unwound plants were harvested as control. Leaf tissues of five plants
were pooled for each sample.

Systemin treatment was performed as described with modification.?” Eighteen-d-old tomato seedlings were excised at the base of
the stem and placed in 0.5 mL microfuge tubes containing 400 pL 100 nM systemin. After 2 h, plants were transferred to 1.5 mL micro-
fuge tubes containing 1.5 mL of water, and incubated in a lucite box under continuous illumination. Twelve hours later, leaf tissues of
five plants were pooled for RNA extraction and RT-gPCR assays. Control plants were fed with water.

MeJA treatment was performed as described previously,®® 18-d-old seedlings were enclosed in a lucite box (10x32x60 cm) con-
taining 5 pL of MeJA applied to cotton wicks that were spaced evenly within the box. Plants exposed to MeJA vapor were harvested
after 12 h and used for RNA extraction and RT-gPCR assays.

flg22 peptide (QRLSTGSRINSAKDDAAGLQIA), systemin peptide (AVQSKPP SKRDPPKMQTD), systemin''* (AVQSKPPSKRDPPK),
acri-systemin (AVQSKPP SKRDPPK-acridinium-MQTD) and Biotin-systemin (AVQSKPPSKRDPPK-Biotin-MQTD) were commercially
synthesized by Scilight Biotechnology, China. Acridinium esters and biotins were conjugated to the lysine, the 14th amino acid of
systemin. Acridinium NHS ester was purchased from GLPBIO (cat#GC42711). MeJA was purchased from Sigma-Aldrich (cat#J2500).

Root growth inhibition and biomass reduction assays

For systemin-induced root growth inhibition or peptide-induced biomass reduction assays, seeds were sterilized and then plated on
one half-strength Murashige and Skoog medium (Phytotech, cat#M519) containing 1% (w/v) sucrose. At radical emergence, seeds
were transferred to plates containing the same medium as above with the addition of 100 nM systemin. The plates were then placed
vertically and seedlings grown for 5 (root growth inhibition) or 6 d (biomass reduction), respectively. Seedlings were grown in growth
chamber and maintained at 60% relative humidity under 16 h of light (200 uE m™2 s™") at 28°C and 8 h of dark at 18°C. The root length
and biomass of at least 20 seedlings was measured for per treatment. Control plants were grown on medium without peptides.

Insect feeding trials
Insect feeding assays were performed as described with modifications.®® Briefly, Spodoptera exigua eggs were hatched at 27°C.
Third-instar S. exigua larvae were transferred to a Petri dish and starved for 12 h before being used in the feeding experiment. For
each genotype, more than forty third-instar S. exigua larvae with similar weight were placed in 150 mm plastic Petri dishes with leaf-
lets from 4-week-old plants. Leaves in each Petri dish were replaced every two days. Larvae weight was measured four days later.
To examine the effect of systemic wound responses on insect resistance, 4-week-old plants were wounded once with a hemostat
across the midrib of all leaflets on the first compound leaf. After 12 h, all upper undamaged (systemic) leaves of wounded plants were
collected for insect feeding trials. Leaves of the same position from unwounded plants were used as control.
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Botrytis cinerea Inoculation Assays

Botrytis cinerea B05.10 inoculation assays were performed as described with modifications.”® B. cinerea was cultured on 2xV8 agar
(36% V8 juice, 0.2% CaCO3, and 2% Bacto-agar) and incubated for 14 d at 24°C under a 12-h photoperiod before spore collection.
Spore suspensions were prepared by collecting spores in 1% Sabouraud Maltose Broth (SMB), filtering through nylon mesh to re-
move hyphae, and adjusting the concentration to 10° spores/mL. Detached leaves from 4-week-old tomato plants were placed in
Petri dishes containing 0.8% agar medium, with the petiole embedded in the medium for the pathogenicity test. Each leaflet was
spotted with a single droplet of 3 pL B. cinerea spore suspension (108 spores/mL). The trays were covered with lids and kept under
the same conditions until disease lesions were recorded 3 d later.

