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Abstract

Calcium serves as a pivotal second messenger in the response to both abiotic and biotic stresses. Calcium-dependent protein kinase (CDPK) plays a
significant role in plant development, growth, and adaptation to environmental stresses. In our research, 28 LpCDPKs were computationally identified in
Lolium perenne and divided into Groups I-IV based on phylogenetic relationships. Six genes with promoter regions containing elements related to abiotic
stress responsiveness were selected to investigate further whether they were stress-related LpCDPKs. The qRT-PCR analysis revealed that most LpCDPKs
responded to various abiotic stresses and phenotypic validation of overexpressed yeast under stress conditions confirmed these findings. Notably,
LpCDPK27 was strongly induced by salt stress, and its overexpression in Arabidopsis significantly enhanced salt tolerance. LpCDPK27 overexpressing lines
exhibited lower Na* content, higher K* content, and increased expression of stress-related genes compared to wild-type plants. Collectively, these results
provide essential insights into the evolution and function of LpCDPKs and offer a valuable resource for future research on the roles of CDPKs in the growth,

development, and stress responses of Lolium perenne.
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Introduction

During their growth stages, plants frequently encounter various
abiotic and biotic stresses. To cope with these challenges, they have
evolved intricate mechanisms and signaling networks that enable
them to identify and resist stress, thereby ensuring survival under
such conditions!'. Calcium, serving as an ubiquitous second mes-
senger in eukaryotes, is essential for facilitating plant adaptation to
various abiotic and biotic stresses(?l. Diverse stimuli like tempera-
ture extremes, water scarcity, high salinity, plant hormones, and
pathogens can cause swift and fleeting alterations in the levels of
intracellular Ca?* concentrationBl. Those changes are perceived
and deciphered by different Ca2*-binding proteins (CBPs) or Ca2*
sensors, which then initiate a cascade of downstream reactions®.
There are five known classes of CaZ* sensors in plants, which include
calmodulins (CaMs), calmodulin-like proteins (CMLs), calcium/
calmodulin-dependent protein kinase (CCaMK), calcineurin B-like
proteins (CBLs), and calcium-dependent protein kinases (CDPKs/
CPKs)Bl, The structure of CDPKs is marked by four key conserved
domains: an N-terminal domain, a protein kinase domain, an auto-
inhibitory domain, and a calcium binding domain containing two to
four EF-hands!®l, Compared to other Ca2* sensors, CDPKs can directly
transmit calcium signals into physiological responses through the
phosphorylation of various substrates, including ion channels, tran-
scription factors, and metabolic enzymes, without relying on exoge-
nous calmodulin. This multiplicity of targets that CDPKs interact
with bestows upon them essential functions in the regulation of
stomatal movements and pollen tube growth, the modulation of
hormonal signaling, the orchestration of transcriptional reprogram-
ming, and stress tolerance, which gives CDPKs their dual identities
as Ca2* sensors and responders!7:8l,

CDPK was first identified in pea (Pisum sativum)®, and subse-
quent genome-wide screenings have identified CDPKs across a
multitude of plant species. Plant genomes like those of Arabidopsis
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thaliana'®, maize (Zea mays)l'%, rice (Oryza sativa)'Vl, wheat (Triticum
aestivum)l'2l, cotton (Gossypium raimondii)l'3], populus (Populus
trichocarpa)l'¥, and Medicago truncatula'?, have been shown to
harbor 34, 35, 29, 20, 41, 30, and 24 CDPKs, respectively. According
to the phylogenetic relationship, expression pattern, and subcellu-
lar targeting, all the CDPK gene family members in terrestrial plants
are grouped into four subfamilies. Genes within the same subfamily
exhibit similar intron-exon structures. Among them, Group IV
includes the least number of CDPK gene members[10.111416], Further-
more, Group IV is more closely related to the CDPK genes of ancient
algae than the other three groups.

Previous studies have shown that CDPKs are absent in animals
and fungi but exist in plants, protozoa, oomycetes, and green
algael'”l. Specific expression of the CDPK genes was detected in
various plant tissues, including flower, fruit, root, stem, and leaf.
They participate in the modulation of a broad spectrum of physio-
logical processes. For instance, AtCPK17 and AtCPK34 have been
discovered to have a redundant function in pollen tube growth and
significantly influence the efficiency of pollen transfer and the rate
of pollen tube growth('8l, AtCPK28 has regulatory effects on vascular
development and stem elongation['?l. Furthermore, CDPKs are also
implicated in response to a range of abiotic stresses. AtCPK8 regu-
lates the activity of CAT3 to control ABA-mediated stomatal move-
ment during drought stress20l. OsCPK12 is crucial for salt tolerance
and has a positive effect on the detoxification of ROS by regulating
the expression of OsAPx2 and OsAPx8 to reduce oxidative damage in
plant cells at high salinity®?'. The CPK28-NLP7 phosphorylation
cascade can decode cold-induced calcium signals rapidly, subse-
quently enhancing plant cold tolerancel?2. The interaction of
OsCPK17 with sucrose phosphate synthase OsSPS4, along with aqua-
porin OsPIP2;1/0OsPIP2;6, enhances rice's ability to withstand cold
stress(23], During soybean seed development, GmCDPKSKS5 responds
to high humidity stress and heat stress by targeting the translatio-
nally controlled tumor protein GmTCTPR4,  AtCBK3/AtCPK1
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enhances thermotolerance by phosphorylating AtHSFA1a to control
the binding activity of heat-shock transcription factor (HSF) DNA to
heat-shock element (HSE)25). The diverse functionalities of CDPKs
allow for their involvement in various stages of plant development.
However, little is known about CDPKs in perennial ryegrass.

