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Abstract
To understand the physiological and growth adaptability of Cyperus esculen-
tus seedlings to salt stress in sandy desertified land, this study conducted pot
experiments using aeolian sandy soil as the culture substrate under greenhouse
conditions, subjecting C. esculentus seedlings to different concentrations of NaCl
stress, and analyzed the growth, physiological and biochemical characteristics,
and Na+ and K+ balance after 30 d and 50 d of salt stress. The results showed
that: (1) After 30 d and 50 d of salt stress, the aboveground and underground
parts of C. esculentus seedlings grew well at NaCl concentrations $�$0.5 g・kg-1,
but plant height was significantly reduced; at NaCl concentrations $�$1.0 g・kg-
1, the aboveground and underground dry weights, plant height, and leaf area all
decreased to varying degrees. (2) At 30 d of salt stress, the seedlings primarily al-
leviated salt stress through massive accumulation of proline, while at 50 d, they
mainly enhanced their osmotic adjustment capacity through large accumulation
of soluble protein and soluble sugar to adapt to salt stress. (3) With increas-
ing NaCl concentration, Na+ content and Na+ /K+ ratio in both leaves and
roots increased significantly, indicating that their ionic balance was disrupted.
(4) The membership function comprehensive evaluation results showed that the
integrated physiological and growth performance of C. esculentus seedlings did
not change significantly at NaCl concentrations $�$0.5 g・kg-1, but decreased
significantly when exceeding 1.0 g・kg-1, indicating that C. esculentus seedlings
possess certain salt tolerance and can grow normally under mild salt stress con-
ditions in sandy land.
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Abstract

To understand the physiological and growth adaptability of Cyperus esculentus
seedlings to salt stress in desertified land, we conducted a pot experiment
in a greenhouse using aeolian sandy soil as the culture medium. Different
concentrations of NaCl stress were applied to C. esculentus seedlings to analyze
their growth, physiological and biochemical characteristics, and Na+/K+