Measurement of endogenous systemin levels

Eighteen-d-old WT seedlings were wounded as described above. Leaves (1 g fresh weight) were extracted with 20% methanol
(MeOH) containing 1% formic acid (FA) and ['*Cs, "°N]-systemin (internal standard) overnight at 4 °C. The crude extracts were pu-
rified with WCX cartridge (Waters, USA). The peptide-containing fraction eluted with 2% trifluoroacetic acid in MeOH was collected,
concentrated and reconstructed in 0.1% FA and subjected to ultra-high performance liquid chromatography-tandem mass spec-
trometry (UPLC-MS/MS) analysis using an Acquity UPLC System (Waters, USA) combined online with triple quadrupole linear ion
trapping tandem mass spectrometer (QTRAP 6500; AB Sciex, USA) equipped with an ESI source. The separation of analytes was
achieved on a Peptide CSH C18 column (100 mm X 2.1 mm, 1.7 um). The UPLC method was as follows: mobile phase A: 0.1%
FA in water, B: 0.1% FA in acetonitrile; gradient: 0-1 min, 1% B; 1-5 min, 1% B to 30% B; 5-8 min, 30% B to 100% B; 8-11 min,
100% B; 11-12.5 min, 100% B to 1% B; 12.5-14 min, 1% B. Systemin was detected in positive multiple reaction monitoring
mode. The source parameters were set as: ionspray voltage, 5400 V; source temperature, 500 °C; nebulizer gas, 50 psi; desolvation
gas, 50 psi; and curtain gas, 35 psi. Quantitation was performed using the isotope dilution method.

Bulk population sequencing

For bulk population sequencing, two DNA pools, spr1-type pool and WT-type pool, each with an equal amount of DNA from 100 F,
individuals derived from aspr1-1 x CM cross were prepared. Two pooled libraries and the two parent libraries were prepared with the
lllumina TruSeq DNA PCR-free prep kit and sequenced using the lllumina HiSeq X-ten platform by Shanghai OE Biological Technol-
ogy Co. Ltd. To identify the mutation site, reads were mapped to the tomato reference genome using BWA-MEM’"-"? with the default
parameters. Alignments were then sorted with SAMtools and duplicates marked with Picard Tools.®' SNPs were called with SAM-
tools/BCFtools.®" In order to reduce false-positive detection of SNPs, SNP positions with a SNP quality score <20 and read depth <4
were filtered. The MutMap method with minor modifications was applied to detect mapping intervals associated with the phenotype
as described previously.®>”® Briefly, the ratio between the number of reads of a mutant SNP and the total number of reads covering
the SNP site was defined as the SNP index. The ASNP index is defined by subtracting the SNP index value of WT-type pool from spr1-
type pool. The average of ASNP index was calculated using a sliding-window approach with a 1-Mb window size (by 100-kb) and
plotted across the 12 tomato chromosomes.

RNA extraction and gene expression analysis

Total RNA was extracted from each sample using a TRIzol kit (Invitrogen, cat#15596018) according to the manufacturer’s instruc-
tions. The quality of the total RNA was determined using a NanoDrop spectrophotometer (Thermo Fisher). Each sample (2 ng) of total
RNA was used to synthesize the first strand cDNA with the PrimeScript RT kit (Takara, cat#RR0447A). RT-gPCR was performed using
a Roche LightCycler 480 system with the KAPA SYBR Fast qPCR kit (KAPA Biosystems, cat#KK4601). Expression levels of target
genes were normalized against that of tomato ACTIN2. The gene expression levels were normalized to ACTIN2, and the expression
levels in wild-type without treatment were arbitrarily set to 1. Error bars represent the SD from three independent experiments.
Primers used to quantify gene expression levels are listed in Table S1.

