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Abstract

Plants have evolved a set of finely regulated mechanisms to respond to various

biotic stresses. Transient changes in intracellular calcium (Ca2+) concentration have

been well documented to act as cellular signals in coupling environmental stimuli to

appropriate physiological responses with astonishing accuracy and specificity in

plants. Calmodulins (CaMs) and calmodulin‐like proteins (CMLs) are extensively

characterized as important classes of Ca2+ sensors. The spatial‐temporal coordina-

tion between Ca2+ transients, CaMs/CMLs and their target proteins is critical for

plant responses to environmental stresses. Ca2+‐loaded CaMs/CMLs interact with

and regulate a broad spectrum of target proteins, such as ion transporters (including

channels, pumps, and antiporters), transcription factors, protein kinases, protein

phosphatases, metabolic enzymes and proteins with unknown biological functions.

This review focuses on mechanisms underlying how CaMs/CMLs are involved in the

regulation of plant responses to diverse biotic stresses including pathogen infections

and herbivore attacks. Recent discoveries of crucial functions of CaMs/CMLs and

their target proteins in biotic stress resistance revealed through physiological,

molecular, biochemical, and genetic analyses have been described, and intriguing

insights into the CaM/CML‐mediated regulatory network are proposed. Perspec-

tives for future directions in understanding CaM/CML‐mediated signalling pathways

in plant responses to biotic stresses are discussed. The application of accumulated

knowledge of CaM/CML‐mediated signalling in biotic stress responses into crop

cultivation would improve crop resistance to various biotic stresses and safeguard

our food production in the future.
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1 | INTRODUCTION

As sessile organisms, plants have to face and adapt to all kinds of

environmental stresses. The most common biological damage to

plants is caused by invasions of herbivores and pathogens. Infections

by pathogens including bacteria, fungi, oomycetes and viruses,

severely impair plant growth and are major factors detrimentally

affecting crop production and food quality (Cook et al., 2015). Rice

blast caused by the fungus Magnaporthe oryzaecauses costs about 6%

of the annual rice production worldwide (Savary et al., 2019).
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Herbivores, such as insects and nematodes, damage plants by eating

the vegetative tissues, fruits or seeds, and simultaneously spread a

variety of diseases and thus reduce crop yields (Stokstad, 2017). For

example, the fall armyworm (Spodoptera frugiperda), a highly

polyphagous and widely migratory pest, has spread from the western

hemisphere to more than 70 countries, resulting in the loss of

21%–53% of the annual corn production (Hussain et al., 2021).

Moreover, indiscriminate use of synthetic pesticides, such as

insecticides, attractants, nematicides and fungicides, usually comes

with ecological and environmental consequences including pest

resistance and environmental pollution (Ye et al., 2021). Therefore,

it is essential and urgent to extend our understanding of the innate

mechanisms of plant responses to biotic stresses, which provides the

knowledge base to increase crop resistance to biotic stresses and

ensure our food production without compromising our environment.

Plants have evolved a complicated and sophisticated recognition

system to sense various environmental cues to initiate proper

responses. For example, cell‐surface pattern recognition receptors

(PRRs) perceive biotic elicitors including pathogen‐, microbe‐,

damage‐ and herbivore‐associated molecular patterns (i.e., PAMPs,

MAMPs, DAMPs and HAMPs, respectively) (Köster et al., 2022;

Wang et al., 2022). For plant‐microbe interactions, plants rely on

two‐layered and interconnected innate immune systems to initiate

local response to pathogens. First, cell‐surface localized PRRs

perceive apoplastic immunogenic elicitors to activate pattern‐

triggered immunity (PTI) (Yu et al., 2017). Subsequently, intracellular

nucleotide‐binding leucine‐rich repeat receptors (NLRs) recognize

effectors secreted by pathogens to suppress PTI, thus initiating

effector‐triggered immunity (ETI), which is a process generally

associated with hypersensitive response (HR) in the infection site

(Zhou & Zhang, 2020). NLRs are classified into coiled‐coil (CC)‐NLRs

(CNLs), toll/interleukin (TIR)‐related‐NLRs (TNLs), and RPW8 (CCR)‐

NLRs (RNLs) according to the features of N‐terminal domains. CNLs

and TNLs function as sensors to identify effectors, while RNLs are

reported to be helpers functioning together with TNLs (Feehan

et al., 2020). Biotic stresses are also known to prime plant defense

responses in neighbouring healthy cells away from the infection site,

that is, the systemic acquired resistance (SAR) and the systemic

wound response (SWR), thus providing long‐lasting protection

against a broad spectrum of pathogens and/or insect attacks (Hilleary

& Gilroy, 2018). Before the establishment of plant immunity, biotic

stresses are reported to induce numerous cellular signalling events in

a rough temporal order, including Ca2+ flux, the production of

reactive oxygen species (ROS), initiating mitogen‐activated protein

kinase (MAPK) cascade, transcriptional regulation, and the bio-

synthesis of defense‐related phytohormones, such as salicylic acid

(SA) and jasmonic acid (JA). In addition, some of these events are

arranged in complicated feed‐forward amplification loops and

balancing signalling pathways (Köster et al., 2022), and Ca2+

transients are actively involved in many steps of plant immunity at

different stages (Jiang & Ding, 2023) (Figure 1).

The transient changes of intracellular Ca2+ concentration

triggered by various stimuli differ from each other in terms of

amplitude, duration, frequency and spatial distribution inside the

cell; these stimulus‐specific Ca2+ transients are designated as Ca2+

signatures (Webb et al., 1996). It has been well‐documented that

Ca2+ signal is the key of plant immune system, and that changes in

intracellular Ca2+ level are downstream to PRR and NLR activations

(Moeder et al., 2019; Xu et al., 2022) (Figure 1). Flagellin Sensitive 2

(FLS2) and Elongation Factor Thermo Unstable (EF‐Tu) Receptor

(EFR), which sense bacterial PAMPs flg22 and elf18, respectively,

are the best documented PRRs to date (Robatzek et al., 2006; Zipfel

et al., 2006). FLS2 or EFR forms stable ligand‐dependent complexes

with the common co‐receptor Brassinosteroid‐insensitive 1‐

Associated Kinase 1 (BAK1, also named SERK3) that belongs to

the Somatic Embryogenic Receptor Kinase (SERK) family (Heese

et al., 2007; Roux et al., 2011). The complex formed by the

combination of PRRs and coreceptors activates receptor‐like

cytoplasmic kinases (RLCKs) that directly phosphorylate Ca2+

channels, leading to the generation of cytoplasmic Ca2+ transients

(Jeworutzki et al., 2010; Köster et al., 2022). On the other hand,

recent studies revealed that NLRs activated by pathogen effectors

can directly form noncanonical Ca2+ channels; recognition of

effectors results in the oligomerization of plant NLRs, which then

forms a protein complex with a wheel‐like structure termed

resistosomes. Pentameric CNL resistosomes, such as Hopz‐

activated Resistance 1 (ZAR1) from Arabidopsis and Stem Rust

Resistance 35 (Sr35) from wheat (Triticum aestivum L.), function as

noncanonical Ca2+ channels leading to the activation of immune

signalling event of cell death (Bi et al., 2021; Förderer et al., 2022).

Similarly, helper RNLs, Activated Disease Resistance 1 (ADR1) and

N Requirement Gene 1.1 (NRG1.1), also form pentameric resisto-

somes and act as Ca2+ permeable channels to induce cell death

(Jacob et al., 2021). CNL forms a channel downstream to TNL and

the signal initiated is transduced via the involvement of Enhanced

Disease Susceptibility 1 (EDS1). Tetramer TNL resistosomes usually

act as NADase holoenzymes to generate secondary messengers

(Horsefield et al., 2019; Ma et al., 2020), which are recognized by

EDS1‐Phytoalexin Deficient 4 (PAD4) and EDS1‐Senescence‐

Associated Gene 101 (SAG101) complexes in Arabidopsis (Sun

et al., 2021; Wu et al., 2021). The activated EDS1‐PAD4 and EDS1‐

SAG101 complexes interact with and activate ADR1 and NRG1.1

(Dongus & Parker, 2021; Ma et al., 2020). Recently, a novel

endoplasmic reticulum (ER)‐localized Ca2+‐permeable channel

named WeiTsing (WTS) was identified essential for clubroot

resistance; it acts in the pericycle to prevent Plasmodiophora

brassicae colonization in the stele in Arabidopsis (Wang, Qin,

et al., 2023).

Cytoplasmic Ca2+ signal is sensed by various Ca2+‐binding

proteins that act as Ca2+ sensors, which usually contain a conserved

helix‐loop‐helix Ca2+ binding motif that is named ‘EF‐hand’ and

composed of 29 amino acids (Luan & Wang, 2021). Ca2+ binds to the

Ca2+ sensor, resulting in conformational change of the EF‐hand motif,

thereby promoting the interaction of Ca2+ sensor with downstream

proteins or regulates its own catalytic activity (Gifford et al., 2007).

Usually, the Ca2+ sensors contain one or more EF‐hand motifs, and
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the sequence of EF‐hand motifs is highly conserved (DeFalco

et al., 2009). Calmodulins (CaMs) and CaM‐like proteins (CMLs),

Ca2+‐dependent protein kinases (CDPKs) and calcineurin B‐like

proteins (CBLs) are three major groups of EF‐hand‐containing Ca2+

sensors (DeFalco et al., 2009; Kudla et al., 2010). In this review, we

summarized the roles of CaMs/CMLs and CaMs/CMLs‐target

proteins in regulating plant responses to biotic stresses.