balance after salt stress. The results showed: (1) When the NaCl concentration
was $�0.5𝑔 · 𝑘𝑔^{-1}$, seedlings grew well but plant height decreased signifi-
cantly. After 30 days of stress, both aboveground and belowground parts of
C. esculentus seedlings were significantly affected at NaCl concentrations $�1.0𝑔·
𝑘𝑔{-1}, 𝑤𝑖𝑡ℎ𝑑𝑒𝑐𝑟𝑒𝑎𝑠𝑒𝑠𝑖𝑛𝑎𝑏𝑜𝑣𝑒𝑔𝑟𝑜𝑢𝑛𝑑𝑎𝑛𝑑𝑏𝑒𝑙𝑜𝑤𝑔𝑟𝑜𝑢𝑛𝑑𝑑𝑟𝑦𝑤𝑒𝑖𝑔ℎ𝑡, 𝑝𝑙𝑎𝑛𝑡ℎ𝑒𝑖𝑔ℎ𝑡, 𝑎𝑛𝑑𝑙𝑒𝑎𝑓𝑎𝑟𝑒𝑎.(2)𝑂𝑛𝑑𝑎𝑦30𝑜𝑓𝑠𝑎𝑙𝑡𝑠𝑡𝑟𝑒𝑠𝑠, 𝑠𝑒𝑒𝑑𝑙𝑖𝑛𝑔𝑠𝑝𝑟𝑖𝑚𝑎𝑟𝑖𝑙𝑦𝑎𝑙𝑙𝑒𝑣𝑖𝑎𝑡𝑒𝑑𝑠𝑎𝑙𝑡𝑠𝑡𝑟𝑒𝑠𝑠𝑡ℎ𝑟𝑜𝑢𝑔ℎ𝑚𝑎𝑠𝑠𝑖𝑣𝑒𝑝𝑟𝑜𝑙𝑖𝑛𝑒𝑎𝑐𝑐𝑢𝑚𝑢𝑙𝑎𝑡𝑖𝑜𝑛; 𝑜𝑛𝑑𝑎𝑦50, 𝑡ℎ𝑒𝑦𝑚𝑎𝑖𝑛𝑙𝑦𝑒𝑛ℎ𝑎𝑛𝑐𝑒𝑑𝑜𝑠𝑚𝑜𝑡𝑖𝑐𝑎𝑑𝑗𝑢𝑠𝑡𝑚𝑒𝑛𝑡𝑐𝑎𝑝𝑎𝑐𝑖𝑡𝑦𝑡ℎ𝑟𝑜𝑢𝑔ℎ𝑠𝑢𝑏𝑠𝑡𝑎𝑛𝑡𝑖𝑎𝑙𝑎𝑐𝑐𝑢𝑚𝑢𝑙𝑎𝑡𝑖𝑜𝑛𝑜𝑓𝑠𝑜𝑙𝑢𝑏𝑙𝑒𝑝𝑟𝑜𝑡𝑒𝑖𝑛𝑎𝑛𝑑𝑠𝑜𝑙𝑢𝑏𝑙𝑒𝑠𝑢𝑔𝑎𝑟𝑡𝑜𝑎𝑑𝑎𝑝𝑡𝑡𝑜𝑠𝑎𝑙𝑡𝑠𝑡𝑟𝑒𝑠𝑠.(3)𝑇 ℎ𝑒𝑁𝑎{+}$
content and Na+/K+ ratio in leaves and roots increased significantly with
increasing salt concentration, indicating disrupted ion balance. (4) The compre-
hensive evaluation using membership function showed that when NaCl concen-
tration was $�0.5𝑔·𝑘𝑔{-1}, 𝑡ℎ𝑒𝑐𝑜𝑚𝑝𝑟𝑒ℎ𝑒𝑛𝑠𝑖𝑣𝑒𝑝ℎ𝑦𝑠𝑖𝑜𝑙𝑜𝑔𝑖𝑐𝑎𝑙𝑎𝑛𝑑𝑔𝑟𝑜𝑤𝑡ℎ𝑝𝑒𝑟𝑓𝑜𝑟𝑚𝑎𝑛𝑐𝑒𝑜𝑓𝐶.𝑒𝑠𝑐𝑢𝑙𝑒𝑛𝑡𝑢𝑠𝑠𝑒𝑒𝑑𝑙𝑖𝑛𝑔𝑠𝑑𝑖𝑑𝑛𝑜𝑡𝑐ℎ𝑎𝑛𝑔𝑒𝑠𝑖𝑔𝑛𝑖𝑓𝑖𝑐𝑎𝑛𝑡𝑙𝑦, 𝑏𝑢𝑡𝑑𝑒𝑐𝑟𝑒𝑎𝑠𝑒𝑑𝑚𝑎𝑟𝑘𝑒𝑑𝑙𝑦𝑤ℎ𝑒𝑛𝑡ℎ𝑒𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛𝑒𝑥𝑐𝑒𝑒𝑑𝑒𝑑1.0𝑔 · 𝑘𝑔{-
1}$. This indicates that C. esculentus seedlings possess certain salt tolerance
and can grow normally under mild salt stress conditions in sandy soil.

Keywords: Cyperus esculentus; salt stress; seedling growth; osmotic adjust-
ment; ion content

Introduction

China currently has 3.69$×10^{7}$ hm2 of various types of utilizable saline
soils, of which approximately 1.07$×10^{7}$ hm2 has agricultural utilization
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prospects, accounting for 22.01% of the total saline soil area nationwide. Xin-
jiang is one of the regions most severely affected by salinization in China, primar-
ily characterized by oasis and desertified saline soils, which represent promising
saline lands with good agricultural development value. Effective management
and development of utilizable saline soils can not only expand regional culti-
vated land resources and agricultural development space, but also alleviate food
security pressure. Introducing and planting salt-tolerant plants can significantly
increase soil organic matter and biodiversity while substantially improving the
micro-ecological environment of saline soils. Therefore, introducing plants suit-
able for growth in saline lands, especially crops with high comprehensive uti-
lization value, represents an important measure for saline soil improvement and
productivity enhancement.

