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Abstract

Background: Calcium signaling plays a critical role in plant growth, development, and stress adaptation. However, the tissue-specific
mechanisms governing calcium homeostasis in medicinal plants adapted to high-calcium karst environments remain poorly understood.
This study investigated the functional divergence and potential molecular basis of calcium homeostasis in leaves and root tips of Sophora
tonkinensis under pharmacological perturbation. Methods: Treatments included lanthanum chloride (LaCls) (a plasma membrane Ca**
channel blocker), sodium orthovanadate (Na;VOy) (a Ca**-ATPase inhibitor), and ethylene glycol-bis(B-aminoethyl ether)-N,N,N’,N'-
tetraacetic acid (EGTA) (an extracellular Ca®>" chelator). Subcellular calcium distribution and expression of 14 calcium signaling-related
genes were analyzed at 20, 40, and 60 days post-treatment using potassium pyroantimonate precipitation in conjunction with transmission
electron microscopy and quantitative real-time PCR. Results: LaCl; treatment initially induced intracellular calcium accumulation,
followed by the engagement of alternative efflux pathways in leaves and increased extracellular deposition in root tips. Na3 VO, treatment
exacerbated intracellular calcium overload, resulting in sustained calcium toxicity in leaves, whereas root tips exhibited coordinated
calcium redistribution. EGTA treatment dampened overall calcium signaling. However, root tips maintained functionality by mobilizing
internal calcium stores. Gene expression analysis revealed a significant upregulation of Sophora tonkinensis calmodulin-like protein
9 (StCMLY) in roots (up to 11.7-fold relative to the control), with expression closely synchronized with Ca®* fluctuations, suggesting
a potential role for StCML9 in calcium sensing and adaptive responses. In contrast, Sophora tonkinensis calcium-dependent protein
kinases (StCDPKs) were generally suppressed in leaves. Conclusions: These findings suggest that S. tonkinensis may employ organ-
specific calcium distribution and transcriptional reprogramming to maintain calcium homeostasis under signaling perturbation. This study
provides correlative evidence that contributes to mechanistic insights into the species’ adaptation to high-calcium karst environments and
offers candidate genes for future functional validation.
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1. Introduction Ca’" signaling in the control of root growth [11,12], an-
tioxidant enzyme activities [13,14], secondary metabolite
accumulation [15,16] and disease resistance [17,18], such

as lanthanum chloride (LaCls) (a plasma membrane Ca”*

Calcium ions (Ca®") serve as highly conserved sec-
ond messengers in eukaryotes, playing critical roles in

plant growth, development, and responses to environmental
stresses [1,2]. Plant cells regulate dynamic fluctuations in
cytosolic free Ca?" concentrations through the coordinated
action of the cell wall, plasma membrane Ca?" channels,
and intracellular Ca?" stores, such as the vacuole and endo-
plasmic reticulum. These fluctuations generate ‘Ca’" sig-
natures’ that are decoded to activate downstream responses
[3,4]. These processes are integral to photomorphogene-
sis [5], tropic growth [6], and adaptive responses to bi-
otic and abiotic stresses, including drought, salinity, ex-
treme temperatures, and pathogen infection [7,8,9]. Con-
sequently, Ca>" signaling is central to nearly all aspects of
plant life [10]. In many studies, pharmacological block-
ers have been used to demonstrate the key functions of

channel blocker), ethylene glycol-bis(B-aminoethyl ether)-
N,N,N’,N'-tetraacetic acid (EGTA) (an extracellular Ca>*
chelator) and sodium orthovanadate (Na3VO,) (a Ca®*-
ATPase inhibitor).

Sophora tonkinensis Gagnep., a valuable medicinal
plant native to the calcium-rich karst regions of China, ex-
hibits significant environmental adaptation through calcium
signaling [19]. A prior study has indicated that exoge-
nous calcium treatment influences the growth, physiologi-
cal traits, and medicinal compound accumulation of S. tonk-
inensis [20], underscoring a crucial role for Ca?* signaling
in its environmental adaptation and secondary metabolism.
However, the mechanisms governing calcium homeostasis
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in S. fonkinensis remain inadequately explored. Specifi-
cally, the dynamic responses of distinct subcellular Ca**
pools (such as those in the plasma membrane, vacuole,
and cell wall) to external perturbations have not been sys-
tematically investigated. In addition, the coordination of
key components in the Ca?" signaling pathway (including
Ca?"-ATPase, Cation/H" Exchanger (CAX), phospholipase
C (PLC), calcium-dependent protein kinase (CDPK), and
calmodulin-like protein (CML)) across different tissues like
roots and leaves remains unclear.

A pharmacological approach was used to examine the
effect of different Ca®* signaling pathways on S. tonkinensis
plantlets using three different inhibitors: LaCl;, NazVOy,
and EGTA, which have different modes of action. Sub-
cellular calcium distribution was detected by precipitation
of potassium pyroantimonate, and expression levels of cal-
cium signaling-related genes were quantified by quantita-
tive real-time PCR (qRT-PCR). This study aims to inves-
tigate the tissue-specific regulatory mechanisms involved
in the control of the intracellular calcium homeostasis of S.
tonkinensis under these treatments by comparing the tem-
poral responses of leaves and roots. These findings may
offer a theoretical framework to explain the role of cal-
cium signaling in the growth, development, and secondary
metabolism of medicinal plants.

