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Abstract

Cysteine-rich receptor-like kinases (CRKs) constitute a significant subfamily of receptor-like kinases (RLKs) that are essential elements
in numerous signal transduction pathways. This review synthesizes current knowledge on the evolutionary background, structural
characteristics, and functional diversity of the CRKs in Arabidopsis thaliana. The whole genome and tandem duplications have resulted
in the emergence of 44 members of the CRKs subfamily in Arabidopsis, predominantly located on chromosome 4. Recent research
increasingly demonstrates that CRK has a role in various physiological processes, including activation of immunological responses to
biotic stimuli, and regulation of reactive oxygen species (ROS), abiotic stress responses, plant growth and development. The concept
of functional redundancy within the CRK family is explored, proposing that closely related genes may compensate for one another’s
responsibilities. This work develops a fundamental understanding of CRKs, offering a baseline for subsequent research on the CRK
family, including other species of agricultural significance.
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1. Introduction

Plants must navigate various challenges throughout
their lives, including adapting to a dynamic environment
and less-than-ideal growth conditions. Stress has a
significant impact on reproduction. Typically, the
onset of early flowering is commonly associated with
environmental pressures, leading to accelerated seed
maturation and successful reproduction [1,2]. Grain
yield and biomass are key factors influenced by stress,
making them the primary focus of plant research aimed
at enhancing stress tolerance. Plants have developed
various strategies to enhance growth in response to
fluctuating environmental conditions. For instance,
plants have the capacity to maintain reproductive fitness
and buffer water/nutrient deficits by employing vacuolar
storage and osmotic adjustment. Additionally, they are
capable of adjusting to variations in light intensity and
temperature. Programmed cell death (PCD) is employed
as a defense mechanism against diseases, effectively
inhibiting the entry and proliferation of pathogens. The
process of leaf abscission is utilized as a means to remove
infected leaves in order to protect the overall health of the
plant [3-6].. In order to react to both biotic and abiotic
challenges, the first and most crucial step is to perceive
environmental signals. Various environmental factors
trigger the activation or deactivation of distinct signal
transduction pathways. Protein kinases play a crucial
role in the perception of environmental signals and
subsequent response at different stages. Plants possess
a significantly higher number of kinases in comparison
to other organisms. As an example, when comparing
the human genome to that of Arabidopsis and rice, it is
observed that the latter two have a significantly higher
number of protein kinases. Arabidopsis has over 1000
protein kinases, while rice has over 1400 protein kinases,
highlighting the significance of kinases in plants for
sophisticated environmental sensing, stress response, and
other developmental processes via distributed signaling
networks essential for survival in the absence of mobility
[7,8]. Plants have receptor-like protein kinases (RLKs)
that are similar to the receptor protein kinases found in
animal genomes, and function as part of signaling systems
between cells and their surrounding microenvironment
[9-11]. Studies have shown that Arabidopsis has over
600 members of RLK, while rice has approximately 1100
[12].

Recent studies have initiated the functional
characterization of subclass-specific receptor-like
kinases (RLKs) in other crops such as wheat and
maize. For example, a comprehensive phylogenomic
investigation revealed over 3,400 RLK genes in wheat.
A number of genes were confirmed via qRT-PCR to
be responsive to drought or Fusarium graminearum
infection [13]. TaCrRLK1L16 has been demonstrated to

be transcriptionally activated after Puccinia striiformis
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infection, and overexpression improves wheat resistance,
supporting the subclass’s mechanistic function in
immunity [14]. Furthermore, 248 L-type lectin receptor-
like kinases (LecRLKs) were identified in wheat, with
subclass members such as TalL-LecRLK35-3D and
TaL-LecRLK67-6B/A  exhibiting  stress-responsive
expression patterns [15]. A comprehensive genome-wide
investigation of maize found 205 LRR-RLKs, several of
which were upregulated during Fusarium verticillioides
infection [16]. Functional validation of the RLCK subclass
member ZmBLK 1 verified its role in pathogen defence
by restoring immunological deficits in Arabidopsis bik1
mutants and increasing maize resistance to Clavibacter
michiganensis [17].  Despite these advances, the
subclass-specific signalling roles of RLKs in essential
agricultural crops remain poorly understood. Numerous
RLK subclasses remain poorly characterised in terms of
essential mechanistic characteristics such as co-receptor
interactions, ligand recognition, and downstream
signalling cascades [9].

In recent years, there has been significant research
dedicated to understanding their physiological and
mechanistic roles in various aspects of plant biology.
These include plant development, responses to abiotic
stress, plant immunity, and symbiosis. Recent advances
highlight the practical importance of RLK research in
enhancing crop resilience and yield. The overexpression
of Oryza sativa Large Spike S-domain Receptor-Like
Kinase 1 (OsLSK1), enhanced rice panicle architecture
and yield [18]. Similarly,the overexpression of Triticum
aestivum  Brassinosteroid-Insensitive 1  (TaBRI1)
in wheat correlated with accelerated flowering and
enhanced seed production [19]. Research has shown
that genes like Oryza sativa Salt Tolerance Receptor-like
Cytoplasmic Kinase 1(OsSTRK1), which regulates salt
tolerance through ROS and Glycine soja Leucine-Rich
Repeat Receptor-Like Protein Kinase (GsLRPK), which
confers cold tolerance in soybean can be overexpressed
or modified to improve resilience without significant
yield losses [18,20] . Certain RLKs function as negative
regulators; for instance, Oryza sativa Salt Intolerance 1
(OsSIT1) enhances salt sensitivity in rice, however, the
natural haplotype Hap2 exhibits significantly reduced
kinase activity compared to the standard haplotype
(Hap1). Therefore, It was reported that the overexpression
of Hap2-SIT1 in rice facilitated normal development and
mitigated ROS accumulation under salt stress, while
overexpression of Hapl-SIT1 detrimentally affected
both growth and stress tolerance [21]. These findings
emphasize the potential application of elite RLK alleles
in marker-assisted breeding or transgenic approaches in
crops improvement.

