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Abstract: This study was designed to investigate the relationship between the caloric value and salt
tolerance of two varieties of Miscanthus sacchariflorus (Amur silvergrass: M127 and M022). The salt
tolerance capacity, photosynthetic characteristics, Na+ and K+ uptake by the roots and aboveground
parts, and caloric value of different parts of the aboveground parts were obtained under hydroponic
conditions. The results showed that M022 was more tolerant to salt stress than M127 and the former
had a higher photosynthetic efficiency as well as a lower aboveground Na+ accumulation, K+ efflux,
and larger K+/Na+ ratio. The calorific values of stems, spear leaves, aging leaves, and functional
leaves of the two varieties showed a decreasing trend with increasing NaCl concentration. At 270 mM
NaCl, the calorific values of the stems, aging leaves, functional leaves, and spear leaves was reduced
by 18.10%, 46.73%, 26.11%, and 18.35% for M022 and 41.99%, 39.41%, 34.82%, and 45.09% for M127
compared to the controls, respectively. We observed that the aging leaves of M022 had a faster decline
rate in calorific value than those of M127, indicating that the aging leaves of M022 preferentially
isolated the harmful Na+ ion, reduced its accumulation in other parts, and increased the K+/Na+

ratio in the corresponding parts, thus inhibiting the decrease in calorific value. Following this result,
it can be inferred that M022 inhibited the decline in calorific values during stress by efficiently
compartmentalizing the distribution of Na+ and K+. Our results provide a theoretical basis and
technical support for the efficient cultivation of salt-tolerant energy plants in saline–alkaline soil.

Keywords: Amur silvergrass; salt tolerance; sodium ion and potassium ion absorption; potassium
ion/sodium ion ratio; calorific value

1. Introduction

Saline–alkaline soils are widely distributed around the world with an estimated total
area of 1.10 billion hm2, with China accounting for about 1/10 of the world’s total [1,2].
About 20% of agricultural land is affected by salinity, and this percentage is continuously
increasing [3]. Saline-induced stress causes osmotic damage, ion toxicity and the result-
ing oxidative stress, nutrient imbalance, and decreased photosynthetic capacity, which
ultimately leads to slow plant growth and decreased biomass and yield [4,5].

The salt tolerance mechanism in plants follows three main pathways: (1) the osmotic
regulation pathway, which mainly relies on the accumulation of small-molecule soluble
substances [6]; (2) the ion homeostasis pathway, which relies on the selective uptake of
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ions by the roots, phloem reflux of ions in stems, compartmentalization of ions from leaves
to vesicles, and secretion of excess salt ions from salt glands to the outside of the plant
body [7,8]; and (3) the regulatory pathway of the antioxidant system that relies on the
scavenging of harmful free radicals by enzymatic and non-enzymatic systems [5,9,10].
Sodium ion (Na+) is a non-essential element for plant growth whereas potassium ion (K+)
is one of the essential elements for plant growth. Due to the similarity in the chemical
properties of Na+ and K+, Na+ competes for the absorption channel of K+, which may lead
to K+ deficiency in plants [11]. To tolerate salt-induced stress, plants limit the transportation
of Na+ and effectively isolate it by maintaining a relatively high K+ concentration through
selective transportation and by enhancing a balance in the K+/Na+ ratio [11,12]. When
M. giganteus was stressed with Na+, K+ enrichment in the leaves reduced the toxic effect of
Na+ and improved plant growth [13]. Nevertheless, the effect of salt-induced stress on the
caloric value of Miscanthus varieties is yet to be evaluated.

External availability of K+ induces root response to either surpluses or deficiencies.
When K+ is deficient, plants initiate a short-term deficiency response that increases the roots’
affinity and uptake of K+. Research suggests that the high-affinity K+-uptake mechanism
in plants is mediated by specialized channels, including Arabidopsis HAK5 and AKT1.
Generally, these channels are activated by reactive oxygen varieties produced by nicoti-
namide adenine dinucleotide phosphate oxidases and are accumulated in the elongation
zone of root hairs [14–18]. Consequently, under K+-deficient conditions, lateral root growth
becomes inhibited. Shankar et al. [19] observed that K+-deficient rice varieties accumulate
more Na+ compared to the K+-sufficient varieties. Under excess-ion stress, plants modify
conducting tissues to resist the damaging consequences. For example, Sarath et al. [20]
observed that the density of the xylem and cell wall thickness of Volkameria inermis were
modified under excess Na+ stress. Increased salinity is known to cause damage in the
development of the root cap. This damage is often characterized by an alteration in root
growth, branching, and shape [21].

Experimental evidence suggests that the content of mineral elements in plants increases
under salt stress. For example, in alfalfa (Medicago sativa Linn.), the concentration of Na+

in leaves of different ages showed a shift from spear leaves at the growing point to basal
aging leaves under salt stress, while K+ showed the opposite distribution pattern [22].
According to the authors, salt-tolerant alfalfa segregated excessive Na+ in aging leaves and
reduced its concentration in the stem by accelerating the senescence of aging leaves, thereby
reducing the toxic effect of Na+ on plant growth. However, the effect was the opposite in
salt-sensitive varieties where more Na+ was accumulated in the stems.

