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To identify the key indicators for salt tolerance evaluation of Salix matsudana Koidz,
we explored the relationship of ion absorption and distribution with chlorophyll,
fluorescence parameters (leaf performance index, maximum photochemical efficiency),
and photosynthetic gas parameters (net photosynthetic rate, transpiration, stomatal
conductance, intercellular carbon dioxide concentration) under salt stress. We
established 4 treatment groups and one control group based on salinity levels of
NaCl hydroponic solutions (171, 342, 513, and 684 mm). The Na+/K+, Na+/Ca2+,
chlorophyll fluorescence, and photosynthetic parameters of leaves were measured on
the 1st, 3rd, 5th, 8th, 11th, and 15th days to analyze the correlations of chlorophyll,
chlorophyll fluorescence and photosynthetic parameters to the ion distribution ratio.
The results showed that (1) The ratio of the dry weight of roots to leaves gradually
increased with increasing salt concentration, whereas the water content of leaves
and roots first increased and then decreased with increasing time. (2) The content of
Na+, Na+/K+, and Na+/Ca2+ in roots and leaves increased with increasing salt stress
concentration and treatment time, and the difference gradually narrowed. (3) Ca2+ was
lost more than K+ under salt stress, and Na+/Ca2+ was more sensitive to the salt
stress environment than Na+/K+. (4) Because the root system had a retention effect,
both Na+/K+ and Na+/Ca2+ in roots under different NaCl concentrations and different
treatment times were higher than those in leaves, and Na+/Ca2+ was much higher than
Na+/K+ in roots. (5) Na+/K+ had a higher correlation with fluorescence parameters
than Na+/Ca2+. Among them, Na+/K+ had a significantly negative correlation with
the maximum photochemical efficiency, and the correlation coefficient R2 was 0.8576.
(6) Photosynthetic gas parameters had a higher correlation with Na+/Ca2+ than
with Na+/K+. Among them, significantly negative correlations were noted between
Na+/Ca2+ and Gs as well as between Na+/Ca2+ and E under salt stress. The
correlation between Na+/Ca2+ and Gs was the highest with a correlation coefficient
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of 0.9368. (7) Na+/K+ and Na+/Ca2+ had no significant correlation with chlorophylls.
Na+/Ca2+ was selected as a key index to evaluate the salt tolerance of S. matsudana
Koidz, and the results provided a reference for analyzing the relationship between ion
transport and distribution for photosynthesis.

Keywords: chlorophyll content, fluorescence parameters, ion absorption and distribution, photosynthetic
response, salt stress

INTRODUCTION

Soil salinization is one of the most severe environmental
problems facing the world (Fang et al., 2021). It not only
influences the normal growth and development of plants but
also restricts the increase in yield and quality of agricultural
products. There are approximately 2.6 million square kilometers
of saline-alkali lands in China, which is equivalent to 1/4 of the
country’s total national territorial area (Guan et al., 2010). These
lands are mainly extensively distributed in coastal and arid areas
(Lu et al., 2021). The assessment of the salt tolerance of plants
plays a crucial role in improving the application of plants in
saline-alkali areas. At present, scholars’ evaluation of plant salt
tolerance mainly focuses on growth and development indicators,
photosynthetic pigments, photosynthetic system characteristics,
ion absorption, ion distribution and transportation indicators,
and chlorophyll fluorescence parameters. Their research objects
mainly cover some halophytes (Liu W. C. et al., 2013; Sun L. et al.,
2021) and crops (Xu Y. et al., 2020; Dou et al., 2021), but few
studies have focused on forest trees.

Most of the plants in the family Salicaceae resist salinization.
Salix matsudana Koidz, an important economic and green
tree species belonging to the family Salicaceae, features fast
growth, waterlogging tolerance (Wang C. Y. et al., 2017)
and easy propagation. It can grow well under saline-alkali,
drought, waterlogging, and poor soil conditions. It also has the
characteristics of wind prevention and sand fixation, so it is
widely used for urban landscaping. S. matsudana Koidz has the
strong ecological ability and mainly propagates through cottage
with a very high survival rate (Liu et al., 2018), so it is difficult to
be replaced by other tree species. For the above reasons, willows
have received extensive attention from experts and scholars,
and related research is being constantly deepened. At present,
research on S. matsudana Koidz mainly focuses on germplasm
resource screening (Yu et al., 2018), cultivation management (Ma
et al., 2021), stress-resistant physiology, and genetic diversity
(Zhang J. et al., 2021). Regarding stress resistance, studies
have mainly focused on physiological characteristics under the
conditions of plant diseases and insect pests (Zhang M. Y. et al.,
2021), heavy metals (Yuan et al., 2019), moisture (Jiménez-
Rodríguez et al., 2019), and salinity (Kumari et al., 2021).
However, studies on the relationship of ion absorption and
distribution to photosynthesis of roots and leaves under salt stress
are rarely reported. It remains to be clarified whether the salt
ion content and its ratio in S. matsudana leaves are the main
factors affecting photosynthesis. What are the effects of sodium
ions, sodium-potassium ratios, and sodium-to-calcium ratios,
which are widely used in current research to evaluate plant salt

tolerance, on the photosynthetic system? Which indicator has
a greater impact on the photosynthetic system? Which index is
more suitable for evaluating the effect of leaf ion distribution
on the photosynthetic system? To clarify these problems, this
study used S. matsudana as a representative plant to analyze
the correlation between leaf salt ion content and its ratio and
photosynthetic system to provide a theoretical reference for
evaluating the salt tolerance of plants in saline-alkali areas.

MATERIALS AND METHODS

Plant Material and Salt Treatments
The test materials were collected from the germplasm resource
nursery of Jinshatan Forest Farm in Huai’an County, Hebei
Province. In 2020, annotinous branches of S. matsudana Koidz,
which basically maintained the same strong growth vigor and
were free of diseases and insect pests, were collected before
germination in early spring and stored in the freezer at 0◦C.
On 26 June 2020, a water culture experiment was conducted
in the artificial climate chamber of the west campus of Hebei
Agricultural University (38◦48′N, 115◦25′E) of Baoding, Hebei
Province. The temperature of the climate chamber was set to
28/25◦C (light/dark), the LED cold light source maintained the
light intensity at 1,000 µmol·m−2

·
−1, the photoperiod was

14/10 h (light/dark) and the relative humidity was 60%. Some
studies have shown that PAR = 1,000 µmol·m−2

·
−1 is beneficial

to determine the best photosynthetic system parameters (Liu T.
et al., 2013; Zhu Y. X. et al., 2019). In addition, some scholars
also set the PAR at 800–1,000 µmol·;m−2

·s−1 and the RH at 50–
70% when setting up the experiment (Gerona et al., 2019; Zhu
H. L. et al., 2019; Zhang et al., 2020; Liu et al., 2022; Ma et al.,
2022). Therefore, we set the light intensity and relative humidity
according to the previous research and the actual situation. The
middle two-thirds of the selected branches were cut into 20 cm
long cuttings. The uppermost bud was 0.5–1 cm from the top of
the cuttings. The uppercut was a flat cut, and the lower cut was an
oblique cut. The selection of branches refers to the method of Ran
et al. (2021). On 15 July, when their growth reached the treatment
requirement (the average root length was approximately 5 cm),
seedlings with uniform growth potential and root systems were
selected for stress treatment.

The test material was placed in a 55 cm × 38 cm × 15 cm
(length × width × height) plastic box for hydroponic culture.
When most scholars study the effects of salt stress on plants
under hydroponic conditions, the salt concentration is mostly
set between 100 and 700 mmol. We also converted the
corresponding concentration into international units. For these
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reasons, we decided to adopt such a salt concentration (Miranda-
Apodaca et al., 2020; Roman et al., 2020; Gao et al., 2022;
Gou et al., 2022; Ni et al., 2022). A 1/2 dilution of Hoagland’s
complete nutrient solution was used as the base to prepare
hydroponic solutions with NaCl concentrations of 171, 342,
513, and 684 mmol, and 1/2 Hoagland’s complete nutrient
solution (pH = 7.2) was used as a control (CK). In brief,
1/2 Hoagland’s complete nutrient solution includes: 30 mg
NaFeC10H12N2O8·3H2O, 472.5 mg Ca(NO3)2·2O, 15 mg FeSO4,
303.5 mg K2SO4, 0.05 mg CuSO4, 57.5 mg NH4H2PO4,
2.13 mg MnSO4, 246.5 mg MgSO4, 2.86 mg H3BO3, 4.5 mg
Na2B4O7·10H2O, 0.22 mg ZnSO4, and 0.02 mg H8MoN2O4.

During the experiment, each treatment was repeated thrice,
and 10 seedlings were directly placed in the solution with more
than half of the height covered in the prepared solution. We
changed the nutrient solution every 5 days during their growth.
To prevent excessive accumulation of salt, we removed the
seedlings and carefully rinsed off the residual salt from the roots
with clean water before changing the nutrient solution. We
randomly selected 3 seedlings with average growth vigor on the
1st, 3rd, 5th, 8th, 11th, and 15th days of the stress test for the
determination of various growth physiological indices.