2. Materials and Methods

2.1 Plant Materials and Treatment With Calcium Channel
Blockers

Tissue-cultured plantlets of the medicinal plant S.
tonkinensis were utilized as experimental materials. The
plantlets were maintained under controlled conditions of 25
+ 1 °C, 16 h light/8 h dark photoperiod with a light inten-
sity of 120 pmol-m~2-s~! provided by cool-white fluores-
cent lamps (Shenzhen Vanq Technology Co., Ltd., Shen-
zhen, Guangdong, China).

The plant material was sourced from the Guangxi
Botanical Garden of Medicinal Plants, Nanning, Guangxi,
China (22°51°12” N, 108°22°38” E). The plant material
was identified by Associate Professor Fan Wei (Guangxi
Botanical Garden of Medicinal Plants). Voucher specimens
(accession No. YYZW20240189) were deposited in the
Germplasm Repository of the Guangxi Botanical Garden
of Medicinal Plants.

To perturb specific pathways of intracellular calcium
signaling, various calcium channel blockers were intro-
duced into the culture medium. All blockers were dissolved
in sterile distilled water as stock solutions, filter-sterilized
(0.22 pm pore size), and added to the culture medium af-
ter autoclaving and cooling to approximately 50-55 °C to
prevent thermal degradation. The final concentrations in
the culture medium were as follows: R1: 50 uM LaCls
(449830, Sigma-Aldrich, St. Louis, MO, USA), R2: 50
UM Naz VO, (S6508, Sigma-Aldrich), R3: 0.5 mM EGTA

(E3889, Sigma-Aldrich). The control group (R0O) received
an equivalent volume of sterile distilled water.

The culture medium for all groups comprised 1/2 MS
medium (Murashige and Skoog, 1962 [21]; MSPO1, Phy-
toTechnology Laboratories, Shawnee Mission, KS, USA)
supplemented with 1.5 mg/L naphthaleneacetic acid (NAA)
(PHAO0034, Duly Biotech, Nanjing, Jiangsu, China) and
0.3 mg/L indole-3-acetic acid (IAA) (PHAO0031, Duly
Biotech), with a pH adjusted to 5.8. Root and leaf tissues
were harvested from each group at 20, 40, and 60 days after
inoculation, with three biological replicates per treatment.
Total RNA extraction was performed on the tissue samples,
which were immediately frozen in liquid nitrogen upon col-
lection and stored at —80 °C.

The extended treatment durations (20, 40, and 60
days) were selected to investigate long-term adaptive re-
sponses of calcium homeostasis, as calcium signaling
events under chronic pharmacological perturbation require
extended periods for observable phenotypic and transcrip-
tional changes.

2.2 Sample Preparation for Transmission Electron
Microscopy and Pyroantimonate Precipitation

Following treatment with the calcium channel block-
ers, leaf and root tip tissues were rinsed with ice-cold
phosphate-buffered saline (PBS). Small pieces approxi-
mately 1 mm?® in size were then excised and immersed in
ice-cold fixative solution (0.1 M phosphate buffer (R29808-
500 mL, Shanghai Yuanye Bio-Technology, Shanghai,
China)) containing 2.5% glutaraldehyde (16220, Electron
Microscopy Sciences, Hatfield, PA, USA) and 2% potas-
sium pyroantimonate (P815763, Shanghai Macklin Bio-
chemical, Shanghai, China, pH 7.4) for fixation at 4 °C for
2 to 4 hours. After fixation, the samples were rinsed three
times with 0.1 M phosphate washing buffer containing 2%
potassium pyroantimonate, with each wash lasting 15 min-
utes. The samples were then transferred to a solution of
1% osmium tetroxide (18456, Ted Pella Inc., Redding, CA,
USA) containing 2% potassium pyroantimonate and post-
fixed overnight at 4 °C.

The samples were subsequently dehydrated through a
graded ethanol series (30%, 50%, 70%, 80%, 95%, 100%
I, 100% II) and propylene oxide (80059118, Sinopharm
Chemical Reagent, Shanghai, China) before infiltration and
embedding in Epon-812 epoxy resin (18010, TED PELLA,
Redding, CA, USA). The embedded samples were poly-
merized at 60 °C for 48 hours. Ultrathin sections (70 nm)
were prepared using an ultramicrotome (Leica UC7, Leica
Microsystems, Wetzlar, Germany) and collected on 150-
mesh Formvar-coated copper grids (AZH150, Zhongjing
Keyi, Beijing, China). Sections were stained with 3%
uranyl acetate (22400, EMS, Hatfield, PA, USA) in a sat-
urated alcohol solution for 8 minutes, followed by 2.7%
lead citrate (HD17810, Henan Dinghui Chemical Reagent,
Zhengzhou, Henan, China) solution for 8 minutes to en-
hance contrast.
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Control experiments were also performed to confirm
the specificity of the precipitation of calcium by potassium
pyroantimonate using EGTA chelation. The same embed-
ded block was serially sectioned, inverted on 0.1 M EGTA
(pH 8.0), and placed at 60 °C for 30 minutes to specifically
chelate Ca®". After being well rinsed with double distilled
water, sections were stained with uranyl acetate and lead
citrate and viewed in a transmission electron microscope
(JEM-1400, JEOL, Tokyo, Japan).