Miscanthus varieties, including M. sinensis, M. sacchariflorus, and M. floridulus are
known to be tolerant to moderate saline-alkali soils [23]. M. sinensis (Amur silvergrass) is a
C4 perennial tall grass with high photosynthetic efficiency, high biomass yield, high stress
tolerance, low production cost [24], and is a promising and environmentally friendly energy
plant [25,26]. Amur silvergrass is widely distributed in flooded wetlands in temperate Asia,
and is recognized as an excellent energy crop with high biomass, high cellulose content,
good combustion characteristics, and high regeneration capacity [27,28]. Miscanthus vari-
eties have a well-developed root system (to a depth of 3 m) [29], which promotes effective
utilization of water and nutrients from deep soil horizons [30]. Miscanthus varieties tolerate
less fertile and partly eroded soils [31], and their vigorously branching stems effectively pro-
tect soils against erosion [32]. Research on Amur silvergrass has mainly focused on resource
surveys and evaluations [33], external trait observations, drought resistance [27,28], and cold
tolerance [34], leaving a gap in knowledge about its survival under increasing salinization.

The content of mineral elements directly affects the calorific value of energy plants such
as Miscanthus [35,36]. As established above, the K+ content in plants can be significantly
altered by Na+ stress. This means that the calorific value of Miscanthus varieties could be
negatively impacted by saline-induced stress. Thus, it is important to investigate the effect
of salt stress on the combustion characteristics of different parts of Amur silvergrass. The
response mechanism to different salt concentration gradients of different varieties with
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various levels of salt tolerance remains elusive. This study was thus designed to study the
growth of two Amur silvergrass varieties under salt-induced stress and to (i) decipher the
mechanisms of tolerance to salt stress and its effect on photosynthetic rate and mineral
element absorption; (ii) analyze the effects of salt stress on the combustion characteristics
of different plant parts; and (iii) explore the relationship between the calorific value of the
plant and its salt tolerance.

2. Materials and Methods
2.1. Plant Cultures and NaCl Treatment

The rhizomes of the Amur silvergrasses (Miscanthus sacchariflorus) were collected from
a high-salinity region (0.6% soil Na+ content) in Dongying, China (37◦43′ N and 119◦01′ E),
and this study was conducted from the end of April to the end of September (18 weeks). The
experiment was conducted in a glass-covered greenhouse at the Institute of Botany, Jiangsu
Province and Chinese Academy of Sciences, Nanjing, China (32◦02′ N, 118◦28′ E). The
plants were maintained in a glass-covered greenhouse, with average maximum/minimum
temperatures of 30.4 ◦C/22.6 ◦C and a photoperiod of 11.5 to 14.3 h. The maximum
photosynthetically active radiation on a horizontal plane just above the canopy ranged
from 1200 to 1800 µmol m−2 s−1, provided by sunlight. Two Amur silvergrass (M127
and M022) varieties were used in this study, and the cultivation procedure was according
to Marcum et al. [37]. Three rhizomes with developing shoots were planted in plastic
containers filled with coarse and acid-washed silica sand (the containers measured 5 cm
in diameter and 10 cm in height). The bottom of the container was removed and replaced
with a nylon screen to hold sand and allow roots to grow through. Each container was then
suspended on foam boards supported by wire at the bottom and placed on a large 45-L
turnover box (66.5 cm × 45.5 cm × 17 cm). The turnover box was filled with Hoagland
nutrient solution containing the following nutrients: 1.25 Ca(NO3)2, 1.25 KNO3, 0.5 MgSO4,
and 0.025 NH4H2PO4 (in mM) and 46 H3BO3, 0.3 CuSO4·5H2O, 0.1 Na2MoO4·2H2O,
9.2 MnCl2·4H2O, 0.8 ZnSO4·7H2O, and 286 FeSO4·7H2O-EDTA (in µM). The pH of the
nutrient solution was 6.0 ± 0.2. The nutrient solution was submerged at the bottom of the
containers and replaced every 7 days.

When the plant grew to 20–30 cm in height, with each plant having 6–7 leaves, the
materials with relatively uniform growth were selected to start the salt treatment. The
experiment was designed with four levels of NaCl concentrations (0, 90, 180, and 270 mM),
and the two Amur silvergrass (M127 and M022) varieties were exposed to this salt concen-
tration for three weeks. The control treatment was a nutrient solution without added NaCl.
Each treatment was replicated in 4 plastic containers and randomly distributed. To avoid
salinity shock, the salinity level was increased by 45 mM NaCl daily during a 6 days period.
When the salt concentration reached the desired concentration, it was maintained for three
weeks, during which air was continuously admitted. At the end of the NaCl treatment, the
harvested plants were washed three times using deionized water and separated into five
parts, i.e., stems, aging leaves, functional leaves, spear leaves, and roots, to be used for the
follow-up experiments.