Growth Indicators
The ratio of the dry weight of roots and leaves and the water
content of leaves and roots were determined by Li (2000).
We took 3 weighing bottles (repeated thrice using the same
procedure as described below), numbered them in turn and
accurately weighed them. We selected the sample to be measured,
immediately placed it into the above weighing bottle, closed the
bottle cap tightly, and accurately weighed it. The weighing bottle
was placed in an oven at 105◦C for 15 min to kill the plant
tissue cells and then baked at 80–90◦C to a constant weight (it
must be placed in a desiccator when weighing and weighed after
cooling). Let the weight of the weighing bottle be W1, the weight
of the weighing bottle and the sample be W2, and the weight
of the weighing bottle and the dried sample be W3 (the above
weight units are all g as described below). Then, the total water
content of the plant tissue (%) can be calculated as follows. The
value of the total water content of the plant tissue obtained by
three repetitions was obtained, and the average value was further
obtained.

W = [(W2−W3)/(W2−W1)]/3∗100% (1)

Root water content :Wroot = [(W2root−W3root)/

(W2root−W1)]/3∗100% (2)

Leave water content :Wleave = [(W2leave−W3leave)/

(W2leave−W1)]/3∗100% (3)

Root dry weirht : WDroot = (W3root−W2root)/3 (4)

The leaf dry weight :WDleave = (W3leave−W2leave)/3 (5)

The root dry weight/the leaf dry weight = WDroot/WDleave
(6)

Ion Content, Absorption, and Transport
in Roots and Leaves
The determination of ion content was performed according to
the methods of Yang (2010) and Meng et al. (2020). The sample
was first baked at 105◦C for 30 min and then dried at 70–
80◦C to a constant weight. After it was ground into powder,
the fixed mass was weighed. After 30 ml of deionized water was
added, the sample was shaken well and placed in a boiling water
bath for 2 h. After cooling, the sample was filtered and diluted
to 50 ml. The Na+, K+, and Ca2+ contents were determined
by the atomic absorption method. Zeenit 700P instrument of
Analytik Jena Company in Germany was used for determination.
The selective absorption and transport coefficients of X (K+ and
Ca2+) ions in roots and leaves were calculated by referring to
the methods of Yang et al. (2003) and Zhang et al. (2018). The
following formula was used to calculate the selective absorption
and transport coefficients of ions X (K+ and Ca2+) by roots and
leaves, where ion absorption coefficient Eq. 7 and ion transport
coefficient Eq. 8. In the formula, the K+ content was 272 mg, and
the Ca2+ content was 230 mg in the medium (culture broth).

SAX,Na = Root([X]/[Na+])/Medium([X]/[Na+]) (7)

STX,Na = Leaf ([X]/[Na+])/Root ([X]/[Na+]) (8)

Measurements of Chlorophyll Content,
Chlorophyll Fluorescence Parameters
and Photosynthetic Parameters
Chlorophyll content was determined using the method proposed
by Li (2000). The measurement of chlorophyll fluorescence
parameters adopted the method of Ran et al. (2021). After the
beginning of the stress test, three seedlings with average growth
vigor were selected for each treatment to the determination of
fluorescence parameters. Before the determination, leaves were
subjected to dark adaptation for 15 min, and then the rapid
chlorophyll fluorescence induction kinetic curve and related
parameters were measured using a Pocket PEA plant efficiency
analyzer (Hansatech, United Kingdom). The obtained OJIP
curve was used to analyze the fast chlorophyll fluorescence
induction curve data (Wang et al., 2004; Giorio and Sellami,
2021; Stefanov et al., 2021) (JIP-test), and related parameters were
calculated. The initial fluorescence (Fo), maximum fluorescence
(Fm), maximum photochemical efficiency (Fv/Fm) after dark
adaptation, and performance index (PIABS) based on absorbed
light energy were directly determined for leaves.

The photosynthetic parameters adopted the method of Ran
et al. (2021). During the stress treatment, 3 seedlings with
average growth vigor were selected for each treatment. After
the 3 seedlings were subjected to normal lighting in the climate
chamber for 3 h, the 3rd–5th fully expanded leaves of the
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same position, size, and light receiving direction were selected
from top to bottom to determine photosynthetic gas exchange
parameters, such as stomatal conductance (Gs), intercellular CO2
concentration (Ci), transpiration rate € and net photosynthetic
rate (Pn), with the aid of a Li-6800 portable photosynthesizer
(LI-COR of United States).

Experimental Design and Statistical
Analysis
Microsoft Excel and Origin were used to fit the response curve
data. The test data were calculated, processed, and plotted
using Excel 2020 for the correlation evaluation and analysis
of the ion absorption, distribution, and photosynthetic indices
of S. matsudana Koidz seedlings. SPSS 18.0 data processing
software was used for statistical analysis and the significance of
the difference at the p < 0.05 level was tested based on the least
significant difference (LSD).

RESULTS

Analysis of the Dry Weight Ratio and
Water Content of Roots and Leaves
Under Salt Stress
Under different concentrations of salt stress and different action
times, the dry weight ratio of dry willow seedling roots to
leaves and the degree of change in water content were different
(Figures 1A,B). Intensified salt stress led to a gradual increase
in the ratio of root to leaf dry weight. On the 1st day of
stress, the water content of S. matsudana leaves was not
significantly affected by salt stress; on the 3rd day, the water
content of the leaves showed an increasing trend with increasing
salt concentration. On the 5th day, the root water content
showed an overall upward trend. Then, the root water content
gradually decreased with increasing stress time and further
aggravation of the stress.

Analysis of Selective Absorption and
Transport Proportions of Na+/K+ and
Na+/Ca2+ in Roots and Leaves Under
Salt Stress
Figures 1C,D shows that under stress by different concentrations
of NaCl, the SA k, Na values of S. matsudana Koidz roots showed
an overall downward trend as the treatment time increased.
On the 1st day, the SA k, Na values of S. matsudana Koidz
roots showed an overall upward trend with increasing NaCl
concentration. After 3 days of stress, at each stress time, SA k,
Na gradually decreased with increasing stress, and the difference
between treatments was significant. In the first 3 days of stress,
the SA Ca, Na values of roots showed a decreasing trend after
increasing as the salt concentration increased. On the first
day, the SA Ca, Na values under each treatment were always
significantly higher than the SACa, Na values obtained under
171 mm NaCl treatment. Stresses at different concentrations of
NaCl all caused the SA Ca, Na of S. matsudana Koidz roots to

show an overall downward trend as the treatment time increased.
In the first 5 days, the ST k, Na of leaves showed a decreasing
trend after increasing as the degree of stress intensified, and the
decrease was not significant. When the concentration of NaCl was
greater than 342 mm, the ST k, Na of leaves gradually decreased
as the treatment time increased. On the 1st day, as NaCl stress
intensified, the ST Ca, Na values of leaves showed an increasing
trend, and the difference was significant. In general, the ST Ca,
Na values of leaves under different salt concentrations gradually
decreased as the treatment time increased, and the difference
was significant.

Correlation Analysis of Leaf Na+/K+ and
Na+/Ca2+ Under Salt Stress
With the increase in NaCl treatment days, the Na+/K+ of
roots and leaves showed an increasing trend, and the increasing
rate increased faster than that noted before the 5th day after
treatment (Figure 2A). In particular, 684 mm NaCl increased
with increasing treatment days. In addition, when the NaCl
treatment time was the same, the Na+/K+ of roots and leaves
increased with increasing NaCl stress, and the Na+/K+ of roots
was greater than that of leaves. With the extension of NaCl
treatment time, the Na+/Ca2+ in roots and leaves also showed
a gradual upward trend (Figure 2B). Under the same NaCl
treatment time, Na+/Ca2+ also increased with increasing NaCl
stress concentration. Under the same concentration of NaCl, the
Na+/Ca2+ levels of the root system were greater than that of the
leaves. When NaCl is greater than 342 mm, as the concentration
of NaCl increases, Na+/Ca2+ increases sharply. When NaCl is
less than 342 mm, Na+/Ca2+ rises slowly in roots and leaves. In
the first 8 days, the Na+ content in roots was higher than that in
leaves at the same time (Figure 2C). Figure 2D shows that after
NaCl stress treatment, Na+/K+ and Na+/Ca2+ in leaves showed
a linear correlation Eq. 9 (R2 = 0.9862). Figure 2E shows that the
correlation equation of Na+ content in roots and leaves under salt
stress is Eq. 10 (R2 = 0.9594).

y = 0.1407x1.1314 (9)

y = −0.0011x3
+0.1129x2

−2.1363x1
+14.867 (10)