Total protein extraction and immunoblot assays

Eighteen-d-old transgenic tomato seedlings or N. benthamiana leaves infiltrated with indicated constructs were ground into fine
powders in liquid nitrogen and then transferred to extraction buffer (50 mM pH7.5 Tris-HCI, 150 mM NaCl, 0.1% [v/v] TritonX-100,
0.2% [v/v] NP-40,10 mM DTT) containing 1 x protease inhibitor cocktail (Roche, cat#05056489001). For immunoblot analysis, protein
samples were boiled for 5 min after mixing with SDS protein loading buffer, separated by SDS-PAGE, and then transferred to poly-
vinylidene fluoride membranes. Immunoblots were probed with anti-GFP antibody (YTHX, cat#ZA009), anti-myc antibody (Abmart,
cat#M20002L), anti-Flag antibody (Abmart, cat#M20008L), anti-pERK antibody (Cell Signaling, cat#4370), Anti-H*-ATPase 1 anti-
body (anti-AHA1, Agrisera, cat#AS07260), anti-Lumenal-binding protein antibody (anti-BiP; Agrisera, cat#AS09481) and anti-Ru-
bisCO large subunit antibody (anti-RbcL, Agrisera, cat#AS03037).

Subcellular fractionation assay

Eighteen-d-old seedlings of WT, SYR1-HA-Flag (SYR1-OE-1) and SYR2-HA-Flag (SYR1-OE-1) were wounded as described above.
Leaves (~200 mg) were processed using Minute Plant Plasma Membrane Protein Isolation Kit (Invent Biotechnologies, cat#SM-005-
P) according to the manufacturer’s instructions. Each sample was separated into plasma membrane, organelle membrane and sol-
uble fractions. Anti-AHA1, anti-BiP and anti-RbcL were used as marker for plasma membrane, organelle membrane and soluble
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fractions, respectively. SYR1, SYR2 were detected with anti-Flag antibody, prosystemin and SERK3a were detected with their
antibodies.

Antibody production

To generate prosystemin antibody, the synthesized peptide systemin was conjugated to a keyhole limpet haemocyanin carrier via
SS-linkage through the N-terminal cysteine (KLH-C-AVQSKPPSKRDPPKMQTD), and polyclonal antisera were raised in rabbit (AB-
clonal). Prosystemin antibody was purified from the antisera by affinity chromatography using antigen-immobilized beads. The pu-
rified antibody was used for immunoblotting at a final concentration of 1:4,000. For generation of SERK3a antibody, the C-terminal of
SERK3a (1636-1845 bp) was cloned into the pGEX-4T-3 vector. The recombinant GST-SERK3a%*¢®"® protein purified from E. coli
was used to raise polyclonal antisera in mouse (Animal center, Institute of Genetics and Developmental Biology, Chinese Academy
of Sciences), and the antisera was used for immunoblotting at a final concentration of 1:2,000.

Co-immunoprecipitation (co-IP) experiments

Co-IP experiments were performed as described previously with modifications.®® Briefly, A. tumefaciens strains containing the desired
constructs were infiltrated into fully expanded leaves of N. benthamiana plants. After incubation for 72 h, the infiltrated leaves were in-
filtrated with 100 nM systemin or H,O for 30 min. Leaves were then lysed with protein extraction buffer (50 mM pH7.5 Tris-HCI, 150 mM
NaCl, 0.1% [v/v] TritonX-100, 0.2% [v/v] NP-40, 10 mM DTT) containing 1 X protease inhibitor cocktail (Roche, cat#05056489001). For
anti-myc IP, protein extracts were incubated with 25 uL. Myc-Trap Agarose beads (Proteintech, cat#yta-20) for 3 h, washed 6 times with
extraction buffer, and then eluted by boiling the beads in SDS protein loading buffer for 5 min. Anti-Flag IP was performed in a similar
manner, except that protein extracts were incubated with anti-Flag® M2 agarose beads (Sigma-Aldrich, cat#A2220). The eluted pro-
teins were separated by SDS-PAGE and detected by immunoblot with corresponding antibodies.

