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Widespread in karst areas worldwide, this extremely calcium-rich landscape is characterized by a monoculture of
vegetation types and low land-capacity efficiency. The regulatory and adaptive molecular mechanisms of plant
response to high calcium soils remain poorly understood. In this study, we aimed to investigate how Primulina
eburnea, a karst-adapted species, responds physiologically and histologically to high calcium stress, and to
construct a time-ordered transcriptional profile to unravel the underlying molecular mechanisms. Key findings of
our study include the involvement of transcription factor families such as MYB, WRKY, and ERF in downstream
regulation of biological processes activated by calcium signaling. We observed sensitivity of photosynthesis-
related genes to high calcium stress, resulting in down-regulation of expression. Additionally, calcium ion
transporter proteins responded early to stress, while the reactive oxygen species elimination system continued
throughout. Notably, our study identifies the central role of CNGC2 in plant resistance to high calcium envi-
ronments, along with the identification of the transcription factor ATML1 regulating its expression. This study
provided a preliminary systematic elucidation of plant response mechanisms to high calcium stress and un-
covered the potential regulatory relationships of TFs involved in this process. The findings provide a theoretical

basis for crop improvement and environmental restoration in karst regions.

1. Introduction

Karst ecosystems are an important part of terrestrial ecosystems.
These landscapes cover approximately 15 % of the global land area and
are characterized by shallow topsoil and high levels of free calcium ions,
posing challenges for plant survival (Liu et al., 2004). The unique soil
conditions in this area support a valuable but delicate biodiversity,
which stores an important and endangered gene pool. China has the
largest area of karst distribution in the world, and rocky desertification
has resulted in significant economic losses (Guo et al., 2013; Liu et al.,
2023). In combating desertification, bioremediation is considered an
effective strategy. However, the success of bioremediation efforts hinges
on the selection of appropriate plant species capable of restoring species
diversity and managing ecological issues related to rocky desertification.
The most important trait for bioremediation plants in karst region is
their ability to adapt to high-calcium habitats.

Calcium (Ca?") is an essential mineral that regulates plant growth

* Correspondence to: No. 9, Zhiqing Rd, Jiujiang, Jiangxi 332900, China.

and development, as well as an important component of plant cell wall
structure, and can maintain the stability of cell membranes (McAinsh
and Pittman, 2009; White and Broadley, 2003). Additionally, Ca%*
functions as signaling molecules in plant cells in response to environ-
mental changes and modulating responses to biotic and abiotic stresses
(Tian et al., 2020). Besides, calcium is a major contributor to enzymatic
reactions in plants, while calcium signaling interacts with antioxidant
enzyme systems and reactive oxygen species (ROS) (Bowler and Fluhr,
2000). However, it is important to maintain a low cytoplasmic con-
centration of calcium ions, as elevated levels can disrupt normal phys-
iological functions within plant cells. The uptake of Ca?* by plant cells is
directly influenced by concentration of calcium in the soil solution.
Therefore, in calcium-rich soils like those in karst regions, excessive
uptakes can occur, surpassing the amount needed for proper cellular
function (White and Broadley, 2003). Previous studies have demon-
strated that high concentrations of calcium can inhibit plant growth by
affecting photosynthesis and reducing plant growth characteristics (Wu
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et al., 2014). At the cellular level, excessive calcium can interfere with
calcium-dependent signaling systems, disrupt phosphate-based energy
metabolism and ultimately lead to cell death (Wu et al., 2011). There-
fore, maintaining intracellular calcium balance is crucial for normal
plant growth, particularly in environments with high calcium concen-
trations, where plants must possess physiological mechanisms to pre-
vent excessive uptake of calcium ions (Borer et al., 2012).

Research has predominantly focused on calcium ions as signaling
molecules, while little attention has been paid to plant responses to
calcium stress, despite some progress in Arabidopsis (Cheng et al., 2005;
Wang et al., 2017b). Various plants have different calcium re-
quirements, and plant cells have evolved precise regulatory mechanisms
to limit cytosolic Ca®* accumulation through various Ca?* channels and
transporter proteins (Jia et al., 2022). Ca2t/H" exchanger antiporters
(CAXs) are widely localized in membrane-contained organelle, partic-
ularly in the tonoplast, where they transport cytosolic calcium ions into
the vacuole. In Arabidopsis, the cax3 mutant lines showed hypersensi-
tivity to high Ca?* stress, whereas the cax1/cax3 double mutant showed
even higher Ca®" stress sensitivity compared to the single mutants
(Cheng et al., 2005). Moreover, plants have the ability to adapt to high
calcium stress by restricting the influx of calcium ions from outside the
cytoplasm into the cytoplasm. Cyclic nucleotide-gated channel 2
(CNGC2) is involved in the absorption of calcium ion in leaf cells (Verret
et al., 2010). The cngc2 mutants exhibit sensitivity to increased exoge-
nous calcium ion concentrations. While, the cngc2 mutant grows nor-
mally at 0.1 mM Ca?* and reduced growth compared to wild type under
culture conditions of 20 mM Ca?" (Wang et al., 2017b). Despite the
established importance of CNGC2 in plant response to calcium stress, its
upstream regulators have not been previously reported. Additionally,
these limited calcium tolerance mechanisms were mostly reported in
model but not karst plants, highlighting the need for further research in
this area.

Gesneriaceae, a botanical family with a global distribution spanning
tropical to temperate regions, encompasses many species of great com-
mercial value, serving as herbal medicines and ornamental flowers
(Dong et al., 2018; Serain et al., 2021; Verdan and Alves Stefanello,
2012). Among these, Primulina eburnea (Hance) Yin Z. Wang, commonly
known as Yan-bai-cai, belongs to the genus Primulina within Gesner-
iaceae. It thrives in the southern and south-western regions of China,
where its habitat is typical karst landscapes. Primulina eburnea is a
valuable traditional Chinese medical herb, of which quinones, terpe-
noids and flavonoids are the main active ingredients (Yang et al., 2023).
It mainly functions on alleviating coughs and inflammation, and also has
great potential in the development of antitumor drugs (Yang et al.,
2023). Cultivated for many years in Guizhou and Guangxi, China,
P. eburnea stands out for its remarkable capacity to accumulate calcium,
both total and bioactive calcium, in its leaves, making it an excellent
candidate for phytogenic calcium supplementation (Qi et al., 2013).
Moreover, due to its adaptation to high-calcium karst habitats,
P. eburnea plays a significant role in vegetation restoration efforts in
rocky desertification areas, thereby mitigating economic losses associ-
ated with land degradation.