2 | CAM/CML ACTING AS THE
TRANSMITTER AND DECODER OF
CA2+ SIGNAL

CaM, a small acidic protein showing a dumbbell‐shaped structure

when loaded with Ca2+, is ubiquitous and highly conserved in

eukaryotes (DeFalco et al., 2009; Mohanta et al., 2017). CaM is

F IGURE 1 The generation of Ca2+ signals and the decoding of Ca2+ signals by CaMs/CMLs in plant responses to biotic stresses. Plants are
exposed to pathogens, pests, or other aggressors, causing harmful biotic stresses. During pattern triggered immunity (PTI), pattern recognition
receptors (PRRs) trigger its self‐phosphorylation and subsequently phosphorylate targeted proteins including receptor‐like cytoplasmic kinases
(RLCKs). Phosphorylated RLCKs activate Ca2+ channels and/or Ca2+ pumps, leading to the dynamic change of cytosolic Ca2+ concentration,
while activated RLCKs phosphorylate RBOHs and cause extracellular reactive oxygen species (ROS) accumulation, thus indirectly inducing Ca2+

influx in plant cells. Ca2+‐permeable channels located at endoplasmic reticulum (ER), such as WeiTsing, are also activated after pathogen
infection to release Ca2+ into the cytoplasm for plant defenses. On the other hand, intracellular nucleotide‐binding leucine‐rich repeat receptors
(NLRs) recognize effectors secreted by pathogens to activate a powerful immune response, called effector triggered immunity (ETI). The
activated NLRs oligomerize on the plasma membrane (PM) and form an atypical Ca2+ permeation channel to induce Ca2+ influx. CaMs and CMLs,
which decode Ca2+ transients, regulate the influx and efflux of Ca2+, transcriptional regulation, and other cellular responses in response to biotic
stresses. The red arrow indicates the decoding of Ca2+ signal by CaMs/CMLs. CNL, coiled‐coil (CC)‐NLR; DAMP, damage‐associated molecular
patterns; HAMP, herbivore‐associated molecular patterns; MAMP, microbe‐associated molecular patterns; PAMP, pathogen‐associated
molecular patterns; RNL, RPW8 (CCR)‐NLR; TNL, toll/interleukin (TIR)‐related‐NLR. [Color figure can be viewed at wileyonlinelibrary.com]
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composed of a flexible central linker connecting two roughly

symmetrical spherical domains located at the N‐ and C‐terminus;

each domain contains a pair of EF‐hand motifs and in other words,

one CaM possesses four Ca2+ binding sites, with two relatively low‐

affinity sites located in the N‐terminus and two high‐affinity sites

located in the C‐terminus (Bouché et al., 2005). Upon Ca2+ binding,

the conformation of CaM changes from a closed and Ca2+‐free

state (apo‐CaM) to an extended conformation (Ca2+‐loaded CaM),

leading to a transition from a hydrophilic state to a predominantly

hydrophobic state on the protein surface (La Verde et al., 2018;

Poovaiah et al., 2013). In addition to canonic CaMs, plants also

possess CMLs that share similar structures with CaMs, but CMLs

generally possess one to six EF‐hand motifs (Mohanta et al., 2017;

Zhu et al., 2015). Despite sequence divergence of EF‐hand motifs,

experiments by gel mobility shift assay, isothermal titration

calorimetry (ITC), and/or nuclear magnetic resonance (NMR) show

that CMLs could bind to Ca2+ through EF‐hand motifs, indicating

that CMLs also act as Ca2+ sensors (Dobney et al., 2009;

Vanderbeld & Snedden, 2007; Zeng et al., 2017). However, CMLs

exhibit structural and bio‐functional difference from CaMs. Unlike

CaMs, not all EF‐hand motifs in CMLs possess Ca2+‐binding ability.

For example, ITC and NMR revealed that only one of three EF‐hand

motifs in AtCML14 binds Ca2+ (Vallone et al., 2016); both AtCML15

and AtCML16 contain four predicted EF‐hand motifs, of which only

two and three show Ca2+‐binding ability, respectively (Ogunrinde

et al., 2017). In addition, the Ca2+ affinity in CMLs is substantially

different from that in CaMs, suggesting that they could be

activated differentially at distinct Ca2+ concentrations during Ca2+

oscillation. In structure, CMLs are relatively variant in length and

contain an N‐ or C‐terminal extension in comparison to CaMs

(Figure 2a); this may lead to a different conformational allostery

when binding with their target proteins. Moreover, the different

length and low sequence similarity of the linker regions between

CaMs and CMLs could result in a significant difference in the

flexibility of CMLs and their ability to interact with target proteins

(La Verde et al., 2018). For example, regulator of gene silencing

CaM (rgs‐CaM), a unique CML in tobacco, interacts with its targets

via electrostatic interaction, but not via hydrophobic interaction,

which is a canonical CaM‐target binding mechanism (Makiyama

et al., 2016).

At present, many CaM and CML genes have been identified in

diverse plant species. For example, there are seven CaM genes

encoding four proteins (CaM1/4, CaM2/3/5, CaM6 and CaM7) and

50 CML genes in Arabidopsis thaliana (McCormack & Braam, 2003);

there are 5 CaM genes and 32 CML genes in rice (Oryza sativa)

(Boonburapong & Buaboocha, 2007); there are 6 CaM genes and 144

CML genes in soybean (Glycine max)(Zeng et al., 2017); 6 CaM genes

and 52 CML genes exist in tomato (Solanum lycopersicum) (Munir

et al., 2016; Zhao et al., 2013), and 18 CaM genes and 230 CML genes

exist in wheat (Liu et al., 2022). To date, except for Arabidopsis CaM7,

which was reported to specifically bind to the Z‐/G‐box in a Ca2+‐

dependent manner and act as a transcription factor (TF) to regulate

the expression of light‐responsive genes (Abbas et al., 2014; Kumar

et al., 2016), all other CaMs and CMLs are believed to lack enzymatic

or transcription‐activation activity and function by interacting with

and regulating their target proteins. Different CaM isoforms differ in

their recognition of target proteins (Gifford et al., 2013; Lee

et al., 2000; Yoo et al., 2005), indicating the slight difference in their

structural features may have considerable impacts when they bind to

target proteins (La Verde et al., 2018; Yamniuk & Vogel, 2005).

Therefore, the identification of CaM/CML target proteins, also

known as CaM‐binding proteins (CBPs), and the understanding of

the functions of their target proteins is vital to explore the role of

CaM/CML‐mediated signalling pathways in plant responses to biotic

stresses.

3 | INVOLVEMENT OF CAMS/CMLS IN
COPING WITH BIOTIC STRESSES

CaM isoforms from diverse plant species exhibit differential

expression patterns in response to biotic stimuli (Yamakawa

et al., 2001) (Table 1). GmCaM4 and GmCaM5, two divergent

CaM isoforms in soybean, are rapidly induced by fungal elicitors

(Heo et al., 1999). Overexpression of GmCaM4 or GmCaM5 in

tobacco, Arabidopsis and soybean triggers the spontaneous lesions,

induces a series of SAR‐related genes, and enhances the broad‐

spectrum resistance to a variety of pathogens, such as the

oomycete Phytophthora sojae and two necrotrophic fungal patho-

gens, Alternaria tenuissima and Phomopsis longicolla (Heo et al., 1999;

Park et al., 2004; Rao et al., 2014). Silencing the pathogen‐induced

NtCaM13, a homologous gene of GmCaM4 and GmCaM5, resulted

in elevated susceptibility to virulent necrotrophic pathogens in

tobacco, suggesting its positive role in the basal defense against

necrotrophic pathogens (Takabatake et al., 2007). Pepper (Capsi-

cum annuum) CaCaM1 was suggested to be involved in the

production of ROS and nitric oxide (NO) that are involved in

regulating cell death and defense responses (Choi et al., 2009). In

tomato, silencing of SlCaM2 and SlCaM6 alters the expression of a

set of defense‐related genes and results in dramatically reduced

resistance to tobacco rattle virus (TRV), and the oomycete

pathogen Pythium aphanidermatum (Zhao et al., 2013).

APR134 encoding a CML in tomato and APR134‐like protein

CML43 in Arabidopsis are both induced by pathogens; silencing of

APR134 by virus‐induced gene silencing results in reduced resistance

to pathogen Pseudomonas syringae pv. tomato strain DC3000 (Pst

DC3000), while overexpression of CML43 promotes pathogen‐

triggered HR in Arabidopsis (Chiasson et al., 2005). Arabidopsis

CML8 and CML9 belonging to the same CML subgroup have been

identified as positive regulators of defense responses against Pst

DC3000 (Leba et al., 2012; Zhu et al., 2017). Arabidopsis CML24

also acts as a positive regulator in plant immunity based on the

evidence that loss‐of‐function mutant cml24 displayed an impaired

innate immune response and decreased PAMP‐triggered NO

production (Ma et al., 2008). Arabidopsis CML41 is a

plasmodesmata‐located Ca2+‐responsive protein that mediates

4 | ZENG ET AL.
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F IGURE 2 Structures of representative CaMs/CMLs and structural organization of typical CaM‐binding transcription factors in Arabidopsis.
(a) Predicted ribbon models of CaMs and CMLs in the apo‐ and Ca2+ bound (holo‐) form were generated using the SWISS‐MODEL (https://
swissmodel.expasy.org/). (b) Schematic representation of the structural organization of six typical CaM‐binding transcription factors in
Arabidopsis. Functional protein domains of each transcription factors are shown. The name in the bracket is the family name of the transcription
factor. ANK, anchor protein repeat domain; ATAF, CUC (cup‐shaped cotyledon); CaMBD, calmodulin binding domain; NAC, NAM (no apical
meristem); TAD, transcriptional activation domain; TIG, transcription factor immunoglobulin domain.
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TABLE 1 Involvement of CaMs, CMLs and CBPs in plant responses to biotic stresses.