Cyperus esculentus is a perennial herb of the Cyperaceae family (cultivated as
an annual crop in agricultural production), integrating multiple uses including
grain, oil, forage, feed, medicine, and ornamental landscaping. It is a high-yield
economic crop with strong stress resistance, wide adaptability, and tolerance
to poor soil conditions. In recent years, C. esculentus has been trial-planted
in both northern and southern Xinjiang oases and wind-sand areas. However,
limited knowledge exists regarding whether C. esculentus can be successfully
cultivated on desertified lands with varying degrees of salinization, and effective
theoretical guidance for large-scale planting in desertified saline soils is lacking.
Therefore, studying the response and adaptation mechanisms of C. esculentus to
salt stress in desertified land is of great significance for its large-scale cultivation
and efficient land utilization in Xinjiang’s sandy saline soils.

Salt stress damages plant growth and development primarily through secondary
responses including osmotic stress, ion toxicity, nutrient imbalance, and oxida-
tive damage. To adapt to salt stress, plants have evolved a series of physiological
and biochemical protective mechanisms, such as synthesis of osmotic adjustment
substances, enhanced antioxidant enzyme activity, and upregulated expression
of salt tolerance genes. Different plants exhibit different salt tolerance and
response mechanisms. For example, salt-tolerant wheat (Triticum aestivum)
seedlings alleviate salt stress through strong K+/Na+ regulation capacity and
antioxidant enzyme systems. Quinoa (Chenopodium quinoa) seedlings adapt to
salt stress by increasing soluble sugar and proline contents, enhancing antioxi-
dant enzyme activity, and reducing malondialdehyde (MDA) content. Primula
forbesii seedlings resist salt damage by increasing soluble protein and proline
contents and superoxide dismutase and peroxidase activities. Tang et al. studied
the short-term salt tolerance of C. esculentus seedlings using vermiculite as the
culture medium and found that they enhance salt tolerance by increasing an-
tioxidant enzyme activity in leaves and accumulating proline and soluble sugar.
However, it remains unclear whether C. esculentus seedlings maintain strong
salt tolerance under prolonged stress. Therefore, this study used wind-sand soil
from the oasis-desert transition zone in the southern Tarim Basin as the cul-
ture medium, conducted pot experiments in a greenhouse, and monitored plant
growth performance, Na+ and K+ contents, and changes in leaf organic osmotic
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adjustment substances and MDA content under different salt stress durations
and concentrations. The objective was to analyze the growth and physiological
responses and salt tolerance of C. esculentus seedlings to salt stress in desertified
soil, providing theoretical reference for large-scale promotion and cultivation of
C. esculentus in Xinjiang’s sandy saline lands.

1. Materials and Methods

1.1 Material Cultivation and Treatment The experiment was conducted
in a greenhouse at the Urumqi Botanical Garden, Xinjiang. The tested C.
esculentus variety was“Xinke No. 1.”Before the experiment, a seed germination
pre-test was performed, achieving a germination rate of 95%. Full, non-moldy,
mechanically undamaged, and uniformly sized seeds were selected and soaked
in distilled water for 24 hours before sowing.

The test soil was collected from the 0-20 cm soil layer in the Cele oasis-desert
transition zone on the southern edge of the Tarim Basin (80°03�E, 37°00�N).
The soil type was aeolian sandy soil with salt content of 0.108%, pH 7.8, or-
ganic matter content of 4.40 mg・kg−1, available nitrogen content of 7.44 mg・
kg−1, available phosphorus content of 2.16 mg・kg−1, and available potassium
content of 128 mg・kg−1. According to investigations, C. esculentus planting
time in Xinjiang generally occurs in mid-to-late April, when temperatures are
not yet stable with average temperatures not exceeding 15°C. Therefore, during
seedling growth, the greenhouse daily average temperature was controlled at
15.64$±1.74°𝐶, 𝑎𝑣𝑒𝑟𝑎𝑔𝑒ℎ𝑢𝑚𝑖𝑑𝑖𝑡𝑦𝑎𝑡68.18±7.93±$3399.09 lux, and daylight du-
ration at 12 hours.