The well-established XVE system®® was employed to achieve chemical-inducible expression of SYR2-GFP. Briefly, A. tumefaciens
strains containing the desired constructs were infiltrated into fully expanded leaves of N. benthamiana plants. After incubation for 48
h, the infiltrated leaves were further infiltrated with indicated concentrations of B-estradiol (Sigma-Aldrich, cat#E8875) and incubated
for 24 h. The infiltrated leaves were then treated with systemin as described above before protein extraction and co-IP assays.

In vitro pull-down assays

Pull-down experiments between systemin peptide and Flag-tagged SYR1/2 ectodomains were conducted as described previ-
ously.”*"® In more detail, 10 nM biotin-systemin and 1 ng/uL Flag-tagged proteins were mixed in 500 uL reaction buffer (50 mM
Tris-HCI, pH 7.5, 1% IGEPAL) and kept at 4°C for 1 h. The samples mixed with 50 pL Streptavidin Magnetic Particles (Spherotech,
cat#SVMS-30-10) were rotated for 3 h at 4°C and washed 4-5 times with the reaction buffer. The bound proteins were separated by
SDS-PAGE and detected by immunoblot with anti-Flag antibody (Abmart, cat#M20008L).

Binding assays

Binding assays were performed as previously described with modifications.*""” Anti-Flag® M2 agarose beads (Sigma-Aldrich,
cat#A2220) immunoadsorbed with SYR1E°®>-HA-Flag and SYR2E°"°-HA-Flag were washed twice with extraction buffer (50 mM
pH 7.5 Tris-HCI, 150 mM NaCl, 0.2% [v/v] Triton X-100, 0.2% [v/v] NP-40, 10 mM DTT) containing 1x protease inhibitor cocktail
(Roche, cat#05056489001), followed by two washes with binding buffer (25 mM MES, pH 6.0, 10 mM NaCl, 3 mM MgCl,, and
0.2% [v/v] Triton X-100). Beads were resuspended in binding buffer (10 ul beads per 100 pl total volume) and incubated with acri-
systemin alone or with various concentrations of unlabeled peptides as competitors. After 30 minutes of incubation on a rotator in
a cold room, unbound ligands were removed by two rounds of rapid washing with 1 ml of binding buffer. Beads were resuspended
in 100 ul of 5 mM citric acid, and acridinium ester emission was measured using an EnSpire multimode plate reader (PerkinElmer)
after adding 150 pl of reacting solution with 100 mM NaOH and 20 mM H,0..

Expression and purification of SYR15°*° and SYR2E°'® for MST analysis

SYR15°% (1-2340 bp) and SYR2E°™ (1-2325 bp) were cloned into the pEAQ-HT vector’® with a C-terminal 3xFlag-6xHis tag to
generate the SYR75°"-Flag-His and SYR25°°-Flag-His constructs. The resulting expression vectors were transformed into
A. tumefaciens GV3101 and infiltrated into N. benthamiana leaves. After 3 days of growth under normal condition in a growth cham-
ber, the infiltrated leaves were ground in extraction buffer (50 mM pH7.5 Tris-HCI, 150 mM NaCl, 0.1% [v/v] TritonX-100, 0.2% [v/v]
NP-40,10 mM DTT) containing 1x protease inhibitor cocktail (Roche, cat#05056489001). The sample was incubated with anti-FLAG
affinity resin (Genscript, cat#L00766) on a rotator at 4 °C for 5 hours, then washed with extraction buffer and subsequently eluted with
PBS buffer (8 g/L NaCl, 0.2 g/L KCl, 1.42 g/L Na2HPO4, 0.27 g/L KH2PO4, pH 7.4 ) containing 500 ng/mL FLAG (DYKDDDDK) pep-
tide. The eluted fractions were further purified by size-exclusion chromatography (Hiload 16/600 Superdex 200 prep grade, GE
Healthcare) in a 10 mM Bis-Tris pH 6.0, 100 mM NaCl buffer. Fractions containing SYR1E°®°-Flag-His and SYR2E°°-Flag-His
were collected and concentrated.

