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Arabidopsis heterotrimeric G proteins
regulate immunity by directly coupling to
the FLS2 receptor

Xiangxiu Liang'!, Pingtao Ding?', Kehui Lian? Jinlong Wang', Miaomiao Ma’,
Lin Li3, Lei Li', Meng Li", Xiaojuan Zhang', She Chen?, Yuelin Zhang?*,
Jian-Min Zhou™*

'State Key Laboratory of Plant Genomics, Institute of Genetics and Developmental
Biology, Chinese Academy of Sciences, Beijing, China; ?Department of Botany,
University of British Columbia, Vancouver, Canada; *National Institute of Biological
Sciences, Beijing, China

Abstract The Arabidopsis immune receptor FLS2 perceives bacterial flagellin epitope flg22 to
activate defenses through the central cytoplasmic kinase BIK1. The heterotrimeric G proteins
composed of the non-canonical Go: protein XLG2, the GB protein AGB1, and the Gy proteins AGG1
and AGG2 are required for FLS2-mediated immune responses through an unknown mechanism.
Here we show that in the pre-activation state, XLG2 directly interacts with FLS2 and BIK1, and it
functions together with AGB1 and AGG1/2 to attenuate proteasome-mediated degradation of
BIK1, allowing optimum immune activation. Following the activation by flg22, XLG2 dissociates
from AGB1 and is phosphorylated by BIK1 in the N terminus. The phosphorylated XLG2 enhances
the production of reactive oxygen species (ROS) likely by modulating the NADPH oxidase RbohD.
The study demonstrates that the G proteins are directly coupled to the FLS2 receptor complex and
regulate immune signaling through both pre-activation and post-activation mechanisms.

DOI: 10.7554/eLife.13568.001

Introduction

As an intensely studied Pattern Recognition Receptor (PRR) in plants, FLS2 serves as an excellent
model understanding plant innate immune signaling and receptor kinases in general (Macho and
Zipfel, 2014). It forms a dynamic complex with the co-receptor BAK1 and the receptor-like cyto-
plasmic kinase BIK1 to perceive a conserved bacterial flagellar epitope, flg22, to activate a variety of
defense responses (Chinchilla et al., 2007; Heese et al., 2007; Lu et al., 2010; Zhang et al., 2010;
Sun et al., 2013). Stability of FLS2 and BIK1 is subject to regulation by ubiquitin-proteasome system
and a calcium-dependent protein kinase (Lu et al., 2011; Monaghan et al., 2014). We and others
previously showed that BIK1 directly phosphorylates the NADPH oxidase RbohD to prime flg22-
induced reactive oxygen species (ROS; Kadota et al., 2014; Li et al., 2014).

Heterotrimeric G proteins are central for signaling in animals (McCudden et al., 2005;
Oldham et al., 2008), which contain hundreds of G Protein-Coupled Receptors (GPCRs). In the pre-
activation state, the GDP-bound Ga interacts with the GBy dimer to form a heterotrimer. Upon acti-
vation by GPCR, Go. exchanges GDP for GTP, resulting in the activation of the heterotrimer. The
activated Go. and Gy dissociate from each other to regulate downstream effectors. Plants contain
canonical Go (encoded by GPA1 in Arabidopsis), GB (encoded by AGBT in Arabidopsis), Gy proteins
(encoded by AGG1, AGG2), and a non-canonical Gy (encoded by AGG3 in Arabidopsis) (Urano and
Jones, 2013). Plants additionally encode extra-large G proteins (XLGs, encoded by XLG1, XLG2, and
XLG3 in Arabidopsis) that carry a variable N-terminal domain and a C-terminal Ga. domain (Lee and

Liang et al. eLife 2016;5:e13568. DOI: 10.7554/eLife.13568
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The secret of fertilization in flowering plants unveiled

Xiangxiu Liang, Jian-Min Zhou *

State Key Laboratory of Plant Genomics, Institute of Genetics and Developmental Biology, Chinese Academy of Sciences, Beijing 100101, China

As recapitulated in the famous Chinese fairy tale Journey to the
West, the Buddhist monk Xuanzang of the Tang Dynasty (Tang-
seng) took a heroic journey in a quest for India Buddhist sacred
scriptures. The long and dangerous journey was made possible
only with the help of the powerful Monkey King, who had been
pinned down under a mountain by the Buddha as a punishment
for his prior misdemeanor. The Buddha had to secure the mountain
with a magic paper seal so that the Monkey King would not break
loose. The Monkey King burst out from the mountain as soon as
Tangseng lifted the seal, so that he could escort Tangseng through
the journey (Fig. 1).

To some extent, the secret process of fertilization in flowering
plants has much in common with this legendary story. Unlike ani-
mals, the sperm cells of angiosperm are unable to swim and must
be transported to female gametes to accomplish the sexual repro-
duction. These sperm cells are enclosed as a cargo in a pollen grain
[1]. Upon landing on the stigma, the tip of female reproductive
organ, the pollen grain germinates and forms a growing pollen
tube that travels a long distance through the female tissue to reach
ovule, where it ruptures to release sperms and fertilizes the egg
cell inside ovule (Fig. 2). The process takes place with remarkable
precision and includes guided growth of pollen tube, prevention
of pre-mature rupture of pollen tube before reaching the ovule,
accurate localization of ovule opening, repression of pollen tube
growth upon arrival to the ovule, and the rapture of pollen tube
at the final stage [2]. Sophisticated communications between male
and female reproductive tissues are crucial for the execution of
each step, and any miscommunication results in failure of fertiliza-
tion and aborted seed-set. A number of small peptides produced by
pollen tube and female tissues serve as signals coordinating this
complex process. For instance, small CYSTEINE-RICH PEPTIDES
(CRPs), such as tomato LAT52 and STIG are known to regulate pol-
len tube growth [3,4]. The Arabidopsis LUREs [5] and maize ES1-4
[6] which are also CRPs, guide pollen tube growth toward the
ovule. Members of another class of CRPs called RAPID-ALKALIZA-
TION FACTORS (RALFs) have been reported to arrest pollen tube
growth once inside the ovule [7-9]. Identification of peptides and
their receptors controlling pollen tube journey is a major task in
the field of plant reproduction research.

Synergid cells, a pair of cells neighboring the egg cell, are known
to be a key source of female signals. LUREs [5] and ES1-4 [6]

* Corresponding author.
E-mail address: jmzhou@genetics.ac.cn (J.-M. Zhou).

https://doi.org/10.1016/j.scib.2018.02.010

produced by synergid cells are key attractants for pollen tube guid-
ance in Arabidopsis and maize respectively. Several Leucine-Rich
Receptor-Like Kinases (LRR-RLKs) including PRKs and MDIS1, and
MIK1/2 likely form a receptor complex for the perception of LUREs
[10]. Two closely related receptor-like cytoplasmic kinase (RLCK)
named LOST IN POLLEN TUBE GUIDANCE 1 (LIP1) and LIP2 are
required for LURE-regulated pollen tube guidance [11], likely by
acting downstream of the LURE receptor complex.

The Arabidopsis RLK protein FERONIA (FER), which belongs to
the Catharanthus roseus RLK-like (CrRLK1L) family, also plays key
role in pollen tube reception [12]. FER is highly expressed in syn-
ergid cell plasma membrane and is required for the repression of
pollen tube elongation in the ovule [7]. Later research discovered
FER as a major receptor for RALFs to suppress cell elongation [8].
Whether specific members of RALFs regulate the FER-mediated
pollen tube growth-arrest remains unknown.