Perennial ryegrass (Lolium perenne) is a kind of cold-season peren-
nial grass that is extensively found in temperate regions globally. It
has the advantages of trampling resistance, resistance to diseases
and insects, and having a long green period. Nevertheless, the
growth and productivity of this grass are constrained by extreme
temperatures, drought, and salt stress throughout its life cycle[2°, In
particular, the increasing rate of soil salinization in agricultural lands
and the growing demand for the use of reclaimed water or other
secondary saline sources for turfgrass landscape irrigation have
further exacerbated the prevalence of salt stress in turfgrasses!27:281,
To counteract these stresses, plants modulate various physiological,
biochemical, and molecular processes via cellular and subcellular
signaling pathways. For instance, the mechanisms by which plants
adapt to salt stress encompass ion homeostasis, the antioxidant
defense system, osmotic adjustment, and hormonal regulation(29,
CDPKs are unique and key calcium-binding proteins that can
decrypt and convey calcium signals to activate and regulate various
genes, transcription factors, enzymes, and ion channels, thereby
modulating tolerance to abiotic stressesB%. Numerous studies have
reported the diverse functions of plant CDPKs in combating salinity
stressl731-341, Therefore, this research had a triple aim: firstly, to cate-
gorize and analyze the CDPK gene family within perennial ryegrass;
secondly, to pinpoint CDPKs that may serve as candidate genes for
stress tolerance in this grass species; and thirdly, to identify poten-
tial positive regulators of salt stress tolerance.

Materials and methods

Identification and cloning of CDPK family members in
L. perenne

The full genomic, proteomic, coding sequence (CDS) data, and
general feature format (GFF) annotation files of CDPKs were down-
loaded from the genome databases of L. perenne (NCBI, www.ncbi.
nlm.nih.gov), A. thaliana (TAIR, www.arabidopsis.org), and O. sativa
(TIGR, http://rice.uga.edu/). The process of identifying potential
CDPK genes began with screening for genes with a threshold E-
value below 1E-100, both for the complete sequence and the top-
performing domain. Further validation of the composition of these
potential proteins was carried out using the SMART (http://smart.
embl-heidelberg.de) database and the NCBI-conserved domain
database (CDD, www.ncbi.nlm.nih.gov/Structure/cdd/wrpsb.cgi).
Sequences that contained errors, were shorter than 100 amino
acids, or lacked complete Ser/Thr kinase domains (PF00069) and EF-
hands domains (PF13499) were not included in the study.

Total mRNA was successfully extracted from L. perenne tissues
with the aid of the Plant RNA prep pure Kit (Tiangen, China). The
Prime Scrip Il 1st Strand cDNA Synthesis Kit (TaKaRa, China) was
utilized to produce the first-strand cDNA, which was then put to use
in gene cloning purposes. Primers targeting the sequences sur-
rounding the open reading frames of all LpCDPK genes were used
for their cloning. The PCR, conducted in a 50 plL volume, utilized 2 x
Phanta Max Master Mix (Vazyme, China) for cloning purposes. The
PCR products were purified using a Gel Extraction Kit (Omega Bio-
Tek, USA), they were cloned into corresponding modified vectors for
sequencing.

Phylogenetic analysis
The construction of the phylogenetic tree involved all CDPKs in
L. perenne and A. thaliana into MEGA 11.0 with the
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maximume-likelihood method in 1,000 bootstrap replicates by the
LG + G + | amino acid substitution model®sl, All the identified
LpCDPKs were categorized into various groups based on the classifi-
cation of AtCPKs and OsCDPKs sequences!®'"], The final results of the
phylogenetic analysis were then visualized by the online tool iTOL
(http://itol.embl.de/).

Analysis of characteristics, gene structure, and
domain organization

The validated LpCDPKs were analyzed using the ExPasy online
tool (http://web.expasy.org/protparam/) to compute their physico-
chemical characteristics, including the molecular weight (MW), theo-
retical point (pl), and grand average of hydropathicity (GRAVY). The
TBtools (Toolbox for Biologists) program was utilized to conduct the
examination of the exon-intron composition of LpCDPK genes with
default parameters. The domain organization was forecasted with
the SMART database tool (http://smart.embl-heidelberg.de).

Chromosome locations and synteny correlation
analysis

The physical positions on the chromosome of each LpCDPK
member were ascertained using the genome annotation data. The
chromosomal position and the Circos diagram were mapped using
TBtools software. To validate and illustrate the syntenic connections
between the genes of L. perenne, A. thaliana, and O. sativa homo-
logs, the Multiple Synteny Plot feature within the TBtools was
deployed.

Analysis of cis-acting regulatory elements

From the genome database of L. perenne, the promoter sequence
(2,000 bp) upstream from 5'-UTR of all LpCDPKs was downloaded.
The web-based utility PlantCARE (http://bioinformatics.psb.ugent.
be/webtools/plantcare/html/) was then put into action to identify
and analyze the cis-acting regulatory elements of each gene.

Plant growth conditions and stress treatments

Perennial ryegrass seeds were evenly distributed in a foam
container lined with moist paper towels, and subsequently, the
container was positioned in a growth chamber of Zhejiang A&F
University (Hangzhou, China). Having grown for 7 d, the seedlings
were shifted to a hydroponic system using the Hoagland nutrient
solution for 2 weeks and kept in a growth chamber set at a day/
night temperature cycle of 26/20 °C, a light/dark period of 14/10 h,
and a photosynthetically active radiation (PAR) was maintained at
750 umol photos m=2s71, and a relative humidity of 70%. The
Hoagland nutrient solution was refreshed in the hydroponic contai-
ner every 3 d to ensure the plants received sufficient oxygen and
nutrients.

To determine LpCDPKs expression patterns under stress, plants
were subjected to heat (38 °C), cold (4 °C), high salt stress (255 mM),
and osmotic stress (15% PEG6000, w/v). For RNA extraction, samples
of leaves and roots were harvested at intervals of 0, 2, 6, 8, 12, and
24 h after each stress treatment.