Gene name Plant species Roles in biotic stress response Subcellular localization References

CaM

CaCaM1 Capsicum annuum Xanthomonas campestris pv. Vesicatoria Ds1
(bacteria) ↑

Cytosolic and PM Choi et al. (2009)

Arabidopsis

thaliana

Pseudomonas syringae pv. tomato DC3000
(bacteria) ↑

Hyaloperonospora parasitica Noco2
(oomycete) ↑

Alternaria brassicicola KACC40036(fungi) ↓

AtCaM1 Arabidopsis

thaliana

Spodoptera littoralis (herbivory) ↓ – Jiao, Li, et al. (2022)

SlCaM2 Solanum

lycopersicum

Tobacco rattle virus virus) ↑
Pythium aphanidermatum (oomycete) ↑

– Peng et al. (2014); Zhao et al. (2013)

SlCaM6 Tobacco rattle virus (virus) ↑
Pythium aphanidermatum (oomycete) ↑

Botrytis cinerea 22B (fungi) ↑

–

CML

GmCaM4 Glycine max Phytophthora sojae race 3 (oomycete) ↑

Alternaria tenuissima (fungi) ↑
Phomopsis longicolla (fungi) ↑

Nucleus

and cytoplasm

Heo et al. (1999); Rao et al. (2014)

Nicotiana tabacum Phytophthora parasitica var. nicotianae
(fungi) ↑

Pseudomonas syringae pv. tabaci (bacteria) ↑

Tobacco mosaic virus (virus) ↑

GmCaM5 Nicotiana tabacum Phytophthora parasitica var. nicotianae
(fungi) ↑

Pseudomonas syringae pv. tabaci (bacteria) ↑

Tobacco mosaic virus (virus) ↑

–

NtCaM13 Nicotiana tabacum Tobacco mosaic virus (virus) ↑
Ralstonia solanacearum 8225 (bacteria) ↑
Rhizoctonia solani (fungi) ↑
Pythium aphanidermatum(fungi) ↑

– Takabatake et al. (2007); Yamakawa
et al. (2001)

rgs‐CaM Nicotiana tabacum Cucumber mosaic virus (virus) ↑
Tobacco etch virus (virus) ↑

– Jeon et al. (2017); Nakahara et al. (2012)

SlAPR134 Solanum

lycopersicum

Pseudomonas syringae pv. tomato DC3000
(bacteria) ↑

– Chiasson et al. (2005)

AtCML43 Arabidopsis

thaliana

Pseudomonas syringae pv. tomato DC3000

(bacteria) ↑

– Chiasson et al. (2005)

AtCML24 Arabidopsis

thaliana

Pseudomonas syringae pv. tomato DC3000
(bacteria) ↑

– Ma et al. (2008)

AtCML9 Arabidopsis

thaliana

Pseudomonas syringae pv. tomato DC3000

(bacteria) ↑

– Leba et al. (2012)

AtCML8 Arabidopsis

thaliana

Pseudomonas syringae pv. tomato DC3000
(bacteria) ↑

– Zhu et al. (2017)

AtCML41 Arabidopsis

thaliana

Pseudomonas syringae pv. tomato DC3000
(bacteria) ↑

Plasmodesmata Xu et al. (2017)

AtCML46 Arabidopsis

thaliana

Pseudomonas syringae pv. maculicola ES4326
(bacteria) ↑

– Lu et al. (2018)

AtCML47 –

SlCML55 Solanum

lycopersicum

Phytophthora capsici (oomycete) ↓ Cytosol and nucleus Zhang et al. (2022)
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TABLE 1 (Continued)

Gene name Plant species Roles in biotic stress response Subcellular localization References

TaCML36 Triticum aestivum Rhizoctonia cerealis (fungi) ↑ Cytoplasm and nucleus Lu et al. (2019)

CaCML13 Capsicum annuum Ralstonia solanacearum(bacteria) ↑ — Shen et al. (2020)

GhCML11 Gossypium

hirsutum

Verticillium dahliae (fungi) ↑ Apoplast, nucleus and

cytoplasm

Cheng et al. (2016)

AtCML42 Arabidopsis

thaliana

Spodoptera littoralis (herbivore) ↓
Alternaria brassicicola (fungi) ↓

Cytosol
and nucleus

Heyer et al. (2022); Vadassery
et al. (2012)

AtCML37 Arabidopsis

thaliana

Spodoptera littoralis (herbivory) ↑

Alternaria brassicicola (fungi) ↑

Cytosol

and nucleus

Heyer et al. (2022); Scholz et al. (2014)

CBP (transcription factor and co‐factor)

AtCBP60g Arabidopsis

thaliana

Pseudomonas syringae pv. tomato DC3000
(bacteria) ↑

Pseudomonas syringae pv. maculicola ES4326
(bacteria) ↑

Nucleus Wan et al. (2012); Wang et al. (2009);
Zhang et al. (2010)

SARD1 Arabidopsis

thaliana

Hyaloperonospora arabidopsidis Noco2
(oomycete) ↑

Pseudomonas syringae pv. maculicola ES4326
(bacteria) ↑

Nucleus Zhang et al. (2010)

AtCBP60b Arabidopsis

thaliana

Pseudomonas syringae pv. tomato DC3000
(bacteria) ↑

Nucleus Huang et al. (2021); Li et al. (2021)

GhCBP60b Gossypium

hirsutum

Verticillium dahlia V592 (fungi) ↑ – Qin et al. (2018)

AtCBP60a Arabidopsis

thaliana

Pseudomonas syringae pv.
maculicolaES4326(bacteria)↓

Pseudomonas syringae pv. tomato DC3000
(bacteria) ↓

– Truman et al. (2013)

AtCAMTA3 Arabidopsis

thaliana

Pseudomonas syringae pv. tomato DC3000

(bacteria) ↓
Sclerotinia sclerotiorum(fungi) ↓
Botrytis cinerea B05.10 (fungi) ↓
Bradysia impatiens (herbivore) ↑

Nucleus Du et al. (2009); Galon et al. (2008); Qiu

et al. (2012); Rahman et al. (2016);
Yuan et al. (2021)

OsCBT Oryza sativa Magnaporthe grisea KJ401/KI313 (fungi) ↓
Xanthomonas oryzae pv. oryzae K1/

K2(bacteria) ↓

– Koo et al. (2009)

SlSR1 Solanum

lycopersicum

Botrytis cinerea (fungi) ↓

Pseudomonas syringae pv. tomato DC3000
(bacteria) ↓

Nucleus Li et al. (2014)

SlSR3L

TaCAMTA4 Triticum aestivum Puccinia triticina ↓ Cytoplasm and nucleus Wang et al. (2019)

AtWRKY11 Arabidopsis

thaliana

Pseudomonas syringae pv. tomato DC3000

(bacteria) ↓

– Journot‐Catalino et al. (2006)

AtWRKY17 –

AtWRKY7 Arabidopsis

thaliana

Pseudomonas syringae pv. tomato DC3000
(bacteria) ↓

Nucleus Kim et al. (2006)

AtWRKY53 Arabidopsis

thaliana

Pseudomonas syringae pv. tomato

(bacteria) ↑
Spodoptera littoralis (herbivore) ↓

– Jiao, Li, et al. (2022); Murray

et al. (2007)

AtTGA3 Arabidopsis

thaliana

Pseudomonas syringae pv. maculicola ES4326
(bacteria) ↑

– Kesarwani et al. (2007)

CBNAC Arabidopsis

thaliana

Pseudomonas syringae pv. tomato DC3000
(bacteria) ↓

– Kim et al. (2012)

(Continues)
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TABLE 1 (Continued)

Gene name Plant species Roles in biotic stress response Subcellular localization References

CBP (transporter)

AtCNGC2 Arabidopsis

thaliana

Pseudomonas syringae pv. tomato DC3000
(bacteria) ↓

PM Ali et al. (2007); Clough et al. (2000)

AtCNGC4 Arabidopsis

thaliana

Pseudomonas syringae pv. tomato DC3000
(bacteria) ↓

PM Balague et al. (2003); Tian et al. (2019)

AtCNGC11 Arabidopsis

thaliana

Hyaloperonospora parasitica (oomycete) ↑
Pseudomonas syringae pv. maculicola ES4326

(bacteria) ↑

PM Urquhart et al. (2007); Yoshioka
et al. (2006)

AtCNGC12

AtCNGC19 Arabidopsis

thaliana

Cell death
Spodoptera litura (herbivory) ↑

PM Meena et al. (2019); Yu et al. (2019)

AtCNGC20 Arabidopsis

thaliana

Cell death
Pseudomonas syringae pv. tomato DC3000

(bacteria) ↑

PM Yu et al. (2019); Zhao et al. (2021)

AtACA4 Arabidopsis

thaliana

Cell death Tonoplast Boursiac et al. (2010)

AtACA11

AtACA8 Arabidopsis

thaliana

Pseudomonas syringae pv. tomato DC3000
(bacteria) ↓

PM Yang et al. (2017)

AtACA10

NbCA1 Nicotiana

benthamiana

Cell death ER Zhu et al. (2010)

HvMLO Hordeum vulgare Blumeria graminis f. sp. hordei (fungi) ↓
Bipolaris sorokiniana (fungi) ↑

Magnaporthe grisea race 007 (fungi) ↑

PM Jarosch et al. (1999); Kim, Panstruga,
et al. (2002); Kumar et al. (2001)

AtPEN3 Arabidopsis

thaliana

Plectosphaerella cucumerina (fungi) ↑
Erysiphe pisi (fungi) ↑
Phytophthora infestans (fungi) ↑

PM Campe et al. (2016)

CBP (protein phosphatase)

AtMKP1 Arabidopsis

thaliana

Pseudomonas syringae pv. tomato DC3000

(bacteria) ↓

Cytoplasm Anderson et al. (2011); Bartels

et al. (2009)

OsMKP1 Oryza sativa Wound ↓ – Katou et al. (2007)

NtMKP1 Nicotiana tabacum Wound ↓

Botrytis cinerea (fungi) ↓
Mamestra brassicae (herbivore) ↓
Spodoptera litura. (herbivore) ↓

– Oka et al. (2013); Yamakawa

et al. (2004)

CBP (protein kinase)

AtMPK8 Arabidopsis

thaliana

Wound‐induced ROS accumulation ↓ – Takahashi et al. (2011)

CBP (metabolic enzyme)

NtGAD Nicotiana tabacum Heliothis virescens (herbivore) ↑
Meloidogyne hapla (herbivore) ↑

– MacGregor et al. (2003); McLean
et al. (2003)

AtGAD4 Arabidopsis

thaliana

Plutella xylostella (herbivory) ↑ – Jiao, Guo, et al. (2022)

CBP (other protein)

AtIQD1 Arabidopsis

thaliana

Myzus persicae (herbivory) ↑

Trichoplusiani (herbivory) ↑
Botrytis cinerea (fungi) ↑

Nucleus Barda & Levy (2022); Levy et al. (2005)

CaMLO2 Capsicum annuum Xanthomonas campestris pv. vesicatoria
(bacteria) ↓

PM D. H. Kim & Hwang (2012)
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flg22‐induced callose‐dependent plasmodesma closure and positively

regulates defense against Pst DC3000 (Xu et al., 2017).