Controlled rupture of pollen tube tip is not only required for the
release of sperm cells in the ovule, but also ensure pollen tube
reaching the ovule without premature rupture. ANXUR1 (ANX1)
and ANX2, two closely-related CrRLK1L family members localized
at the tip of pollen tube, are required for the integrity of pollen
tube [13,14]. The pollen tube of anx1 anx2 double mutant bursts
spontaneously after pollen germination and is male sterile. These
findings suggest an involvement of transmembrane signaling in
the control of pollen tube rupture. Consistent with this notion,
the RLCK protein MARIS (MRI) and a pair of NADPH oxidases have
been shown to act downstream for the ANXs-mediated suppres-
sion of pollen tube rapture [15,16]. It is not known, however,
whether ANX1/2 are receptors or part of the receptor complex per-
ceiving an unknown ligand to prevent premature rupture. More-
over, it is unknown how the ANX-mediated suppression is
removed to allow pollen tube rupture in the ovule.

A newly published study sheds light on these important ques-
tions. Qu and colleagues show that, a pair of CrRLK1L members
are essential to prevent premature rupture of pollen tube [17].
Inspired by the Monkey King story, the authors name these pro-
teins Buddha’s Paper Seal 1 (BUPS1) and BUPS2. Several lines of
evidence indicate that BUPS1/2 and ANX1/2 act together to control
pollen tube integrity. The bups1/2 double mutants are completely
sterile, and their pollen grains phenocopy that of anx1/2 double
mutants and burst spontaneously after germination. Like ANX1/2,
BUPS1/2 are expressed in pollen grains and pollen tubes.

Because BUPS1/2 and ANX1/2 belong to the CrRLK1L family and
are homologous to FER, the authors hypothesized that BUPS1/2

2095-9273/© 2018 Science China Press. Published by Elsevier B.V. and Science China Press. All rights reserved.
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Ligand-triggered de-repression of Arabidopsis heterotrimeric G
proteins coupled to immune receptor kinases

Xiangxiu Liang'?, Miaomiao Ma'3, Zhaoyang Zhou', Jinlong Wang', Xinru Yang®, Shaofei Rao', Guozhi Bi', Lin Li®, Xiaojuan Zhang’,

Jijie Chai®, She Chen® and Jian-Min Zhou®'>

Arabidopsis heterotrimeric G proteins regulate diverse processes by coupling to single-transmembrane receptors. One such
receptor is the FLS2 receptor kinase, which perceives bacterial flagellin epitope flg22 to activate immunity through a class of
cytoplasmic kinases called BIK1/PBLs. Unlike animal and fungal heterotrimeric G proteins that are activated by a ligand-induced
guanine nucleotide exchange activity of seven-transmembrane G protein-coupled receptors (GPCRs), plant heterotrimeric G
proteins are self-activating. How plant receptors regulate heterotrimeric G proteins in response to external ligands remains
unknown. Here we show that RGS1, a GTPase accelerating protein, maintains Arabidopsis G proteins in an inactive state in complex
with FLS2. Activation of FLS2 by flg22 induces a BIK1/PBL-mediated phosphorylation of RGS1 at Ser428 and Ser431 and that
promotes RGS1 dissociation from the FLS2-G protein complex. This relieves G proteins from the RGS1-mediated repression and
enables positive regulation of immune signaling. We additionally show that RGS1 is similarly regulated by multiple immune
receptors. Our results uncover ligand-induced de-repression as a mechanism for G protein signaling in plants that is distinct from
previously reported mechanism underlying the activation of heterotrimeric G proteins in other systems.

Cell Research (2018) 0:1-15; https://doi.org/10.1038/s41422-018-0027-5

INTRODUCTION

Heterotrimeric G proteins are universal signaling modules in
eukaryotic organisms, including animals, plants and fungi. They
regulate transmembrane signaling by coupling to cell surface-
localized receptors. The animal and fungal heterotrimeric G
proteins are directly regulated by seven-transmembrane G
protein-coupled receptors (GPCRs). In the resting state, a GDP-
bound Ga associates with a GRy dimer to form an inactive trimer.
Upon stimulation by extracellular ligands, GPCRs act as guanine
nucleotide exchange factors (GEFs) to promote GDP-GTP
exchange in Ga to activate the G proteins. The GTP-bound Ga
dissociates from the GBy dimer, and each entity goes on to
regulate different downstream target referred to as “effectors”.
Hydrolysis of GTP by the intrinsic GTPase activity of Ga allows
cycling of Ga back to the GDP-bound resting state.'? The GTP
hydrolysis is enhanced by the regulator of G protein signaling
protein (RGS), a GTPase accelerating protein (GAP).?

The Arabidopsis genome encodes four Ga proteins (GPA1, XLGT,
XLG2, and XLG3), one GB protein (AGB1), and three Gy proteins
(AGG1, AGG2, and AGG3).* Among these, GPA1 is a canonical Ga,
whereas XLG1, XLG2, and XLG3 are non-canonical Ga proteins that
contain an N-terminal domain of unknown function in addition to
the C-terminal Ga domain. Plant Ga proteins also undergo GDP-
and GTP-bound cycle, and the GTPase activity of plant Ga proteins
is similarly enhanced by RGS proteins. Arabidopsis contains a
single RGS1 protein that negatively regulates GPA1-mediated
signaling through its GAP activity.>® Plant heterotrimeric G

proteins have been shown to associate with receptor kinases
(RKs), receptor-like kinases (RLKs), or receptor-like proteins (RLPs),
which are all single-transmembrane proteins. The maize RLP FEA2
associates with the Ga protein CT2 to maintain shoot apical
meristem.” The soybean RK NFR1 interacts with Ga proteins to
control nodulation® The Arabidopsis RK ERECTA genetically
interacts with heterotrimeric G protein components to regulate
disease resistance.”’® We have shown recently that plant
heterotrimeric G proteins are associated with and regulated by
immune receptor kinase FLS2."" However, these plant receptors
are not known to act as GEFs. Moreover, plant Ga proteins are self-
activating and can bind GTP in the absence of GEFs.'*'® How
plant receptor kinases regulate heterotrimeric G proteins remains
poorly understood.

Immune RKs FLS2, EFR, LYK5, and PEPRs are pattern recognition
receptors (PRRs) that recognize microbe- or plant-derived
molecular patterns including the bacterial flagellin epitope flg22,
elongation factor Tu epitope elf18, fungal cell wall component
chitin, and plant elicitor peptides (Peps), triggering a series of
immune responses culminated in disease resistance against
diverse pathogens."*'” Among these, FLS2 has been extensively
studied and serves as a model to understand RK-mediated
signaling, particularly the regulation of heterotrimeric G proteins.
Upon flg22 binding, FLS2 rapidly recruits its co-receptor BAK1, a
receptor-like kinase, to form an active receptor complex and
initiates immune signaling.'®'® Downstream of FLS2, receptor-like
cytoplasmic kinase family VII (RLCKVI)) members BIK1 and PBS1-

