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Abstract: As a potential crop in saline-alkali land, the growth of switchgrass could also be threatened
by salt stress. Promoting the growth of switchgrass under salt stress by humic acid has great
significance in the utilization of saline-alkali land. In this study, a pot experiment was arranged to
investigate the responses of photosynthetic and physicochemical characteristics of switchgrass to HA
under salt stress. Results showed that humic acid increased the photosynthetic function of switchgrass
and enhanced plant height by 41.1% and dry weight by 26.9% under salt stress. Correlation analysis
showed that the membrane aquaporin gene PvPIP1, malondialdehyde, ascorbate peroxidase, abscisic
acid, polyamine, and jasmonic acid were important factors affecting the photosynthetic function of
switchgrass in this study. Meanwhile, HA reduced the content of malondialdehyde, indicating the
alleviation of the membrane damage caused by salt stress. On the other hand, HA upregulated the
relative expression of the PvPIP1 gene and activated ascorbate peroxidase, abscisic acid, polyamine,
and jasmonic acid in switchgrass to resist salt stress. These improved the membrane stability and
promoted the photosynthetic activity of switchgrass to enhance the plant’s tolerance against salt
stress and growth. Results from this study are helpful to the efficient growing of switchgrass and the
sustainable development of saline-alkali land.
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1. Introduction

According to statistics, the area of saline-alkali land has reached approximately
11 million hectares worldwide [1]. Furthermore, a considerable proportion of the saline-
alkali land has been left uncultivated due to the negative impact of salt on plant growth and
crop production [2]. Switchgrass (Panicum virgatum L., Gramineae, Panicum), a gramineous
plant grown as a forage crop or cellulosic biofuel feedstock, is salt tolerant, high-yield and
can well adapt to barren soils [3,4]. This makes switchgrass a potential crop that can be
used in the reclamation of saline-alkali land [5,6]. However, related reports have found that
the growth of switchgrass is suppressed under high salt stress [7,8]. Therefore, enhancing
the plant growth of switchgrass under salt stress is a challenge in promoting the utilization
and benefit of saline-alkali land nowadays.

As abiotic stress, salinity in soil inevitably causes negative impacts on the photosyn-
thetic efficiency of plants and contributes to the inhibition of plant growth [9]. In detail, the
reduced soil water potential caused by high salinity can disrupt plant–water relationships
and reduce cell turgor to lead to osmotic stress [10]. The blade structures are also affected by
salinity stress, which reduces the stomatal conductance, transpiration, and gas exchange in
leaves, thus weakening the photosynthesis of plants [11]. Moreover, plants also absorb salt
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via transporters and undergo increases of reactive oxygen species (ROS) to create oxidative
stress. This contributes to lipid peroxidation, and membrane deterioration, as well as DNA
and protein damage in leaves, which cause the disturbance of photosynthetic metabolism
and inhibition of plant growth [12]. Therefore, saline-tolerant plants always deal with the
detrimental effects of salinity during their growth through certain physiological responses
such as upregulating related genes, transcription factors, proteins, and metabolites to
maintain the essential processes of photosynthesis and growth [13,14]. For example, the
osmoprotectants such as proline (Pro), glycine betaine (GB), sugars, and sugar alcohols
that can sustain the cell turgor are synthesized in saline-alkali tolerant plants to maintain
plant growth and yield [9]. Antioxidative substances including antioxidant enzymatic and
non-enzymatic antioxidants are also increased to efficiently quench and scavenge excessive
ROS to resist stress and maintain the cell membrane integrity and normal metabolism in the
leaf [15,16]. Moreover, the plant also upregulates the level of endogenous phytohormones,
such as abscisic acid (ABA), salicylic acid (SA), brassinosteroids (BRs), cytokinins (CTK),
jasmonic acid (JA), gibberellins (GAs), polyamines, and auxins to mitigate salt stress [17].
These phytohormones play important roles in stabilizing the cellular pH environment,
activating Na+/H+ antiporters, increasing cell water status, or enhancing antioxidant ca-
pacity under salt stress [18]. It was noteworthy that studies have shown that exogenous
biostimulants could affect the release of antioxidant enzymes and phytohormones in plants
to promote their adaptation to salt stress physiologically [19]. This suggested that adding
biostimulants might be the key to enhancing the photosynthetic function of switchgrass by
mobilizing physiological and biochemical responses, thus ensuring the efficient growth of
switchgrass in salt conditions.