In this study, to understand the mechanisms of karst plant adaptation
to high calcium soils, we constructed a time-ordered gene co-expression
network (TO-GCN) under calcium stress in P. eburnea. Combined with
weighted correlation network analysis (WGCNA) and transcription
factors (TFs) regulatory sub-networks, we identified the core gene
PebCNGC2 in response to high calcium stress and its upstream tran-
scription factor PebATML1. This is the first comprehensive mapping of
plant transcriptional profiles in response to high calcium stress at the
time sequence level. The hierarchical regulatory relationship between
TFs and non-TFs is described, and preliminary elucidation of the mo-
lecular mechanism of plant adaptability to the high soil calcium envi-
ronment, which provides a theoretical basis for the breeding of calcium
stress-tolerant crops and important economic crops, as well as an
important guide to the restoration of vegetation in karst areas and the
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management of desertification.
2. Materials and methods
2.1. Plant materials and calcium treatment

Primulina eburnea seedlings were transplanted into individual pots
(12 cm diameter) one week after seed germination and cultured for two
months, with regular application of Hoagland’s nutrient solution every 4
days to maintain normal growth. Then, the seedlings were subjected to
calcium stress treatment at various concentrations including 0, 25, 50,
75, 100, and 125 mM for one month. Each seedling was treated with
150 mL of Hoagland’s nutrient solution containing different concen-
trations of calcium chloride every four days. Each treatment included
five biological replicates. The plant samples were cultivated under
standardized conditions in a growth chamber, with a light intensity of
5000 lux, a photoperiod of 16 hours light/8 hours dark, a temperature of
25°C, and a humidity of 60 % to ensure consistent growth conditions.
Based on phenotypic observations, a concentration of 100 mM was
selected for a duration of 20 days using a CaCl, solution. At specific time
points (0, 6, 12, 24, 48 hour (h), and 5, 10, 20 day (d)), roots and second
pair of leaves from each seedling were collected. Samples collected at
each time point were divided into two portions. One portion was rapidly
frozen in liquid nitrogen used for enzyme activity assays, while the other
portion was used for transcriptome sequencing. Sampling was repeated
three times.

2.2. Analysis of antioxidant enzyme activities and histological
observation

After treatment with 100 mM calcium solution at different time
points, the contents of proline (Pro), catalase (CAT), superoxide dis-
mutase (SOD), and peroxidase (POD) activities were determined using
respective detection kits (Solarbio, Beijing, China) following the man-
ufacturer’s protocol. The root vitality of roots in root samples was
determined with the TTC-method detection kit (BC5270, Solarbio).
Relative electrical conductivity was measured as described previously
(Zhao et al., 2023). For histological observation, leaves were fixed in
glutaraldehyde, dehydrated in a gradient of ethanol solution, and then
infiltrated and embedded in paraffin followed by sectioning with the
rotary microtome (Yang et al., 2021).

2.3. RNA extraction and transcriptome analysis

Total RNA of all samples was extracted using EASYspin Universal
Plant RNA Kit (Aidlab, Beijing, China). Sequencing libraries were con-
structed by BioMarker Co., Ltd. (Beijing, China), and cDNA library was
sequenced on the Illmina NovaSeq 6000 paired-end sequencing platform
with a read length of 150 bp. Raw reads were filtered by removing
adapters and low-quality reads with the criterion described by our
previous study (Feng et al., 2017). Clean reads were mapped to the
P. eburnea reference genome (Vi et al., 2022) using HISAT2 v2.1.0 (Kim
et al., 2015). StringTie (version 2.1.3) (Pertea et al., 2015) was used to
quantify gene expression from reads to the transcripts per million (TPM)
values. Differentially expressed genes (DEGs) in pairwise comparisons
were identified using DEseq2 v1.24.0 (Love et al., 2014) with criteria of |
log2 (fold change)| > 1, padj-value < 0.01. GO enrichment and KEGG
pathway analyses for DEGs were performed using the OmicShare tools, a
free online platform for data analysis (https://www.omicshare.com/t
ools). All transcripts, excluding genes with low expression levels (TPM
< 10), were used to generate co-expression modules through WGCNA
analysis package in R (Zhang and Horvath, 2005).

2.4. Time-ordered gene co-expression network

The TO-GCN is an effective method for identifying moderators of the
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time series response process and their regulatory networks, revealing
hierarchical regulatory relationships of TFs (Chang et al., 2019). A TF
gene (Peb08082), showing a peak expression at the start and down-
regulation thereafter, was selected as a seed gene. DEGs were catego-
rized into TFs and non-TFs, and the Pearson correlation coefficient
(PCC) values between each pair of TF and non-TF genes were calculated.
Then, the TO-GCN was generated, containing TFs and non-TFs with a
threshold PCC > 0.9, to illustrate the co-expression relationships. The
regulatory networks were visualized using Cytoscape (Xu et al., 2021).

2.5. Quantitative real-time PCR analysis

Total RNA extracted from all samples used for RNA-seq was also used
for qRT-PCR. The first-strand cDNA was synthesized using the HiScript II
Q RT SuperMix for qPCR kit following the instructions (R223-01,
Vazyme). All primer pairs for selected genes were listed in Table S1. The
experiment was performed according to the described protocol (Zhang
et al., 2024) using the Bio-Rad CFX96 real-time PCR detection system
(Hercules, CA, USA). The expression level of the candidate gene was
calculated using the 222% method relative to the internal control gene,
PebGAPDH (Zhang et al., 2024).

2.6. Subcellular localization

The PebCNGC2 coding sequence was excised from the stop codon,
fused to a GFP protein, and cloned into a vector carrying a CaMV35S
promoter. The recombinant vectors were transiently expressed in Nico-
tiana benthamiana leaves using the Agrobacterium infection system.
AtCBL1::mCherry was used as a plasma membrane marker (Batistic
etal., 2010). Tobacco seedlings were cultured for three days, after which
the leaves were cut for fluorescence observation under a confocal laser
scanning microscope (FV3000, OLYMPUS, Japan).

2.7. Yeast one-hybrid assay

The coding sequences of PebATML1, PebANL2 and PebBZR1 were
cloned into the pGADT7 vector, and the promoter of PebCNGC2 was
cloned into the pAbAi vector. These constructs were transformed into
the Y1HGold yeast strain and tested for interaction in the SD base/-Leu-
Ura medium with Aureobasidin A. The empty pGADT7 vector was used
as negative control, and the p53-AbAi reporter vector served as a posi-
tive control.