Air-dried soil was placed in plastic pots (23 cm upper diameter, 20 cm height,
34 cm bottom diameter), with 10 kg of soil per pot. Pots were placed on trays
to allow later water absorption. Base fertilizer was applied at 0.08 g・kg−1 urea
and 0.12 g・kg−1 potassium dihydrogen phosphate. Five seeds were sown per
pot, followed by 300 mL of water. When seedlings reached the three-leaf-and-
one-heart stage (30 days after sowing), they were thinned to three seedlings per
pot with uniform growth. Salt stress treatments began on May 30, 2021.

Soil salt stress gradients were set according to Huang et al.’s classification
standards for salinization degree based on salt content (Table 1). Five NaCl
concentration gradients were established: control (CK, 0 g・kg−1), mild salt
stress (S1, 0.5 g・kg−1), moderate salt stress (S2, 1.0 g・kg−1), severe salt stress
(S3, 2.0 g・kg−1), and salt soil (S4, 3.5 g・kg−1), with six replicates per treatment.
To avoid salt base effects, NaCl was dissolved in water and applied to the soil.
The CK treatment received only water. Based on measured field capacity of
23.6% in pot soil, the S1 treatment received NaCl solution at 0.5 g・kg−1 daily
increments, S2 at 1.0 g・kg−1, S3 at 2.0 g・kg−1, and S4 at 3.5 g・kg−1. Soil water
content was maintained at 70% of field capacity using the weighing method.
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1.2 Measurement Items and Methods Growth index measurement:
On day 30 of salt treatment, plant height was measured for each treatment with
six replicates. Then, three pots were randomly selected per treatment (each
pot as one replicate). All leaves were cut, brought to the laboratory, washed
with water, dried, and scanned using a scanner (HP G3110). Leaf area was
calculated using ImageJ software. The remaining aboveground parts and under-
ground parts of C. esculentus seedlings were washed and oven-dried at 105°C
for 30 minutes, then at 80°C to constant weight to obtain dry weights of each
part. Aboveground parts included stems and leaves, while underground parts
included roots and tubers. Root-shoot ratio was calculated as: underground
dry weight/aboveground dry weight.

Leaf relative water content was measured using the saturated weighing method.
Three additional pots were selected per treatment. Mature leaves from the
same position were cut, stored in a portable refrigerator, brought to the labora-
tory, rapidly rinsed with distilled water, and surface water was blotted before
measuring fresh weight. Leaves were then immersed in 15 mL test tubes filled
with distilled water (avoiding leaf damage) for 24 hours in the dark. After
saturation, surface water was gently blotted and saturated fresh weight was
measured. Leaves were then oven-dried at 105°C for 30 minutes and dry weight
was measured. Relative water content was calculated as: (fresh weight - dry
weight)/(saturated fresh weight - dry weight) × 100%.

Physiological indicators and ion content measurement: For each treat-
ment, three pots were randomly selected and mature leaves were cut. MDA
content was measured using the thiobarbituric acid method. Proline content
was measured using the sulfosalicylic acid extraction method. Soluble sugar
content was measured using the anthrone colorimetric method. Soluble protein
content was measured using the Coomassie brilliant blue G-250 colorimetric
method. Proline, soluble sugar, and soluble protein contents were calculated
based on leaf fresh weight. Na+ and K+ contents in leaves and roots were ex-
tracted and measured according to Wang et al., with contents calculated based
on dry weight.

1.3 Comprehensive Evaluation of Salt Tolerance Based on measured
indicators of C. esculentus seedlings after salt stress (growth, physiological and
biochemical indicators, and leaf Na+/K+ content), the fuzzy membership func-
tion method was used to calculate membership function values for salt tolerance
evaluation, where larger values indicate stronger salt tolerance:

For indicators positively correlated with salt tolerance: R(Xi) = (Xi -
Xmin)/(Xmax - Xmin)

For indicators negatively correlated with salt tolerance: R(Xi) = 1 - (Xi -
Xmin)/(Xmax - Xmin)

Where R is the membership function value, Xi is the measured value of each
indicator, Xmin is the minimum measured value of the indicator, and Xmax is
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the maximum measured value.

