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Abstract
Low temperatures and drought reduce forage yield and quality, with protein kinases crucial for plant
stress response. This study examines the LcC2DPs protein kinase family in Lotus corniculatus,
identifying 90 members, with some tandemly distributed on chromosomes 2–6, and grouped into 5
subfamilies (I-V). 34 homologous gene pairs were found in Arabidopsis thaliana. LcC2DP genes
promoters contain hormone and stress response elements. GO analysis highlights enrichment in
hormone response and kinase activity. Transcriptomic analysis links 78 genes to environmental
response and stress growth, with 10 validated by qRT-PCR after treatment with 100 µM ABA and IAA,
20% PEG6000, and 4°C. Protein interaction analysis identifies 5 core proteins (LcC2DP5, 11, 15, 38, and
58) activated by drought and cold stress. Gene analysis revealed that only LcC2DP5 and LcC2DP15
share co-expression transcription factors, with bZIP, bHLH, WRKY, NAC, MYB_related, MYB, C3H, and
C2H2 being prominent. These proteins are expressed under drought and cold conditions, highlighting
LcC2DP5 and LcC2DP15 activity. NAC and C2H2 are vital for drought response, while bZIP and
MYB_related are important for cold response. This suggests that various LcC2DPs in Lotus corniculatus
respond to hormones and stress via a TF regulatory network.

Introduction
Global climate change is increasing the frequency and severity of extreme weather, like droughts and
cold spells1–2, which threaten ecosystems, agriculture, and forage production3–4. These conditions
disrupt water supply, hinder forage growth, thus reduce yield and quality, sometimes leading to plant
death5. For instance, summer droughts with high temperatures can cut forage yield by about 30%6. In
plant cells, genes and their products manage signal perception and transduction, activating downstream
genes to protect against stress7. Calcium-dependent protein kinases (CDPKs) are vital in forage grasses’
response to abiotic stress8, acting as key signaling effectors. They detect environmental changes and

trigger intracellular pathways9. Under drought and low temperature stress, CDPKs enhance forage grass
adaptability by influencing stomatal movement, antioxidant enzymes, osmoprotectants synthesis, and
gene expression9–10.

Protein kinases, through phosphorylation and dephosphorylation, are crucial for plant response to
abiotic stresses such as drought and low temperature11. Phosphorylation of protein kinases amplifies
intracellular signal cascades by altering its charge, conformation, and function, while dephosphorylation
removes foreign signals in plant pathways12. Most protein kinases are calcium-dependent, playing a role
in calcium signal responses13. Calcium-dependent (CD) factors, such CDPK, are crucial in plant stress
responses, growth, and development14. Studies indicate that cells detect signals via Receptor-like kinase

(RLK) and membrane hardening, which then activate Ca2+ channels to raise cytoplasm Ca2+ levels14.
Ca2+ receptors like Ca2+-dependent protein kinase (CDPK), Calmodulin (CaM), Calmodulin-like proteins
(CMLs), and Calcineurin B-like proteins (CBLs), facilitate signal transduction13. CDPK with a C2 domain,

crucial for binding Ca2+, are extensively involved in regulating cell signaling, perception, conduction, gene
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expression, growth, and development15. Additionally, hormones, particularly Abscisic acid (ABA), are vital
in plant responses to various stresses, including low temperature16. Research indicates that ABA boosts
salt and drought resistance in Suaeda liaotungensis through working with jasmonic acid (JA) under cold
stress17. MAPK protein kinase is key in the signal transduction of indole-3-acetic acid (IAA)18, where G
protein activates intracellular signals after IAA is detected by cell membrane receptors19, can be to
induce the stransduction of IAA.

Transcription factors (TFs) play a pivotal role in helping plants respond to harsh environments by binding
to specific promoter and adjusting gene expression20. TFs generally have two domains: the DNA-binding

domain (DBD) and the transcriptional activation or inhibition domain21. Based on DBD structure, plant
TFs are categorized into families like MYB, WRKY, GARP, TCP, bZIP, bHLH, and HSF, etc.22. Among them,
bHLH23, NAC24, MYB_related25, MYB26, C3H, and C2H227 are crucial in regulating plant stress responses
to drought, low temperature, and salt.

C2 domain protein (C2DP), a class of calcium-dependent binding proteins in eukaryotes, is involved in
stress response and growth regulation28–33. CDPK proteins with C2 domain play a crucial role in plant
growth, development, and stress responses like drought34. While their functions have been studied in
model plants like Arabidopsis (Arabidopsis thaliana)28, tobacco (Nicotiana tabacum)29, and rice (Oryza
sativa)31, they are under-researched in forage crops Lotus corniculatus, also known as five-leaf grass or
cowhorn, is a high-quality perennial legume with strong stress resistance, widely cultivated for forage
and soil conservation35–36. This study identified and characterized the LcC2DPs protein kinase gene
family, analyzing their expression in response to ABA and IAA hormone treatments and stress conditions
like drought and low temperature. The findings offer insights and potential gene candidates for
enhancing stress resistance in Lotus corniculatus breeding.

Materials and methods
Plant materials

Lotus corniculatus was planted at a key laboratory's experimental base of Education Ministry at Guizhou
University (Guiyang, Guizhou, 106° 675 'E; 26° 427 ' N).

Family members identification

The research utilized genome and protein sequences, and annotation data from a Lotus corniculatus
database (http://www.kazusa.or.jp/lotus/) The Hidden Markov Model (HMM) profile (version 3.3)
(PF00168) was used to identify C2DPs proteins by searching the Pfam database37. An initial domain
search with an E-value < 1×10− 10 was conducted to create a species-specific model for the Lotus
corniculatus genome protein sequence. C2 domain protein sequences of Lotus corniculatus were then
submitted to the Conserved Domain Database (CDD)
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(https://www.ncbi.nlm.nih.gov/Structure/bwrpsb/bwrpsb.cgi), and screened with SMART
(http://smart.embl-heidelberg.de) and Pfam (http://pfam.xfam.org/) to exclude sequences without C2
domain38. This process identified high-cofidence C2 domain family proteins in Lotus corniculatus from
all non-redundant genes.

Physicochemical and molecular analysis

Expasy (https://web.expasy.org/protparam) and WoLF PSORT (https://wolfpsort.hgc.jp) software were
used to analyze theoretical molecular weight (MW)39, isoelectric point (pI), and subcellular localization.
MEME Suite 5.5.0 (https://meme-suite.org/meme/tools/meme) identified conserved motifs in Lotus
corniculatus C2DP genes, with a maximum of 10 motifs39. TBtools' Visualize Gene Structure examined
intron and exon regions of LcC2DPs, TBtools' Visualize Gene Structure examined intron and exon
regions, and Gene Location Visualize from GFF mapped chromosome localization. A phylogenetic tree
was created using the Neighbor-Joining (NJ) algorithm in MEGA 7.0, and final plot was visualized with
iTOL (https://itol.embl.de/)5. Collinearity analysis was performed with MCScanX. TBtools aided in
visualizing collinearity analysis. A 2000 bp upstream DNA sequence from LcC2DPs was used for
promoter analysis, with cis-acting elements predicted via the PlantCARE database
(http://bioinformatics.psb.ugent.be/webtools/plantcare/html)40.

Function prediction

GO and KEGG analyses were conducted using the DAVID tool (https://david.ncifcrf.gov/), and figures
were created with Microscopic Letter (https://bioinformatics.com.cn/). A Lotus corniculatus protein-
protein interaction network was constructed by importing Lotus corniculatus C2DPs sequences into the
STRING database (https://string-db.org/), saved as a TSV file, and visualized the PPI network with
Cytoscape software. Using the Japonicus plant database (https://planttfdb.gao-
lab.org/prediction.php)41. A Python script analyzed gene transcriptome FPKM values, and a
coexpression network was built with DEGs and TF data Cytoscape v3.7.10 software was used for visual
analysis.

