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Abstract
This study aimed to explore the mechanism by which calcium (Ca) signal regulated carbohydrate metabolism and exogenous 
Ca alleviated salinity toxicity. Wheat seedlings were treated with sodium chloride (NaCl, 150 mM) alone or combined with 
500 μM calcium chloride  (CaCl2), lanthanum chloride  (LaCl3) and/or ethylene glycol tetraacetic acid (EGTA) to primarily 
analyse carbohydrate starch and sucrose metabolism, as well as Ca signaling components. Treatment with NaCl, EGTA, or 
 LaCl3 alone retarded wheat-seedling growth and decreased starch content accompanied by weakened ribulose-1,5-bisphos-
phate carboxylation/oxygenase (Rubisco) and Rubisco activase activities, as well as enhanced glyceraldehyde-3-phosphate 
dehydrogenase, phosphoglycerate kinase, alpha-amylase, and beta-amylase activities. However, it increased the sucrose level, 
up-regulated the sucrose phosphate synthase (SPS) and sucrose synthase (SuSy) activities and TaSPS and TaSuSy expression 
together, but down-regulated the acid invertase (SA-Inv) and alkaline/neutral invertase (A/N-Inv) activities and TaSA-Inv 
and TaA/N-Inv expression. Except for unchanged A/N-Inv activities and TaA/N-Inv expression, adding  CaCl2 effectively 
blocked the sodium salt-induced changes of these parameters, which was partially eliminated by EGTA or  LaCl3 presence. 
Furthermore, NaCl treatment also significantly inhibited Ca-dependent protein kinases and  Ca2+-ATPase activities and their 
gene expression in wheat leaves, which was effectively relieved by adding  CaCl2. Taken together,  CaCl2 application effec-
tively alleviated the sodium salt-induced retardation of wheat-seedling growth by enhancing starch anabolism and sucrose 
catabolism, and intracellular Ca signal regulated the enzyme activities and gene expression of starch and sucrose metabolism 
in the leaves of sodium salt-stressed wheat seedlings.
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Introduction

The growth and development of plants are related to a series 
of complex energy-consuming reactions driven by photo-
synthetic reaction products. Because photosynthesis prod-
ucts starch and sucrose are the main source of carbon and 
energy for plant metabolism (Liu et al. 2020). Changes in 
the amount of starch and soluble sugars including sucrose 
reflect carbohydrate metabolism and plant carbon require-
ment under abiotic stress. Salinity stress can promote starch 
hydrolysis and thus increases the accumulation of sucrose 
and total sugars in various plants (Li et al. 2023; Meng 

et al. 2023). Accordingly, a close relationship between the 
metabolism of starch and sucrose has been suggested. A 
series of synthetases, such as glyceraldehyde-3-phosphate 
dehydrogenase (GAPDH), Rubisco activase (RCA), ribu-
lose-1,5-bisphosphate carboxylase/oxygenase (Rubisco), 
phosphoglycerate kinase (PGK), sucrose synthase (SuSy), 
and sucrose phosphate synthase (SPS), as well as the degra-
dative enzymes amylase and invertase (Inv) play an impor-
tant function in the metabolism of carbohydrate starch and 
sucrose (Sui et al. 2015; Yan et al. 2021; Elsayed et al. 2022; 
Yu et al. 2022). Several recent studies showed that salinity 
stress significantly inhibits Rubisco and RCA activities in 
rice seedlings (Yan et al. 2021), and that PGK transcript 
level notably decreases in sodium salt-stressed rapeseed 
plants (ElSayed et al. 2022). Ju et al. (2021) also found that 
the activities of SPS and SuSy significantly enhance but sol-
uble acid invertase (SA-Inv) activity decreases in cotton-boll 
leaves under sodium salt exposure. Transcriptome analysis 
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further reveals that under sodium chloride (NaCl) treatment, 
the expression of SPS, SuSy, alpha-amylase (α-amylase), 
and beta-amylase (β-amylase) genes is notably promoted in 
salt-tolerant oat cultivar, whereas SuSy gene expression is 
down-regulated in salt-sensitive ones (Xu et al. 2021). Even 
though a number of studies have investigated carbohydrate 
metabolism in various plants, the regulatory mechanism of 
plant resistance to salinity stress associated with the synthe-
sis and decomposition of starch and sucrose remains unclear.

Currently, salinization affects about 20% of the world’s 
cultivated land, and an additional 2 million hectare (about 
1%) is deteriorated by salinity annually (Qiu et al. 2017; 
Ke et al. 2018), thereby seriously threating ecological envi-
ronment and agricultural production. Furthermore, projec-
tion indicates that 50% of all arable land will be affected by 
salt within the mid of the twenty-first century (Miceli et al. 
2021). The depressive effect of salinity on plant growth may 
result from altering various metabolism and physiological 
processes (Patel et al. 2023;  Dinler et al. 2023). The piv-
otal role of calcium (Ca) is involved in the normal growth 
and development of plants, as well as plant response to abi-
otic stress. Some researchers have found that exogenous Ca 
application can alleviate many plant symptoms caused by 
sodium salt stress (Manishankar et al. 2018; Roy et al. 2019). 
Recently, Kamran et al. (2021) reported that exogenous cal-
cium chloride  (CaCl2) can significantly promote starch syn-
thesis in plant seedlings under sodium salt stress. Although 
Ca signal-mediated plant responses to salinity environment 
have been focused (Manishankar et al. 2018; Bachani et al. 
2022), few studies have revealed the Ca-alleviating mecha-
nism on salinity toxicity through studying photosynthetic 
carbon metabolism. Moreover, the relationship between 
starch or sucrose metabolism and plant salt tolerance has 
also received different views (Kerepesi and Galiba 2000; 
Sui et al. 2015; Shen et al. 2019). Our previous studies have 
found that NaCl treatment (concentration > 100 mM) causes 
obvious phytotoxicity in different wheat varieties (Yang et al. 
2010; Zhang et al. 2020). Importantly, moderate Ca concen-
trations can effectively enhance wheat-seedling tolerance to 
150 mM NaCl treatment, as demonstrated by the enhanced 
growth of NaCl +  CaCl2-treated wheat seedlings (data not 
shown). We hypothesized that exogenous Ca presence could 
relieve NaCl-induced phytotoxicity by altering carbohydrate 
sucrose and starch metabolism, thus mitigating growth 
restriction. Accordingly, wheat seedlings were exposed to 
150 mM NaCl, 500 μM lanthanum chloride  (LaCl3), 500 μM 
ethylene glycol tetraacetic acid (EGTA), and 500 μM  CaCl2 
alone or in combination, and then carbohydrate starch and 
sucrose metabolism, the related enzyme activity and gene 
expression, and the Ca signal components in wheat leaves 
were evaluated. The present study may be beneficial for agri-
culture practices in developing the technology of mitigating 

NaCl toxicity and replenishing new knowledge of salt toler-
ance mechanism.