1.4 Data Statistical Analysis Data were processed using Microsoft Excel
2019 and statistically analyzed using IBM SPSS Statistics 23 software. One-
way ANOVA and Duncan’s multiple comparison tests were used to examine
differences in growth and physiological indicators under different salt concentra-
tions (P < 0.05). Pearson correlation analysis was used to examine relationships
among indicators. Origin 2021 software was used for graphing.

2. Results

2.1 Effects of Salt Stress on C. esculentus Seedling Growth After 30
days of salt treatment, aboveground dry weight showed no significant difference
between CK and S1 treatments, but both were significantly higher than other
treatments. Differences among S2, S3, and S4 treatments were not significant,
but all were significantly lower than CK and S1. Belowground dry weight was
highest under S1 treatment, with no significant difference from CK but signifi-
cantly higher than other treatments. Plant height decreased significantly after
salt treatment, being lowest under S4 treatment but not significantly different
from S3. Leaf area also decreased significantly under all salt treatments, with
reductions of 25.3%, 64.9%, 65.8%, and 72.6% compared to CK for S1-S4, re-
spectively.

After 50 days of salt treatment, aboveground dry weight in CK-S4 treatments
increased by 32.1%, 36.2%, 29.8%, and 27.6%, respectively, compared to day
30. Belowground dry weight decreased under all treatments except S1, with
reductions of 47.2%, 18.2%, and 38.9% for S2-S4, respectively. Plant height
increased by 40.9%, 19.5%, 15.1%, and 17.0% for CK-S4, respectively. Leaf
area increased under CK treatment but decreased under salt treatments, with
reductions of 32.9%, 27.8%, 30.1%, and 39.3% for S1-S4, respectively.

After 30 days of salt stress, leaf relative water content increased slightly under S1
treatment and was significantly higher than other salt treatments. Root-shoot
ratio increased under all salt treatments but not significantly. After 50 days
of salt stress, leaf relative water content was highest under S1 treatment but
not significantly different from other treatments. Root-shoot ratio decreased
under all salt treatments, with no significant decrease under S1 but significant
decreases under S2-S4. Compared to day 30, leaf relative water content in-
creased under CK and S1 treatments at day 50, with minimal changes under
other treatments. Root-shoot ratio increased under CK treatment at day 50,
but decreased under all salt treatments.

2.2 Effects of Salt Stress on Leaf Organic Osmotic Adjustment Sub-
stances Proline content: After 30 days of salt treatment, leaf proline con-
tent was higher under all salt treatments than CK, with no significant difference
between CK and S1, but S2-S4 were significantly higher than CK, increasing by
35.6%, 40.5%, and 24.6%, respectively. After 50 days, leaf proline content was
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highest under S4 treatment, significantly higher than other treatments. Com-
pared to day 30, proline content under S1-S4 treatments at day 50 decreased by
18.3%, 19.4%, 14.6%, and 20.3%, respectively.

Soluble sugar content: After 30 days of salt treatment, soluble sugar con-
tent was highest under S2 treatment, not significantly different from S1 but
significantly higher than other treatments. After 50 days, soluble sugar con-
tent increased significantly under all salt treatments compared to CK, with the
greatest increase under S2 treatment (20.3%). Under both stress durations, leaf
soluble sugar content showed a trend of first increasing then decreasing with
increasing salt stress.

Soluble protein content: After 30 days of salt treatment, soluble protein
content decreased under S1 treatment and increased under S2-S4 treatments,
but differences among treatments were not significant. After 50 days, soluble
protein content increased significantly under all salt treatments compared to CK,
rising linearly with salt stress intensity. Compared to day 30, soluble protein
content under S1-S4 treatments at day 50 increased by 53.2%, 51.6%, 68.4%,
and 23.5%, respectively.

2.3 Changes in MDA Content of C. esculentus Leaves Under Salt
Stress After 30 days of salt stress, MDA content increased with salt stress
intensity, peaking at S2 treatment and then decreasing. MDA content under
CK treatment was significantly lower than other treatments. After 50 days,
MDA content was highest under S4 treatment, significantly higher than other
treatments. Compared to day 30, MDA content under CK treatment at day 50
decreased by 25.2%, while other treatments showed varying degrees of increase,
with S4 treatment increasing by 278.2%.