2.3 Total RNA Extraction and Quality Assessment

Total RNA was extracted from approximately 50
mg of root and leaf tissues of S. fonkinensis using the
TGuide S96 Magnetic Plant RNA Kit 5 (Polysaccharides
& Polyphenolics-rich) (Catalog No. DP862-T5C; Tiangen
Biotech, Beijing, China) with a TGuide S96 automatic nu-
cleic acid extraction and purification instrument (Tiangen
Biotech). The concentration and purity of the extracted
total RNA were assessed using a NanoDrop 2000 spec-
trophotometer (Thermo Fisher Scientific, Waltham, MA,
USA), while RNA integrity was verified using an Agilent
5300 Bioanalyzer (Agilent Technologies, Santa Clara, CA,
USA). All RNA samples used for subsequent experiments
met the following criteria: OD260/280 of 2.0-2.2, concen-
tration greater than 85 ng/pL, and RNA Quality Number
(RQN) exceeding 6.0, indicating good RNA purity.

2.4 ¢cDNA Synthesis

First-strand cDNA was synthesized from 1 pg of total
RNA using the HiScript Q RT SuperMix for qPCR (+gDNA
wiper) kit (R223-01, Vazyme Biotech Co., Ltd., Nanjing,
China). Genomic DNA removal and reverse transcription
were conducted according to the manufacturer’s instruc-
tions. Briefly, the reaction mixture was incubated at 42 °C
for 5 minutes for genomic DNA removal, followed by re-
verse transcription at 50 °C for 15 minutes, and then heated
at 85 °C for 2 minutes to inactivate the reverse transcriptase.
The resulting cDNA products were diluted with sterile ul-
trapure water and stored at —20 °C until use.

2.5 Quantitative Real-Time PCR

Quantitative real-time PCR (qRT-PCR) was per-
formed on a QuantStudio™ 5 384-well real-time PCR sys-
tem (Applied Biosystems, Waltham, MA, USA) ina 10 pL
reaction volume comprising: 5 pulL of 2 x ChamQ SYBR
Color qPCR Master Mix (Q411-02, Vazyme Biotech Co.,
Ltd.), 0.4 pL of forward primer (5 uM), 0.4 puL of reverse
primer (5 uM), 0.2 pL of 50 x ROX Reference Dye 2 (Q411-
02, Vazyme Biotech Co., Ltd.), 1 uL of cDNA template, and
3 pL of sterile ultrapure water.

The PCR amplification program included the follow-
ing steps: pre-denaturation at 95 °C for 3 minutes, denat-
uration at 95 °C for 5 seconds, and annealing/extension at
55 °C for 30 seconds, across of 40 cycles. A melting curve
analysis was performed post-reaction to confirm the speci-
ficity of the amplified products.
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This study analyzed a total of 14 target genes. Primers
were designed and synthesized by Shanghai Majorbio Bio-
pharm Technology Co., Ltd. The specificity of all primers
was validated through conventional PCR and melting curve
analysis. Actin of S. tonkinensis served as the internal ref-
erence gene, with relative expression levels of target genes
calculated using the 2724t method. The primer sequences
employed for qRT-PCR are listed in Table 1.

2.6 Statistical Analysis

All data are presented as means + standard error
(SE) derived from three independent biological replicates.
Statistical comparisons among multiple groups were con-
ducted using one-way analysis of variance (ANOVA). A
significance threshold of p < 0.05 was considered statisti-
cally significant, while p < 0.01 was regarded as extremely
significant. All statistical analyses were conducted using
SPSS Statistics version 26.0 (IBM Corp., Armonk, NY,
USA).

3. Results

3.1 Effects of Different Calcium Channel Blockers on
Ca’* Distribution in S. tonkinensis Leaves

Combining the potassium pyroantimonate precipi-
tation technique with transmission electron microscopy
(TEM), Ca”" was visualised in situ as black flocculent or ir-
regular granular deposits (Fig. 1a). To verify the specificity
of the precipitation signal, samples treated with potassium
pyroantimonate were exposed to the specific Ca>* chela-
tor EGTA. The black deposits vanished, and plaques were
found to be clear, as shown in Fig. 1b. This control exper-
iment confirmed the above observation that the black par-
ticles are in fact Ca" fixed by potassium pyroantimonate.
This method is thus an accurate and specific way of reflect-
ing the in situ distribution of Ca®".

Based on these validations, the effects of different cal-
cium channel blocker treatments on Ca?" distribution in S.
tonkinensis leaves were further analyzed, with results pre-
sented in Fig. 2.

RO (Control treatment): After 20 days, Ca’" signals
were predominantly enriched in the cell wall, with no sig-
nificant deposition observed in the vacuole (Fig. 2a). At
40 and 60 days, the Ca®" distribution pattern remained sta-
ble, primarily localized extracellularly, with sparse signals
in the cytoplasm and clearly visible organellar structures
(Fig. 2b,c).

R1 (LaCl; treatment): At 20 days, Ca’" was dis-
tributed extracellularly (Fig. 2d). At 40 days, intracellu-
lar Ca®" signals intensified, with increased granule accu-
mulation in the cytoplasm and a tendency toward aggrega-
tion. Deposits began to appear in the vacuole, while ex-
tracellular signals diminished (Fig. 2e). At 60 days, cells
exhibited plasmolysis, intracellular Ca?" signals weakened
somewhat, and extracellular Ca®* signals gradually intensi-
fied (Fig. 2f).
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Table 1. Primer sequences used for quantitative real-time PCR (qRT-PCR).