Materials and methods

Culture and treatment of wheat seedlings

Wheat cultivar Xihan3 seeds were bred by Gansu Agri-
cultural University. Disinfection of seeds and cultiva-
tion of the seedlings were perfected according to Zhang 
et  al. (2021). Seedling treatment were set as follows: 
control, 150 mM NaCl, 500 μM  LaCl3, 500 μM EGTA, 
150 mM NaCl + 500 μM  CaCl2, 150 mM NaCl + 500 μM 
 CaCl2 + 500  μM  LaCl3, 150  mM NaCl + 500  μM 
 CaCl2 + 500 μM EGTA, and at least three replicates were 
for each treatment. One-fourth Hoagland solution was used 
to cultivate untreated seedlings, and NaCl,  CaCl2,  LaCl3, 
and EGTA were dissolved in one-fourth Hoagland solution 
to treat wheat seedlings. The culture medium was renewed 
every 2 days.

Measurement of growth and biomass

Fifteen wheat seedlings grown for 6 days were arbitrarily 
inspected from each treatment group to measure the root 
and stem lengths (cm). The underground and above-ground 
parts of the seedlings were weighed for fresh weight (FW). 
Subsequently, the different parts of the seedlings were baked 
for 10 min at 105 °C and then at 80 °C for constant weight 
recorded as dry weight (DW).

Analyses of carbohydrate content

The amount of total soluble sugar, sucrose, and starch 
was measured according to Ju et al. (2021). Dried wheat 
leaves (0.1 g) were extracted with 5 mL distilled water and 
bathed at 80 °C for 30, 20, and 20 min successively. Three 
extracts were collected and dissolved to 25 mL to determine 
the amount of soluble total sugar and sucrose. The extract 
(1 mL) was mixed with 4 mL of anthrone and heated for 
10 min in boiling water. The temperature of the mixture 
dropped to room temperature to measure the absorbance at 
625 nm, and the amount of total soluble sugar was calcu-
lated. The extract (400 μL) was mixed with 500 mM sodium 
hydroxide (NaOH) solution to reduce the interference of 
fructose as much as possible. After it was bathed in boiling 
water for 5 min and cooled to room temperature, 2.8 mL 
of hydrochloric acid (30%) solution and 800 μL of resor-
cinol solution (0.1%) were added successively. The mixture 
was incubated again at 80 °C for 10 min. The absorbance at 
485 nm was detected to calculate sucrose content.



125Physiology and Molecular Biology of Plants (January 2024) 30(1):123–136 

Starch amount was determined according to Liu et al. 
(2013). After the total soluble sugar was extracted, the resi-
due of wheat leaves was extracted with 3 mL of distilled 
water and bathed at 100 °C for 15 min. It was cooled to room 
temperature and mixed with 9.2 M perchloric acid (2 mL), 
and diluted to 10 mL volume with distilled water. Centrifu-
gation was perfected at 4000 r for 10 min to obtain the super-
natant. Subsequently, the residue was extracted with 4.6 M 
perchloric acid (2 mL) again, and distilled water was added 
to reach the total volume of 10 mL. After centrifuging at 
4000 r for 10 min, the supernatant from twice centrifugation 
was combined and dissolved to 25 mL, which was the extract 
solution for detecting the amount of starch by recording the 
absorbance at 625 nm.

Detection of enzyme activities related 
to photosynthetic carbon assimilation

Crude enzyme solution for the measurement of Rubisco 
activity was extracted as described by Gao (2006). Wheat 
leaves (0.3 g) were ground with 2 mL of 40 mM tris (hydrox-
ymethyl) aminomethane (Tris)-hydrochloride (HCl) buffer 
(pH 7.6) supplying 5 mM glutathione (GSH), 250 μM eth-
ylenediamine tetraacetic acid (EDTA) and 10 mM magne-
sium chloride  (MgCl2). After centrifuging at 15,000×g for 
15 min, the supernatant was collected as enzyme solution. 
According to a modified method of Kumar et al. (2016), 
the enzyme extract (100 μL) was mixed with the reaction 
solution (2.8 mL) comprising 50 mM Tris–HCl (pH 7.8), 
800 μM EDTA, 6 mM  MgCl2, 3.57 mM creatine phos-
phate, 357 μM reduced nicotinamide adenine dinucleotide 
(NADH), 5 mM sodium bicarbonate  (NaHCO3), 3.57 mM 
adenosine triphosphate (ATP), 6 U·L−1 creatine phosphate, 
6 U·L−1 3-PGK and 6 U·L−1 3-phosphoglyceraldehyde dehy-
drogenase (PGD). A background rate of NADH oxidation as 
the initial activity was determined by monitoring the absorb-
ance at 340 nm. Afterwards, 25 mM ribulose-1,5-bispho-
sphate (100 μL) was used to initiate the reaction, and the 
change in absorbance was determined at 340 nm for 3 min. 
Ribulose-1,5-bisphosphate carboxylase/oxygenase activity 
was represented by U·g−1 FW based on NADH oxidation.