Humic acid (HA), a biostimulant contains one or more active substances that can
stimulate nutrient uptake and the physiological metabolism of plants to resist abiotic
stress, possibly promoting the growth of switchgrass in high-salt environments [20]. In
nonsaline-alkali soil, Mora et al. observed that HA could effectively promote the root
H+-ATPase activity and increase the content of ABA and other hormones in cucumber to
improve shoot dry weight by 29.2–57.2% [21]. In the specific salt environment, Shukry
et al. found an improved plant height (10.18%) of rice by 40 mg/L HA under salt stress,
which was associated with the enhancement of the activities of antioxidant enzymes such
as catalase and peroxidase [22]. Hatami et al. found HA enhanced the salt tolerance of
almond rootstocks by increasing the protein and enzyme synthesis and decreasing the
electrolyte leakage in leaves [23]. Saidimoradi et al. also found that HA mitigated the
reduction in relative water content, membrane stability index, chlorophyll content, total
biomass, and yield of strawberry to resist salt stress [24]. However, as a pasture plant with
certain salt tolerance, previous studies have confirmed that HA promotes the germination,
rooting and lignocellulose quality of switchgrass [25,26]. The response of physiological and
biochemical indexes of switchgrass such as photosynthetic metabolism and plant growth
to HA under salt stress remain unclear.

To explore the effects of HA on the growth of switchgrass under salt stress and clarify
the related physicochemical mechanisms, HA was applied to switchgrass under salt stress
in this study. The growth performance, basic photosynthetic indexes, membrane stability,
antioxidant enzyme activity, phytohormones, and gene expression of switchgrass were
measured, and then further evaluated the growth-enhancing effects of HA on switchgrass
under salt stress by correlation analysis and redundancy analysis. The results of this study
may provide a valuable strategy for the cultivation of switchgrass in saline-alkali soil and
be of great significance to accelerate the utilization and reclamation of saline-alkali land.

2. Materials and Methods
2.1. Materials and Culture

BoMaster, a switchgrass variety with relatively higher salt tolerance at the five-leaf
stage (Table S1), was selected for the test in this study. Full-grained, undamaged, and
uniform-sized switchgrass seeds were taken for cultivation in climate boxes with a 14/10 h
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light/dark cycle, and 28/20 ◦C day/night temperature. Fifteen seeds were sown in each pot
until the trefoil stage. When the switchgrass grew to the trefoil stage, it was transplanted
into a plastic pot with a diameter of 32 cm and ensured 5 switchgrass in each pot. The
soil in the pot was taken from the top soil of the experimental base in Shanxi Academy
of Agricultural Sciences with the physiochemical parameters of pH value 6.92, electricity
conductivity 140.27 µs cm−1, organic matter 15.13 g kg−1, total nitrogen 1.32 g kg−1, avail-
able potassium (K2O) 194.06 mg kg−1, and available phosphorus 42.2 mg kg−1. The soil
was air-dried and screened (1 cm) to mix with the substrate at 2:1 (mass ratio) and filled
5 kg in each pot in total. While switchgrass grew to the 5-leaf stage (this stage is in the
rapid growth period of switchgrass and is greatly affected by the external environment),
salt stress and humic acid tests are started.

The humic acid (HA) extracted and purified from the weathered coal collected in Jingle
County, Shanxi Province, China with the potassium hydroxide method was used in this
study. The HA has been proven to have an excellent promoting effect on the regeneration
of mung bean roots in our previous study [27]. This HA performed specific properties as
follows: elemental composition including 70.20% carbon, 25.79% oxygen, 2.45% hydrogen,
1.40% nitrogen and 0.16% sulfur; contained 79.29 ± 0.54% total humic acid, 68.20 ± 0.38%
free humic acid, 1.74 ± 0.11% calcium and magnesium, 3.86 ± 0.06 mmol g−1 total acid
group, 0.34 ± 0.04 mmol g−1 carboxyl, 3.52 ± 0.03 mmol g−1 phenolic hydroxyl; F/T value
was 86.01%, E4/E6 value was 4.39, E270/E400 value was 3.08, E280/E472 value was 5.04
and E472/E664 value was 3.88.

