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Abstract

Calcium-dependent protein kinases (CDPKs) are important Ca?* sensors that play crucial roles in plant responses to environmental stresses. However, the
functions of CDPK genes in the tea plant (Camellia sinensis), especially in disease resistance, remain poorly understood. In this study, 32 CsCDPK genes were
identified from the tea plant genome and classified into four phylogenetic groups. These genes were unevenly distributed across 14 chromosomes.
Analyses of gene structure, conserved motifs, physicochemical properties, promoter cis-elements, and syntenic relationships indicated that the CsCDPK
family is highly conserved but also shows some evolutionary divergence. Expression analyses based on transcriptomic data and RT-qPCR revealed that
several CsCDPK genes were strongly induced by infection with the gray blight pathogen Pseudopestalotiopsis spp. and by exogenous salicylic acid (SA) and
methyl jasmonate (MelJA) treatments. Endogenous SA, jasmonic acid (JA), and MeJA levels also increased rapidly after pathogen infection. Six genes,
CsCDPK3, CsCDPK8, CsCDPK11, CsCDPK12, CsCDPK21, and CsCDPK26, were further functionally analyzed using antisense oligodeoxynucleotide-mediated
silencing. Silencing of these genes significantly increased lesion size after pathogen inoculation, indicating reduced resistance. These findings suggest that
the selected CsCDPK genes are likely involved in tea plant defense against gray blight disease, providing candidate genes for further functional
characterization and potential resistance improvement.
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Introduction

The tea plant (Camellia sinensis) is one of the most important non-
alcoholic beverage crops worldwide and is widely cultivated in trop-
ical and subtropical regions. However, the warm and humid envi-
ronments favorable for tea growth also facilitate the occurrence and
spread of fungal diseases. In China, more than 100 diseases have
been reported in tea-growing areas, among which over 30 are com-
monly observed!'l. Leaf diseases, including leaf spot, gray blight,
brown blight, and anthracnose, severely affect leaf production,
plant vigor, and tea quality, thereby causing substantial economic
losses(2-5],

Tea gray blight disease, caused by fungi of the genus Pseu-
dopestalotiopsis, is a destructive disease that can infect leaves and
stems at different developmental stagesl®. Severe infection may
lead to leaf blight, defoliation, and even plant death, ultimately
reducing both yield and quality"l. Therefore, identification of key
genes involved in tea plant resistance to gray blight disease is of
great importance for understanding defense mechanisms and for
breeding resistant cultivars.

Calcium ion (Ca?*) is a universal second messenger in eukary-
otic cells and participates in a broad range of plant physiological
and stress-responsive processes. In plants, CaZ* signaling plays a
pivotal role in innate immunity, including transcriptional activation,
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stomatal defense, and local, as well as systemic signal
transduction®?l, To decode Ca?* signals, plants employ several
classes of Ca?* sensors, including calmodulins (CaMs), calcineurin B-
like proteins (CBLs), calmodulin-dependent protein kinases (CaMKs),
and calcium-dependent protein kinases (CDPKs/CPKs)[°l,

CDPKs belong to the serine/threonine protein kinase family and
are found primarily in plants and some protozoans!''12, A typical
CDPK protein contains an N-terminal variable region, a serine/
threonine kinase domain, an autoinhibitory/junction domain,
and a calmodulin-like domain containing EF-hand motifs!'3]. Upon
changes in intracellular Ca2+ concentration, Ca2+ binds to the EF-
hand motifs and induces conformational changes that activate
CDPK kinase activity, thereby transducing CaZ* signals to down-
stream targets!'4-16l. Owing to this unique structure, CDPKs can
function both as Ca2* sensors and as signal transducers.

CDPK gene families have been identified in many plant species.
For example, 34 CDPK genes have been reported in Arabidopsis
thalianal”), 31 in ricel'®'9, 20 in wheat2?, and 39 in soybeanl2'l,
Increasing evidence indicates that CDPKs are key regulators of plant
responses to both abiotic and biotic stresses. In abiotic stress
responses, LpCDPK27 improves salt tolerance in Arabidopsis?2,
StCDPK32 positively regulates salt tolerance and photosynthesis
in potatol?3, and TaCDPK25-U enhances drought tolerance in
Arabidopsisi?4. In addition, PpCDPK7 may mediate the crosstalk
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between CaZt and ROS signaling during cold storage in peach
fruitl2s],

In plant immunity, CDPKs are also important signaling compo-
nents. For instance, in Brassica rapa, multiple CDPKs interact with
respiratory burst oxidase homologs (RBOHs) and participate in
defense against Pseudomonas syringae pv. tomato DC3000 by regu-
lating H,0, accumulation and stomatal closurel?®, In strawberry,
FvCDPKs respond to pathogen-induced Ca2* fluctuations and are
involved in signaling triggered by viral and fungal pathogens[?7l,
Moreover, some CDPKs are closely linked to phytohormone-medi-
ated immunity. For example, AtCPK5 acts as a positive regulator
of innate immunity[28, AtCPK6 promotes MelJA-induced stomatal
closurel??, and AtCPK1 enhances SA accumulation and SA-depen-
dent defense gene expression39,

Despite increasing evidence for CDPK-mediated stress responses
in many plant species, a systematic understanding of the CDPK
family in tea plants, especially in relation to gray blight disease resis-
tance, is still lacking. Previously, Ding et al.B'l reported 26 CsCPK
members in tea plant based on early transcriptome data, with a
primary focus on cold stress responses; the exploration of biotic
stress, particularly pathogen-induced CDPK expression, was not
addressed in their study. In the present study, using an improved
tea plant genome assembly, we performed a more comprehensive
genome-wide identification and specifically focused on the roles of
CsCDPKs in defense against gray blight disease. In addition, we
examined their expression profiles under pathogen infection and
hormone treatments, measured endogenous SA and MelA levels
after pathogen challenge, and functionally evaluated selected can-
didate genes using AsODN-mediated silencing. Our study provides
new insights into the potential roles of CsCDPK genes in tea plant
defense against gray blight disease.

Materials and methods

Plant materials and reagents

One-year-old tea seedlings of the national clonal -cultivar
'Zhuyeqi' were used in this study. Seedlings were planted in pots at
a spacing of 7 cm and maintained in a controlled growth chamber
under the following conditions: 25 + 2 °C, 16 h light/8 h dark
photoperiod, and 65% =+ 5% relative humidity. After 1 month of
normal growth, uniformly growing and disease-free seedlings were
selected for subsequent experiments.

Pathogen culture and inoculation

The culture and inoculation procedure for tea gray blight disease
was modified from a previously reported methodBZ. Potato
dextrose agar (PDA) was prepared following the protocol of the
reported methodB3. Briefly, mycelia of the gray blight pathogen
were transferred to the center of PDA plates and incubated in the
dark at 28 °C for 5 d. Fresh mycelial plugs (8 mm in diameter) were
then cut from the actively growing edge of the colony and used for
inoculation. The fully expanded second, third, and fourth leaves of
tea seedlings were surface-sterilized with 75% ethanol, rinsed with
sterile water, and air-dried. Before inoculation, each leaf was gently
wounded using a sterile T mL syringe needle, with three punctures
made on each side of the midrib while avoiding the major veins. The
prepared mycelial plug was then placed on the wounded area with
the mycelial side in contact with the leaf surface. Infected leaves
were collected 3 d after inoculation, immediately frozen in liquid
nitrogen, and stored at —80 °C until further use.
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Determination of endogenous hormone contents

Uniform and disease-free 'Zhuyeqi' tea seedlings were inoculated
with the gray blight pathogen. To ensure that samples from all time
points could be collected simultaneously, a staggered treatment
schedule was applied: inoculations were performed at different time
points so that sampling for all time points could be carried out at
the same time. Leaf samples were collected at 12, 24, 48, and 72 h
after inoculation; the 0 h samples served as the uninoculated con-
trol. All samples were immediately frozen in liquid nitrogen and
stored at —80 °C. Three biological replicates were included for each
time point. Subsequently, endogenous hormone levels were mea-
sured in the pathogen-inoculated tea leaves.