Rubisco activase activity was measured according to 
Kumar et al. (2016) with some modification. Wheat leaves 
(0.1 g) were ground with 1.9 mL of 50 mM Tris–HCl (pH 
7.8) supplying 0.01% (v/v) polyethylene glycol octyl phe-
nyl ether (Triton X-100), 10 mM  MgCl2, 1 mM EDTA, and 
10 mM DTT. The supernatant (100 μL) obtained by centri-
fuging at 15,000×g for 15 min was combined with 50 mM 
Tris–HCl buffer (pH 7.8, 1300 μL) containing 357 μM of 
NADH, 3.57 mM of ATP, 14.29 mM of  NaHCO3, 6 mM 
of  MgCl2, 200 μM of EDTA-Na2, and 5.71 U·mL−1 of cre-
atine phosphokinase, glycerate phosphomyase, and glyc-
eraldehyde phosphate dehydrogenase. Rubisco activase 

activity was determined based on ADP production in an 
ATP-dependent reaction by monitoring the absorbance at 
340 nm.

Glyceraldehyde-3-phosphate dehydrogenase and PGK 
activities were detected based on the modified methods of 
Wang et al. (2012). The crude enzyme solution was prepared 
as follows: plant material (0.5 g) was blended with 2 mL 
of 100 mM 4-(2-hydroxyethyl)-1-piperazineethanesulfonic 
acid (HEPES)–NaOH buffer (pH 7.8) supplying 100 μM 
EDTA, 10% polyvinylpyrrolidone, 100 mM ascorbic acid, 
and 8 mM  MgCl2. The supernatant (20 μL) obtained by cen-
trifuging at 15,000×g for 15 min was blended with 100 μL 
of the reaction solution comprising 50 mM HEPES–NaOH 
buffer (pH 7.8), 10 mM  MgCl2, 5 mM ATP, 200 μM nico-
tinamide adenine dinucleotide phosphate (NADPH), 1 mM 
EDTA, 4 U triosephosphate isomerase, and 20 U PGK. 
Changes in the absorbance based on NADPH oxidation was 
monitored at 340 nm for 1 min to determine GAPDH activ-
ity. Meanwhile, PGK activity was measured by replacing 
NADPH and PGK in the reaction solution with NADH and 
3 U GAPDH, respectively.

A modification of the method of Hajihashemi et  al. 
(2020) was used to extract enzyme solution. Wheat leaves 
(0.5 g) were ground with 10 mL of ice-cold distilled water, 
stored at room temperature for 15 min, and shaken every few 
minutes. It was centrifuged (10 min) at 3000 r to collect the 
supernatant for detecting amylase activities according to Li 
et al. (2013) with some modifications. The enzyme extract 
(1 mL) for measuring α-amylase activity was incubated at 
70 °C for 15 min to inactivate β-amylase. It was mixed with 
1 mM citrate buffer (pH 5.6, 2 mL) supplying 1% soluble 
starch and stored at 40 °C for 5 min. Afterwards, 44 mM 
3,5-dinitrosalicylic acid (DNS) reagent (2 mL) contain-
ing 400 μM NaOH and 1 M sodium potassium tartrate was 
added and bathed at 40 °C for 5 min, and then the solution 
was cooled to room temperature. The mixed solution was 
diluted to 10 mL with distilled water. In the control tube, 
400 μM NaOH and 1 M sodium potassium tartrate without 
DNS was mixed with the reaction solution. The absorbance 
at 540 nm was measured, and α-amylase activity was calcu-
lated according to the standard curve of maltose and denoted 
by mg maltose·h−1·g−1 FW. Except that the enzyme extract 
did not need to passivate β-amylase, a similar process was 
used to determine total amylase activity. Beta-amylase activ-
ity was obtained by subtracting the activity of α-amylase 
from the activity of total amylase.

Detection of enzyme activities related to sucrose 
metabolism

Sucrose phosphate synthase and SuSy activities were 
determined according to Winter and Huber (2000) and 
Shu et al. (2009). Wheat leaves (0.3 g) were ground with 
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3 mL of 50 mM HEPES–NaOH buffer (pH 7.5), left at 
4 °C for 30 min, and centrifuged (10 min) at 10,000×g. 
Ammonium sulphate solution was blended with the 
supernatant to achieve saturation above 80%. After it 
was centrifuged again, the precipitate was completely 
dissolved with 50 mM HEPES–NaOH buffer (pH 7.5, 
1 mL), and crude enzyme extract was obtained to detect  
SPS and SuSy activities. The reaction system for meas-
uring enzyme activity comprised crude enzyme extract 
(50 μL), 15.63  mM HEPES–NaOH buffer (pH 7.5), 
6.25 mM  MgCl2, 18.75 mM uridine diphosphate glucose 
and 6.25 mM fructose 6-phosphate or fructose. After it 
was bathed at 30 °C for 30 min, 2 M NaOH (200 μL) was 
used  over the reaction, and the mixture for the determi-
nation of enzyme activity was obtained. Then, 360 μL of 
the mixture was combined with 2 M NaOH (200 μL) and 
heated at 100 °C for 5 min before adding 3% hydrochlo-
ric acid (2.8 mL) and 0.1% resorcinol (800 μL) succes-
sively. The absorbance at 485 nm was determined after 
it was bathed at 80 °C for 10 min. The above reaction 
systems containing fructose 6-phosphate or fructose were 
used to detect the activities of SPS and SuSy. The amount 
of the reaction products sucrose-6-phosphate (sucrose-p) 
and sucrose were calculated according to their standard 
curve, respectively. The units of these two enzyme activi-
ties were denoted as μmol sucrose-p·h−1·mg−1 protein and 
μmol sucrose·h−1·mg−1 protein, respectively.

Acid invertase and A/N-Inv activities were analyzed 
consulting the method of Hu et al. (2018) and Meng et al. 
(2023) with some modification. Wheat leaves (0.2 g) were 
pulverised with 4 mL of 150 mM potassium phosphate 
buffer (PBS, pH 7.5) supplying 0.1% β-mercaptoethanol, 
5 mM  MgCl2, 0.05% bovine serum albumin (BSA) and 
0.05% Triton-X100, and left at 4 °C for 20 min. The super-
natant acquired by centrifuging at 12,000×g for 30 min 
was blended with ammonium sulphate solution to achieve 
the saturation above 80%. After it was centrifuged again, 
the precipitate was fully dissolved with 15 mM PBS buffer 
(pH 7.5, 1  mL) containing 0.01% β-mercaptoethanol, 
250 μM  MgCl2, and 0.05% BSA. Then, the crude enzyme 
solution for detecting SA-Inv and A/N-Inv activities was 
obtained. The reaction systems for the measurement of 
SA-Inv activity comprised 100 μL of crude enzyme solu-
tion, 56 mM sodium acetate buffer (pH 4.5), and 20 mM 
sucrose, and bathed at 37  °C for 30  min, which was 
stopped by adding 1.5 mL of DNS reagent and boiling at 
100 °C for 5 min. The solution was cooled to room temper-
ature, and its absorbance at 540 nm was recorded. Differ-
ent from the detection of SA-Inv activity, A/N-Inv activ-
ity was measured using sodium acetate buffer (pH 7.3). 
Enzyme activity was determined according to a glucose 
standard curve and represented by μmol glucose·h−1·mg−1 
protein.