Gene expression analysis

To study LcC2DP gene expression, 12-day-old hydroponic seedlings with healthy rhizomes were
transplanted into soil for 2 weeks culture. During this time, they underwent drought, low temperature, and
hormone treatment. Drought stress was simulated by applying respectively carried out during this period,
500 ml 20% PEG solution daily for 15 days. The Lotus corniculatus seedlings were placed in a growth
incubator (Ningbo Southeast Instruments Co., Ltd.) at 4°C for 72 hours. For 15 days, 100 umol IAA and
ABA were applied to the leaves and soil twice daily. Except for the low temperature group, the culture
conditions were maintained at 25 ℃ with a 16-hour light and 8-hour dark cycle, 60% humidity, and 20000
Lk light intensity. Total RNA was extracted from each sample (drought and hormone, 0, 3, 6, 9,12, and 15
days; low temperature, 0, 6, 12, 24, 48, and 72 hours) using the OMEGA Plant RNA Kit (OMEGA,
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Guangzhou, China), and approximately 2 µg of RNA was used for reverse transcription with a StarScript II
First-strand cDNA Synthesis Mix (CenStar, Beijing, China). LcC2DPs and LcUBI detection primers were
designed with Primer Premier 5.0 software. The cDNA served as templates for quantitative real-time
PCR (qRT-PCR) using these primers (Table S2), with cycling conditions of 94 C for 3 min, then 35 cycles
of 94°C for 30 s, 58°C for 30 s, and 72 C for 30 s on a qTower3G System (Analytik Jena AG, Jena city,
Germany). LcUBI gene was the endogenous control for data normalization42, and gene expression was
quantified using the comparative CT method43. All experiments included at least three independent
biological replicates.

Statistical analysis
Data processing was performed using Microsoft Excel 2013, statistical analysis was carried out using
SPSS24.0, and figures were generated using GraphPad Prism 8.4.3. In this research, all the experiments
were carried out in three independent biological replicates. In each graph, error bars indicate the mean
values ± standard error (SE) of three replicates. To test the statistical significance between
measurements of different treatments, a multiple test selection with analysis of variance (ANOVA) and
Student’s t-test were used. The significance level between the various time points has been placed (*P < 
0.05, **P < 0.01, and ***P < 0.001).

Results
LcC2DPs family members

Using HMMER, InterPro (PF00168), and SMART software, 90 LcC2DPs genes were identified after
searching for sequences with typical C2 structural domains in Lotus corniculatus genome. Protein
sequences revealed significant variation in the lengths and molecular weights of LcC2DP members.
Their amino acids ranged from 60 (LcC2DP24) to 1,056 (LcC2DP3, LcC2DP27), and molecular weights
varied from 6,681.80 (LcC2DP24) to 78,9062.1 (LcC2DP9) kDa. The LcC2DPs family included 34 basic
proteins and 56 acidic members with isoelectric points below 7. Fat coefficients of the family ranged
from 60.13 (LcC2DP49) to113.15 (LcC2DP61), with 87 proteins being hydrophilic. The LcC2DPs family
consists of 42 stable and 48 unstable proteins, with LcC2DP62 having the highest instability index of
60.07. These proteins were found in various cellular locations, including the nucleus, cytoplasm,
cytoplasmic membrane, chloroplast, endoplasmic reticulum, cytoskeleton, peroxisome, vesicles, and
mitochondria. Specifically, 28 proteins were in the nucleus, 23 in the cytoplasm, and 14 in the plasma
membrane (Table S1). This indicates that LcC2DPs family members are widely involved in various life
processes.

Motif, intron and exon of LcC2DPs

To explore the diversity of LcC2DPs family members in Lotus corniculatus, the conserved motifs of
LcC2DP proteins were analyzed using online MEME software. The analysis identified five subfamilies
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within LcC2DPs family (Fig. 1A). Group I had at least 6 conserved motifs (motif 1, 2, 3, 4, 5, 6, 7, 8, 9, 10)
in 13 proteins. Group II primarily featured motif1 (77.8%) or motif1 + motif6 (22.2%). Group III mainly
included motif1 (50%) or motif1 + motif6 (50%). Group IV, with 8 members, consisted of motif1, 4, 6, 9
(67%) and motif 1, 6 (33%). The co-occurrence of motif 1 and motif6 is crucial for Group IV members. In
group V, the combination included motif1 (7.1%), motif6 (7.1%), motif1 + motif6 (75%), and motif1 + 
motif6 + motif7 (10.71%) (Fig. 1B). This suggests that motif1 and 6 are the most conserved in LcC2DPs
family, indicating the diverse and special roles in plant cell. According to the method44, the LcC2DPs
gene structure was mapped using genome annotation, showed 1–18 exons and 1–15 introns (Fig. 1C).
An exon appeared in 38 genes across Groups I-IV, while an intron was found in 7 genes from Groups I-III
and V. Exons were more frequent than introns, and the size of coding sequences (CDS) after intron
removal varied significantly, reflecting differences in protein molecular weight and amino acid
composition among LcC2DPs family members.

Chromosome localization

TBtools analysis showed that LcC2DPs genes in Lotus corniculatus are distributed across
chromosomes chr0 to chr6. Chr0 contains the most genes, with 34. Chr1, 2, and 4 each have 13 genes.
Chr5 has the fewest, with just 1 gene, while chr6 has 9 genes. The tandem gene distribution is common,
with genes LcC2DP39, 40, 41, and 65 on chr1; LcC2DP44 and LcC2DP51 on chr2; LcC2DP82 and
LcC2DP84 on chr3; LcC2DP71, 72, 74, 75, 76, 77 and 78 on chr4 (Fig. 2A).

Phyletic evolution

A phylogenetic tree was created using amino acid sequence alignment of C2DPs proteins from Lotus
corniculatus and Arabidopsis (Fig. 2B), dividing them into five groups (I-V). Both species showed
similarities: Group I includes 26 LcC2DPs and 11 AtC2DPs, some with only the C2 domain and others
with an additional phospholipase D domain, PLDc, which produces phosphatidic acid from
phosphatidylcholine, may play a role in forming transport vesicles or act as a component in signaling
pathway trafficking. Group II comprises 20 LcC2DPs and 21 AtC2DPs members, some with a C2 domain
and others with a C2_ArfGAP domain related to glycosylation. Group III includes 8 LcC2DPs and 16
AtC2DPs members, featuring either a C2 domain or a C2B_MCTP_PRT domain. The PRT-c domain, often
found with a calcium-dependent C2 domain, is located at the C-terminus of phosphoribosyl transferases
and similar proteins, and typically includes a potential transmembrane region. Group IV consists of 8
LcC2DPs and 5 AtC2DPs, with some members having only a C2 domain and others having an additional
VWA domain. Group V includes 27 LcC2DPs and 22 AtC2DPs, with some members having only a C2
domain, while others have an additional GRAM domain. The GRAM domain is mainly found in
membrane-associated proteins and may play a role in protein and lipid binding.

Collinearity genes

Gene duplication and divergence contribute to gene family expansion and the evolution of new
functions45–46. A collinear gene analysis was conducted within Lotus corniculatus to explore the origin
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and evolutionary history of the LcC2DPs family. The LcC2DPs family contains 10 pairs of homologous
genes on chromosomes 1 to 6 (Fig. 2C). Collinearity analysis between Lotus corniculatus and
Arabidopsis revealed 34 homologous relationships among 24 Lotus corniculatus and 25 genes
Arabidopsis genes (Fig. 2D). Gene pairings vary, with some Arabidopsis genes, like AtC2DP22,
corresponding to multiple Lotus corniculatus genes (LcC2DP57, 79, 87).

Cis-acting elements of promoter

Cis-acting elements in gene promoter affect the expression patterns. To understand the function of
LcC2DPs gene family promoters, 2000 bp upstream sequences were analyzed by bioinformatics. These
promoters are mostly enriched with elements responsive to light (GT1-motif), auxin (AuxRR-core), and
abscisic acid (ABRE), related to the growth and development. They also contain elements for stress
regulation, including responses to cold (MYB), drought (MYC or MBS), hypoxia (ARE), and defense (TC-
rich repeats) (Fig. 3).

GO and KEGG enrichment pathways

GO analysis revealed that 90 LcC2DP genes were categorized into 30 groups, spanning cellular
components, molecular functions, and biological processes. The cellular components primarily involved
endosome, cytoplasm, endoplasmic reticulum, membrane, lysosomal membrane, plasma desmosis,
vesicles, and membranes. Molecular functions of the endoplasmic reticulum mainly included calcium
ion binding, protein binding, calmodulin binding, enzyme regulator activity, GTPase activation, kinase
activity, protein serine/threonine kinase activity, catalytic activity, organic acid and carboxylic acid
binding. Biological processes covered abscisic acid response, hormone signaling pathways, cell signal
transduction, growth and developmental regulation, abiotic stimulus response, oxidative stress and
defense response regulation. GO analysis revealed that the pathways of hormone response, protein
binding activation, and kinase activity are crucial for the biologically active of C2DPs family members,
including responses to environmental stress, growth regulation and other functions (Fig. 4A).

KEGG enrichment analysis identified 90 LcC2DPs genes across 13 pathways, primarily involving material
metabolism: substance metabolism and transportation, ubiquitin system, coenzyme and protein
metabolism, genetic information processing, pantothenic acid biosynthesis, gene transcription. This
indicates that the metabolism, ubiquitin system, and gene transcription mechanism are key pathways
enriched for LcC2DPs genes (Fig. 4B).