The majority of RLKs are located in the plasma
membrane and act as sensors to detect environmental
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signals such as hormones or Pathogen-Associated
Molecular Patterns (PAMPs) [22,23]. Wall-Associated
RLK (WAKSs) are located in the cell wall, where their
extracellular domains interact directly with pectin or
oligogalacturonides. This allows them to monitor the
cell wall’s integrity while also controlling its growth
and stress response [24,25]. A specific group comprises
Receptor-Like Cytoplasmic Kinases (RLCKs), which are
exclusively localised in the cytoplasm and function as
signal carriers downstream of plasma membrane receptors,
lacking of extracellular or transmembrane domains [26].
Furthermore, many RLKs are subjected to proteolytic
cleavage, leading to the release of their intracellular
kinase domains. This facilitates the translocation and
regulation of alternative signalling pathways, potentially
involving nuclear processes [27].

The three primary components of an RLK are a
protein kinase catalytic domain (PKC), a transmembrane
domain (TM), and an extracellular ligand-binding
domain (ECLB) [28,29]. The PKC domain is located
within the intracellular domain and plays a central role
in the signaling cascade [30]. It contains the serine/
threonine kinase domain that is responsible for its kinase
activity. The TM domain, which usually consists of 22-
28 amino acids, facilitates signal transduction between
the extracellular and intracellular domains [30]. It is
responsible for transferring signals to the intracellular
realm. The ECLB domain of RLKs greatly contributes
to their functional diversity, making them one of the
most functionally versatile gene families in plants [30].
It exhibits significant variation between RLKs and
commonly incorporates distinct motifs that facilitate
the binding of ligands. The majority of RLKs possess
the N-terminal signal peptide (SP) located in the ECLB
domain, with the exception of those containing epidermal
growth factor-like repeats (EGFs). SP is important for
attaching the protein in the endoplasmic reticulum and
detecting extracellular signals during protein synthesis
[30]. SPvariation categorizes RLKs into over 44 subclasses
[31]. The Cysteine-Rich Receptor-Like (CRKs) are a
significant subgroup of RLKs in higher plants. It is worth
mentioning that the abbreviation CRK has also been
used for a different group of protein kinases, namely the
CALCIUM-DEPENDENT PROTEIN KINASE (CDPK/
CPK)-RELATED KINASEs [32].

RLKs identify a variety of ligands with significant
biochemical specificity; yet, their signalling outcomes
may differ based on stress conditions. Examples of ligands
include pathogen-associated molecular patterns (PAMPs)
such as the 22—amino acid peptide epitope derived from
bacterial flagellin (flg22) and the 18—amino acid peptide
epitope derived from the N-terminal region of bacterial
elongation factor (elf18). [25,33,34]. In Arabidopsis,
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under normal conditions, FLAGELLIN-SENSING 2
(FLS2) recognises the bacterial flagellin peptide flg22,
while ELONGATION FACTOR Tu RECEPTOR (EFR)
identifies the elongation factor elf18. In Arapidopsis, it
was shown that while the specificity of ligand-receptor
interactions is maintained, abiotic stresses can alter
apoplastic pH, reactive oxygen species (ROS) levels,
receptor concentrations, or membrane dynamics, thereby
affecting the magnitude and outcomes of FLS2-flg22 and
EFR-¢lf18 signalling without changing their specificity
[33,35,36]. Further examples of ligand include peptide
hormonessuch as Rapid Alkalinization Factors (RALF)
peptides. FERONIA (FER) is part of the Catharanthus
roseus receptor-like kinase 1-like (CrRLKIL ) protein
subfamily, which plays a role in plant reproduction,
abiotic stress, biotic stress, and various molecular
mechanisms. It mainly interacts with demethylesterified
pectin. However, under stress conditions like salinity or
heat, RALF peptides and pectin engage in dynamic protein
interactions and phase separation. This process recruits
FER along with the small co-receptor LRE-like GPI-
anchored protein 1 (LLG11) and the Leucine-Rich Repeat
extensins (LRXs) [37]. This triggers various signaling
pathways such as calcium influx, ROS production, and
Rho-of-Plant (ROP) signaling [37].

A number of studies have addressed the roles of
CRKs in various plant species; however, the majority
have focused on individual members or particular stress
pathways. A detailed synthesis of the evolutionary
history, structural characteristics, and several functions
of CRKSs in Arabidopsis is currently lacking. This review
will provide a detailed overview of CRKSs in Arabidopsis,
including their evolutionary diversification, domain
organisation, and signalling roles in ROS regulation,
pathogen defence, abiotic stress responses, and plant
growth.

2. The evolutionary history of CRKSs in
Arabidopsis thaliana

CRKs are found in a wide range of vascular plants,
but interestingly, they are not present in bryophytes and
algae [38]. In Arabidopsis, a study revealed that a total
of 38 members of the CRKs subfamily are located on
chromosome 4, with 34 of them being found in tandem
repeats [39]. Based on the phylogenetic relationships
among CRKSs genes in the tandem repeats, it was inferred
that there was at least one intrachromosomal duplication
event in the region containing the tandem repeats.
Throughout evolution, CRKs have greatly increased
their lineage, particularly through more recent tandem
duplication and the selective preservation of duplicates
after whole-genome duplication [38]. Several CRKs
exhibit a significant degree of sequence similarity and are
arranged in consecutive arrays on the chromosome, as
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observed in Arabidopsis. The CRK tandem duplications
primarily arose from unequal crossover or homologous
recombination events. The development of CRK primarily
occurred through unequal crossover or homologous
recombination events [38]. These tandem repeats of
CRKSs have been proposed to be correlated with stress
responses in order to facilitate stress-adaptive evolution.
This is due to the fact that the majority of clustered CRKs
are involved in the adaptation to environmental stimuli
and pathogen infection.