Detection of soluble protein content

According to the method of Rekowski et al. (2021), the 
amount of soluble protein was determined and calculated 
based on the standard curve of BSA.

Analysis of real‑time polymerase chain reaction 
(PCR)

Total RNA was extracted as described by Zhang et  al. 
(2021). Wheat leaves were pulverised in liquid nitrogen 
and lysed with 1 mL of RNAiso Plus. PrimeScriptTM RT 
Reagent Kit with gDNA Eraser (PerfectReal Time) (Takara, 
Purchased from Shanghai Baise Biotechnology Co., Ltd.) 
was used to synthesise cDNA. Sequence-specific prim-
ers of wheat related genes (Table 1) were designed, using 
Primer Premier 5.0 software and synthesised by Shanghai 
Shenggong Bioengineering Co., Ltd. The reaction system 
and reaction conditions of qRT-PCR were set in accordance 
with a SYBR Premix Ex TaqTM Kit, and three parallel 
genes were set for each treatment. The internal reference 
gene was wheat glyceraldehyde-3-phosphate dehydrogenase 
gene (TaGAPDH), and the relative expression of genes was 
analysed according to the  2−∆∆Ct method.

Determination of Ca‑dependent protein kinase 
(CDPK) and  Ca2+‑ATPase activities

According to Zhang et al. (2022), wheat leaves were homog-
enised with phosphate buffer, and then the tissue cells in 
the homogenate were lysed by ultrasonication. The super-
natant was collected by centrifuging at 5000×g and 4 °C 
for 10 min, and the activities of CDPK and  Ca2+-ATPase 
were analysed using enzyme-linked immunosorbent assay 

Table 1  Primers used for RT-qPCR

Primer Sequence (5′–3′)

TaGAPDH F: TTA GAC TTG CGA AGC CAG CA
R: AAA TGC CCT TGA GGT TTC CC

TaSPS F: ATC GTC ACG CTC GCT CAA 
R: AGT CAT CTT CCT GCC AAA ATT ACA 

TaSuSy F: CCG ACA AGG AGA AGT ATG 
R: CGA GTT CAC TAA CAT TCA C

TaSA-Inv F: AAC GTC ACA AGG CTC GTC GT
R: ATG TAG GCC TGA TTG TAG GAG GAG T

TaA/N-Inv F: CAC TGG AGC GTA AGA GGT CATT 
R: CCA CAC TAT CAA AGC CGT CAT 

TaCDPKs F: GGA CCT GAG TCG GAT GTT TGG 
R: CCC TTG GGT TCT TCA CCA GTAA 

TaCa2+-ATPase F: CCA CCG TCA TCT GCT CCG AC
R: ATT GCA CAC AGC TGC GAC CT
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(ELISA). ELISA kits were ordered from Shanghai Enzyme 
Linked Biotechnology Co., Ltd.

Statistical analysis

Experimental data were analyzed with SPSS 20.0 software. 
After analysis of variance (one-way ANOVA), Duncan’s 
multiple comparisons were performed and significant dif-
ferences between treatment groups were assessed with dif-
ferent lowercase letters (P ≤ 0.05). Experimental data were 
represented by the average value ± standard error (SE) of 
biological triplicates. Figures were made with Origin 2021 
software.

Results and discussion

Changes in growth and biomass of wheat seedlings

As shown in Fig. 1A, B, treatment with 150 mM NaCl, 
500  μM  LaCl3 or 500  μM EGTA alone significantly 
restricted the growth of shoots and roots, and the inhibitory 
effect of NaCl,  LaCl3, or EGTA weakened, successively. 
Adding 500 μM  CaCl2 to NaCl-stressed seedlings effectively 
promoted seedling growth with about 32% and 67% increase 
of shoot length and root length, respectively, compared 
with sodium salt exposure alone. Notably, 500 μM  LaCl3 or 
EGTA application blocked the promotion of seedling growth 
under NaCl +  CaCl2 treatment, and the effect of EGTA was 
weaker than that of  LaCl3. Additionally, FW and DW of the 
stems and roots obviously decreased under NaCl,  LaCl3 or 
EGTA treatment alone, with the maximum reduction due to 
NaCl stress (Fig. 1C, D). Compared with the control, these 
two parameters of seedling stem decreased by about 58% 
and 55% under 150 mM NaCl, and significantly decreased 
by about 45% and 27%, 27% and 18% under 500 μM  LaCl3 
or 500 μM EGTA exposure alone, respectively. Adding 
500 μM  CaCl2 effectively prevented the sodium salt-induced 
reduction of biomass, as demonstrated by the 38% and 40% 
increase in FW and DW of seedling shoots and by about 
43% and 39% elevation in these two parameters of the roots, 
respectively, compared with NaCl stress alone. The 150 mM 
NaCl + 500 μM  CaCl2-induced change of seedling biomass 
was blocked by  LaCl3 or EGTA, and the effect of EGTA was 
weaker than that of  LaCl3. Lanthanum chloride is an inhibi-
tor of plasma membrane Ca channels, and EGTA can che-
late cell-wall-related or extracellular  Ca2+ (Bai et al. 2013). 
These results suggested that the transport of extracellular 
Ca into the cells was related to the regulation of seedling 
growth and that exogenous  CaCl2 application could relieve 
salinity toxicity in wheat seedlings. By contrast, Solanum 
lycopersicum L. seedlings grow well under 30 μM  LaCl3 
treatment alone (Huang and Shan 2018), and 1.5 mM EGTA 

alone insignificantly affect the growth of Brassica napus L. 
seedlings (Nawaz et al. 2019), indicating the growth of these 
plants seems to be independent of extracellular Ca trans-
port. Additionally, the changes of biomass, especially DW, 
implied that different treatments may result in the alteration 
in the production of photosynthetic products in wheat seed-
lings (Kerepesi and Galiba 2000).