2.2. Treatments and Sampling

The test was conducted in the greenhouse of Shanxi Agricultural University. Switch-
grass seedlings in the five-leaf stage were subjected to three treatments: (1) Non-stressed
control (CK): tap water; (2) Salt Stress (SS): 250 mmol/L NaCl; (3) Salt Stress (250 mmol/L
NaCl) plus 0.05% HA (SS+HA). Switchgrass was transplanted into a 32 cm diameter pot
individually and 9 pots of switchgrass were contained in each treatment. Thereinto, the salt
concentration of 250 mmol/L was confirmed by reference to the salt concentration selected
in the salt tolerance study of perennial ryegrass (Lolium perenne L.) [11], and the concentra-
tion of humic acid at 0.05% was selected because it promoted the rooting of switchgrass
the most in our previous study [27]. Importantly, to avoid the salt-shock effect, aliquots of
200 mL NaCl solution at 50 mmol/L were used for the first irrigation, 150 mmol/L for the
second irrigation, and 250 mmol/L for the third irrigation. These three irrigation sessions
were completed within 24 h and maintained concentrations by measuring the conductivity
of the soil thereafter. The control treatment irrigated the same amount of tap water at the
same time. Sampling and measurement were performed on days 0, 7, 14, 21, 28, and 35 of
the experiment. The third leaf of the apical leaf sequence from top to bottom was collected,
a small amount of fresh leaf tissue was used for electrolyte leakage, malondialdehyde,
and proline analysis, and the remaining parts were stored at −80 ◦C for the subsequent
determination of physiological and chemical indexes. Three samples were taken from each
treatment to eliminate individual differences, and each sample was repeated three times to
eliminate measurement errors.

2.3. Growth Indexes

Thirty-five days after treatment, the plant height of switchgrass was measured from
the soil level to the tip of the tallest leaf. The leaf length and leaf width were measured
by selecting the third leaf from the top of each switchgrass. Thereafter, the entire plant
was taken out, washed and dried in a drying oven at 105 ◦C for 30 min and then dried at
65 ◦C to constant weight. Finally, the dry weight of aboveground biomass of the single
switchgrass was measured.
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2.4. Photosynthetic Indexes

The photosynthetic indexes photosynthetic rate, stomatal conductance, intercellular
carbon dioxide concentration, and transpiration rate were measured by a portable pho-
tosynthesis system (LI–6400XT, Licor Corporation, Lincoln, NE, USA) and determined
during 8:00–11:00 a.m. This instrument was set at a temperature of 20 ◦C, relative humid-
ity (RH) 50 ± 10%, photosynthetic photon flux density (PPFD) 400 µ mol·m−2 s−1, CO2
420 µ mol·mol−1 and flow rate 500 µ mol·s−1 in leaf chamber [28].

2.5. Malondialdehyde

To determine the concentration of malondialdehyde (MDA), fresh leaf samples were
ground with a pestle in a mortar that contained 5 mL 0.6% thiobarbituric acid (TBA) in
10% trichloroacetic acid (TCA) [29]. Thereafter, samples were cooled on ice for 5 min after
heating at 100 ◦C for 15 min, then centrifuged for 10 min at 5000 rpm, and the absorbance
of the supernatant was measured at 450, 532, and 600 nm (OD450, OD532, and OD600),
respectively. Eventually, the MDA content was calculated as follows:

MDA (nmol MDA g−1 FW) = 6.45 (OD532 − OD600) − 0.56 (OD450)

2.6. Relative Electrolyte Leakage

The plant’s relative electrolyte leakage (REL) was measured based on the conductivity
measurement [30]. A total of 1 g fresh leaf samples were incubated for 4 h in 80 mL of dd
H2O after cutting into disks of 0.8 cm to measure the electrical conductivity (C1) with a
conductivity meter. Then the solution was boiled for 10 min and cooled down to room
temperature to measure the electrical conductivity (C2). The REL was calculated as follows:

