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ABSTRACT

The aim of this study was to investigate carbohydrate metabolism in rice seedlings subjected to salt-alkaline stress.
Two relatively salt-alkaline tolerant (Changbai 9) and sensitive (Jinongda 138) rice cultivars, grown hydroponi-
cally, were subjected to salt-alkaline stress via 50 mM of salt-alkaline solution. The carbohydrate content and the
activities of metabolism-related enzymes in the leaves and roots were investigated. The results showed that the
contents of sucrose, fructose, and glucose in the leaves and roots increased under salt-alkaline stress. Starch
content increased in the leaves but decreased in the roots under salt-alkaline stress. The activities of
sucrose-phosphate synthase, sucrose synthase, amylase, and ADP-glucose pyrophosphorylase increased
whereas the activities of neutral invertase and acid invertase decreased in the leaves under salt-alkaline stress.
The activities of sucrose-phosphate synthase, sucrose synthase, amylase, neutral invertase, and acid invertase
increased in the roots under salt-alkaline stress. In conclusion, salt-alkaline stress caused the accumulation
of photosynthetic assimilates in the leaves and decreased assimilation export to the roots.
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1 Introduction

The main salt components of salt-alkaline soil are Na2CO3 and NaHCO3, and because the pH of the soil
is mostly above 8.5, the strong alkalinity contributes to poor physical properties [1,2]. The salt-alkaline soil is
mainly found in the western region of Jilin and Heilongjiang Province, and comprises an area of up to
3 million hectares [3]. In recent decades, with the interference of human factors and the deterioration of
the ecological environment, the area of salt-alkaline land has further increased and the problem of salt-
alkaline land has become increasingly serious. Salt-alkaline soils have huge development potential as a
reserve resource for potential cultivated land. Planting rice is one of the most effective ways to control,
improve and utilize salt-alkaline land [4]; the practice can truly achieve economic benefits and sustainable
development within the ecological environment. However, salt-alkaline stress has many adverse effects
on plants; it causes growth inhibition, reduced transpiration, reduced net photosynthetic rate, imbalance of
mineral nutrition, and metabolic disorders [5–7].
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Photosynthesis is the basis of plant growth and development, and sucrose and starch are the main
products of photosynthesis [8]. The activity of sucrose-phosphate synthase (SPS) plays an important role
in the synthesis of sucrose in plants, and is a key enzyme for catalyzing the synthesis of sucrose [9]. The
degradation of sucrose is mainly catalyzed by the activity of sucrose synthase (SS) and invertase [10,11].
ADP-glucose pyrophosphorylase (ADP-GPPase) and amylase play important roles in starch synthesis and
degradation, respectively [12,13]. Under stress conditions, the accumulation of carbohydrates (such as
soluble sugars) plays an important role in osmotic regulation, energy storage, signal transduction and
scavenging of reactive oxygen species [14]. As the end product of photosynthetic carbon assimilation,
sugar is considered to be an important signal molecule for measuring the degree of stress in plants and
the ability of plants to adapt to adversity [15,16]. Therefore, the impact of salt-alkaline adversity on plant
carbon metabolism is mainly manifested in the process of carbohydrate metabolism. The soluble sugar
content in plant tissues increased under salt-alkaline stress and gradually increased with the increasing of
salt concentration [17,18]. However, some studies have noted that the influence of salt-alkaline stress on
soluble sugar content, and the change in the trend of soluble sugar content with stress intensity and stress
time, varies with species and plant parts [19,20]. Further obvious differences were observed even among
different varieties of the same species. Increasing the concentration of soluble sugar is beneficial for
reducing the osmotic potential of plant cells and improving their water absorption capacity. However, at
the same time, it might also reduce the assimilation rate of CO2, thereby inhibiting the photosynthesis of
plants through feedback mechanisms [21–23]. Consequently, the change in soluble sugar under salt-
alkaline stress is complex and controversial. In addition, salt-alkaline stress can seriously affect the
distribution of assimilation products between the source and sink, leading to the accumulation of
photosynthetic products, such as soluble sugar and starch in the source leaves, resulting in photosynthetic
feedback inhibition [24,25]. At the same time, salt-alkaline stress blocks the transport of carbohydrates
from the source leaves to the underground parts, thereby affecting the growth of the root system.
Research on the effects of salt-alkaline stress on carbohydrate metabolism in rice is scattered, and there is
a lack of systematic reports. Therefore, this study aims to explore the damage mechanism of salt-alkaline
stress on rice, and improve the regulation network of plant salt-alkaline tolerance, to lay a theoretical
foundation for ensuring a high and stable yield of rice in salt-alkaline areas.