'State Key Laboratory of Plant Genomics, Institute of Genetics and Developmental Biology, Chinese Academy of Sciences, 100101 Beijing, China; *State Key Laboratory of Plant
Genomics, Institute of Microbiology, Chinese Academy of Sciences, 100101 Beijing, China; *University of Chinese Academy of Sciences, 100049 Beijing, China; “Center for Plant
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Receptor-Like Cytoplasmic
Kinases: Central Players

in Plant Receptor
Kinase—Mediated Signaling

Xiangxiu Liang and Jian-Min Zhou

State Key Laboratory of Plant Genomics, Institute of Genetics and Developmental Biology,
Chinese Academy of Sciences, Chaoyang District, 100101 Beijing, China;
email: jmzhou@genetics.ac.cn

Keywords
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Abstract

Receptor kinases (RKs) are of paramount importance in transmembrane sig-
naling that governs plant reproduction, growth, development, and adapta-
tion to diverse environmental conditions. Receptor-like cytoplasmic kinases
(RLCKs), which lack extracellular ligand-binding domains, have emerged
as a major class of signaling proteins that regulate plant cellular activities
in response to biotic/abiotic stresses and endogenous extracellular signal-
ing molecules. By associating with immune RKs, RLCKs regulate multiple
downstream signaling nodes to orchestrate a complex array of defense re-
sponses against microbial pathogens. RLCKs also associate with RKs that
perceive brassinosteroids and signaling peptides to coordinate growth, pollen
tube guidance, embryonic and stomatal patterning, floral organ abscission,
and abiotic stress responses. The activity and stability of RLCKs are dynami-
cally regulated not only by RKs but also by other RLCK-associated proteins.
Analyses of RLCK-associated components and substrates have suggested
phosphorylation relays as a major mechanism underlying RK-mediated
signaling.
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A malectin-like receptor kinase regulates cell death
and pattern-triggered immunity in soybean

Dongmei Wang™*', Xiangxiu Liang®", Yazhou Bao?, Suxin Yang®, Xiong Zhang®>®, Hui Yu?,

Qian zZhang®, Guangyuan Xu?, Xianzhong Feng®”

Abstract

Plant cells can sense conserved molecular patterns through
pattern recognition receptors (PRRs) and initiate pattern-triggered
immunity (PTI). Details of the PTI signaling network are starting to
be uncovered in Arabidopsis, but are still poorly understood in
other species, including soybean (Glycine max). In this study, we
perform a forward genetic screen for autoimmunity-related lesion
mimic mutants (Imms) in soybean and identify two allelic mutants,
which carry mutations in Glyma.13G054400, encoding a malectin-
like receptor kinase (RK). The mutants exhibit enhanced resistance
to both bacterial and oomycete pathogens, as well as elevated ROS
production upon treatment with the bacterial pattern flg22.
Overexpression of GmLMM1 gene in Nicotiana benthamiana severely
suppresses flg22-triggered ROS production and oomycete pattern
XEG1-induced cell death. We further show that GmLMM1 interacts
with the flg22 receptor FLS2 and its co-receptor BAK1 to negatively
regulate flg22-induced complex formation between them. Our
study identifies an important component in PTI regulation and
reveals that GmLMM1 acts as a molecular switch to control an
appropriate immune activation, which may also be adapted to
other PRR-mediated immune signaling in soybean.

Keywords cell death; Glycine max; lesion mimic mutant; malectin-like
receptor kinase; pattern-triggered immunity

Subject Categories Immunology; Microbiology, Virology & Host Pathogen
Interaction; Signal Transduction
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Introduction

Soybean is one of the major sources of oil and plant proteins world-
wide. Its demand in food, feed, and industrial production has

& Daolong Dou>*"

increased stably along with the rapid expansion of the world’s popu-
lation. Soybean diseases, including bacterial blight, phytophthora
root rot, and soybean rust, continuously cause great losses to
soybean yield and quality worldwide. Traditional disease control
mainly relies on chemical and breeding methods, which are some-
times outpaced by the evolution of pathogens. Thus, it is important
to study the soybean immune system and to understand how
soybean defends itself against pathogens (Whitham et al, 2016).
Plants are equipped with two layers of immune perception systems:
pattern-triggered immunity (PTI) and effector-triggered immunity
(ETL; Jones & Dangl, 2006). Plant plasma membrane-localized
pattern recognition receptors (PRRs) can sense the presence of
pathogens through recognition of microbe-associated molecule,
such as bacterial flg22 and Phytophthora sojae XEG1, to activate
downstream PTI signaling (Chinchilla et al, 2006; Wang et al,
2018). Successful pathogens can evade plant resistance by secreting
effector proteins to suppress plant PTI signaling. Plant intracellular
nucleotide-binding and leucine-rich repeat receptors (NLRs) can
recognize the presence of microbial effectors to trigger a much
stronger ETI response, which is usually accompanied by hypersensi-
tive response (HR; Dou & Zhou, 2012; Jones et al, 2016). Both
layers of the plant immune system have been extensively studied in
Arabidopsis and some crops, such as rice. However, the limited
information on soybean immunity focuses mainly on ETI, few on
PTI. For example, several NLRs have been cloned and characterized
during the last decade (Whitham et al, 2016), including Rpglb/
Rpglr that recognizes AvrB/AvrRpml from Pseudomonas syringae
pv. glycinea (Psg) (Ashfield et al, 2014).

Reports of immune responses mediated by PRRs in soybean are
scarce (Whitham et al, 2016). Although PTI is not as strong as ETI,
it confers a much broader and moderate resistance to most
microbes, with potentially lower growth and vyield penalty. In
plants, PRRs consist of receptor kinase (RK) and receptor protein
(RP). RK contains a variable ectodomain potentially involved in
ligand perception, a single transmembrane domain, and a cytoplas-
mic kinase domain for signal transduction. RP contains an

1 Key Laboratory of Soybean Molecular Design Breeding, Northeast Institute of Geography and Agroecology, The Innovative Academy of Seed Design, Chinese Academy of

Sciences, Changchun, China
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Introduction

Plants rely on their innate immune system to protect themselves
from infection. Plant cells are equipped with two types of
immune receptors, the cell-surface-localized pattern-recognition
receptors (PRRs) and intracellular nucleotide-binding, leucine-
rich repeat receptors (NLRs) that perceive microbial invasion and
activate plant immunity. Pattern-recognition receptors can sense
the invasion of pathogens through recognition of microbe-
derived molecular patterns such as bacterial flg22, fungal chitin,
and Phytophthora sojae XEGI to activate the plant immune sys-
tem (Chinchilla ez 2, 2006; ]J. Wang ez al., 2018; Y. Wang ez al.,
2018). Successful pathogens can overcome plant basal resistance
by secreting a plethora of effector proteins to suppress plant
immune signaling and facilitate host infection. Plant intracellular
NLRs recognize the presence of microbial effectors and trigger a

Summary

¢ Receptor-like cytoplasmic kinase subfamily VII (RLCK-VII) proteins are the central immune
kinases in plant pattern-recognition receptor (PRR) complexes, and they orchestrate a com-
plex array of defense responses against bacterial and fungal pathogens. However, the role of
RLCK-VII in plant-oomycete pathogen interactions has not been established. Phytophthora
capsici is a notorious oomycete pathogen that infects many agriculturally important vegeta-
bles.