Endogenous SA, JA, and MeJA contents were determined accord-
ing to the method of Pan et al.3%. Frozen leaf tissue (0.5-1 g) was
ground and extracted with 5 mL of extraction solvent at 4 °C in the
dark for 30 min. Subsequently, 5 mL of dichloromethane was added,
shaken for another 30 min, and centrifuged at 13,000 r/min for
5 min at 4 °C. The lower organic phase was collected, dried over
anhydrous magnesium sulfate, and concentrated to dryness using a
centrifugal concentrator (< 30 °C). The residue was reconstituted in
0.2 mL of 0.1% formic acid in methanol, filtered (0.22 um), and
analyzed by HPLC-MS/MS. Separation was performed on a Poroshell
120 SB-C18 column (2.1 mm X 150 mm, 2.7 pm) at 30 °C with gradi-
ent elution (injection volume: 3 pl). Mass spectrometric detection
was carried out in multiple reaction monitoring (MRM) mode using
both positive and negative ion scanning. Hormone contents were
calculated as ng/g = C x V/M, where C is the concentration in the
test solution (ng/mL), V is the extraction volume (mL), and M is the
sample mass (g).

Exogenous hormone treatments

Tea seedlings were sprayed evenly with 100 uM SA or MeJA solu-
tion. Leaves were sampled at 0 (control), 12, 24, 48, and 72 h after
treatment. Three biological replicates were collected at each time
point. The treatment conditions were the same as the growth condi-
tions described above. Samples were immediately frozen in liquid
nitrogen and stored at —80 °C until analysis.

Identification of CsCDPK family members

The genome sequence, genome annotation file, and protein
sequence file of the tea cultivar 'Tieguanyin' were downloaded from
the Tea Plant Information Archive (TPIA2.0; https://tpia.teaplants.
cn/index.html)B5), Arabidopsis CDPK protein sequences annotated as
calcium-dependent protein kinases were downloaded from TAIR2.0
(www.arabidopsis.org), yielding 34 reference proteins.

The hidden Markov model (HMM) profiles of the CDPK-related
conserved domains, including the protein kinase domain (PF00069)
and the EF-hand-related domain (PF13499), were obtained from the
Pfam database (https://pfam-legacy.xfam.org). Candidate CsCDPK
proteins were screened using HMMER 3.0. Protein sequences identi-
fied from the two domain searches were intersected using TBtools.
Candidate proteins were then further verified using Pfam and the
NCBI Conserved Domain Database (CDD; www.ncbi.nlm.nih.gov/
Structure/bwrpsb/bwrpsb.cgi). After removal of redundant or
incomplete sequences, 32 non-redundant CsCDPK genes were
obtained.

Physicochemical characterization and subcellular
localization prediction

The physicochemical properties of CsCDPK proteins, including
amino acid length, molecular weight, theoretical isoelectric point,
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instability index, aliphatic index, and grand average of hydropathic-
ity (GRAVY) were analyzed using the Protein Parameter Calc func-
tion in TBtools. Subcellular localization was predicted using the
WoLF PSORT online server (https://wolfpsort.hgc.jp).

Phylogenetic analysis, gene structure, and
conserved motif analysis

The full-length amino acid sequence of CDPK proteins from tea
plant and Arabidopsis were aligned and used to construct a phyloge-
netic tree in MEGA 11.0 using the neighbor-joining method with
1,000 bootstrap replicates. The exon-intron structures of CsCDPK
genes were visualized in TBtools based on the annotation file of
the tea genome. Conserved motifs in CsCDPK proteins were identi-
fied using the MEME suite (https://meme-suite.org/meme/tools/
meme)B, with the maximum number of motifs set to 10 and other
parameters kept at default values. Motif distributions were subse-
quently visualized using TBtools.

Chromosomal localization and promoter cis-
element analysis

The chromosomal positions of the 32 CsCDPK genes were
obtained by importing gene IDs and the GFF annotation file into the
Gene Location Visualize from the GFF function in TBtools. For pro-
moter analysis, the 2,000 bp genomic sequence upstream of each
CsCDPK gene was extracted and submitted to PlantCARE (https://
bioinformatics.psb.ugent.be/webtools/plantcare/html) for predic-
tion of cis-acting regulatory elementsB7.. The resulting annotations
were summarized and visualized using TBtools.

Synteny analysis and Ka/Ks calculation

Intra-genomic and inter-genomic synteny analyses were per-
formed using TBtools. For intra-species analysis, the tea plant
genome sequence and annotation files were used to identify
collinear gene pairs involving CsCDPKs. For inter-species analysis,
the genomes and annotation files of tea plant and Arabidopsis were
compared to identify homologous syntenic gene pairs. Ka/Ks values
of duplicated gene pairs were calculated using the Simple Ka/Ks
Calculator (NG) in TBtools.

Expression profile analysis using public
transcriptomic data

Publicly available RNA-seq data of the tea cultivar 'Tieguanyin'
were downloaded from TPIA2.0. Expression data of CsCDPK genes in
eight organs, including apical bud, young leaf, mature leaf, old leaf,
stem, root, flower, and fruit, were extracted. Expression data under
gray blight disease infection and exogenous MeJA treatment were
also obtained and analyzed.

RNA extraction and RT-qPCR analysis

Total RNA was extracted from treated tea leaves using the Fast-
Pure Universal Plant Total RNA Isolation Kit (Vazyme, Nanjing,
China). First-strand cDNA was synthesized using the HiScript IV All-
in-One Ultra RT SuperMix for gPCR kit (Vazyme). Quantitative real-
time PCR was performed using ChamQ Blue Universal SYBR qPCR
Master Mix (Vazyme). Three biological replicates were used for each
sample. The tea Actin gene was used as the internal control, and
relative expression levels were calculated using the 2-2ACT method.
Data visualization was performed using GraphPad Prism 8. Primer
sequences are listed in (Supplementary Table S1) .
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AsODN-mediated gene silencing assay

Antisense oligodeoxynucleotide (AsODN) sequences targeting
selected CsCDPK genes were designed using the Soligo online tool
(https://sfold.wadsworth.org/cgi-bin/soligo.pl) and synthesized by
Sangon Biotech (Shanghai, China). One bud with two leaves was
excised from tea shoots and immersed in 1 mL of 10 uM gene-
specific ASODN solutionB8l, Distilled water was used as the control
treatment. After silencing treatment, leaves were inoculated with
the gray blight pathogen as described above. Lesion diameters were
measured 4 d after inoculation using Photoshop 2018. Samples
were photographed and immediately stored at —80 °C. Primer
sequences are listed in (Supplementary Table S1) .

Statistical analysis

All data analyses and graph generation were performed using
GraphPad Prism 8. Image processing was conducted using Photo-
shop 2018. Statistical significance was evaluated based on the
experimental design described in the corresponding figure legends.

Results

Identification, chromosomal distribution, and
physicochemical properties of CsCDPK genes

A total of 32 CsCDPK genes were identified in the tea plant
genome and named CsCDPKT to CsCDPK32 according to their posi-
tions on the chromosomes. These genes were unevenly distributed
across 14 chromosomes (Fig. 1a). Chromosome 13 contained the
largest number of CsCDPK genes (five), followed by Chromosome 6
(four), whereas no CsCDPK gene was found on chromosome 3.

The predicted CsCDPK proteins ranged from 291 to 609 amino
acids in length and from 32.30 to 68.24 kDa in molecular weight. The
theoretical isoelectric points varied from 5.19 to 9.21. Most members
were predicted to be acidic proteins, whereas CsCDPK3, CsCDPK4,
and CsCDPK10 were basic. All CsCDPK proteins showed negative
GRAVY values, indicating that they are hydrophilic proteins. The
instability index ranged from 32.28 to 49.93, suggesting that 13
proteins are stable and the others are unstable. In addition, the
aliphatic index ranged from 74.58 to 93.81. Subcellular localization
prediction indicated that most CsCDPK proteins were localized in
the cytoplasm. Specifically, 19 out of 32 members (59.38%) were
predicted to localize mainly to the cytoplasm, whereas the remain-
ing proteins were predicted to localize to the chloroplast, nucleus,
plasma membrane, endoplasmic reticulum, or peroxisome (Table 1) .