Analysis of quantitative real-time polymerase chain
reaction

We carried out quantitative real-time polymerase chain reaction
(gRT-PCR) analysis following the protocol outlined in a previous
investigation3¢l, The specific primers employed in the qRT-PCR are
outlined in Supplementary Table S1, LpelHF4A and AtACTIN2 were
chosen as the reference genes(37:38],

Stress tolerance studies in yeast

Six LpCDPK genes (LpCDPK5, LpCDPK7, LpCDPK10, LpCDPK15,
LpCDPK20, and LpCDPK27) that had elements related to abiotic
stress-responsiveness in promoter regions were selected, to identify
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LpCDPKs involved in stress responses. The corresponding coding
sequences (CDS) corresponding to those LpCDPKs were generated
by using gene-specific primers detailed in Supplementary Table S2
and introduced into the pYES2 vector. Then, those constructed
vectors and empty pYES2 (control) plasmids were transformed into
the yeast strain INVSc1 through the use of Chemically Competent
Cell (Weidibio, Shanghai, China). The transformants were selected
by their growth on the SC/-Ura medium containing glucose (SD/
-Ura) at 28 °C. Positive colonies were identified using the Yeast
Colony PCR kit (Weidibio, Shanghai, China). For the stress assay, the
positive colonies were cultured in SD/-Ura medium at 28 °C in a
shaking table overnight at OD600 = 0.6—0.8. After washing those
samples 3-5 times in SC/-Ura medium, the yeast cell densities were
adjusted to OD600 = 0.6, and then cultured on SC/-Ura medium
containing galactose (SG/-Ura) at 28 °C for 24 h to promote gene
expression. At the end of incubation, 50 pL (OD600 = 1.0) of yeast
cell culture solutions was removed, using sterile water to dilute
these samples by 10-fold (10°, 10~7, 10-2, 10-3, and 10-%). Then, 8 pL
of the cell solution was spread onto the surface of the solidified SG/
-Ura medium. For the drought and salt stress treatments, 800 mM
mannitol, and 500 mM NaCl were added to the medium respec-
tively, and the plates were incubated in an incubator at 28 °C
together with the control group. For the heat stress and cold stress
treatment groups, the medium was incubated at 37 and 20 °C
respectively.

Analysis of subcellular localization

The terminal stop codon was omitted when amplifying the CDS of
the selected LpCDPKs using gene-specific primers listed in Supple-
mentary Table S3. These sequences were then inserted into the
pCAMBIA1305-GFP vector to form LpCDPK-GFP fusion genes, which
were subsequently delivered into the Agrobacterium tumefaciens
strain 'EHA105". Agrobacterium tumefaciens was cultured overnight
at OD600 = 1.0, then it was resuspended with an infective solution
at OD600 = 0.6, and this solution was used to infiltrate the leaves of
Nicotiana benthamiana aged 4-6 weeks. Following infiltration, the
leaves were kept in the dark for 12 h before being returned to stan-
dard growth conditions. The GFP fluorescence was examined on the
third day by employing the Zeiss LSM 800 laser scanning confocal
microscope from Carl Zeiss SAS in Jena, Germany.

Generation of transgenic plants

The CDS of LpCDPK27 was successfully cloned into the
pCAMBIA3301 binary vector. Subsequently, the recombinant vector
was introduced into Arabidopsis thaliana ecotype Columbia via
Agrobacterium tumefaciens-mediated floral dip transformation. The
progeny was screened on 1/2 MS medium with the Basta to select
for transgenic plants. Homozygous T; generation transgenic seeds
were harvested and subsequently utilized for further research.

Analysis of salt tolerance

Arabidopsis seeds were disinfected by soaking in an 8% (v/v)
sodium hypochlorite solution for 12 min and then thoroughly rinsed
with sterile water three times. A total of 50 disinfected seeds were
placed on 1/2 MS medium supplemented with 0, 75, or 100 mM
NaCl. The seeded plates were subjected to a 4 °C cold treatment in a
fridge for 2 d before being transferred to a growth chamber set at
25 °C with 16-h light and 8-h dark photoperiod to assess germina-
tion rates. To determine the amount of taproot elongation, seeds
that had germinated on the 1/2 MS medium were transplanted onto
fresh square plates containing 0, 75, 100, or 125 mM NaCl and
placed in a 25 °C light culture chamber for vertical growth for 14 d.

Seven-day-old Arabidopsis seedlings, initially cultivated on 1/2
MS medium, were transplanted into soil and grown in a greenhouse
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at 25 °C for 3 weeks to assess salt tolerance at the rosette stage. For
survival rate determination, potted plants were given 200, 250, and
300 mM NaCl solutions for 5 d each, followed by 350 mM NaCl solu-
tions for 7 d, and finally with water for 2 weeks to leach the salt from
the soil. Meanwhile, those irrigated completely with water through-
out the trial were used as controls. The survival rate was calculated
by counting the surviving plants. Excluding the measurement of
survival rate, the electrolyte leakage (EL) was measured 5 d after salt
treatment using a conductivity meter (LEICI DDS-11A) following the
procedure described in the internal control. In these experiments,
each measurement was conducted with a minimum of three
replicates.

Determination of sodium and potassium ions in
leaves

The contents of sodium (Na*) and potassium (K*) in the plants
were measured using a previously reported methodB39. Plants that
were 3 weeks of age and soil-grown were irrigated with a 75 mM
NaCl solution to facilitate the uptake of Na* and K*. After 10 d of salt
treatment, the aerial parts of the plants were collected, rinsed with
deionized water, and then placed in an oven to dry until their
weight stabilized. The dehydrated plant material was ground into a
powder, and 0.1 g of sample was added to 6 mL of 65% (v/v) nitric
acid. The samples were digested in a microwave at 170 °C for
40 min. After the extracts were diluted with ddH,0 to a final volume
of 30 mL, the contents of Na* and K+ were measured with induc-
tively coupled plasma optical emission spectrometry (ICP-OES,
Optima 8000; Perkinelmer, USA).