By contrast, some CMLs negatively regulate plant defense

responses. Both CML46 and CML47 in Arabidopsis negatively

regulate plant immunity, as the double mutant cml46 cml47 is highly

resistant to P. syringae pv. maculicola and is impaired in the

repression of immune responses in the absence of pathogens (Lu

et al., 2018). CMLs in other plant species also play a key role in plant

defense against pathogens. For example, wheat TaCML36 positively

regulate plant immune responses to soil‐borne fungus Rhizoctonia

cerealis (Lu et al., 2019). Pepper CaCML13 acts as a positive regulator

in immunity against Ralstonia solanacearum (Shen et al., 2020). Cotton

GhCML11 interacts with GhMYB108 to initiate plant defense against

the infection of pathogenic fungus Verticillium dahliae (Cheng

et al., 2016). Tomato SlCML55 acts as a negative regulator of

defense by suppressing SA signalling pathway (Zhang et al., 2022). In

addition, a CML named rgs‐CaM is involved in the regulation of virus‐

induced RNA silencing by directly interacting with virus RNA

silencing suppressors (Nakahara et al., 2012). Overexpression of

rgs‐CaM enhances defense responses, including generation of high

level of ROS, activated SA signalling and increased cell death, and

thus confers resistance to cucumber mosaic virus (CMV) (Jeon

et al., 2017).

CaMs/CMLs are also involved in plant defense against herbivory.

Arabidopsis CML37 is induced by mechanical injury and infestation

with larvae of the generalist lepidopteran herbivore, and positively

regulates the defense response to cotton leafworm (Spodoptera

littoralis) by activating JA pathway (Scholz et al., 2014). CML42

negatively regulates plant response to cotton leafworm by decreasing

JA sensitivity and the expression of JA‐responsive genes in

Arabidopsis (Vadassery et al., 2012). Besides involvement in the

defense against herbivores, JA is also an important hormone in plant

immune response to necrotrophic pathogen infections. In coping with

necrotrophic pathogen Alternaria brassicicola, cml37 mutant is more

sensitive, but cml42 is more resistant than wild‐type, while

cml37 cml42 double mutant shows a wild‐type phenotype, suggesting

antagonistic roles of these two CMLs (Heyer et al., 2022). Apparently,

CML42 and CML37 act as Ca2+ sensors and coordinate Ca2+

signals and JA‐mediated defense to herbivores and necrotrophic

pathogens.

4 | CAM‐BINDING PROTEINS:
DOWNSTREAM TARGETS OF CAMS/CMLS

CaMs/CMLs, acting as sensors and transmitters of Ca2+ signal in plant

cells, regulate the functions of a large group of downstream CBPs by

forming complexes in a Ca2+‐dependent or independent manner, and the

latter is usually involved in a Ca2+‐mediated disruption of the interacting

complex (Reddy et al., 2011; Zeng et al., 2015) (Table 1). Hence,

identifying and characterizing the physiological functions of CBPs

provide reliable and practical approaches to address the functionalities

of CaMs/CMLs. The CaM‐binding domain (CaMBD, usually containing

16‐35 amino acids) in CBPs, is necessary for its interaction with CaMs or

CMLs in a Ca2+‐dependent manner (Bouché et al., 2005). CaMBD is not

conserved in the amino acid sequence, but has a similar secondary

structure, i.e., a basic amphipathic helix with hydrophobic residues

arranged on one side and positively charged residues arranged on the

other side. Some CBPs also carry the IQ motif ([I/L/V] QxxxRGxxx [R/K]),

which interacts with CaM in a Ca2+‐dependent manner or Ca2+‐

independent manner (Bähler & Rhoads, 2002). The regulation of CaM

over its target proteins occurs in a variety of ways, such as relieving the

automatic inhibition of active sites, dimerization, scaffolding and

remodelling (Bouché et al., 2005). Like CaMs, CMLs also interact with

CBPs, although the molecular mechanism in detail is still unclear. The

conventional methods for detecting protein‐protein interactions, such as

yeast two‐hybrid and co‐immunoprecipitation, are ineffective in

identifying Ca2+‐dependent interaction between CaMs/CMLs and their

target proteins. Most CBPs in plants have been identified by screening

cDNA expression libraries with labelled CaM as a probe, mostly 35S‐

labeld CaM or horseradish peroxidase (HRP)‐CaM (Fromm&Chua, 1992;

Yang & Poovaiah, 2000b). Another effective method to identify CBPs is

using protein microarrays (Popescu et al., 2007), but false positive

identification is still an obvious problem, and also it is a challenge to

make protein chips with sufficient coverage. In the past decades, the

development of large‐scale proteome analysis has increased the under-

standing of CBPs. CaM/CML plays a regulatory role in a variety of

cellular processes by regulating the activities of various proteins,

including kinases, phosphatases, metabolic enzymes, TFs, ion channels/

transporters, heat shock proteins and proteins with unknown functions

(Bouché et al., 2005; Reddy et al., 2011; Zeng et al., 2015) (Table 1).

Therefore, it can be reasonably concluded that in most cases, CaMs and

TABLE 1 (Continued)

Gene name Plant species Roles in biotic stress response Subcellular localization References

Arabidopsis

thaliana

Pseudomonas syringae pv. tomato DC3000
(bacteria) ↓

Hyaloperonospora arabidopsidis Noco2

(oomycete) ↓

CsMLO1 Cucumis sativus L. Corynespora cassiicola (fungi) ↓ PM Yu et al. (2019)

AtBAG6 Arabidopsis

thaliana

Botrytis cinerea (fungi) ↑ Nucleus Kang et al. (2006); Li et al. (2016)

Note: “↑” denotes a positive role in defense, “↓” denotes a negative role in defense, and “–” denotes unknown.

Abbreviations: ER, endoplasmic reticulum; PM, plasma membrane.
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CMLs acting as Ca2+ signal decoders are multifunctional regulatory

proteins, and their functional significance is dependent on the particular

role of their target proteins.

4.1 | CaM/CML‐mediated transcriptional
regulation under biotic stresses

Rapid transcriptional reprogramming is crucial for plants to survive

biotic stresses. Many TFs have been identified as CBPs. For example,

CBP60, CAMTA, and WRKY ⅡD families are representative CaM‐

binding TFs involved in plant responses to biotic stresses (Figure 2b).

Here, we summarized roles of the major CaM‐binding TFs implicated in

the regulation of plant responses to biotic stresses (Table 1, Figure 3).

4.1.1 | CBP60 acting as CaM‐binding TFs

Calmodulin‐binding protein 60 (CBP60) family is a typical TF family in

plants, which was first isolated from maize (Zea mays) (Reddy

et al., 1993). Among the eight members of the CBP60 family

(CBP60a‐g and SARD1) in Arabidopsis, CBP60a to CBP60f contain

CaMBD at the C‐terminus, and CBP60g contains one at the N‐

terminus, while SARD1 lacks CaMBD and thus cannot be bound by

CaM (Reddy et al., 2002; Wang et al., 2009, 2011). CBP60g is the first

CBP60 family gene reported to be induced by Pst DC3000 and

involved in plant immune responses (Wang et al., 2009). Comple-

mentation of mutated CBP60g with abolished CaM‐binding capabil-

ity, failed to rescue the phenotype of cbp60 null mutant, indicating

that CaM‐binding capability is required for the normal function of

CBP60g (Wang et al., 2009).

While searching for mutants with defects in SAR, SAR‐deficient 1

(SARD1) was identified to be the eighth member of CBP60 family

displaying partially functional redundancy with CBP60g (Zhang

et al., 2010). A single knockout mutant of SARD1 or CBP60g shows

decreased SA production and compromised disease resistance (Zhang

et al., 2010). In sard1cbp60g double mutant, SA biosynthesis is

significantly reduced in local and distal leaves, leading to impairment

of basic resistance and loss of SAR (Wang et al., 2009; Zhang

et al., 2010). Both SARD1 and CBP60g specifically bind to

F IGURE 3 CaM/CML‐mediated transcriptional regulation in plant responses to biotic stresses. The Ca2+ signal induced by biotic stresses is
decoded by CaMs/CMLs, which then interact with CaM‐binding transcription factors for transcriptional regulation. CAMTA3 negatively
regulates SA signalling pathway and positively regulates plant antiviral activity. CAMTA3 also functions as a target protein of virus‐derived
effector, and is guarded by NLRs. Phosphorylation of CAMTA3 by CDPKs and MAPKs facilitates the nuclear export and thus activates the
immune response. CBP60g is involved in plant immunity by regulating the expression of genes associated with biosynthesis of SA and NHP.
Other CaM‐binding transcription factors, such as CBNAC and TGA3, play a key role in the expression of the SA responsive gene PR1. It is worth
noting that pathogen invasion leads to the activation of MAPK cascade, while MKP1, acting as a CBP, inhibits MAPKs. The orange ovals
represent CBPs. Arrows head designate activation of gene expression; Lines with ‘T’ head designate suppression. Dashed lines designate
hypothetical pathways. [Color figure can be viewed at wileyonlinelibrary.com]
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“GAAATTTGG” motif in the promoter of Isochorismate Synthase 1

(ICS1), which encodes a critical enzyme for SA biosynthesis,

suggesting that SA biosynthesis could be activated through both

Ca2+/CaM‐dependent and independent pathways (Zhang et al., 2010).

