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Calcium is a crucial macronutrient and functions as a wide-
spread signal in eukaryotes, ranging from yeast, plants to animals.
As crucial second messengers, calcium ions (Ca*) play indispens-
able roles in plant growth and development, response to external
stressors, and signal transduction by modulating downstream cel-
lular responses, including gene expression, metabolic activities,
and transport functions [1,2]. Unlike other nutrients, the levels of
Ca?* in the extracellular space and in certain intracellular stores
are typically 10,000 times higher than resting cytoplasmic Ca®*
([Ca®*]yr) levels. This substantial gradient poses potential risks of
[Caz*]cyt overload and toxicity, and it can also lead to a rapid and
transient increase in [Ca®*], which is a key signaling mechanism
for plants to respond to environmental cues. To mitigate the cyto-
toxicity of Ca?* and continuously maintain the potential to gener-
ate specific Ca®* signals, it is essential to keep the resting [Ca2+]cyt
at a low level of approximately 100 nmol/L|3]. Calcium homeosta-
sis is fundamental for maintaining cellular function and organismal
health in plants. Upon perceiving a wide array of environmental
stimuli, such as pathogen invasion, changes in temperature, salt
stress, or nutrient availability, plants exhibit prompt and tempo-
rary increases in [Ca**]qy, known as ‘Ca®* signatures’, which act
as a versatile signaling hub to orchestrate cellular responses. The
formation of these patterns depends on the coordinated actions
of various calcium transporters, which mediate calcium influx
and efflux across cellular membranes. We summarize the recent
studies that uncovered new transporters and/or mechanisms of
regulation that shape Ca?* signatures in plants cells and orches-
trate effective response to external cues [3-15].

Ca®* transport systems in plants. The cytosolic Ca®* signature is
built by diverse membrane-localized Ca** permeable ion channels
and transporters [1,2], each of which plays a crucial role in regulat-
ing the dynamic balance of Ca?* within the cell. Influx channels in
plants include, but may not be limited to, cyclic nucleotide-gated
channels (CNGCs), glutamate receptor like proteins (GLRs), two-
pore channel 1 (TPC1), calcium permeable stress-gated channels
(CSCs) or hyperosmolarity-induced [Ca®*].c channels (OSCAs),
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WeiTsing (WTS), and the mildew resistance locus O (MLO) family
proteins, which facilitate the entry of Ca?* into the cytosol from
extracellular or intracellular stores [2]. Notably, an increasing
number of NLRs (nucleotide binding and leucine-rich repeat recep-
tor proteins) have been demonstrated to serve as Ca%*-permeable
channels, mediating effector-triggered immunity (ETI) [1,2]. Ca®*
efflux transporters such as Ca®'-ATPases (ACAs) and Ca®'/H*
exchangers (CAXs) mediate the efflux of Ca?* from the cytosol to
either the external space or intracellular organelles [2,3]. These
efflux transporters are crucial for maintaining cellular homeostasis
and orchestrating various physiological responses.

Mechanisms underlying the control of Ca®* influx. When plants are
exposed to various stressors ranging from herbivores and microor-
ganisms to abiotic factors like drought and extreme heat, a signif-
icant surge in intracellular calcium levels occurs, triggering a
cascade of biochemical reactions, known as decoding of calcium
signals, essential for the plant’s adaptive response [1,2]. The eleva-
tion of [Caz*]cyt is often mediated by calcium influx channels, but
the specific Ca®* channels responsible for the Ca?* influx triggered
by different external stressors, as well as the mechanisms regulat-
ing these channels, have only emerged in recent years. We provide
a few examples to illustrate progress in this area.