Gene clustering group

Under abiotic stress, 90 LcC2DP genes were grouped into different clusters47. In stem node tissue, gene
expression showed three patterns: 53 genes were up-regulated (red), 25 were down-regulated (blue), and
12 showed no change (yellow), representing 58.89%, 27.8%, and 13.33% of the total, respectively. Over 0,
3, 6, 9, and 12 days, up-regulated genes numbered 36, 28, 43, 39, and 19, while down-regulated genes
were 42, 49, 39, 35, and 39. Twelve genes showed no significant expression change over 12 days
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(Fig. 4C). The LcC2DPs family, expressed in various plant tissues, plays diverse roles in cellular stress
response, mainly by regulating pathways.

Gene expression pattern

qRT-PCR analysis of 10 LcC2DPs genes screened in the root, stem, and leaf of Lotus corniculatus
confirmed their expression in all these organs (Fig. 5A). The expression levels of certain genes, like
LcC2DP1, 2, 24, 43, 60, 61, and 62 (p < 0.05, p < 0.01 or p < 0.001), were notably higher in stems and
leaves compared to roots. LcC2DP8 (p < 0.001) and LcC2DP31, 36 (p < 0.001) were primarily expressed
in stems and leaves, respectively. This suggests that LcC2DPs genes play a crucial roles across root,
stem, and leaf.

Analysis of ABA-responsive (ABRE) and IAA-responsive (AuxRR-core) elements in Lotus corniculatus
C2DPs family showed that treating plants with 100 µM ABA and IAA improved the growth over 15 days
(Fig. 5B). Samples were collected at various growth stages for qRT-PCR analysis (Fig. 5C). Results
showed that LcC2DPs family members respond to ABA and IAA hormones, with expression patterns
varying over 0 to 15 days, forming four groups. The first group (LcC2DP1, 24, and 31) had higher early
expression with ABA (0–9 or 0–6 days) than IAA. The second group (LcC2DP2, 8, 36, 43, and 61) showed
opposite, higher expression trends for IAA and ABA throughout. The third group, LcC2DP60, exhibited
notable transcription fluctuations in response to both hormones across all stages (0–6, 6–12, and 12–
15 days). The fourth group, LcC2DP62, showed higher gene expression under ABA treatment than IAA
throughout the 0–15 period.

Cis-acting elements in gene promoters can help analyze gene expression patterns and functions. To
investigate the LcC2DPs gene family's functions, Lotus corniculatus was exposed to PEG6000 for
drought simulation (0, 3, 6, 9, 12, and 15 days) and 4°C for cold stress (0, 6, 12, 24, 48, and 72 hours).
Under drought, plant showed leaf curling, poor growth, and slow height increase (Fig. 6A-a). In cold
conditions, wilting began after 12 hours, worsening in the upper leaves, and by 72 hours, the Lotus
corniculatus drooped (Fig. 6A-b). qRT-PCR analysis of LcC2DP genes in young leaves under drought and
low-temperature conditions revealed differences in the expression of 10 genes (Fig. 6B). Compared to
the initial expression, the LcC2DP1 gene showed fluctuating expression, being up-regulated in the early
stages (3–6 days, p < 0.001) and down-regulated later (12–15 days, p < 0.001 or p < 0.01). LcC2DP8 was
up-regulated during the middle to later phase (6–15 days, p < 0.01 or p < 0.001), while LcC2DP24, 31, 43,
and 60 consistently showed increased expression throughout (p < 0.05, p < 0.01 or p < 0.001). LcC2DP60
and LcC2DP61 were up-regulated in the early to middle stages (3–12 days, p < 0.05, p < 0.01 or p < 
0.001).

Under the 4 ℃ environment, the expression of LcC2DPs family genes in Lotus corniculatus varied
(Fig. 6C). LcC2DP1 was significantly up-regulated between 12 and 48 hours (p < 0.05), while LcC2DP24
showed up-regulation only at 72 hours (p < 0.01). LcC2DP8 and LcC2DP36 exhibited an ‘increase-
decrease-rise’ pattern. LcC2DP43 and LcC2DP60 were continuously down-regulated from 6 to 72 and 12
to 72 hours, respectively. Notably, LcC2DP61 showed no significant expression changes, indicating that
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LcC2DP61 is not induced by low temperature for transcription. LcC2DP62 in plant cell was up-regulated
at 6–72 hours. Results showed that in addition to LcC2DP61, 9 other genes are involved in cold response
in Lotus corniculatus.

Regulatory pathways

The C2DPs protein kinase family creates complex networks for cellular adaptation to stress48. To
explore the cooperative or division of labor among C2DPs family members, they were analyzed using
STRING (STRING://cn.string-db.org) for PCC statistics. Results showed that five core proteins, LcC2DP5,
11, 15, 38 and 58, primarily control the regulatory pathways among 90 family members, with 27
members interacting to varying extents with these core proteins (Fig. 7A). Results indicates that
LcC2DP1, 20, and 67 proteins interact with XLG2 protein from the G-alpha superfamily, which acts as an
energy-releasing engine in signal transduction49. The activation and conformational changes in LcC2DPs
depend on XLG2 activation.

To confirm the response of five core genes to drought and low-temperature stress, qRT-PCR was used to
measure the expression of LcC2DP5, 11, 15, 38, and 58. The study found that all five core genes
responded to drought stress, initially increasing and then decreasing. Gene expression for LcC2DP5 and
15 increased continuously from 0 to 9 days, LcC2DP11 and 38 from 0 to 6 days, and LcC2DP58 from 0 to
3 days. LcC2DP11 showed a significant decrease at 12 days compared to day 0 (p < 0.05). LcC2DP11,
38, and 58 had notable expression changes from 3 to 6 days (P < 0.01, or P < 0.05). LcC2DP5 showed the
most significant expression from 9 to 15 days (p < 0.001), while LcC2DP15 was significantly expressed
from 6–12 days (P < 0.001) (Fig. 7B). Five core genes also responded to low-temperature. LcC2DP5, 11,
and 38 continuously increased from 0 to 72 hours at 4 ℃, while LcC2DP15 and LcC2DP58 peaked at 72
and 24 hours, respectively. LcC2DP5, 11, and 38 showed differential expression from 6 to 48 hours (P < 
0.001, P < 0.01 or P < 0.05) and decreased after 72 hours. LcC2DP11 and LcC2DP15 were significantly
expressed from 48 to 72 hours (P < 0.001). LcC2DP58 was significantly expressed only at 24 hours (P < 
0.001) (Fig. 7C).

Co-expression transcription factor

Cell regulates its physiological process by TFs acting as mediators5. To explore the abiotic stress
response mechanism of LcC2DPs family members, a Python script was used to identify co-expressed
TFs for five core proteins. Only LcC2DP5 and LcC2DP15 provided co-expressed data, suggesting they
are key in regulating abiotic stress responses within the LcC2DPs family (Fig. 7D). This analysis was
based on FPKM data from our existing transcriptome using a Python script47, we conducted co-
expression analysis of transcription factors (r > 0.9). The study identified 49 types TFs, totaling 134, co-
expressed with LcC2DP5 gene. The top eight TF types by member count include bHLH (8), WRKY (7),
C3H (7), bZIP (7), MYB (5), MYB_related (5), C2H2 (5), and NAC (5). Analysis showed the LcC2DP15 gene
is co-expressed with 38 types, totaling 125, including bHLH (15), WRKY (14), MYB_related (10), NAC (9),
bZIP (9), C2H2 (7), and C3H (7) (Table S3). These TF families are known to play roles in abiotic stress
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responses23,50–56, suggesting that bHLH, WRKY, C3H, bZIP, MYB, NAC, C2H2, and MYB_related are key
pathways for LcC2DPs family in mediating abiotic stress regulation in plants.

Expression of transcription factors

Differential expression analysis of key abiotic stress-related TFs (bZIP, bHLH, WRKY, NAC, MYB_related,
MYB, C3H, and C2H2) in Lotus corniculatus under PEG-induced drought showed that all eight TFs were
up-regulated (Fig. 8A). The bHLH was significantly expressed only at the initial stage (3 days) (P < 0.001)
before decreasing. MYB_related was significantly expressed during both the initial and middle stages
(3–9 days) (P < 0.001 or P < 0.01), with reduced expression after 9 days (P < 0.01). In contrast, other TFs
like bZIP, WRKY, NAC, MYB, C3H, and C2H2 were up-regulated throughout the stress period (3–15 days)
(P < 0.001, P < 0.01, or P < 0.05), with bZIP, NAC, and C2H2 TFs showing the most significant differential
expression in response to drought (P < 0.001). In Lotus corniculatus exposed to low temperature (4°C),
all eight TFs (bZIP, bHLH, WRKY, NAC, MYB_related, MYB, C3H, and C2H2) co-expressed with LcC2DPs
were induced by cold stress (Fig. 8B). MYB_related showed differential expression in early and middle
stages (6–24 hours) (P < 0.001), and MYB in initial stage (6–12 hours), both peaking at 6 hours (P < 
0.001). NAC and C3H were active during early and middle phases (6–48 hours) (P < 0.01 or P < 0.05).