Changes in carbohydrate content of wheat leaves

Starch and sucrose are photosynthetic products. Com-
pared with untreated wheat leaves, the leaves exposed 
to 150 mM NaCl or 500 μM  LaCl3 alone exhibited an 
obvious increase of the amount of total soluble sugar and 
sucrose, as well as a marked decrease in starch content 
(Table 2). By contrast, treatment with 500 μM EGTA 
alone did not affect the amount of total soluble sugar but 
increased sucrose content by 39% and decreased starch 
level by 18% compared with the control. Carbohydrates 
starch and sucrose are involved in energy supply and 
osmotic adjustment when plants are exposed to salinity 
environment (Shen et al. 2019). Some researchers believe 
that starch and sucrose metabolism play pivotal roles in 
determining the ability of the salt tolerance of various 
plants (Wang et al. 2013; Pan et al. 2021). In particular, 
the accumulation of soluble sugar, primarily sucrose, is 
associated with enhanced plant survivability to abiotic 
stress (Kerepesi and Galiba 2000). The changes of sugar 
contents in wheat leaves confirmed the inhibition of 
starch synthesis and sucrose degradation under individual 
NaCl,  LaCl3 or EGTA treatment. However, such changes 
weakened the energy mobilization and could not meet 
the energy requirement of wheat-seedling growth, thus 
diminishing the length and biomass of stems and roots 
under individual NaCl,  LaCl3 or EGTA treatment. Several 
previous research also showed the accumulation of vari-
ous soluble sugars including sucrose, the decline of starch 
content, and the improvement of salt tolerance in various 
plants (Gao et al. 2019; Li et al. 2023; Zhang et al. 2023). 
On the contrary, NaCl treatment promotes the accumula-
tion of starch in the leaves of Cucumis sativus L. (Zhu 
et al. 2016) and in the chloroplasts of C. sativus L. meso-
phyll cells (Shen et al. 2019). The present results also 
implied that the transmembrane transport of extracellular 
Ca might be associated with the regulation of starch and 
sucrose metabolism in wheat leaves under salinity stress. 
Furthermore, adding 500 μM  CaCl2 effectively blocked 
NaCl-induced changes in the amount of these three 
parameters (Table 2), with about 12% and 41% reduction 
of total soluble sugar and sucrose contents and about 78% 
enhancement of starch level, respectively, as compared 
with sodium salt treatment alone. This further suggested 
that extracellular Ca transport and even Ca signal might 



128 Physiology and Molecular Biology of Plants (January 2024) 30(1):123–136

be involved in the enhancement of sucrose degradation 
and starch synthesis, which was beneficial to provid-
ing more energy for wheat seedling under NaCl +  CaCl2 
treatment. These suggestions can be supported by several 
previous observations, which showed that the ability of 
more starch accumulation may provide greater energy for 
T. halophila to resist the damaging effects of high salin-
ity (Wang et al. 2013), and that the melatonin-alleviated 

effect on salt stress occurred with increased starch accu-
mulation in Medicago sativa L. (Li et al.  2022c). More 
importantly, the involvement of predicted Ca function 
in seedling growth and sugar metabolism was demon-
strated by further investigation. Herein, the presence of 
 LaCl3 significantly eliminated the NaCl +  CaCl2-induced 
effects on these three parameters, resulting in about 25% 
and 164% increases of total soluble sugar and sucrose 

Fig. 1  Changes in growth (A, B) and biomass (C, D) of wheat seed-
lings under different treatments. Control (CK); lanthanum chloride 
 (LaCl3); ethylene glycol tetraacetic acid (EGTA). Data are the means 

of three replicates (± SE). Different lowercase letters indicate signifi-
cant difference between samples according to Duncan’s new multiple-
range test (P < 0.05)
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contents, respectively, along with about 41% reduction 
in starch content. Additionally, the levels of total soluble 
sugar and sucrose under NaCl +  CaCl2 + EGTA treatment 
increased by about 16% and 116%, respectively, whereas 
the amount of starch decreased by about 46%, when com-
pared with those of NaCl +  CaCl2 exposure (Table 2).

Changes in enzyme activities related to starch 
metabolism in wheat leaves

As shown in Fig. 2A–D, the activities of Rubisco and RCA 
significantly down-regulated and those of GAPDH and PGK 
up-regulated in wheat leaves under 150 mM NaCl, 500 μM 

Table 2  Changes in carbohydrate content in wheat leaves under different treatments

Control (CK); lanthanum chloride  (LaCl3); ethylene glycol tetraacetic acid (EGTA). Data are the means of three replicates (± SE). Different low-
ercase letters indicate significant difference between samples according to Duncan’s new multiple-range test (P < 0.05)

Treatments Starch (mg·g−1 DW) Sucrose (mg·g−1 DW) Total soluble 
sugar (mg·g−1 
DW)

CK 12.31 ± 0.17d 6.33 ± 0.15a 15.84 ± 0.45a
150 mM NaCl 7.21 ± 0.14a 8.43 ± 0.16b 24.88 ± 0.69d
0.5 mM  LaCl3 8.38 ± 0.26b 9.18 ± 0.18b 18.62 ± 0.60b
0.5 mM EGTA 10.12 ± 0.19c 8.80 ± 0.20b 16.69 ± 0.38a
150 mM NaCl + 0.5 mM  CaCl2 12.81 ± 0.13d 4.97 ± 0.14a 21.85 ± 0.34c
150 mM NaCl + 0.5 mM  CaCl2 + 0.5 mM  LaCl3 7.59 ± 0.19a 13.11 ± 0.17c 27.33 ± 0.81e
150 mM NaCl + 0.5 mM  CaCl2 + 0.5 mM EGTA 6.94 ± 0.22a 10.76 ± 0.11c 25.45 ± 0.62d