A study by Tian et al. [4] opened up this area of research by
identifying a CNGC-type channel that is activated during
pathogen-associated molecular patterns (PAMPs) -triggered
immunity (PTI). They showed that in Arabidopsis CNGC2-CNGC4
channel is inhibited by the calcium sensor protein calmodulin
(AtCaM?7) in the resting state. During pathogen attack, BOTRYTIS-
INDUCED KINASE1 (BIK1), a kinase downstream of the pattern-
recognition receptor complex, phosphorylates the channel and
relieves this inhibition. A similar mechanism may also operate in
other plants such as rice [7]. It has been demonstrated that
0OsCNGCQ9 is essential for resistance to rice blast and for the gener-
ation of the chitin-induced Ca?* signaling, and whose Ca?* channel
activity is further enhanced by OsRLCK185-mediated phosphoryla-
tion [7]. Additionally, it was reported that OSCA1.3, a Ca**-perme-
able channel, may be specifically involved in stomatal immunity
[8]. Other candidate channels, such as Arabidopsis ACCELERATED
CELL DEATH 6 (ACD6), may also be involved in PTI [15].
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The other arm of plant immune response, the ETI has also been
shown to rely on calcium entry [9-12]. The study by Bi et al. [11]
demonstrated that the CNL HOPZ-ACTIVATED RESISTANCE 1
(ZAR1) resistosome forms a Ca®'-permeable channel, through
which the influx of Ca?* triggers a cascade of signaling events,
including the activation of Ca®*-dependent protein kinases and
the production of reactive oxygen species, ultimately leading to
defense responses including localized cell death (hypersensitive
response). The research of Jacob et al. [9] has identified plant
helper NLRs as Ca?*-permeable nonselective cation channels that
mediate calcium entry and cell death. Moreover, the newest find-
ings revealed that the helper NLR, NLR-required for cell death pro-
tein 4 (NRC4), assembles into a hexameric resistosome that may
act as a Ca®* permeable channel, mediating Ca®* entry upon sens-
ing pathogen infection [10]. Together with work on a wheat NLR
that also forms a calcium-permeable channel [12], these studies
demonstrate how plant immune receptors directly control cyto-
plasmic Ca?* levels and initiate cell death, a hallmark of effector-
triggered immunity.

Recent studies further place calcium signaling as a central hub
of plant immunity. Wang et al. [13] identified ‘WeiTsing’, a cal-
cium-permeable cation-selective channel localized in the endo-
plasmic reticulum in Arabidopsis, which confers broad-spectrum
resistance to the devastating clubroot disease caused by Plasmodi-
ophora brassicae (Pb). Using a unique screen to identify cell death-
suppressing genes, Yu et al. [14] discovered an alternative receptor
kinase Back-To-Life 2 (BTL2) that induces strong immunity by acti-
vating CNGC20, a typical calcium-permeable channel.

In the context of calcium signaling in systemic response, GLR-
type channels have been identified as important players [1]. A
recent study [5] identified Ca?"calmodulin-mediated desensitiza-
tion of GLR channels, crucial in wounding and anti-herbivore
defense. Calmodulin (AtCaM7) binds to the C-terminal domain of
GLR3.3 in a Ca?*-dependent manner, desensitizing the channel to
prevent prolonged Ca?* influx and potential cytotoxicity. A
CRISPR-edited GLR3.3 allele with impaired desensitization
enhanced plant defense against herbivores without affecting nor-
mal growth [5]. This finding may offer a promising avenue for agri-
cultural innovation towards pest control in place of the current
heavy use of pesticides.

The latest research by Pei et al. [6] has identified a pair of OSCA-
type channels in plant response to changing water availability. The
identification of OSCA2.1 and OSCA2.2 as hypo-osmosensitive
channels provides valuable insights into the molecular mecha-
nisms underlying membrane response to cell turgor change. The
researchers showed that these OSCA proteins are activated under
hypo-osmotic stress in bacteria, suggesting their role as osmosen-
sors. The osca2.1/osca2.2 double mutant displayed reduced rate in
pollen germination. This defect correlated with an impaired
cytosolic Ca?* spiking in pollen grains upon hydration, indicating
that OSCA2.1/2.2 play an essential role in hydration-induced cal-
cium oscillation during pollen germination (Fig. 1).

Regulatory mechanisms of calcium efflux. While recent research
has primarily focused on the significance of Ca®* influx in trigger-
ing Ca®* signals, effective efflux mechanisms for removing surplus
Ca?* from the cytosol are equally crucial for terminating these sig-
nals, thus forming a signaling initiation and termination cycle. It
has long been suggested and supported by increasing experimental
evidence that Ca?*/H" exchangers (CAXs, antiporters) and Ca?'-
ATPases (ACAs) are accountable for transporting Ca®* from the
cytosol to either the extracellular space or intracellular stores [2].
For instance, vacuolar CAX1 and CAX3 have been identified as cru-
cial components for plant adaptation to varying external Ca?* con-
ditions, likely achieved through the sequestration of excess Ca®*
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into the vacuolar lumen [3]. At the plasma membrane, ACA8 and
ACA10, in association with the Ca®*-dependent phospholipid-bind-
ing protein BONZA1 (BON1), are implicated in regulating [Ca®"]cy
levels [2]. Other ACAs localized to the ER (eg., ECAs) and vacuole
membranes also participate in maintaining cytosolic Ca** home-
ostasis under various conditions [2]. While all plant ACAs contain
a calmodulin (CaM)-binding domain and may be activated in a
Ca%*/CaM-dependent manner in response to elevated [Ca®*[cyt
levels [2], the activation mechanism of CAX family members in
response to elevated [Ca®*|cyt remains unclear.