2.2. Determination of Plant Growth Parameters and Leaf Photosynthetic Efficiency

The dry weights of five parts of the Amur silvergrass were determined by oven-drying
fresh samples at 60 ◦C until a constant weight was obtained, and the dry weight was
recorded. Plant relative growth rate (RGR), relative spear leaf mass, relative functional leaf
mass, relative aging leaf mass, relative stem mass, and relative root mass were calculated
from the following equation: (NaCl treatment)/(without NaCl treatment) × 100%.

Before the end of the experiment, the top third of functional leaves with good growth
were selected to measure the photosynthetic efficiency at 9:00–12:00 a.m. The Li-Cor 6400XT
portable photosynthesis meter (Li-Cor, Lincoln, NB, USA) was used to determine the net
photosynthetic rate (Pn, in µmol CO2 m−2 s−1), stomatal conductance (Cond, in mol
H2O m−2 s−1), intercellular CO2 concentration (Ci, in µmol CO2 mol−1), and transpiration
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rate (Tr, in mol H2O m−2 s−1). The CO2 was set to 400 µmol mol−1, and the light intensity
was set to 1000 µmol m−2 s−1.

2.3. X-ray Analysis of Root Cross-Section

Through X-ray analysis, the Na+ and K+ contents in a root cross-section were evaluated
as described by Xie et al. [38], with some modifications. After exposure to the control or
180 mM NaCl stress for 10 days, the roots were collected and washed in distilled water
three times. Two root segments in the root hair zone of each cultivar or treatment were cut
with a razor blade, wrapped with filter paper, and immediately cooled by liquid nitrogen.
The fractured root segments were freeze-dried and platinized with an ion sputter. The
distribution of Na+ and K+ in the samples was analyzed by a model S-3000N SEM equipped
with an energy-dispersive X-ray spectrometer (Horiba Inc., Kyoto, Japan). The relative Na+

or K+ contents were calculated and expressed as the percentage of the atomic number for
the Na+ or K+ element in a given site based on the total atomic number for all the elements
that could be detected.

2.4. Measurement of Na+ and K+ Concentrations in the Plants

Each part of the Amur silvergrass dry sample was crushed with a multi-bead shocker
(Yasui Kikai, Kobe, Japan), and then, about 0.02 g powder was placed in a test tube
containing 15 mL of distilled water and sealed [39]. After extracting the sample with
boiled water for 1 h and filtrating it, the extracted liquid was used to analyze K+ and
Na+ concentrations by flame photometry (Model FP6410, Shanghai Xinyi Instruments Inc.,
Shanghai, China). All ion concentrations were determined by a flame spectrophotometer
and calculated on a dry-tissue-weight basis.

The values of the selective transport capacity (ST) from root to shoot for K+ over Na+

were estimated following the equation of Wang et al. [40]: ST = (Na+/K+ in root)/(Na+/K+

in each part). The bigger the ST value, the stronger the root controls Na+ and promotes K+

transport to the shoot, indicating a stronger selective transport capacity of the root.

2.5. Measurement of the Calorific Value

The calorific value of the samples was determined using an XRY-1A Digital Display
Oxygen Bomb Calorimeter (Shanghai Changji Geological Instrument Co., Ltd., Shanghai,
China) [41]. About 1.0 g of each pelleted sample was put into an adiabatic bomb instrument
and burned to ash. The samples for the determination of the calorific value were sieved
using a 60-mesh sieve. Powder samples were compacted into pellets for measurement
to reduce errors caused by incomplete combustion resulting from dry and loose samples
blown away during the sudden release of volatiles.

2.6. Data Analysis

Statistical analysis and data processing were carried out using SPSS 20.0 for Microsoft
Windows (Chicago, IL, USA). In all the experiments, one-way analysis of variance (ANOVA)
was used to ascertain whether the differences between the different parameters were significant
at p < 0.05. Bivariate correlation analysis was also performed (p < 0.05, Pearson’s correlation).

3. Results
3.1. Changes in the Growth Parameters of Amur Silvergrass Varieties under Salt Stress

There are three main response categories used to evaluate plant tolerance to salt stress:
morphological, growth, and physiological indicators [37,42]. Because of their relative
simplicity and low cost, morphological and growth indicators are commonly used to
evaluate the salt tolerance of turfgrasses. Thus, in this study, relative plant height and
biomass content were used to compare the salt tolerance of different Amur silvergrass
varieties. Figure 1 shows a decreasing trend in the relative height of both M022 and
M127 as the salt stress level was increased, and the higher the concentration of NaCl, the
more obvious the decrease in their relative height. The relative height of M127 and M022



Agronomy 2024, 14, 1259 5 of 15

decreased from 66.67% to 12.20% and 98.21% to 39.97%, respectively, as the concentration
of NaCl increased from 90 mM to 270 mM. The differential relative heights of M022 and
M127 suggest that M022 was more tolerant to salt stress.
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Figure 1. Changes in the relative height of different Amur silvergrass varieties under salt stress con-
ditions. The lowercase letters indicate significant differences at p < 0.05 between different treatments.