Fig. 2  Changes in enzyme activities related to starch metabolism in 
wheat leaves under different treatments. A Ribulose-1,5-bisphos-
phate carboxylation/oxygenase (Rubisco) activity; B Rubisco acti-
vase (RCA) activity; C glyceraldehyde-3-phosphate dehydrogenase 
(GAPDH) activity; D phosphoglycerate kinase (PGK) activity; E 
alpha-amylase (α-amylase) activity; F beta-amylase (β-amylase) 

activity. Control (CK); lanthanum chloride  (LaCl3); ethylene gly-
col tetraacetic acid (EGTA). Data are the means of three replicates 
(± SE). Different lowercase letters indicate significant difference 
between samples according to Duncan’s new multiple-range test 
(P < 0.05)
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 LaCl3, or 500 μM EGTA exposure alone. Starch synthesis 
through the Calvin cycle depend on Rubisco, RCA, PGK, 
and GAPDH in plant chloroplasts (Xia et al. 2009; ElSayed 
et al. 2022). Several previous observations also showed the 
significant inhibition of Rubisco and RCA activities (Yan 
et al. 2021) and the obvious increase of GAPDH activity 
(ElSayed et al. 2022) in various plants under sodium salt 
stress. The present findings might suggest the weakening of 
the fixed utilization of  CO2 and thus reduced starch content 
through decreasing Rubisco and RCA activities in wheat 
leaves under NaCl,  LaCl3 and EGTA exposure alone. Mean-
while, these results also confirmed that the transmembrane 
transport of extracellular Ca was involved in the regulation 
of enzyme activities related to starch synthesis, and implied 
that NaCl-induced reduction of starch content might result 
from the weakening of Ca transfer into cells in wheat leaves. 
Differently, the activity of RCA in Solanum lycopersicum 
L. leaves significantly enhances initially and then gradu-
ally weakens with increased NaCl concentration (Li et al. 
2022b). And also, the stimulation of Rubisco and the inhibi-
tion of PGK are caused in O. sativa leaves by NaCl treatment 
(Wei et al. 2021).

Amylase catalyzes the degradation of starch, and even 
the change of its activity is associated with the regulation 
of sucrose and starch content in plants (Xing et al. 2023). 
Wheat leaves under NaCl,  LaCl3, and EGTA treatment alone 
displayed different changes in the activities of α-amylase and 
β-amylase (Fig. 2E, F). Compared with the control, these 
two enzyme activities were notably stimulated with about 
108% and 168% enhancement under 150 mM NaCl alone, 
respectively. Similarly, exposure with 500 μM  LaCl3 alone 
promoted the activities of α-amylase and β-amylase by 132% 
and 116%, respectively (Fig. 2E, F). By contrast, 500 μM 
EGTA treatment alone obviously increased α-amylase activ-
ity to about 119% of the control, but unaltered β-amylase 
activity (Fig. 2E, F). And also, the  LaCl3- or EGTA-alone-
induced effect on amylase activity was weaker than the 
NaCl-alone-induced one. Such changes seemed to indicate 
that the enhancement of starch degradation by α-amylase 
and β-amylase might depend on the transport of extracellular 
Ca in wheat leaves. This speculation is supported by similar 
observation in Rosa chinensis leaves (Li et al. 2022a), and 
the opposite changes of β-amylase activity and starch level 
in C. sativus L. leaves (Shen et al. 2019) under sodium salt 
stress.

Compared with 150 mM NaCl alone, the activities of 
Rubisco and RCA predominantly increased by 21% and 
33%, respectively, whereas those of GAPDH and PGK 
obviously decreased by 12% and 14% in salinity-stressed 
seedlings in the presence of 500 μM  CaCl2 (Fig. 2). Com-
pared with the combined treatment of NaCl and  CaCl2, 
NaCl +  CaCl2 + 500 μM  LaCl3 resulted in about 45% and 
44% decrease of Rubisco and RCA activities, but about 17% 

and 21% increase of GAPDH and PGK activities, respec-
tively (Fig. 2A–D). Adding 500 μM EGTA also effectively 
attenuated the altered activities of these four enzymes under 
the combined treatment of NaCl and  CaCl2. And also, the 
application of 500 μM  CaCl2 partially blocked the sodium 
salt-induced enhancement in α-amylase and β-amylase 
activities, with about 18% and 14% down-regulation com-
pared with NaCl treatment alone, respectively (Fig. 2E, 
F). Compared with 150 mM NaCl + 500 μM  CaCl2 expo-
sure, adding 500 μM  LaCl3 or 500 μM EGTA obviously 
stimulated β-amylase activity but did not affect α-amylase 
activity in NaCl +  CaCl2-treated seedlings (Fig. 2E, F). 
More recently, Yang et al. (2022) reported that trehalose 
can weaken the salinity-inhibitory effect on starch synthe-
sis by enhancing Rubisco and GAPDH activities in Sola-
num lycopersicum L. leaves. Moreover, Li et al. 2022b) 
considered that the maintenance of Rubisco activity is cor-
related with the high tolerance of Suaeda salsa L. to salt 
environment. In the present study, the modification of these 
enzyme activities further suggested that Ca is an important 
regulator of starch metabolism, and that increased starch 
level depend on enhanced starch synthesis by Rubisco and 
RCA and weakened starch hydrolysis by β-amylase in the 
leaves of NaCl +  CaCl2-treated wheat seedlings. Similarly, 
exogenous Ca addition down-regulates α-amylase activity 
and starch degradation in O. sativa seedlings under fluo-
ride stress (Singh et al. 2021). However, exogenous  CaCl2 
presence enhances α-amylase and β-amylase activities and 
thus reduces starch accumulation in Chenopodium quinoa 
Willd. seeds (Hajihashemi et al. 2020) and rice leaves (Meng 
et al. 2023) under sodium salt stress. Therefore, the allevia-
tion of sodium salt toxicity due to exogenous  CaCl2 appli-
cation might be associated with enhanced starch synthesis 
and weakened starch degradation by altering Rubisco, RCA, 
and amylase activities in wheat leaves under salinity stress.