2 Materials and Methods

2.1 Experimental Design
Two rice cultivars “Changbai 9” (salt-alkaline tolerant) and “Jinongda 138” (salt-alkaline sensitive) were

used in this study. The seeds were sterilized, soaked, germinated, and cultured in an artificial climate chamber
(During the day 27.0 ± 1.5°C, at night 21.0 ± 1.5°C, the period is 16/8 h, and the effective light radiation is
250 μmol m–2s–1) with distilled water. At the two-leaf heart stage, uniform and robust seedlings were selected
and transferred to 3500 mL plastic buckets filled with 1/2 nutrient solution. A uniform foam board for drilling
holes (each plate with 21 holes) was placed on the plastic bucket (height of 17.2 cm and inner diameter of
20.1 cm). Two seedlings were planted in each hole and 42 seedlings were planted in each bucket. The
nutrient solution used refers to the conventional nutrient solution of the International Rice Institute: its
formula is: 0.715 mM NH4NO3, 0.16 mM NaH2PO4, 0.323 mM K2SO4, 0.5 mM CaCl2, 0.83 mM
MgSO4, 0.036 mM Fe-EDTA, 0.1 mM Na2SiO3, 4.55 μM MnCl2, 0.077 μM ZnSO4, 0.078 μM CuSO4,
9.25 μM H3BO3, 0.236 μM H2MoO4. The nutrient solution was renewed every 3 days, and the pH of the
nutrient solution was regulated to 5.2 with a portable pH meter.

Based on the main salt types and pH values of salt-alkaline soil in Northeast China [26], four kinds of
salt compounds (NaCl, Na2SO4, Na2CO3, and NaHCO3) were selected in a molar ratio of 1:9:1:9 and mixed.
The salt-alkaline concentration in the treatment was 50 mM and the pH of the mixed salt solution was 8.9. At
the three-leaf heart stage, salt-alkaline treatment was initiated. Two treatments were set up: these were the
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control (CK) and the saline-alkali treatment (50 mM). After 5, 10 and 15 days of salt-alkaline treatment, the
leaves and roots of the rice were harvested, immediately frozen in liquid N2 and stored at -80°C until
analysis. All experiments were performed with three technical replications, each containing 10–15 seedlings.

2.2 Measurement of Carbohydrate Content
The soluble sugar content was determined according to the method described by Maness [27], and the

starch content was determined according to the method described by Yang et al. [28].

2.3 Measurement of Enzyme Activity Related to Carbohydrate Metabolism
The enzyme solution was prepared according to the method described by Hubbard et al. [29]. The

activity of sucrose-phosphate synthase was determined according to the method of Dong et al. [30]. The
activity of sucrose synthase (the direction of sucrose decomposition) was determined using the SS assay kit
manufactured by Genmed Scientifics Inc., USA, following the manufacturer’s instructions. The soluble
protein content was measured following the method of Bradford [31] and the enzyme activity was presented
as a unit of protein. The extraction and determination of acid invertases (AI) and neutral invertases (NI) were
carried out according to the methods of Miron et al. [32] and Rosales et al. [33], respectively.

The extraction and determination of β-amylase were performed according to the methods described by
Duffus et al. [34] and Bhatia et al. [35]. ADP-glucose pyrophosphorylase (ADP-GPPase) was extracted as
described by Rosa et al. [36], and its activity was determined using an ADP-GPPase assay kit (GenMed
Scientifics Inc., USA).

2.4 Statistical Analysis
Statistical analysis of the data was performed using IBM SPSS software (version 22.0: IBM

Corporation, Armonk, NY, USA), and Statistical significance was determined by the t-test. All data were
represented as an average of the three replicates and their standard deviation (S.D.). Figures were
produced using OriginPro 2020b (OriginLab Corp., Northampton, MA, USA) software.

3 Results

3.1 Effects of Salt-Alkaline Stress on Glucose, Fructose, and Sucrose Contents in the Roots and Leaves

of Rice
In the leaves of both rice cultivars, the contents of glucose, fructose, and sucrose were significantly