In addition, SARD1 and CBP60g directly regulate the expression of

AGD2 like Defense Response Protein 1 (ALD1) and Flavin Dependent

Monooxygenase 1 (FMO1), both of them encoding key catalytic

enzymes in the biosynthesis of pipecolic acid (Pip) and N‐

hydroxypipecolic acid (NHP); Pip and NHP are indispensable signal

molecules for SAR (Jiang et al., 2021; Sun et al., 2015).

In addition, Arabidopsis CBP60g is involved in the host resistance

to Verticillium dahliae. Recent studies indicate that the V. dahliae

secretes an intracellular effector VdSCP41 that directly targets

CBP60g and interferes its activity to inhibit plant immunity and

promote pathogenicity, suggesting that Ca2+/CaM signalling plays a

key role in plant immunity to fungal pathogens (Qin et al., 2018). It

has also been found that PAMPs derived from V. dahliae activate the

immune response by inducing the phosphorylation of CBP60g. Touch

3 (TCH3), a CML protein, binds to CPK5, and promotes the CPK5‐

mediated phosphorylation of CBP60g to regulate plant resistance to

V. dahlia (Sun et al., 2022). Therefore, Ca2+/CaM exerts multiple

regulations over CBP60g at both transcriptional and posttranslational

levels during plant immunity (Figure 3).

In contrast to CBP60g and SARD1, CBP60a negatively regulates

plant immunity (Truman et al., 2013). Basal SA and ICS1 expression

levels are increased in cbp60a mutant, suggesting that CBP60a could

either directly or indirectly regulate the expression of ICS1 and SA

biosynthesis. CBP60a binds CaM with the CaMBD located at the

C‐terminal, and the CaM binding is essential for the immunity‐

repressing function of CBP60a (Truman et al., 2013). CBP60b

positively regulates plant immune activation by directly targeting

the promoter of SARD1 (Huang et al., 2021). Plants overexpressing

CBP60b display phenotypes of a constitutively enhanced immune

responses (Huang et al., 2021; Li et al., 2021). Interestingly, cbp60b

knockout mutant displays an EDS1‐dependent autoimmune pheno-

type, suggesting that CBP60b is involved in TNL‐mediated immunity

(Huang et al., 2021; Li et al., 2021). CBP60 homologues in other

plants, such as PvCBP60‐C and PvCBP60‐D in common bean

(Phaseolus vulgaris) and GhCBP60b in cotton (Gossypium hirsutum),

are also involved in plant immune responses (Ali et al., 2003; Qin

et al., 2018), suggesting their conserved roles in higher plants.

4.1.2 | CAMTAs/SRs

Calmodulin‐binding transcription activators (CAMTAs), also known as

signal‐responsive (SR) proteins, exist in all multicellular organisms

(Wang et al., 2015; Xiao et al., 2021). CAMTA was first identified to be

a Ca2+/CaM‐binding TF in tobacco, which is named ethylene‐

responsive 1 (NtER1) (Yang & Poovaiah, 2000a). In Arabidopsis, loss‐

of‐function mutant camta3/sr1 shows an autoimmune phenotype,

enhanced SA accumulation and increased resistance against multiple

pathogens including bacterial pathogen Pst DC3000 (Du et al., 2009),

and fungal pathogens Sclerotinia sclerotiorum and Botrytis cinerea (Galon

et al., 2008; Rahman et al., 2016), suggesting its negative role in plant

immunity. It has been well‐documented that CAMTA3 negatively

regulates the expression of several important immunity‐related genes

by binding to the CG‐box cis‐regulatory element ((A/C/G)CGCG(T/C/

G)) in promoter regions of its target genes (Yang & Poovaiah, 2002a),

thereby fine‐tuning SA biosynthesis, SA signalling, and immune

responses (Figure 3). The target genes of CAMTA3 include EDS1,

which encodes a component downstream of TNLs (Du et al., 2009),

Non‐race‐specific Disease Resistance 1 (NDR1), which encodes a key

component in CNL‐mediated plant immunity (Nie et al., 2012), Non-

expressor of Pathogenesis‐related Proteins 1 (NPR1), which encodes an

SA receptor (Yuan et al., 2021), and CBP60g, which positively regulates

SA biosynthesis (Sun et al., 2020). Notably, CAMTA1, CAMTA2 and

CAMTA3 have redundant functions in plant immunity, but the single

mutants of CAMTA1 and CAMTA2 do not have phenotypes related to

defense responses (Sun et al., 2020). Upon pathogen infections, the

activities of CAMTA1/2/3 are inhibited and expressions of their

downstream target genes, CBP60g and SARD1, are activated, and

subsequently the expressions of ICS1, ALD1 and FMO1 that are

regulated by CBP60g and SARD1 are induced, thus promoting the

biosynthesis of SA, Pip and NHP, and further activating local and

systemic defense responses (Kim et al., 2020; Sun et al., 2020)

(Figure 3). In addition, CAMTAs in other plants species were also found

to negatively regulate plant defenses. For example, Oryza sativa CaM‐

binding transcription factor (OsCBT) was identified to be a negative

regulator in rice resistance to both bacterial pathogen Xanthomonas

oryzae and the rice blast pathogenic fungus Magnaporthe grisea (Choi

et al., 2005; Koo et al., 2009). SlSR3L and SlSR1 in tomato, and

TaCAMTA4 in wheat also play negative role in defense against

pathogens (Li et al., 2014; Wang et al., 2019).

Since CAMTA3 acts as a suppressor of SA‐mediated defense

response, mechanisms must have been evolved for plants to overcome

this suppression and mount effective defense in response to pathogen

attacks. Two different molecular mechanisms have been known to

eliminate CAMTA3‐mediated suppression of plant immune response,

the nuclear export and protein degradation of CAMTA3. Two flg22‐

responsive MAPKs, MPK3 and MPK6, directly phosphorylate CAM-

TA3, and contribute to nuclear export and degradation of CAMTA3,

which further derepresses the expression of CAMTA3‐targeted genes

(Jiang et al., 2020). CDPKs may also participate in pathogen‐induced

phosphorylation of CAMTA3 in an indirect way (Jiang et al., 2020). The

ubiquitin/proteasome‐mediated degradation of CAMTA3 involves SR1

Interacting Protein 1 (SR1IP1), which is a substrate adaptor of ubiquitin

ligase (Zhang et al., 2014). In addition, CAMTA3 is guarded by two NLR

proteins, that is, Dominant Suppressor of camta3 1 (DSC1) and DSC2

(Lolle et al., 2017). However, whether the guard of CAMTA3 by NLRs is

associated with the subcellular localization and posttranslational

modification of CAMTA3 is still unclear.

CAMTA3 also plays a positive role in RNA interference (RNAi)

mediated immune response against viral infection in N. benthamiana

(Wang et al., 2021). CAMTA3 binds to the promoters of RNA‐

dependent RNA polymerase 6 (RDR6) and Bifunctional Nuclease 2 (BN2)
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to induce their expression. RDR6 catalyzes the conversion of single‐

stranded RNA into double‐stranded RNA to facilitate RNAi, while

BN2, a novel RNAi‐related gene encoding a ribonuclease, activates

the expression of key genes in the RNAi pathway by degrading

microRNA‐target components of RNAi machinery, including AGO-

NAUTE1/2 and DICER‐LIKE1 (Harmoko et al., 2013; Wang

et al., 2021). Interestingly, cotton leaf curl multan geminivirus

(CLCuMuV) and tomato yellow leaf curl China virus (TYLCCNV)

employ effector protein V2 to repress the activity of CAMTA3 by

disrupting its interaction with CaM3 and suppress plant antiviral

responses (Wang et al., 2021). This example not only extends our

knowledge about the role of CAMTA3 in the plant‐pathogen arm

races from antibacterial and fungal immunity to antiviral immunity,

but also provides a novel insight that Ca2+‐triggered defense action

could be a direct target of effector proteins deployed by pathogens

to compromise its host.

Arabidopsis CAMTA3 is also involved in regulating plant defense

against insect herbivores (Laluk et al., 2012; Qiu et al., 2012). camta3

mutant shows increased vulnerable to herbivore attack, and the

CaM‐binding property of CAMTA3 is required to establish plant

resistance to herbivore attack (Qiu et al., 2012). Furthermore,

elevated SA level in atsr1 mutant was found to negatively regulate

both basal‐ and wound‐induced biosynthesis of JA, indicating that

Ca2+/CaM‐CaMTA3 signalling pathway regulates plant response to

herbivore attack by modulating SA‐JA crosstalk (Qiu et al., 2012). In

addition, camta3 mutant accumulates less amount of insect repellent

aliphatic glucosinolates (GS), and this coincides with altered expres-

sion of several genes involved in GS metabolism (Laluk et al., 2012).

But it is still unclear whether CAMTA3 directly regulates the

expression of these genes.