Changes in enzyme activities and gene expression 
related to sucrose metabolism in wheat leaves

Under 150 mM NaCl stress, the activities of SPS and SuSy 
in wheat leaves significantly increased to 144% and 134% 
of the control, whereas SA-Inv and A/N-Inv activities nota-
bly decreased to 65% and 78% of the control, respectively 
(Fig. 3). Except for unchanged A/N-Inv activity, the 500 μM 
 LaCl3-induced effects on SPS, SuSy, and SA-Inv were simi-
lar to NaCl-caused ones. By contrast, under treatment with 
500 μM EGTA alone, SPS and A/N-Inv activities remained 
unchanged, whereas the activity of SuSy or SA-Inv notably 
elevated or decreased to 131% or 77% of the control, respec-
tively (Fig. 3). And also, NaCl stress alone notably promoted 
the expression of TaSPS by about 94% and 91% and TaSuSy 
by about 67% and 26% at 2 and 6 days compared with the 
control, respectively (Fig. 4A, B). However, salinity stress 
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obviously suppressed the expression of TaSA-Inv and TaA/N-
Inv in wheat leaves (Fig. 4C, D). By contrast, TaSPS gene 
expression was promoted due to 500 μM  LaCl3 exposure 
alone but remained unaltered to 500 μM EGTA exposure, 
while the expression of TaSuSy significantly up-regulated 
due to individual  LaCl3 or EGTA treatment (Fig. 4A, B). 
And also, TaSA-Inv expression remained unaltered under 
500 μM  LaCl3 or 500 μM EGTA exposure alone for 2 days 
but obviously decreased by about 41% and 58% for 6 days, 
respectively (Fig. 4C), together with insignificant alteration 
of TaA/N-Inv expression (Fig. 4D). Sucrose phosphate syn-
thase, in conjunction with SuSy, catalyzes the production 
of sucrose, and SA-Inv and A/N-Inv assume the decompo-
sition of sucrose to export carbon sources (Li et al. 2023). 
Sucrose synthesis and accumulation in the leaves or roots of 
various plants under sodium salt stress result from increased 
SPS and/or SuSy activities together with decreased SA-Inv 

activity and Inv gene expression (Yu et al. 2022; Li et al. 
2023; Meng et al. 2023), and the expression of SPS and/or 
SuSy genes observably up-regulates in the leaves of vari-
ous plants under NaCl treatment (Hu et al. 2013; Li et al. 
2023). Moreover, the up-regulated expression of SuSy and 
SPS genes under salinity stress results in elevated sucrose 
level in plant roots, thus enhancing the adaptability of salt-
resistant Avena sativa L. cultivar to salinity environment (Xu 
et al. 2021). The present findings confirmed that the changes 
of these four enzyme activities and their gene expression 
were responsible for restrained sucrose degradation, thus 
reducing energy supply and retarding seedling growth under 
individual NaCl,  LaCl3 or EGTA treatment. Different from 
the present observations, the notable up-regulation of SuSy 
gene expression under sodium salt stress is accompanied 
with lowered sucrose content in Beta vulgaris L. roots (Liu 
et al. 2020).

Fig. 3  Changes in enzyme activities related to sucrose metabolism 
in wheat leaves under different treatments. A Sucrose phosphate syn-
thase (SPS) activity; B sucrose synthase (SuSy) activity; C soluble 
acid invertase (SA-Inv) activity; D alkaline/neutral invertase (A/N-
Inv) activity. Control (CK); lanthanum chloride  (LaCl3); ethylene 

glycol tetraacetic acid (EGTA). Data are the means of three repli-
cates (± SE). Different lowercase letters indicate significant differ-
ence between samples according to Duncan’s new multiple-range test 
(P < 0.05)
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The presence of 500 μM  CaCl2 effectively alleviated the 
NaCl-induced changes of SPS, SuSy, and SA-Inv activi-
ties (Fig. 3A–C). Furthermore, except for no alteration in 
A/N-Inv activity, adding 500 μM  LaCl3 or 500 μM EGTA 
to NaCl +  CaCl2-treated seedlings up-regulated SPS activity 
by about 20% and 84% (Fig. 3A), and SuSy activity by about 
13% and 62% (Fig. 3B), along with about 13% and 10% 
down-regulation of SA-Inv activity (Fig. 3C), respectively, 
compared with 150 mM NaCl + 500 μM  CaCl2 treatment. 
Additionally, the presence of 500 μM  CaCl2 obviously weak-
ened the expression of TaSPS by 43% and 24% and TaSuSy 
by 26% and 11% on days 2 and 6 of NaCl treatment, respec-
tively (Fig. 4A, B). By contrast, adding 500 μM  CaCl2 signif-
icantly up-regulated the TaSA-Inv expression under sodium 
salt stress for 2 days but did not affect for 6 days (Fig. 4C). 
More importantly, adding 500 μM  LaCl3 or 500 μM EGTA 

to NaCl +  CaCl2-treated seedlings notably up-regulated the 
expression of TaSPS on the second day but did not alter on 
the sixth day (Fig. 4A), and effectively blocked the change 
of TaSuSy expression (Fig. 4B), and resulted in about 57% 
and 49% elevation in the relative TaSA-Inv expression on the 
second day, respectively, but unalteration on the sixth day 
(Fig. 4C). These changes suggested that enhanced sucrose 
degradation due to the up-regulation of SA-Inv activity and 
TaSA-Inv expression can supply energy for the growth of 
sodium salt-treated wheat seedling in the presence of  CaCl2. 
Differently, the application of exogenous calcium hydrox-
ide and calcium nitrate upregulates SPS and SuSy activities 
and their gene expression but down-regulates Inv activity 
and its gene expression in O. sativa seedlings under fluorine 
stress (Singh et al. 2021). However,  CaCl2 application or 
combinated with  LaCl3 or EGTA did not alter the activity 

Fig. 4  Changes in gene expression related to sucrose metabolism in 
wheat leaves under different treatments. A Relative expression level 
of TaSPS; B relative expression level of TaSuSy; C relative expression 
level of TaSA-Inv; D relative expression level of TaA/N-Inv. Control 

(CK); lanthanum chloride (LaCl3); ethylene glycol tetraacetic acid 
(EGTA). Data are the means of three replicates (± SE). Different low-
ercase letters indicate significant difference between samples accord-
ing to Duncan’s new multiple-range test (P < 0.05)
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of A/N-Inv and the expression of TaA/N-Inv in sodium salt-
stressed seedling leaves (Figs. 3D and 4D), suggesting that 
the regulation of A/N-Inv activity and its gene expression in 
wheat leaves might be independent of Ca signaling.