2.8. Dual-Luciferase assay

The coding sequence of PebATML1 was cloned into the pGreenlI 62-
SK vector, and the promoter of PebCNGC2 was cloned into the pGreenlII
0800-LUC vector. These recombinant vectors were delivered into
N. benthamiana leaves using the Agrobacterium infection system for
transient expression. After three days, the injected leaves were photo-
graphed using the Tanon 6600 imaging system (Tanon, Shanghai,
China) and the fluorescence intensities was quantified using Image J
software (Schneider et al., 2012).

2.9. Analysis of calcium tolerance in transgenic Arabidopsis thaliana

The CDS sequence of PebCNGC2 was cloned into a vector containing
the 35S promoter. Transgenic Arabidopsis plants were generated using
Agrobacterium-mediated floral dip method. The seeds of both wild-type
(Col-0) and homozygous T3 transgenic lines were sterilized with 5 %
sodium hypochlorite for 5 minutes, then sown on 1/2 MS medium. After
vernalization at 4°C for 2 days, the plates were transferred to a growth
chamber. One week later, seedlings were transplanted into potting soil
and cultured normally for three days. Subsequently, they were regularly
irrigated with a 50 mM CaCl, solution, with water-treated groups
serving as controls. After two weeks, the fresh weight and calcium
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content of the leaves were measured, and photosynthesis was assessed.
Each experiment was repeated three times.

2.10. Statistical analysis

Data were statistically analyzed using SPSS software (version 26;
IBM, Armonk, NY, USA). ANOVA followed by Duncan’s multiple range
test was performed for data computation, and the results were presented
as means + SD of a minimum of three biological replicates. Statistically
significant differences (P < 0.05) were indicated in the graphs.

3. Results
3.1. Effect of CaCl, treatment to Primulina eburnea

To assess the impact of different concentration of calcium ion
treatments on the growth of P. eburnea, 3-month-old plants were irri-
gated with solution containing 0, 25, 50, 75, 100, 125 mM CaCl,, and
the resulting phenotypes were observed. Overall, plant growth
decreased with increasing calcium ion concentration. Although no sig-
nificant phenotypic differences were observed between treatments
below 50 mM (Fig. S1), growth inhibition occurred with calcium toxicity
above 75 mM. Notably, after one month of treatment at 100 mM, sig-
nificant necrosis appeared at the growth points of plant leaves (Fig. 1A).
The necrotic areas rapidly expanded to encompass the entire leaf, ulti-
mately leading to the death of the plants. Therefore, the lowest lethal
concentration was set at 100 mM, and physiological responses were
examined at eight time points: 0, 6, 12, 24, 48 h and 5, 10, 20 d. As the
treatment duration extended, the leaves yellowed after ten days, fol-
lowed by noticeable decay of the young leaves after twenty days
(Fig. 1B). Histological examination revealed that leaf necrosis initially
occurred near the leaf veins, originating from the xylem and spreading
outward (Fig. 1C and D). Upon CaCl, treatment, the homeostasis of ROS
was disrupted, and several key enzymes in the antioxidant system
responded significantly to high calcium stress. Specifically, the content
of CAT increased gradually, peaking at 12 h, and then slowly decreased
but remained relatively high (Fig. 1E). The SOD content showed a slight
initial increase, followed by a decrease and then resumed an upward
trend after 48 h (Fig. 1F). POD content sharply increased after 10 days of
treatment, reaching a level approximately four times greater than the
untreated condition (Fig. 1G). Additionally, as the treatment progressed,
the Pro content steadily increased, while the root vitality decreased, and
the relative electrical conductivity of leaves gradually increased
(Fig. 1H-J). These results provide strong evidence that lethal concen-
tration of calcium stress could trigger a series responses of P. eburnea.

3.2. Transcriptomic analysis

To elucidate the underlying mechanisms of P. eburnea in response to
high calcium stress, we conducted transcriptome analysis on leaf and
root samples at multiple time points. After filtration, a total of 36 RNA-
seq libraries were generated, with an average of 43,558,477 clean reads
per library. The Q30 percentage in the 36 libraries averaged 91.93 %
and GC percentage varied from 44.47 % to 47.74 %. These qualified
reads were subsequently mapped to the P. eburnea reference genome,
with over 82.7 % alignment rate across all libraries (Table S2). Heat
mapping based on gene expression profiles revealed significantly
different expression trends between sample groups (Fig. S2A). Principal
component analysis (PCA) revealed that biological replicate samples
from the same treatment group clustered together, demonstrating strong
positive correlation within groups but weak correlation between
different treatment groups (Fig. S2B-D), confirming the reliability of the
sequencing data.

Gene expression analysis identified a total of 11,885 DEGs in leaves
and 11,768 DEGs in roots in response to high calcium stress. The com-
parison group with the highest number of DEGs in leaves was 12 h vs.
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Fig. 1. Phenotype and physiological of P. eburnea under high calcium stress. (A) Phenotype under different concentrations of calcium stress. (B) Phenotype under
100 mM calcium stress at different time points. (C) Histological of normal leaves. (D) Histological of leaves after high calcium treatment. Physiological of leaves after
high calcium treatment, (E) CAT content, (F) SOD content, (G) POD content, (H) Pro content, (I) Root vitality, (J) Relative electrical conductivity. Values are means +
SD of triplicate experiments.

0 h (7617), while in roots, it was 5 d vs. 0 h (Fig. 2 and Fig. S3). There transporter proteins and TFs of the MYB family, bHLH family and WRKY

were 734 and 1295 common DEGs among all comparison groups in family (Fig. 2A-C). This indicated the crucial roles of these genes in
leaves and roots, respectively. Interestingly, 6295 DEGs were found to response to high calcium stress.
response to calcium stress in both leaves and roots, including cation To validate the accuracy of the identified DEGs, we selected 12 genes
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Fig. 2. Differentially expressed genes (DEGs) analysis in different periods of high calcium treatment. (A) DEGs in leaves. (B) DEGs in roots. (C) All common DEGs in
the leaves and roots. (D) KEGG pathway enrichment of common DEGs in the leaves and roots.

for qRT-PCR validation and found the consistent expression trends with
the RNA-seq results (Fig. S4). Furthermore, functional enrichment
analysis of DEGs revealed distinct pathways involved in response to high
calcium stress in leaves and roots. DEGs in the leaves were significantly
involved in photosynthesis and oxidative stress pathways, with the GO
terms enriched in structural constituent of ribosome, photosynthesis,
photosystem, photosynthesis membrane, and oxidoreductase activity. In
addition, these DEGs were assigned to KEGG pathways of ribosome,
photosynthesis, carbon metabolism, pentose phosphate pathway, and
flavonoid biosynthesis. For DEGs in the roots, they were enriched in GO
terms of extracellular region, oxidoreductase activity, microtubule
cytoskeleton, and plant-type cell wall organization (Fig. S3C and D;
Fig. S5), and KEGG pathways of metabolic pathways, MAPK signaling
pathway, plant-pathogen interaction, diterpenoid biosynthesis, and ABC
transporters (Fig. S3E and F). As well, DEGs co-responding in leaves and
roots were enriched in various pathways including metabolism, carbo-
hydrate metabolism, transporters, plant hormone signal transduction,
cytochrome P450, and membrane transporters (Fig. 2D).