The protein’s extracellular domain consists of
two copies of the DUF26 domain (the DOMAIN OF
UNKNOWN FUNCTION 26) (Fig. 1). This domain
contains four conserved cysteines, three of which form the
C-8X-C-2X-C motif [36]. Two DUF26s are present in 41
of the 44 CRKS in Arabidopsis, while the remaining three
(CRK43, CRK44, CRK45) lack either a DUF26 or a TMD
and their cytoplasmic location allows them to interact
with plasma membrane (PM)-localized CRKs [40].
There are two genes in the present Arabidopsis genome.
The first gene, At4gl1500 (CRK35), is a pseudogene.
The second gene, At4g23170 (CRK9), does not have
any identifiable extracellular domain, signal peptide, or
full kinase domain. The DUF26 domain is present also
in cysteine-rich receptor-like secreted proteins (CRRSPs)
and plasmodesmata-localized proteins (PDLPs), which
are grouped together with CRKSs in the DUF26-containing
protein family under RLKs [38]. It is highly probable that
the CRKs emerged as a result of the fusion between a
CRRSP containing DUF26 and LRR clade 3 RLKs,
which possess only a TM domain and a kinase domain
[38]. It is widely accepted that this fusion event occurred
in a shared ancestor of vascular plants [38].

Figure 1: Typical domain structure of Cysteine-rich
Receptor-like Kinases (CRKs), illustrating the extracellular
DUF26 cysteine-rich motifs for redox sensing and ligand
recognition, a transmembrane helix for membrane
anchoring, and a serine/threonine kinase domain for signal
transduction.

In various analyses, including multi-omics and
molecular genetic approaches, a total of 1074 CRKs have
been found in 14 different crops such as 50 CRKs have
been identified in rice, while Zea mays has been found to
have 30. However, a total of 63 CRKs have been identified
as key players in the regulation of plant immunity, abiotic
stress responses (such as salinity, osmosis, oxidation, and
heat), and growth and development ([40-46].

The CRK subfamily of RLKs is often highlighted
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for its significant size, but this aspect has not been
thoroughly explored in research. CRKs are essential
for regulating a wide range of cellular processes. These
include controlling the influx of Ca2+, maintaining
ROS homeostasis, activating the MAPK cascade, and
facilitating the deposition of callose. These processes
play a crucial role in various physiological functions,
including stomatal closure, expression of pathogenesis-
related (PR) genes, and PCD. Based on the amino acid
sequences of the coding region, the 44 Arabidopsis
CRKs are categorised into five separate groups (Fig 2).
Comparable groupings are recognized in evolutionary
trees according to the intracellular kinase domain and the
extracellular area. It is proposed that the extracellular and
intracellular domains of Arabidopsis CRKs co-evolved.

Figure. 2: Maximum-likelihood phylogenetic tree of the
Arabidopsis thaliana CRK gene family. Clades are color-
coded and bootstrap support values are shown at the
nodes. Amino acid sequences for all A. thaliana CRKs were
obtained from TAIR10 (https://www.arabidopsis.org). The
tree was inferred in MEGAT11 [47] using the maximum-
likelihood method.

3. Structure of CRKs in Arabidopsis

3.1 Gnk2-like domain (DUF26)

In Arabidopsis, the extracellular region of CRKSs is
found to contain the Gnk2-like domain.

The Gnk2-like superfamily is a significant protein
superfamily with a wide range of domain homology
(28-31%) to the domain initially discovered in the
Ginkbilobin2 (Gnk2) protein [48]. This antifungal
protein is present in the endosperm of Ginkgo seeds. It
specifically hinders the growth of fungus like Fusarium
oxysporum [49]. Gnk2 exhibits a substantial degree of
similarity, around 85%, to embryo-abundant proteins
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(EAP) found in the gymnosperms Picea abies and Picea
glauca [49]. Plant EAPs have a role in seed defense
against stresses from the environment including drought
and are expressed during the last stages of seed maturity
[50]. The Gnk2-like domain is composed of two a-helices
and a five-stranded B-sheet [48]. This configuration leads
to a highly structured single-domain structure with an
a+B-fold. The domain contains C-X (8)-C-X (2)-C motif.
Cysteine residues create three intramolecular disulphide
bridges: C1-C5, C2-C3, and C4-C6 [48]. DUF26 Cys
residues are commonly found in the C-X8-C-X2-C motif,
where they play a crucial role in the formation of inter/
intramolecular disulphide bonds that contribute to the
stability of protein structure [38,51]. Additionally, these
residues can function as switches, effectively regulating
the functions of certain CRKs [52,53]. It was suggested
that Cysteine residues might have a vital function in
detecting ROS and controlling redox activities [54].
Arabidopsis plants with increased CRK36 expression
show enhanced hypersensitive cell death lesions and ROS
production when exposed to the necrotrophic pathogen
Alternaria brassicicola or the avirulent Pseudomonas
syringae pv. tomato DC3000 (Pst DC3000) AvrRpml.
In a different scenario, if specific cysteine residues in
CRK36 undergo mutations (CRK36C76/85/88/100/119A
or CRK36C200/209/212/237A), the plants exhibit a
different level of cell death or production of ROS [54].

3.2 Serine/threonine kinase domain

The serine/threonine kinase domain is the catalytic
area of enzymes that phosphorylate serine or threonine
residues in proteins. The phosphorylation process is
considered essential for the control of cellular, with
ATP being utilized as a phosphate donor [55]. The
protein kinase domain is characterized by 11 conserved
subdomains, labelled I through XI, which intricately fold
into distinct N-terminal and C-terminal lobes [56]. The
N-terminal lobe comprises the I-IV subdomains, serving
to anchor and orient ATP effectively and the linker region
connecting the two lobes is represented by Subdomain
V [56]. The C-terminal lobe encompasses VI-XI
subdomains, facilitating substrate binding and positioning
them in proximity to ATP for the phosphorylation process
[56]. In subdomain II, there is a conserved Lys residue
that plays a crucial role in ATP binding. On the other
hand, subdomain VII contains an Asp residue that is
essential for catalysis. It was revealed that mutations
in specific amino acids, converting Lys to Glu and Asp
to Asn, impact the kinase activity of CRK2 [45,57].
Interestingly, these mutations do not seem to have any
effect on the stability and subcellular localization of
CRK2. This suggests that these two subdomains play a
crucial role in the kinase activities of CRKs. Similarly,
when Lys is replaced with glutamic acid in CRK36 or
lysine is replaced with asparagine in CRK28, it impacts
their function related to stomatal closure, cell death, and
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development [54,58]. However, the impact of mutations
in the subdomains of the kinase domain has yet to be
investigated.