Statistical analysis

Prism 10.0 software was utilized to analyze the data, which were
presented as means * standard deviation (n = 3). One-way or two-
way ANOVA was conducted to confirm the significance of the diffe-
rential expression.

Results

Identification of 28 CDPK family members in L.
perenne

A total of 28 LpCDPKs were identified based on L. perenne genome
sequences using SMART and CDD software. Depending on their
chromosomal positions, they were denominated as LpCDPK1 to
LpCDPK28. The features of the genes under study were further
detailed, including several key parameters such as their gene locus
identifiers, gene and protein, pl, MW, GRAVY, and number of EF-
hand motifs (Supplementary Table S4). The CDS lengths of LpCDPKs
ranged from 1,161 bp (LpCDPK6) to 3,603 bp (LpCDPK26), averaging
1,719 bp. The encoded protein length ranged from 386 (LpCDPK6)
to 1,200 (LpCDPK26) amino acids (aa), with an average of 572 aa.
While the pl varied from 4.95 (LpCDPK22) to 9.52 (LpCDPK3), and the
average value was 6.17. The MW varied from 43.52 (LpCDPK6) to
130.18 kDa (LpCDPK26), with an average of 63.33 kDa. The grand
average of GRAVY values for the LpCDPKs spanned from —0.516 for
LpCDPK11 to —0.221 for LpCDPK10, suggesting that these LpCDPK
proteins are hydrophilic. Furthermore, it was anticipated that each
LpCDPK would contain between two to four EF-hand motifs within
their CaM-like domain, enabling the capability to recognize and
bind calcium Ca2* molecules!“?,

Phylogenetic relationships of LpCDPKs

To determine the evolutionary connections among the LpCDPK
proteins, a comprehensive alignment was conducted using TBtools
software, which included all CDPK members from L. perenne (28).
A. thaliana (34), O. sativa (29). This alignment resulted in the
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generation of an unrooted phylogenetic tree as depicted in Fig. 1.
The CDS and corresponding protein sequences of LpCDPK are listed
in Supplementary Tables S5 and S6. CDPK proteins in L. perenne
were divided into four groups (Groups I-IV). Group | comprised 11
LpCDPKs, followed by Group Il and Group lll, which comprised eight
and seven, respectively, while the remaining two proteins were
placed in Group IV. The majority of the LpCDPKs were found in
Group | and Group Il, which exhibited similarities to the AtCPK and
OsCDPK proteins. In addition, most LpCDPKs presented highly
conserved motifs with other plants' CDPKs, such as AtCDPKs or
OsCDPKs.

Domain architectures and gene structure

Almost all members of the CDPK family have four conserved
domains, namely the N-terminal variable domain (V), the protein
kinase domain (K), the auto-inhibitory domain (I), and the calcium-
binding domain (C) conceived with one to four EF-hands (Fig. 2b).
Four conserved EF-hands were present in most LpCDPK members
(21), six members (LpCDPK04, LpCDPK06, LpCDPK11, LpCDPK20,
LpCDPK25, and LpCDPK26) contained three EF-hands while only
LpCDPKO03 has one EF-hand. In particular, LpCDPK26 also has two
zinc-binding motifs in addition to four EF-hands.

The structural analysis of LpCDPKs was conducted by examining
the pattern of exon/intron organization. There was considerable
variation in gene structure among the LpCDPKs, with differences in
both the number and length of introns, except for some homolo-
gous genes that showed similar structures. Each gene possesses a
long initial exon, succeeded by a series of shorter exons that range
from 1 to 11 in total (Fig. 2c). The intron phase for all LpCDPK gene
models was also assessed. As shown in Fig. 2¢, all LpCDPKs have
phase0, 1, or 2.

Chromosomal location and synteny analysis of
LpCDPK genes

TBtools software was employed to examine the chromosomal
location of LpCDPKs, revealing that these genes are scattered across
eight chromosomes with non-uniform distribution patterns and

Fig. 1 Phylogenetic tree of CDPK proteins in L. perenne (orange circle),
A. thaliana (purple circle), and O. sativa (blue circle). Different colors
represent different groups of LpCDPK.
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densities (Fig. 3). The maximal number of LpCDPKs (25%) was found
on chromosome 4. Gene collinearity among LpCDPKs was explored
through duplication analysis, uncovering a total of six pairs of dupli-
cated genes (Fig. 3). BLASTp and MCScanX (Multiple Collinear Scan
Toolkit) were used for the analysis of duplication patterns (tandem
and segment repeats). It was found that six pairs of LpCDPKs were
paralogous and belonged to segmented duplication. No instances
of tandem duplication were detected in this study. The data imply
that segmental duplication was a key factor in the evolutionary
process of LpCDPKs. Moreover, the orthologous relationship
between 28 LpCDPK genes and 34 AtCPK genes from Arabidopsis as
well as 29 OsCDPK genes from rice, was investigated. The analysis
indicated the presence of three pairs of orthologous CDPKs
between L. perenne and A. thaliana and 40 pairs between L. perenne
and O. sativa (Fig. 4). With TBtools software, calculations were
performed for the synonymous substitution rate (Ks) and the non-
synonymous substitution rate (Ka) of the gene pairs to verify the
presence of effective selection pressure. All those gene pairs exhib-
ited Ka/Ks values below 0.3 (Supplementary Table S7), suggesting
that there was a strong purification selection in those gene pairs.