Gene name

Primer name

Forward primer sequence (5'-3")

Reverse primer sequence (5'-3")

StCa’*-ATPasel evm.model.4.1484 TGGTTTCCTTAATCCGTTAT TGATCCCATTGTCTCACA
StCa’*-ATPase4 evm.model.3252 TACAAAGTGCCTGATGAA AACCCAGAAACTCCTAAC
StCa’*-ATPase5 evm.model.4.2365 AGATGGAGGGAACTATGC TCAGGCACTTTGTAATCG
StPLCI evm.model.4.4545 GATAGGCTAGGTGTAAGGG GGACAATCAGTTCGTGGG
StPLC2 evm.model.3.333 CCCCATCATACAGGCACT TGGTCTTCAAGGGTTATT
StCAX1 evm.model.2.6359 GCAAGAAGTCTAGCCTCA AAGCCATAGTATTCAGCA
StCaM4 evm.model.1.2893 AAACAGATTCGGAGGGAG TGAGTGAAGGGTAGAAATGG
StCDPK1 evm.model.1.4983 TCCACTCATACAGTGCCTCA GCAAGCATACAGCAACCC
StCDPK?2 evm.model.6.1204 ATCTGGAGTGCTGGAGTA ATTAGGAGCTTTCTTTGC
StCBL1 evm.model.1.187 GCGTGATCCACAGACTCCT TCAAATCTAATCCCGAAGACA
StCML3 evm.model.2.915  GTCGGAGGAGGTAAGTCG TTATCATTCTTCGGCAATCT
StCML5 evm.model.1.4113  AGGAGTTCGGCGAGTTTC GCAATCACTGAGGGAGCA
StCML9 evm.model.2.1131  ACCATTATCAGTTTCGTCG TAGCCATAGCAAGCATCA
StCML10 evm.model.4.1585 GCCGAATCAAACCCTAACG TGATGAAGCCGTCGTGGT
Actin evm.model.3.5465 CATTGTTCTTAGTGGTGGTT GAGGGATGCAAGGATTGA
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Fig. 1. Distribution of intracellular Ca’" and validation by EGTA treatment. (al,a2) Black flocculent or irregular particles indi-

cate Ca”" fixed by potassium pyroantimonate (indicated by red arrows). Magnifications: 2000x and 10,000x, respectively. (bl,b2)

Ca®" chelated by EGTA appears as transparent empty plaques (indicated by red arrows). Magnifications: 2000x and 10,000%, respec-
tively. CW, cell wall; Chl, chloroplast; PM, plasma membrane; V, vacuole; EGTA, ethylene glycol-bis(B-aminoethyl ether)-N,N,N',N'-
tetraacetic acid. Scale bars: 2 um (al,b1l; 2000%); 500 nm (a2,b2; 10,000%).

R2 (Na3 VO, treatment): At20 days, Ca?" was notably
enriched at the plasma membrane, with scattered granules
observed in the cytoplasm (Fig. 2g). At40 days, some cells
exhibited evident plasmolysis, with a small amount of Ca®*
present in the cytoplasm and partial deposition visible in
and around the vacuole (Fig. 2h). At 60 days, the density of
Ca?" in the cytoplasm increased, displaying a more concen-
trated distribution with localized small patchy aggregates
(Fig. 2i).

R3 (EGTA treatment): At 20 days, the overall cellular
structure remained intact, with sporadic intracellular Ca**
signals observed (Fig. 2j). At 40 days, cells exhibited pro-
nounced plasmolysis, with persistent intracellular Ca* sig-
nals, and a clear presence of extracellular and membrane-
associated Ca’" signals (Fig. 2k). At 60 days, plasmolysis
persisted, and both intracellular and extracellular Ca>* sig-
nals remained detectable (Fig. 21).

3.2 Effects of Different Calcium Channel Blockers on
Ca’* Distribution in Root Tips of S. tonkinensis

The effects of various calcium channel blocker treat-
ments on Ca?" distribution in the root tips of S. tonkinensis
are illustrated in Fig. 3.

RO (Control treatment): At 20 days, Ca’>" was predom-
inantly distributed in the cell wall and intercellular spaces
(Fig. 3a). By 40 days, Ca®" signals gradually shifted
from the extracellular to the intracellular compartment, with
an increase in calcium granules observed in the cytoplasm
(Fig. 3b). At 60 days, extracellular Ca®* signals intensified
further, forming dense deposition bands (Fig. 3c). Overall,
the dynamic trend reflected a transition from predominantly
extracellular distribution to increased intracellular accumu-
lation, ultimately returning to extracellular localization.

R1 (LaCl; treatment): At 20 days, Ca>* was primar-
ily located in the intercellular spaces, with a small presence
in the cytoplasm (Fig. 3d). At 40 days, while extracel-
lular Ca" continued to dominate, intracellular Ca2" accu-
mulation increased significantly, with deposits beginning
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20 day 40 day 60 day

Fig. 2. Observation of Ca’" distribution in mesophyll cells of S. tonkinensis leaves under different calcium channel blocker
treatments. Black flocculent or irregular particles indicate Ca®" precipitated by potassium pyroantimonate (indicated by red arrows).
(a) RO, 20 d (the same micrograph as shown in Fig. lal, presented here as the baseline for comparison with treated groups): Ca**
enriched in cell wall, not in vacuole. (b) RO, 40 d: Ca®* mainly extracellular, sparse cytoplasmic signals. (c) RO, 60 d: distribution stable.
(d) R1, 20 d: Ca*" extracellular. (¢) R1, 40 d: intracellular signals intensified, granules and vacuolar deposits appeared. (f) R1, 60 d:
plasmolysis, intracellular signals weakened, extracellular intensified. (g) R2, 20 d: Ca*" enriched at plasma membrane. (h) R2, 40 d:
some plasmolysis, Ca?* in cytoplasm and around vacuole. (i) R2, 60 d: cytoplasmic Ca®" increased, patchy aggregates. (j) R3, 20 d:
structure intact, sporadic intracellular signals. (k) R3, 40 d: pronounced plasmolysis, clear intra- and extracellular signals. (1) R3, 60
d: plasmolysis persisted, both signals present. CW, cell wall; Chl, chloroplast; M, mitochondrion; IS, intercellular space; PM, plasma

membrane; S, starch; V, vacuole. Scale bars: 2 um (all panels at 2000x magnification).