Expression and purification of SERK3aF°'® for MST analysis
The codon-optimized SERK3a° (1-660 bp) was cloned into a modified pFastBac1 vector (Invitrogen) with a C-terminal 6 x His-tag
as previously described.”® The resulting construct was expressed in HIGH FIVE insect cells (Invitrogen) and purified as described.®°
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Briefly, one liter of insect cells (2.0x10° cells/mL) was infected with 25 mL recombinant baculovirus. Sixty hours after infection, the
media were harvested and affinity-purified with Ni-NTA (Novagen, cat#70666). The protein elution was further purified by size-exclu-
sion chromatography (Hiload 16/600 Superdex 200 prep grade, GE Healthcare) in a 10 mM Bis-Tris pH 6.0, 100 mM NaCl buffer.

Microscale thermophoresis (MST) assay

MST assays to quantify the binding affinity of SYR15°*® or SYR2E°* with SERK3a""*° was conducted using Monolith NT.115 (Nano-
temper Technologies) as previously described.”® SYR1E°® and SYR2E®™® were labeled with the RED fluorescent dye NT-647-NHS
using the Monolith™ Protein Labeling Kit MO-L001. The prepared systemin-SYR15°' or systemin-SYR25°"° complexes were mixed
with unlabeled SERK3aF“*° diluted to appropriate serial concentrations in buffer containing 10 mM Bis-Tris pH 6.0, 100 mM NaCl. The
final concentration of target (SYR15°®°-Flag-His, SYR2E°™°-Flag-His) is 100 nM and the final gradient-diluted ligand (SERK3a°°-His)
concentrations are ranging from 0.000916 to 30 uM. The samples were loaded into the silica capillaries (Monolith™ Standard Treated
Capillaries, Cat#MO-K022) and measurements were performed using medium MST power and 100% LED power at room temper-
ature. Raw data was further analyzed by MO. Affinity Analysis software. Data points in Figure 6F indicate the difference in normalized
fluorescence (%,) generated by SYR1E®™ and SYR2E°® with SERK3aF° or systemin-saturated-SYR1E%°and SYR2E® with
SERK3a®°'. All assays were repeated for three times to ensure reproducibility.

Chromatin immunoprecipitation-quantitative polymerase chain reaction (ChiIP-qPCR)