Analysis of cis-acting elements in the promoter region
of LpCDPKs

To understand the regulatory mechanisms and possible func-
tions of the LpCDPK genes in plant development and stress res-
ponses, we used PlantCARE to examine the cis-acting elements
within a 2.0 kb DNA sequence of the promoter region. The LpCDPKs
possess promoter regions that are rich in cis-acting elements
concerning stress, phytohormonal influence, growth, and develop-
mental stages. While there is significant variation in the distribution
of these elements across the CDPK promoters (Fig. 5a), all of the
CDPKs contain hormone-responsive elements. Three hundred and
thirty one stress and phytohormone-responsive cis-acting elements
were detected across all LpCDPK genes (Fig. 5b; Supplementary
Table S8), including 124 Methyl Jasmonate responsive elements, 89
ABA response elements, 26 drought-responsive elements, 26 auxin-
responsive elements, 23 gibberellin responsive elements, 19 low-
temperature responsive elements, 13 salicylic acid-responsive ele-
ments, six circadian control responsive elements, four defense and
stress-responsive elements, and one wound-responsive element.
Those results indicated that LpCDPKs may play potential roles in the
regulation of multiple responses to environmental stress, phytohor-
mones, and development.

Relative expression levels of LpCDPKs in roots and
leaves under abiotic stress

Investigating the cis-acting elements within the promoter region
may offer circumstantial support for deciphering the functions of
CDPK genes in response to stressi*l, To identify potential abiotic
stress-responsive candidate LpCDPKs, six LpCDPKs (LpCDPKS5,
LpCDPK7, LpCDPK10 LpCDPK15, LpCDPK20, and LpCDPK27) that had
elements related to abiotic stress-responsiveness in promoter
regions were chosen for qRT-PCR analysis under four abiotic stresses
(heat, cold, osmotic, and salt stress) at five-time points. The findings
revealed that the selected LpCDPK genes exhibited distinct expres-
sion patterns in response to various stresses, suggesting their invol-
vement in the regulatory mechanisms of abiotic stress responses
(Fig. 6; Supplementary Table S9).

The heat and cold treatments led to upregulation of the expres-
sion of these LpCDPKs, and in most cases, the transcriptional
responses of five LpCDPKs (except for LpCDPK7) to heat or cold
treatments showed greater intensity in roots compared to leaves
(Fig. 6a—d). For instance, LpCDPK15 expression was enhanced 5- to
23-fold in roots, yet the increase in leaves was below 6-fold. Under
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Analyses of the evolutionary ties, domain architecture, and exon-intron pattern of CDPK family members in L. perenne. (a) An unrooted

phylogenetic tree illustrating the LpCDPKs is drawn using the maximum-likelihood method in MEGA 11.0. (b) The domain architecture of LpCDPKs is
presented. Visual representations of these domains were sourced from the EMBL-EBI and SMART online tools and modified using Adobe Photoshop CS6.
(c) The exon/intron pattern of CDPK family genes in L. perenne is detailed, with the numbers 0, 1, and 2 denoting the intron phase within the sequence.

osmotic treatment (Fig. 6e, f), three of the LpCDPKs were downregu-
lated in the root, including LpCDPK5, LpCDPK7, and LpCDPK15, but in
leaves, the expression of LpCDPK5 and LpCDPK7 was upregulated.
LpCDPK10 was also a gene whose expression levels in roots and
leaves had opposite response trends, the expression of LpCDPK10 in
roots showed an upward trend, while that in leaves showed a down-
ward trend. In addition, the transcriptional response of LpCDPK27
maintained obvious expression in both roots and leaves. Except for
LpCDPK27 which was only induced by salt, and LpCDPK7 which was
only repressed by salt, the four others exhibited both repression and
induction to various levels in roots (Fig. 6g). In leaves, LpCDPK10 and
LpCDPK15 remained at low levels in all periods after salt treatment,
and the expression levels of the rest of the LpCDPKs increased by 3
to 10-fold, respectively (Fig. 6h).

Comparison of yeast growth under salt and drought
stress

To identify LpCDPKs involved in abiotic stress, six genes were
expressed in the INVSC1 yeast strain. Transgenic yeast cells of six
LpCDPK genes and pYES2 control grew well and were not different
from the control (Fig. 7). When subjected to heat or salt stress, the
transgenic yeast strains harboring pYES2-LpCDPK5/7/10/20/27 exhi-
bited enhanced growth compared to the control. This suggests that
these LpCDPKs may contribute to heat and salt tolerance. Similarly,
under cold or drought stress, the strains with pYES2-LpCDPK10/20/27
also showed improved growth, indicating their potential involve-
ment in cold and drought tolerance. These results collectively
suggest that the overexpression of certain LpCDPK genes can
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enhance the stress tolerance of yeast cells under various abiotic
stress conditions, including heat, cold, salt, and drought.

Subcellular localization of LpCDPK protein

CDPKs show widespread subcellular distribution, which is one of
the reasons they can participate in various physiological processes
in different cellular compartments. Therefore, we performed tran-
sient expression of selected LpCDPKs-GFP in tobacco leaves to
determine their functional cellular compartments. The results indi-
cated that LpCDPK5 and LpCDPK10 were co-localized with nucleus-
marker OsMADS, and plasma membrane (PM) marker AtAKT1 after
plasmolysis, indicating that they were detected on the nuclei and
plasma membrane. Besides, LpCDPK7, LpCDPK15, LpCDPK20, and
LpCDPK27 were co-localized with PM.marker AtAKT1 after plasmoly-
sis (Fig. 8), indicating that those four genes were only detected on
the plasma membrane.