3.3. Time-ordered gene co-expression network in leaves under high
calcium stress

Genes with similar expression patterns tend to perform similar
functions in the same pathway. To elucidate the temporal dynamics of
gene expression in P. eburnea leaves under high calcium stress, we
employed the Mfuzz software to cluster all transcripts into eight gene
clusters (Fig. 3A). Following calcium treatment, gene expression of

clusters 1, 2, and 3 decreased, while cluster 4 peaked after 12 hours of
treatment. Clusters 5 and 6 increased and maintained relatively high
levels after treatment, with clusters 7 and 8 peaking at 5 and 10 days,
respectively.

To further dissect the regulatory network involved in the response to
high calcium stress, we conducted the TO-GCN analysis with DEGs in
leaves. Based on the expression trend of the seed gene, eight time series
levels (Level 1-8) were assigned to DEGs, distinguishing 787 TFs and
10,490 non-TFs. Co-expression networks were constructed by assessing
the correlation between the expression of TFs and non-TFs (Fig. 3B and
Table S3). Interestingly, the gene expression peaks across eight time
series levels corresponded precisely to the clustered expression pattern
observed earlier, aligning with the time-course of calcium treatment
(Fig. 3C). Genes in Level 1-3, which were downregulated by calcium
treatment, were enriched in the photosynthesis pathway. The 12-hour
treatment mark, considered the early stage of response to calcium
stress, corresponded to Level 4 genes, which exhibited the largest
network of regulatory relationships, and were enriched in calcium ion
binding, transmembrane transport, and oxidoreductase activity path-
ways (Fig. 3B and D). Genes clustered in Level 5-8 were associated with
metabolic processes, oxidoreductase activity, glycolytic process, and
response to biotic stimulus, and were concerned with the middle and
late stages of the response to calcium stress (Table S4). In particular,
Level 8 was enriched in the membrane organization pathway.
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Fig. 3. Time-ordered gene co-expression network (TO-GCN) of the high calcium response in P. eburnea. (A) The expression pattern of all transcripts in leaves by
Fuzzy c-means analysis method. (B) TO-GCN, and blue nodes on the outer layer represent non-Transcription-factor genes, red nodes represent Transcription factors.
(C) Heatmap showing gene expression levels at different time points. (D) GO terms enrichment for co-expressed genes at each resolved Level. Darker colors represent

lower p-values and more significant enrichment of GO terms.

3.4. Photosynthetic system responds to high calcium stress

Temporal expression analysis revealed significant enrichment of
photosynthesis-related pathways in Level 1-4, including photosystem [
(G0:0009522), photosystem II (G0:0009523), chloroplast
(GO:0009507). The expression of these pathways decreased with pro-
longed treatment time, suggesting impaired regulation of photosyn-
thetic system under high calcium stress. Subsequently, we identified
photosynthesis-related genes and their potential TFs. A subnetwork
was constructed containing 18 important genes involved in photosyn-
thesis and 40 TFs (Fig. 4A). Photosystem II reaction center PSB28 pro-
tein (PSB28) acts as an assembled-cofactor to protect PSII from
photodamage during assembly (Xiaol et al., 2021). In P. eburnea, the
expression level of PSB28 was dramatically suppressed by calcium
treatment. Similarly, other genes including Chlorophyll a-b binding

protein 7 (CAB7), Photosystem I reaction center subunit II (psaD), and
Photosynthetic NDH subunit of lumenal location 3 (PNSL3) showed
decreased expression levels in response to high calcium stress, as illus-
trated in the pie heatmap. There are 11 gene families that classify TFs
involved in regulating photosynthesis. Among these TFs, the bHLH
family was found to be the most abundant. It supported the discovery
that bHLH involved in the regulation of chlorophyll metabolism pro-
cesses (Moon et al., 2008). Overall, our findings suggest that high cal-
cium stress disrupts the transcriptional regulation of photosynthesis,
leading to the down-regulation of gene expression associated with
photosynthesis.

3.5. Calcium signaling participates in hierarchical transcriptional network

The concentration of free calcium ions in the cytoplasm can trigger
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Fig. 4. Hierarchical regulatory networks of calcium stress-responsive genes in P. eburnea. (A) Subnetwork of photosynthesis-related protein and TFs. Pie charts
illustrate the ratio of gene expression levels at different time points. TFs families on the inner layer were clustered by different colors. (B) Top 10 TFs families in the
DEGs at 12 h compared to the control. (C) Subnetwork of calcium sensors and TFs. (D) Heatmap of oxidoreductase expression. The gene expression level is rep-
resented by the size and color of the circles. (E) Resolved hierarchical regulation for oxidoreductase gene.
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signals that regulate various cellular activities. The TO-GCN analysis
revealed that GO terms related to calcium ion binding were mainly
enriched in the Level 3 and 4. Specifically, Ca2" sensors, including
Calcium-dependent protein kinases (CPKs), Calcium-binding proteins
(CMLs) and Calcineurin B-like proteins (CBLs) were predominantly
classified at Level 3. Furthermore, numerous TFs were co-expressed with
the Ca?" sensors and characterized at Level 4 (Fig. 4C). The most
abundant TF families included WRKY, ERF, NAC, bHLH, MYB, and bZIP,
consistent with the results observed in the DEGs of the 12 h and control
comparator groups (Fig. 4B). The expression of these TFs peaked after
12 hours of treatment, indicating their involvement in regulating
downstream target genes associated with the response to high calcium
stress. Additionally, several other TFs were classified as Level 5. These
findings collectively suggest that Ca?" sensors play a vital role in the
transcriptional response to high calcium stress, forming a hierarchical
regulatory network by regulating the expression of TFs.