2.4 Effects of Salt Stress on Na+, K+ Content and Na+/K+ Ratio in
C. esculentus Plants Leaf Na+, K+ content and Na+/K+ ratio: After
30 days of salt treatment, leaf Na+ content increased with salt stress, with S2-
S4 treatments significantly higher than CK (increasing by 62.6%, 100.3%, and
112.7%, respectively). Leaf K+ content decreased significantly under all salt
treatments compared to CK, with reductions of 20.7%, 24.1%, 27.8%, and 30.7%
for S1-S4, respectively. The leaf Na+/K+ ratio increased significantly with salt
stress, being 13.5%, 36.0%, 39.7%, and 31.2% higher under S1-S4 treatments
than CK, respectively.

After 50 days of salt treatment, leaf Na+ content was significantly higher under
all salt treatments than CK, with S2-S4 treatments showing no significant dif-
ferences among themselves but all significantly higher than S1. Leaf K+ content
decreased under all treatments except S1, with S2-S4 treatments decreasing by
25.1%, 16.9%, and 30.4%, respectively. The leaf Na+/K+ ratio increased sig-
nificantly with salt stress intensity, with S1-S4 treatments increasing by 40.9%,
47.6%, 41.7%, and 49.0%, respectively, compared to CK.
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Root Na+, K+ content and Na+/K+ ratio: After 30 days of salt treatment,
root Na+ content under S1-S4 treatments increased by 43.3%, 55.4%, 44.3%, and
49.0% compared to CK, respectively, with no significant differences among salt
treatments. Root K+ content decreased significantly under all salt treatments
compared to CK. The root Na+/K+ ratio increased significantly with salt gra-
dient, with no significant difference between S3 and S4 treatments but both
significantly higher than other treatments.

After 50 days of salt treatment, root Na+ content was significantly lower under
all salt treatments than CK, with no significant differences among salt treat-
ments. Root K+ content was significantly lower under S2-S4 treatments than
CK, decreasing by 30.1%, 41.7%, and 12.1%, respectively. The root Na+/K+ ra-
tio increased significantly with salt stress intensity, with no significant difference
between S3 and S4 treatments but both significantly lower than S2 treatment.

2.5 Membership Function Values and Salt Tolerance Evaluation of C.
esculentus Under Different Salt Concentrations Comprehensive evalu-
ation using the membership function method showed that under both stress
durations, the membership function values of C. esculentus followed the order:
CK > S1 > S2 > S3 > S4. Salt tolerance decreased with increasing salt stress
intensity. Under mild salt stress, C. esculentus showed strong adaptability and
good growth performance. The comprehensive evaluation values at day 50 were
lower than at day 30 under all treatments, indicating that prolonged salt stress
in sandy soil is detrimental to C. esculentus seedling growth.

3. Discussion

3.1 Effects of Salt Stress on C. esculentus Growth Salt damage in
plants typically results in stunted growth, reduced leaf area, and decreased
root biomass, though responses vary among species with different salt tolerance
levels. Studies on Echinochloa frumentacea, Agropyron cristatum, and other
plants have found that low salt stress can promote plant height and biomass
accumulation, while high salt concentrations are inhibitory. This study showed
that mild salt stress (S1) had no significant effect on aboveground dry weight and
leaf area of C. esculentus after 30 days, but significantly reduced plant height.
With prolonged stress, aboveground dry weight remained relatively unaffected,
but plant height and leaf area decreased significantly, and belowground dry
weight was also inhibited. Under moderate and severe salt stress, aboveground
and belowground dry weights, plant height, and leaf area were all significantly
inhibited. This indicates that short-term low salt stress does not negatively
affect C. esculentus, but prolonged stress inhibits root growth and leaf area
expansion. Similar findings were reported for wheat seedlings, where short-term
salt stress of varying degrees promoted growth, but prolonged stress inhibited
seedling development. This demonstrates that both stress intensity and duration
affect C. esculentus seedlings.