¢ Here, we report the identification of RXLR25, an RXLR effector that is required for the viru-
lence of P. capsici. In planta expression of RXLR25 significantly enhanced plants' susceptibility
to Phytophthora pathogens. Microbial pattern-induced immune activation in Arabidopsis was
severely impaired by RXLR25. We further showed that RXLR25 interacts with RLCK-VII pro-
teins.

e Using nine rlck-vii high-order mutants, we observed that RLCK-VII-6 and RLCK-VII-8
members are required for resistance to P. capsici. The RLCK-VII-6 members are specifically
required for Phytophthora culture filtrate (CF)-induced immune responses. RXLR25 directly
targets RLCK-VII proteins such as BIK1, PBL8, and PBL17 and inhibits pattern-induced phos-
phorylation of RLCK-VIIs to suppress downstream immune responses.

e This study identified a key virulence factor for P. capsici, and the results revealed the impor-
tance of RLCK-VII proteins in plant-oomycete interactions.

second round of plant immunity to further amplify and
strengthen the plant immune responses (Jones ¢t al., 2016; Zhou
& Zhang, 2020). Rapid recognition of conserved molecular pat-
terns by PRRs is the key step in the initiation of plant immune
responses, and it confers broad resistance to most microbes. Ara-
bidopsis receptor kinase (RK) FLS2 recognizes the bacterial flag-
ellin epitope flg22 in the presence of the co-receptor BAKI
(Chinchilla er al, 2006; Sun ez al., 2013). Phytophthora sojac-
derived pattern XEG1 is recognized by Nicotiana benthamiana
receptor protein (RP) RXEG1, which is in complex with the
co-receptors NbBAK1 and NbSOBIRI (J. Wang ez al., 2018;
Y. Wang er al., 2018). Pattern-recognition receptors form com-
plexes with many key regulatory components such as receptor-
like cytoplasmic kinases (RLCKs) (Lin ez al, 2013; Liang &
Zhou, 2018), heterotrimeric G proteins (Liang ez al, 2016,
2018), and the NADPH oxidase RbohD (Kadota et al., 2014; Li

et al, 2014), to activate a series of downstream immune
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Kinases in Immunity by Transient
Expression Assays

Qian Zhang', Shuxian Chen’, Yazhou Bao', Dongmei Wang?, Weijie Wang’,
Rubin Chen’, Yixin Li', Guangyuan Xu', Xianzhong Feng?, Xiangxiu Liang’3* and
Daolong Dou’#*

" MOA Key Lab of Pest Monitoring and Green Management, Department of Plant Pathology, College of Plant Protection,
China Agricuitural University, Bejjing, China, ? Key Laboratory of Soybean Molecular Design Breeding, Northeast Institute
of Geography and Agroecology, Innovative Academy of Seed Design, Chinese Academy of Sciences, Changchun, China,
3 College of Life Sciences, South China Agricultural University, Guangzhou, China, * College of Plant Protection, Nanjing
Agricuftural University, Nanjing, China

Plants have responded to microbial pathogens by evolving a two-tiered immune system,
involving pathogen-associated molecular pattern (PAMP)-triggered immunity (PTl) and
effector-triggered immunity (ETI). Malectin/malectin-like domain-containing receptor-like
kinases (MRLKs) have been reported to participate in many biological functions in
plant including immunity and resistance. However, little is known regarding the role of
MRLKSs in soybean immunity. This is a crucial question to address because soybean
is an important source of oil and plant proteins, and its production is threatened
by various pathogens. Here, we systematically identified 72 Giycine max MRLKs
(GmMMRLKs) and demonstrated that many of them are transcriptionally induced or
suppressed in response to infection with microbial pathogens. Next, we successfully
cloned 60 GmMRLKs and subsequently characterized their roles in plant immunity by
transiently expressing them in Nicotiana benthamiana, a model plant widely used to
study host-pathogen interactions. Specifically, we examined the effect of GmMRLKSs on
PTl responses and noticed that a number of GmMRLKSs negatively regulated the reactive
oxygen species burst induced by flg22 and chitin, and cell death triggered by XEG1 and
INF1. We also analyzed the microbial effectors AvrB- and XopQ-induced hypersensitivity
response and identified several GmMMRLKSs that suppressed ETI activation. We further
showed that GmMRLKSs regulate immunity probably by coupling to the immune receptor
complexes. Furthermore, transient expression of several selected GmMRLKSs in soybean
hairy roots conferred reduced resistance to soybean pathogen Phytophthora sojae.
In summary, we revealed the common and specific roles of GmMRLKSs in soybean
immunity and identified a number of GmMRLKs as candidate susceptible genes that
may be useful for improving soybean resistance.

Keywords: soybean, malectin/malectin-like domain-containing receptor-like kinases, immune responses,
PTI, ETI
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Summary
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¢ To better explore the potential of rice extra-large G (XLG) proteins in future breeding, we
characterised the function of OsXLG7, OsXLG2 and OsXLG3 in disease resistance. Loss-of-
function Osx/g2 and Osx/g3 mutants showed reduced resistance to the fungal pathogen
Magnaporthe oryzae, whereas Osx/g1 mutants were specifically compromised in resistance to
the bacterial pathogen Xanthomonas oryzae pv oryzae.

¢ Consistent with their effects on rice blast resistance, mutations in OsXLG2 and OsXLG3
caused greater defects than did mutations in OsXLG7 for chitin-induced defence responses.
All three OsXLGs interacted with components of a surface immune receptor complex com-
posed of OsCERK1, OsRLCK176 and OsRLCK185.

e Further characterisation of yield-related traits showed that the Osx/g3 mutants displayed
reduced plant height, panicle length and 1000grain weight, whereas Osx/g7 mutants exhib-
ited increased plant height, panicle length and 1000-grain weight.

¢ Together the study shows the differential contributions of the three OsXLG proteins to dis-
ease resistance to fungal and bacterial pathogens, their yield-related traits and provides
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Introduction

Rice is one of the most important food crop, and its demand is
increasing along with the rapid expansion of the world’s popula-
tion. Improving the yield and quality are the major challenge of
rice production. Rice yield is mainly controlled by a series of
agronomic characteristics, including tiller number, grain number
and grain size (Xing & Zhang, 2010). For the last decades, some
genes and quantitative trait loci (QTLs) related to rice yield and
quality have been identified and introduced into elite cultivars.
With the changes in global climate and agricultural practices, rice
diseases frequently occur. Rice production is severely threatened
by a variety of pathogens, including fungal pathogen Magna-
porthe oryzae (M. oryzae) and bacterial pathogen Xanthomonas
oryzae pv oryzae (Xoo). Magnaporthe oryzae and Xoo respectively
cause fungal blast and bacterial blast, which are devastating dis-
eases for rice production. Plants rely on their innate immune sys-
tem to detect and defend various invading pathogens. However,
plant immunity often comes at a cost on plant growth and devel-
opment. There is an urgent need to develop rice plants with
broad-spectrum resistance and minimal yield penalty.
Heterotrimeric G protein complex composed of Ga,, GB and
Gy subunits is one of the major signal transducers in eukaryotic

© 2022 The Authors
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insights for future improvement of rice production.