Analysis of the Correlation of Chlorophyll
and Leaf Ions of Salix matsudana Koidz
Under Salt Stress
With the increase in Na+/Ca2+ caused by NaCl stress, the
chlorophyll content decreased significantly. A negative linear
correlation was noted between Na+/Ca2+ and chlorophyll
content under NaCl stress (Figure 3A). The fitted curve was
Eq. 11 (R2 = 0.7615). Na+/K+ increased and chlorophyll
decreased under salt stress. The correlation between Na+/K+ and
chlorophyll content under salt stress was a negative exponential,
and the correlation equation was Eq. 12 (R2 = 0.7633). In
addition, Na+/K+ were negatively correlated with chlorophyll
content. With the increase in salt stress, Na+ continued to
accumulate, and Ca2+ and K+ were gradually displaced, resulting
in a significant increase in Na+, Na+/Ca2+, and Na+/K+ and a
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FIGURE 1 | Effects of salt stress on ratio of dry weight and water content of roots and leaves, ratio of selective absorption and transport of Na+/ K+ and Na+/ Ca2+

in roots and leaves; (A) effects of salt stress on ratio of roots and leaves dry weight of S. matsudana; (B) effects of salt stress on water content of roots and leaves of
S. matsulosa (C) effects of salt stress on selective uptake and transportation of Ca2+ in roots and leaves of S. matsudana; (D) effects of salt stress on selective
uptake and transportation of K+ in roots and leaves of S. matsudana. Data shown are means ± SEM. Different small letters indicate significant differences between
treatments at 0.05 level among treatment.

decrease in chlorophyll content. Figure 3D shows the correlation
equation between Na+ content and chlorophyll content in leaves
as Eq. 13 (R2 = 0.7209).

y = −0.0018x2
− 0.0963x1

+ 2.1742 (11)

y = 0.0358x2
−0.4219x1

+2.10742 (12)

y = 0.00004x2
−0.0284x1

+2.2157 (13)

Analysis of the Correlation Between Leaf
Fluorescence Parameters and Ions
Under Salt Stress
Analysis of the Correlation Between the Leaf
Performance Index PIABS and Ions Under Salt Stress
As shown in Figure 3B, Na+/Ca2+ and PIABS are exponentially
related (Eq. 14) (R2 = 0.8679). Na+/K+ and PIABS are also
exponentially related (Eq. 15) (R2 = 0.8464). Figure 3E shows that

the fitting curve of leaf Na+ and PIABS is Eq. 16 (R2 = 0.8476). As
salt stress intensifies or time increases, Na+/Ca2+ and Na+/K+
increase, and PIABS decreases significantly. Both Na+/Ca2+ and
Na+/K+ have a negative exponential relationship with PIABS.
As the ion concentration ratio increases, PIABS continues to
decrease. The degree of correlation between Na+/Ca2+ and PIABS
is greater than that between Na+/K+ and PIABS.

y = 5.3524e−0.087x (14)

y = 4.8635e−0.349x (15)

y = 0.0002x2
−0.116x1

+5.4883 (16)

Analysis of the Correlation Between Leaf Maximum
Photochemical Efficiency and Ions Under Salt Stress
Studies have confirmed that Fv/Fm can indicate the response
of plants to stress environments (Zhang et al., 2009), so its
decline is an important indicator of plants being inhibited by

Frontiers in Plant Science | www.frontiersin.org 5 May 2022 | Volume 13 | Article 860111

https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org/
https://www.frontiersin.org/journals/plant-science#articles


fpls-13-860111 April 27, 2022 Time: 14:51 # 6

Ran et al. Response of Salix to Salt Stress

FIGURE 2 | Changes and correlation of Na+,Na+/ K+ and Na+/ Ca2+ in roots and leaves of S. matsudana under salt stress; (A) changes of Na+/ K+ in roots and
leaves under salt stress; (B) changes of Na+/ Ca2+ in roots and leaves under salt stress; (C) changes of Na+ in roots and leaves under salt stress; (D) correlation
between Na+/ K+ and Na+/ Ca2+ in leaves under salt stress; (E) correlation between Na+ in leaves and roots under salt stress.

FIGURE 3 | The ion ratio of salt stress to leaves was correlated with chlorophyll and fluorescence parameters; (A) correlation of Na+/ Ca2+ and Na+/ K+ to
chlorophyll content in the leaves of S. matsudana under salt stress; (B) correlation between Na+/Ca2+, Na+/ K+, and PIABS in the leaves of S. matsudana under salt
stress; (C) correlation of Na+/Ca2+ and Na+/K+ in the leaves of Salix matsudana with Fv/Fm under salt stress; (D) correlation between Na+ and chlorophyll content
in S. matsulosa leaves under salt stress; (E) correlation between Na+ and PIABS in S. matsulosa leaves under salt stress; (F) correlation between Na+ and Fv/Fm in
S. matsulosa leaves under salt stress.

light. As shown in Figure 3C, the fitting relationship curves
of Na+/Ca2+ and Na+/K+ with Fv/Fm under salt stress are
Eq. 17 (R2 = 0.8394) and Eq. 18 (R2 = 0.8577). Figure 3F
shows that the fitting equation of Na+ content and Fv/Fm in
leaves was Eq. 19 (R2 = 0.7993). As the NaCl concentration
intensifies or the time increases, both Na+/Ca2+ and Na+/K+ are
linearly negatively correlated with the maximum photochemical

efficiency Fv/Fm. With the increase in salt stress, Fv/Fm will be
irreversibly damaged.

y = −0.0001x2
−0.0025x1

+0.825 (17)

y = −0.0002x2
−0.0181x1

+ 0.8243 (18)
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y = −0.00003x2
−0.0006x1

+0.827 (19)

Analysis of the Correlation Between
Photosynthetic Gas Parameters and Ions
in Leaves Under Salt Stress
Analysis of the Correlation Between Leaf Net
Photosynthetic Rate and Ions Under Salt Stress
Photosynthetic rate is an important parameter to measure the
strength of plant photosynthesis that is a direct reflection of
the function of the photosynthetic system and a key indicator
of whether the plant’s photosynthetic system is normal. Under
salt stress, Na+/Ca2+, Na+/K+, and Pn showed exponential
negative correlations (Figure 4A), and the correlations reached
R2 = 0.8369 (Eq. 20) and R2 = 0.8722 (Eq. 21). Figure 4E
shows that the fitting equation of Na+ content and Pn in leaves
was Eq. 22 (R2 = 0.8308). As salt stress intensified, Na+/Ca2+,
and Na+/K+ increased, whereas Pn decreased. Na+/Ca2+ and
Na+/K+ in leaves can reflect the changes in the photosynthetic
capacity of leaves and reveal the reason for the reduction in the
photosynthetic rate to a certain extent.

y = 13.85e−0.118x (20)

y = 12.351e−0.49x (21)

y = 0.0008x2
−0.335x1

+13.747 (22)

Analysis of the Correlation Between Leaf
Transpiration E and Ions Under Salt Stress
As shown in Figures 4B,E decreases significantly with increasing
Na+/Ca2+ concentration. Na+/Ca2+ and E have a negative
correlation, and the fitted relationship curve is Eq. 23
(R2 = 0.9255). Na+/K+ increased with increasing NaCl stress,
whereas E showed a downward trend. The correlation between
Na+/K+ and E is exponential, and the correlation equation is
Eq. 24 (R2 = 0.9095). The correlation equation between Na+
content and E in leaves from Figure 4F was Eq. 25 (R2 = 0.9059).

y = 0.0189x2
−0.6017x1

+5.9583 (23)

y = 0.4567x2
−2.9467x1

+5.6716 (24)

y = 7.1024e−0.047x (25)

Analysis of the Correlation Between Leaf Stomatal
Conductance and Ions Under Salt Stress
Figure 4C shows that Na+/Ca2+ and Gs have a negative
logarithmic correlation under salt stress with the correlation
reaching R2 = 0.9368 (Eq. 26). Under salt stress, Na+/K+ and
Gs have a negative logarithmic correlation with the correlation
reaching R2 = 0.9066 (Eq. 27). Figure 4G shows the correlation
equation between Na+ content and Gs in leaves under salt stress
: Eq. 28 (R2 = 0.915).

y = −35.53ln(x1)+157.14 (26)

y = −30.62ln(x1)+96.097 (27)

y = 0.0869x2
−6.6813x1

+190.47 (28)

Analysis of the Correlation Between Intercellular
Carbon Dioxide Concentration and Ions in Leaves
Under Salt Stress
As salt stress intensifies, the continuous loss of Ca2+ leads to an
increase in the ratio of Na+/Ca2+. Photosynthesis is subsequently
affected, and Ci decreases accordingly (Figure 4D). Under salt
stress, Na+/Ca2+ and Ci show a negative correlation relationship,
and the fitted relationship curve is Eq. 29 (R2 = 0.7454). As shown
in Figure 4D, under NaCl stress, the ratio of Na+/K+ increased
continuously, and Ci decreased accordingly. At the initial stage
of salt stress, when the ratio of Na+/K+ is less than 1, Ci is at a
higher level. Then, as the ratio of Na+/K+ increases, Ci gradually
decreases. Under salt stress, Na+/K+ and Ci show a negative
logarithmic relationship, and the fitted relationship curve is
Eq. 30 (R2 = 0.7661). Figure 4H shows that the correlation
equation between Na+ content and Ci in leaves under salt stress
was Eq. 31 (R2 = 0.7129).

y = 0.127x2
−4.5119x1

+300.5 (29)

y = 4.0011x2
−25.094x1

+299.34 (30)

y = 0.0194x2
−1.8653x1

+306.08 (31)