ChIP assays were performed as previously described.*®°! Briefly, 18-d-old MYC2-GFP-9 seedlings were wounded with a hemostat
and incubated under continuous light for 30 min. Then, 5 g of leaf tissue was harvested and cross-linked with 1% (v/v) formaldehyde
under a vacuum for 10 min. Cross-linking was quenched in 0.125 M glycine under vacuum for 5 min. Quenched samples were
washed three times and then the chromatin complex was isolated, resuspended in lysis buffer (10 mM Tris-HCI [pH 8.0], 20 mM
EDTA, 400 mM NaCl, 1% [v/v] Triton X-100, 2 mM PMSF) containing 1x protease inhibitor cocktail (Roche, cat#05056489001),
and sheared by sonication to reduce the average DNA fragment size to ~500 bp. Then, 50 pL of the sheared chromatin was saved
for use as the input control. GFP antibody (Abcam, cat#AB290) was incubated with Dynabeads™ Protein G (Invitrogen, cat#10004D)
at 4°C for at least 6 h and added to the remaining chromatin for incubation at 4°C overnight. The immunoprecipitated chromatin com-
plex was successively washed with low-salt buffer (20 mM Tris-HCI [pH 8.0], 2 mM EDTA, 150 mM NacCl, 0.5% [v/v] Triton X-100, and
0.2% [w/v] SDS), high-salt buffer (20 mM Tris-HCI [pH 8.0], 2 mM EDTA, 500 mM NaCl, 0.5% [v/v] Triton X-100, and 0.2% [w/v] SDS),
LiCl buffer (10 mM Tris-HCI [pH 8.0], 1 mM EDTA, 0.25 M LiCl, 0.5% [v/v] NP-40, and 0.5% [w/v] sodium deoxycholate), and TE buffer
(10 mM Tris-HCI [pH 8.0] and 1 mM EDTA). After washing, the immunoprecipitated chromatin was eluted with elution buffer (1% [w/v]
SDS and 0.1 M NaHCO3). Protein—DNA cross linking was reversed by incubating the immunoprecipitated complexes with20 mL5 M
NaCl at 65°C overnight. DNA was recovered using a QIAquick PCR Purification Kit (Qiagen, cat#28106) and analyzed by gPCR using
the respective primer pairs (Table S1). ChlP signals were displayed as the percentage of precipitated DNA relative to input DNA. The
fold enrichment on selected regions was normalized against the non-specific binding region of the ACTIN2 (Solyc11g005330) pro-
moter. Each PCR was repeated three times, and the mean value of technical replicates was recorded for each biological replicate.
Error bars represent the SD from three independent experiments.

Electrophoretic mobility shift assay (EMSA)

EMSA was performed as described previously.*®°" Briefly, the recombinant MBP-MYC2 fusion proteins were expressed in E. coli
BL21 (DES3) cells and affinity-purified with amylase resin (New England Biolabs, cat# E8021L), according to manufacturer’s instruc-
tions. Oligonucleotide probes were synthesized and labeled with biotin at the 5’ end by Invitrogen. EMSA was performed using a
Chemiluminescent EMSA kit (Beyotime, cat#GS009). Biotin-labeled probes were incubated with MBP-MYC2 fusion proteins at
room temperature for 20 min, free and bound probes were separated in an acrylamide gel. Mutated probes, in which the G-box-
like motif (5’-CACGTT-3’) /G-box-like variant (5’-CACTTG-3’) was replaced by 5’-AAAAAA-3’, were used as negative controls. Un-
labeled wild type and mutated probes were used as competitors. Probes used for EMSA are listed in Table S1.

In vitro and in vivo phosphorylation assays

GST-tagged recombinant proteins were expressed in E. coli strain BL21 and affinity-purified with GST Bind Resin (Merck Millipore,
cat#70541-4), according to manufacturer’s instructions. The in vitro phosphorylation assays were performed as described.®” In brief,
2 g purified fusion proteins of the indicated constructs were incubated in protein kinase assay buffer (50 mM HEPES pH 7.5, 5 mM
MgCl,, 1 mM DTT, 1 pCi [y-22P] ATP, 100 uM ATP) for 30 min at 25°C. The phosphorylated proteins were analyzed by 10% SDS-
PAGE and detected by Typhoon FLA9500 imager (General Electric Company). Coomassie Birilliant Blue staining was used as a
loading control.

In vivo phosphorylation assays were performed as described previously with modifications.®' Briefly, A. tumefaciens strains
GV3101 containing indicated constructs were infiltrated into fully expanded leaves of N. benthamiana plants. After incubation for
72 h, the infiltrated leaves were infiltrated with 100 nM systemin or H,O for 20 min, then the plant materials were ground in liquid ni-
trogen, and extracted with buffer [50 mM Tris-HCI, pH 7.5; 150 mM NaCl, 5 mM EDTA, 0.2% NP40, 0.3% Triton X-100, 10 mM DTT,
1% (vol/vol) protease inhibitor mixture, phosphatase inhibitor 2 and 3 (Sigma)]. Samples were centrifuged and supernatants incu-
bated 4 h at 4°C with anti-Flag® M2 agarose beads (Sigma-Aldrich, cat#A2220). Following incubation, the beads were collected
and washed four times with the extraction buffer. Immunoprecipitates were finally incubated 30 min at 30°C and under vigorous
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shaking with 30 pL of the kinase buffer (50 mM Tris-HCI, pH 7.5, 1 mM DTT, 10 mM MgCl,, 100 uM ATP, 0.3 uCi [y-22P] -ATP). The
reactions were stopped by addition of SDS loading buffer and denatured for 5 min at 95°C. The phosphorylated proteins were
analyzed by 10% SDS-PAGE and detected by Typhoon FLA9500 imager (General Electric Company). Densitometry measurements
were carried out with the Image J software.