4.1.3 | Other CaM‐binding TFs

Other CaM‐targeted TFs also contribute to plant defenses by

modulating the expression of defense‐related genes. WRKY TFs are

one of the key regulators in plant immunity (Wani et al., 2021).

WRKY7, a member of WRKY ⅡD subfamily, was identified as a CBP

by using protein‐protein interaction‐based library screening (Park

et al., 2005). The region corresponding to CaMBD in WRKY7 is

conserved among all WRKY ⅡD members (7 members in Arabidopsis),

and all the tested WRKY ⅡD members were confirmed to be bound

by Ca2+/CaM (Park et al., 2005). Loss‐of‐function mutant of

Arabidopsis WRKY7 shows elevated resistance to Pst DC3000, while

plants overexpressing WRKY7 shows the opposite phenotype (Kim

et al., 2006). Loss‐of‐function mutant of WRKY11, another WRKY ⅡD

member in Arabidopsis, also exhibits increased resistance to both

avirulent and virulent strains of Pst DC3000; the increased resistance

phenotype in wrky11 single mutants is exacerbated in wrky11 wrky17

double mutants, indicating that both of two WRKY ⅡD members

play a negative role in regulating basal defense (Journot‐Catalino

et al., 2006). A comparison of gene expression profiles reveals that

WRKY11 and WRKY17 regulate the expression of defense‐related

genes in a partially redundant manner (Journot‐Catalino et al., 2006).

Protein microarray and co‐immunoprecipitation analysis indicated

that WRKY53 interacts with different CaM isoforms in a Ca2+‐

dependent manner (Popescu et al., 2007). wrky53 shows enhanced

disease susceptibility, while WRKY53‐overexpression mutants display

enhanced resistance to pathogens, suggesting that WRKY53 plays a

positive role in plant immunity (Murray et al., 2007). WRKY53 also

negatively regulates plant defense against insects by negatively

regulating the expression of lipoxygenase 3 (LOX3) and LOX4 which

are associated with the biosynthesis of JA (Jiao, Li, et al., 2022).

Further studies are required to elucidate the linkage between Ca2+/

CaM signalling and the functions of these CaM‐binding TFs in plant

defenses against pathogens and/or herbivores.

In Arabidopsis, TGACG‐binding factor 3 (TGA3), a basic leucine

zipper TF, was identified to be a CBP; TGA3 binds to C/G‐box in the

promoter of CaM3, and this binding is facilitated by the interaction

betweenTGA3 and CaM (Szymanski et al., 1996). Among the 10 TGAs in

Arabidopsis genome (Jakoby et al., 2002), seven TGAs (TGA1 to TGA7)

interact with NPR1 (Després et al., 2003), which is a SA receptor

involved in plant immune response (Ding et al., 2018). Pathogen‐induced

expression of PR1 is compromised in tga3 mutant plants; moreover,

TGA3 is required for local defense, but not for SAR (Kesarwani

et al., 2007). However, whether and how Ca2+/CaM signalling is

involved in the regulation of TGA3 in plant disease resistance remain to

be addressed. While screening a cDNA expression library using HRP‐

labelled CaM2 as a probe, CBNAC, a NAC TF in Arabidopsis, was

identified to be a CBP, and their interaction was confirmed by yeast split

ubiquitin assay and CaM overlay assay (Kim et al., 2007). cbnac null

mutant shows increased resistance to Pst DC3000, while plants

overexpressing CBNAC exhibits the opposite phenotype in pathogen

resistance (Kim et al., 2007). CBNAC is involved in plant defense by

regulating the expression of PR1. It is speculated that, under normal

growth conditions, CBNAC interacts with Suppressor of NPR1‐1

Inducible 1 (SNI1) to form SNI1‐CBNAC complex and binds to the

promoter of PR1 to suppress its expression. Under pathogen attacks,

CaM competitively binds with CBNAC to disrupt SNI1‐CBNAC complex

and thus removes the inhibition of PR1 expression (Kim et al., 2012).

4.2 | Transcriptional regulation via other
CaM‐binding proteins

In addition to CaM‐binding TFs, other kinds of CBPs also play a role

in transcriptional regulation in plant responses to biotic stresses.

MAPK cascade activates defense signalling through three‐stage

phosphorylation, thereby activating various TFs to coordinate

the transcriptional reprogramming of defense genes (Meng &

Zhang, 2013). MAPK phosphatase (MKP) is a negative regulator of

MAPK‐mediated signal transduction. The linkage between MKP and

Ca2+/CaM signalling was first uncovered in tobacco, where NtMKP1

was identified as a CBP (Yamakawa et al., 2004). NtMKP1 negatively

regulates wounding response, resistance against necrotrophic patho-

gen B. cinerea, and lepidopteran herbivores, Mamestra brassicae and

12 | ZENG ET AL.
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Spodoptera litura (Yamakawa et al., 2004). NtMKP1 homologues in

rice and Arabidopsis have also been identified to be CBPs, and

AtMKP1 in Arabidopsis contains two CaMBDs (Katou et al., 2007; Lee

et al., 2008). The phosphatase activity of AtMKP1 is positively

regulated by CaM in a Ca2+‐dependent manner (Lee et al., 2008).

Arabidopsis mkp1 null mutant exhibits stunned growth and constitu-

tive activation of defense responses, including elevated accumulation

of camalexin and SA, and enhanced resistance to Pst DC3000 (Bartels

et al., 2009). Further evidence indicates that MPK6, but not MPK3, is

required for the constitutive defense phenotype exhibited in mkp1,

suggesting a negative regulation of MKP1 on MPK6‐mediated PTI

(Anderson et al., 2011). In rice, OsMKP1 is significantly induced by

wounding, and overexpression of OsMKP1 results in reduced wound‐

induced MAPK cascades, which provides additional evidence for

MKP1 acting as negative regulator in MAPK signalling pathway

(Katou et al., 2007). Interestingly, MKP1 is feedback regulated by

MAPK cascade; AtMKP1 is phosphorylated by MPK6, which

improves the stability of AtMKP1 (Jiang et al., 2017).

IQ67‐domain 1 (IQD1) belongs to a family that comprises 33

genes in Arabidopsis, all encoding proteins containing a plant‐specific

domain of 67 conserved amino acids termed the IQ67 domain. It has

been suggested that IQD1 may provide scaffolds to facilitate cellular

transport of RNA‐protein complexes along microtubules via kinesin

motor proteins, and thus could control gene expression and protein

sorting (Bürstenbinder et al., 2013). IQD1 has been identified to be a

CBP that is located in the nucleus, and functions as a positive

regulator of GS accumulation and plant defense against herbivore

attacks (Levy et al., 2005). The expression of IQD1 is induced by

mechanical wounding, and IQD1 may serve as a signalling component

to integrate intracellular Ca2+ signal to GS biosynthesis in response to

insect attacks (Levy et al., 2005). IQD1 is also involved in plant

resistance to the necrotrophic fungus B. cinerea (Barda & Levy, 2022).

However, the underlying molecular mechanisms and the linkage to

Ca2+/CaM signal of how IQD1 is involved in plant defense responses

await further investigations. Besides IQD1, IQD14 has also been

identified to be bound by CaM, CML13 and CML14 in vitro in the

presence or absence of Ca2+ (Teresinski et al., 2023). In addition,

based on the presence of tandem IQ domains nearby the CaMBD,

CAMTAs have also been identified to be bound by CaM/CMLs, such

as CML13 and CML14 (Teresinski et al., 2023). Interestingly, the

mutation in IQ domain of CAMTA3 caused a gain‐of‐function

phenotype, while one amino acid mutation in CaMBD of CAMTA3

resulted in a loss‐of‐function phenotype in plant immunity (Yuan

et al., 2021).

5 | CA2+ TRANSIENTS IN RESPONSE TO
BIOTIC STRESSES ARE MODULATED BY
CAMS/CMLS

While intracellular Ca2+ transients induced by pathogen attacks serve

as essential cell signals to trigger defense responses, these Ca2+

transients could be regulated by Ca2+/CaM signalling through

feedback loops involving Ca2+ permeable channels, Ca2+ pumps and

Ca2+ antiporters (Figure 4).

Cyclic nucleotide gated channels (CNGCs) are Ca2+ permeable

cation channels that mainly localized on the plasma membrane (PM)

and are regulated by CaM and cyclic nucleotides, such as cNMPs

(Jarratt‐Barnham et al., 2021). The C‐terminal of CNGC contains a

cyclic nucleotide binding domain (CNBD) overlapping with a CaMBD,

and an IQ motif (Jarratt‐Barnham et al., 2021). Notably, the N‐

terminal of Arabidopsis CNGC12 contains a CaMBD (DeFalco,

Marshall, et al., 2016). All CNGCs in Arabidopsis interact with CaMs

via CaMBD domains or IQ motifs (Fischer et al., 2017). It was

speculated that CaM functions as a Ca2+‐sensing subunit in the

channel complex and mediates subunit assembly (DeFalco, Marshall,

et al., 2016; DeFalco, Moeder, et al., 2016). cngc2 null mutant, also

known as defense no death 1 (dnd1), as its name implies, was isolated

by its failure to trigger HR induced by avirulent bacterial pathogens;

dnd1 exhibits an autoimmune phenotype with enhanced basal

resistance to pathogens (Clough et al., 2000). By electrophysiological

experiments, it was found that a cAMP‐induced Ca2+ current is

compromised in cngc2 mutant, and this Ca2+ current is associated

with NO production (Ali et al., 2007). Arabidopsis null mutant of

CNGC4 (namely dnd2) also shows spontaneous lesions and reduced

ETI‐mediated HR as well as increased basal resistance to pathogens

(Balague et al., 2003). A recent study shows that when Ca2+ supply is

sufficient in plants, CNGC2 and CNGC4 can be assembled into a

functional Ca2+ channel that is blocked by CaM7 in the resting state

(Tian et al., 2019). Under pathogen attack, BIK1, as a member of

RLCK, activates Ca2+ channels through phosphorylation of CNGC4,

thereby causing an increase in cytosolic Ca2+ concentration; these

results suggest that CNGC‐mediated Ca2+ influx is an intermediate

bridge for PAMP to trigger PTI (Tian et al., 2019). Mutations of

CNGC11 and CNGC12 also result in abnormal defense responses in

Arabidopsis; single knockout mutants of CNGC11 or CNGC12, and a

double RNAi knockdown mutant cngc11cngc12 show significantly

decreased resistance to avirulent pathogens (Yoshioka et al., 2006).