Analysis of core TFs linked to LcC2DPs under drought and low temperature stress showed that bZIP was
consistently up-regulated throughout both conditions (3–12 days for drought and 6–48 hours for low
temperature) (P < 0.001). bHLH was up-regulated early in drought (3 days) (P < 0.001) and entire low
temperature exposure (6–72 hours) but down-regulated later in both stresses (15 days for drought and
72 hours for low temperature) (P < 0.001 or P < 0.05). WRKY was up-regulated during 3–6 and 12–15
days of drought, and at 6 and 24–72 hours of low temperature treatment (P < 0.001, P < 0.01 or P < 0.05).
NAC was consistently up-regulated during drought period (3–15 days) (P < 0.001) but down-regulated in
later stage (72 hours) under low temperature, showing different regulatory patterns for each stress.
MYB_related had varied expression early on, then gradually decreased. The transcription of MYB differed
between stresses, increasing under drought and decreasing under low temperature (P < 0.001, P < 0.01,
or P < 0.05). C3H and C2H2 showed differential expression patterns under drought and low temperature
stress. C3H was up-regulated early and mid-stress (P < 0.001 or P < 0.01), while C2H2 was consistently
up-regulated (P < 0.001 or P < 0.05). Under drought, TFs expression ranked: NAC > C2H2 > WRKY > bZIP > 
C3H > MYB > MYB_related > bHLH. In low temperatures, it was: bZIP > MYB_related > C2H2 > C3H > NAC 
> bHLH > MYB > WRKY. NAC and C2H2 were key under drought, while bZIP and MYB_related were crucial
under low temperature.

Discussion
The continuing warming of global climate has severely affected grass growth and development.
Research into genes involved in stress regulation will be essential for grass molecular breeding. This
paper identifies and analyzes 90 C2DP genes in Lotus corniculatus genome, which are linked to stress
responses in rice (Oryza sativa L)57, cotton (Gossypium hirsutum L)58 and Arabidopsis (Arabidopsis
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thaliana)59 were found in of Lotus corniculatus (Table S1). The LcC2DP gene family is larger than in rice,
cotton and Arabidopsis, which have 82, 31, and 16 C2DP genes, respectively. Rich functionality in a gene
family is contingent upon its member numbers60. The complexity and diversity of C2DPs gene family
suggest that variations among plant species may result from gene loss and duplication, key factors in
gene family evolution. These processes can lead to the emergence of new genes with unique
functions61.

After identifying LcC2DPs family, their physicochemical properties were examined (Table S1).
Subcellular localization showed that LcC2DPs proteins in the cell nucleus and cytoplasm, similar to
CDPK in other plant62. This suggests that LcC2DP proteins activate transcription factors and regulate
gene expression in response to signals, like other protein kinases. The division of labor family members
is linked to their nuclear and cytoplasmic localization, affecting their role in signal transduction.

LcC2DP genes primarily cluster on chromosomes 1, 2, 3, and 4 (Fig. 2A), indicating possible tandem
duplications in these regions of the Lotus corniculatus genome63. Such duplications are key in stress

resistance, membrane function in rice and Arabidopsis, and signal transduction in legumes64–66. This
implies that many LcC2DP genes play roles in stress responses and cellular signal transduction,
potentially explaining the large number of family members in plants like rice and sweet potato, and
suggesting interactions between chromosomes. Phylogenetic analysis based on gene structure
classified 90 family members into five groups (Fig. 2B). The C2DP genes of Arabidopsis were similarly
divided into five groups59, confirming our analysis. C2DPs genes in Lotus corniculatus outnumber those
in cotton and rice57–58. C2DPs were grouped into 5 in Arabidopsis and 7 in rice, with rice having fewer
members than Lotus corniculatus. Gene functional redundancy has emerged during evolution. Gene
duplication is a key driver of new gene functions but can cause redundancy. This redundancy helps
maintain metabolic balance across environmental changes and development67. The study indicates that
under purifying selection, duplicated genes varied expression or specialization supports plant adaptation
to diverse environments68.

Genome analysis shows that tandem duplication plays a crucial role in gene family expansion by
generating new genes and clusters69, In this study, tandem duplication analysis identified 10 pairs of
collinear homologous genes within Lotus corniculatus and 34 pairs between Lotus japonicas and
Arabidopsis (Fig. 2D). This suggests that tandem duplication has contributed to gene expansion in the
Lotus corniculatus genome, potentially aiding its adaptation to complex environmental conditions and
physiological functions compared to plant like potato48. Collinearity analysis revealed only 20
homologous gene pairs between Cucumis melo, Vitis vinifera, and Arabidopsis thaliana41. Our findings
indicate a strong evolutionary relationship between the LcC2DPs gene family and Arabidopsis,
suggesting similar functions. Overall, Lotus corniculatus shares a similar evolutionary process and
genetic trait variation with Arabidopsis and other organisms.
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Cis-acting elements in promoters can elucidate gene expression regulation, cellular signaling network,
and gene-environment interactions70. The prediction of cis-acting elements in LcC2DP promoter regions
identified multiple hormone (AuxRR-core and ABRE) and stress response elements (MYC, MBS, ARE, TC-
rich, and MYB) were identified (Fig. 3). Evidence suggests that AtCDPKs is involved in external stimuli
responses with ABA71– 72. In Arabidopsis, CDPKs have been linked to abiotic stresses like drought, cold,

heat, and salinity10, 72. This indicates LcC2DP family genes may play a complex role in stress responses
related to plant hormone regulation. Changes in LcC2DPs gene expression under hormone and abiotic
stress were analyzed using qRT-PCR. This study confirms that LcC2DPs is involved in plant hormone and
abiotic stress responses, including ABA, IAA, drought, and low temperature.

CDPK regulate ABA-mediated signaling and influence phytohormones responses, such as IAA and
cytokinins (CTK)73–74. qRT-PCR results showed LcC2DP's sensitivity to 100 µM ABA and IAA in Lotus
corniculatus (Fig. 5C), leading to its classification into four groups based on the hormones response
differences over time. Specifically, LcC2DP1, 24, 31, LcC2DP2, 8, 36, 43, 61, LcC2DP60, and LcC2DP62
belong to groups 1, 2, 3, 4, respectively, according to RNA-seq data47. CDPK proteins are crucial for

signal transduction, gene expression, growth, and development by binding to Ca2+, and they enhance
plant resilience to various stresses75–76. Our study highlights the diverse biological roles of protein
kinases. In grape and rice73,30, VpCDPK16 and OsCPK21 respond to ABA signaling, while IAA affect

CDPK expression and activity, with NtCDPK1 transcripts increasing upon IAA treatment77. The
expression level of different LcC2DP genes in Lotus corniculatus, treated with ABA and IAA, suggest a
potential role in hormone signaling regulation.

The cis-acting elements analysis and qRT-PCR assays on tender leaves exposed to PEG6000 and low
temperature (4 ℃) revealed that 10 gene showed expression differences under drought and cold
conditions. These genes exhibited varying expression patterns during drought treatment, categorized
into four models: LcC2DP1, 24, 31; LcC2DP2, 8, 36, 43, and 61; LcC2DP60; LcC2DP62 groups (Fig. 6B).
CDPK are crucial for Arabidopsis under drought and other stresses71. For example, GhCDPK60 enhances
drought resistance78, while GhCDPK4 boosts tobacco's drought tolerance79. In conclusion, LcC2DPs
family is closely linked to drought response and exhibits complex regulation in Lotus corniculatus.

CDPK proteins have diverse roles in responding to abiotic stresses like cold, salinity, and heat in plants34,

71. LcC2DP1, 2, 24, 8, 31, 36, 60, and 62 genes show varied expression at different stages under low-
temperatures (Fig. 6C). LcC2DP61 showed no significant changes throughout the process and was
unaffected by low temperature. LcC2DP61's expression did not align with its promoter's ‘defense and
stress responsiveness’ elements, possibly due to other regulatory like trans-acting factor80. Besides,
LcC2DP43 expression significantly decreased at each stage in 4 ℃ environment, indicating a unique
transcription model pattern. ShCDPK12 and ShCDPK30 function differently in response to cold stress in
Solanum habrochaites and Arabidopsis34. CDPKs respond to abiotic stresses like drought, heat, salinity,
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and cold71. This study reveals that LcC2DPs reacts differently to low-temperature, possibly due to their
abundance of stress-related cis-elements and family members.