Many studies suggest that root growth is more sensitive to salt stress than above-
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ground parts, with plants reducing root growth under high salt concentrations
to decrease salt absorption and transport to shoots as a defense mechanism,
resulting in decreased root-shoot ratio. However, other studies indicate that
roots are less sensitive than shoots, with plants increasing biomass allocation to
roots to enhance water and nutrient acquisition, leading to increased root-shoot
ratio. This study showed that root-shoot ratio increased slightly after 30 days
of salt stress but decreased to varying degrees after 50 days. This suggests that
C. esculentus root sensitivity to salt stress may be delayed, but long-term salt
stress is detrimental to root growth, leading to decreased root-shoot ratio.

3.2 Effects of Salt Stress on Leaf Osmotic Adjustment Substances
in C. esculentus Osmotic stress is the primary challenge for plants in saline
soils, causing physiological drought and directly affecting plant growth. To coun-
teract osmotic stress caused by salt accumulation, plants accumulate osmotic
adjustment substances such as soluble sugars, soluble proteins, and proline to
enhance cellular osmotic adjustment capacity and maintain normal water up-
take and metabolic activities. Proline is a high-quality amino acid with osmotic
adjustment function that can effectively alleviate salt stress damage and main-
tain membrane structure stability. Soluble proteins are enzymes involved in
various metabolic processes that protect plant cell membranes and metabolism-
related enzymes. Soluble sugars serve as carbon skeletons and energy sources for
synthesizing other organic solutes, stabilizing cell membranes and protoplasm
colloids.

This study showed that after 30 days of salt stress, leaf proline, soluble sugar,
and soluble protein contents in C. esculentus were all higher than CK. However,
with increasing salt stress intensity, proline content increased most significantly,
soluble sugar content first increased significantly then decreased, while soluble
protein content showed minimal change. This indicates that in the early stage of
salt stress, C. esculentus primarily alleviated salt stress through massive proline
accumulation in leaves. With prolonged stress, proline content first decreased
significantly then increased significantly with salt stress intensity, soluble sugar
content increased significantly to a certain level then remained stable, while solu-
ble protein content showed a linear significant increase trend. This demonstrates
that under long-term salt stress, C. esculentus primarily enhances osmotic ad-
justment capacity through massive accumulation of soluble protein and soluble
sugar, with proline also accumulating substantially under high salt conditions.

Most studies show that proline, soluble sugar, and soluble protein contents
increase with salt stress intensity, though some report decreases under exces-
sively high salt concentrations, consistent with the soluble sugar trend observed
here. Different organic osmotic adjustment substances may respond differently
to salt stress, possibly related to their respective contribution rates. Long-term
salt stress leads to accumulation of more harmful substances requiring synthesis
of more enzymes for detoxification, making soluble protein play a greater role
in cellular osmotic adjustment and become the main osmotic adjustment sub-
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stance in C. esculentus leaves, consistent with research on Dianthus chinensis.
Additionally, under severe salt stress (S4) at this stage, the massive accumula-
tion of MDA also reflected severe damage to C. esculentus cell membranes, and
the sharp increase in proline content may reflect the need for more proline ac-
cumulation to maintain membrane structure stability. This demonstrates that
C. esculentus possesses strong osmotic adjustment capacity under salt stress
conditions.

3.3 Effects of Salt Stress on Na+, K+ Content and Na+/K+ Ratio
in C. esculentus Na+ and K+ metabolism is crucial for plant adaptation
to saline environments. Imbalance between them adversely affects physiological
processes. Excessive Na+ uptake causes osmotic stress, inhibits enzyme activity,
and disrupts cellular metabolic processes. K+ is involved in turgor pressure con-
trol, photosynthetic metabolism, and enzyme activation, and its content decline
leads to growth inhibition. This study showed that with increasing salt stress
intensity, Na+ content in C. esculentus leaves and roots increased significantly,
while K+ content decreased significantly, consistent with most research findings.
Leaf K+ content was higher than in roots, and both maintained relatively stable
levels under moderate and severe stress, indicating that C. esculentus possesses
strong selective K+ absorption capacity. Transporting more K+ to leaves under
salt stress helps reduce osmotic stress in leaves, and with accumulation of pro-
line, soluble protein, and other osmotic adjustment substances, the water loss
trend in plant cells is slowed, maintaining relatively stable leaf relative water
content even under high salt stress. Therefore, appropriate K+ accumulation
can enhance C. esculentus growth adaptability.