Phylogenetic relationships, conserved motifs,
and gene structures of CsCDPKs

To investigate the evolutionary relationships of the CDPK family in
tea plant, a phylogenetic tree was constructed using the full-length
amino acid sequences of CsCDPKs and AtCDPKs. The 32 CsCDPK
proteins were classified into four groups, designated |, II, lll, and 1V,
containing 9, 9, 10, and 3 members, respectively (Fig. 1b). All 32
CsCDPK members contain conserved Pkinase and EF-hand-7 domains
(Fig. 1d). Gene structure analysis (Fig. 1e) shows that all members
have CDS; UTRs are mainly at both ends, except one member with-
out a UTR, and another with a UTR at only one end.

To further assess the conservation and divergence of this family,
conserved motifs were analyzed. A total of 10 conserved motifs
were identified and designated Motif1 to Motif10 (Supplementary
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Fig. 1 Chromosomal localization of CsCDPK family members, phylogenetic tree of CDPK genes from tea plant and Arabidopsis, and analyses of conserved
motifs, conserved domains, and gene structures of CsCDPK. (a) Chromosomal localization of CsCDPKs in the tea plant genome. (b) Phylogenetic
relationships of CDPK proteins from tea plant and Arabidopsis. Red pentagons represent CsCDPKs, and blue circles represent AtCDPKs. The tree was
constructed using the neighbor-joining method with 1,000 bootstrap replicates. (c) Phylogenetic tree of CDPKs from tea plant. (d) Distribution of
conserved domains in CsCDPKs. (e) Gene structure. Yellow boxes represent CDS (coding sequences), green boxes represent UTRs (untranslated regions),
and horizontal lines represent introns. CDS and UTR together constitute the exon regions.
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Table 1. Physicochemical properties and predicted subcellular localization of CsCDPK proteins.

Gene name Amino acids/aa  Molecular weight/kDa  Theoretical pl  Instability index  Aliphaticindex Hydropathicity  Subcellular localization
CsCDPK1 575 64.08 547 46.51 80.03 -0.39 Chloroplast
CsCDPK2 506 56.51 5.19 43.60 85.55 -0.33 Cytoplasm
CsCDPK3 556 62.90 8.63 42.56 79.08 -0.61 Chloroplast
CsCDPK4 562 63.72 9.21 42.60 76.53 —0.66 Chloroplast
CsCDPK5 545 62.11 6.25 33.93 83.87 -0.45 Endoplasmic reticulum
CsCDPK6 528 59.31 5.58 45.96 83.30 -0.46 Cytoplasm
CsCDPK7 510 57.47 5.26 36.65 82.06 —-0.38 Chloroplast
CsCDPK8 528 59.12 6.24 45.73 80.17 -0.45 Cytoplasm
CsCDPK9 535 58.91 6.11 46.28 91.48 -0.19 Cytoplasm
CsCDPK10 598 66.65 8.98 45.26 81.77 —-0.40 Cytoplasm
CsCDPK11 533 60.62 6.19 34.14 81.56 -0.54 Cytoplasm
CsCDPK12 574 64.20 5.55 45.83 81.88 -0.41 Chloroplast
CsCDPK13 565 63.59 5.58 37.94 83.88 —-0.38 Cytoplasm
CsCDPK14 574 64.13 5.38 42.13 79.46 -0.38 Chloroplast
CsCDPK15 526 59.13 5.87 37.43 77.66 -0.47 Cytoplasm
CsCDPK16 557 62.97 6.59 4513 74.58 -0.59 Cytoplasm
CsCDPK17 534 60.96 5.73 35.57 83.95 -0.45 Cytoplasm
CsCDPK18 461 51.97 5.45 42.24 87.57 -0.34 Cytoplasm
CsCDPK19 406 45.58 6.54 40.19 85.00 —-0.30 Cytoplasm
CsCDPK20 529 59.54 5.60 40.93 86.43 -0.37 Cytoplasm
CsCDPK21 533 60.55 6.32 33.28 81.91 -0.53 Cytoplasm
CsCDPK22 531 59.77 6.24 34.97 84.48 -0.43 Cytoplasm
CsCDPK23 291 33.30 6.72 45.36 93.81 -0.35 Cytoplasm
CsCDPK24 536 59.84 5.48 37.62 77.72 -0.52 Cytoplasm
CsCDPK25 516 58.11 573 43.13 76.90 —-0.50 Chloroplast
CsCDPK26 531 60.01 6.38 36.47 82.58 -0.50 Cytoplasm
CsCDPK27 607 66.88 5.30 42.03 84.96 -0.35 Cytoplasm
CsCDPK28 609 68.24 5.45 49.93 83.55 —-0.36 Cytoplasm
CsCDPK29 551 62.30 6.63 43.88 83.72 -0.43 Cytoplasm
CsCDPK30 538 59.83 5.45 34.10 77.04 -0.50 Cytoplasm
CsCDPK31 505 57.19 5.85 36.88 79.15 —-0.46 Peroxisome
CsCDPK32 541 61.54 6.16 33.52 85.19 -0.42 Cytoplasm

Fig. S1). Motif1l, Motif3, and Motif10 were present in all CsCDPK
proteins, indicating that these motifs represent core conserved
elements of the family. Most family members contained all 10
motifs, whereas CsCDPK9, CsCDPK10, CsCDPK18, CsCDPK19, and
CsCDPK23 showed partial motif loss. Notably, CsCDPK23 contained
only five motifs and encoded a much shorter protein than the other
family members, suggesting a relatively divergent structure.

Multiple sequence alignment further showed that the kinase
domain and EF-hand-containing calmodulin-like region were highly
conserved among most CsCDPK proteins, whereas sequence diver-
gence was mainly observed in the N-terminal variable region
(Supplementary Fig. S2) . The much shorter protein sequence of
CsCDPK23 was also evident from the alignment, consistent with its
reduced motif composition.

Synteny analysis of the CsCDPK gene family

To explore the evolutionary expansion of the CsCDPK family, intra-
genomic synteny analysis was performed within the tea genome.
Thirteen duplicated gene pairs were identified among the CsCDPK
genes (Fig. 2a), indicating that segmental duplication has played
an important role in the expansion of this family in tea plant. To fur-
ther examine their evolutionary conservation, comparative synteny
analysis was conducted between tea plant and Arabidopsis. A total
of 38 homologous gene pairs were identified between the two
species (Fig. 2c). Some tea genes corresponded to multiple
Arabidopsis homologs, and vice versa, suggesting complex evolu-
tionary relationships.

Hao et al. Beverage Plant Research 2026, 6: €025

All duplicated gene pairs identified within the tea genome
(intraspecific pairs) exhibited Ka/Ks ratios of less than 1, indicating
that the CsCDPK family has undergone strong purifying selection
during evolution. For the interspecific gene pairs between tea plant
and Arabidopsis, the majority also showed Ka/Ks values of less than 1
(Fig. 2b). However, a small fraction of these pairs lacked a valid Ka/Ks
ratio due to saturated synonymous substitutions (resulting in Ks
values of 'NA'), likely reflecting the high sequence divergence
between these two species. These results suggest that while the
CsCDPK family has expanded in tea plant, its core functions have
remained evolutionarily conserved.

Cis-acting element analysis of CsCDPK promoters

To infer the potential regulatory mechanisms of CsCDPK genes,
the 2-kb upstream promoter regions were analyzed for cis-acting
elements. The results showed that the promoters of CsCDPK genes
contain numerous cis-elements associated with light responsive-
ness, hormone responses, stress responses, growth and develop-
ment, and anaerobic induction (Fig. 3).