Protein-protein interactions are crucial in biological pathways81. Using the online tool STRING (available
at //cn.string-db.org) with Cytoscape for predicting and visualizing the interactions among LcC2DPs
family members. Analysis revealed that this family has five core proteins (LcC2DP5, 11, 15, 38, and 58).
LcC2DP1, LcC2DP20, and LcC2DP67 interact with XLG2, a G-alpha superfamily member (Fig. 7A). XLG2
and G-alpha protein positively influence hormone signal transduction like IAA, ABA, and gibberellin (GA),
affecting cell division, developmental, and stress response in plants82–83. Thus, LcC2DP family genes are
crucial in plant hormone signaling and stress response pathways.

The TFs bind to cis-regulatory elements in target gene regions to regulate plant growth, development,
and stress responses84. A Python script identified co-expressed TFs for five core proteins, revealing that
only LcC2DP5 and LcC2DP15 provided insights with co-expressed TFs. This suggests they are the
central genes in the LcC2DPs family involved in plant abiotic stress (Fig. 7D). Co-expression analysis
identified eight TFs (bZIP, bHLH, WRKY, NAC, MYB_related, MYB, C3H, and C2H2) in the regulation
network of LcC2DP5 and LcC2DP15 for drought and 4 ℃ responses. Among them, bHLH and MYB
regulate drought, NAC and MYB_related regulate low temperature, while bZIP, C2H2, WRKY, and C3H
form a common regulatory network under these stresses. The qRT-PCR analysis confirmed these
findings after PEG6000 and 4 ℃ treatments.

NAC (NAM, ATAF1/2, and CUC2) and MYB proteins are important factors in the stress response11, 85. Our
study showed that NAC and MYB expression increased after 20% PEG treatment for 15 days in Lotus
corniculatus (Fig. 8A), highlighting their role as key stress response regulators. As a crucial regulator in
heat and drought stress responses, SNAC3, in particular, enhances plant tolerance to heat and drought85.
Overexpressing TaMYB33 and GbMYB5 genes enhances the drought tolerance in Arabidopsis and
tobacco86,26, indicating that NAC and MYB transcription factors are vital for drought resistance in Lotus
corniculatus. Low temperature pose significant environmental challenges, impacting plant physiology
and yield87. This study shows that bHLH and MYB-related are highly expressed at 4°C in Lotus
corniculatus (Fig. 8B), with bHLH family members playing a key role in responding to cold stress by
regulating cold -responsive genes like COR (cold-responsive) and CBF (cold-regulated binding factor)88–

90. Simultaneously, the MYB_related family is crucial in responding to low temperature stress. Research
shows that AhMYB30 from peanut MYB_related family enhances the freezing tolerance in transgenic
Arabidopsis via DREB/CBF and ABA pathways50. Our findings indicate that bHLH and MYB_related
transcription factors are key in regulating Lotus's response to low temperature.

Notably, high expression of bZIP, WRKY, C3H, and C2H2 was detected in both drought and cold
conditions, suggesting their role in relating these stresses in Lotus corniculatus (Fig. 8A, B). Various TF
families, such as bZIP91, WRKY56 C3H92 and C2H227, are crucial in regulating plant responses to stress,
particularly cold and drought, by enhancing tolerance. Our findings support these roles. bZIP, WRKY, C3H,
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and C2H2 genes are activated by cold and drought stress. While bHLH93, bZIP94, NAC54, MYB_related22,
MYB5, and C2H295genes are found in both the nucleus and cytoplasm, WRKY96 and C3H92 genes are
localized in the nucleus. This study implicates that NAC, C2H2, bHLH, MYB, bZIP, and MYB_related TFs
move to the nucleus after cytoplasmic activation, whereas WRKY and C3H are activated in the nucleus to
regulate gene expression.

C2DP, a calcium-dependent protein kinase, is activated by Ca2+ during stress signal transduction, leading
to phosphorylation and related TFs expression for stress response97. ZmNAC84 phosphorylation
activates downstream genes by CDPK to participate in ABA-induced antioxidant defense98. Additionally,
MYB is involved in the ABA signaling pathway for drought tolerance, regulated by PYR/PYL/RCARs,
protein phosphate 2C (PP2Cs), and SNF1-related protein kinase 2s (nRK2s) in Arabidopsis60, 99. bHLH
plays a role in plant's response to low temperatures through CDPK phosphorylation pathways100. MAPK
(mitogen-activated protein kinase) activation enhances the cold resistance via MYB-related under low
temperature stress101. It is suggested that LcC2PDs phosphorylate activates NAC, MYB, and bHLH,
MYB-related to improve drought and cold stress tolerance in Lotus plants. Additionally, bZIP, WRKY, C3H,
and C2H2 are involved in both drought and cold stress responses (Fig. 9). Understanding these TFs can
provide insights into plant abiotic regulation, aiding in the functional identification and analysis of stress
regulation genes in forage crops.

Conclusion
This study used bioinformatics and experiments to identify and analyze the LcC2DP protein kinase
family in Lotus corniculatus, finding 90 LcC2DP genes divided into five subgroups. Homologous genes
pairs were present in both in Lotus corniculatus and Arabidopsis chromosomes. The LcC2DPs
promoters contained hormone response elements (AuxRR-core, ABRE) and stress response elements
(MYB, MYC, MBS) for cold and drought. GO enrichment revealed hormone response and kinase activity
functions, and 13 KEGG pathways were identified. RNA-seq analysis showed 78 LcC2DPs related to
stress response, with 10 genes linked to ABA, IAA, drought, and low temperature through qRT-PCR.
Protein-protein interaction analysis identified five core proteins, with LcCDP5 and LcC2DP15 co-
expressed with various TFs, including bZIP, bHLH, WRKY, NAC, MYB_related, MYB, C3H, and C2H2, under
stress conditions. NAC and C2H2 primarily respond to drought stress, while bZIP and MYB_related
respond to low temperature. These findings form a basis for exploring LcC2DP family gene mechanisms
in drought and cold stress responses.

Declarations

Declaration of Competing Interest
The authors declare no competing interests.



Page 15/32

Funding
This research was funded by the National Natural Science Foundation of China (No.32260338) and
(No.31660685), and the Guizhou Province Science and Technology Project (2023ZK119).

Author Contribution
Author contribution LS conceived and designed the experiments. GY performed the experiments. GY
carried out the bioinformatics analysis. GY wrote the manuscript. YL and SC gave insightful suggestions.
LS improved the manuscript errors and English language. All authors read and approved the manuscript.

Acknowledgement
The authors thank master student Zouxian Gong (Clinical Medical College of Guizhou Medical University,
Guiyang 550004, Guizhou Province, China.) for participating in the English revision.

Data Availability
The raw sequence data reported in this paper have been deposited in the Genome Sequence Archive in
National Genomics Data Center, Beijing Institute of Genomics (China National Center for Bioinformation),
Chinese Academy of Sciences, under accession number CRA002426 that are publicly accessible at
https://bigd.big.ac.cn/gsa.

References
1. Pizzorni, M., Innocent, A & Tollin, N. Droughts and floods in a changing climate and implications for

multi-hazard urban planning: A review. City Environ Interac
24.https://doi.org/10.1016/j.cacint.2024.100169 (2024)

2. Kim, J.S., Kidokoro, S., Yamaguchi-Shinozaki, K. & Shinozaki, K. Regulatory networks in plant
responses to drought and cold stress. Plant Physiol 195, 170-189. https://10.1093/plphys/kiae105
(2024).

3. Wheaton, E. & Kulshreshtha, S. Environmental sustainability of agriculture stressed by changing
extremes of drought and excess moisture: A conceptual review. Sustainability 9, 970.
https://10.3390/su9060970 (2017).

4. Yadav, S. et al. Effect of abiotic stress on crops. Sustainable crop production 3, 5-16.
https://10.5772/intechopen.88434 (2020).

5. Liu, X. et al. SiMYBS3, Encoding a Setaria italica Heterosis-Related MYB Transcription Factor,
Confers Drought Tolerance in Arabidopsis. Int J Mol Sci 24. https://10.3390/ijms24065418 (2023).



Page 16/32

6. Staniak, M. The impact of drought stress on the yields and food value of selected forage grasses.
Acta Agrobot 69. https://10.5586/aa1663 (2016).

7. Hirayama, T. & Shinozaki, K. Research on plant abiotic stress responses in the post-genome era:
past, present and future. Plant J 61, 1041-52. https://10.1111/j.1365-313X.2010.04124.x (2010).