The relative biomass of Amur silvergrass was quantified based on the roots (Figure 2A),
stem (Figure 2B), and leaves (Figure 2C–E). The relative root biomass of M127 was highest
(108.22%) at 90 mM NaCl and lowest (67.03%) at 270 mM NaCl. For M022, the relative root
biomass was 127.18% and 107.06% under similar NaCl stress, respectively (Figure 2A). Also,
the plant stem showed similar trends in relative biomass for both varieties (Figure 2B) and
ranged between 102.65 and 40.25% and between 108.76 and 83.30% in 90–270 mM NaCl for
M127 and M022, respectively. The variation in the relative biomass of aging, functional, and
spear leaves followed the same trend as that of the roots and stem. With increasing NaCl
concentration (90 to 270 mM), the relative biomass of aging leaves increased from 104.03%
to 131.64% for M022, while it decreased from 94.69% to 43.48% for M127 (Figure 2C). For
the functional and spear leaves of M022, the relative biomass changed from 106.91% to
73.05% and 108.59% to 89.33% as opposed to 92.82% to 40.18% and 87.99% to 43.09% for
M127, respectively (Figure 2C–E). Except for 270 mM NaCl, the relative biomass of different
parts of M022 treated with lower NaCl concentrations (90 and 180 mM) was greater than
100% and higher than that of M127, suggesting that the lower salt concentration promoted
growth and biomass accumulation in M022.

3.2. Changes in the Photosynthetic Properties of Amur Silvergrass Varieties under Salt Stress

After salt-induced stress, the net photosynthetic rate (Figure 3A), stomatal conduc-
tance (Figure 3B), and transpiration rate (Figure 3C) of M022 and M127 were significantly
reduced, except for the intercellular CO2 concentration (Figure 3D). The greater the NaCl
concentration, the more significant the reduction of net photosynthetic rate, stomatal con-
ductance, and transpiration rate of both plant varieties. However, the reduction recorded
for the salt-tolerant M022 was lower than that of the salt-sensitive M127. Compared to the
control, the net photosynthetic rate, stomatal conductance, and transpiration rate of M127
treated with 270 mM NaCl decreased by 87.0%, 88.2%, and 84.1%, while the corresponding
values of M022 decreased by 64.5%, 76.5%, and 63.4%, respectively. This confirms that
M022 was less affected by salt stress and thus maintained a higher photosynthetic efficiency
under our study conditions compared to M127.
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Figure 2. Changes in the relative biomass of different Amur silvergrass varieties under salt stress
conditions: (A) root relative biomass; (B) stem relative biomass; (C) relative biomass of aging leaves;
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letters indicate significant differences at p < 0.05 between different treatments.
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Figure 3. Effect of salt stress on net photosynthetic rate (A), stomatal conductance (B), transpiration
rate (C), and intercellular CO2 concentration (D). The lowercase letters indicate significant differences
at p < 0.05 between different treatments.
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3.3. Changes in the Na+ and K+ Uptake Properties of Amur Silvergrass Varieties under Salt Stress

Salt stress significantly promoted the accumulation of Na+ and reduced the concen-
tration of K+ in the roots and aboveground plant parts, and the corresponding change in
Na+ and K+ concentrations increased with an increase in salt concentration (Table 1). There
were differences in the accumulation of Na+ and K+ in different parts of both varieties
under salt stress. The Na+ accumulation rate and K+ transfer rate in the roots of M022
were lower than those of M127, whereas the K+/Na+ ratio between the roots of M022
and M127 showed the opposite results with increasing salt stress. In the aboveground
parts (aging leaves, functional leaves, and spear leaves), the accumulation rate of Na+, K+

transfer capacity, and K+/Na+ ratio of M022 and M127 showed opposite trends to those
of the roots. For example, under 270 mM NaCl treatment, Na+ concentration in the roots
of M022 and M127 increased by 347.8 and 206.0 times, and K+ concentration decreased
by 67.6% and 46.1%, while the corresponding K+/Na+ ratios were 0.41 and 0.82, respec-
tively. Under the same concentration of NaCl, the Na+ concentration in the stems, aging
leaves, functional leaves, and spear leaves of M022 increased by 208.2, 201.1, 253.0, and
417.4 times, the K+ concentration decreased by 9.1%, 47.4%, 17.3%, and 19.4%, and the
K+/Na+ ratios were 1.14, 0.62, 1.54, and 1.63, respectively. In addition, the Na+ concentra-
tion in the corresponding organs of M127 increased by 302.2, 258.0, 351.9, and 470.1 times,
the K+ concentration decreased by 55.8%, 55.2%, 59.2%, and 44.1%, and the K+/Na+ ratios
were 0.52, 0.54, 0.48, and 0.77, respectively.