Among these elements, stress-responsive elements were identi-
fied in nine genes, SA-responsive elements in 18 genes, MelA-
responsive elements in 22 genes, and ABA-responsive elements in
17 genes. In addition, anaerobic induction-related elements were
present in 30 of the 32 promoters. These findings suggest that the
expression of CsCDPK genes may be regulated by multiple environ-
mental and endogenous signals, especially hormone-mediated and
stress-related pathways.
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Expression profiles of CsCDPK genes in different
tissues and under stress conditions

To gain insight into the potential biological functions of CsCDPK
genes, their expression profiles in different tea tissues were analyzed
using public transcriptomic datasets. Distinct spatial expression
patterns were observed among family members. CsCDPK12 dis-
played relatively high expression in roots, stems, buds, and flowers,
whereas CsCDPK26 was highly expressed in young leaves, mature
leaves, and old leaves (Fig. 4a, b). These patterns suggest possible
functional differentiation among CsCDPK members in tea plant
growth and development.

Expression profiles under MeJA treatment showed that several
CsCDPK genes were responsive to exogenous hormone stimulation
(Fig. 4c). For example, CsCDPK3 and CsCDPK4 showed a gradual
increase in expression within 48 h of treatment. CsCDPK14,
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CsCDPK15, and CsCDPK31 were upregulated at earlier time points
but declined by 48 h, whereas CsCDPK1 and CsCDPK26 reached peak
expression at 48 h.

Under gray blight pathogen infection (Fig. 4d), many CsCDPK
genes exhibited pathogen-responsive expression patterns. Among
them, CsCDPK12 and CsCDPK21 were strongly induced at the early
stage of infection. CsCDPK11 remained highly expressed at 1, 4, 7,
10, and 13 d after inoculation, reaching its maximum at day 10.
Several other genes, including CsCDPK22, CsCDPK26, CsCDPK28, and
CsCDPK32, also showed obvious upregulation during the infection
period. In contrast, CsCDPK19 and CsCDPK27 displayed relatively low
expression and a decreasing trend after infection. These data indi-
cate that different CsCDPK genes may play distinct roles during the
tea plant's response to gray blight disease.

Hao et al. Beverage Plant Research 2026, 6: €025
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Dynamic changes in endogenous SA, JA, and
MeJA contents after pathogen infection

To investigate whether hormone signaling is involved in the tea
plant response to gray blight disease, endogenous SA, JA, and MeJA
contents were measured after pathogen inoculation. Both SA and
MeJA accumulated rapidly and reached their highest levels at 12 h
after infection (Fig. 5a). Their levels then declined, followed by a
secondary increase at 48 h, and a final decrease again by 72 h. JA
showed a different accumulation pattern, reaching its peak at 48 h
after infection. These dynamic changes observed relative to the 0 h
baseline indicate that both SA and jasmonate-related signaling
pathways are rapidly mobilized in tea leaves following pathogen
inoculation.

Expression patterns of selected CsCDPK genes in
response to exogenous SA and MeJA

Based on the transcriptome data and pathogen-responsive
expression patterns, six candidate genes, CsCDPK3, CsCDPKS,
CsCDPK11, CsCDPK12, CsCDPK21, and CsCDPK26, were selected for
RT-gPCR analysis after exogenous SA and MeJA treatments.

Hao et al. Beverage Plant Research 2026, 6: €025

Following SA treatment, all six genes exhibited an overall upregu-
lation trend relative to the 0 h baseline, and most of them reached
their highest expression levels at 48 h (Fig. 5b). CsCDPK3, CsCDPK11,
and CsCDPK12 showed similar expression patterns, with little
change in the first 24 h, followed by a clear increase at 48 h.
CsCDPK8 and CsCDPK21 increased continuously within 48 h and
then declined thereafter.

Following MeJA treatment, CsCDPK8, CsCDPK11, CsCDPK21, and
CsCDPK26 displayed continuous induction relative to the 0 h base-
line and reached peak expression at 72 h (Fig. 5c). By contrast,
CsCDPK3 and CsCDPK12 showed an increase followed by a decrease,
with peak expression at 48 h. These results indicate that under the
present experimental conditions, the six selected CsCDPK genes
responded to both SA and MelA treatments, although their induc-
tion kinetics differ.

Functional analysis of selected CsCDPK genes by
AsODN-mediated silencing

To investigate whether the selected CsCDPK genes are involved
in tea plant defense against gray blight disease, AsSODN-mediated
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gene silencing was performed. RT-gPCR analysis confirmed that the
candidate genes were effectively silenced at different time points
relative to the 0 h baseline (Fig. 6).

Subsequently, healthy control plants (CK), healthy plants inocu-
lated with the gray blight pathogen (CK-T), and silenced plants inoc-
ulated with the gray blight pathogen (AS-T) were used to evaluate
the effects of pathogen infection on CsCDPKs expression and the
impact of gene silencing on disease resistance. At 3 d post-inocula-
tion, the expression levels of CsCDPKs in CK-T plants were signifi-
cantly higher than those in CK plants, while the expression levels in
AS-T plants were lower than those in CK-T plants, indicating that
gene silencing was effective. Among the six genes, CsCDPK11
showed no significant difference between groups (Fig. 7a). Pheno-
typic observations showed that silencing of any of the six CsCDPK
genes resulted in more severe disease symptoms than in the control
leaves (Fig. 7c). Statistical analysis revealed that lesion diameters in
the silenced leaves were significantly larger than those in the
control group (Fig. 7b), indicating reduced resistance to gray blight
disease. Among the six genes, silencing of CsCDPK26 produced the
most obvious increase in lesion size, suggesting that this gene may
play a particularly important role in tea plant defense. Collectively,
these data demonstrate that the selected CsCDPK genes basal
defenses regulate resistance to gray blight disease under the
present experimental conditions.

Discussion

In this study, a total of 32 CsCDPK genes were identified in the tea
plant genome, whereas Ding et al.B':39 reported 26 CsCPK members
based on transcriptome data. This discrepancy may be explained by
the following factors. First, the genome assembly used in this study
(TPIA2.0) represents an improved version with more comprehensive
gene annotation compared with the earlier version (TPIA1.0) used
by Ding et al. Second, the HMM-based genome-wide identification
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approach adopted in this study is less dependent on transcript
abundance and assembly quality, which may account for the identi-
fication of additional members. Moreover, Ding et al. focused
primarily on cold stress responses, whereas the present study exam-
ined the association between the CsCDPK family and biotic stress
caused by the gray blight pathogen. Furthermore, we combined this
analysis with ASODN-based gene silencing experiments to prelimi-
narily validate the functions of these genes in disease defense.
Collectively, building upon previous work, this study expands our
understanding of the functional diversity of the CsCDPK family in tea
plants and addresses a gap in research regarding their roles in biotic
stress.

Evolutionary conservation and structural
characteristics of the CsCDPK family

Their encoded proteins shared the typical structural characteris-
tics of plant CDPKs, including a highly conserved kinase domain
and an EF-hand-containing calmodulin-like domain. Most family
members also exhibited similar motif organization and gene struc-
ture, indicating that the CsCDPK family is evolutionarily conserved.
At the same time, some differences in motif composition, protein
length, and gene structure were observed, suggesting that certain
members may have undergone functional divergence during evolu-
tion. The hydrophilic nature of all CsCDPK proteins is consistent with
their role as calcium-responsive signaling proteins. CaZ* functions as
a critical intracellular second messenger. Upon an increase in intra-
cellular CaZ*t concentration, Ca2* binds to the C-terminal EF-hand
motifs of CDPK, inducing conformational changes that activate their
kinase activity[*041). Since CaZt acts as an intracellular second
messenger, the ability of CDPK proteins to interact efficiently with
CaZ+ is closely related to their structural characteristics. The predom-
inance of cytoplasmic localization predicted for CsCDPKs further
supports their potential involvement in intracellular signal percep-
tion and transduction.