8. Delormel T, Y. & Boudsocq M. Properties and functions of calcium-dependent protein kinases and
their relatives in Arabidopsis thaliana. New Phytol 2, 585-604. https:// 10.1111/nph.16088 (2019).

9. Dekomah, S. D. et al. The role of CDPKs in plant development, nutrient and stress signaling. Front
Genet 13, 996203. https://10.3389/fgene.2022.996203 (2022).

10. Boudsocq, M. & Sheen, J. CDPKs in immune and stress signaling. Trends Plant Sci 18, 30-40.
https://10.1016/j.tplants.2012.08.008 (2013).

11. Wang, A. et al. Genome-wide analysis of MYB transcription factors of Vaccinium corymbosum and
their positive responses to drought stress. BMC Genom 22, 565. https://10.1186/s12864-021-
07850-5 (2021).

12. Jose, J., Ghantasala, S. & Roy Choudhury, S. Arabidopsis Transmembrane Receptor-Like Kinases
(RLKs): A Bridge between Extracellular Signal and Intracellular Regulatory Machinery. Int J Mol Sci
21, 4000. https://10.3390/ijms21114000 (2020).

13. Wang, L. et al. Growth or survival: What is the role of calmodulin-like proteins in plant? Int J Biol
Macromol 242, 124733. https://10.1016/j.ijbiomac.2023.124733 (2023).

14. Du, H. et al. The Roles of CDPKs as a Convergence Point of Different Signaling Pathways in Maize
Adaptation to Abiotic Stress. Int J Mol Sci 24, 2325. https://10.3390/ijms24032325 (2023).

15. Shimizu, Y. et al. Protein Kinase D1 (PKD1) Signaling Induces Growth-Promoting Effects in Murine
Enteroids. CMGH 10, 430-433.e9. https://10.1016/j.jcmgh.2020.03.005 (2020).

16. Teng, Z. et al. Effects of stress-induced ABA on root architecture development: Positive and negative
actions. The Crop Journal 11, 1072-1079. https://10.1016/j.cj.2023.06.007 (2023).

17. Liu, J. et al. A Transcription Factor SlNAC4 Gene of Suaeda liaotungensis Enhances Salt and
Drought Tolerance through Regulating ABA Synthesis. Plants (Basel) 12, 2951.
https://10.3390/plants12162951 (2023).

18. Panda, D. et al. Light intensity-mediated auxin homeostasis in spikelets links carbohydrate
metabolism enzymes with grain filling rate in rice. Protoplasma 260, 1233-1251.
https://10.1007/s00709-023-01844-8 (2023).

19. Hooley, R. A role for G proteins in plant hormone signalling? Plant Physiol. Biochem 37, 393-402.
https://10.1016/S0981-9428(99)80045-X (1999).

20. Guo, F. et al. Systematic identification and expression analysis of bHLH gene family reveal their
relevance to abiotic stress response and anthocyanin biosynthesis in sweetpotato. BMC Plant Biol
24, 156. https://10.1186/s12870-024-04788-0 (2024).

21. Henley, M.J. & Koehler, A.N. Advances in targeting 'undruggable' transcription factors with small
molecules. Nat Rev Drug Discov 20, 669-688. https://10.1038/s41573-021-00199-0 (2021).



Page 17/32

22. Liu, Y. et al. Genome-Wide Identification and Analysis of R2R3-MYB Genes Response to Saline-Alkali
Stress in Quinoa. Int J Mol Sci 24, 9132. https://10.3390/ijms24119132 (2023).

23. Chen, X. et al. Basic helix-loop-helix (bHLH) gene family in rye (Secale cereale L.): genome-wide
identification, phylogeny, evolutionary expansion and expression analyses. BMC Genom 25, 67.
https://10.1186/s12864-023-09911-3 (2024).

24. Han, K., Zhao, Y., Sun, Y. & Li, Y. NACs, generalist in plant life. Plant Biotechnol J 21, 2433-2457.
https://10.1111/pbi.14161 (2023).

25. Wu, Y. et al. Integrative gene duplication and genome-wide analysis as an approach to facilitate
wheat reverse genetics: An example in the TaCIPK family. J Adv Res 61, 19-33.
https://10.1016/j.jare.2023.09.005 (2024).

26. Chen, T. et al. A Cotton MYB Transcription Factor, GbMYB5, is Positively Involved in Plant Adaptive
Response to Drought Stress. Plant Cell Physiol 56, 917-29. https://10.1093/pcp/pcv019 (2015).

27. Liu, H. et al. Genome-wide identification of the Q-type C2H2 zinc finger protein gene family and
expression analysis under abiotic stress in lotus (Nelumbo nucifera G.). BMC Genom 25, 648.
https://10.1186/s12864-024-10546-1 (2024).

28. Cheng, S.H., Willmann, M.R., Chen, H.C. & Sheen, J. Calcium signaling through protein kinases. The
Arabidopsis calcium-dependent protein kinase gene family. Plant Physiol 129, 469-85.
https://10.1104/pp.005645 (2002).

29. Romeis, T., Ludwig, A. A., Martin, R. & Jones, J.D. Calcium-dependent protein kinases play an
essential role in a plant defence response. Embo j 20, 5556-67. https://10.1093/emboj/20.20.5556
(2001).

30. Asano, T. et al. Functional characterisation of OsCPK21, a calcium-dependent protein kinase that
confers salt tolerance in rice. Plant Mol Biol 75, 179-91. https://10.1007/s11103-010-9717-1 (2011).

31. Asano, T. et al. 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
Cell Physiol 46, 356-66. https://10.1093/pcp/pci035 (2005).

32. Kong, X. et al. Genome-wide identification and expression analysis of calcium-dependent protein
kinase in maize. BMC Genom 14, 433. https://10.1186/1471-2164-14-433 (2013).

33. Rutschmann, F. et al. LeCPK1, a calcium-dependent protein kinase from tomato. Plasma membrane
targeting and biochemical characterization. Plant Physiol 129, 156-68. https://10.1104/pp.000869
(2002).

34. Khoso, M.A. et al. WRKY transcription factors (TFs): Molecular switches to regulate drought,
temperature, and salinity stresses in plants. Front Plant Sci 13, 1039329.
https://10.3389/fpls.2022.1039329 (2022).

35. Borsani, O. et al. Water stress generates an oxidative stress through the induction of a specific
Cu/Zn superoxide dismutase in Lotus corniculatus leaves. Plant Sci 161, 757-763.
https://10.1016/S0168-9452(01)00467-8 (2001).



Page 18/32

36. Andersen, S. U. & Stougaard, J. Lotus japonicus. Curr Biol 32, R149-r150.
https://10.1016/j.cub.2022.01.067 (2022).

37. Sun, Y. et al. Genome-Wide Analysis of the C2 Domain Family in Soybean and Identification of a
Putative Abiotic Stress Response Gene GmC2-148. Front Plant Sci 12, 620544.
https://10.3389/fpls.2021.620544 (2021).

38. Hussain, Q. et al. Genome-Wide Identification and Expression Analysis of the Copper Transporter
(COPT/Ctr) Gene Family in Kandelia obovata, a Typical Mangrove Plant. Int J Mol Sci 24, 15579.
https://10.3390/ijms242115579 (2023).

39. Yu, H. et al. Genome-wide identification and expression profiling of the WRKY gene family reveals
abiotic stress response mechanisms in Platycodon grandiflorus. Int J Biol Macromol 257, 128617.
https://10.1016/j.ijbiomac.2023.128617 (2024).

40. Lescot, M. et al. PlantCARE, a database of plant cis-acting regulatory elements and a portal to tools
for in silico analysis of promoter sequences. Nucleic Acids Res 30, 325-7.
https://10.1093/nar/30.1.325 (2002).

41. Zhang, H. et al. Genome-wide identification and expression analysis of calcium‑dependent protein
kinase and its related kinase gene families in melon (Cucumis melo L.). PLoS One 12, e0176352.
https://10.1371/journal.pone.0176352 (2017).

42. Feng, X. et al. Control of petal shape and floral zygomorphy in Lotus japonicus. Proc Natl Acad Sci U
S A 103, 4970-5. https://10.1073/pnas.0600681103 (2006).

43. Schmittgen, T.D. & Livak, K.J. Analyzing real-time PCR data by the comparative C(T) method. Nat
Protoc 3, 1101-8. https://10.1038/nprot.2008.73 (2008).

44. Yang, J. et al. Genome-wide identification and expression analysis of the R2R3-MYB gene family in
tobacco (Nicotiana tabacum L.). BMC Genom 23, 432. https://10.1186/s12864-022-08658-7 (2022).

45. Vision, T.J., Brown, D.G. & Tanksley, S.D. The origins of genomic duplications in Arabidopsis. Science
290, 2114-7. https://10.1126/science.290.5499.2114 (2000).