to appear in the vacuole (Fig. 3e). By 60 days, Ca’>" was R2 (Na3VOy, treatment): At 20 days, Ca’" signals
mainly localized extracellularly, showing broader distribu- were mainly distributed outside the cells (Fig. 3g). By 40
tion compared to 40 days, while intracellular Ca*" signals days, a marked shift toward the intracellular compartment
correspondingly diminished (Fig. 3f). was evident, with clear and dense Ca”" aggregates visible
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Fig. 3. Observation of Ca*" distribution in root tips of S. fonkinensis under different calcium channel blocker treatments. Black
flocculent or irregular particles indicate Ca*" precipitated by potassium pyroantimonate (indicated by red arrows). (a) R0, 20 d: Ca*"
mainly in cell wall and intercellular spaces. (b) RO, 40 d: Ca®" shifted to cytoplasm with increased granular signals. (c) R0, 60 d:
extracellular Ca®" intensified forming dense bands. (d) R1, 20 d: Ca*" primarily in intercellular spaces with a small presence in the
cytoplasm. (e) R1, 40 d: extracellular Ca** dominant, intracellular accumulation increased, vacuolar deposits appeared. (f) R1, 60 d:
Ca®" mainly extracellular with broader distribution, intracellular signals diminished. (g) R2, 20 d: Ca* signals mainly extracellular. (h)
R2, 40 d: marked shift to intracellular with dense aggregates in cytoplasm and around vacuolar membrane. (i) R2, 60 d: cytoplasmic
Ca*" decreased, extracellular signals intensified, some Ca”" re-transported outward. (j) R3, 20 d: Ca®>* predominantly inside vacuole with
granular deposits. (k) R3, 40 d: Ca*" shifted to extracellular with deposition in cell wall, intracellular signals weakened. (I) R3, 60 d:
Ca*" remained mainly extracellular, cell wall deposition persisted. CW, cell wall; Chl, chloroplast; M, mitochondrion; IS, intercellular
space; PM, plasma membrane; S, starch; V, vacuole. Scale bars: 2 um (all panels at 2000x magnification).

in the cytoplasm and deposits noted around the vacuolar  once more, and some Ca?" was re-transported to the extra-
membrane (Fig. 3h). At 60 days, calcium density in the cellular space (Fig. 3i).
cytoplasm decreased, extracellular Ca>" signals intensified
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R3 (EGTA treatment): At 20 days, Ca®" signals were
predominantly located inside the vacuole, with noticeable
granular deposits visible within the vacuolar membrane
(Fig. 3j). By 40 days, Ca?" signals shifted mainly to the ex-
tracellular space, with clear deposition in the cell wall and
weakened intracellular Ca®" signals (Fig. 3k). At 60 days,
Ca’" signals remained primarily extracellular, and deposi-
tion in the cell wall persisted (Fig. 31).

3.3 Expression Responses of Calcium Signaling Genes in
the Leaves of'S. tonkinensis to Different Calcium Channel
Blockers

To investigate the effects of calcium channel block-
ers on the expression of genes associated with calcium sig-
naling pathways, 14 calcium signaling-related genes were
selected as targets. These genes were previously identi-
fied through correlation analysis as significantly correlated
with the accumulation of medicinal active components in
S. tonkinensis [20]. The expression patterns of these 14
genes under different calcium channel blocker treatments
were analyzed using qRT-PCR. As illustrated in Fig. 4,
treatment with calcium channel blockers led to significant
suppression or induction of most examined genes in leaf
tissues. The expression of the calcium pump gene StCa’"-
ATPasel (evm.model.4.1484) was suppressed following
R2 (Na;VO,) treatment. However, it was significantly up-
regulated at 60 days under R3 (EGTA) treatment, reaching
a relative expression level of 3.4643 (approximately 2-fold
that of the control). The expression of the calcium trans-
porter gene StCAX1 (evm.model.2.6359) was markedly and
significantly upregulated under R1 and R2 treatments. Its
highest expression level (6.562, approximately 6.6-fold
that of the control) was observed under R3 treatment at
20 days. This suggests that when calcium influx or ef-
flux is obstructed, cells may enhance CAX-mediated vac-
uolar compartmentalization to adapt to changes in cyto-
plasmic calcium levels. The phospholipase C (PLC) gene
StPLC1 (evm.model.4.4545) was significantly induced un-
der R1 treatment, reaching 2.823 at 20 days (2.8-fold that
of the control), but it was suppressed under R2 treat-
ment. On the other hand, StPLC2 (evm.model.3.333) ex-
hibited variable expression patterns across different treat-
ments, indicating that these two genes may be involved
in distinct regulatory pathways in the initiation of cal-
cium signaling in leaves. The calcium-dependent protein
kinase (CDPK) genes StCDPKI (evm.model.1.4983) and
StCDPK?2 (evm.model.6.1204) were generally and signifi-
cantly suppressed across all blocker treatments. Extremely
significant differences were seen between expression lev-
els of StCDPK?2 and its reduction level to as low as 0.1613,
which is more than 80% reduction. This suggests that
CDPK kinases may be subject to negative feedback regula-
tion of their activity or expression when calcium signaling
pathways are impaired.
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Calcium-binding protein genes exhibited diverse re-
sponse patterns. For instance, the calmodulin-like pro-
tein (CML) gene StCML9 (evm.model.2.1131) was signifi-
cantly upregulated to 4.214 at 40 days under control condi-
tions (RO) but was generally downregulated under blocker
treatments. In contrast, the calcineurin B-like protein
gene StCBL1 (evm.model.1.187) showed significant upreg-
ulation under R2 treatment (1.4317 at 20 days) but was
strongly suppressed under R1 and R3 treatments. These re-
sults suggest that different calcium-binding proteins may
respond uniquely to distinct types of calcium signaling per-
turbations.