Hao et al. Beverage Plant Research 2026, 6: €025
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CDPK proteins typically contain an N-terminal variable domain
(NTD), a calmodulin-like domain (CaM-LD), a protein kinase domain
(PKD), and an autoinhibitory junction domain (JD)“Z. In this study,
CsCDPK family members display both high conservation and some
divergence in their protein sequences. Phylogenetic analysis divided

Hao et al. Beverage Plant Research 2026, 6: €025

the CsCDPK family into four groups, in agreement with the classifica-
tion pattern reported for CDPK families in other plant species.
Moreover, synteny analysis revealed that segmental duplication
contributed substantially to family expansion in tea plants. Similar
duplication-driven expansion has been reported for CDPK families in
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apple, jujube, and rapeseed*3-43l, Ka/Ks analysis was performed on
both interspecific (tea vs. Arabidopsis) and intraspecific (within-tea)
duplicated gene pairs. Most calculable interspecific pairs exhibited
Ka/Ks values below 1, suggesting purifying selection since species
divergence. Some interspecific pairs lacked valid Ka/Ks ratios due to
saturated synonymous substitutions, reflecting the distant relation-
ship between tea and Arabidopsis. In contrast, all intraspecific pairs
yielded calculable Ka/Ks ratios below 1, providing direct evidence
for functional conservation of the CsCDPK family. Together, both
intra- and interspecific data support that CsCDPK genes have been
maintained under strong purifying selection during evolution.

Synergistic accumulation pattern of SA, JA, and
MeJA in tea plants under gray blight infection

Exogenous SA and MeJA have been reported to enhance disease
resistance in various plant species. For example, in kiwifruit, exoge-
nous MeJA enhances resistance to gray mold by increasing antioxi-
dant enzyme activity and activating phenylpropanoid metabo-
lism and hormone signal transduction pathways! . In tea plants,
exogenous SA treatment activates the lignin metabolic pathway
and promotes lignin accumulation, thereby enhancing defense
responses?l. In banana, exogenous SA and MeJA treatment signifi-
cantly reduces the disease index and lesion diameter of anthrac-
nose, and induces the expression of PR genes and WRKY transcrip-
tion factors!*’l. These findings indicate that exogenous SA and MeJA
treatments can enhance disease resistance in multiple plant species,
suggesting that SA- and MeJA-mediated defense mechanisms may
have positive regulatory potential in plants.

Given that both exogenous SA and MelA individually promote
disease resistance, we further examined the dynamic accumulation
patterns of endogenous hormones under infection by the gray
blight pathogen, in order to investigate the relationship between
the SA and JA pathways during the defense response in tea plants.
In plant-pathogen interactions, SA and JA generally exhibit an
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antagonistic relationship, with SA primarily involved in defense
against biotrophic pathogens and JA mainly involved in defense
against necrotrophic pathogens“849, In recent years, however,
reports of SA-JA synergistic interactions have been increasing.
Increasing evidence suggests that the SA-JA relationship is context-
dependent and may vary according to plant species, pathogen
lifestyle, infection stage, and tissue typel*%. For example, in poplar,
the SA and JA signaling pathways display a positive synergistic
pattern, co-enhancing resistance to leaf rust®'; in plum trees
infected by Apiosporina morbosa, endogenous SA and JA accumula-
tion also shows a synergistic trend>?. In the present study, upon
infection by the gray blight pathogen, endogenous SA and MeJA
both peaked at 24 h post-inoculation, displaying a highly synchro-
nized 'rise-then-fall' accumulation pattern. This pattern is consistent
with the SA-JA synergistic accumulation observed in poplar and
plum described above, and differs from the classical antagonistic
model, which typically features a temporal separation with SA accu-
mulation preceding JA. For example, in resistant wheat infected
by Fusarium graminearum, SA accumulated as early as 6 h, while JA
levels began to rise at approximately 12 h[53], indicating a time
lag with SA preceding JA. Similarly, a temporal difference between
SA and JA was also observed in this study: SA peaked at 12 h,
whereas JA peaked at 48 h. However, no apparent time lag was
observed between SA and MelJA accumulation, and MeJA and JA
were not completely synchronized in this system—JA peaked at
48 h rather than 12 h. One possible explanation is that JA methyla-
tion is rapidly induced during the early defense response, allowing
MeJA to accumulate preferentially and function cooperatively with
SA in early signaling, while free JA participates in the regulation of
later signaling events. That said, direct evidence for this hypothesis
is currently lacking, and future studies examining the expression
and activity of jasmonic acid carboxyl methyltransferase (JMT),
the key enzyme responsible for converting JA to MeJA, during the
early stages of infection will be necessary to further clarify this
phenomenon.
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It should be noted that JA-lle, rather than MelA, is generally
regarded as the primary bioactive jasmonate in plant defense
signaling. In this study, JA served as the primary indicator of
jasmonate pathway activation, while MeJA was measured as auxil-
iary information. However, JA-lle was not quantified, which limits a
complete interpretation of jasmonate-mediated defense signaling.
Future studies incorporating JA-lle measurements will be necessary
to fully resolve the jasmonate dynamics in this pathosystem.

In summary, both the disease resistance-promoting effects of
exogenous SA/MeJA and the synergistic accumulation of endoge-
nous SA and MeJA collectively suggest that tea plants may simulta-
neously mobilize both the SA and MelA pathways in defense
against gray blight disease. Further experiments, including SA/JA
pathway inhibition, exogenous hormone pretreatment followed by
pathogen challenge, and downstream defense marker gene analy-
sis, will be necessary to determine the functional relationship
between SA and JA signaling during tea plant defense against gray
blight disease.

Potential roles of CsCDPK genes in tea plant
defense against gray blight disease

All CsCDPKs identified in this study contain the conserved EF-
hand-7 domain, which provides the structural basis for sensing
changes in cytosolic Ca2* concentration®>4, Although we did not
directly measure cytosolic CaZ* concentration, CaZ*-dependent
kinase activity, or downstream phosphorylation targets following
pathogen infection, this structural feature suggests that CsCDPK
activation may be regulated by upstream Ca?* signals. The causal
relationship between Ca2* signaling and CsCDPK-mediated defense
responses remains to be validated through future studies.

Given that CDPKs typically function as decoders of CaZ* signals,
converting upstream changes in cytosolic CaZ* concentration into
downstream phosphorylation events, they may execute defense
functions in tea plants by regulating ROS production. Accumulat-
ing evidence indicates that CDPKs play important roles in plant
defense through multiple pathways, including gene regulation,
ROS production, and metabolic regulation®55¢l. In Arabidopsis,
AtCPK5/AtCPK6 phosphorylate the transcription factor AtWRKY33
at Thr-229, enhancing its DNA-binding activity and activating the
biosynthesis of the antimicrobial compound camalexin>7], StCDPK7
has been shown to specifically phosphorylate phenylalanine ammo-
nia-lyase (PAL), thereby enhancing plant defensel>8l. StCDPK5 in
potato phosphorylates StRBOH, inducing ROS burst and enhances
resistance against biotrophic pathogens!®9. In Medicago truncatula,
MtCDPKS5 directly phosphorylates MtRBOHB/C/D to activate plant
immune responsesl®l, Given that CDPK-mediated ROS production
is a common mechanism in plant immunity, and that silencing of
CsCDPKs resulted in enhanced susceptibility in this study, it would
be interesting to investigate in the future whether CsCDPKs con-
tribute to disease resistance by modulating ROS accumulation.