Table 1. Effect of salt stress on the accumulation rate of Na+, K+ transfer capacity, K+/Na+ ratio of
2 Amur silvergrass roots, stems, spear leaves, aging leaves, and functional leaves.

Varieties M022 M127

NaCl (mmol L−1) 0 90 180 270 0 90 180 270

Na+ (mmol kg−1)

Roots 0.08 15.31 26.03 28.22 0.14 20.78 26.31 28.91
Stems 0.07 10.03 11.44 14.46 0.11 16.18 25.28 33.08

Aging leaves 0.14 20.56 22.29 28.21 0.13 21.81 30.28 33.41
Functional leaves 0.08 4.38 9.39 18.94 0.12 21.8 37.20 40.59

Spear leaves 0.05 3.28 9.39 19.58 0.08 17.38 32.32 36.16

K+ (mmol kg−1)

Roots 35.81 19.98 14.73 11.59 43.82 30.95 23.35 23.60
Stems 18.14 18.78 18.24 16.49 38.86 32.5 23.23 17.18

Aging leaves 33.22 25.68 23.81 17.36 40.05 22.67 20.90 17.93
Functional leaves 35.25 32.88 27.59 29.16 48.25 37.22 28.91 19.68

Spear leaves 39.64 37.55 35.02 31.97 49.97 45.87 34.23 27.95

K+/Na+

Roots 442.63 1.31 0.57 0.41 313.71 1.49 0.89 0.82
Stems 262.43 1.87 1.60 1.14 356.31 2.01 0.92 0.52

Aging leaves 238.01 1.25 1.07 0.62 310.44 1.04 0.69 0.54
Functional leaves 472.67 7.51 2.94 1.54 419.51 1.71 0.78 0.49

Spear leaves 846.98 11.44 3.73 1.63 651.08 2.64 1.06 0.77

Selective transport
capacity (ST)

Stems 0.59 1.44 2.82 2.78 1.14 1.35 1.04 0.64
Aging leaves 0.54 0.96 1.89 1.50 0.99 0.70 0.78 0.66

Functional leaves 1.07 5.76 5.19 3.75 1.34 1.15 0.88 0.59
Spear leaves 1.91 8.76 6.599 3.98 2.08 1.77 1.19 0.95

3.4. Changes in the Calorific Properties of Amur Silvergrass Varieties under Salt Stress and the
Relationship with Na+ and K+

The calorific values of different parts of both varieties of Amur silvergrass can be
ranked as follows: spear leaves > stems > functional leaves > aging leaves (Figure 4). With
the increase in NaCl concentration, the calorific values showed a decreasing trend, and the
rate of decrease was different for both plant varieties. The calorific values of all parts (stems,
spear leaves, aging leaves, and functional leaves) of the salt-sensitive M127 decreased
significantly at lower NaCl concentrations (90 mM), and the decrease was more significant
at higher NaCl concentrations. However, the changing trend was only significant for M022
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at NaCl concentrations > 180 mM, except for the aging and functional leaves that showed
significant decreases in calorific values from NaCl concentrations of 90 mM. This result
indicates that the stems and spear leaves of M022 maintained a relatively stable calorific
value at NaCl concentrations ≤ 180 mM.
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Figure 4. Effect of different salt concentrations on the calorific values of 2 Amur silvergrass stems (A),
spear leaves (B), aging leaves (C), and functional leaves (D). The lowercase letters indicate significant
differences at p < 0.05 between different treatments.

For the different plant parts, the decreasing trend of the calorific value ranged between
19.45 and 41.99%, 16.29 and 39.41%, 13.12 and 34.82%, and 12.42 and 45.09% in the stem,
aging leaves, functional leaves, and spear leaves of M127 as the salt concentration increased
from 90–270 mM compared to the control (0 mM), respectively. Compared to the control,
the calorific value of the stem of M022 decreased non-significantly by 1.30% and 4.23% at
NaCl concentrations of 90 and 180 mM, respectively, but significantly decreased by 18.10%
at 270 mM. Also, at 90 mM NaCl, the calorific values of the aging, functional, and spear
leaves decreased by 21.02%, 5.53%, and 0.61% as opposed to 46.73%, 26.11%, and 18.35%
at 270 mM NaCl, respectively. The calorific value of M022 was less affected by salt stress
compared to M127 except for that of the aging leaves. For example, the calorific value of
the aging leaves of M127 decreased by 16.29%, 26.90%, and 39.41% as opposed to 21.02%,
32.58%, and 46.73% for M022 compared to the corresponding controls, respectively.