DISCUSSION

Relationship Between Na+ in Roots and
Leaves and Na+/K+ and Na+/Ca2+ in
Leaves Under Salt Stress
The damage of salt stress to plants starts from the root
system, and the cell membrane is the initial location of
salt stress (Meng et al., 1996). The cell plasma membrane
is first damaged by saline ions, leading to the continuous
exosmosis of mineral ions, such as P+, Mg2+, K+, and
Ca2+, in the cell; the entry of external saline ions, such as
Na+ and Cl−, into the cell; disturbed physiological function
of the cell membrane, affected transport of Na+, K+, and
Ca2+ to the ground; changes in ion content in the leaves
and irreversible damage to the corresponding functions of
leaves (Zhou et al., 2021). Therefore, their water content
suggests that the ability of roots and leaves to hold water is
threatened. The ratio of root to leaf dry weight was also changed
because growth was inhibited by salt stress. The change in
the ion distribution law mirrors the damage extent of adverse
environments to cells, and plants maintain the balance of
nutrition by enhancing the absorption and transport of ions,
which also reflects to a certain extent the ability of plants to resist
stress. Therefore, the changes in Na+/K+ and Na+/Ca2+ can
represent the degree of plant damage and the change in nutrient
balance in plants.
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FIGURE 4 | Correlation between photosynthetic gas parameters and ions in leaves under salt stress; (A) correlation of Na+/ Ca2+ and Na+/ K+ in the leaves of
S. matsudana to Pn under salt stress; (B) correlation of Na+/ Ca2+ and Na+/ K+ in the leaves of S. matsudana to E under salt stress; (C) analysis of the correlation
of Na+/Ca2+ and Na+/K+ in the leaves of S. matsudana with Gs under salt stress; (D) correlation of Na+/Ca2+ and Na+/ K+ in the leaves of S. matsudana to Ci
under salt stress; (E) correlation of Na+ and Pn in the leaves of S. matsudana under salt stress; (F) correlation of Na+ in the leaves of S. matsudana to E under salt
stress; (G) correlation of Na+ in the leaves of S. matsudana with Gs under salt stress; (H) correlation of Na+ in the leaves of S. matsudana with Ci under salt stress.
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K+ and Na+ may compete for absorption sites on the cell
membrane (Tyerman and Skerrett, 1998; Frans and Anna, 1999;
Mark and Romola, 2003). Therefore, salt stress not only induces
K+ efflux from cells but also reduces K+ absorption by cells.
When the K+ efflux increases but the influx decreases, the
K+ content in the cell will be greatly reduced, the Na+/K+
ratio in the cell will be changed, and the plant will be
injured. Calcium is an essential mineral element for plants and
participates in various reactions, including stress and biological
stimuli, such as salt and drought (Kudla et al., 2010). In
this experiment, the selective absorption capacity of roots for
K+ and Ca2+ at the initial stage of stress increased as the
stress intensified; the selective absorption capacity of roots
for different salt stress levels increased as the treatment time
increased. This finding indicates that large amounts of Na+
in the roots of the plant in the early stage result in a violent
stress response of root cells. Then, root cells increase the
selective absorption capacity of K+ and Ca2+ and control
the transport of ions toward the ground to sustain low cell
osmotic potential and cell membrane stability. This phenomenon
is also the reason why the Na+ content in roots is greater
than that in leaves.

Under the same salt concentration and the same treatment
time, the selective absorption of K+ by roots was stronger than
that of Ca2+, and the selective transport of Ca2+ by leaves
was stronger than that of K+. Under different treatment times,
Na+/K+ and Na+/Ca2+ levels in roots were greater than those in
leaves, indicating that roots have a certain role in retaining Na+
ions under salt stress and increasing the selective absorption and
transportation of K+ and Ca2+. However, after reaching a certain
degree of salt stress, the limited ability cannot offset the harm
caused by ions. Once this ability is disrupted, the Na+/K+ and
Na+/Ca2+ of plant roots and leaves will increase significantly.
Studies have shown that the increase in Ca2+ content in cells
under salt stress can restrain the efflux of K+ (Guo et al., 2015),
thereby relieving the damage caused by salt stress to plants.
The correlation of Na+/K+ and Na+/Ca2+ in leaves reached
0.9614, indicating that K+ and Ca2+ are closely related under
salt stress. S. matsudana Koidz will adjust the root system’s
selective absorption of K+ and Ca2+ from the soil and transport
it to the leaves to minimize the adverse effects caused by the
blocked absorption function. However, this ability has a certain
limit, as too high a concentration of salt stress will directly
destroy the ability of selective absorption and cause irreparable
damage to plants.

Relationship Between Na+/K+ and
Na+/Ca2+ With Chlorophyll and
Fluorescence Under Salt Stress
The more chlorophyll on the thylakoid membrane on plant
leaves, the stronger the photosynthesis power of plants. This
is the basic ability of plants to maintain life activities and the
basis for judging the ability of plants to resist stress (Zhang
et al., 2013; Wang et al., 2021). In other respects, photosynthesis
also affects the accumulation of plant dry matter and final
yield (Thakur and Kumar, 2021). Yang’s experiment showed that

damage to chloroplast membrane structure could be observed
under salt stress (Yang et al., 2020). Studies have shown that
the chlorophyll content in the leaves of Jerusalem artichoke
(Sun W. J. et al., 2021) and oats (Li et al., 2021) decreases
significantly under salt stress. Therefore, many researchers regard
the chlorophyll content under salt stress as an important index to
measure the salt tolerance of plants. In this study, the correlations
between Na+/K+ and chlorophyll and between Na+/Ca2+ and
chlorophyll were 0.7633 and 0.7615, respectively. This finding
indicates that the correlation between the ion concentration
ratio and chlorophyll is very high under salt stress, but no
remarkable difference was noted between them. The correlation
between Na+/K+ and chlorophyll was greater than that between
Na+/Ca2+ and chlorophyll. This may be because Na+ is flushed
into the cells of salt-stressed plants, causing the accumulation of
Na+ and affecting the absorption of K+ by plants. This process
induces ion toxicity and results in a higher correlation between
Na+/K+ and chlorophyll (Zhang et al., 2022).

Fluorescence parameters are often used to examine the
relationship between the photosynthesis of plants and the
environment where they live (Zhao et al., 2021). Researchers
generally observe the photosynthetic physiological status of
plants under salt stress by means of the OJIP curve, Fv/Fm
and PIABS. The Fv/Fm and PIABS of PS II are important
indices to evaluate whether plants are stressed. The more
intense the stress, the lower the values of both and the
greater the damage to plant photosynthetic capacity. Studies
have shown that the ratio of Fv/Fm is stable under non-
stress conditions, and the ratio decreases obviously when stress
conditions exist in the environment (Zhao et al., 2021), which
was demonstrated by salt stress experiments with mangosteen
seedlings (Li et al., 2005; Shu et al., 2021). In this study, the
correlation between Na+/Ca2+ and PIABS (R2 = 0.8679) was
greater than that between Na+/K+ and PIABS (R2 = 0.8464).
The correlation between Na+/K+ and Fv/Fm (R2 = 0.8577) was
greater than that between Na+/Ca2+ and Fv/Fm (R2 = 0.8394).
The correlation between Na+/K+ and Fv/Fm (R2 = 0.8577) was
the highest among these indices, indicating that the chlorophyll
fluorescence kinetic parameters can also reflect the photoenergy
utilization status of photosystem II (Yu and Guy, 2004; Zhao
et al., 2006). Under salt stress, S. matsudana Koidz leaves
exhibited photoinhibition, which resulted in a notable decrease
in Fv/Fm efficiency. However, the change in chlorophyll was
relatively slow, which might be due to the gradual increase
in chlorophyll content under low salt stress to increase light
energy utilization. Under high salt stress, the synthesis and
decomposition of chlorophyll were affected. The decomposition
process of chlorophyll lagged somewhat, so the correlation with
ions was lower than other indicators.

Relationship of Na+/K+ and Na+/Ca2+ in
Leaves to Gas Exchange Parameters
Under Salt Stress
Salt stress can affect the normal growth of plants by reducing
the photosynthesis of plants, so photosynthetic parameters
can be used as crucial indicators to judge the salt–alkali
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tolerance of plants (Zhou et al., 2021). Photosynthetic parameters
mainly include the net photosynthetic rate (Pn), transpiration
rate (E), stomatal conductance (Gs), and intercellular CO2
concentration (Ci). Gs and E exhibit a high correlation with
Na+/Ca2+ and Na+/K+, respectively, and Gs has the highest
correlation with Na+/Ca2+ (R2 = 0.9368). Stomatal limitation
is tightly related to the photosynthetic rate of plants under
adverse stress (Yang et al., 2019). Normally, under mild
stress, stomatal limitation is the dominant reason for the
reduction in the plant photosynthetic rate (Sarabi et al., 2019).
Studies have indicated that salt stress causes changes in plant
osmotic potential, thereby affecting the plant transpiration rate
(Cambridge et al., 2017; Wang L. H. et al., 2017). With
increasing salt concentration, the Gs of S. matsudana Koidz
leaves is affected by osmotic stress and thus decreases. Then,
the stomatal resistance of the leaves increases. By inhibiting
E to increase the water potential, the influence of salt stress
is reduced, and finally, the loss of water is reduced to ensure
the stability of photosynthesis. Therefore, this notion may
explain the higher correlation between Gs and E and the ion
concentration ratio.