3.6. Calcium stress activates ROS pathway

Moderate concentrations of ROS play a regulatory role in plant stress
responses, whereas excessive ROS can lead to oxidative stress (Mittler
et al., 2022). In this study, the GO term of “oxidoreductase activity” was
significantly enriched in Level 4-8 of the TO-GCN, suggesting that the
ROS may act as a key signaling mediator in the response to calcium
treatment in P. eburnea. Enzyme activity assays revealed activation of
principal enzymes involved in the ROS elimination system, including
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POD, SOD and CAT, indicating the maintenance of ROS homeostasis
(Fig. 1). Expressing analysis identified genes encoding these enzymes,
particularly a class of POD enzymes known as NAPDHs (Fig. 4D), which
were significantly up-regulated by calcium exposure. Combined with
TO-GCN, the four significant genes and ten potential TFs were catego-
rized into two Levels. Peb20137 (CAT) and Peb01793 (SOD) were
regulated by Peb04809 (ARF31) and Peb24145 (WRKY70), respectively,
with peak expression observed after 24 h of calcium treatment. In Level
5, Peb27636 (SOD) and Peb11100 (NAPDH) exhibited sustained high
expressed after calcium treatment and were regulated by eight TFs,
including WRKY70 and WRKY2 (Fig. 4E). Given that WRKY TFs have
been implicated in regulating NAPDH in response to stress (Adachi et al.,
2015), our findings suggest that WRKY TFs may also play a crucial role
in activating the ROS pathway in P. eburnea under high calcium stress.

3.7. Identification of key modules responding to high calcium stress

To deeper investigate the response mechanism to calcium treatment,
we conducted the WGCNA on all transcripts to pinpoint key factors
involved in responding to calcium stress. Thirteen co-expression mod-
ules were identified based on the similar expression patterns (Fig. 5A
and B). Module-trait correlation analyses suggested that the light-
steelblue module was strongly correlated with leaf calcium content
(Fig. 5B). This module contained 1869 genes functionally annotated
with enriched GO terms such as calcium-dependent phospholipid
binding, calmodulin binding, cation transport and metal ion transport

Fig. 5. Hub genes analysis of P. eburnea treated with high calcium stress. (A) Clustering dendrogram showing 13 modules of co-expressed genes identified in all
samples. (B) Module-trait correlations under calcium treatment. Blue and red colors represent the negative and positive correlation, respectively. (C) GO enrichment
analysis of the lightsteelblue module. (D) Regulatory network of calcium transporter and TFs in the lightsteelblue module. TFs on the outer layer and calcium
transporter on the inner layer, the color and size of the circle represent the degree value.
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(Fig. 5C), indicating its association with calcium ion transport. Within
this module, thirteen candidate genes related to calcium ion transport
were identified. A network was constructed to illustrate interactions
between these genes and co-expressed TFs, highlighting the pivotal roles
of two members of the CNGC family (Fig. 5D). The expression of
Peb13663 (PebCNGC2) significantly exceeded that of Peb20060
(PebCNGC4) and exhibited a similar expression pattern, with both genes
initially increasing in expression followed by a decrease after calcium
treatment (Table S5). In Arabidopsis, AtCNGC2 and AtCNGC4, which
belong to the same CNGC subgroup, interact to form a heteromeric
channel for their ion transport functions (Dietrich et al., 2020). This
prompted us to speculate on potential functional redundancy between
these two genes in P. eburnea, leading us to focus further analyses on
PebCNGC2.

3.8. Identification of PebCNGC2-interacting TFs

To identify the subcellular localization of PebCNGC2, the
PebCNGC2-GFP fusion protein was expressed in N. benthamiana leaves.
The result showed that PebCNGC2 was co-localized not only with the
plasma membrane marker AtCBL1, but was also in the nucleus (Fig. 6A).
In conjunction with TO-GCN and WGCNA analyses, ten TFs highly
correlated with PebCNGC2 expression were identified within the light-
steelblue module (Fig. 6B). Among these TFs, Peb17836 (ANL2) and
Peb07454 (ATML1) exhibited the strongest correlation with PebCNGC2,
with Peb15384 (BZR1) showing the highest expression. Besides, results
from transcriptional binding site prediction (Table S6) suggested that all
three TFs have the potential to bind to the PebCNGC2 promoter
(Fig. 6C). Subsequently, we employed the yeast one-hybrid system to
investigate whether these three TFs could directly bind to the PebCNGC2
promoter. In comparison to the negative control group, yeast strains that
transformed with the PebATMLI-pGADT7 and proPebCNGC2-pAbAi
vectors exhibited enhanced growth in the screening medium, as well as
in the positive control. The evidence suggested that PebATML1
(Peb07454) directly binds to the PebCNGC2 promoter, excluding
PebANL2 (Peb17836) and PebBZR1 (Peb15384) (Fig. 6D). We further
examined the expression of PebATML1 and PebCNGC2 by qRT-PCR,
confirming a co-expression pattern between PebATML1 and PebCNGC2
(Fig. 6E). The dual-luciferase (LUC) reporter system was also employed
to determine the regulatory relationship of PebATMLI to PebCNGC2. A
visible fluorescence signal was observed when co-expressing the
PebCNGC2pro::LUC construct with the empty effector vector, with the
signal markedly enhanced by co-expressing the PebATML1 protein
(Fig. 6F-H). These findings strongly suggest that PebATML1 can bind
directly to the PebCNGC2 promoter, enhancing the expression of this
gene during the pre-calcium treatment period.

4. Discussion

In karst regions, where calcium stress is a ubiquitous abiotic envi-
ronmental stressor, plants are adversely affected at various levels, from
physiological to molecular (Feng et al., 2022; Hepler, 2005). Although
there have been many studies on Ca2" signaling, the mechanisms un-
derlying plant tolerance to high Ca%* concentration remain largely un-
clear, especially at molecular level. In addition, physiological
mechanisms of calcium tolerance or adaptation have been investigated
in model plants or non-karst plants, such as Arabidopsis (Wang et al.,
2017b), Lemna minor (Mazen et al., 2004), and Lonicera confusa (Wu
et al., 2011). Primulina species, predominantly found in karst regions,
exhibit strong calcium tolerance abilities (Qi et al., 2013) and has been
used as a model for studying evolutionary adaptation to karst habitat
environments (Feng et al., 2020; Gao et al., 2015; Ke et al., 2022). The
time-series transcriptome under extreme condition is widely utilized for
understanding the rapid response, medium-term adaptation, and
long-term resistance to abiotic stress in plants (Chang et al., 2019; Xu
et al.,, 2021; Zhao et al., 2023). In the present study, we employed
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P. eburnea, a plant broadly distributed in karst region, as a model to
investigate the effects of exposure to lethal concentrations of calcium,
and used TO-GCN to unravel the potential molecular regulatory network
underlying the response to high calcium stress.