Oxidative burst assays

ROS measurement was performed as described with modifications.®* For systemin-induced ROS burst in tomato leaves, fully
expanded leaves of 18-d-old seedlings were punched into 4 mm-diameter leaf discs and floated overnight on sterile water in a
96-well plate. For systemin-induced ROS burst in N. benthamiana leaves, A. tumefaciens strains containing the desired constructs
were infiltrated into fully expanded leaves of 6-week-old N. benthamiana plants, and then incubated for 72 h. Leaves were punched
into 4 mm-diameter leaf discs and floated overnight on sterile water in a 96-well plate. After 12 h incubation, the water was replaced
with a solution of 20 uM L-012 (Wako, cat#120-04891) and 2 ug/mL horseradish peroxidase (Sigma-Aldrich, cat#P6782) containing
100 nM systemin or 100 nM flg22. Luminescence was recorded using the EnSpire multimode plate reader (PerkinElmer). Each data
point consists at least 6 leaf discs.

MAPK activation assays

To investigate systemin-induced MAPK activation in tomato leaves, 18-d-old tomato seedlings of the indicated genotypes were
excised at the base of the stem and placed in 0.5 mL microfuge tubes containing 400 uL of water. After 4 h incubation (wound-
induced MAPK activation was reduced to basal level), plants were transferred to 1.5 mL microfuge tubes containing 100 nM systemin
or 100 nM flg22 for 30 min. Leaf tissues of five plants were pooled for protein extraction. MAPK activation was detected by immu-
noblotting analysis with an anti-pERK antibody (Cell Signaling, cat#4370), and the RubisCO bands were stained with Ponceau as the
loading control.

To investigate systemin-induced MAPK activation in N. benthamiana, A. tumefaciens strains containing the desired constructs
were infiltrated into fully expanded leaves of N. benthamiana plants. After incubation for 72 h, the N. benthamiana leaves treated
with or without 100 nM systemin for 20 min. MAPK activation was detected by immunoblotting analysis with an anti-pERK antibody
(Cell Signaling, cat#4370), and SYR-Flag as the loading control. Densitometry measurements were carried out with the Image J
software.

Transient expression in leaf mesophyll protoplasts of Arabidopsis

Transformation of Arabidopsis leaf mesophyll protoplasts and monitoring of the pFRKT::Luciferase reporter were performed as
described with slight modifications.*””” Briefly, desired plasmids in the pUC19-35S-Flag-RBS vector were co-transfected with
FRK1::LUC (firefly luciferase) and 35S::Ren-LUC (Renilla luciferase) into Arabidopsis protoplasts. The protoplasts were incubated
overnight under low light, treated with indicated concentration of systemin for 3 h. Protein was then isolated, and LUC activity
was recorded using a GLOMAX 96 microplate luminometer (Promega) with the Dual-Luciferase Reporter Assay System (Promega,
cat#E1910) according to the manufacturer’s instructions.

QUANTIFICATION AND STATISTICAL ANALYSIS

Significance of difference was examined by two-tailed Student’s t test (*p < 0.05; **p < 0.01; ***p < 0.001; ns, not significant). For the
proteins quantification, band intensity was performed using the Imaged.
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