As the main factor affecting photosynthesis, transpiration,
and respiration, stomatal conductance affects the circulation of
oxygen, carbon dioxide, and water in plants (Xu P. Y. et al., 2020;
Yan et al., 2020). Studies have shown that the Gs of plant leaves
is significantly reduced due to intensified salt stress (Mafakheri
et al., 2010; Zhao et al., 2019). The change direction of Ci is not
only one of the main reasons for determining the photosynthetic
rate change but also an indispensable basis for judging whether it
is a stomatal factor. The correlation between it and Na+/Ca2+,
Na+/K+ is relatively low (R2 = 0.7183, R2 = 0.7229). This
finding may be attributed to the notion that the factors
affecting Ci include not only Gs but also the photosynthetic
activity of mesophyll cells, mesophyll conductance and the CO2
concentration in the air around leaves, which cause the response
of Ci to lag behind other photosynthetic gas parameters.

In this experiment, the correlation between Na+/Ca2+,
Na+/K+, and Pn was lower than their correlation with E, which
is different from the results of previous studies. Although many
studies believe that the Pn of leaves under salt stress is a more
accurate indicator that can directly reflect plant salt tolerance,
its correlation with the transport concentration ratio of leaf ions
is lower than that between other photosynthetic gas parameters
and the leaf ion transport concentration ratio. This finding
indicates that although Pn and the leaf ion concentration ratio
are highly related, there are still differences in the sensitivity
of net photosynthetic parameters as an indicator for different
types of plants.

CONCLUSION

By increasing the ratio of dry weight and water content of
roots and leaves, S. matsudana could lessen the damage caused
by salt stress to a certain extent, which was of significance to
the survival of plants under adverse situations. Different salt
conditions have different effects on the ratio of ion absorption

and transport, photosynthetic parameters, and fluorescence
parameters of S. matsudana Koidz. The ratio of ion content
in leaves had different correlations with photosynthetic and
fluorescence parameters. Some scholars think that it is impossible
to judge the salt tolerance level of plants by using a certain
indicator or a certain type of indicator and ignore the correlation
of each indicator in the process of development. Therefore, it is
very important to select and evaluate the key indicator that has a
high correlation coefficient with salt tolerance for the appraisal of
salt tolerance of plants.

In this experiment, the loss of Ca2+ in roots was more
serious than the loss of K+ under salt stress, and the selective
transport of Ca2+ in leaves was stronger than that of K+,
resulting in higher Na+/Ca2+ than Na+/K+ in roots and leaves,
indicating that Na+/Ca2+ is more responsive to salt stress
than Na+/K+. Under salt stress, the leaf Na+, Na+/Ca2+, and
Na+/K+ contents, which are commonly used to evaluate the salt
tolerance of plants, were compared with the above parameters.
The correlation between leaf Na+ content and these indices was
lower than that of Na+/Ca2+ and Na+/K+. The correlations
of the measured parameters with Na+/Ca2+ and Na+/K+ were
examined when evaluating the salt tolerance of S. matsudana
Koidz. Among the photosynthetic gas parameters, Gs and E
were highly correlated with Na+/Ca2+ and Na+/K+, and the
correlation with Na+/Ca2+ was the highest, indicating that the
influence of Na+/Ca2+ on photosynthetic parameters is more
obvious than that of Na+/K+. Among all the parameters, the
correlation between Ci of photosynthetic gas parameters and
the two was the lowest followed by the correlation between Pn
and Na+/Ca2+. The correlation of the chlorophyll fluorescence
parameters PIABS and Fv/Fm to Na+/K+ was generally higher
than that with Na+/Ca2+. The correlations of Na+/K+ and
Na+/Ca2+ with chlorophyll content were basically the same.

Overall, with increasing time and salt concentration,
Na+/Ca2+ in leaves showed dynamic accumulation changes,
which ultimately affected the performance of the photosynthetic
system, and the Gs and E of leaves were greatly affected. In
addition, the correlation between Na+/Ca2+ and photosynthesis
and fluorescence indicators is generally high, and it has a greater
impact on the photosynthetic system. The research results
provide a basis for understanding the relationship between ion
absorption and distribution, fluorescence and photosynthetic
parameters of S. matsudana in a saline environment.

We chose indicators of sodium, sodium potassium, sodium
calcium, which are often used by scholars to evaluate salt
tolerance. Because magnesium is an indispensable element
in the molecular structure of chlorophyll, the synthesis of
chlorophyll is hindered when magnesium is deficient, which
also affects photosynthesis. This has been confirmed by Li
et al. (2020): In chloroplasts, Mg2+ is dependent on transport
genes, resulting in a phenomenon of diurnal fluctuation, which
regulates plant photosynthesis by affecting enzyme activity.
Therefore, increasing the input of Mg2+ ions may be a potential
method to improve the photosynthetic efficiency of plants.
Iron is not only a component of cytochrome and non-heme
ferritin in photosynthesis but also an important raw material
for the synthesis of chlorophyll–protein complex in chloroplasts.
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Focusing on the effects of iron ions,magnesium ions,the sodium-
iron ratio, and the sodium-magnesium ratio on photosynthesis in
future research will be more helpful to clarify the overall impact
of salt stress ion allocation on the photosynthetic system.

DATA AVAILABILITY STATEMENT

The original contributions presented in the study are included
in the article/Supplementary Material, further inquiries can be
directed to the corresponding author/s.

AUTHOR CONTRIBUTIONS

XR and XW conceptualized the manuscript. XR, XW, CM,
HL, BL, and XH made the data curation. XW, XR, and BL
made formal analysis. HL and BL made funding acquisition.

CM and BL made the methodology. BL and XW provided the
resources and wrote the original draft. CM, HL, and BL wrote
the review. All authors contributed to the article and approved
the submitted version.

FUNDING

This work was supported by the Natural Science Foundation of
Hebei Province (Grant Number 17226320D-4).

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fpls.2022.
860111/full#supplementary-material

REFERENCES
Cambridge, M. L., Zavala, P. A., Cawthray, G. R., Mondonet, J., and Kendrick,

G. A. (2017). Effects of high salinity from desalination brine on growth,
photosynthesis, water relations and osmolyte concentrations of seagrass
Posidonia australis. Mar. Pollut. Bull. 115, 252–260. doi: 10.1016/j.marpolbul.
2016.11.066

Dou, X. T., Wang, Y. J., Wang, H. Z., and Yu, J. Y. (2021). Physiological response
and tolerance different of two wheat varieties to NaCl stress. Acta Ecol. Sin. 41,
1–17. doi: 10.5846/stxb202005251330

Fang, X., Li, W., Yuan, H. T., Chen, H. W., Bo, C., Ma, Q., et al. (2021). Mutation
of ZmWRKY86 confers enhanced salt stress tolerance in maize. Plant Physiol.
Biochem. 167, 840–850. doi: 10.1016/j.plaphy.2021.09.010

Frans, J. M., and Anna, A. (1999). K+ Nutrition and Na+ Toxicity: the basis of
cellular K+ /Na+ Ratios. Ann. Bot. 84, 123–133. doi: 10.1006/anbo.1999.0912

Gao, Z. Q., Zhang, J. Y., Zhang, J., Zhang, W. X., Zheng, L. L., Tebuqin, B., et al.
(2022). Nitric oxide alleviates salt-induced stress damage by regulating the
ascorbate–glutathione cycle and Na+/K+ homeostasis in Nitraria tangutorum
Bobr. Plant Physiol. Biochem. 173, 46–58. doi: 10.1016/j.plaphy.2022.0
1.017

Gerona, M. E. B., Deocampo, M. P., Egdane, J. A., Ismail, A. M., and Dionisio-Sese,
M. L. (2019). Physiological responses of contrasting rice genotypes to salt stress
at reproductive stage. Rice Sci. 26, 207–219. doi: 10.1016/j.rsci.2019.05.001

Giorio, P., and Sellami, M. H. (2021). Polyphasic OKJIP chlorophyll a fluorescence
transient in a landrace and a commercial cultivar of sweet pepper (Capsicum
annuum L.) under long-term salt stress. Plants. 10, 1–15. doi: 10.3390/
plants10050887

Gou, T., Su, Y., Han, R., Jia, J. H., Zhu, Y. X., Huo, H. Q., et al.
(2022). Silicon delays salt stress-induced senescence by increasing cytokinin
synthesis in tomato. Sci. Hortic. 293:110750. doi: 10.1016/j.scienta.2021.1
10750

Guan, Z. Y., Chen, S. M., Wang, Y. Y., and Chen, F. D. (2010). Screening of salt-
tolerance concentration and comparison of salt-tolerance for chrysanthemum
and its related taxa. Chin. J. Ecol.. 29, 467–472. doi: 10.13292/j.1000-4890.2010.
0089

Guo, R., Yang, Z., Li, F., Yan, C., Zhong, X., Liu, Q., et al. (2015). Comparative
metabolic responses and adaptive strategies of wheat (Triticum aestivum)
to salt and alkali stress. BMC Plant Biol. 15:170. doi: 10.1186/s12870-015-
0546-x

Jiménez-Rodríguez, C. D., Coenders-Gerrits, M., Uhlenbrook, S., and Wenninger,
J. (2019). What Do Plants Leave after Summer on the Ground?—The effect of
afforested plants in arid environments. Water 11:2559. doi: 10.3390/w11122559

Kudla, J., Batistic, O., and Hashimoto, K. (2010). Calcium signals: the lead currency
of plant information processing. Plant Cell. 22, 541–563. doi: 10.1105/tpc.109.
072686

Kumari, P., Gupta, A., Chandra, H., Singh, P., and Yadav, S. (2021). “). effects of
salt stress on the morphology, anatomy, and gene expression of crop plants,”
in Physiology of Salt Stress in Plants, eds P. Singh, M. Singh, R. K. Singh, and
S. M. Prasad (Hobokin, NJ: John Wiley & Sons, Ltd), 87–105. doi: 10.1002/
9781119700517.ch6

Li, H. S. (2000). Principles and Techniques of Plant Physiological and Biochemical
Experiments. Beijing: Higher Education Press, 134–137.