The relationship between the calorific values of Amur silvergrass varieties and the
concentrations of Na+ and K+ and the ratio of K+/Na+ were computed to evaluate what
parameter had the greatest effect and to determine on which plant varieties the effect
was most pronounced (Figure 5). Our result shows that there was a significant positive
linear relationship between the plant contents of K+ and Na+ or the K+/Na+ ratio with
the varieties’ calorific value, and the relationship was more significant for M127. It was
estimated that the concentrations of K+ and Na+ and the K+/Na+ ratio could explain
76.67%, 52.15%, and 48.73% (p < 0.01) of the changes observed in the calorific value of
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M127, while they explained 33.19%, 26.38%, and 13.67% of the changes observed for M022
(p < 0.05), respectively.

Agronomy 2024, 14, x FOR PEER REVIEW 10 of 16 
 

 

 
Figure 5. Relationships of the calorific values in different parts of Amur silvergrass varieties with 
their K+ (A), Na+ (B), and K+/Na+ ratio (C). The red line is M127, and the black line is M022. 

3.5. Distribution of Na+ and K+ in Amur Silvergrass Varieties under Salt Stress 
A spectrometer combined with an SEM was used to perform the X-ray microanalysis 

of Na+ and K+ distribution in root transections from the pith to the epidermis (Figure 6). 
In the control, there were low relative Na+ and high relative K+ contents in the roots of the 
varieties. The relative content of Na+ in the stele was lower than that of other tissues in 
both Amur silvergrass varieties; however, 180 mM NaCl stress increased the concentration 
of Na+, while that of K+ decreased, and this is consistent with the observation in Table 1 
and the results of Shankar et al. [19], who observed that salt stress decreased the content 
of K+ in K+-deficient rice varieties. Also, the relative content of Na+ in the exodermis and 
middle cortex was higher than in the stele of M022; however, the opposite was true for 
M127 (Table 2). Additionally, the high relative content of K+ was found in the cortex under 
the control condition; however, it decreased in both Amur silvergrass varieties and was 
higher in the stele and middle cortex than the exodermis of M022 under 180 mM NaCl 
stress. Nevertheless, K+ was lower in the stele of M127 than in the cortex. 

Our result also revealed that the relative content of K+ in the vessels of M022 was 
higher than that of other tissues around the vessels when the plant was stressed, while it 
was lower in M127. Using X-ray microanalysis, it was observed that the content of Na+ in 
M022 was higher in the root exodermis and middle cortex than in the stele under salinity 
stress, but the opposite was true for M127 (Figure 6), suggesting that M022 had a greater 
ability to inhibit the entry of Na+ into the stele through the cortex. Furthermore, M022 

y = 0.6261x + 5.1781
R2 = 0.3319
p < 0.05

y = 0.386x + 4.9465
R2 = 0.7667
p < 0.01

0

10

20

30

40

0 20 40 60

Ca
lo

rif
ic

 v
al

ue
 (M

J k
g−

1 )

K+ (mmol kg-1)

y = -0.484x + 27.637
R2 = 0.2638
p < 0.05

y = -0.2395x + 22.319
R2 = 0.5215
p < 0.01

0

10

20

30

40

0 20 40 60

Ca
lo

rif
ic

 v
al

ue
 (M

J k
g−

1 )

Na+ (mmol kg-1)

y = 0.0134x + 20.876
R2 = 0.1367
p = 0.159

y = 0.0164x + 15.341
R2 = 0.4873
p < 0.01

0

10

20

30

40

0 200 400 600 800 1000

Ca
lo

rif
ic

 v
al

ue
 (M

J k
g−

1 )

K+/Na+

A B

C

Figure 5. Relationships of the calorific values in different parts of Amur silvergrass varieties with
their K+ (A), Na+ (B), and K+/Na+ ratio (C). The red line is M127, and the black line is M022.

3.5. Distribution of Na+ and K+ in Amur Silvergrass Varieties under Salt Stress

A spectrometer combined with an SEM was used to perform the X-ray microanalysis
of Na+ and K+ distribution in root transections from the pith to the epidermis (Figure 6). In
the control, there were low relative Na+ and high relative K+ contents in the roots of the
varieties. The relative content of Na+ in the stele was lower than that of other tissues in
both Amur silvergrass varieties; however, 180 mM NaCl stress increased the concentration
of Na+, while that of K+ decreased, and this is consistent with the observation in Table 1
and the results of Shankar et al. [19], who observed that salt stress decreased the content
of K+ in K+-deficient rice varieties. Also, the relative content of Na+ in the exodermis and
middle cortex was higher than in the stele of M022; however, the opposite was true for
M127 (Table 2). Additionally, the high relative content of K+ was found in the cortex under
the control condition; however, it decreased in both Amur silvergrass varieties and was
higher in the stele and middle cortex than the exodermis of M022 under 180 mM NaCl
stress. Nevertheless, K+ was lower in the stele of M127 than in the cortex.