In this study, silencing each of the six CsCDPK genes via AsODN
followed by pathogen inoculation significantly increased lesion
diameters, indicating that these genes play positive regulatory roles
in the basal immunity of tea plants. Among them, CsCDPK26 showed
high expression in leaves and caused the most pronounced suscep-
tibility phenotype upon silencing, suggesting that it may play an
important role in leaf defense against gray blight disease. It should
be noted that mock-inoculated controls for the silenced plants
were not included in this study, and this methodological limitation
should be taken into consideration when interpreting the silencing
phenotypes.
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Conclusions

A total of 32 CsCDPK genes were identified in the tea plant
genome and classified into four phylogenetic groups. Comprehen-
sive analyses of their chromosomal distribution, protein properties,
conserved motifs, gene structures, promoter elements, and syntenic
relationships demonstrated that the CsCDPK family is evolutionarily
conserved while also showing some degree of divergence. Expres-
sion profiling indicated that several CsCDPK genes respond strongly
to gray blight pathogen infection and to exogenous SA and MelJA
treatments. Functional assays further showed that CsCDPK3,
CsCDPK8, CsCDPK11, CsCDPK12, CsCDPK21, and CsCDPK26 positively
regulate resistance to gray blight disease in tea plants. These find-
ings provide a useful framework for understanding the molecular
basis of tea plant disease resistance and offer candidate genes for
future genetic improvement.

These results suggest that CsCDPK-mediated defense in tea
plants may be associated with SA- and MelA-related pathways.
Further investigation of downstream phosphorylation targets
and signaling networks will help elucidate the precise molecular
mechanisms.

Author contributions

The authors confirm their contributions to the paper as follows:
study conception and design, and manuscript editing and revision:
Hao L, Chen L; data analysis: Hao L, Liu S, Chen Z; figures and
manuscript construction: Tian N, Wu T; performing experiments,
manuscript writing: Hao L; materials provision and facility testing:
Liu Z, Huang J. All authors reviewed the results and approved the
final version of the manuscript.

Data availability

The raw RNA-seq data used in this study are publicly available
from the TPIA2.0 database (https://tpia.teaplants.cn). The qPCR data
generated and analyzed during this study are available from the
corresponding author upon reasonable request.

Acknowledgments

This work was financially supported by the Yuelushan Labora-
tory Breeding Program (YLS-2025-ZY02020), the National Key
Research and Development Program of China (2021YFD1200200),
the National Natural Science Foundation of China (U22A20500,
32172629), the Hunan Agriculture Research System (HARS-10), and
the National Tea Tree Breeding Joint Research Project (GJCSYZL-
HGG-12).

Conflict of interest

The authors declare that they have no conflict of interest.

Supplementary information accompanies this paper online
at: https://doi.org/10.48130/bpr-0026-0019.

Dates

Received 16 March 2026; Revised 27 April 2026; Accepted 8 May
2026; Published online 30 June 2026

Hao et al. Beverage Plant Research 2026, 6: €025


https://tpia.teaplants.cn
https://doi.org/10.48130/bpr-0026-0019
https://doi.org/10.48130/bpr-0026-0019
https://doi.org/10.48130/bpr-0026-0019
https://doi.org/10.48130/bpr-0026-0019
https://doi.org/10.48130/bpr-0026-0019

CDPK gene family in tea plant

References

1]

[2]

[3]

[4]

[5]

[6]

[7]
[8]
[

101

(111

2]

3]

[14]

[18]

[16]

171

[18]

[19]

[20]

[21]

[22]

Chen ZM, Sun XL. 2013. Concise identity handbook of major plant
diseases and insect pests of tea. 1°* Edition. Beijing: China Agriculture
Press. 259 pp. https://book.douban.com/subject/25811966

Wang Y, Xiong F, Lu Q, Hao X, Zheng M, et al. 2019. Diversity of Pestalo-
tiopsis-like species causing gray blight disease of tea plants (Camellia
sinensis) in China, including two novel Pestalotiopsis species, and analy-
sis of their pathogenicity. Plant Disease 103:2548—2558

Wan Y, Zou L, Zeng L, Tong H, Chen Y. 2021. A new Colletotrichum
species associated with brown blight disease on Camellia sinensis. Plant
Disease 105:1474—1481

Wang S, Liu L, Mi X, Zhao S, An Y, et al. 2021. Multi-omics analysis to
visualize the dynamic roles of defense genes in the response of tea
plants to gray blight. The Plant Journal 106:862—875

Guo M, Zhao S, Gao Y, Shen X, Hou C. 2024. A phylogenetic and taxo-
nomic revision of Discula theae-sinensis, the causal agents of anthrac-
nose on Camellia sinensis. Journal of Fungi 10:141

Nagata T, Ando Y, Hirota A. 1992. Phytotoxins from tea gray blight
fungi, Pestalotiopsis longiseta and Pestalotiopsis theae. Bioscience,
Biotechnology, and Biochemistry 56:810—811

Sun X. 2016. Research progress and prospects of major tea leaf diseases
in China. China Tea 38:12—13, 15 (in Chinese)

Gao X, Cox KL Jr, He P. 2014. Functions of calcium-dependent protein
kinases in plant innate immunity. Plants 3:160—176

Moeder W, Phan V, Yoshioka K. 2019. CaZ* to the rescue - Ca?* chan-
nels and signaling in plant immunity. Plant Science 279:19-26

Goher F, Shafique Khan F, Sun S, Wang Q. 2025. Calcium-dependent
protein kinase (CDPK/CPK)-mediated salicylic acid cascade: the key
arsenal of plants under pathogens attack. Critical Reviews in Biotechnol-
ogy 45:1576—1592

Harmon AC, Gribskov M, Harper JF. 2000. CDPKs - a kinase for every
Ca?* signal? Trends in Plant Science 5:154—159

Pandey AK, Sinniah GD, Babu A, Tanti A. 2021. How the global tea
industry copes with fungal diseases - challenges and opportunities.
Plant Disease 105:1868—1879

Ren T, Qi W, Wang D, Guan Y, Jiang Y, et al. 2025. Calcium-dependent
protein kinases: bridging growth and stress responses in plants. Plant
Physiology and Biochemistry 228:110256

Hetherington A, Trewavas A. 1982. Calcium-dependent protein kinase
in pea shoot membranes. FEBS Letters 145:67—71

Liese A, Romeis T. 2013. Biochemical regulation of in vivo function
of plant calcium-dependent protein kinases (CDPK). Biochimica et
Biophysica Acta (BBA) - Molecular Cell Research 1833:1582—-1589

Li M, Wu G, Wei M, Liu C. 2024. Functions and mechanisms of CDPKs in
plant responses to abiotic stress. Chinese Journal of Biotechnology
40:3337-3359 (in Chinese)

Cheng SH, Willmann MR, Chen HC, Sheen J. 2002. Calcium signaling
through protein kinases. The Arabidopsis calcium-dependent protein
kinase gene family. Plant Physiology 129:469—-485

Asano T, Tanaka N, Yang G, Hayashi N, Komatsu S. 2005. Genome-
wide identification of the rice calcium-dependent protein kinase and
its closely related kinase gene families: comprehensive analysis of the
CDPKs gene family in rice. Plant and Cell Physiology 46:356—366

Ray S, Agarwal P, Arora R, Kapoor S, Tyagi AK. 2007. Expression analysis
of calcium-dependent protein kinase gene family during reproductive
development and abiotic stress conditions in rice (Oryza sativa L. ssp.
indica). Molecular Genetics and Genomics 278:493-505

Li AL, Zhu YF, Tan XM, Wang X, Wei B, et al. 2008. Evolutionary and
functional study of the CDPK gene family in wheat (Triticum aestivum
L.). Plant Molecular Biology 66:429—443

Liu H, Che Z, Zeng X, Zhou X, Sitoe HM, et al. 2016. Genome-wide anal-
ysis of calcium-dependent protein kinases and their expression
patterns in response to herbivore and wounding stresses in soybean.
Functional & Integrative Genomics 16:481-493

Chen S, Xie Y, Pan S, Yu S, Zhang L. 2025. Identification of perennial
ryegrass CDPK gene family and function exploration of LpCDPK27 upon
salt stress. Grass Research 5:e009