REL =
C1
C2
× 100%

2.7. Proline

According to the method mentioned described by Wu et al., the proline content was
determined by a spectrophotometer (Jenway 6705, Bibby Scientific, Staffordshire, UK) [11].
Fresh leaf samples (50 mg) were pulpified with 1.8 mL 3% (w/v) sulfosalicylic acid and
boiled at 100 ◦C for 10 min. Then, 1 mL supernatant was mixed with 1 mL acetic acid and
1 mL acidic ninhydrin to heat at 100 ◦C for 40 min. The reaction mixture was extracted with
2 mL toluene after cooling and then record the absorbance at 520 nm in a spectrophotometer.

2.8. Superoxide Dismutase

The frozen leaf sample (500 mg) was homogenized with the homogenization solu-
tion of 10 mL HEPES buffer (50 mM) and 0.1 mM Na2-EDTA (pH 7.6). The homogenate
was centrifugated (15,000 rpm for 15 min at 4 ◦C) and the extract was used to assay the
superoxide dismutase (SOD). After sitting at 4 ◦C overnight, the extract was dialyzed
against a dilute homogenizing solution to separate the low-molecular-mass substances that
interfere with the SOD assay [31]. The activity of SOD was assayed with the procedure
based on the observation of photochemical reduction inhibition of NBT (nitro blue tetra-
zolium) [32]. Then, 5 mL reaction mixture [50 mM HEPES (pH 7.6) + 0.l mM EDTA + 50 mM
Na2CO3 (pH 10.4) + 13 mM methionine + 0.025% (w/v) Triton X-l00 + 75 mM NBT + 2 mM
riboflavin + 0.2 mL enzyme extract] was prepared and then illuminated for 15 min by
intensity of light (350 µMm−2s−1). One unit of activity of SOD was specified as the enzyme
quantity causing a 50% inhibition of NBT reduction as observed spectrophotometrically
(560 nm).

2.9. Ascorbate Peroxidase and Peroxidase

To obtain the enzyme extract for ascorbate peroxidase (APX) and peroxidase (POD)
measurement in samples, 0.1 g frozen leaf was ground in liquid nitrogen with an ice-cooled
mortar and pestle. The mixture was transferred into the buffer and then homogenized at
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12,000 rpm for 20 min at 4 ◦C. Indeed, the buffer consisted of 25 mmol L−1 K–P (pH = 7),
0.4 mmol L−1 EDTA-4H, Tris-HCl, and 2% (w/v) polyvinylpolypyrrolidone [33].

Thereafter, 0.75 mL K–P (0.1 mol L−1) buffer (pH = 7), 0.75 mL ascorbic acid
(1 mmol L−1), 0.75 mL EDTA-4H (0.4 mmol L−1), 0.03 mL H2O2 (10 mmol L−1), 0.57 mL
of distilled water, and 10 mmol L−1 enzyme extract was mixed in a 3 mL reaction volume
to assess the activity of ascorbate peroxidase. H2O2 was added to ascorbate to start the
oxidation process. The decrease in absorbance at 290 nm was measured to reflect ascorbate
oxidation [29].

To determine the activity of POD, 20 mM phosphate buffer (pH = 7), 5 mM 2-methoxy
phenol (guaiacol), and 1 mM hydrogen peroxide were used to prepare the reaction mix-
ture [34]. The absorbance at 470 nm after tetraguaiacol formatting was determined. For each
unit of peroxidase activity, 1 mol of guaiacol oxidized for 1 min is catalyzed by the enzyme.

2.10. Phytohormones

The production of phytohormones including abscisic acid, polyamine, cytokinin,
indoleacetic acid brassinolide, and jasmonic acid in leaves were all determined using the
ELISA (enzyme-linked immunosorbent assay) kit (MLBio ELISA Kit producers, Shanghai,
China) according to manufacturer’s instruction. Briefly, the leaves were ground on ice
supplemented with quartz and sodium phosphate buffer. The mixture was collected and
incubated at 4 ◦C for 6 h. The supernatant by centrifugation was collected to measure the
contents of phytohormones in switchgrass [35].