Our result also revealed that the relative content of K+ in the vessels of M022 was
higher than that of other tissues around the vessels when the plant was stressed, while it
was lower in M127. Using X-ray microanalysis, it was observed that the content of Na+ in
M022 was higher in the root exodermis and middle cortex than in the stele under salinity
stress, but the opposite was true for M127 (Figure 6), suggesting that M022 had a greater
ability to inhibit the entry of Na+ into the stele through the cortex. Furthermore, M022
accumulated less Na+ and more K+ in the vessels compared to M127, indicating that M022
can reduce the transfer of Na+ to the aboveground parts while maintaining a higher K+ in
the aboveground parts. This is consistent with the ST result (Table 1).
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Figure 6. Compositional map of the elements in the transection of the root hair zone of M127 and
M022 with/without 180 mM NaCl. Scanning micrograph of the analyzed root transection (a–d);
distribution of Na+ (e–h) and K+ (i–l) in the root transection; and EDS map of the relative distribution
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The purple line is the boundary between the stele and the cortex and the yellow line is the location of
the line-scanning of an X-ray.

Table 2. The weight percentage of exodermis, middle cortex, and stele in the root transection of the
salt-sensitive M127 and salt-tolerant M022 under 180 mM NaCl stress.

Element Varieties Root Cross-Sectional Structure Weight (%)

Na+

M022
Exodermis 2.6225

Middle cortex 2.4675
Stele 1.315

M127
Exodermis 1.1925

Middle cortex 1.205
Stele 1.4375

K+

M022
Exodermis 1.635

Middle cortex 3.5475
Stele 3.445

M127
Exodermis 2.9

Middle cortex 2.935
Stele 2.235



Agronomy 2024, 14, 1259 11 of 15

4. Discussion

Miscanthus varieties are an ideal type of herbaceous energy plants with C4 metabolic
pathways and perennial growth characteristics that result in a significant redistribution
of nutrient elements in their bodies [43]. The mineral element content in the biomass of
energy plants has a great effect on their combustion quality and the efficiency of conversion
and utilization of biomass energy [44–46]. We observed that the calorific values of different
parts of the Amur silvergrass varieties decreased with the increase in NaCl concentration
(Figure 4) and were related to the increased accumulation of mineral elements in the plant
tissues (Table 1). This observation is consistent with other studies that reported increased
contents of mineral elements and decreased calorific potentials of giant reed, an energy
plant, during salt stress [47].

The calorific value of the salt-tolerant M022 was significantly higher than that of the
salt-sensitive M127 (Figure 4). This was related to the significantly lower Na+ content
and higher K+/Na+ ratio of the former compared to the latter. Compared to M127, M022
inhibited the decline in calorific values under salt stress by reducing Na+ accumulation
and increasing the K+/Na+ ratio through self-regulation, suggesting that the calorific value
of plants is closely related to their salt tolerance. In addition, the Na+ concentration in
the aging leaves of the salt-tolerant M022 was significantly higher than that in stems,
spear leaves, and functional leaves, while the accumulation of Na+ in the salt-sensitive
M127 did not show significant positional differences. This suggests that the salt-tolerant
variety, i.e., M022, isolated Na+ in the aging leaves and reduced its content in other plant
parts by accelerating the senescence of the aging leaves, thus alleviating the toxic effect
of Na+ on its growth. These differential results were corroborated by the much more
significant correlation between the calorific value of M127 and the concentrations of Na+

and K+ and the ratio of K+/Na+ than for M022 (Figure 5). Similar results have been
reported for Medicago sativa [22], Helianthus annuus [48], Diplachne fusca [49], and Saccharum
officinarum [50].

Photosynthesis is the basis of plant growth and energy production, and its response
to the surrounding environment can reflect the adaptability of plants to salt stress [5,51].
Our results reveal that salt stress negatively impacted the net photosynthetic rate, stomatal
conductance, and transpiration rate (Figure 5). Of the two plant varieties, M022 was more
tolerant to salt stress, and its photosynthetic rate, stomatal conductance, and transpiration
rate were 1.79, 1.68, and 1.80 times higher, while its intercellular CO2 concentration was
21.76 µmol CO2 mol−1 lower compared to M127. Research with potato plants subjected to
salt stress indicated that the over-expression of AtHKT1 genes minimized osmotic imbal-
ance in the plant and inhibited reductions in net photosynthetic rate, stomatal conductance,
and transpiration rate [52]. Following the alteration of plant photosynthesis due to stress,
plant growth becomes stunted, and the relative growth rate is reduced (Figure 1); hence,
plant biomass accumulation is reduced (Figure 2). Previous research with Spartina pectinata
L. and Panicum virgatum L. showed that S. pectinata with stronger salt tolerance accumulated
more biomass and produced second-generation tillers and greater root-to-shoot biomass ratio
than P. virgatum with weaker salt tolerance [53]. Also, under salt stress conditions, Cynodon
dactylon decreased the accumulation of Na+ and stabilized the levels of K+ in the leaves by
inhibiting the migration of Na+ into the root vessels, selectively promoting K+ transport to
the leaves, enhancing Na+ secretion, and balancing stomatal conductance [54]. Generally, the
intensity of these changes depends on how stress-tolerant a plant is, and based on our results,
M022 presented a much better response to salt stress, and its stomatal conductance was much
higher than that of M127 at NaCl concentrations > 90 mM (Figure 3B).