The transmembrane domain (TM) and the N-terminal
signal peptide (SP). The localization of CRK proteins in
the cell is determined by both the TM domain and the
N-terminal SP. TM domain plays a crucial function in
attaching CRKSs to the plasma membrane. On the other
hand, SP plays a crucial role in directing CRKs to a
specific compartment within the cell. Prior research
has demonstrated that certain CRKs are situated on the
plasma membrane, whereas others are situated in the
endoplasmic reticulum.

A single nucleotide mutation in the TM domain
can result in the relocation of proteins from the plasma
membrane to the endoplasmic reticulum [59]. There is
speculation that this disparity may result in a variation
in hydrophobicity, which subsequently impacts the
subcellular localization of proteins. The TM domain
of CRK6 in Arabidopsis is composed of 23 amino acid
residues. The hydrophobicity score of these residues is
3.148, and they are located in the plasma membrane,
as revealed by subcellular localization studies. The key
differentiating characteristic between Arabidopsis CRK®,
positioned on the plasma membrane, and barley HvCRK1,
situated on the endoplasmic reticulum, was the occurrence
of leucine-valine-glycine (LVG) in Arabidopsis CRKS,
while barley HVCRK1 consisted of a repetition of three
alanine(s) (alanine-alanine-alanine, AAA) [59]. Research
has demonstrated that Arabidopsis CRK4, CRK6, and
CRK36 are proteins that are specifically located in the
plasma membrane [51].

4. Functionals Analysis of Arabidopsis CRKs

CRKs in Arabidopsis are essential for numerous
physiological functions, especially in the plant’s defense
against both abiotic and biotic stress as well as in plant
growth and development (Table 1).

4.1 Reactive Oxygen Species (ROS) Regulation
and Pathogen Defense

Numerous CRKs have been demonstrated to
participate in plant defence systems, frequently by
regulating ROS generation and related immunological
responses. Their preserved role in defence can be ascribed
to structural characteristics, including extracellular
DUF26 domains with redox-sensing C-X8-C-X2-C
motifs and intracellular kinase activity, which together
enhance pathogen detection and immune signalling
(Vaattovaara et al., 2019; Bourdais et al., 2015). For
instance, several CRKs (CRK4, CRK7, CRK11, CRK12,
CRK13, CRK14, CRK18, CRK24, CRK36, CRK37, and
CRK45) are transcriptionally induced in Arabidopsis
following oviposition by Pieris brassicae butterflies,
indicating a function in detecting egg-derived elicitors
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(Little et al., 2007).

CRK2 as a central regulator: CRK2 is a crucial
regulator of ROS and calcium signalling in pathogen
defence among the CRKSs. Phosphorylation of certain
residues (Ser703 and Ser862) in CRK2 facilitates its
interaction with the NADPH oxidase RBOHD, thereby
enhancing ROS generation [57]. The crk2 mutant
exhibits diminished cytoplasmic calcium levels during
pathogen invasion and compromised stomatal closure,
hence affirming its function as a positive regulator of Ca?[
inflow and immunological signalling. Moreover, CRK2
engages with BIK1 and additional CRKs, establishing
it as a central node in PTI-related signalling. CRK2
precisely regulates defence mechanisms by altering
MAPK cascades, maintaining equilibrium between
immunity and growth [57].

CRKs in PTI responses: Numerous CRKs enhance
pattern-triggered immunity (PTI) responses downstream
of pattern recognition receptors (PRRs) like FLS2 and
BAKI. Proteomic investigations demonstrated that flg22
induces the upregulation of CRK11, CRK13, CRK14,
CRK18, and CRK22 [58]. The overexpression of CRK4,
CRK®6, and CRK36 amplifies early PTI by elevating the
oxidative burst in reaction to flg22 [51].

CRKs play a role in stomatal immunity: CRK4 and
CRK36 inhibit pathogen-induced stomatal reopening,
but CRK6 sustains stomatal closure [51]. CRK36
significantly facilitates delayed PTI by increased callose
deposition, while CRK4 and CRK6 exert a minimal
influence on this process [51]. Moreover, CRK4 has been
recognised as a marker gene in defence priming during
encounters with Pseudomonas cannabina pv. alisalensis,
with its expression in systemic leaves correlating with
increased immunological preparedness [60].

CRKs inimmunological receptor complexes: CRK28,
CRK29, and CRK36 engage with BIK1 subsequent to
flg22 detection, hence affirming their function in immune
signalling complexes [54,58]. Redundancy is apparent,
as the individual knockouts of CRK28 or CRK29 exhibit
no significant immunological deficiencies, whereas
overexpression increases resistance and may trigger cell
death [58].

CRKs in pathogen resistance and hypersensitive
response mechanisms: In addition to PTI, several CRKs
play a role in the defence against Pseudomonas syringae
pv. tomato (Pst DC3000) and fungal infections. The
overexpression of CRKS enhances resistance to Pst
DC3000 by triggering (Hypersensitive Response) HR-
like cell death, irrespective of EDS1, NDR1, NPR1, or
salicylic acid (SA) signalling [61]. CRK13 is activated
by avirulent strains of Pst DC3000, providing resistance
upon overexpression, and simultaneously experiences
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alternative splicing in response to PAMPs, together with
CRK?29 [62,63]. CRK20 facilitates diminished bacterial
proliferation in mutant contexts [64]. CRK45 increases
resistance through the activation of WRKY transcription
factors and salicylic acid-related genes [65]. In fungal
immunity, CRK5 and CRK22 modulate defence against
Verticillium dahliae toxins through the salicylic acid
pathway, functioning upstream of MPK3 and MPK6, and
engaging with WRKY70 to promote the expression of
salicylic acid-responsive defence genes [44].