Maintaining an appropriate Na+/K+ ratio is an important indicator of plant
salt tolerance. The Na+/K+ ratio is necessary for normal stomatal function and
some physiological processes, and can serve as a typical indicator of salt ion
damage in plant tissues. Lower Na+/K+ ratios typically indicate stronger salt
tolerance, as salt-tolerant plants often absorb sufficient K+ to cope with salt
damage. This study showed that with increasing salt concentration, Na+/K+

ratios in leaves and roots increased significantly, indicating that while Na+ in-
creased in cytoplasm, K+ leaked out, disrupting ion balance and inhibiting C.
esculentus growth, consistent with most research. With prolonged salt stress,
Na+/K+ ratios in roots and leaves increased to varying degrees under moderate
and severe salt stress, indicating that longer stress duration makes it more dif-
ficult to maintain appropriate Na+/K+ ratios, mainly due to more severe Na+

accumulation in C. esculentus cytoplasm. Therefore, mild salt stress may be
more conducive to C. esculentus seedling growth.

3.4 Comprehensive Salt Tolerance Evaluation of C. esculentus Based
on Membership Function Plant salt tolerance is influenced by multiple
factors, and evaluating salt tolerance based on a single indicator may lead to
biased results. Using fuzzy mathematics membership function to evaluate C.
esculentus salt tolerance helps eliminate such limitations. The comprehensive
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evaluation showed that salt tolerance of C. esculentus in sandy soil under dif-
ferent salt stress levels followed the order: CK > S1 > S2 > S3 > S4. Salt
tolerance decreased with increasing salt stress intensity. Under mild salt stress,
C. esculentus showed strong adaptability and good growth performance. The
salt tolerance evaluation values at day 50 were lower than at day 30 under all
treatments, indicating that prolonged salt stress in sandy soil is detrimental to
C. esculentus seedling growth.

Salinization and alkalization coexist in saline soils. Studies have found that mild
saline sandy soil is more conducive to C. esculentus seed germination, but it can
also grow normally in alkaline sandy soil. The sandy soil used in this study
was also alkaline, and the good growth of C. esculentus seedlings under mild
salt stress may be due to the alleviating effect of alkaline conditions on low salt
stress. Additionally, sandy soil is loose, which is beneficial for C. esculentus root
and tuber growth and later harvest. Therefore, C. esculentus can be promoted
for cultivation in Xinjiang’s mildly saline sandy land and alkaline sandy soil.

4. Conclusion

By investigating the growth and physiological responses of C. esculentus
seedlings under different salt concentrations, this study explored the feasibility
of cultivating C. esculentus as an economic crop in sandy saline soils. Based on
comprehensive analysis of growth and physiological indicators under salt stress:

1. Under mild salt stress ($�0.5𝑔 · 𝑘𝑔^{-1}$), both aboveground and below-
ground parts of C. esculentus seedlings grew well, but were significantly
inhibited with increasing stress intensity and duration.

2. In the early stage of salt stress, C. esculentus seedlings primarily alleviated
salt stress through massive proline accumulation, while in the later stage
they mainly enhanced osmotic adjustment capacity through massive accu-
mulation of soluble protein and soluble sugar. With increasing salt stress
intensity, Na+ content and Na+/K+ ratio in leaves and roots increased
significantly, while K+ content decreased significantly and then remained
stable when NaCl concentration exceeded 1.0 g・kg−1.

3. Massive accumulation of osmotic adjustment substances resulted in mini-
mal changes in leaf relative water content under salt stress. These results
indicate that C. esculentus seedlings can adapt to salt stress in sandy soil
by maintaining high leaf water-holding capacity and osmotic adjustment
ability, but high salt stress should not persist for extended periods.

This study provides important guidance for the promotion and cultivation of C.
esculentus in Xinjiang’s sandy saline lands.
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