Peng et al. [55] reported that the glandular trichome of the salt-tolerant Gossypium
hirsutum genotype secreted more salt ions compared to the salt-sensitive genotype. The
authors suggested that ion compartmentalization and subsequent excretion of ions from the
tissues is an important mechanism used by plants to regulate short-term salt stress. After
evaluating 70 different genotypes of Miscanthus seedlings, it was found that salt-tolerant
genotypes had lower Na+ concentrations and relatively high K+/Na+ ratios in the shoots,
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indicating that lowering Na+ accumulation in the leaves was important for salt stress
regulation in Miscanthus [56]. Compared to the salt-sensitive M127, the salt-tolerant M022
alleviated salt stress by regulating the K+ and Na+ concentrations in different organs under
salt stress (Figure 6). By so doing, more Na+ was accumulated in the roots, while lower
Na+ and higher K+ contents were maintained in the aboveground plant parts (Table 1).
This reduced the toxic effect of excess Na+ on the aboveground organs and thus alleviated
the damage of salt stress. This finding is supported by the fact that the selective transport
capacity (ST) of the salt-tolerant M022 was higher than that of the salt-sensitive variety, i.e.,
M127 (Table 1). Accordingly, the roots of the salt-tolerant M022 showed a stronger control
for Na+ and promoted the transport of K+ to the aboveground organs and, hence, led to a
better growth response (Figures 1 and 2). Thus, maintaining a higher K+/Na+ ratio in plant
tissues is more important than simply maintaining a lower Na+ content [57]. A similar
response mechanism has been reported for rice varieties with different sensitivities [19].
Specifically, the authors reported that K+ deprivation activated multiple genes and networks
that acted together to sense external K availability and regulate uptake by the roots. These
regulatory mechanisms are important for ion distribution and plant adaptation to stress.

The balance of intracellular K+ and Na+ concentrations is an important indicator of
plant salt tolerance and a key factor in ensuring normal physiological metabolism under
salt stress [54,55]. Our results suggest that salt stress affects the distribution of K+ and
Na+ in the tissues of different Amur silvergrass varieties, which in turn affects their salt
tolerance. Previous studies have shown that limiting Na+ accumulation and K+ efflux and
maintaining a balance of higher K+ and lower Na+ in the cytoplasm of plants are important
methods for improving salt tolerance and plant resistance to salt damage [58,59]. Based
on the results and discussion above, a higher salt tolerance is essential to efficiently slow
down the decline in calorific values. When M022 was stressed with 270 mM NaCl, the
calorific values of the stems, aging leaves, functional leaves, and spear leaves were reduced
by 18.10%, 46.73%, 26.11%, and 18.35% as opposed to 41.99%, 39.41%, 34.82%, and 45.09%
for M127 relative to the controls, respectively. These results indicate that, compared to
the salt-sensitive M127, the salt-tolerant M022 showed a better response by slowing down
the decline in calorific values during stress by compartmentalizing the distribution of Na+

and K+ (Figure 6). Specifically, we observed that the aging leaves of the salt-tolerant M022
had a faster decline rate in calorific value than the salt-sensitive M127, which implied that
the aging leaves increased the accumulation of Na+ and reduced the Na+ concentration
in other parts of M022. Under such conditions, the salt-tolerant M022 is recommended to
maintain relative stability in the calorific values of other plant parts. Also, more studies are
required to ascertain some of the observed results in this study under varied conditions. For
example, long-term incubation and field studies are required to evaluate the effects of the
salt tolerance of plants on calorific values in the soil. This will provide more details on the
specific mechanisms of how the salt tolerance of plants alters calorific values when applied
to soils from different regions under different conditions. Nevertheless, the salt-tolerant
variety, i.e., M022, is recommended for application in saline–alkaline soils.

5. Conclusions

Amur silvergrass M022 showed more tolerance to salt-induced stress compared to
M127, and the salt-tolerant M022 had a higher calorific value. Importantly, the rapid
accumulation of Na+ in the aging leaves of M022 was ascribed as the main reason for the
higher salt tolerance and higher calorific values in the stems, spear leaves, and functional
leaves compared to M127. Our results suggest that M022 accelerated the senescence of
aging leaves by increasing the accumulation of Na+ in aging leaves, thus slowing down an
increase in Na+ concentration in other plant parts to maintain relative stability in the calorific
values of other plant parts. Consequently, the biomass of M022 exhibited the phenomenon of
“low promotion and high suppression” under salt stress. This was characterized by higher
photosynthetic efficiency, lower Na+ accumulation, and K+ efflux in aboveground organs,
which effectively maintained the higher K+/Na+ ratio in the plant body.
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