4.1. Physiological response to high calcium adaptation in P. eburnea

Calcium is not only an essential mineral for plants but also serves as a
signaling molecule for plant cells to respond to changes in the external
environment (Tian et al., 2020). However, high concentrations of Ca%*
can cause cytotoxicity, inhibiting plant growth and development. Our
results showed that calcium treatment leads to leaf necrosis, particularly
for cells near the leaf veins. Calcium ions are transported from the root
system to the above-ground part via the xylem (White and Broadley,
2003), leading to higher calcium ion toxicity in cells near the leaf veins
(Fig. 1A-D). After exposure to calcium, the high external calcium levels
lowered the water potential outside the cells, leading to water shortage
within the cells. To avoid losing too much water and keep the osmotic
balance, plant cells produce substances like proline (Wani et al., 2018).
In P. eburnea leaves, proline levels notably rose after calcium treatment
(Fig. 1H). However, prolonged stress disrupted the cellular osmotic
pressure homeostasis, leading to increased electrical conductivity and
accumulation of ROS. The principal enzymes of the ROS elimination
system swiftly responded to these alterations (Fig. 1E-G). It is note-
worthy that exposure to calcium ion concentrations below 50 mM for
one month does not adversely affect P. eburnea, whereas the same con-
centration is nearly lethal to wild-type Arabidopsis (Fig. 8B). This un-
derscores the exceptional high calcium tolerance of P. eburnea as a karst
plant. These physiological responses to high calcium stress have been
observed in P. eburnea, highlighting the need to elucidate the molecular
mechanisms underlying them.

4.2. Regulatory network of high calcium adaptation in P. eburnea

The regulatory network for plant adaptation to high calcium envi-
ronments involves multiple biological processes, including adaptive
physiological responses, calcium ion signaling, gene expression regula-
tion, and calcium ion transport and accumulation. Transcription factors
(TFs) are a core component of the complex regulatory network that
orchestrates plant responses to high calcium conditions, capable of
integrating multiple signaling pathways. To investigate the regulatory
relationship between TFs and different response pathways in high cal-
cium stress, we constructed TO-GCN based on a time-course tran-
scriptomics analysis. We classified the differential genes in leaves into
eight clusters, Level 1-8, corresponding to the different stages of
response to calcium stress (Fig. 3). In the initial three Levels, there was a
notable gene enrichment in the photosynthesis pathway, with the
expression of these genes decreasing following calcium treatment
(Fig. 4A). Calcium stress disrupts ionic balance, and thereby impeding
the transportation of iron ions to protoporphyrin, which in turn reduces
chlorophyll content and affects the photosynthesis (Ahire et al., 2014).
For instance, PSB28 regulates PSII activity, with psb28 mutants exhib-
iting a light green phenotype (Jung et al., 2008). Additionally, photo-
system I reaction center subunit XI (PSAL) can regulate photosynthesis
by regulating the ratio of excitation energy partitioning between PSII
and PSI (Hepworth et al., 2021). The chlorophyll a/b-binding (CAB)
protein is verified to participate in thylakoid membrane assembly,
thereby affecting photosynthesis (Green et al., 1991). We constructed
regulatory network of genes and potential TFs predicts that bHLH, ERF,
MYB, and WRKY are upstream regulators of these genes (Fig. 4A). The
functions of these TFs in the regulation of photosynthesis have been
partially elucidated in other plants. For instance, the LHC Regulating
MYB (LRM) regulates the adaptation of the light harvest
pigment-protein complexes (LHCs) to different light intensities in ma-
rine diatom (Agarwal et al., 2022). Do et al. (2020) reported three ERF
TFs that positively regulate chloroplast division under salt stress in
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Fig. 6. PebATML1 binds to the promoter and enhances PebCNGC2 expression under early calcium stress. (A) Subcellular localization of PebCNGC2 protein in
N. benthamiana leaves. AtCBL1-mCherry was used as a plasma membrane location maker. Bars = 100 pm. (B) Relation network of PebCNGC2 and predicted TFs.
Circles size represents the degree of correlation. TFs expression is visualized by a heat map, with levels of expression ranging from blue to red. (C) TFs binding sites in
the promoter of PebCNGC2. (D) Yeast one-hybrid assay displaying the interaction between PebCNGC2 and TFs. p53AbAi acted as a positive control. (E) The
expression levels of PebCNGC2 and PebATMLI under high calcium stress. (F) Constructed vectors used in dual-LUC assays. (G) Luciferase assay of PebCNGC2 and
PebATML1 in N. benthamiana leaves. 1, Reporter0 + EffectorO; 2, ReporterO0 + Effectorl; 3, Reporterl + EffectorO; 4, Reporter]l + Effectorl. (H) Fluorescence

intensity in dual-LUC assays. Values are means + SD (n = 3; ***P < 0.001).

moss. Overexpression of AWWRKY75 (a WRKY Ilc subfamily member)
enhanced photosynthesis and as a result improved salt stress tolerance in
transgenic peanut lines (Zhu et al., 2021). These findings indicate that
the photosynthesis process participates in the response of cationic stress
(e.g. Na* and Ca?"). In addition, WRKYs have been reported as poten-
tially the most important TF family to ameliorate the drought or salt
tolerance in Primulina species (Feng et al., 2020). However, the mech-
anisms of this amelioration require further investigation through addi-
tional works.