Although the roles of individual CRKs have been
elucidated, it is increasingly evident that they operate
as components of integrated networks rather than as
isolated entities. Besides modulating MAPK signalling
and regulating calcium influx, CRK2 serves as a a
central regulator by directly phosphorylating RBOHD to
begin ROS generation [57]. Additional CRKs, including
as CRK4, CRK6, and CRK36, appear to function
collaboratively downstream of PRRs like FLS2 and
BAKI1, with their overexpression enhancing ROS burst,
promoting stomatal immunity, and facilitating callose
deposition [51]. It was suggestd that CRK28, CRK29,
and CRK36 interact with BIK1 and may contribute to
the sequential amplification of signals from PRRs to
downstream MAPK and ROS modules [54,58]. As has
been mentioned earlier, functional redundancy have been
observed, particularly between CRK28 and CRK29,
where overexpression enhances PTI, although individual
knockouts display only slight immunological anomalies
[58]. Additional CRKs, including CRK20, CRK22, and
CRK45, offer supplementary defensive mechanisms by
regulating SA signalling and WRKY transcription factors
through parallel pathways that intersect at common
nodes [40,44,65]. These findings collectively support a
model in which CRKs function at multiple PTI nodes:
(i) as modulators of calcium signalling and MAPK
cascades (CRK2, CRK19, CRK45); (ii) as positive
regulators of ROS homeostasis (CRK2, CRK4, CRKS6,
CRK36); and (iii) as enhancers of HR-like responses and
(Salicylic Acid) SA-mediated defence (CRKS5, CRK20,
CRK22, CRK45). Due to the flexible and multi-layered
nature of plant immunological signalling, certain CRKs
operate redundantly, others synergistically, and only a
few function sequentially within receptor-co-receptor
complexes. This integration of ROS, Ca?[], MAPK, and
hormone pathways contributes to a robust, context-
dependent defense mechanism.

4.2 Abiotic Stress Responses

Recent studies demonstrate the essential functions
of CRKs in Arabidopsis, especially regarding their
responses to environmental stresses including ozone
exposure, salinity, drought, and oxidative stress, thereby
indicating their essential role in plant resilience and
signaling mechanisms (Fig. 3).
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Ozone and oxidative stress: The impact of ozone
(03), bright light, and pathogen/elicitor therapy on the
transcriptional regulation of all Arabidopsis CRKs was
demonstrated to induce the production Zhao of ROS in
several cellular compartments, suggesting that CRKs
play a crucial role in this process [36]. The ozone-induced
response of Arabidopsis CRKs showed a similarity to the
pathogen-induced response, suggesting that these CRKs
play a crucial role in both biotic and abiotic responses
[36]. Ozone (O3) exposure was determined to induce
transcriptional regulation of many CRKs. Among the
44 CRKs analyzed, 25 exhibited mRNA abundances
above twofold after one hour of O3 exposure, while a
similar rise was noted in 26 CRKSs after six hours of O3
exposure followed by a recovery period [36]. However,
mutant plants without functional CRKs showed only
minor alterations when exposed to ozone, in contrast to
wild-type plants, despite the pronounced transcriptional
response of CRK genes to ozone. This finding implies
that the plant’s response to ozone is partially determined
by CRKs, even though it is influenced by them [40].
Additionally, CRK6 has been identified as a crucial
component of the signaling pathways in plants responsible
for ROS [42]. It aids in regulating cellular responses to
extracellular ROS, particularly during oxidative stress
[42]. It was demonstrated that CRK®6 is a protein kinase
capable of phosphorylating substrates in in vitro, showing
a preference for manganese (Mn?[) as a divalent cation,
which plays a crucial role in its enzymatic activity [42].

In contrast to CRK6, CRK7 demonstrates a
preference for magnesium (Mg?[J)) as a divalent cation
in its phosphorylation activities [42]. CRK7 expression
was concentrated in regions commonly impacted by
O[ damage, suggesting its role in the plant’s reaction to
oxidative stress, specifically in relation to extracellular
ROS, rather than chloroplastic ROS [42]. Furthermore,
CRK20hasbeen identified as aregulator of plantresponses
to ozone stress ([64]. Although CRK20 is upregulated by
ozone, the loss-of-function mutants (crk20-1 and crk20-
2) do not exhibit significant differences in physiological
responses to ozone treatment when compared to the wild-
type, suggesting that alternative mechanisms or pathways
may compensate for the absence of CRK20 in mitigating
ozone stress [64].

Salt and osmotic stress: Further investigations have
revealed the particular contributions of several CRK
mutants in improving plant resilience to salt stress.
CRK2 stimulates callose deposition at plasmodesmata to
enhance plant resilience to salt stress during germination.
The phosphorylation of callose synthase CALS1 regulates
plasmodesmata permeability in response to osmotic
stress [45]. In response to several stimuli, a reduction
in stomatal closure was observed in the crk2 mutant
plants [40]. The crk2 mutant plants exhibit salt tolerance,
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evidenced by reduced root growth and germination
efficiency under saline conditions [40,45]. Plants
deficient in CRKS5, CRKS8, CRK11, CRK28, CRK29,
CRK37, and CRK45 exhibit delayed germination on
salt-enriched medium, suggesting additional function
in salt stress responses alongside CRK2 [40]. CRK2
and CRK3 were recognized as essential in the response
to salt stress. It was shown that CRK2 and CRK3
interact with the cytoplasmic kinase PBL27, which is an
essential part of the signaling cascade that starts defense
responses [66]. CRK2 interacts strongly with PBL27, but
CRK3 has a weaker connection, suggesting that CRK2
contributes more to the signaling network than CRK3.
Additionally, CRK18 and CRK36 were identified within
the downstream stress-responsive networks and as ABA-
responsive genes that exhibited down-regulation in the
sahy9/apum23 Arabidopsis mutant under conditions of
salt stress [67]. The role of the nucleolar protein SAHY9/
APUM23 in ribosome production and the abscisic acid
(ABA) signaling pathway is essential for Arabidopsis’s
response to salt stress [67].