Overexpression of LpCDPK27 confers enhanced salt
tolerance in Arabidopsis

In relative expression levels analysis, LpCDPK27 was the highest
induced by salt stress treatment, suggesting a possible part it plays
in controlling salt tolerance. To delve into the function of LpCDPK27
under salt stress, three representative transgenic lines (OE4, OE5,
and OE8) with the highest expression of LpCDPK27 were selected
according to gRT-PCR for salt tolerance evaluation (Supplementary
Fig. S1). As depicted in Fig. 9a, b, the seed germination rate reached
97% in 2 d, and both wild-type (WT) and transgenic lines exhibited
equivalent behavior under control conditions. Both 75 and 100 mM
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NaCl decreased the germination rate of all plants, whereas the trans- ~ the WT, and they also presented with lower EL levels (Fig. 10c—e).
genic lines were seen to have a higher germination rate than those  This data illustrated that an excess of LpCDPK27 expression in trans-
in WT (Fig. 9¢, d). The salt tolerance of seedlings was assessed  genic Arabidopsis contributes to increased salt tolerance.

according to the root length which revealed no growth difference To explore if the expression of LpCDPK27 regulated ion homeosta-
under control conditions between the WT and transgenic types.  sis, The determination of Na* and K* levels in the shoots was
However, when subjected to 75, 100, and 125 mM NaCl, the growth ~ conducted following 75 mM NaCl treatment so as not to damage
of both genotypes was stunted, characterized by smaller frames and  the plant by ion. There was no significant difference of Na* and K* in
shorter roots, yet the transgenic plants displayed greater root elon-  shoots between the two genotypes under the control condition
gation than the WT (Fig. 10a, b). The capacity to tolerate salt at the (Fig. 11a). However, after salt treatment, the concentration of Na+
rosette stage was additionally tested by irrigating 3-week-old soil-  increased significantly and K+ decreased, the transgenic lines exhi-
grown plants with a NaCl solution to assess EL and survival rate. The  bited lower Na* and higher K* concentrations compared to the WT
transgenic varieties displayed superior survival rates in contrast to  (Fig. 11b). These alterations led to increased Na*/K* ratios in all
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corresponding image.

plants, but the ratios were lower in the transgenic plants as com-
pared to the WT (Fig. 11c). Moreover, the expression levels of SOS
pathway genes (SOS1, SOS2, and SOS3) and potassium transporter
gene AKT2 were compared between LpCDPK27-OE lines and WT,
both with and without NaCl treatment. After salt treatment, trans-
genic lines showed an increase in SOS1, SOS2, SOS3, and AKT2 tran-
script levels compared to the WT (Fig. 11d—g). These findings indi-
cated that LpCDPK27 expression modulated the expression of genes
related to ion homeostasis and stress response, contributing to
enhanced salt tolerance in the transgenic plants.

Discussion

CDPK genes are prevalent across the plant kingdom and func-
tion in regulating numerous physiological processes and plant
development!'7l. The advent of advanced whole-genome sequen-
cing has facilitated the exploration of the genomic identification
and evolutionary relationships of the CDPK family in multiple

Chen et al. Grass Research 2025, 5: e009

species. In this work, 28 CDPK genes have been identified in L.
perenne, which were designated as LpCDPKI-LpCDPK28 in accor-
dance with the proposed nomenclature for CDPK genes!“Z. Phylo-
genetic analysis revealed that LpCDPKs were akin to those of other
species, clustering into four groups with comparable numbers of
Group Il and Group IV genes, yet differing in the count of Group |
and Group Il genes when compared to other plants. This finding
suggests that the variation in CDPK gene numbers across species is
largely due to the independent evolution of Group | or Group I
genes!*®3l. Featuring a conserved kinase domain, CDPKs are equip-
ped with an auto-inhibitory segment that links to a calmodulin-like
domain responsible for Ca?* binding. Such structural attributes
enable CDPKs to interpret fluctuations in cytoplasmic CaZ* levels,
prompted by hormonal signals and various biotic and abiotic
stressorsl*4l, The conservation and variation in CDPK gene struc-
tures underpin the expansion of this gene family and the conserva-
tion or diversification of their functions. Structural characteristics like
active sites, acylation sites, and exon-intron structures, reveal details
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Fig. 6 The expression patterns of LpCDPKs in both roots and leaves of perennial ryegrass were examined under a variety of abiotic stress conditions. (a),
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about the evolution and divergence of gene families. Introns are
crucial for growth, development, and evolutionary processes*°l.
Analysis of gene structure indicated that the majority of LpCDPK
genes contained five or six introns, but LpCDPK27 had 10 introns.
Only LpCDPK1 did not contain introns, while LpCDPK17 and
LpCDPK28 had two introns. We speculated that the low intron
numbers were due to the loss of introns during the evolution of
perennial ryegrassi647l, Paralogs with a similar intron phase are
believed to share a common ancestor, and shifts in intron phase
signify divergence of paralogs over vast periods, potentially up to a
billion years8l. By analyzing the intron phase for LpCDPKs, we
observed that all of them possessed phases 0, 1, or 2, a record of
significant evolutionary milestones. It was also found that exon-
intron organization patterns and intron phase were similar among
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members of the same CDPK gene subfamily across both the peren-
nial ryegrass genome and other plant species, indicating that an
origin for the CDPK genes is the same among different plants and
they are closely evolutionarily conserved. Those results strongly
endorse the close evolutionary relationships of LpCDPKs and the
categorization into Groups I-IV.

Plant evolution is largely driven by gene duplication, which
results in the proliferation of gene families. Various models of
gene duplication exist, including segmental, tandem, proximal,
dispersed, and transposed duplication*], Those duplicate processes
can result in functional redundancy, neo-functionalization, and
sub-functionalization®?. In this study, we found six duplication
events in the L. perenne genome, LpCDPK02/LpCDPK13, LpCDPK04/
LpCDPK11, LpCDPK07/LpCDPK15, LpCDPK09/LpCDPK26, LpCDPK19/

Chen et al. Grass Research 2025, 5: 009
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using yeast with an empty pYES2 vector as a control.