The recent study by Wang et al. [3] presents a comprehensive
examination on how plants manage calcium (Ca%*) levels to bal-
ance growth and defense mechanisms. The notable contribution
from the study by Wang et al. is the identification and characteri-
zation of two distinct signaling pathways that regulate vacuolar
Ca%*/H" exchangers (CAXs) to maintain cytosolic Ca?>* homeostasis.
The first pathway involves Calcineurin B-like (CBL) proteins and
CBL-interacting protein kinases (CIPKs). This pathway responds
primarily to elevated external Ca®*levels. The CBL-CIPK complex,
sensing and activated by elevated cytosolic calcium, derepresses
CAXs by phosphorylating a serine cluster within their auto-inhibi-
tory domains. This phosphorylation event triggers the transport of
excess Ca®* into the vacuole, thus preventing cytosolic Ca®* toxic-
ity. The second pathway is associated with the plant’s immune
response and involves the FLS2-BAK1 receptor complex and
kinases such as BIK1 and PBL1 [3]. This pathway is activated by
pathogen-associated molecular patterns (PAMPs) and, like the
CBL-CIPK pathway, phosphorylates the same serine cluster on
CAXs through BIK1 and PBL1 in a calcium-independent manner,
modulating Ca* signals that are crucial for initiating a moderate
immune response in pattern-triggered immunity. This dual mech-
anisms of CAX activation underscores the versatility and impor-
tance of these exchangers in plant physiology. Furthermore,
Wang et al. effectively illustrate how plants integrate calcium sig-
naling to maintain growth and defense balance. Simply put,
cytosolic calcium levels serve as an indicator for growth or
defense: sustained elevation of calcium is an “alarm system” to
trigger defense response and possibly cell death, whereas low rest-
ing levels is favorable for growth (Fig. 1). The plant’s ability to
swiftly and accurately modulate Ca?* influx and efflux is critical
to avoid toxicity and to utilize Ca?* as a second messenger in sig-
naling pathways to support adaptation in response to a variety of
environmental conditions [2]. Future work should be directed to
understanding the interplay between ACAs and CAXs in regulating
plant fitness and immunity under specific conditions. Notably, vac-
uolar sequestration mediated by CAXs, but not by ACAs, is high-
lighted as a crucial mechanism for [Caz*]cyt homeostasis under
external Ca®* stress [3]. However, the coordination between CAXs
and ACAs in controlling plant growth and immunity remains
ambiguous and necessitates additional research. In addition, CAXs
may collaborate with influx channels like CNGC2/4 to maintain
normal plant growth in soil, as disruptions in either CNGC2/4 or
CAX1/3 lead to growth inhibition and autoimmunity [3].

Understanding the molecular pathways for Ca?* regulation not
only advances fundamental plant biology but also provides new
strategies for crop improvement. By manipulating these pathways,
it might be possible to enhance plant growth and immunity simul-
taneously. For example, genetic engineering approaches could be
used to develop crops with modified CAX activity, optimizing their
ability to manage Ca?* levels under stress conditions such as high
salinity or pathogen attack.

In summary, stimulus-specific patterns of Ca?* change, known
as ‘Ca%* signatures’, play a crucial role in various physiological pro-
cesses [2]. Plants have evolved sophisticated mechanisms to
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Fig. 1. Recent advances in calcium homeostasis and signaling in plant cells.

maintaining Ca?* homeostasis. By understanding the sophisticated
mechanisms of regulating [Caz"]cyt homeostasis, we can unlock
novel strategies to bolster plant resistance to biotic stressors such
as pests and pathogens, as well as abiotic stressors like salt,
drought and high temperatures, while preserving or even improv-
ing crop yields. Exploring calcium signaling pathways and using
gene-editing tools (such as CRISPR) presents promising opportu-
nities for innovative approaches in agricultural technology, which
could reduce the use of fertilizers and pesticides and ensure food
security worldwide.
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