Drought and ABA signaling: Alongside the functions
of CRKs in salt stress responses, various other CRKs
contribute importantly to the regulation of stomatal
functions and responses to environmental stimuli such
as drought, emphasizing the intricate nature of these
signaling pathways. The loss of function of CRK33
has been shown to influence the stomatal density in
Arabidopsis plants. This alteration subsequently impacts
transpiration and water-use efficiency, thereby enhancing
the potential of the plants’ drought tolerance [68]. The
role of CRKS in drought tolerance was determined by
the observation of ABA-hypersensitive phenotypes, such
as increased stomatal closure and inhibition of stomatal
opening, upon CRKS5 overexpression [69]. A study
demonstrated that CRK22, CRK24, CRK37, and CRK46
mutants exhibit greater ABA-induced stomatal closure
than the wild type, potentially enhancing the plant’s
ability to respond to environmental stimuli, including
drought stress and other conditions necessitating stomatal
regulation [40]. The greater stomatal closure noted in
these mutants is believed to be linked to the signaling
pathways that regulate the effects of ABA [40]. This
reaction ensures the maintenance of water balance in
plants during water shortages. The exact mechanisms by
which CRK22, CRK24, CRK37, and CRK46 enhance this
response are not fully elucidated, yet their involvement in
ABA signaling pathways is recognized as crucial for the
regulation of stomatal functions.

CRK24 was recognized as a downregulated gene
and a potential ethylene-response factor in transgenic
Arabidopsis plants that overexpress the XERICO
gene: encodes a small protein (162 amino acids) with
an N-terminal trans-membrane domain and a specific
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zinc-finger motif [70]. The proposed mechanism by
which these plants enhance drought tolerance involves
an elevation in the biosynthesis of ABA. The observed
downregulation suggests that CRK24 could play a role in
the regulatory network associated with ethylene signaling
pathways, potentially influenced by elevated levels of
ABA [70]. In related context, the expression of CRK36
is predominantly activated in Arabidopsis leaves when
subjected to drought and high-salinity stress conditions
[41]. The suppression of CRK36 expression via RNA
interference (RNAi) leads to an enhanced response
to ABA and osmotic stress, indicating that CRK36
functions as a negative regulator within these signaling
pathways [41]. The reduction of CRK36 leads to elevated
transcription levels of ABA-responsive genes, suggesting
its involvement in the regulation of stress responses at the
transcriptional level.

During the post-germinative development phase of
Arabidopsis, CRK36 engages with the Receptor-Like
Cytosolic Kinase (RLCK) ARCK1, leading to the creation
of a complex that inhibits ABA and osmotic stress signal
transduction [41].

Nutrient and ammonium stress: CRK34 has been
recognized as a regulatory gene involved in phosphate
homeostasis, with a potential role in sequestering the
shoot-to-root mobile miRNA miR-399 through “target
mimicry” [71]. Consequently, CRK34 may establish
a depletion gradient that facilitates the regulation of
phosphorus transport from roots to shoots and maintains
phosphorus homeostasis. This suggests that plants
have the ability to adjust their responses to nutrient
availability and stress conditions through the utilization
of mobile RNAs, which regulate the activity of miRNAs,
subsequently affecting gene expression and physiological
processes.

In the initial two hours of ammonium stress, CRK39
was elevated, indicating that CRKs might be involved in
modulating the plant’s reaction to ammonium-induced
oxidative stress [72]. The expression CRK.39 exhibits
sensitivity to variations in the redox state within plant
cells, which are intricately linked to the redox conditions
induced by ammonium treatment [72]. This shows that
CRK39 could act as a sensor or mediator in signaling
networks that respond to oxidative stress.

Cold and UV stress: Regarding cold stress, transgenic
Arabidopsis plants that overexpress glycine-rich RNA-
binding protein 2 (GRP2) and are exposed to cold stress
exhibit increased expression of CRK40 [73]. This could
imply that CRK40 is involved in signaling pathways that
aid plants respond to environmental stress. In addition,
CRKS5 is involved in the response to ultraviolet (UV)
radiation, the crk5 mutant exhibits considerable oxidative
damage and cell death upon exposure to UV-A and UV-B
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radiation [40,43]. Hence, the several roles that CRKs
play in Arabidopsis highlight their critical function in
mediating responses to abiotic stresses, highlighting their
significance in the resilience and adaptability mechanisms
of plants.

4.3 Plant Growth and Development

The CRK gene family plays a crucial role in
multiple developmental processes in Arabidopsis, such
as flowering, root development, stress responses, and
cell wall dynamics (Fig. 3). Pollen exhibits a distinct
expression of CRK1, and it is identified as a member of a
gene cluster that is abundant in pollen and may play a role
in the signaling pathways related to pollen germination
and tube elongation [74].

It is suggested that a complex regulatory mechanism
involving CRK2 controls the flowering process [75]. The
expression and mRNA alternative splicing of flowering-
related genes, including FLOWERING LOCUS C
(FLC) and its homologs (MAFs), are modulated by the
FERONIA (FER) receptor-like kinase, encoded by CRK2.
This kinase also regulates the transition from vegetative
to reproductive growth. The timing of flowering in
Arabidopsis is regulated by Rapid Alkalinisation Factor
1, a peptide that interacts with CRK2 and suppresses
flowering more significantly than FER. In addition, the
features of crk2 mutant phenotype involve decreased
rosette size, delayed flowering, and early senescence,
suggesting a role of CRK2 in growth regulation [40].
Moreover, CRK45 has been suggested to regulate bolting
and early seedling development, playing a crucial role in
flowering timing and overall plant growth [65].