increased under salt-alkaline stress (Table 1). Compared to the CK treatment, the hexose/sucrose ratios of
Jinongda 138 and Changbai 9 decreased by 5.3%–27.1% and 22.8%–30.0%, respectively, after 5, 10, and
15 days of salt-alkaline treatment. In the leaves of both rice cultivars, the content of starch was
significantly increased, and the accumulation of starch reached a maximum on the 15th day under salt-
alkaline stress (Table 1). Compared to the CK treatment, the sucrose/starch ratios of Jinongda 138 and
Changbai 9 increased by 3.3%–17.8% and 29.6%–56.8%, respectively, after 5, 10, and 15 days of salt-
alkaline treatment.
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In the roots of both rice cultivars, the contents of glucose, fructose, and sucrose were significantly
increased under salt-alkaline stress (Table 1). Compared to the CK treatment, the hexose/sucrose ratios of
Jinongda 138 and Changbai 9 decreased by 24.1%–42.4% and 7.3%–42.7%, respectively, after 5, 10, and
15 days of salt-alkaline treatment. Furthermore, the starch content significantly decreased in the rice roots
of both rice cultivars under salt-alkaline stress (Table 1). Compared to the CK treatment, the
sucrose/starch ratios of Jinongda 138 and Changbai 9 increased by 179.5%–512.3% and 198.6%–453.1%,
respectively, after 5, 10, and 15 days of salt-alkaline treatment.

3.2 Effects of Salt-Alkaline Stress on the Total Carbohydrates in the Roots and Leaves of Rice
The total contents of carbohydrates (glucose, fructose, sucrose, and starch) increased in the leaves of

both rice cultivars under salt-alkaline stress (Table 2). The total carbohydrate content in the roots of
Changbai 9 increased on the 5th and 10th day of salt-alkaline treatment, but it was decreased on the 15th
day of salt-alkaline treatment.

3.3 Effects of Salt-Alkaline Stress on SPS Activity in the Roots and Leaves of Rice
Compared with the control, the SPS activity in the roots and leaves of both rice cultivars increased under

salt-alkaline stress (Figs. 1D, 1H and 2D, 2H). The SPS activity of rice leaves and roots was significantly
positively correlated with the sucrose content under salt-alkaline stress (Fig. 3).

Table 2: Effect of salt-alkaline stress on total carbohydrate contents in the roots and leaves of rice seedlings

Total carbohydrate content [mg g−1 (d.m)]

Jinongda 138 Changbai 9

Duration [d] Treatment Leaf Root Leaf Root

5 CK 4.78 ± 0.03 3.15 ± 0.02 4.82 ± 0.03 3.44 ± 0.03

Na 6.55 ± 0.07* 4.65 ± 0.06* 5.89 ± 0.03* 4.68 ± 0.09*

10 CK 4.88 ± 0.03 3.80 ± 0.04 5.72 ± 0.06 3.99 ± 0.01

Na 8.16 ± 0.02* 4.18 ± 0.06* 7.29 ± 0.02* 4.23 ± 0.02

15 CK 5.35 ± 0.10 3.93 ± 0.07 6.17 ± 0.01 4.43 ± 0.06

Na 9.53 ± 0.03* 4.12 ± 0.04* 9.68 ± 0.05* 4.41 ± 0.02
Notes: The total carbohydrate content was the sum of sucrose, glucose, fructose and starch contents. Values are mean ± SD of three replicates.
*, Significance at 0.05 probability level. CK: control treatment, Na: salt-alkaline treatment.
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Figure 1: Effect of salt-alkaline stress on the activities of enzymes involved in sucrose synthesis and
catabolism in ‘Jinongda 138’. (A–D) leaf; (E–H) root; (A and E) sucrose synthase (SS); (B and F) acid
invertase (AI); (C and G) neutral invertase (NI); (D and H) sucrose-phosphate synthase (SPS). Values are
mean ± SD of three replicates. *Significance at 0.05 probability level. CK: control treatment, Na: salt-
alkaline treatment
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Figure 2: Effect of salt-alkaline stress on the activities of enzymes involved in sucrose synthesis and
catabolism in ‘Changbai 9’. (A–D) leaf; (E–H) root; (A and E) sucrose synthase (SS); (B and F) acid
invertase (AI); (C and G) neutral invertase (NI); (D and H) sucrose-phosphate synthase (SPS). Values are
mean ± SD of three replicates. *Significance at 0.05 probability level. CK: control treatment, Na: salt-
alkaline treatment
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3.4 Effects of Salt-Alkaline Stress on the Activities of SS, AI, and NI in the Roots and Leaves of Rice
The SS activity in the roots and leaves of both rice cultivars increased under salt-alkaline stress

(Figs. 1A, 1E and 2A, 2E). Compared to the CK treatment, the activities of AI and NI in the leaves of
both rice cultivars decreased after 5, 10, and 15 days of salt-alkaline treatment. On the 5th day of salt-
alkaline treatment, there was no significant difference in the activity of AI of Jinongda 138 (Figs. 1B, 1C
and 2B, 2C). In the roots of both rice cultivars, compared to the CK treatment, after 5, 10, and 15 days of
salt-alkaline treatment, the activities of AI and NI increased. On the 5th day of salt-alkaline treatment,
there was no significant difference in the activity of NI of Changbai 9 (Figs. 1F, 1G and 2F, 2G).