Hao et al. Beverage Plant Research 2026, 6: €025

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

Beverage Plant
Research

Zhu X, Hong X, Liu X, Li S, Yang J, et al. 2021. Calcium-
dependent protein kinase 32 gene maintains photosynthesis and toler-
ance of potato in response to salt stress. Scientia Horticulturae
285:110179

Linghu B, Xu Z, Chu Y, Yan Y, Nie X, et al. 2023. Genome-wide analysis
of calcium-dependent protein kinase (CDPK) family and functional
characterization of TaCDPK25-U in response to drought stress in wheat.
Environmental and Experimental Botany 209:105277

Zhao L, Xie B, Hou Y, Zhao Y, Zheng Y, et al. 2022. Genome-wide identi-
fication of the CDPK gene family reveals the CDPK-RBOH pathway
potential involved in improving chilling tolerance in peach fruit. Plant
Physiology and Biochemistry 191:10-19

Wang Q, Yin X, Chen Q, Xiang N, Sun X, et al. 2017. Genome-wide
survey indicates diverse physiological roles of the turnip (Brassica rapa
var. rapa) calcium-dependent protein kinase genes. Scientific Reports
7:15803

Xiong Y, Lin D, Ma S, Wang C, Lin S. 2022. Genome-wide identification
of the calcium-dependent protein kinase gene family in Fragaria vesca
and expression analysis under different biotic stresses. European Jour-
nal of Plant Pathology 164:283-298

Dubiella U, Seybold H, Durian G, Komander E, Lassig R, et al. 2013.
Calcium-dependent protein kinase/NADPH oxidase activation circuit is
required for rapid defense signal propagation. Proceedings of the
National Academy of Sciences of the United States of America
110:8744-8749

Munemasa S, Hossain MA, Nakamura Y, Mori IC, Murata Y. 2011. The
Arabidopsis calcium-dependent protein kinase, CPK6, functions as a
positive regulator of methyl jasmonate signaling in guard cells. Plant
Physiology 155:553-561

Nie L, Wang R, Xia Y, Li G. 2015. CDPK1, an Arabidopsis thaliana calcium-
dependent protein kinase, is involved in plant defense response.
Russian Journal of Plant Physiology 62:866—874

Ding C, Lei L, Yao L, Wang L, Hao X, et al. 2019. The involvements of
calcium-dependent protein kinases and catechins in tea plant [Camel-
lia sinensis (L) O. Kuntze] cold responses. Plant Physiol Biochem
143:190-202

Wang S, Mi X, Wu Z, Zhang L, Wei C. 2019. Characterization and
pathogenicity of Pestalotiopsis-like species associated with gray blight
disease on Camellia sinensis in Anhui Province, China. Plant Disease
103:2786—-2797

Wang W, Li X, Li Z, Zhang L, Ahammed GJ, et al. 2025. Revisiting causal
organisms of tea anthracnose: pathogen isolation and pathogenicity
identification. Beverage Plant Research 5:¢016

Pan X, Welti R, Wang X. 2010. Quantitative analysis of major
plant hormones in crude plant extracts by high-performance
liquid chromatography-mass spectrometry. Nature Protocols
5:986—-992

Gao Q, Tong W, Li F, Wang Y, Wu Q, et al. 2024. TPIA2: an updated tea
plant information archive for Camellia genomics. Nucleic Acids Research
52:D1661-D1667

Bailey TL, Boden M, Buske FA, Frith M, Grant CE, et al. 2009. MEME
SUITE: tools for motif discovery and searching. Nucleic Acids Research
37:W202-W208

Lescot M. 2002. PlantCARE, a database of plant cis-acting regulatory
elements and a portal to tools for in silico analysis of promoter
sequences. Nucleic Acids Research 30:325-327

Wu'Y, Di T, Wu Z, Peng J, Wang J, et al. 2024. CsLHY positively regulates
cold tolerance by activating CsSWEET17 in tea plants. Plant Physiology
and Biochemistry 207:108341

LiuN, Wang Y, Li K, Li C, Liu B, et al. 2023. Transcriptional analysis of tea
plants (Camellia sinensis) in response to salicylic acid treatment. Jour-
nal of Agricultural and Food Chemistry 71:2377-2389

Christodoulou J, Malmendal A, Harper JF, Chazin WJ. 2004. Evidence
for differing roles for each lobe of the calmodulin-like domain in a
calcium-dependent protein kinase. Journal of Biological Chemistry
279:29092-29100

Mu Z, Xu M, Manda T, Yang L, Hwarari D, et al. 2024. Genomic
survey and evolution analysis of calcium-dependent protein kinases in

Page 13 of 14


https://book.douban.com/subject/25811966
https://doi.org/10.1094/pdis-02-19-0264-re
https://doi.org/10.1094/pdis-09-20-1912-re
https://doi.org/10.1094/pdis-09-20-1912-re
https://doi.org/10.1111/tpj.15203
https://doi.org/10.3390/jof10020141
https://doi.org/10.1271/bbb.56.810
https://doi.org/10.1271/bbb.56.810
https://doi.org/10.3969/j.issn.1000-3150.2016.12.007
https://doi.org/10.3390/plants3010160
https://doi.org/10.1016/j.plantsci.2018.04.012
https://doi.org/10.1080/07388551.2025.2498463
https://doi.org/10.1080/07388551.2025.2498463
https://doi.org/10.1080/07388551.2025.2498463
https://doi.org/10.1016/s1360-1385(00)01577-6
https://doi.org/10.1094/pdis-09-20-1945-fe
https://doi.org/10.1016/j.plaphy.2025.110256
https://doi.org/10.1016/j.plaphy.2025.110256
https://doi.org/10.1016/0014-5793(82)81208-8
https://doi.org/10.1016/j.bbamcr.2012.10.024
https://doi.org/10.1016/j.bbamcr.2012.10.024
https://doi.org/10.1016/j.bbamcr.2012.10.024
https://doi.org/10.1016/j.bbamcr.2012.10.024
https://doi.org/10.1016/j.bbamcr.2012.10.024
https://doi.org/10.1016/j.bbamcr.2012.10.024
https://doi.org/10.13345/j.cjb.230827
https://doi.org/10.1104/pp.005645
https://doi.org/10.1093/pcp/pci035
https://doi.org/10.1007/s00438-007-0267-4
https://doi.org/10.1007/s11103-007-9281-5
https://doi.org/10.1007/s10142-016-0498-8
https://doi.org/10.48130/grares-0025-0010
https://doi.org/10.1016/j.scienta.2021.110179
https://doi.org/10.1016/j.envexpbot.2023.105277
https://doi.org/10.1016/j.plaphy.2022.09.015
https://doi.org/10.1016/j.plaphy.2022.09.015
https://doi.org/10.1038/s41598-017-16102-0
https://doi.org/10.1007/s10658-022-02560-4
https://doi.org/10.1007/s10658-022-02560-4
https://doi.org/10.1007/s10658-022-02560-4
https://doi.org/10.1073/pnas.1221294110
https://doi.org/10.1073/pnas.1221294110
https://doi.org/10.1104/pp.110.162750
https://doi.org/10.1104/pp.110.162750
https://doi.org/10.1134/s1021443715070018
https://doi.org/10.1016/j.plaphy.2019.09.005
https://doi.org/10.1094/pdis-02-19-0412-re
https://doi.org/10.48130/bpr-0025-0005
https://doi.org/10.1038/nprot.2010.37
https://doi.org/10.1093/nar/gkad701
https://doi.org/10.1093/nar/gkp335
https://doi.org/10.1093/nar/30.1.325
https://doi.org/10.1016/j.plaphy.2024.108341
https://doi.org/10.1016/j.plaphy.2024.108341
https://doi.org/10.1021/acs.jafc.2c07046
https://doi.org/10.1021/acs.jafc.2c07046
https://doi.org/10.1074/jbc.M401297200

Beverage Plant
Research

[42]

[43]

[44]

[45]

[46]

[47]

[48]

[49

[50]