cells. G proteins work as nodes for coordination of multiple bio-
logical processes (Pandey, 2019). In animals, the seven-
transmembrane G protein coupled receptors (GPCRs) can per-
ceive extracellular signals through their ectodomains and transmit
the signal to the Gal subunits, leading to Gas exchange GDP for
GTP and resulting in the activation of G proteins. The activated
Gois dissociate from Gy dimers and each function on their
downstream effectors (Oldham & Hamm, 2008). Mammals (e.g.
human) have 23 Gas, 5 GBs and 12 Gys, which can form multi-
ple heterotrimer combinations. By contrast, plants have fewer G
protein isoforms. The Arabidopsis genome encodes one canonical
Ga, three extra-large G (XLG) proteins, one GP and three Gys
(Stateczny eral., 2016). There is one canonical Gu, three XLG
genes, one Gf and three Gys in the rice genome (Urano & Jones,
2014; Stateczny et al., 2016). XLG proteins are a subfamily of
plant-specific Go proteins, which contain a C-terminal Go
domain and an N-terminal extension (Lee & Assmann, 1999).
XLG proteins exist in all higher plants with a larger number than
the canonical Go. Some lower plants, such as the moss
Physcomitrella patens, lack the canonical Ga and possess one XLG
as the only Gat protein (Hackenberg ez al., 2016).
Although plants have a limited number of G protein isoforms,
G proteins play important roles in almost all aspects of biological
New Phytologist (2022) 234: 607-617 607
www.newphytologist.com
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SUMMARY

Plants employ cell-surface-localized pattern recognition receptors (PRRs) to recognize immunogenic pat-
terns and activate defenses. How these receptors regulate immune signaling in the nucleus is not well under-
stood. Our previous studies showed that BIK1, a central kinase associated with PRRs, phosphorylates a
plant-specific Ga protein called extra-large G protein 2 (XLG2) to positively regulate immunity. Here, we
show that this phosphorylation promotes XLG2 nuclear translocation, which is essential for antibacterial im-
munity. XLG2 interacts with nuclear-localized MUT9-like kinases (MLKSs) to regulate transcriptome program-
ming. MLKs negatively regulate plant immunity in a kinase activity-dependent manner, whereas XLG2 pro-
motes defense gene expression and antibacterial immunity likely by inhibiting MLK kinase activity. A
C-terminal motif in MLKs is essential for the interaction with XLG2, and this motif is required for the XLG2-
mediated defense activation. Together, our findings reveal a previously unknown pathway and mechanisms

by which cell surface receptors regulate transcriptome during pathogen invasion.

INTRODUCTION

Plants employ cell-surface-localized pattern recognition recep-
tors (PRRs) to sense microbe- or plant-derived molecular patterns
and trigger a series of immune responses to defend against
various microbial invasions (Couto and Zipfel, 2016; Tang et al.,
2017). Forinstance, Arabidopsis receptor kinase (RK) FLS2 recog-
nizes the bacterial flagellin epitope flg22 in the presence of the co-
receptor BAK1 (Chinchilla et al., 2006; Sun et al., 2013). Similarly,
Arabidopsis PRRs EFR, LYK5, and Pep receptors (PEPRSs) recog-
nize bacterial elongation factor Tu epitope elf18, fungal-derived
cell-wall component chitin, and plant elicitor peptides (Peps),
respectively (Zipfel et al., 2006; Cao et al., 2014; Krol et al,,
2010). Downstream of PRRs, the central immune kinase BIK1
and its close homologs PBS1-like (PBL) kinases directly phos-
phorylate multiple immune components to activate immune re-
sponses (Zhang et al., 2010; Lu et al., 2010; Liang and Zhou,
2018). These include the nicotinamide adenine dinucleotide phos-
phate (NADPH) oxidase respiratory burst homolog D (RbohD)

responsible for the production of reactive oxygen species (ROS)
(Lietal., 2014; Kadota et al., 2014), cyclic nucleotide gated chan-
nels (CNGC2 and CNGC4) and OSCA1.3 controlling calcium influx
(Tian et al., 2019; Thor et al., 2020), mitogen-activated protein ki-
nase kinase kinases MPKKK3, MPKKK5, and MEKK1 governing
MAP kinase cascades (Bi et al., 2018), and heterotrimeric G pro-
tein subunit extra-large G protein 2 (XLG2) and regulator of G pro-
tein signaling 1 (RGS1) (Liang et al., 2016, 2018b). While these
explain pattern-triggered ROS production, calcium flux, and acti-
vation of MAP kinase cascades, how heterotrimeric G proteins
regulate defenses remains unclear.

Heterotrimeric G proteins composed of Ga, GB, and Gy sub-
units are major signal transduction modules in eukaryotes
(McCudden et al., 2005; Temple and Jones, 2007). Arabidopsis
carry a single canonical Ga. subunit (GPA1), three extra-large
Goa. proteins (XLG1-3), one G subunit (AGB1), and three Gy sub-
units (AGG1-3) (Stateczny et al., 2016). In the resting state, Ga.
proteins bind to GDP and form heterotrimers with GBy. In the
activated state, Ga proteins exchange GDP for GTP, giving

Cell Host & Microbe 30, 1-13, November 9, 2022 © 2022 Elsevier Inc. 1
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Extra-large G proteins regulate disease
resistance by directly coupling to immune
receptors in Nicotiana benthamiana
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Abstract

Heterotrimeric G proteins, comprising Ga, G@3, and Gy subunits, are key regulators of eukaryotic intracellular signaling.
Extra-large G (XLG) proteins are a subfamily of plant-specific Ga proteins interacting with plasma membrane-localized
receptors to regulate multiple biological processes. The Nicotiana benthamiana genome encodes seven XLG pro-
teins, NbXLG1-7, whose functions in disease resistance and underlying mechanisms are unknown. In this study, we
silenced all the seven genes and found that disease susceptibility was enhanced when both NbXLG3 and NbXLG5 or
NbXLG4 was silenced. Then, we generated N. benthamiana xlg3xlg5 double- and x/g4 single-mutant lines using the
CRISPR-Cas9 approach. All the mutants showed reduced resistance to the bacterial pathogen Pseudomonas syringae
pv. tomato DC3000, the fungal pathogen Sclerotinia sclerotiorum, and a series of oomycete pathogens, including
Phytophthora capsici, Phytophthora infestans, and Phytophthora parasitica. We further demonstrated that NbXLG3/4/5
positively regulated microbial pattern-induced reactive oxygen species burst and defense gene expression by directly
coupling to the tested plant immune receptors. In addition, we examined the role of NbXLG3/4/5 in abiotic stress
tolerance and observed that NbXLG3 and NbXLG5 negatively regulated plant resistance to high-salt, mannitol, and
PEG. Our study demonstrates the possible role of NbXLG3/4/5 in response to biotic and abiotic stresses and provides
insights for the improvement of plant resistance to environmental changes.

Keywords: NbXLG, Immune response, Plant resistance, Abiotic stress

Background

The heterotrimeric G protein complex, composed of a,
B, and y subunits, is one of the most important signal
transducers in eukaryotic cells (Pandey 2019). G proteins
are key regulators of extracellular signal transduction.
In animals and fungi, the Ga subunit is directly cou-
pled to seven-transmembrane G protein coupled recep-
tors (GPCRs) that perceive extracellular signals through
the ectodomains. GPCRs transmit these extracellular

*Correspondence: liangxiangxiu@scau.edu.cn

' College of Plant Protection, China Agricultural University, Beijing 100193,
China
Full list of author information is available at the end of the article

B BMC

signals to Gas, causing Gas to exchange GDP for GTP,
resulting in the activation of G protein heterotrimers.
An activated Ga separates from Gy and they each func-
tion on their downstream targets (also known as G pro-
tein effectors) to transduce and amplify signals (Oldham
and Hamm 2008). In plants, there is mounting evidence
that G proteins are directly coupled to single-transmem-
brane receptor-like proteins (RLPs) and receptor kinases
(RKs) to transduce extracellular signals to downstream
effectors (Bommert et al. 2013; Choudhury and Pandey
2015; Liang et al. 2016; Yu et al. 2018; Zhao et al. 2022).
Animals have a much larger number of G protein subu-
nits that can form multiple heterotrimer combinations.
For example, humans have 23 Gas, 5 Gps, and 12 Gys.