LpCDPK22, and LpCDPK25/LpCDPK28, all of which were segmental
duplications. This finding indicated that the expansion of the CDPK
gene in L. perenne was due to segmental duplication events. To
determine the selective pressure acting on these duplicated genes,
we evaluated the non-synonymous to synonymous substitution
ratio (Ka/Ks) for each duplicated CDPK gene pair. Generally, a Ka/Ks
value above 1 signifies positive selection, a value of 1 indicates
neutral selection and a value below 1 denotes purifying or negative
selection™, For six pairs of duplicated CDPK genes, the Ka/Ks ratios
were all below 0.243, indicating that these pairs had primarily
undergone strong purifying selection pressure following segmental
duplications and may cause limited function divergence.

In our research, we investigated the possible impact of the
LpCDPK gene on responses to abiotic stress. For the precise regula-
tion of gene expression across space, time, and within specific cells,
the regulatory elements in the promoter region are of paramount
importancel®2., All six selected genes that had elements associated
with abiotic stress-responsiveness in the promoter region showed
reactions to various abiotic stresses, and this was also corroborated
by phenotypic validation in yeast stress resistance assays. However,
no MYB binding site for drought-inducible element (MBS) was found
on promoters of LpCDPK5, and no low-temperature stress response
element (LTRE) was found on promoters of LpCDPK10, LpCDPK15,
LpCDPK20, and LpCDPK27, even though these genes show respon-
siveness to drought or cold stress. On the contrary, although
LpCDPK15 did contain the MBS, it had no significant response to

Chen et al. Grass Research 2025, 5: e009

drought stress according to the experimental results of gqRT-PCR
analysis and phenotypic verification of yeast stress resistance
(Figs 6 & 7). Similar results were also found in Gossypium
Raimondii*3], Melilotus albus!>3), and Solanum habrochaites!>'. These
findings suggested that there may be other, yet unidentified, stress-
related cis- or post-transcriptional regulatory mechanisms involved
in the regulation of LpCDPK.

Myristic and palmitic acylation are unique in lipid
modificationsP4. Myristoylation (irreversible) has been shown to
promote membrane association of LeCPKI1[5], OsCPK2Gl, and
AtCPK257), The S-acyl group (palmitoyl moiety) itself has been
demonstrated to confer a membrane affinity approximately tenfold
stronger than that of a single N-myristoyl groupl®8l. Myristoylation
on its own is usually not enough for membrane localization, and it
needs to cooperate with palmitoylation to permanently anchor pro-
teins on membranes to promote proteins to perform physiological
functions>9601, All six of the genes we selected had palmitoylation
sites, and except for LpCDPK10 and LpCDPK15, the other four genes
also had N-myristoylation sites. Subcellular location analysis showed
that LpCDPK5 and LpCDPK10 were detected on the nuclei and
plasma membrane. While LpCDPK7, LpCDPK15, LpCDPK20, and
LpCDPK27 were only detected on the plasma membrane. These
results were similar to those of their orthologous genes, which also
have the N-terminal acylation sitel®?l. In addition, palmitoylation aids
in modulating cellular activities, including hormone signaling,
disease resistance, and stress responsel>8l, Moreover, palmitoylation
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is reversible, enabling the detachment of membrane-bound pro-
teins to be released from the membrane through thioesterase-
catalyzed de-palmitoylation and subsequently translocated to the
cytosol or nucleus®', It has been reported that the subcellular loca-
tions of AtCPK10, AtCPK30, and AtCPK32 moved from the plasma
membrane to the nucleus when exposed to nitratel62, Such shifts in
subcellular localization offer CDPKs the potential to engage in
diverse physiological functions. This study lays the groundwork for
further investigation into the roles of LpCDPKs in L. perenne.

The balance of Na* and K* in cells is pivotal for plant salt tole-
rance, with diverse mechanisms employed by different plant species
to sustain this ion balancel®3l. Under salt treatment, the LpCDPK27-
OE lines exhibited reduced Na* levels, elevated K* levels, and conse-
quently, significantly lower Na*/K* ratios compared to the WT
(Fig. 11), indicating that LpCPDK27 expression modulated the home-
ostasis of Na* and K*. The SOS pathway is recognized as a