[51

plants and their stress-responsive patterns in populus. BVIC Genomics
25:1108

Rutschmann F, Stalder U, Piotrowski M, Oecking C, Schaller A. 2002.
LeCPK1, a calcium-dependent protein kinase from tomato. Plasma
membrane targeting and biochemical characterization. Plant Physiol-
ogy 129:156—168

Lu J, Yang N, Zhu Y, Chai Z, Zhang T, et al. 2022. Genome-wide
survey of Calcium-Dependent Protein Kinases (CPKs) in five Brassica
species and identification of CPKs induced by Plasmodiophora brassi-
cae in B. rapa, B. oleracea, and B. napus. Frontiers in Plant Science
13:1067723

Li L, Yuan Y, Shen B, Chen C, Yang L, et al. 2025. Genome-wide
identification of CDPKs in jujube and expression profile analysis in
response to multiple biological processes. Frontiers in Plant Science
16:1593446

Shi J, Ma Y, Wang D, Wang F. 2025. MdCDPK24 encoding calcium-
dependent protein kinase enhances apple resistance to Colletotrichum
gloeosporioides. Horticulturae 11:942

Yang J, Ma Y, Zeng T, Li Z, Sui Y, et al. 2025. Molecular and metabolic
insights into the mechanism of exogenous methyl jasmonate in
enhancing the postharvest resistance of kiwifruit to Botrytis cinerea.
Postharvest Biology and Technology 219:113226

Tang Y, Kuang JF, Wang FY, Chen L, Hong KQ, et al. 2013. Molecular
characterization of PR and WRKY genes during SA- and MeJA-induced
resistance against Colletotrichum musae in banana fruit. Postharvest
Biology and Technology 79:62—68

Jiao L, Tan R, Chen X, Wang H, Huang D, et al. 2024. Bibliometric and
meta-analysis on the publication status, research trends and impact
inducing factors of JA-SA interactions in plants. Frontiers in Plant
Science 15:1487434

Pieterse CMJ, Van der Does D, Zamioudis C, Leon-Reyes A, Van Wees
SCM. 2012. Hormonal modulation of plant immunity. Annual Review of
Cell and Developmental Biology 28:489—-521

Thaler JS, Humphrey PT, Whiteman NK. 2012. Evolution of
jasmonate and salicylate signal crosstalk. Trends in Plant Science
17:260-270

Ullah C, Schmidt A, Reichelt M, Tsai CJ, Gershenzon J. 2022. Lack of
antagonism between salicylic acid and jasmonate signalling pathways
in poplar. New Phytologist 235:701-717

Page 14 of 14

[52]

[53]

[54]

[55

[56

[57]

[58]

[59

[60]

CDPK gene family in tea plant

Shinde R, Ayyanath MM, Shukla M, El Kayal W, Saxena PK, et al. 2024.
Salicylic and jasmonic acid synergism during black knot disease
progression in plums. Plants 13:292

Ding L, Xu H, Yi H, Yang L, Kong Z, et al. 2011. Resistance to hemi-
biotrophic F. graminearum infection is associated with coordinated and
ordered expression of diverse defense signaling pathways. PLoS One
6:219008

Deng L, Ji S, Wang G, Liu X. 2026. Calcium-dependent protein kinases in
plant immunity: from calcium signaling to network integration. Fron-
tiers in Plant Science 16:1704615

Boudsocqg M, Willmann MR, McCormack M, Lee H, Shan L, et al. 2010.
Differential innate immune signalling via Ca®* sensor protein kinases.
Nature 464:418—-422

Boudsocq M, Sheen J. 2013. CDPKs in immune and stress signaling.
Trends in Plant Science 18:30—40

Zhou J, Wang X, He Y, Sang T, Wang P, et al. 2020. Differential phospho-
rylation of the transcription factor WRKY33 by the protein kinases
CPK5/CPK6 and MPK3/MPK6 cooperatively regulates camalexin biosyn-
thesis in Arabidopsis. The Plant Cell 32:2621-2638

Fantino E, Segretin ME, Santin F, Mirkin FG, Ulloa RM. 2017. Analysis of
the potato calcium-dependent protein kinase family and characteriza-
tion of StCDPK7, a member induced upon infection with Phytophthora
infestans. Plant Cell Reports 36:1137—1157

Kobayashi M, Yoshioka M, Asai S, Nomura H, Kuchimura K, et al. 2012.
StCDPK5 confers resistance to late blight pathogen but increases
susceptibility to early blight pathogen in potato via reactive oxygen
species burst. New Phytologist 196:223—-237

Yu H, Xiao A, Dong R, Fan Y, Zhang X, et al. 2018. Suppression of innate
immunity mediated by the CDPK-Rboh complex is required for rhizo-
bial colonization in Medicago truncatula nodules. New Phytologist
220:425-434

Copyright: © 2026 by the author(s). Published by
Maximum Academic Press, Fayetteville, GA. This article

is an open access article distributed under Creative Commons
Attribution License (CC BY 4.0), visit https://creativecommons.org/
licenses/by/4.0/.

Hao et al. Beverage Plant Research 2026, 6: €025


https://doi.org/10.1186/s12864-024-10962-3
https://doi.org/10.1104/pp.000869
https://doi.org/10.1104/pp.000869
https://doi.org/10.1104/pp.000869
https://doi.org/10.3389/fpls.2022.1067723
https://doi.org/10.3389/fpls.2025.1593446
https://doi.org/10.3390/horticulturae11080942
https://doi.org/10.1016/j.postharvbio.2024.113226
https://doi.org/10.1016/j.postharvbio.2013.01.004
https://doi.org/10.1016/j.postharvbio.2013.01.004
https://doi.org/10.3389/fpls.2024.1487434
https://doi.org/10.3389/fpls.2024.1487434
https://doi.org/10.1146/annurev-cellbio-092910-154055
https://doi.org/10.1146/annurev-cellbio-092910-154055
https://doi.org/10.1016/j.tplants.2012.02.010
https://doi.org/10.1111/nph.18148
https://doi.org/10.3390/plants13020292
https://doi.org/10.1371/journal.pone.0019008
https://doi.org/10.3389/fpls.2025.1704615
https://doi.org/10.3389/fpls.2025.1704615
https://doi.org/10.1038/nature08794
https://doi.org/10.1016/j.tplants.2012.08.008
https://doi.org/10.1105/tpc.19.00971
https://doi.org/10.1007/s00299-017-2144-x
https://doi.org/10.1111/j.1469-8137.2012.04226.x
https://doi.org/10.1111/nph.15410
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/

	Introduction
	Materials and methods
	Plant materials and reagents
	Pathogen culture and inoculation
	Determination of endogenous hormone contents
	Exogenous hormone treatments
	Identification of CsCDPK family members
	Physicochemical characterization and subcellular localization prediction
	Phylogenetic analysis, gene structure, and conserved motif analysis
	Chromosomal localization and promoter cis-element analysis
	Synteny analysis and Ka/Ks calculation
	Expression profile analysis using public transcriptomic data
	RNA extraction and RT-qPCR analysis
	AsODN-mediated gene silencing assay
	Statistical analysis

	Results
	Identification, chromosomal distribution, and physicochemical properties of CsCDPK genes
	Phylogenetic relationships, conserved motifs, and gene structures of CsCDPKs
	Synteny analysis of the CsCDPK gene family
	Cis-acting element analysis of CsCDPK promoters
	Expression profiles of CsCDPK genes in different tissues and under stress conditions
	Dynamic changes in endogenous SA, JA, and MeJA contents after pathogen infection
	Expression patterns of selected CsCDPK genes in response to exogenous SA and MeJA
	Functional analysis of selected CsCDPK genes by AsODN-mediated silencing

	Discussion
	Evolutionary conservation and structural characteristics of the CsCDPK family
	Synergistic accumulation pattern of SA, JA, and MeJA in tea plants under gray blight infection
	Potential roles of CsCDPK genes in tea plant defense against gray blight disease

	Conclusions
	Author contributions
	Data availability
	Acknowledgments
	Conflict of interest
	Supplementary information
	References