Constitutive expresser of PR genes22 (cpr22) is a gain‐of‐function

mutant that causes constitutive activation of defense responses, such

as spontaneous formation of lesions and HR‐like responses in

Arabidopsis (Yoshioka et al., 2006). cpr22 mutant carries a 3 kb

deletion, which results in the mutation in both CNGC11 and

CNGC12, forming a chimeric channel CNGC11/12 (Yoshioka

et al., 2006). Subsequent studies indicate that spontaneous lesion

in cpr22 is caused by the aberrant regulation of programmed cell

death (PCD), and the chimeric channel CNGC11/12 mediates Ca2+

influx that is necessary for HR development (Urquhart et al., 2007).

CNGC19 and CNGC20 function as Ca2+ channels by forming possible

homo‐ and heteromeric protein complexes (Yu et al., 2019). BAK1

and SERK4, as coreceptors of FLS2, BRI1 and some other LRR‐RLKs,

can directly phosphorylate CNGC20 and regulate the stability of

CNGC20. In bak1/serk4 double mutant, CNGC20 is maintained at a

nonphosphorylated state, which increases its stability and results in

excessive Ca2+ influx into cells, leading to the induction of cell death

(Yu et al., 2019). cngc20‐4, a missense mutant of CNGC20 identified
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in the background of eds1 mutant, shows a typical self‐activating

immune phenotype, such as plant dwarfism, constitutive disease

resistance gene expression, excessive accumulation of SA, and

enhanced PTI and ETI responses (Zhao et al., 2021), suggesting that

CNGC20 mediates plant immune response in an EDS1‐independent

manner. In addition, CNGC19 was found to be involved in plant

defense against herbivorous insects (Meena et al., 2019). Further

studies are required to clarify the potential role of Ca2+/CaM

signalling in CNGC‐regulated herbivore resistance.

Similar to CNGCs, Mildew resistance Locus O (MLO) has also been

found to act as a Ca2+ channel to regulate Ca2+ transients by using

single cell Ca2+ imaging and patch clamp technologies (Gao et al., 2022).

MLO was first identified to be a plant specific recessive disease

resistance gene in barley (Hordeum vulgare); homozygous recessive mlo

mutants confer broad spectrum disease resistance to the biotrophic

powdery mildew fungus, Blumeria graminis (Jorgensen, 1992). How-

ever, powdery mildew‐resistant mlo plants exhibit enhanced suscepti-

bility to other fungal pathogens, such as Magnaporthe grisea (Jarosch

et al., 1999) and Bipolaris sorokiniana (Kumar et al., 2001), suggesting

that MLO plays different roles in resistances to diverse fungal

pathogens. MLO family genes have been isolated from Arabidopsis,

wheat, rice and other plants (Acevedo‐Garcia et al., 2014; Chen

et al., 2006; Konishi et al., 2010; Liu & Zhu, 2008). Barley MLO

encodes a PM‐localized protein containing seven transmembrane

domains and shares certain degree of homology with G‐protein

coupled receptor proteins in animals (Panstruga, 2005b). MLO has

been identified to be a CBP, and CaM binding is required for the

normal function of MLO to repress plant defense against pathogen

infections in barley (Kim, Panstruga, et al., 2002). Rice MLO was also

identified to be a CBP in the searching of CBPs responsive to pathogen

infection (Kim, Lee, et al., 2002). Notably, the CaMBD of MLO

homologues are conserved in higher plants (Kim, Lee, et al., 2002).

CaMLO2 from pepper is also a CBP that negatively regulates plant

immunity; silencing of CaMLO2 in pepper results in enhanced

resistance against virulent Xanthomonas campestris, which is associated

with impaired susceptibility cell‐death response and reduced bacterial

growth, as well as accelerated bursts of ROS (Kim & Hwang, 2012).

CaMLO2 specifically interacts with CaCaM1 and translocates cyto-

plasmic CaCaM1 to the PM, leading to the suppression of Xanthomo-

nas effector‐triggered Ca2+ influx, hypersensitive cell death and

defense responses (Kim et al., 2014). Ectopic expression of CaMLO2

in Arabidopsis leads to enhanced susceptibility to biotrophic oomycete

Hyaloperonospora arabidopsidis and hemibiotrophic pathogen Pst

DC3000 (Kim & Hwang, 2012). MLO2, MLO6, and MLO12 in

F IGURE 4 Involvement of CaMs/CMLs in regulating CNGC‐mediated Ca2+ influx and ACA‐mediated Ca2+ efflux in plant immunity. ACAs
and CNGCs are targeted by CaMs/CMLs. CNGC forms homologous or heterogeneous isomers at PM to mediate Ca2+ influx. In the absence of
pathogens, CNGC2 and CNGC4 homotetramers are inactive, whereas heterotetramers allow proper cation flux into the cytoplasm. Under
pathogen infections, BIK1 is activated and phosphorylates CNGC4 to release CaM‐mediated inhibition and induce Ca2+ influx. Excessive influx
of Ca2+ via CNGCs induces cell death through an unclear mechanism. BAK1 negatively regulates Ca2+ transients through the phosphorylation of
CNCG20 to facilitate its degradation. CNGC19 and CNGC20 form protein complexes at the plasma membrane (PM). The crp22 mutant
expressed chimeric CNGC11/12 exhibits programmed cell death (PCD). In the gain‐of function mutant, the accumulation of CNGC19/CNGC20
channels leads to the influx of Ca2+, and ultimately leads to cell death. ACAs help establishing a low cytoplasmic Ca2+ concentration by exporting
Ca2+ to the apoplast and/or the vacuole. Mutations of ACA8 and ACA10, both located in the PM, decrease the generation of Ca2+ signal that is
induced by flg22 and reduce pathogen resistance, but mutations of ACA4 and ACA11, both located in the tonoplast, result in constitutive
defense responses. Endoplasmic reticulum (ER)‐located Ca2+‐ATPases, such as NbCA1, also regulate intracellular Ca2+ oscillations and play an
important role in plant defense. [Color figure can be viewed at wileyonlinelibrary.com]
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Arabidopsis are considered as co‐orthologs of barley MLO

(Panstruga, 2005a). Arabidopsis mlo2 single mutant shows incomplete

resistance to two powdery mildew species, Golovinomyces orontii and

Golovinomyces cichoracearum, but the triple mutant mlo2 mlo6 mlo12

has full resistance to pathogens (Consonni et al., 2006). Penetration 3

(PEN3), also known as Pleiotropic Drug Resistance 8 (PDR8) or ATP

Binding Cassette (ABC) Transporter G Family Member 36 (ABCG36), is

required for the nonhost resistance of mlo mutants in Arabidopsis

(Consonni et al., 2006). Notably, pen3 knockout mutant shows

impaired resistance to nonhost pathogens (Stein et al., 2006). Studies

show that PEN3 interacts with CaM, and the interaction is necessary

for nonhost resistance in Arabidopsis (Campe et al., 2016). It is

reasonable to speculate that MLO‐mediated pathogen resistance and

nonhost immunity interplay and this process involves Ca2+/CaM

signalling. However, it is still unclear whether and how Ca2+/CaM

regulates the Ca2+ channel function of MLO proteins.

In addition to Ca2+ permeable channels, Ca2+/CaM also regulates

Ca2+ pumps and Ca2+ antiporters to mediate Ca2+ efflux during plant‐

microbe interactions. Autoinhibited Ca2+‐ATPase (ACA), which

contains a CaM binding domain and a self‐inhibition domain at its

N‐terminal, belongs to a subgroup of P‐type ATPases (Astegno

et al., 2017; Boursiac et al., 2010; Zhu et al., 2010). Double knockout

mutants of two tonoplast‐localized Ca2+ pumps in Arabidopsis, ACA4

and ACA11, display a high frequency of HR‐like lesions, and further

genetic evidence suggested that vacuolar‐localized Ca2+ pumps

regulated SA‐mediated PCD (Boursiac et al., 2010). Other studies

have shown that the disruption of PM‐localized ACA8 or ACA10

leads to changes in plant immunity (Yang et al., 2017). Notably,

CML36 can also interact with ACA8, and the interaction activates the

pump activity of ACA8 (Astegno et al., 2017). NbCA1, an ER‐localized

Ca2+ pump in tobacco, was also found to mediate Ca2+ efflux and

regulate PCD during plant innate immune response (Zhu et al., 2010).

However, how CaM regulates Ca2+ permeable channels, Ca2+ pumps

and antiporters, and how Ca2+ transients are regulated by CaM‐

mediated signalling in plants are far from clear and deserve further

investigations.