Changes in CDPK and  Ca2+‑ATPase activities 
and related gene expression in wheat leaves

Calcium ion  (Ca2+) plays pivotal roles in plant growth and 
responses to adverse environment. According to the above 
findings of this study, extracellular Ca transport and Ca sign-
aling might be involved in the regulation of wheat seedling 
growth and starch and sucrose metabolism under NaCl treat-
ment alone or combinated with  CaCl2. Therefore, we fur-
ther analyze CDPK (a component of Ca signaling pathway) 
and  Ca2+-ATPase activities and their gene expression in 
wheat leaves under salinity stress alone or combinated with 

 CaCl2. Under 150 mM·L−1 NaCl treatment alone, CDPK 
activity significantly down-regulated in wheat leaves, and 
the activity of  Ca2+-ATPase also decreased to about 62% 
of the control (Fig. 5A, C). And also, NaCl exposure alone 
for 2 and 6 days obviously downregulated the expression 
of TaCDPK by about 83% and 75% (Fig. 5B) and TaCa2+-
ATPase by 77% and 78% (Fig. 5D), respectively, compared 
with the control.  Ca2+-ATPase activity is required to transfer 
excess  Ca2+ out of cells or into organelles for maintaining 
cytoplasmic  Ca2+ levels (Liu et al. 2014). Furthermore, salt 
stress-induced elevation in cytosolic  Ca2+ is regulated by 
 Ca2+-ATPases (Sze et al. 2000), and this enzyme can be 
activated by binding to  Ca2+-CaM (Nitsche et al. 2018). 
Therefore, the decreased CDPK and  Ca2+-ATPase activities 
confirmed that salinity treatment blocked the Ca signal path-
way and reduced cytoplasmic Ca transport in wheat leaves. 
Moreover, it has been indicated that the over-expression of 

Fig. 5  Changes in CDPK and  Ca2+-ATPase activities and related 
gene expression in wheat leaves under different treatments. Control 
(CK). A Ca-dependent protein kinase (CDPK) activity; B relative 
expression level of TaCDPK; C  Ca2+-ATPase activity; D relative 

expression level of TaCa2+-ATPase. Data are the means of three rep-
licates (± SE). Different lowercase letters indicate significant differ-
ence between samples according to Duncan’s new multiple-range test 
(P < 0.05)
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CDPK1 enhances Arabidopsis thaliana (L.) Heynh. toler-
ance to sodium salt treatment (Huang et al. 2018) and Nico-
tiana tabacum L. resistance to drought stress (Vivek et al. 
2013). Therefore, the blocking of Ca signal might be the rea-
son that salt stress inhibited the growth of wheat seedlings. 
However, several previous observations indicate that sodium 
salt stress obviously stimulates CDPK and  Ca2+-ATPase 
activity and gene expression in various plants (Wan et al. 
2018; Ma et al. 2019; Zhu et al. 2021).

Exogenous Ca application up-regulates the transcription 
level of CDPK gene in Cucurbita pepo L. seedlings under 
nickel stress (Valivand et al. 2019) and promotes CDPK 
activity in Arachis hypogaea under sodium salt stress (Li 
et al. 2014). Appropriate Ca concentration also significantly 
enhances  Ca2+-ATPase gene expression in Fagopyrum 
tataricum (L.) Gaertn. seedlings under NaCl stress (Lu et al. 
2021). Similar to these observations, when compared with 
NaCl stress alone, CDPK activity up-regulated by about 37% 
(Fig. 5A) and  Ca2+-ATPase activity notably enhanced by 
about 32% (Fig. 5C) under 150 mM·L−1 NaCl + 500 μM·L−1 
 CaCl2 treatment. And also, adding 0.5 mM·L−1  CaCl2 sig-
nificantly promoted the expression of TaCDPK to 2.18 times 
of sodium salt treatment alone on day 2, but did not affect on 
day 6. Under 150 mM·L−1 NaCl + 0.5 mM·L−1  CaCl2 treat-
ment for 2 and 6 days, TaCa2+-ATPase expression increased 
by about 2.43 and 1.59 folds, respectively, compared with 
sodium salt stress alone (Fig. 5D). These findings con-
firmed that the activation of intracellular Ca signal by exog-
enous  CaCl2 application was related to the up-regulation 
of CDPK activity and gene expression. The enhancement 
of  Ca2+-ATPase to transport  Ca2+ could effectively blocked 
excess cytoplasmic  Ca2+ accumulation in wheat leaves under 
sodium salt stress in the presence of  CaCl2. Such changes 
promoted wheat seedling growth. This suggestion is sup-
ported by the study of Lu et al. (2021), which demonstrated 
that the increased  Ca2+-ATPase activity medicated by exog-
enous Ca application is one of the reasons for the tolerant 
enhancement of Solanum lycopersicum L. seedlings to 
sodium salt environment (Qi et al. 2022).

Conclusion

Treatment with sodium salt, EGTA or  LaCl3 alone retarded 
wheat seedlings growth, down-regulated CDPK and 
 Ca2+-ATPase activity and their gene expression, decreased 
starch content but increased sucrose accumulation. Exog-
enous  CaCl2 application effectively alleviated NaCl-induced 
changes of these parameters in wheat leaves. Additionally, 
such changes of starch and sucrose metabolism were consist-
ent with the obvious changes of related enzyme activities 
(Rubisco, RCA, amylase, SPS, SuSy and SA-Inv) and gene 
expression (TaSPS, TaSuSy and TaSA-Inv) in wheat leaves 

under different treatments. Taken together, Exogenous  CaCl2 
application might activate the intracellular Ca messenger 
system and effectively triggered the synthesis of starch and 
the catabolism of sucrose, thereby improving wheat seed-
lings’ tolerance to sodium salt stress.
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