©The Author(s) 2022. Open Access This article is licensed under a Creative Commons Attribution 4.0 International License, which
permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give appropriate credit to the
original author(s) and the source, provide a link to the Creative Commons licence, and indicate if changes were made. The images or

other third party material in this article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line
to the material. If material is not included in the article’s Creative Commons licence and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy of this
licence, visit http://creativecommons.org/licenses/by/4.0/.
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ABSTRACT

Plant cells recognize microbial patterns with the
plasma-membrane-localized  pattern-recognition
receptors consisting mainly of receptor kinases
(RKs) and receptor-like proteins (RLPs). RKs, such
as bacterial flagellin receptor FLS2, and their
downstream signaling components have been
studied extensively. However, newly discovered
regulatory components of RLP-mediated immune
signaling, such as the nlp20 receptor RLP23, await
identification. Unlike RKs, RLPs lack a cytoplasmic
kinase domain, instead recruiting the receptor-like
kinases (RLKs) BAK1 and SOBIR1. SOBIR1 spe-
cifically works as an adapter for RLP-mediated
immunity. To identify new regulators of RLP-
mediated signaling, we looked for SOBIR1-binding

proteins (SBPs) in Arabidopsis thaliana using pro-
tein immunoprecipitation and mass spectrometry,
identifying two G-type lectin RLKs, SBP1 and
SBP2, that physically interacted with SOBIR1.
SBP1 and SBP2 showed high sequence similarity,
were tandemly repeated on chromosome 4, and
also interacted with both RLP23 and BAK1. sbp1
sbp2 double mutants obtained via CRISPR-Cas9
gene editing showed severely impaired nlp20-
induced reactive oxygen species burst, mitogen-
activated protein kinase (MAPK) activation, and
defense gene expression, but normal flg22-induced
immune responses. We showed that SBP1 regu-
lated nlp20-induced immunity in a kinase activity-
independent manner. Furthermore, the nlp20-
induced the RLP23-BAK1 interaction, although not
the flg22-induced FLS2-BAK1 interaction, was
significantly reduced in sbp1 sbp2. This study
identified SBPs as new regulatory components
in RLP23 receptor complex that may specifically
modulate RLP23-mediated immunity by positively
regulating the interaction between the RLP23 re-
ceptor and the BAK1 co-receptor.

Keywords: immune responses, pattern-recognition receptors,
receptor-like proteins, SBPs, SOBIR1

Bao, Y., Li, Y., Chang, Q., Chen, R., Wang, W., Zhang, Q.,
Chen, S., Xu, G., Wang, X., Cui, F., Dou, D., and Liang, X.
(2023). A pair of G-type lectin receptor-like kinases modulates

nlp20-mediated immune responses by coupling to the RLP23
receptor complex. J. Integr. Plant Biol. 00: 1-16.

INTRODUCTION

lants are threatened by various microbial pathogens. To
defend themself from microbial pathogen invasions, plants
have evolved a multilayered innate immune system. Successful

© 2023 Institute of Botany, Chinese Academy of Sciences.

recognition of microbial patterns is a key step in the initiation of
plant immune responses. Microbial patterns are conserved
molecular features of microorganisms that are recognized by
cell-surface-localized pattern-recognition receptors (PRRs) of
plants (Couto and Zipfel, 2016; Tang et al., 2017). PRRs can
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CPRS5 positively regulates pattern-triggered immunity

via a mediator protein
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SUMMARY

Plant cells possess a two-layered immune system
consisting of pattem-triggered immunity (PTI)
and effector-triggered immunity (ETI), mediated
by cell surface pattern-recognition receptors and
intracellular nucleotide-binding leucine-rich repeat

receptors (NLRs), respectively. The CONSTITUTIVE
EXPRESSION OF PR GENES 5 (CPR5) nuclear pore
complex protein negatively regulates ETI, including
ETl-associated hypersensitive response. Here, we
show that CPR5 is essential for the activation of
various PTI responses in Arabidopsis, such as
resistance to the non-adapted bacterium Pseudo-
monas syringae pv. tomato DC3000 hrcC'. In a
forward-genetic screen for suppressors of cpr5, we
identified the mediator protein MED4. Mutation of
MED4 in cpr5 greatly restored the defective PTI of
cpr5. Our findings reveal that CPR5 plays opposite
roles in regulating PTlI and ETI, and genetically
regulates PTI via MED4.

Keywords: CPR5, MED4, plant immunity, PTI

Ma, M., Li, M., Zhou, R,, Yu, J. B., Wu, Y., Zhang, X., Wang, J.,
Zhou, J. M., and Liang, X. (2023). CPR5 positively regulates
pattern-triggered immunity via a mediator protein. J. Integr. Plant
Biol. 00: 1-7.

INTRODUCTION

lants employ pattern-recognition receptors (PRRs) to

recognize pathogen/microbe-associated molecular pat-
terns (PAMPs/MAMPs) or damage-associated molecular
patterns (DAMPSs) to activate pattern-triggered immunity (PTI)
(DeFalco and Zipfel, 2021). For instance, in the presence of
the co-receptor BAK1, FLS2 recognizes bacterial flagellin (or
the flg22 epitope) in Arabidopsis thaliana (Chinchilla et al.,
2007). Similarly, LYK4 or LYK5 forms a complex with CERK1
to recognize chitin derived from fungal cell walls (Miya et al.,
2007; Cao et al., 2014). Plant-derived plant-elicitor peptides

© 2023 Institute of Botany, Chinese Academy of Sciences.

(Peps) are perceived by the receptors PEPR1 and PEPR2,
together with their co-receptor BAK1 (Yamaguchi et al.,
2010). PRRs transmit signals to downstream signaling com-
ponents and induce a series of immune responses, including
the transient production of reactive oxygen species (ROS),
activation of the mitogen-activated protein kinase (MAPK)
cascade, and transcriptome reprogramming (DeFalco and
Zipfel, 2021). PTI confers moderate resistance to most mi-
crobes, including adapted and non-adapted pathogens, at
relatively low growth costs. Successful pathogens can evade
host immunity by secreting effectors into the host cells that
suppress plant immune signaling (Wang et al., 2022). In turn,
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A pair of soybean malectin-like

domain-containing receptor-like kinases jointly
regulate pattern-triggered immunity by forming
hetero-oligomers

Qian Zhang', Dongmei Wang?, Zhuoyuan He?, Yazhou Bao?, Xiaodan Wang', Guangyuan Xu', Jun Yang',
Daolong Dou'#", Xianzhong Feng?” and Xiangxiu Liang'*

Abstract

Plant cells perceive pathogen invasion by recognizing microbial patterns using plasma-membrane-localized pattern-
recognition receptors (PRRs) to initiate pattern-triggered immunity (PTI), which confers a moderate immunity to most
microbes. For instance, the PRR FLS2 (FLAGELLIN SENSING 2) recognizes bacterial flagellin in the presence of the co-
receptor BAK1 and activates a series of PTI responses, such as reactive oxygen species (ROS) burst and mitogen-
activated protein kinase (MAPK) activation. We previously showed that soybean malectin/malectin-like domain-con-
taining receptor-like kinase (MRLK) protein GmLMM1 negatively regulates PTI by suppressing FLS2-BAK1 interaction.
GMLMM1 replicates in tandem with five other GmMRLKs on chromosome 13. Here, we show that GmMRLK32,

the closest homolog to GmLMM1 among the tandem genes of GmLMM1, negatively regulates PTl and disease
resistance against bacterial and oomycete pathogens. The Gmmr/k32 mutant showed enhanced flg22-induced ROS
burst and MAPK activation. We revealed that GmMRLK32 interacts with GmFLS2 and GmBAKT, and suppresses flg22-
induced GmFLS2-GmBAKT1 dimerization in a manner similar to that of GmLMM1. We further showed that GmMRLK32
specifically interacts with GmLMM1 to regulate PTI. In Nicotiana benthamiana plants, co-expression of GmMRLK32
and GmLMM1 showed a stronger PTl inhibitory effect on PTl activation than expression of GmMRLK32 or GmLMM1
alone. We uncovered a novel mechanism by which GmMRLK32 and GmLMM1 coordinately regulate PTI by forming
hetero-oligomer.