Page 100f 14

LpCDPK27 regulates salt tolerance

significant regulatory mechanism for ion homeostasis, enhancing
the sodium tolerance in plants under salt stress®4, Elevated salinity
triggers calcium signaling, sensed by SOS3, leading to the subse-
quent activation of SOS2. Activated SOS2 then phosphorylates
SOS1, boosting its transport activity. This leads to SOS1 pumping
out excess Na* from cells, thus lowering intracellular Na* levels(64.65],
AKT2, a member of the Shaker family of K+ channels, is crucial for the
transport of K* in and out of phloem tissues®l, These regulatory
pathways are essential for maintaining Na*/K* homeostasis in
Arabidopsis thaliana when subjected to salt stress. In this study,
SOS1, SOS2, SOS3, and AKT2 transcripts were induced in transgenic
lines following salt treatment, whereas no significant changes were
observed in the WT plants. This correlated with the observed reduc-
tion in Na* levels and increase in K* levels in the transgenic lines
under salt tolerance conditions. The findings suggested that the
improved Na* and K* balance attributed to LpCDPK27 expression
was linked to the increased expression of SOS1, SOS2, SOS3, and
AKT2 under saline conditions. LpCDPKs are a class of enzymes that
can directly translate calcium signals into physiological responses.
They regulate a variety of physiological processes through the phos-
phorylation of downstream target proteins. Under salt stress condi-
tions, the concentration of calcium ions within plant cells under-
goes changes. Once these changes are sensed by LpCDPKs, their
kinase activity is activated, leading to the phosphorylation of down-
stream target proteins, thereby modulating the plant's salt tole-
rance. LpCDPK27 may exert its regulatory effects on the balance of
Na* and K* within cells by phosphorylating Na*/K* transporters,
thereby influencing their activity and endogenous levels. However,
we have not yet experimentally validated the specific mechanisms
of action for LpCDPK27. Based on existing literature and related
studies, we speculate that LpCDPK27 may regulate the salt stress
response through the following mechanisms: (1) Phosphorylation of
Nat/K*+ transporters: LpCDPK27 may phosphorylate Na*/K* trans-
porters such as SOS1 and AKT2, thereby modulating their activities.
SOS1 is a key protein in plant salt tolerance, responsible for extru-
ding Na* from the cell to lower intracellular Na* concentrations(®4.
AKT2 is involved in the uptake and transport of K*, maintaining
intracellular K* levelsl®”l, The overexpression of LpCDPK27 may
enhance the activities of these transporters through phosphory-
lation, thereby improving plant salt tolerance. (2) Regulation of
the SOS signaling pathway: The SOS signaling pathway is a crucial
regulatory pathway for plant salt tolerance. LpCDPK27 may modu-
late the activities of SOS2 or SOS3 through phosphorylation, thereby
enhancing the activity of SOS1. SOS2 is a protein kinase that phos-
phorylates SOS1 to activate its Na+ extrusion function8-701, SOS3 is
a calcium-binding protein that senses intracellular calcium signals
and activates SOS27". LpCDPK27 may enhance the perception and
response to calcium signals by phosphorylating SOS2 or SOS3,
thereby improving plant salt tolerancel7°l,

The identification and functional exploration of LpCDPK genes in
perennial ryegrass revealed that several members of this family,
particularly LpCDPK20 and LpCDPK27, exhibit significant responses
to various abiotic stresses, suggesting their potential roles in stress
tolerance mechanisms. Overall, whether in the gRT-PCR or the yeast
expression system, LpCDPK20 and LpCDPK27 remained highly
expressed in all four biological stresses. And the subcellular localiza-
tion of them on the plasma membrane suggests that it may directly
interact with external stress signals and regulate downstream sig-
naling pathways through phosphorylation of membrane-associated
proteins. These results collectively highlight the potential roles of
LpCDPK20 and LpCDPK27 in stress tolerance mechanisms in peren-
nial ryegrass. Furthermore, OsCDPK7 and AtCPK®6, the orthologous
to LpCDPK20, were verified to be positive regulators and showed
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transcriptional activation to high salinity stress, drought, and/or
coldB372], Given the conservation of gene functions in plants during
evolution, LpCDPK20 is likely to inherit similar functions and play an
important positive regulatory role in perennial ryegrass responding
to abiotic stress. However, a notable distinction emerged when
examining their expression patterns more closely. LpCDPK27
displayed the most substantial overall increase in expression levels
across all four abiotic stresses in qRT-PCR analyses. This comprehen-
sive and pronounced upregulation under diverse stress conditions
suggests that LpCDPK27 may play a particularly crucial and broad-
spectrum role in the stress response mechanisms of perennial
ryegrass. While our primary focus has been on the salt tolerance
function of LpCDPK27, we have also observed significant upregula-
tion of LpCDPK27 under heat stress conditions. In fact, in an unpub-
lished study, we have detailed the role of LpCDPK27 in enhancing
heat tolerance in perennial ryegrass. Our findings indicate that
LpCDPK27 not only contributes to salt tolerance but also plays a
crucial role in heat stress responses. This dual functionality high-
lights the broad-spectrum stress tolerance potential of LpCDPK27
and underscores the importance of further exploring its molecular
mechanisms in different stress contexts. While LpCDPK27 has been
the primary focus of our current functional studies, the significant
stress-responsive expression of LpCDPK20, along with its demon-
strated ability to enhance stress tolerance in yeast, indicates that it is
also a promising candidate for future research. The distinct expres-
sion patterns of LpCDPK20 and LpCDPK27 highlight the complexity
and diversity of the CDPK gene family in stress responses. It is likely
that different LpCDPK genes may have specialized roles in respon-
ding to specific stress conditions or may act synergistically to
enhance overall stress tolerance in perennial ryegrass. Therefore,
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our future research will continue to explore the functions of
LpCDPK20 and other stress-responsive LpCDPK genes. A comprehen-
sive investigation of the entire CDPK gene family in perennial
ryegrass will provide a more holistic understanding of their roles
in stress tolerance and may reveal additional valuable genetic
resources for improving the resilience of this important turfgrass
species to adverse environmental conditions. Additionally, further
elucidation of the molecular mechanisms underlying the dual roles
of LpCDPK27 in salt and heat tolerance will contribute to a more
comprehensive understanding of the stress response network in
perennial ryegrass.

Conclusions

In our research, 28 CDPKs in perennial ryegrass were determined
and characterized. The LpCDPKs had conservative and divergence
structures that facilitated the growth of gene family and the conser-
vation or differentiation of functions, while they were under strong
purifying selection pressure after segmental duplication and were
highly homologous to OsCDPKs. Moreover, according to qRT-PCR
analysis and the yeast ectopic expression system, most of the
selected LpCDPKs had shown sensitivity to various non-biological
stressors, and LpCDPK20 and LpCDPK27 were screened as candidate
genes for stress resilience. Furthermore, the regulation of salt tole-
rance by LpCDPK27 in Arabidopsis was positively correlated with the
preservation of Na+ and K* ion balance during saline conditions, due
to the induced expression of SOS1, SOS2, SOS3, and AKT2. The fin-
dings from our study will facilitate further functional dissection of
the LpCDPK gene family and can inform molecular breeding strate-
gies for perennial ryegrass.
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