3.4 Expression Responses of Calcium Signaling Genes in
the Roots of S. tonkinensis to Different Calcium Channel
Blockers

In contrast to leaves, root tissues exhibited a more
pronounced response to calcium channel blockers, with
several genes showing significant upregulation (Fig. 5).
The expression of the calcium pump gene StCa’*-ATPasel
(evm.model.4.1484) increased sharply to 3.8540 follow-
ing 20 days of R3 (EGTA) treatment, approximately 3.9-
fold higher than the control (R0). Similarly, the calcium
transporter gene StCAX! (evm.model.2.6359) was notably
upregulated, reaching 4.1830 under R3 treatment at 20
days (approximately 4.2-fold that of the control), confirm-
ing its crucial role in Ca®" transport and homeostasis in
roots. The PLC gene StPLC2 (evm.model.3.333) was sig-
nificantly upregulated under R1 and R3 treatments. It
peaked at 2.4190 after 20 days of R3 treatment (approxi-
mately 2.4-fold that of the control). This suggests its ac-
tivation in response to extracellular calcium depletion or
plasma membrane channel inhibition. The CDPK gene
StCDPKI (evm.model.1.4983) displayed a significant up-
regulation trend under R1 and R3 treatments. Its expres-
sion reached 2.3493 after 60 days of R1 treatment (approx-
imately 1.7-fold that of the control). This suggests that
CDPK may play a role as a signaling component in roots,
potentially contributing to adaptive responses to calcium
signaling. Notably, the expression of the calmodulin-like
gene StCML9 (evm.model.2.1131) surged dramatically af-
ter 20 days of R1 treatment. It reached 11.6620 (approx-
imately 11.7-fold that of the control). It remained ele-
vated across multiple time points under both R1 and R2
treatments (e.g., 8.7243 in R1-2-G), with extremely sig-
nificant differences observed. This suggests that StCML9
may serve as a sensor or buffer in roots. It appears to be
potentially involved in responding to interference in cal-
cium signaling pathways, particularly under plasma mem-
brane calcium channel and calcium pump inhibition. Ad-
ditionally, both StCML3 (evm.model.2.915) and StCMLS5
(evm.model.1.4113) exhibited significant upregulation un-
der R3 treatment.
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Fig. 4. Expression profiles of calcium signaling-related genes in S. fonkinensis leaves in response to different calcium channel

blocker treatments. X-axis labels represent treatment groups at different time points: “1-Y” indicates leaves harvested at 20 days post-

treatment, “2-Y” indicates leaves harvested at 40 days post-treatment, and “3-Y” indicates leaves harvested at 60 days post-treatment.

Data are presented as means =+ standard error (SE) (n = 3 biological replicates). * p < 0.05 and ** p < 0.01 indicate significant and

extremely significant differences, respectively, compared to the corresponding RO control at the same time point (one-way analysis of
variance (ANOVA)). R0, control (no blocker); R1, 50 uM LaCls (lanthanum chloride); R2, 50 uM Na3;VOj4 (sodium orthovanadate); R3,

0.5 mM EGTA.

4. Discussion

4.1 Differential Responses of Leaves and Roots to Calcium
Signaling Perturbation

Under control conditions, the distinct Ca?* distribu-
tion patterns in leaves and roots (Figs. 2a—c,3a—) sug-
gest fundamentally different calcium homeostasis strate-
gies: leaves maintain a stable extracellular Ca?* pool in the
cell wall [22], whereas roots exhibit dynamic spatiotempo-
ral Ca®" redistribution. This divergence likely reflects the

root’s more active role as the primary absorptive organ, con-
tinuously sensing and responding to fluctuating external ion
concentrations [6,23].

The differential susceptibility of leaves and roots to
calcium signaling perturbation was most evident under
LaCl; treatment. Leaf cells, when plasma membrane Ca"
influx was blocked [24], relied heavily on vacuolar se-
questration as a compensatory mechanism [25]. However,
this compensation proved insufficient, ultimately leading
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Fig. 5. Expression profiles of calcium signaling-related genes in S. tonkinensis roots in response to different calcium channel

blocker treatments. X-axis labels represent treatment groups at different time points: “1-G” indicates roots harvested at 20 days post-

treatment, “2-G” indicates roots harvested at 40 days post-treatment, and “3-G” indicates roots harvested at 60 days post-treatment. Data

are presented as means + SE (n = 3 biological replicates).

* p <0.05 and ** p < 0.01 indicate significant and extremely significant

differences, respectively, compared to the corresponding RO control at the same time point (one-way ANOVA). RO, control (no blocker);

R1, 50 uM LaCls; R2, 50 uM Na3VOg4; R3, 0.5 mM EGTA.

to plasmolysis (Fig. 2e,f). In contrast, roots exhibited
only transient intracellular Ca>" accumulation and subse-
quently re-established extracellular deposition (Fig. 3e,f),
indicating more efficient Ca>" efflux or compartmentaliza-
tion mechanisms. This tissue-specific difference may re-
flect evolutionary adaptation of roots to the complex and
variable soil environment [26]. Consistent with this inter-
pretation, study in hybrid white poplar (Populus alba x P.
glandulosa) has shown that LaCl; treatment attenuates Ca>*
signals and induces tension wood formation, underscoring
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the critical role of plasma membrane calcium channels in
normal cellular development [27].