Keywords Soybean, Malectin/malectin-like domain-containing receptor-like kinases, Pattern-recognition receptors
(PRRs), Pattern-triggered immunity (PTI)
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Joint application of plant immunity-inducing =

elicitors and fungicides to control Phytophthora
diseases

Rubin Chen', Dicheng Ma', Yazhou Bao'?, Weijie Wang', Dandan Du', Xujun Chen', Daoclong Dou'?" and
Xiangxiu Liang'?

Abstract

Phytophthora are destructive plant pathogens that pose a serious threat to crop production. Traditional control meth-
ods rely heavily on chemical fungicides, which are harmful to the environment and human health. Currently, effective
green prevention and control methods for Phytophthora pathogens are lacking. Plants rely primarily on their innate
immune system to resist pathogens. Plant cells perceive pathogen invasion and activate immune responses by rec-
ognizing specific pathogen-derived molecules, called elicitors, which mainly include pathogen-associated molecu-
lar patterns (PAMPs) and microbial effector proteins. PAMPs, which are conserved molecular features of microbes

and recognized by plant cell surface-localized pattern-recognition receptors (PRRs), activate mild and broad-spectrum
disease resistance. However, there are few reports on elicitor proteins that induce broad resistance against Phytoph-
thora pathogens. In this study, we identified BcIEB1, a fungal-derived PAMP, which activated plant immune responses
in a BAK1- and SOBIR1-dependent manner. BCIEBT could induce plant resistance to various Phytophthora pathogens,
including P, capsici, P infestans, and P, parasitica. We further found that the combination of lower concentrations

of BclEB1T with fungicides, such as pyraclostrobin, azoxystrobin, and metalaxyl-M, could enhance the effect on Phy-
tophthora disease control while reducing the dependence on fungicides, thereby reducing environmental pollution.
This study identified a novel, less toxic strategy for controlling Phytophthora diseases.

Keywords Phytophthora diseases, Elicitor, PAMP, Plant immunity, Fungicide

Background

Phytophthora, a unique genus of the Oomycetes, is mor-
phologically similar to filamentous fungi; however, they
differ in many aspects, such as cell wall composition,
biochemical metabolism, and reproductive methods

Dcazr‘;ensg%fj nee (Jiang and Tyler 2012). Phytophthora species are highly
ddou@njau.edu.cn destructive plant pathogens that significantly threaten
Xiangxiu Liang crop production. With over 100 members reported, path-
liangxiangxiu@scau.edu.cn X . . .
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Nanjing 210095, China 2008). For example, P. capsici is a highly damaging oomy-
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« MET and its derivatives enhance plant
resistance by inducing and
strengthening immune responses.

« MET targets CPK28 at T76 and
inhibits its interaction with BIK1.

« MET masks T76 to prevent its
phosphorylation by BIK1 and
suppresses CPK28 function.

« Our study identifies a novel broad-
spectrum chemical plant immunity
inducer family and elucidates a
mechanism that can serve as a
starting point for the development of
novel agrochemicals.
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ABSTRACT

Introduction: Metformin (MET), derived from Galega officinalis, stands as the primary first-line medication
for the treatment of type 2 diabetes (T2D). Despite its well-documented benefits in mammalian cellular
processes, its functions and underlying mechanisms in plants remain unclear.

Objectives: This study aimed to elucidate MET’s role in inducing plant immunity and investigate the asso-
ciated mechanisms.

Methods: To investigate the impact of MET on enhancing plant immune responses, we conducted assays
measuring defense gene expression, reactive oxygen species (ROS) accumulation, mitogen-activated pro-
tein kinase (MAPK) phosphorylation, and pathogen infection. Additionally, surface plasmon resonance
(SPR) and microscale thermophoresis (MST) techniques were employed to identify MET targets.
Protein-protein interactions were analyzed using a luciferase complementation assay and a
co-immunoprecipitation assay.

Results: Our findings revealed that MET boosts plant disease resistance by activating MAPKs, upregulat-
ing the expression of downstream defense genes, and fortifying the ROS burst. CALCIUM-DEPENDENT
PROTEIN KINASE 28 (CPK28) was identified as a target of MET. It inhibited the interaction between

* Corresponding authors at: College of Plant Protection, China Agricultural University, Beijing 100193, China (X. Liang). College of Plant Protection, Academy for Advanced
Interdisciplinary Studies, Nanjing Agricultural University, Nanjing 210095, China (D. Dou).
E-mail addresses: liangxiangxiu@scau.edu.cn (X. Liang), ddou@njau.edu.cn (D. Dou).
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Phosphorylation-dependent regulation of plant heterotrimeric
G proteins: From activation to downstream signaling
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Heterotrimeric G proteins (G proteins) composed of Ga, G, and
Gy subunits are universal signaling modules in eukaryotes. In
plants, G proteins regulate almost all aspects of biological pro-
cesses, including plant growth, development, responses to abiotic
stresses and hormones, and plant-microbe interactions [1]. Ara-
bidopsis and rice possess four and five Gas, one GB, and three
and five Gy subunits, respectively [1,2]. Notably, there are subfam-
ilies of plant-specific Goo and Gy proteins, the extra-large G (XLG)
proteins and type C Gy proteins, which are widespread in higher
plants. XLGs contain a C-terminal Go-like domain and an N-term-
inal extension. Plant Gy proteins can be divided into three subfam-
ilies: type A Gy subunits possess a conserved prenylation CaaX
motif, whereas type B subunits lack it, and type C Gy subunits con-
tain a C-terminal cysteine-rich domain [2].

In the animal model, the off/on state of G proteins is mainly
determined by the GDP- or GTP-bound state of Go.. The activated
Go and GPy transmit downstream signaling through their targets
(also known as G protein effectors) [1]. Animal G proteins are cou-
pled to seven-transmembrane G protein-coupled receptors (7-TM
GPCRs) and are activated by the guanine nucleotide exchange fac-
tor (GEF) activity of GPCRs [1,2]. However, no functional GPCRs
with GEF activities have been identified in plants. For a long time,
how plant G proteins receive, are activated by, and propagate
extracellular signals remains largely elusive.

Plant G proteins couple to single transmembrane RLKs or RLPs. In
animals, heteromeric G proteins directly interact with the intracel-
lular domain of GPCRs, the major type of receptors found on animal
cell surfaces, to receive extracellular signals [1,2]. However, plant G
proteins are directly coupled to single transmembrane receptor-
like kinases (RLKs) or receptor-like proteins (RLPs) to perceive
extracellular signals and interact with a number of key kinase fam-
ilies to transduce downstream signals. Therefore, the phosphoryla-
tion modification plays an essential role in plant G protein
signaling.