46. Hughes, A.L. The evolution of functionally novel proteins after gene duplication. Proc Biol Sci 256,
119-24. https://10.1098/rspb.1994.0058 (1994).

47. Yang, S. et al. Comparative analysis of RNA-Seq data reveals adventitious root development is
mediated by ChIFNα in lotus japonicus. Biotechnol & Biotechnol. Equip 35, 179-195.
https://13102818.2020.1859946 (2021).

48. Bi, Z. et al. Evolution and expression analysis of CDPK genes under drought stress in two varieties of
potato. Biotechnol Lett 43, 511-521. https://10.1007/s10529-020-03037-2 (2021).

49. Marques, J., Matiolli, C. C. & Abreu, I. A. Visualization of a curated Oryza sativa L. CDPKs Protein-
Protein Interaction Network (CDPK-OsPPIN). MicroPubl
Biol.https://10.17912/micropub.biology.000513 (2022).

50. Chen, N. et al. A MYB-related transcription factor from peanut, AhMYB30, improves freezing and salt
stress tolerance in transgenic Arabidopsis through both DREB/CBF and ABA-signaling pathways.
Front Plant Sci 14, 1136626. https://10.3389/fpls.2023.1136626 (2023).



Page 19/32

51. Huang, J. et al. The WRKY Transcription Factor OsWRKY54 Is Involved in Salt Tolerance in Rice. Int J
Mol Sci 23, 11999. https://10.3390/ijms231911999 (2022).

52. Li, C. et al. The bHLH transcription factor AhbHLH112 improves the drought tolerance of peanut.
BMC Plant Biol 21, 540. https://10.1186/s12870-021-03318-6 (2021).

53. Wang, X., Niu, Y. & Zheng, Y. Multiple Functions of MYB Transcription Factors in Abiotic Stress
Responses. Int J Mol Sci 22, 6125. https://10.3390/ijms22116125 (2021).

54. Deng, Z. et al. Genome-Wide Identification and Expression Analysis of C3H Zinc Finger Family in
Potato (Solanum tuberosum L.). Int J Mol Sci 24, 12888. https://10.3390/ijms241612888 (2023).

55. Xu, Z. et al. The bZIP transcription factor SlAREB1 regulates anthocyanin biosynthesis in response
to low temperature in tomato. Plant J 115, 205-219. https://10.1111/tpj.16224 (2023).

56. Liu, J. et al. Genome-wide identification and expression analysis of the WRKY gene family in
response to low-temperature and drought stresses in Cucurbita pepo L. Sci. Hortic 330, 113048.
https://10.1016/j.scienta.2024.113048 (2024).

57. Zhang, H. et al. Global Identification and Characterization of C2 Domain-Containing Proteins
Associated with Abiotic Stress Response in Rice (Oryza sativa L.). Int J Mol Sci 23, 2221.
https://10.3390/ijms23042221 (2022).

58. Hao, P. et al. Genome-wide identification and characterization of multiple C2 domains and
transmembrane region proteins in Gossypium hirsutum. BMC Genom 21, 445.
https://10.1186/s12864-020-06842-1 (2020).

59. Liu, L., Li, C., Liang, Z. & Yu, H. Characterization of Multiple C2 Domain and Transmembrane Region
Proteins in Arabidopsis. Plant Physiol 176, 2119-2132. https://10.1104/pp.17.01144 (2018).

60. Agarwal, P. et al. Genome-wide identification of C2H2 zinc-finger gene family in rice and their
phylogeny and expression analysis. Plant Mol Biol 65, 467-85. https://10.1007/s11103-007-9199-y
(2007).

61. Goher, F. et al. The Calcium-Dependent Protein Kinase TaCDPK7 Positively Regulates Wheat
Resistance to Puccinia striiformis f. sp. tritici. Int J Mol Sci 25, 1048. https://10.3390/ijms25021048
(2024).

62. Fan, S., Yang, S., Li, G. & Wan, S. Genome-Wide Identification and Characterization of CDPK Gene
Family in Cultivated Peanut (Arachis hypogaea L.) Reveal Their Potential Roles in Response to Ca
Deficiency. Cells 12, 2676. https://10.3390/cells12232676 (2023).

63. Liu, C. et al. Genome-wide analysis of tandem duplicated genes and their contribution to stress
resistance in pigeonpea (Cajanus cajan). Genom 113, 728-735. https://10.1016/j.ygeno.2020.10.003
(2021).

64. Rizzon, C., Ponger, L. & Gaut, B. S. Striking similarities in the genomic distribution of tandemly
arrayed genes in Arabidopsis and rice. PLoS Comput Biol 2, e115.
https://10.1371/journal.pcbi.0020115 (2006).

65. Clark, R.M. et al. Common sequence polymorphisms shaping genetic diversity in Arabidopsis
thaliana. Science 317, 338-42. https://10.1126/science.1138632 (2007).



Page 20/32

66. Bellieny-Rabelo, D., Oliveira, A.E. & Venancio, T.M. Impact of whole-genome and tandem duplications
in the expansion and functional diversification of the F-box family in legumes (Fabaceae). PLOS ONE
s 8, e55127. https://10.1371/journal.pone.0055127 (2013).

67. Castro-Rodríguez, V. et al. Redundancy and metabolic function of the glutamine synthetase gene
family in poplar. BMC Plant Biol 15, 20. https://10.1186/s12870-014-0365-5 (2015).

68. Feng, J. et al. Integrative gene duplication and genome-wide analysis as an approach to facilitate
wheat reverse genetics: An example in the TaCIPK family. J. Adv. Res 61, 19-33.
https://10.1016/j.jare.2023.09.005 (2024).

69. Liu, C. et al. Genome-wide analysis of tandem duplicated genes and their contribution to stress
resistance in pigeonpea (Cajanus cajan). Genom 113, 728-735. https://10.1016/j.ygeno.2020.10.003
(2021).

70. Fan, S. et al. Genome-wide identification of the LRX gene family in Cucurbitaceae and expression
analysis under salt and drought stress in Cucumber. Vegetable Research 4, 0024.
https://10.48130/vegres-0024-0025 (2024).

71. Zhu, S.Y. et al. Two calcium-dependent protein kinases, CPK4 and CPK11, regulate abscisic acid
signal transduction in Arabidopsis. Plant Cell 19, 3019-36. https://10.1105/tpc.107.050666 (2007).

72. Simeunovic, A., Mair, A., Wurzinger, B. & Teige, M. Know where your clients are: subcellular
localization and targets of calcium-dependent protein kinases. J Exp Bot 67, 3855-72.
https://10.1093/jxb/erw157 (2016).

73. Zhang, K. et al. Genome-wide Identification and Expression Analysis of the CDPK Gene Family in
Grape, Vitis spp. BMC Plant Biol 15, 164. https://10.1186/s12870-015-0552-z (2015).

74. Ye, S. et al. Expression profile of calcium-dependent protein kinase (CDPKs) genes during the whole
lifespan and under phytohormone treatment conditions in rice (Oryza sativa L. ssp. indica). Plant
Mol Biol 70, 311-25. https://10.1007/s11103-009-9475-0 (2009).

75. Cui, Y., Wu, K. & Yao, X. The CDPK-related protein kinase HvCRK2 and HvCRK4 interact with
HvCML32 to negatively regulate drought tolerance in transgenic Arabidopsis thaliana. Plant Physiol
Biochem 214, 108909. https://10.1016/j.plaphy.2024.108909 (2024).

76. Crizel, R.L. et al. Genome-wide identification, and characterization of the CDPK gene family reveal
their involvement in abiotic stress response in Fragaria x ananassa. Sci Rep 10, 11040.
https://10.1038/s41598-020-67957-9 (2020).

77. Yoon, G.M. et al. Characterization of NtCDPK1, a calcium-dependent protein kinase gene in
Nicotiana tabacum, and the activity of its encoded protein. Plant Mol Biol 39, 991-1001.
https://10.1023/a:1006170512542 (1999).

78. Yan, M. et al. GhCDPK60 positively regulates drought stress tolerance in both transgenic
Arabidopsis and cotton by regulating proline content and ROS level. Front Plant Sci 13, 1072584.
https://10.3389/fpls.2022.1072584 (2022).

79. Kong, H. et al. Calcium-dependent protein kinase GhCDPK4 plays a role in drought and abscisic acid
stress responses. Plant Sci 332, 111704. https://10.1016/j.plantsci.2023.111704 (2023).



Page 21/32

80. Lynch, T., Erickson, B.J. & Finkelstein, R.R. Direct interactions of ABA-insensitive(ABI)-clade protein
phosphatase(PP)2Cs with calcium-dependent protein kinases and ABA response element-binding
bZIPs may contribute to turning off ABA response. Plant Mol Biol 80, 647-58.
https://10.1007/s11103-012-9973-3 (2012).