Li, J., Yokosho, K., Liu, S., Cao, H. R., Yamaji, N. K., Zhu, X. G., et al. (2020). Diel
magnesium fluctuations in chloroplasts contribute to photosynthesis in rice.
Nat. Plants. 6, 848–859. doi: 10.1038/s41477-020-0686-3

Li, X. Z., Peng, F., Xu, Y. C., and Hao, R. M. (2005). Diurnal variation of leaf gas
exchange in Cyclobalanopsis multinervis and Michelia foveolata seedlings under
different shadings. J. Zhejiang Univ. 4, 380–384. doi: 10.3969/j.issn.2095-0756.
2005.04.005

Li, Y., Zheng, D. F., Feng, N. J., Feng, S. J., Yu, M. L., Huang, L., et al. (2021). Effects
of prohexadione-calcium on growth and resistance physiology of rice seedlings
under salt stress. Plant Physiol. J. 57, 1897–1906. doi: 10.13592/j.cnki.ppj.2021.
0276

Liu, J. X., Gu, L., Yu, Y. C., Ju, G. S., and Sun, Z. Y. (2018). Stem photosynthesis
of twig and its contribution to new organ development in cutting seedlings of
Salix Matsudana Koidz. Forests. 9:207. doi: 10.3390/f9040207

Liu, T., Cui, H. J., Wu, S. J., Zhu, J. Y., and Zhou, Z. Q. (2013). Response of
photosynthetic and fluorescence characteristics of Japanese yew seedlings to
different light conditions. J. Beijing For. Univ. 35, 65–70. doi: 10.13332/j.1000-
1522.2013.03.018

Liu, W. C., Zheng, C. F., Chen, C., Peng, Y. Q., Zeng, G. Q., Ji, D. W., et al. (2013).
Physiological responses of Salicornia bigelovii to salt stress during the flowering
stage. Acta Ecol. Sin. 33, 5184–5193. doi: 10.5846/stxb201205250778

Liu, Y., Wang, L., Li, X., and Luo, M. (2022). Detailed sphingolipid profile
responded to salt stress in cotton root and the GhIPCS1 is involved in the
regulation of plant salt tolerance. Plant Sci. 316:111174. doi: 10.1016/j.plantsci.
2021.111174

Lu, Q., Yang, L., Wang, H., Yuan, J. Q., and Fu, X. X. (2021). Calcium Ion Richness
in Cornus hongkongensis subs elegans (WP Fang et YT Hsieh) QY Xiang Could
Enhance Its salinity tolerance. Forests. 12:1522. doi: 10.3390/f12111522

Ma, S. G., Zhou, X. P., Jahan, M. S., Guo, S. R., Tian, M. M., Zhou, R. R., et al.
(2022). Putrescine regulates stomatal opening of cucumber leaves under salt
stress via the H2O2-mediated signaling pathway. Plant Physiol. Biochem. 170,
87–97. doi: 10.1016/j.plaphy.2021.11.028

Ma, X. D., Pang, Z., Wu, J. Y., Zhang, G. F., Dai, Y. C., Kan, H. M., et al. (2021).
Seasonal pattern of stem radial growth of Salix matsudana and its response to
climatic and soil factors in a semi-arid area of North China. Glob. Ecol. Conserv.
28:e01701. doi: 10.1016/j.gecco.2021.e01701

Mafakheri, A., Siosemardeh, A., Bahramnejad, B., Struik, P. C., and Sohrabi, Y.
(2010). Effect of drought stress on yield, proline and chlorophyll contents in

Frontiers in Plant Science | www.frontiersin.org 11 May 2022 | Volume 13 | Article 860111

https://www.frontiersin.org/articles/10.3389/fpls.2022.860111/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fpls.2022.860111/full#supplementary-material
https://doi.org/10.1016/j.marpolbul.2016.11.066
https://doi.org/10.1016/j.marpolbul.2016.11.066
https://doi.org/10.5846/stxb202005251330
https://doi.org/10.1016/j.plaphy.2021.09.010
https://doi.org/10.1006/anbo.1999.0912
https://doi.org/10.1016/j.plaphy.2022.01.017
https://doi.org/10.1016/j.plaphy.2022.01.017
https://doi.org/10.1016/j.rsci.2019.05.001
https://doi.org/10.3390/plants10050887
https://doi.org/10.3390/plants10050887
https://doi.org/10.1016/j.scienta.2021.110750
https://doi.org/10.1016/j.scienta.2021.110750
https://doi.org/10.13292/j.1000-4890.2010.0089
https://doi.org/10.13292/j.1000-4890.2010.0089
https://doi.org/10.1186/s12870-015-0546-x
https://doi.org/10.1186/s12870-015-0546-x
https://doi.org/10.3390/w11122559
https://doi.org/10.1105/tpc.109.072686
https://doi.org/10.1105/tpc.109.072686
https://doi.org/10.1002/9781119700517.ch6
https://doi.org/10.1002/9781119700517.ch6
https://doi.org/10.1038/s41477-020-0686-3
https://doi.org/10.3969/j.issn.2095-0756.2005.04.005
https://doi.org/10.3969/j.issn.2095-0756.2005.04.005
https://doi.org/10.13592/j.cnki.ppj.2021.0276
https://doi.org/10.13592/j.cnki.ppj.2021.0276
https://doi.org/10.3390/f9040207
https://doi.org/10.13332/j.1000-1522.2013.03.018
https://doi.org/10.13332/j.1000-1522.2013.03.018
https://doi.org/10.5846/stxb201205250778
https://doi.org/10.1016/j.plantsci.2021.111174
https://doi.org/10.1016/j.plantsci.2021.111174
https://doi.org/10.3390/f12111522
https://doi.org/10.1016/j.plaphy.2021.11.028
https://doi.org/10.1016/j.gecco.2021.e01701
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org/
https://www.frontiersin.org/journals/plant-science#articles


fpls-13-860111 April 27, 2022 Time: 14:51 # 12

Ran et al. Response of Salix to Salt Stress

three chickpea cultivars. Aust. J. Crop Sci. 4, 580–585. doi: 10.3316/informit.
857341254680658

Mark, T., and Romola, D. (2003). Na+ Tolerance and Na+ Transport in higher
plants. Ann. Bot. 91, 503–527. doi: 10.1093/aob/mcg058

Meng, N., Huang, J. H., Jia, R., Wei, M., and Wei, S. H. (2020). Effect of chloride
channel blockerson lon absorption, transport and content of glycine max
seedlings under NaCI induced stress. Acta Agriculturae Boreali-occidentalis Sin.
29, 1814–1821. doi: 10.7606/ji.ssn.1004-1389.2020.12.006

Meng, Q., Zhao, S. J., Xu, C. C., and Zou, Q. (1996). Photoinhibition of
photosynthesis and protective effect of photorespiration in winter wheat leaves
under field conditions. Acta Agron. Sin. 22, 470–475. doi: 10.3321/j.issn:0496-
3490.1996.04.014

Miranda-Apodaca, J., Agirresarobe, A., Martínez-Goñi, X. S., Yoldi-
Achalandabaso, A., and Pérez-López, U. (2020). N metabolism performance
in Chenopodium quinoa subjected to drought or salt stress conditions. Plant
Physiol. Biochem. 155, 725–734. doi: 10.1016/j.plaphy.2020.08.007

Ni, L. J., Wang, Z. Q., Liu, X. D., Wu, S. T., Hua, J. F., Liu, L. Q., et al. (2022).
Genome-wide study of the GRAS gene family in Hibiscus hamabo Sieb. et
Zucc and analysis of HhGRAS14-induced drought and salt stress tolerance in
Arabidopsis. Plant Sci. 319:111260. doi: 10.1016/j.plantsci.2022.111260

Ran, X., Wang, X., Gao, X. K., Liang, H. Y., Liu, B. X., and Huang, X. X.
(2021). Effects of salt stress on the photosynthetic physiology and mineral
ion absorption and distribution in white willow (Salix alba L.). PLoS One.
16:e0260086. doi: 10.1371/journal.pone.0260086