Ca* plays a crucial role in intracellular signal transduction in plants,
activating responses to various stresses. This activation involves the
decoding of calcium signals by an array of Ca?* binding proteins, which
are crucial for plants to effectively respond to stress. Different Ca2*
binding proteins exhibit varied responses to multiple abiotic stresses.
For example, AtCDPK23 (a calcium-dependent protein kinase family
member) negatively regulates response to drought and salt stress in
Arabidopsis (Ma and Wu, 2007). Conversely, in cotton, GhCDPK60 en-
hances drought resistance through positive regulation (Yan et al., 2022).
Calcineurin B-like proteins (CBLs) and CBL-interacting protein kinases
(CIPKs) interact to decode calcium signals. When activated by calcium
signals, CBL1/9 and CIPK1 can trigger a regulatory mechanism that
phosphorylates the ABA receptor PYLs, resulting in negative regulation
of drought stress (You et al., 2023). Furthermore, CBL2/3 and
CIPK3/9/23/26 are involved in the transport of Mg?* into vacuoles,
crucial for maintaining normal plant growth in high Mg?" environments
(Tang et al.,, 2015). Calmodulin (CaM) and Calmodulin-like (CML)
proteins are also calcium-binding proteins involved in the response to
salt stress (Dong et al., 2022; Yuenyong et al., 2018). In our study, under
high Ca2" treatment, calcium signaling in P. eburnea was mainly deco-
ded by CPK, CBL/CIPK and CML. In the developed calcium signaling
regulatory sub-network (Fig. 4C), we categorized eight CPK genes and
five CML genes as Level 3 components. Moreover, we identified several
TFs interacting with them in Level 4, including WRKY, MYB, ERF, and
bHLH. TFs play a crucial role in plant signaling pathways implicated in
responses to abiotic stress. AtMYB2 responds to the salt-induced Ca®*
signaling pathway mediated by CaM, leading to proline accumulation
and salt tolerance (Yoo et al., 2005). CML has been implicated in
regulating heat shock transcription factors (HSFs) in response to heat
stress (Raina et al., 2021). CaCDPK29 in pepper indirectly increases heat
tolerance by promoting the expression of the CaWRKY40 gene (Yang
et al., 2022). Therefore, we hypothesize that the signals generated by
Ca?* influx under high calcium stress are decoded by CPKs and CMLs,
which in turn induce these downstream TFs to respond to high calcium
stress and confer plant tolerance.

Under stress, plants are able to scavenge reactive oxygen radicals and
reduce their oxidative effects on cells through enzymes in the antioxi-
dant enzyme system. In tobacco, NADPH oxidase, a pivotal enzyme in
ascorbic acid biosynthesis pathway, is regulated by the MAPK-WRKY
pathway (Adachi et al., 2015). Overexpressing of GmNAC2 in tobacco
reduces stress tolerance through negative regulation of SOD expression
(Jin et al., 2013). Conversely, overexpression of GmMYB84 in soybeans
up-regulates SOD expression, resulting in improved drought tolerance in
the transgenic lines (Wang et al., 2017a). A bHLH gene cloned from
Poncirus trifoliata modulates ROS levels by regulating the CAT gene,
thereby increasing cold tolerance in Citrus grandis (Geng et al., 2019).
These studies indicate that TFs regulate oxidoreductases and are
involved in the ROS elimination pathway. In our study, we also identi-
fied several essential enzyme coding genes for eliminating ROS
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increased their expression under high calcium condition (Figs. 1 and 4).
ROS is not only a toxic molecule that inhibits cellular activities, it is also
capable of acting as a signaling molecule that drives numerous signaling
cascades (Ali et al.,, 2023). Under high calcium stress, multiple TFs
involved in maintaining ROS homeostasis to enhance P. eburnea adap-
tation to calcium treatment. It is noteworthy that calcium sensors can
integrate the calcium and ROS signaling in response to abiotic stress (Ali
et al., 2023). The analysis of TO-GCN shows that calcium sensors, such
as CML and CPK, are at Levels 3-5 associated with the ROS system and
cross-regulate several families of TFs, indicating that they collectively
play a regulatory role in the adaptation of the P. eburnea to high calcium
treatment.

Plants primarily absorb and translocate calcium from the soil to leaf
via the root system (White and Broadley, 2003). In environments with
elevated calcium levels, the roots initially encounter high calcium ion
concentrations. This raises the question of whether the root system’s
response to high calcium is similar to that of the leaves, elucidating the
uniformity or divergence in their adaptation mechanisms. We also
constructed a TO-GCN of differentially expressed genes in roots, which
was divided into 8 Levels (Fig. 7). From Level 1 to Level 8, the quantity
of TFs generally exhibits a decreasing trend, with a slight increase at
Level 5. This indicates a rapid response of TFs during the early stages of
high calcium treatment, mirroring the results observed in leaves
(Fig. 7A). However, diverging from the expression pattern in leaves, the
majority of genes in roots reach their expression peak between 12 and
48 hours after calcium treatment, markedly faster than in leaves
(Fig. 7B). This accelerated response is intricately linked to the physio-
logical role of roots in calcium translocation, underscoring a distinct
temporal dynamic in gene expression between roots and leaves under
high calcium conditions. Calcium treatment significantly enriched
differentially expressed genes in root metabolic pathways, including
Cytochrome P450, Starch and sucrose metabolism, and Glutathione
metabolism. (Fig. 7C). Among these, Glutathione metabolism is partic-
ularly critical for plant resistance, engaging in key physiological pro-
cesses essential for the detoxification of ROS and the maintenance of
redox homeostasis (Ali et al., 2023). Consequently, it is evident that the
root system exhibits a rapid response to high calcium stress, bolstering
its resilience against unfavorable conditions through the activation of
multiple metabolic pathways.

4.3. Molecular mechanism of high calcium adaptation in P. eburnea

After outlining the regulatory network of P. eburnea in response to
high calcium stress, it remains unclear which genes are central to the
resistance to the toxicity of high calcium. Weighted correlation network
analysis (WGCNA) is an effective method for identifying highly syner-
gistically altered gene modules and candidate gene targets based on the
correlation between gene modules and traits, and has been used to
screen hub genes under a variety of abiotic stresses (Langfelder and
Horvath, 2008; Li et al., 2021; Mo et al., 2022; Sun et al., 2023; Wang
et al., 2021). Using WGCNA, we identified 13 modules and determined
that the lightsteelblue module is the core response module under high
calcium stress (Fig. 5). This module is enriched with various calcium
transporter proteins, including ACAs, CNGCs, CAXs and ANNs. ACA
(Ca%t-ATPase subfamily), considered efflux transporter, regulate cal-
cium content, as evidenced by GmACA?7 in soybean seeds (Malle et al.,
2020). The Ca®"/cation antiporter (CaCA) transports Ca?t from the
cytoplasm to the vacuole for isolation and to prevent intracellular
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Fig. 7. TO-GCN of the high calcium response in Root. (A) The number of TFs and non-TFs in Level 1-8. (B) Heatmap showing gene expression levels at different time
points. (C) KEGG enrichment for co-expressed genes at each resolved Level. Darker colors represent lower p-values and more significant enrichment of

KEGG pathways.