* Corresponding authors.
E-mail addresses: mmma@sicau.edu.cn (M. Ma),
(J.-M. Zhou), liangxiangxiu@scau.edu.cn (X. Liang).

jmzhou@genetics.ac.cn

https://doi.org/10.1016/j.scib.2024.04.067

RLKs and RLPs are the major receptors on plant cell surfaces and
are involved in the perception and transduction of various signals
through phosphorylation [3]. RLKs contain an intracellular kinase
domain and an extracellular ligand-binding domain. RLPs struc-
turally resemble RLKs, but lack an intracellular kinase domain
[3]. Increasing evidence for direct interaction between G proteins
and RLKs/RLPs was reported. It was shown that the maize Ga pro-
tein CT2 interacts with FEA2, an RLP receptor that mediates CLV3
peptide hormone-mediated signaling, to regulate shoot apical
meristem (SAM) development [4]. In soybean, the Go subunit
was reported to directly interact with the RLK protein NFR1, the
receptor for Nod factor, to regulate nodule development [5]. Ara-
bidopsis G protein subunits, GPA1, XLGs, AGB1, and AGG1/2
directly interact with FLS2, an RLK receptor that recognizes bacte-
rial flagellin, to regulate plant immunity [6]. Arabidopsis GBy was
reported to interact with BR receptor BRI1 and co-receptor BAK1
to regulate sugar-responsive growth and development [7]. Taken
together, these reports demonstrate that plant G proteins perceive
extracellular signals through plasma-membrane localized RLKs or
RLPs. The large number of RLKs/RLPs in plants suggests that signal
discrimination through G proteins is likely to be achieved by RLKs/
RLPs.

RLK or RLP receptor-mediated phosphorylation of RGS1. In animal
model, when Ga binds with GDP, it directly couples to the intracel-
lular domain of GPCRs and maintains a resting state by forming a
heterotrimer with GBy. When GPCRs bind extracellular ligands,
conformational changes occur in the intracellular GEF domain,
and Go exchanges GDP for GTP. Next, the GTP-bound Go dissoci-
ates from the Gy dimer, and each transduces the signal to their
respective downstream effectors [1]. Unlike animal G proteins,
plant Ga subunits spontaneously bind GTP and exhibit auto-acti-
vation activity in vitro [8]. It is unclear how can self-activating
plant Go proteins maintain in the inactive GDP-bound state
in vivo. Arabidopsis RGS1 (Regulator of G Protein Signaling 1) has
an N-terminal seven-transmembrane domain and a C-terminal
RGS box domain, with the GAP (GTP-Accelerating Protein) activity
to promote Gao hydrolysis of GTP to GDP in vitro [9]. In the research
on G protein-mediated sugar signaling, a study showed that phos-
phorylation of the RGS1 C-terminal tail with no lysine kinase 8

2095-9273/© 2024 Science China Press. Published by Elsevier B.V. and Science China Press. All rights are reserved, including those for text and data mining, Al training, and

similar technologies.
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Abstract

Plant cell surface-localized pattern recognition receptors (PRRs) recognize microbial patterns and activate pattern-triggered immunity
(PTI). Typical PTI responses include reactive oxygen species (ROS) burst controlled by the NADPH oxidase RESPIRATORY BURST
OXIDASE HOMOLOG D (RbohD) and activation of the MAP kinase (MAPK) cascade composed of MAPKKK3/5-MKK4/5-MPK3/6.
However, the mechanisms through which PRRs regulate and coordinate these immune responses are not fully understood. Here, we
showed that Arabidopsis thaliana OXIDATIVE SIGNAL-INDUCIBLE1 (OXI1), a kinase known to be activated by ROS, is involved in the
LYKS5-CERK1 receptor complex, which recognizes fungal cell wall-derived chitin. The oxil mutant exhibits enhanced susceptibility to
various pathogens and reduced chitin-induced MAPK activation and ROS burst. We showed that chitin induces the phosphorylation of
OXI1 in an RbohD-dependent manner. H,O, and chitin treatment causes the oxidation of OXI1 at Cys104 and Cys205, which is
essential for the kinase activity of OXI1. These oxidation sites are required for chitin-induced MAPK activation and disease resistance.
Activated OXI1 directly phosphorylates MAPKKKS to regulate MAPK activation. Additionally, OXI1 phosphorylates RbohD, suggesting
that it may activate RbohD to promote ROS burst to further enhance the long-term MAPK activation. Together, our findings reveal a
pathway linking PRR-mediated ROS production to MAPK activation through OXI1.

Introduction presence of BAK1 (Chinchilla et al. 2007). LysM-RLK protein LYSIN
MOTIF RECEPTOR KINASE4 (LYK4) or LYKS5 forms a complex with
CERK1 to recognize chitin (Cao et al. 2014). The RLP receptor
RECEPTOR-LIKE PROTEIN23 (RLP23) constitutively interacts with
SUPPRESSOR OF BIR1 1 and rapidly recruits BAK1 to recognize
nlp20 peptide (Albert et al. 2015). PRRs also form complexes with
certain key regulatory components, such as receptor-like cytoplas-
mic kinase (RLCK) protein BOTRYTIS-INDUCED KINASE1 (BIK1; Lu
et al. 2010; Zhang et al. 2010), malectin-like RLK proteins FERONIA
and ANXUR1 (Mang et al. 2017; Stegmann et al. 2017), NADPH oxi-

Plants rely primarily on their innate immune system to defend
against microbial pathogen invasion. Plant cell surface-localized
pattern recognition receptors (PRRs) recognize conserved molecu-
lar patterns, such as fungal cell wall-derived chitin and bacterial
flagellin, to sense pathogen invasion and activate pattern-triggered
immunity (PTI; DeFalco and Zipfel 2021). PTI plays a key role in
plant basal resistance and confers broad-spectrum resistance to
most microbes. Successful recognition of microbial patterns by
PRRs and their coreceptors is the key step for the initiation of PTL

PRRs consist of receptor-like kinases (RLKs) and receptor-like pro-
teins (RLPs; Tang et al. 2017). BRASSINOSTEROID INSENSITIVE1-
ASSOCIATED KINASE1 (BAK1) is known to server as a coreceptor
for most RLK and RLP receptors that have an extracellular
leucine-rich repeat (LRR) domain (Ma et al. 2016). CHITIN
ELICITOR RECEPTOR KINASE1 (CERK1) functions as a coreceptor
for many LysM-type RLK receptors (Yang et al. 2022). For example,
the Arabidopsis (Arabidopsis thaliana) LRR-RLK receptor FLAGELLIN
SENSITIVE2 (FLS2) recognizes flagellin (or the flg22 epitope) in the

dase RESPIRATORY BURST OXIDASE HOMOLOG D (RbohD; Kadota
et al. 2014; Li et al. 2014), and heterometric G protein subunit
EXTRA-LARGE G PROTEIN2 (XLG2; Liang et al. 2016), to achieve
immune signal transduction and regulation (DeFalco and Zipfel
2021). Upon perception of microbes by PRRs, PRR complexes ini-
tiate a series of immune responses, including transient influx of
calcium, reactive oxygen species (ROS) burst, activation of MAP
kinase (MAPK) cascades, and transcriptional reprogramming
(Couto and Zipfel 2016).
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