3.5 Effect of Salt-Alkaline Stress on the Activities of β-Amylase in the Roots and Leaves of Rice
Compared to the CK treatment, the amylase activity in the leaves of both rice cultivars increased under

salt-alkaline stress (Figs. 4B, 4D). There was no significant difference in the amylase activity of Jinongda
138 on the 10th day between the CK and salt-alkaline stress treatments. Compared to the CK treatment,
the amylase activity in the roots of both rice cultivars increased under salt-alkaline stress (Figs. 4A, 4C).
However, there was no significant difference in the amylase activity of Changbai 9 on the 5th day
between the CK and salt-alkaline stress treatments.

Figure 3: Correlation between sucrose content and sucrose phosphate synthase activity in the leaves and
roots of rice seedlings after salt-alkaline treatment for 5 d (A), 10 d (B) and 15 d (C). **Significance at
0.01 probability level
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3.6 Effect of Salt-Alkaline Stress on the Activities of ADP-GPPase in the Leaves of Rice
Compared to the CK treatment, the ADP-GPPase activity in the leaves of both rice cultivars increased

under salt-alkaline stress (Fig. 5). Notably, the difference between treatments was significant.

Figure 4: Effect of salt-alkaline stress on the activities of β-amylase in the roots and leaves of rice. (A and C)
root; (B and D) leaf. Values are mean ± SD of three replicates. *Significance at 0.05 probability level. CK:
control treatment, Na: salt-alkaline treatment

Figure 5: Effect of salt-alkaline stress on the activities of ADP-glucose pyrophosphorylase in rice leaves.
ADP-GPPase, ADP-glucose pyrophosphorylase. Values are mean ± SD of three replicates. *Significance
at 0.05 probability. CK: control treatment, Na: salt-alkaline treatment
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4 Discussion

Carbohydrates are the material basis of plant metabolism and they play an important role in maintaining
the normal physiological activities of plants [37]. The physiological activity status of plants and the response
of plants to environmental changes can be reflected by changes in the content of non-structural
carbohydrates. The accumulation of carbohydrates (such as soluble sugars) plays an important role in
osmotic regulation, energy storage, signal transduction and scavenging of reactive oxygen species under
stress conditions [14].

Sucrose is one of the main products of plant photosynthesis. The transformation of sucrose
decomposition into hexose for the physiological metabolism of leaves is conducive to maintaining the
normal growth and development of plants and helping plants to cope with abiotic stress [38–40]. In terms
of regulating the relationship between source and sink, sucrose can be used as a signal molecule to
regulate gene expression and improve the ability of plants to resist stress [41,42]. Therefore, to ensure the
normal growth of plants, it is very important to maintain a dynamic balance between sucrose synthesis,
transportation, distribution and use in plants. Previous studies have shown that drought stress significantly
increased the contents of sucrose and fructose, as well as the activities of SPS and SS [43]. In this study,
the salt-alkaline stress caused an increase in the contents of glucose, fructose, and sucrose in rice leaves
and a decrease in the hexose/sucrose ratio (Table 1). This may be related to the increased activity of the
enzyme SPS that catalyzes the synthesis of sucrose under salt-alkaline stress (Figs. 1D and 2D), and the
decreased activity of the enzymes AI and NI that catalyze the decomposition of sucrose (Figs. 1B, 1C
and 2B, 2C). In addition, the activity of SS increases while the activity of AI and NI decreases
(Figs. 1A–1C and 2A–2C) but the content of glucose and fructose increases (Table 1) in the leaves of rice
under salt-alkaline stress. This indicated that SS might be the main enzyme that catalyzes the hydrolysis
of sucrose in the leaves of rice under salt-alkaline stress. Because the content of sucrose in rice leaves did
not decrease under salt-alkaline stress, it indicated that the synthesis of sucrose in rice leaves was greater
than its decomposition under salt-alkaline stress. The significant positive correlation between SPS activity
and sucrose content also confirmed this conclusion. The production, transportation, and distribution
of carbohydrates in plants are complex physiological processes that result from the coordination of
“source-flow-sink”. In this study, the accumulation of sucrose in rice leaves under salt-alkaline stress was
not only related to the synthesis and degradation of sucrose, but also its transport. Nevertheless, the effect
of salt-alkaline stress on carbohydrate transport in rice needs to be further studied. Soluble carbohydrates,
as a “bridge metabolite” between source and sink, could buffer the damage to plants caused by stress
through osmotic adjustment. In this study, salt-alkaline stress increased the accumulation of soluble
sugars in the leaves (Table 1), which was consistent with the results of Munir et al. [18]. These soluble
sugars could participate in the osmotic adjustment of plants, which facilitates water absorption under
stress conditions. The decomposition of sugar accumulated in plants is beneficial for resisting adversity
stress under conditions of adversity [44].