81. Zhu, P. et al. Computational identification of protein-protein interactions in rice based on the
predicted rice interactome network. Genom Proteom Bionf 9, 128-37. https://10.1016/s1672-
0229(11)60016-8 (2011).

82. Ma, M. et al. A surface-receptor-coupled G protein regulates plant immunity through nuclear protein
kinases. Cell Host Microbe 30, 1602-1614.e5. https://10.1016/j.chom.2022.09.012 (2022).

83. Maruta, N. et al. GTP binding by Arabidopsis extra-large G protein 2 is not essential for its functions.
Plant Physiol 186, 1240-1253. https://10.1093/plphys/kiab119 (2021).

84. Hajheidari, M. & Huang, S.C. Elucidating the biology of transcription factor-DNA interaction for
accurate identification of cis-regulatory elements. Curr Opin Plant Biol 68, 102232.
https://10.1016/j.pbi.2022.102232 (2022).

85. Fang, Y. et al. A stress-responsive NAC transcription factor SNAC3 confers heat and drought
tolerance through modulation of reactive oxygen species in rice. J Exp Bot 66, 6803-17.
https://10.1093/jxb/erv386 (2015).

86. Qin, Y. et al. Over-expression of TaMYB33 encoding a novel wheat MYB transcription factor
increases salt and drought tolerance in Arabidopsis. Mol Biol Rep 39, 7183-92.
https://10.1007/s11033-012-1550-y (2012).

87. Kidokoro, S., Shinozaki, K. & Yamaguchi-Shinozaki, K. Transcriptional regulatory network of plant
cold-stress responses. Trends Plant Sci 27, 922-935. https://10.1016/j.tplants.2022.01.008 (2022).

88. Li, G., Jin, L. & Sheng, S. Genome-Wide Identification of bHLH Transcription Factor in Medicago
sativa in Response to Cold Stress. Genes (Basel) 13, 2371. https://10.3390/genes13122371 (2022).

89. Liu, J.-H., Peng, T. & Dai, W. Critical cis-acting elements and interacting transcription factors: key
players associated with abiotic stress responses in plants. Plant Mol. Biol. Rep 32, 303-317.
https://https://10.1261/rna.895308 (2014).

90. Ritonga, F.N. & Chen, S. Physiological and Molecular Mechanism Involved in Cold Stress Tolerance in
Plants. Plants (Basel) 9, 0560. https://10.3390/plants9050560 (2020).

91. Ma, M. et al. Genome-wide identification and expression analysis of the bZIP transcription factors,
and functional analysis in response to drought and cold stresses in pear (Pyrus breschneideri). BMC
Plant Biol 21, 583. https://10.1186/s12870-021-03356-0 (2021).

92. Cheng, X. et al. Identification of the wheat C3H gene family and expression analysis of candidates
associated with seed dormancy and germination. Plant Physiol Biochem 156, 524-537.
https://10.1016/j.plaphy.2020.09.032 (2020).

93. Greb-Markiewicz, B., Kazana, W., Zarębski, M. & Ożyhar, A. The subcellular localization of bHLH
transcription factor TCF4 is mediated by multiple nuclear localization and nuclear export signals. Sci
Rep 9, 15629. https://10.1038/s41598-019-52239-w (2019).



Page 22/32

94. Wiese, A.J. et al. Arabidopsis bZIP18 and bZIP52 Accumulate in Nuclei Following Heat Stress where
They Regulate the Expression of a Similar Set of Genes. Int J Mol Sci 22, 0530.
https://10.3390/ijms22020530 (2021).

95. Shao, L. et al. Identification of C2H2 zinc finger genes through genome-wide association study and
functional analyses of LkZFPs in response to stresses in Larix kaempferi. BMC Plant Biol 23, 298.
https://10.1186/s12870-023-04298-5 (2023).

96. Long, Q. et al. Transcription factor WRKY22 regulates canker susceptibility in sweet orange (Citrus
sinensis Osbeck) by enhancing cell enlargement and CsLOB1 expression. Hortic Res 8, 50.
https://10.1038/s41438-021-00486-2 (2021).

97. Liese, A. & Romeis, T. Biochemical regulation of in vivo function of plant calcium-dependent protein
kinases (CDPK). Biochim Biophys Acta 1833, 1582-9. https://10.1016/j.bbamcr.2012.10.024 (2013).

98. Zhu, Y. et al. Phosphorylation of a NAC Transcription Factor by a Calcium/Calmodulin-Dependent
Protein Kinase Regulates Abscisic Acid-Induced Antioxidant Defense in Maize. Plant Physiol 171,
1651-64. https://10.1104/pp.16.00168 (2016).

99. Li, J., Han, G., Sun, C. & Sui, N. Research advances of MYB transcription factors in plant stress
resistance and breeding. Plant Signal Behav 14, 1613131. https://10.1080/15592324.2019.1613131
(2019).

100. Praat, M., De Smet, I. & van Zanten, M. Protein kinase and phosphatase control of plant temperature
responses. J Exp Bot 72. https://10.1093/jxb/erab345 (2021).

101. Abdullah, S.N.A., Azzeme, A.M. & Yousefi, K. Fine-Tuning Cold Stress Response Through Regulated
Cellular Abundance and Mechanistic Actions of Transcription Factors. Front Plant Sci 13, 850216.
https://10.3389/fpls.2022.850216 (2022).

Figures



Page 23/32

Figure 1

Phylogenetic relationship, gene structure, and motif composition of LcC2DPs. (A) Rootless phylogenetic
tree from MEGA7.0. (B) Motifs 1-10 shown in different colors. (C) Exon-intron structure: green for UTR,
yellow for CDS, black for intron.
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Figure 2

Chromosomal localization, phylogenetic, and collinearity analysis of LcC2DPsfamily. (A) Chromosomal
positions with length scale. (B) Phylogenetic tree with colored groups using Neighbor-joining (NJ)
method and 1000 Bootstrap replications. (C) Intra-specific collinearity with red lines for duplicated
genes; colored rectangles for chromosomes; blue circle for gene density. (D) Inter-specific collinearity:
Chr1-5 for Arabidopsis, chr1-6 for Lotus, red lines for duplicated LcC2DPs and AtC2DPs.



Page 25/32

Figure 3

Cis-regulatory element analysis of LcC2DPs promoter regions.
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Figure 4

Analysis of LcC2DPsgene family with GO (A) and KEGG (B) enrichment, where dots size and color
indicategene numbers and q-value. (C) Heatmap of LcC2DPsexpression under submergence stress over
time.
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Figure 5

LcC2DPs gene expression profiles. (A) Expression in roots, stems, and leaves. (B) Lotus phenotype after
100 mM ABA and IAA treatment. (C) qRT-PCR expression levels post hormone treatment. Data are mean
± SD (n=3). Significance assessed by t-test. *, p<0.05; **, p<0.01; ***, p<0.001.



Page 28/32

Figure 6

Plant phenotypes and LcC2DPs expression with 20% PEG and 4 °C treatments. (A) Phenotype
comparison. (B) Expression under drought. (C) Expression in low temperatures. Data are mean ± SD
(n=3). Significance assessed byt-test: *, p<0.05; **, p<0.01; ***, p<0.001.
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Figure 7

Analysis of protein-protein interactions, core gene expression, and co-expression. (A) Protein
interactions. Expression of LcC2DP5, 11, 15, 38, and 58 under drought (B) and low temperature (C). (D)
Co-expression of LcC2DP5 and LcC2DP15, with solid lines for positive and dashed for negative
correlations.
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Figure 8

TF expression via qRT-PCR under drought (A) and low temperature (B), with significance assessed by T-
test. Data are mean ± SD (n=3). Significance: *, p < 0.05; **, p < 0.01; ***, p < 0.001.
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Figure 9

Transcriptional regulatory network of LcC2DP5 and LcC2DP15 under drought and low temperature.

1 When drought and low-temperature signals are detected by membrane receptors, calcium ions are
released into the cytoplasm, activating protein kinases LcC2DP5 and LcC2DP15. This triggers
phosphorylation cascades that activate transcription factors like bZIP, bHLH, WRKY, NAC, MYB-related,
MYB, C3H, and C2H2, leading to the transcription of stress-related genes and enhancing plant resilience.

2 NAC, C2H2, bHLH, MYB, bZIP, and MYB_related TFs move to the nucleus after activation, while WRKY
and C3H are activated in the nucleus.

3 NAC and C2H2 are key in LcC2DP5 and LcC2DP15 pathways during drought, whereas bHLH and
MYB_related are crucial in low temperature.
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