Besides regulating seedling growth, CRK2 may
also influence root formation [45]. In addition, CRKS5
regulates auxin transport in plants by phosphorylating
auxin efflux carriers like PIN2 and stabilizing PIN2 in
the plasma membrane, which is important for appropriate
gravitropic responses [76,77]. Mutant plants lacking
CRKS5 had abnormal PIN2 localization, which affected
root gravitropic response and root development[76].
Root development and gravitropic responses depend on
ROS homeostasis, which is maintained by CRKS. [78].
Mutant plants lacking CRKS also exhibit a reduced
number of stomata, decreased stomatal conductance,
and accelerated senescence, increased basal ROS levels,
elevated ethylene and SA levels in the leaves, along
with a greater number of transcripts responsive to these
compounds, are also observed [40,43]Furthermore,
CRKS influences the stability and localization of other
PIN proteins, which are involved in the transport of
auxin and the development of the embryo [77]. CRK5S
expression has been reported to be controlled by many
WRKY transcription factors, including WRKY1S,
WRKY40, and WRKY60, suggesting an interaction
between CRKS and ABA signaling pathways [43,69].
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Additionally, CRKS inhibits the signaling of both ethylene
and salicylic acid (SA), which are crucial for growth and
senescence [44]. Hence, root hair elongation, rosette leaf
formation, and seedling height have been demonstrated
to be influenced [44]. Previously, when AtCRKS was
overexpressed, an increase in plant biomass is observed,
suggesting a potential role in growth promotion in
general [61]. CRK28-deficient plants exhibit elongated,
more branching roots compared to wild-type plants,
while those with CRK28 overexpression display a
contrasting phenotype, marked by restricted root growth
and diminished lateral root development, highlighting the
role of CRK28 in root organogenesis [46]. Additionally,
crk28 mutants have shorter root hairs and an increased
number of trichomes, whereas overexpressing lines show
longer root hairs and a reduced number of trichomes.
Moreover, it was found that CRK28 acts as a regulator
of lateral root formation, affecting the regulation of cell
division, primary root elongation, and ABA responses
during seedling development and germination [46]. As a
result, a positive effect on rosette diameters, inflorescence
branching, and the regulation of root hair development is
observed [46].

CRK25 was detected in proteins isolated from
the cell wall of 5-day-old, not 11-day-old, etiolated
hypocotyls of Arabidopsis plants, indicating that it is only
involved in the early stages of growth in the elongating
cells of Arabidopsis [79]. The expression of CRK25 can
be influenced by plant factors such as salicylic acid (SA),
jasmonic acid (JA), and ethylene (ET)[36].

CRK25was shown to have a role cell wall dynamics
in Arabidopsis, specifically in the elongation of
hypocotyls by rearranging and modifying components
of the cell wall [79]. Global proliferative arrest (GPA) in
Arabidopsis was shown to be regulated by CRK14 via
a unique CRK14-dependent signaling mechanism [80].
The gain-of-function mutation in CRK10 results in a
dwarf phenotype and collapsed xylem vessels in the roots
and hypocotyls of Arabidopsis plants, accompanied by
increased resistance to the vascular pathogen Fusarium
oxysporum [81]. Transcriptomic analysis indicates that
the crk10 mutant exhibits a constitutive up-regulation of
genes responsive to both biotic and abiotic stress [81].

The transcriptional dynamics observed during seed
germination across different seed compartments, including
the testa, endosperm, and embryo, in Arabidopsis suggest
that CRK11 and several other genes are involved in the
germination process [82]. In CRK36 knockdown plants,
cotyledon greening was reduced in response to ABA
treatment, which could be associated to senescence [41].
Indeed, CRK36 overexpression causes early senescence
characteristics, while a loss of function leads to delayed
senescence [54].
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These findings highlight the promise of CRK proteins
as targets for genetic engineering and breeding strategies
focused on improving plant growth, development, stress
resilience, and productivity in agricultural systems.

5. Functional redundancy

The analysis of the CRKs genes reveals a
complicated network of functional redundancy and
regulatory relationships that are crucial for plant defense
and stress responses that is most clearly documented
in Arabidopsis. Research indicates that after mutating
certain CRKs genes in Arabidopsis, there were no
noticeable changes in the plant’s defense process. This
indicates the presence of afunctional redundancy, where
the mutation of one gene is compensated for by closely
related genes in the CRK family [83]. In Arabidopsis,
CRK4 and CRK19 have the ability to compensate for
the role of CRKS in the signaling pathway of ABA [69].
The overexpression of CRK4 and CRK 19 elicits identical
ABA responses to those observed with CRKS, indicating
a potential overlap in their functions within this signaling
pathway [69]. Similar to CRKS5, both CRK4 and CRK19
contribute to the enhanced drought resilience observed in
plants. WRKY transcription factors, including WRKY18,
WRKY40, and WRKY60, regulate the expression of
CRKS, and they are also likely involved in the regulation
of CRK4 and CRK19, indicating that these kinases are
components of a complex regulatory system [69].

CRK6 and CRK7 were identified to have similar
functions and redundancies in Arabidopsis plant defense
and ROS regulation. They have significant sequence
similarity, indicating that these two kinases perform similar
functions [42]. This complicates the task of describing
their specific roles, since the loss of one position might
be seamlessly covered by the other. Indeed, there were no
discernible changes in Arabidopsis plant growth or disease
resistance when CRK6 was constitutively expressed [61].
It is possible that the absence of evident phenotypes in
transgenic Arabidopsis plants that overexpress CRK6 is
an indication that it is functionally redundant with other
members of the CRK family, including CRK7. CRK31
and CRK32 collectively form a low diversified duplicate
gene pair [84]. The individual suppression of each gene
did not markedly affect the phenotype; nevertheless,
the simultaneous suppression of both low-diversity
duplicates resulted in Arabidopsis transgenic plants
exhibiting abnormal phenotypes [84]. It is suggested that
functional redundancy, a characteristic of low diversified
duplicates, is implicated in CRK31 and its copy. Thereby,
diversified duplicates, such as CRK31 and CRK23,
play a significant role in preserving essential functions
within the plant genome due to their conservation under
purifying selection and their frequent association with
critical signaling pathways.