The response to NazVO, treatment further supports
this organ-specific paradigm. In leaves, inhibition of H*-
ATPase activity led to plasma membrane Ca>" enrichment,
cytoplasmic overload, and plasmolysis (Fig. 2g—i). This
indicates that suppression of H*-ATPase activity impairs
the cell’s ability to drive Ca®>" efflux, leading to cyto-
plasmic Ca®>" accumulation and resulting cellular damage
[28,29,30]. In contrast, roots exhibited a recovery trend
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characterized by initial Ca®* influx followed by subsequent
efflux under Naz;VO, treatment (Fig. 3g—i). This sug-
gests that roots may partially compensate for the loss of H*-
ATPase function by activating alternative calcium transport
systems, such as upregulation of vacuolar CAX [31] and ac-
tivation of organellar calcium pumps [32,33].

Under EGTA treatment, the contrast between tissues
was particularly striking. Leaves exhibited persistent plas-
molysis (Fig. 2j-1), indicating limited adaptation to extra-
cellular calcium depletion, consistent with previous reports
that EGTA compromises stress tolerance [34,35]. Remark-
ably, root cells adapted by initially sequestering Ca?* in the
vacuole, then transporting it outward for cell wall deposi-
tion (Fig. 3j-1). These dynamic responses suggest that root
cells may achieve adaptive Ca®>" homeostasis redistribution
by coordinating the release of internal calcium stores, ac-
tivating efflux pathways, and enhancing cell wall binding,
potentially reflecting a strong capacity for calcium resource
reallocation and structural adaptation under calcium stress
[36].

It is important to acknowledge that the pharmaco-
logical inhibitors used in this study are not entirely spe-
cific. LaCl; can affect multiple cation channels beyond
plasma membrane Ca?" channels; Na3; VO, inhibits various
P-type ATPases and phosphatases beyond Ca’’-ATPase;
and EGTA may indirectly alter membrane integrity and ion
balance. Therefore, while the observed phenotypes are con-
sistent with the targeted calcium signaling pathways, the
possibility of off-target contributions cannot be excluded.
The conclusions drawn from these experiments should be
considered correlative rather than definitive.

4.2 Tissue-Specific Expression Patterns of Calcium
Signaling-Related Genes

The transcriptional responses of different tissues fur-
ther corroborated the observed tissue specificity. The cal-
cium pump gene StCa’*-ATPasel and the calcium trans-
porter gene StCAX1 exhibited markedly distinct expression
patterns in leaves and roots. In leaves, StCAXI was highly
induced by LaCl; and Na; VOy (Fig. 4), which directly cor-
relates with vacuolar Ca®>* deposition (Fig. 2e,h). These re-
sults suggest that when plasma membrane Ca*" influx is im-
paired, leaves may activate StCAXI to sequester cytoplas-
mic Ca®" into the vacuole, potentially buffering against cal-
cium overload. CAX family proteins play critical roles in
calcium signal clearance and osmotic regulation [37,38]. In
roots, the expression of StCAXI and StCa’*-ATPasel was
rapidly upregulated during early EGTA treatment (Fig. 5),
coinciding with vacuolar Ca*" deposition (Fig. 3j). More-
over, StCa’"-ATPasel exhibited a faster response in roots,
suggesting that root cells necessitate immediate activation
of Ca’"-ATPase to cope with extracellular calcium deple-
tion [7,34].

The phosphoinositide signaling pathway is a ma-
jor pathway in which PLC plays an important role and
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hydrolyzes phosphatidylinositol to inositol trisphosphate
(IP3), which in turn causes release of Ca?" from inter-
nal stores, amplifying the calcium signals [39,40]. In the
present study, StPLC1 was mostly responsive to LaCls in
leaves (Fig. 4), whereas StPLC2 was responsive to both
LaCl; and EGTA in roots (Fig. 5). This suggests that the
roots have an enhanced PLC-mediated ability to mobilize
internal Ca?" stores, and this is in line with their high adapt-
ability in the extracellular calcium deprivation (Fig. 3j-1).
A recent study in carrot has been able to identify the PI-
PLC-GLRs-Ca?" pathway, which further emphasizes the
importance of PLC in the calcium signal amplification pro-
cess [41].

The response of CDPKs also exhibited tissue speci-
ficity. In leaves, all blocker treatments strongly suppressed
the expression of StCDPK1 and StCDPK?2 (Fig. 4), poten-
tially reflecting negative feedback regulation in response to
impaired calcium signaling [42]. This aligns with findings
from Liese et al. [43], who developed a CDPK-FRET re-
porter system that demonstrated CDPKs act as calcium sig-
nal decoders responsive to specific calcium signatures. In
contrast, StCDPK] was significantly upregulated in roots
under LaCl; and EGTA treatment (Fig. 5), suggesting that
CDPKI may function as a central hub initiating adaptive
responses in roots [44,45].