Roman, V. J., den, T. L. A., Gamiz, C. C., Van der, P. N., Visser, R. G. F., Van, E. N. L.,
et al. (2020). Differential responses to salt stress in ion dynamics, growth and
seed yield of European quinoa varieties. Environ. Exp. Bot. 177:104146. doi:
10.1016/j.envexpbot.2020.104146

Sarabi, B., Fresneau, C., Ghaderi, N., Bolandnazar, S., Streb, P., Badeck, F. W.,
et al. (2019). Stomatal and non-stomatal limitations are responsible in down-
regulation of photosynthesis in melon plants grown under the saline condition:
application of carbon isotope discrimination as a reliable proxy. Plant Physiol.
Biochem. 141, 1–19. doi: 10.1016/j.plaphy.2019.05.010

Shu, J., Liu, S. H., Zhang, A. H., Wang, J. Q., and Lian, X. Y. (2021). Effects of NaCl
stress on photosynthetic characteristicsosynthetic c fluorescence and osmotic
adjustment substances of cherry seedlings in greenhouse. J. Shanxi Agric. Sci.
49, 834–838. doi: 10.3969/j.issn.1002-2481.2021.07.08

Stefanov, M. A., Rashkov, G. D., Yotsova, E. K., Borisova, P. B., Dobrikova, A. G.,
and Apostolova, E. L. (2021). Different Sensitivity Levels of the Photosynthetic
Apparatus in Zeamays L.and Sorghum bicolor L. under Salt Stress. Plants (Basel,
Switzerland). 10:1469. doi: 10.3390/plants10071469

Sun, L., Chen, C. L., Zhong, Z. H., Yang, J. C., Liu, K., Lan, X. Y., et al. (2021).
Effects of brown algae oligosaccharides on seed germination and salt-resistance
of Suaeda heteroptera. Mol. Plant Breed. 19, 1–11.

Sun, W. J., Jiang, X. H., Fu, Y. Y., Shen, X. J., Gao, Y., and Wang, X. P. (2021). The
effects of salt stress on chlorophyll fluorescence of cotton seedling leaves. J. Irrig.
Drain. 40, 23–28. doi: 10.13522/j.cnki.ggps.2020480

Thakur, M., and Kumar, R. (2021). Light conditions and mulch modulates the
damask rose (Rosa damascena Mill.) yield, quality, and soil environment under
mid hill conditions of the western himalaya. Ind. Crops Prod. 163:113317.
doi: 10.1016/j.indcrop.2021.113317

Tyerman, S. D., and Skerrett, I. M. (1998). Root ion channels and salinity. Sci.
Hortic. 78, 175–235. doi: 10.1016/S0304-4238(98)00194-0

Wang, B. L., Xu, M., Shi, Q. H., and Cao, J. S. (2004). Effects of high temperature
stress on antioxidant systems, chlorophyll and chlorophyii fluorescence
parameters in early caulflower leaves. Sci. Agric. Sin. 8, 1245–1250. doi: 10.3321/
j.issn:0578-1752.2004.08.029

Wang, C. Y., Xie, Y. Z., He, Y. Y., Li, X. X., Yang, W. H., and Li, C. X. (2017).
Growth and Physiological Adaptation of Salix matsudana koidz. to periodic
submergence in the hydro-fluctuation zone of the three gorges dam reservoir
of China. Forests 8:283. doi: 10.3390/f8080283

Wang, L. H., Li, G. L., Li, J., Zuo, S. Y., Cao, X. B., Tong, H. Y., et al. (2017). Effect of
exogenous sugar on the sugar metabolism in triticale seedling under salt stress.
J. Triticeae Crops 37, 548–553. doi: 10.7606/j.issn.1009-1041.2017.04.17

Wang, Y., Yu, L. H., Zhao, H. J., Liu, Y., and Geng, G. (2021). The effects of NaCl
stress on growth and photosynthesis of sugarbeet at different growth stages.
Crop. 4, 99–104. doi: 10.16035/j.issn.1001-7283.2021.04.015

Xu, P. Y., Wu, Y. X., and He, T. M. (2020). Research progress on adaptation
mechanism of plants to salinech prog stress. China wild plant Resour. 39, 41–49.
doi: 10.3969/j.issn.1006-9690.2020.10.007

Xu, Y., Zhang, G. C., Ding, H., Ci, D. W., Qin, F. F., Zhang, Z. M., et al. (2020).
Effects of salt and drought stresses on rhizosphere soil bacterial community
structure and peanut yield. Chin. J. Appl. Ecol. 31, 1305–1313. doi: 10.13287/
j.1001-9332.202004.036

Yan, Y. Q., Ji, S. X., Wang, H., Zhao, Y., Fan, Q. W., and Wang, X. (2020).
Effect of exogenous ALA on photosynthesis of Nitraria sibirica Pall. during salt
stress. J. Northeast Agric. Univ. 51, 32–38. doi: 10.3969/j.issn.1005-9369.2020.
08.005

Yang, H., Shukla, M. K., Mao, X. M., Kang, S. Z., and Du, T. (2019). Interactive
regimes of reduced irrigation and salt stress depressed tomato water use
efficiency at leaf and plant scales by affecting leaf physiology and stem sap flow.
Front. Plant Sci. 10:160. doi: 10.3389/fpls.2019.00160

Yang, S. (2010). Study on selection and evaluation criteria of salinity-tolerance
tree species in coastal region. [master’s thesis]. [Beijing]. Chin. Acad. For.
5, 14–19.

Yang, W. J., Wang, F., Liu, L. N., and Sui, N. (2020). Responses of membranes and
the photosynthetic apparatus to salt stress in cyanobacteria. Front. Plant Sci.
11:713. doi: 10.3389/fpls.2020.00713

Yang, X. Y., Zhang, W. H., Wang, Q. Y., and Liu, Y. L. (2003). Salt tolerance of
wild soybeans in Jiangsu and its relation with ionic distribution and selective
transportation. Chin. J. Appl. Ecol. 12, 2237–2240.

Yu, F. Y., and Guy, R. D. (2004). Variable chlorophyll fluorescence in response to
water plus heat stress treatments in three coniferous tree seedlings. J. For. Res.
15, 24–28. doi: 10.1007/BF02858005

Yu, Z. X., Qin, G. H., Song, Y. M., Qia, Y. L., Jiang, Y. Z., and Wang, H. T.
(2018). Collection and genetic diversity analysis of wild germplasm in Salix
matsudana. J. Beijing For. Univ. 40, 67–76. doi: 10.13332/j.1000-1522.2017
0330

Yuan, L. H., Wan, P. W., Li, Q., Wang, Y., Guan, X., Wu, X. Q.,
et al. (2019). Accumulation characteristics of Zn and Cu in cuttings of
Salix matsudana Koidz under hydroponic eutrophication condition. Chin.
J. Appl. Environ. Biol. 25, 491–500. doi: 10.19675/j.cnki.1006-687x.2018.
12047

Zhang, G. C., Dai, L. X., Ding, H., Ci, D. W., Ning, T. Y., Yang, J. S., et al.
(2020). Response and adaptation to the accumulation and distribution of
photosynthetic product in peanut under salt stress. J. Integr. Agric. 19, 690–699.
doi: 10.1016/S2095-3119(19)62608-0

Zhang, J., Shi, S. Z., Jiang, Y. N., Zhong, F., Liu, G. Y., Yu, C. M., et al. (2021).
Genome-wide investigation of the AP2/ERF superfamily and their expression
under salt stress in Chinese willow (Salix matsudana). PeerJ. 9:e11076. doi:
10.7717/peerj.11076

Zhang, L. Y., Wen, X., Lin, Y. M., Li, J., Chen, C., and Wu, C. Z. (2013). Effect
of salt stress on photosynthetic and chlorophyII fluorescent characteristics in
Alnus formosana seedlings. J. For. Environ. 33, 193–199. doi: 10.3969/j.issn.
1001-389X.2013.03.001

Zhang, M., Wang, H. J., and Yu, C. Q. (2009). The examination of high temperature
stress of Ammopiptanthus mongolicus by chlorophyll fluorescence induction
parameters. Ecol. Environ. Sci. 18, 2272–2277. doi: 10.3969/j.issn.1674-5906.
2009.06.050

Zhang, M. X., Dong, Z., Li, H. L., Wang, Q., Liang, Y., and Han,
X. F. (2018). Improvement Effects of Different Ulmus pumila strains
on coastal saline alkali soil and distribution and absorption of salt
ions. J. Soil Water Conserv. 32, 340–345. doi: 10.13870/j.cnki.stbcxb.2018.
06.049

Zhang, M. Y., Si, Y. Z., Ju, Y., Li, D. W., and Zhu, L. H. (2021).
First report of leaf spot caused by colletotrichum siamense on Salix
matsudana in China. Plant Dis. 11:3744. doi: 10.1094/PDIS-04-21-
0776-PDN