Starch is the main storage form of carbohydrates in plants, and can be quickly broken down into soluble
sugars to provide energy for plants [45,46]. The balance of starch metabolism is affected by abiotic stresses,
such as water and temperature [47,48]. To adapt to changes in the environment, the starch in plants will show
the corresponding reactions of synthesis and degradation. Under drought stress, high starch content translates
to plant resistance to stress and recovery of growth [49]. ADP-GPPase and amylase are two very important
enzymes involved in starch synthesis and decomposition [35,50]. Starch degradation can provide sufficient
carbon sources, energy sources and carbon-derived metabolites for plants under stress. In this study, under
salt-alkaline stress, the starch content (Table 1), ADP-GPPase activity (Figs. 4B, 4D), and β-amylase activity
(Figs. 5A, 5B) were increased in rice leaves. Previous studies have shown that water stress can significantly
increase β-amylase activity [51]. Starch and sucrose can be interconverted through a series of enzymatic
reactions. The increase in the activity of starch-degrading enzymes in plants promotes the decomposition
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of starch into more soluble sugars, which translates into the accumulation of sucrose in leaves. Theoretically,
an increase in amylase activity would promote the hydrolysis of starch, leading to a reduction in starch
content within the leaf. However, in this study, the starch content in the rice leaves did not decrease but
instead increased under salt-alkaline stress. This might be because starch synthesis was greater than its
decomposition under salt-alkaline stress. The accumulation of sugar is related to the salt-alkaline
tolerance mechanism of many species. In this study, compared with salt-alkaline-tolerant (Changbai 9)
variety, the soluble sugars and starch of salt-alkaline-sensitive (Jinongda 138) variety accumulate
relatively more in rice leaves under salt-alkaline stress (Table 1). Under stress conditions, soluble sugars
and starch tend to accumulate in large amounts in plants, resulting in the feedback inhibition of
photosynthesis, which seriously affects the normal progress of plant photosynthesis, thereby retarding
plant growth [52,53]. The large accumulation of carbohydrates in salt-alkaline-sensitive varieties may be
one of the reasons for their growth restriction under salt-alkaline stress environment.

To improve the buffering capacity of plants under adverse conditions, the transport of non-structural
carbohydrates from source organs to sink organs is essential [54,55]. The accumulation of sucrose in the
roots is beneficial for improving their osmotic regulation ability and water absorption capacity. In this
study, the contents of glucose, fructose, and sucrose were increased and the ratio of hexose/sucrose
decreased in the roots under salt-alkaline stress (Table 1); this might be attributed to the synthesis of
sucrose being greater than its decomposition in the roots. Furthermore, the increase in fructose and
glucose contents might be attributed to an increase in the activities of SS, AI, and NI in the roots
(Figs. 1E–1G and 2E–2G). In this study, the starch content of roots under salt-alkaline stress significantly
decreased. However, the starch content of salt-alkaline-tolerant (Changbai 9) in the root system is higher
than that of salt-alkaline-sensitive (Jinongda 138) variety under salt-alkaline stress (Table 1). In plants,
increasing the starch content in the root is highly beneficial for improving plant resistance to stress and it
can provide plants with more energy stores to maintain normal plant growth under conditions of adversity
[30]. The salt-alkaline-tolerant varieties maintain a higher starch content in the root system to facilitate
their growth and development. The reduction in root starch content may be because the activity of
amylase in the roots of rice was significantly increased under salt-alkaline stress and the accumulation of
carbohydrates in rice leaves affected the transport of assimilates to the underground parts. This might
have then caused the root system to consume its own starch to provide energy for the normal
physiological metabolism of the plant.

5 Conclusions

Salt-alkaline stress was found to affect the activity of carbohydrate metabolism-related enzymes in the
leaves and roots, resulting in the disorder of carbohydrate metabolism in the leaves and roots. Salt-alkaline
stress caused the accumulation of photosynthetic assimilates in the leaves and decreased assimilation export
to the roots. Consequently, our results may help understand the damage mechanism of salt-alkaline
stress in rice.
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