The identification of functional redundancy within
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the CRK gene family carries significant implications for
genetic engineering and plant biology. Initially, due to the
compensatory functions of other closely related genes,
altering a single CRK gene may not yield the desired
phenotypic alterations. This emphasizes the need for a
more comprehensive methodology in the development of
genetic modifications,

Moreover, as certain CRKs have overlapping
functions, altering one gene may need concurrent
modifications of others to substantially change plant
responses to environmental stimuli. This interplay may
complicate the engineering of plants for resilience,
demanding a systems biology approach to understand the
entire regulatory network involved.

Figure 3: Functional Analysis of Cysteine-Rich Receptor-Like Kinases (CRKSs) in Arabidopsis thaliana. This figure
summarizes the experimentally characterized roles of CRKSs in Arabidopsis, in regulating root development, seed
germination, plant growth and development, and various biotic stress responses and abiotic stress.

6. Future directions

To fully understand how plants grow and develop,
as well as to navigate challenges, it is essential to expand
our understanding of the complete signaling pathway of
CRKs in plants. Future studies should concentrate on
several important areas to enhance our understanding
of the significance of CRKs in plant biology. The
conservation and divergence of CRKs functions in
response to biotic and abiotic stresses will be determined
by extending research beyond Arabidopsis to include
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other plant species. Investigating the complex molecular
mechanisms by which CRKs affect signaling pathways,
particularly regarding the interactions of each subdomain
in signal transduction, can be improved through
techniques such as site-directed mutagenesis, domain
deletion, region exchange, and other methodologies. The
manipulation of specific CRK genes, whether through
overexpression or knockout, has been advanced by
creating transgenic plants that exhibit modified CRK
expression levels. Utilizing multi-omics approaches,
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including genomics, transcriptomics, and proteomics,
will enhance our understanding of CRK functions and
their regulatory networks in relation to environmental
stimuli, as well as evaluating their contributions to plant
growth, development, and stress resilience.

7. Conclusions

The Arabidopsis CRK subfamily shows gene
family evolution, expanding mainly through tandem and
intrachromosomal duplications that enabled functional
diversification. This evolutionary path has established a
network of receptors that play both common and distinct
roles in plant stress adaptation. Functional studies
demonstrate that CRKs are essential regulators of ROS

homeostasis, immune activation, and stress signalling,
directly interacting with components like RBOHD,
MAPKSs, Ca?[] channels, and hormone pathways. These
interactions show how CRKs fit into complex signalling
networks, where redundancy, synergy, and sequential
activation form a strong defence against biotic and abiotic
stressors. CRKs are vital targets for crop engineering,
ipmroving resilience, optimising growth, and stabilising
yield under environmental stress. Future research
requires assessing the functional divergence of individual
CRKs, their coordination within receptor complexes, and
their contributions across species to facilitate targeted
applications in agriculture and biotechnology.

Table 1. Functionals Analysis of Arabidopsis CRKSs. The table summarizes the reported biological roles

of individual CRK family members in Arabidopsis.

No.

TAIR

Name

Role

References

1

AT1g19090

CRK1

Pollen development role
Plant’s immune response

[58,74]

AT1g70520

CRK2

Modulation of ROS
Regulation of calcium signaling
Promotion of callose accumulation
Immune responses
Influence on flowering and growth regulation
Salt tolerance

[40,45,57,75]

AT3g45860

CRK4

Activation in response to pathogen infection and
salicylic acid
Role in defense priming
Enhancement of ROS generation

Stomatal closure in response to pathogen invasion.

[66,85]

AT4g23130

CRKS5

Enhancement of resistance to pseudomonas
syringae.
Regulation of drought tolerance.
Influence on auxin transport.

Impact on root growth and gravitropic responses.
Response to ultraviolet radiation
Regulation of stomatal conductance and
senescence

[51,60,61]

AT4g23140

CRK6

ROS regulation
Response to oxidative stress induced by ozone

[40,43,61,69,76]

AT4g23150

CRK7

ROS regulation
Response to oxidative stress induced by ozone

[42,61]

AT4g23180

CRK10

Plant growth regulation
Defense mechanisms against fusarium oxysporum
Up-regulation of genes associated with both biotic
and abiotic stress

[42]

AT4g23190

CRK11

Seed germination.

(82]

AT4g23210

CRK13

Initial defense signaling.
Alternative splicing in response to PAMPs.

[62,63]

10

AT4g23220

CRK14

Regulation of global proliferative arrest (GPA)

(80]

11

AT4g23260

CRK18

ABA signaling under salt stress conditions

[67]

12

AT4g23270

CRK19

Activation in response to pathogen infection and
salicylic acid
Drought tolerance

[26,61,83]
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No. TAIR Name Role References
13 AT4g23280 CRK20 Regulator of plant responses to pseudomonas [40,64]
syringae pv. Tomato dc3000
Response to ozone stress
14 AT4g23300 CRK22 Defense against toxins produced by the pathogen [44]
verticillium dahliae
Involved in the signaling pathways that modify the
salicylic acid
15 AT4g23320 CRK24 Involvement in ethylene signaling pathways [70]
Potential role in drought tolerance
16 AT4g05200 CRK25 Involvement in early growth phases [79]
Influence on cell wall dynamics
17 AT4g21400 CRK28 Germination and root development [40,46,58]
Involved in trichomes numbers.
Involve in plant resistance to pseudomonas
syringae
Involved in salt stress.
18 AT4g21410 CRK29 Involvement in plant defense mechanism against [58]
pseudomonas syringae
Alternative splicing in response to PAMPs.
19 AT4g11490 CRK33 Stomatal density regulation. [68]
20 AT4gl11530 CRK34 Phosphate homeostasis. [71]
21 AT4g04490 CRK36 Drought and high-salinity stress response [41,54]
regulation.
Influence on senescence
22 AT4g04500 CRK37 Modulation of pattern-triggered immunity (PTI) [54,58]
23 AT4g04540 CRK39 Ammonium stress response. [72]
24 AT4g04570 CRK40 Cold stress response [73]
25 AT4g11890 CRK45 Resistance to pseudomonas syringae [65]
Modulation of bolting and early seedling
development
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