accumulation of calcium ions (He et al., 2022). Cyclic nucleotide-gated
ion channel (CNGC) mediates Ca®" influx into the cytoplasm and is
distributed in the plasma membrane, nucleus and other organelles
(Charpentier et al., 2016; Christopher et al., 2007). CNGCs can partici-
pate in plant innate immunity not only through phosphorylation mod-
ifications but also by regulating calcium signaling in response to abiotic
stress (Dietrich et al., 2020; Tian et al., 2019). In the present study,
PebCNGC2 was confirmed as a core gene in response to high calcium
stress in P. eburnea, with homology to AtCNGC2 in Arabidopsis. AtCNGC2
is an important Ca?* channel at the plasma membrane that mediates
Ca®" influx into leaf cells (Wang et al., 2017b). We have developed
transgenic Arabidopsis lines overexpressing the PebCNGC2 gene
(Fig. 8A). Under high calcium conditions, these transgenic lines
demonstrate enhanced tolerance compared to the wild type, exhibiting
significantly greater fresh weight of leaves (Fig. 8B and C). It has been
reported that in plants, calcium exists not only in a HoO-soluble form but
also as calcium chelated by cell wall components and calcium chelated
by acidic compounds such as oxalates (Matthew et al., 2011). These
forms of calcium can be sequentially extracted using water, acetic acid
(AA), and hydrochloric acid (HCl), respectively. Upon treatment with
50 mM calcium, the accumulation of HyO-soluble calcium in the trans-
genic lines is significantly reduced, while the content of AA-soluble
calcium increases (Fig. 8D). It was verified that when calcium ion sup-
ply is increased, leaf cells of the atcngc2 mutant are unable to effectively
unload excess free calcium ions. This leads to an excessive accumulation
of calcium ions in the extracellular space, resulting in calcium toxicity
(Wang et al., 2017b). In this study, the overexpression of the PebCNGC2
line enhanced the calcium ion unloading capacity, reducing the content
of free calcium ions and alleviating cellular calcium toxicity. Moreover,
Ca?* is crucial for the structure and function of Photosystem II (PSII).
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Within PSII, calcium ions are components of the oxygen-evolving com-
plex, directly participating in the water-splitting process and the release
of oxygen (Debus, 1992). Under high calcium treatment, the Fv/Fm
value of the wild-type plants is only about 0.4, indicating severe
photosynthetic damage. Compared to the wild type, the photosystem II
of the transgenic lines suffers less damage (Fig. 8E and F). These results
demonstrate that overexpressing PebCNGC2 enhances the plant’s ability
to tolerate high calcium stress and maintain calcium ion homeostasis. It
holds significant potential for the improvement of high-calcium vege-
table varieties and environmental restoration in karst regions with high
calcium levels.

Although some of the functions of AtCNGC2 have been described, the
TFs that regulate AtCNGC2 expression have not been reported. Here, we
identified candidate TFs that regulating PebCNGC2 and verified that
ATML1 can bind directly to the PebCNGC2 promoter, increasing its
expression during the pre-calcium treatment period (Fig. 6). In condi-
tions of high calcium, a lot of Ca®* moves through the xylem from roots
to leaves. Then, ATML1 activates PebCNGC2, causing a surge in
expression. This moves the excess Ca2t from outside the cells to inside
them. ATMLI acts as a critical regulator in plant epidermal formation
and differentiation (Ilida et al., 2023). The double mutant of atml1 hdg3
displayed abnormal cotyledon development and epidermal differentia-
tion. In addition, ATML1 is involved in the development of both
epidermal trichomes and stomatal lineages (Liu et al., 2020; Nakamura
et al., 2006). It has been demonstrated that trichomes on the leaf
epidermal surface can store calcium, and excess calcium can be excreted
through stomata (Wu et al., 2011). Interestingly, a large number of
trichomes are also found on leaf surface of P. eburnea. Further experi-
mental evidence is required to demonstrate the calcium storage in
P. eburnea leaf trichomes and to elucidate the mechanism of
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Fig. 8. Overexpressing PebCNGC2 enhances the ability to withstand high calcium stress. (A) The expression level of the PebCNGC2 overexpression transgenic lines.
(B) The phenotypes of transgenic lines and Col-0 under treatment with 0 mM and 50 mM CaCl,. (C) The leaf fresh weight and (D) Ca content of transgenic lines and
Col-0 under treatment with 0 mM and 50 mM CacCl,. (E), (F) The Fv/Fm value of transgenic lines and Col-0 under 50 mM CaCl, treatment. Values are means + SD (*P

< 0.05; **P < 0.01).
PebATML1-PebCNGC2 participation in the transportation and storage.
5. Conclusion

High calcium environments, characteristic of karst regions, signifi-
cantly affect ecological and economic productivity. Studying the
response to high-calcium soil-adapted species to high-calcium stress is
crucial for understanding the broad molecular mechanisms of plant
resistance to such environments. In this study, we conducted a
comprehensive analysis of the physiological and transcriptomic effects
of lethal concentrations of calcium stress on P. eburnea under time series
conditions. Based on the TO-GCN and WGCNA, the regulatory networks,
which include both TFs and non-TFs, are predicted to elucidate potential
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regulatory mechanisms for the response to high calcium stress. In
conclusion, as Fig. 9 depicted, Ca®" signals generated by the influx of
Ca2" into the cytoplasm are decoded by calcium sensors, which activate
a diverse array of TFs responsible for maintaining the stability of the
photosynthetic system, scavenging excess reactive oxygen species,
limiting further influx of extracellular Ca?" and transfer excess Ca2*
from the cytoplasm into the vacuole. This comprehensive analysis sheds
light on the molecular mechanism underlying the plant responses to
high calcium stress at the transcriptional level. Our study identified the
core role of CNGC2 and its regulator ATML1 in mediating the response
to high calcium stress. These findings lay the foundation for the culti-
vation of high calcium economic crops and effective ecological man-
agement practices in regions characterized by high calcium
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Fig. 9. Model of the molecular mechanism in response to high calcium stress in P. eburnea. Ca>* sensors detect a significant increase in Ca®" influx into the cytoplasm
and activate downstream TFs in response to high calcium stress. They maintain the homeostasis of the photosynthetic system, activate SOD, CAT, and NADPH to
remove reactive oxygen species and engage Ca®" transporters in the tonoplast to capture Ca®* in the vacuole. During the early stages of calcium stress, ATML1

enhances the expression of CNGC2 to transport Ca®* to the leaf surface.

environments.
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