6 | CAM/CML‐MEDIATED REGULATION
OF ROS HOMEOSTASIS

Increase in intracellular Ca2+ and the outburst of ROS are common

early cellular events in plant responses to pathogen infection or

elicitor treatment (Apostol et al., 1989; Atkinson et al., 1996;

Lecourieux et al., 2002; Marcec et al., 2019). There is an extensive

interplay between Ca2+ and ROS to amplify the immune signalling

pathway (Gilroy et al., 2016; Marcec et al., 2019). It has been well

known that exogenous application of H2O2 triggers increases in

cytosolic Ca2+ by activating the Ca2+‐permeable channels (Rentel &

Knight, 2004; Wu et al., 2020). On the other hand, ROS signals during

immune responses are generated mainly from NADPH oxidases of

the respiratory burst oxidase homologues (RBOHs) family located on

the membrane, and are well known to be regulated by Ca2+ signal

(Waszczak et al., 2018). Arabidopsis RBOHs contain NADPH binding

domain, FAD binding domain and six conserved transmembrane

domains, as well as phosphorylation sites and two conserved Ca2+

binding EF‐hand in the N‐terminal (Keller et al., 1998) (Figure 5a).

H2O2 production during oxidative burst is dependent on continuous

Ca2+ influx, which activates RBOH directly via its cytoplasmic Ca2+‐

binding EF‐hand motifs (Ogasawara et al., 2008; Xing et al., 1997).

Ca2+ signal also activates RBOHs through protein phosphorylation

mediated by Ca2+‐dependent kinases like CDPKs and Ca2+/CaM‐

dependent protein kinases (CCaMKs). In rice, the CCaMK, also known

as doesn't make infections 3 (OsDMI3), phosphorylates OsRbohD at

Ser‐191 to activate its NADPH oxidase activity for ROS generation

(Wang, Shen, et al., 2023). Knockout of RbohD or application of

inhibitors to eliminate ROS accumulation results in decreased Ca2+

spiking; meanwhile, stress‐induced ROS production can be severely

attenuated by treatment with Ca2+ channel blockers (Ranf

et al., 2011). BIK1 can activate Ca2+ channels and phosphorylate

PM‐localized RbohD when plants are attacked by pathogens (Kadota

et al., 2014; Li et al., 2014). Arabidopsis RbohD is involved in the

production of ROS in response to pathogen‐derived elicitors (Lee

et al., 2020; Nühse et al., 2007). NAD kinases (NADKs), which supply

NADP cofactor for ROS production through NADPH oxidases, have

been identified to be CBPs (Harding, Oh, & Roberts, 1997; Karita

et al., 2004; Turner et al., 2004). Recently, the exact NADK protein

responsible for Ca2+/CaM‐dependent NAD+ kinase activity has been

identified and named NADK‐CaM dependent (NADKc) in Arabidopsis;

NADKc containing a CaMBD in its N‐terminal region, is located at the

mitochondrial periphery and functions in sustaining pathogen‐

derived elicitor‐induced ROS outbreak (Dell'Aglio et al., 2019).

Together, these discoveries support that cytosolic Ca2+ alone, and/

or together with CaM, could stimulate the production of ROS.

Since excessive accumulation of ROS can cause damage to plant

cells, plants have evolved ROS scavenging system to maintain ROS

homeostasis. Ca2+/CaMs play important roles in ROS homeostasis

regulation by targeting ROS scavenging enzymes. Catalases, which

catalyze the hydrolysis of hydrogen peroxide and play an important

role in controlling ROS homeostasis, have three members, that is,

CAT1, CAT2, and CAT3, in Arabidopsis (Du et al., 2008). Arabidopsis

CAT2 is inhibited by SA and plays a role in balancing plant immune

responses mediated by SA and JA (Yuan et al., 2017). Arabidopsis

CAT3 has been verified to bind CaM in a Ca2+‐dependent manner,

and a stretch of amino acid (425 to 451) is the CaMBD recognized by

Ca2+/CaM (Yang & Poovaiah, 2002b). The regions corresponding to

CaMBD of CAT3 are conserved in CAT homologues from plants but

not from animals or bacteria, suggesting that CATs from other plants

may also be regulated by Ca2+/CaM. Indeed, the purified CAT from

tobacco binds to Ca2+/CaM and the activity is significantly stimulated

by Ca2+/CaM (Yang & Poovaiah, 2002b). Arabidopsis MPK8 is also a

CBP, and its activation by mechanical wounding requires both CaM

binding and upstream MAPKK‐mediated phosphorylation. Activated

MPK8 suppresses ROS accumulation via transcriptional regulation of

RbohD. Thus, Ca2+/CaM‐mediated regulation and MAPK cascade

coordinately regulate MPK8 to fine‐tune ROS homeostasis under
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wounding stress (Takahashi et al., 2011) (Figure 5b). But whether

MPK8 is involved in pathogen and/or herbivore resistance remains to

be investigated.

Gamma‐aminobutyrate (GABA) is a ubiquitous four‐carbon non-

protein amino acid that participates in the defense response of plants

to pathogens and herbivores (Tarkowski et al., 2020). GABA shunt

inhibits the accumulation of ROS and reduces ROS‐mediated cell death

(MacGregor et al., 2003) (Figure 5b). Glutamate decarboxylase (GAD),

as a key enzyme, catalyzes the production of GABA and is

characterized as a CBP (Gut et al., 2009; Snedden et al., 1996). The

constitutive overexpression of GAD in tobacco improves GABA levels

and confers resistance to northern root‐knot nematode (McLean

et al., 2003) and tobacco budworm larvae (MacGregor et al., 2003)

possibly through a GABA‐based mechanism. It has also been suggested

that the interaction between CML8 and GAD4 promotes GABA

biosynthesis, which further increases the expression of defense‐related

genes, and thereby improves resistance to herbivore Plutella xylostella

in Arabidopsis (Jiao, Guo, et al., 2022).

7 | CONCLUDING REMARKS AND
PERSPECTIVES

Ca2+ represents a universal second messenger playing a crucial role in

plant responses to environmental stimuli. Ca2+ signalling can be

divided into three steps, that is, the generation of Ca2+ signal, the

decoding of Ca2+ signal, and the relaying of Ca2+ signal to specific

adaptive responses. CaMs and CMLs belong to a major class of Ca2+

(a)

(b)

F IGURE 5 CaM/CML‐mediated regulation of ROS homeostasis in responses to biotic stresses. (a) Protein structure and functional domains
of RbohD in plants. (b) CaM/CML‐mediated regulation of ROS homeostasis. Under pathogen invasions, Ca2+ channels and RbohD are
phosphorylated and activated, leading to the production of cytoplasmic Ca2+ transients and ROS accumulation. ROS can further activate Ca2+

channels. Ca2+ signals activate RbohD by binding with the N‐terminal EF‐hand motifs, and mediate the phosphorylation of RbohD through Ca2+‐
regulated protein kinases to initiate ROS production. Ca2+/CaM signalling regulates ROS homeostasis by targeting NADKc. NADKc
phosphorylates NAD+ to generate NADP+ which is further converted to NADPH, the substrate of RBOH proteins. CCaMK (also named DMI3) is
also targeted by Ca2+/CaM signalling and positively regulates ROS production by mediating phosphorylation of RbohB. One the other hand,
Ca2+/CaM signalling targets CAT to scavenge the accumulated ROS. MPK8, which is induced by damages and negatively regulates ROS
production, is also regulated by Ca2+/CaM signalling. In addition, the production of GABA, which is regulated by Ca2+/CaM‐targeted GAD under
herbivore attacks, is associated with ROS homeostasis. [Color figure can be viewed at wileyonlinelibrary.com]
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sensors that decode cryptic Ca2+ signal. Although much progress has

been made on roles of CaMs/CMLs and CBPs in plant responses to

biotic stresses (Table 1), many efforts are still needed to expand our

knowledge about downstream target proteins of CaMs/CMLs and

their physiological, biochemical and molecular functions, as well as

molecular mechanisms by which they mediate plant responses to

biotic stresses.

Many questions are still required to be addressed in the future.

For example, how to distinguish different Ca2+ oscillation produced

by various stresses, and how specific Ca2+ signals are precisely

decoded by CaMs/CMLs under biotic stresses are largely unclear.

The generation of Ca2+ transients in plant defenses against

pathogens and herbivores depends on the coordination of diverse

Ca2+ conducting proteins including CaM‐binding Ca2+ permeable

channels and Ca2+ pumps, such as CNGCs, MLOs and ACAs. But how

multiple Ca2+ channels/pumps from diverse gene families coordinate

and contribute to the generation of specific Ca2+ signature during PTI

and ETI, and the underlying molecular mechanisms of how CaMs/

CMLs regulate the activities of Ca2+ channels/pumps are still unclear.

Plant CaMs/CMLs have multiple isoforms, but lack specific enzy-

matic/biochemical functions. CaMs/CMLs usually bind to and

regulate the activities of a wide range of downstream CBPs, but

the specificity, preference and flexibility of the interaction between

diverse CaM/CML isoforms and their CBPs still need to be clarified.

Although some progress has been made in the role of CMLs in biotic

stress responses, their target proteins are largely unidentified.

Considering the large amount of CML members in plant genome,

further studies are necessary to identify their target proteins and

characterize their functional significance in biotic stress responses.

New techniques based on high through‐put analyses, multiomics, and

technologies with high optical resolution will help us address these

issues. Advances in molecular mechanisms in CaM/CML‐mediated

regulation in plant biotic stress responses will advance our under-

standing of the most striking characteristics, versatility, efficiency,

and accuracy of Ca2+ signalling pathways.

In addition, most of these progresses have been made in model

plant Arabidopsis, the roles of CaMs/CMLs and CBPs in biotic stress

responses in crops are still largely unclear. With the technical

advances in genetic transformation and genome editing, more

research should be focused on crops. By modulating the expression

of CaMs/CMLs and/or CBPs or the affinity of their interactions

through diverse strategies, such as gene engineering using stress‐

specific responsive promoters, CRISPR/Cas‐mediated genome edit-

ing of cis‐regulatory elements, CRISPR/Cas‐derived gene activation

and prime editing, crops with more tolerance to biotic stresses and

without growth impairment could be foreseeably developed, and this

will significantly facilitate the sustainability of our agricultural

industry and food security.
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