CMLs serve as key calcium sensors in plants, playing
significant roles in regulating various developmental pro-
cesses and stress responses [46,47]. In this study, StCML9
exhibited extremely high expression in roots under LaCl;
and Na3;VOy treatments (up to 11.7-fold relative to the con-
trol, Fig. 5), with its expression dynamics closely linked
to fluctuations in Ca*" levels. This suggests that StCML9
may serve as a root-specific calcium sensor or buffer, po-
tentially detecting perturbations in plasma membrane cal-
cium channel or pump function, and possibly contributing
to protective responses such as vacuolar compartmentaliza-
tion (Fig. 3e) and calcium efflux (Fig. 3f) [47]. Addi-
tionally, StCML3 and StCML5 were significantly upregu-
lated under EGTA treatment, implying that different CMLs
may respond to distinct types of calcium signaling pertur-
bation, thereby highlighting the functional diversification
within the CML family.

4.3 Integrated Analysis of Cytological Phenotypes and
Molecular Responses

By systematically correlating the subcellular Ca®* dis-
tribution patterns induced by pharmacological blockade
with corresponding gene expression changes, this study
demonstrated a strong temporal concordance between gene
expression dynamics and shifts in calcium distribution, pro-
viding compelling evidence for the calcium homeostasis
regulatory network.

Under LaCl; treatment, the exceptionally high expres-
sion of StCMLY in roots closely aligned with intracellular
Ca?" fluctuations (Fig. 3d—f). StCML9 upregulation par-
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Fig. 6. Proposed model of organ-specific calcium homeostasis strategies in S. tonkinensis under calcium signaling perturbation.
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Ca®" channel blocker), R2 (Na3VOg, a CaZ"-ATPase inhibitor), and R3 (EGTA, an extracellular Ca®" chelator). Arrows indicate the
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consistent trend. S. tonkinensis may achieve calcium stress adaptation through organ-specific calcium distribution and transcriptional

reprogramming.

alleled Ca®* accumulation. Sustained StCML9 expression
matched vacuolar Ca?" deposition. The subsequent decline
in its expression corresponded to Ca”* efflux recovery. This
temporal alignment suggests a potential role for SitCML9 in
calcium sensing or buffering, possibly contributing to the
regulation of cytoplasmic calcium fluctuations. Simulta-
neously, LaCls-induced intracellular calcium accumulation
paralleled StCAXI upregulation (Fig. 4), further support-
ing the role of vacuolar compartmentalization in response
to plasma membrane calcium channel blockade.

In the later stages of Na3; VO, treatment, cytoplasmic
Ca’" density in leaves increased, forming localized patchy
aggregates (Fig. 2i). However, StCa’*-ATPasel expres-
sion remained unchanged (Fig. 4). This suggests the ac-
tivation of alternative Ca®" efflux systems, such as mito-
chondrial or endoplasmic reticulum calcium pumps [32,33].
This observation is consistent with results indicating that
cells are able to maintain ion homeostasis via other path-
ways when the activity of the H"-ATPase is blocked [9].

During the early phase of EGTA treatment, the expres-
sion of StCAXI and StCa’*-ATPasel was sharply upregu-
lated in roots (Fig. 5), coinciding with vacuolar Ca*" depo-
sition (Fig. 3j). This suggests that when extracellular cal-
cium is chelated and depleted, root cells may activate vac-
uolar calcium transport systems to sequester cytoplasmic
Ca?" and maintain calcium homeostasis [31,37]. Later, as
Ca’" was transported outward and deposited in the cell wall
(Fig. 3k,]), gene expression levels declined, suggesting that
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cells may have reached a new calcium homeostasis equi-
librium. This spatiotemporal regulatory pattern is consis-
tent with the “calcium signal encoding-decoding-response”
model [48,49].

Leaves and roots exhibited strikingly different gene
expression-phenotype associations in response to the same
blocker. For example, leaves showed stable plasmolysis
under EGTA treatment (Fig. 2j-1), and StCAX1, StCML9Y,
and other genes were strongly up-regulated during this time
in the roots (Fig. 5). This shows that the molecular basis
of the calcium homeostasis regulation in tissues is different,
probably because roots as primary absorptive organs have
adapted to the complex and variable soil environment with
more flexible mechanisms of calcium homeostasis [27,49].

5. Limitations

Although this study has a number of important impli-
cations, there are several limitations that should be noted.
The first is that the pharmacological inhibitors utilized
(namely LaCls, Na3;VOy,, and EGTA) are not completely
specific, and thus may exhibit off-target effects. Second,
our conclusions are based primarily on transcript abun-
dance and subcellular Ca?* localization using a qualitative
method (potassium pyroantimonate-TEM). Direct quantita-
tive measurements of calcium concentration, such as atomic
absorption spectroscopy or calcium-sensitive fluorescent
probes, were not performed. Therefore, the observed phe-
notypes may not be solely explained by the targeted cal-
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cium signaling pathways, and the correlative nature of the
data does not give us a complete picture of causality. Future
studies employing complementary quantitative approaches
and genetic validation will be valuable to further validate
the findings presented here.

6. Conclusion

The correlative evidence presented in this study sug-
gests that the leaves and roots of S. tonkinensis may em-
ploy distinct strategies to maintain calcium homeostasis
under prolonged calcium signaling perturbation (Fig. 6).
Leaves appear to primarily rely on stable extracellular cal-
cium pools and vacuolar compartmentalization, whereas
roots exhibit a dynamic calcium resource reallocation pat-
tern, potentially involving candidate genes such as StCAX1,
StCMLY, and StCDPKI. By integrating cytological ob-
servations with molecular expression profiling, this study
reveals a correlation between calcium perturbation pheno-
types and gene expression changes, suggesting a potential
connection. These findings offer important candidate genes
for future functional studies to determine whether these
genes play direct roles in calcium homeostasis. Such stud-
ies may ultimately lay a theoretical foundation for genetic
enhancement.
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