Zhang, X. H., Zhang, L., Ma, C., Su, M., Wang, J., Zheng, S., et al. (2022). Exogenous
strigolactones alleviate the photosynthetic inhibition and oxidative damage of
cucumber seedlings under salt stress. Sci. Hortic. 297:110962. doi: 10.1016/j.
scienta.2022.110962

Zhao, L., Yang, J. X., Yu, S. H., He, L. F., Wang, J., Li, Y., et al. (2019). Effects
of grafting on the photosynthetic physiological characteristic and chlorophyli
fluorescence parameters of Prumus mume under salt Stress. J. Northwest For.
Univ. 34, 43–48. doi: 10.3969/j.issn.1001-7461.2019.06.07

Zhao, Y., Wu, M., Deng, P., Zhou, X. W., and Huang, S. Y. (2021). Effects of salt
stress on growth and chlorophyII fluorescence parameters of Siraitia grosvenorii
seedlings. South China Fruits. 50, 103–107. doi: 10.13938/j.issn.1007-1431.
20200431

Frontiers in Plant Science | www.frontiersin.org 12 May 2022 | Volume 13 | Article 860111

https://doi.org/10.3316/informit.857341254680658
https://doi.org/10.3316/informit.857341254680658
https://doi.org/10.1093/aob/mcg058
https://doi.org/10.7606/ji.ssn.1004-1389.2020.12.006
https://doi.org/10.3321/j.issn:0496-3490.1996.04.014
https://doi.org/10.3321/j.issn:0496-3490.1996.04.014
https://doi.org/10.1016/j.plaphy.2020.08.007
https://doi.org/10.1016/j.plantsci.2022.111260
https://doi.org/10.1371/journal.pone.0260086
https://doi.org/10.1016/j.envexpbot.2020.104146
https://doi.org/10.1016/j.envexpbot.2020.104146
https://doi.org/10.1016/j.plaphy.2019.05.010
https://doi.org/10.3969/j.issn.1002-2481.2021.07.08
https://doi.org/10.3390/plants10071469
https://doi.org/10.13522/j.cnki.ggps.2020480
https://doi.org/10.1016/j.indcrop.2021.113317
https://doi.org/10.1016/S0304-4238(98)00194-0
https://doi.org/10.3321/j.issn:0578-1752.2004.08.029
https://doi.org/10.3321/j.issn:0578-1752.2004.08.029
https://doi.org/10.3390/f8080283
https://doi.org/10.7606/j.issn.1009-1041.2017.04.17
https://doi.org/10.16035/j.issn.1001-7283.2021.04.015
https://doi.org/10.3969/j.issn.1006-9690.2020.10.007
https://doi.org/10.13287/j.1001-9332.202004.036
https://doi.org/10.13287/j.1001-9332.202004.036
https://doi.org/10.3969/j.issn.1005-9369.2020.08.005
https://doi.org/10.3969/j.issn.1005-9369.2020.08.005
https://doi.org/10.3389/fpls.2019.00160
https://doi.org/10.3389/fpls.2020.00713
https://doi.org/10.1007/BF02858005
https://doi.org/10.13332/j.1000-1522.20170330
https://doi.org/10.13332/j.1000-1522.20170330
https://doi.org/10.19675/j.cnki.1006-687x.2018.12047
https://doi.org/10.19675/j.cnki.1006-687x.2018.12047
https://doi.org/10.1016/S2095-3119(19)62608-0
https://doi.org/10.7717/peerj.11076
https://doi.org/10.7717/peerj.11076
https://doi.org/10.3969/j.issn.1001-389X.2013.03.001
https://doi.org/10.3969/j.issn.1001-389X.2013.03.001
https://doi.org/10.3969/j.issn.1674-5906.2009.06.050
https://doi.org/10.3969/j.issn.1674-5906.2009.06.050
https://doi.org/10.13870/j.cnki.stbcxb.2018.06.049
https://doi.org/10.13870/j.cnki.stbcxb.2018.06.049
https://doi.org/10.1094/PDIS-04-21-0776-PDN
https://doi.org/10.1094/PDIS-04-21-0776-PDN
https://doi.org/10.1016/j.scienta.2022.110962
https://doi.org/10.1016/j.scienta.2022.110962
https://doi.org/10.3969/j.issn.1001-7461.2019.06.07
https://doi.org/10.13938/j.issn.1007-1431.20200431
https://doi.org/10.13938/j.issn.1007-1431.20200431
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org/
https://www.frontiersin.org/journals/plant-science#articles


fpls-13-860111 April 27, 2022 Time: 14:51 # 13

Ran et al. Response of Salix to Salt Stress

Zhao, Z., Gao, Z. K., Xu, G. H., Wang, M., and Gao, R. F. (2006).
Study on getting parameters of chlorophyll fluorescence dynamics
by non-modulated fluorometer plant efficiency analyser. Acta
Biophysica Sin. 22, 34–38. doi: 10.3321/j.issn:1000-6737.2006.0
1.006

Zhou, B. N., Mao, L., Hua, Z. Z., and Lu, J. G. (2021). Effects on photochemical
fluorescence properties under salt-alkaline stresses about Sinocaly-Canthus
chinensis. Acta Agric. Zhejiangensis. 33, 1416–1425. doi: 10.3969/j.issn.1004-
1524.2021.08.09

Zhu, H. L., Li, D., He, Y. Y., and Feng, X. D. (2019). Effects of water stress on
photosynthetic characteristics of Jujube jujube. J. Yan"an Univ. (Nat. Sci Ed.)
38, 72–75. doi: 10.13876/J.cnki.ydnse.2019.04.072

Zhu, Y. X., Yin, J. L., Liang, Y. F., Liu, J. Q., Jia, J. H., Huo, H. Q., et al. (2019).
Transcriptomic dynamics provide an insight into the mechanism for silicon-
mediated alleviation of salt stress in cucumber plants. Ecotoxicol. Environ. Saf.
174, 245–254. doi: 10.1016/j.ecoenv.2019.02.075

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2022 Ran, Wang, Huang, Ma, Liang and Liu. This is an open-access
article distributed under the terms of the Creative Commons Attribution License
(CC BY). The use, distribution or reproduction in other forums is permitted, provided
the original author(s) and the copyright owner(s) are credited and that the original
publication in this journal is cited, in accordance with accepted academic practice. No
use, distribution or reproduction is permitted which does not comply with these terms.

Frontiers in Plant Science | www.frontiersin.org 13 May 2022 | Volume 13 | Article 860111

https://doi.org/10.3321/j.issn:1000-6737.2006.01.006
https://doi.org/10.3321/j.issn:1000-6737.2006.01.006
https://doi.org/10.3969/j.issn.1004-1524.2021.08.09
https://doi.org/10.3969/j.issn.1004-1524.2021.08.09
https://doi.org/10.13876/J.cnki.ydnse.2019.04.072
https://doi.org/10.1016/j.ecoenv.2019.02.075
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org/
https://www.frontiersin.org/journals/plant-science#articles

	Study on the Relationship of Ions (Na, K, Ca) Absorption and Distribution to Photosynthetic Response of Salix matsudana Koidz Under Salt Stress
	Introduction
	Materials and Methods
	Plant Material and Salt Treatments
	Growth Indicators
	Ion Content, Absorption, and Transport in Roots and Leaves
	Measurements of Chlorophyll Content, Chlorophyll Fluorescence Parameters and Photosynthetic Parameters
	Experimental Design and Statistical Analysis

	Results
	Analysis of the Dry Weight Ratio and Water Content of Roots and Leaves Under Salt Stress
	Analysis of Selective Absorption and Transport Proportions of Na+/K+ and Na+/Ca2+ in Roots and Leaves Under Salt Stress
	Correlation Analysis of Leaf Na+/K+ and Na+/Ca2+ Under Salt Stress
	Analysis of the Correlation of Chlorophyll and Leaf Ions of Salix matsudana Koidz Under Salt Stress
	Analysis of the Correlation Between Leaf Fluorescence Parameters and Ions Under Salt Stress
	Analysis of the Correlation Between the Leaf Performance Index PIABS and Ions Under Salt Stress
	Analysis of the Correlation Between Leaf Maximum Photochemical Efficiency and Ions Under Salt Stress

	Analysis of the Correlation Between Photosynthetic Gas Parameters and Ions in Leaves Under Salt Stress
	Analysis of the Correlation Between Leaf Net Photosynthetic Rate and Ions Under Salt Stress
	Analysis of the Correlation Between Leaf Transpiration E and Ions Under Salt Stress
	Analysis of the Correlation Between Leaf Stomatal Conductance and Ions Under Salt Stress
	Analysis of the Correlation Between Intercellular Carbon Dioxide Concentration and Ions in Leaves Under Salt Stress


	Discussion
	Relationship Between Na+ in Roots and Leaves and Na+/K+ and Na+/Ca2+ in Leaves Under Salt Stress
	Relationship Between Na+/K+ and Na+/Ca2+ With Chlorophyll and Fluorescence Under Salt Stress
	Relationship of Na+/K+ and Na+/Ca2+ in Leaves to Gas Exchange Parameters Under Salt Stress

	Conclusion
	Data Availability Statement
	Author Contributions
	Funding
	Supplementary Material
	References