2.11. Gene Expression

Total RNA from switchgrass was extracted by RNA kit (Tiangen Biotech, Beijing,
China) after the leaf tissue was powdered in a pre-cooled mortar. RNA samples were
treated with a gDNA Eraser to eliminate any DNA contamination and then used for
cDNA synthesis by Evo M-MLV Reverse Transcription Kit (Accurate Biology, Changsha,
China) according to the manufacturer’s instructions. Thereafter, real-time polymerase
chain reaction (RT-PCR) was performed using the One-Step RT-PCR Kit (Vazyme, Nanjing,
China). The universal primer sets were 5′-TCTGTTTTTCTCTATGTGCAGGA-3′ and 5′-
CTGAGGAGCTGTTCTTGGCA-3′ for actin gene, 5′-CCAATTGGGTTCGCCGTGTT-3′ and
5′-TAGGACCTGCTCTTGAACGGGA-3′ for PvPIP1 gene (a gene related to aquaporins and
upregulated in drought stress) [36]. Relative expression levels were calculated using the
formula 2−∆∆CT [37]. All the samples realized three biological replicates and three technical
replicates in this measurement.

2.12. Data Analysis

SPSS 25.0 was employed for the analysis of differences among the detection data of
all treatments with p < 0.05. Origin 2022 was employed for correlation analysis to assess
the effects of the membrane aquaporin PvPIP1 gene on the photosynthetic function and
membrane stability of switchgrass. Canoco 5 was employed for redundancy analysis to
comprehensively evaluate the photosynthetic function of switchgrass in response to the
membrane stability, antioxidant enzyme, and phytohormones under the influence of salt
and humic acid.

3. Results
3.1. Growth Performance and Photosynthetic Function

As shown in Figure 1A, the influence of salt stress and HA on switchgrass was directly
reflected in growth performance. Over 35 days of cultivation, salt stress inhibited the
growth of switchgrass with plant height reduced to 70.8 ± 3.9 cm. This was 15.0% lower
than that of the control (CK) (83.3 ± 3.6 cm) (p < 0.05). Moreover, the dry weight of the
aboveground biomass was also reduced by 20.5% to 5.39 ± 0.38 g, as well as the decrease in
leaf length and width (Table S2) (p < 0.05). However, HA increased the height of switchgrass
to 99.9 ± 5.7 cm and increased the weight to 6.84 ± 0.59 g under salt stress, contributing to
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41.1% and 26.9% enhancements in plant growth, respectively. It was noteworthy that the
plant height of switchgrass with HA addition under salt stress (SS+HA) was even higher
than that in the control without salt stress (CK). As for the dry weight of shoots, leaf length
and leaf width, there were no significant differences between the control and treatment
of SS+HA (p > 0.05), showing the reversing effect of HA on the growth parameters of
switchgrass under salt stress.
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Figure 1. Effects of salt and humic acid on plant growth (A), net photosynthetic rate (B), transpiration
rate (C), stomatal conductance (D) and intercellular carbon dioxide content (E) of switchgrass.
Treatments with the same letters for each sampling date are not significantly different at p = 0.05.

Photosynthetic indexes analysis also showed the photosynthetic function of switch-
grass was suppressed by salt stress but recovered and improved by HA. Compared with
the control, salt stress decreased the net photosynthetic rate (Pn) (Figure 1B), transpira-
tion rate (Tr) (Figure 1C), and stomatal conductance (Gs) (Figure 1D) but increased the
intercellular carbon dioxide content (Ci) (Figure 1E) of switchgrass during the test pe-
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riod. The differences between the two groups became significant from day 14 and the
changes eventually reached 20.1%, 18.86%, 10.23%, and 7.92% on day 35, respectively.
However, with the addition of humic acid under salt stress (SS+HA), Pn, Tr, and Gs became
7.98–44.35%, 5.06–22.13%, and 8.77–20.25% higher than those of the salt stress treatment
(SS), respectively. Thereinto, Pn was significantly increased from the 7th day after adding
HA in the presence of salt stress. The differences in Tr and Gs between the treatments of SS
and SS+HA also became significant from day 14. The Ci under salt stress was reduced by
9.39–22.13% during the cultivation with HA added, which was even 3.13–15.29% lower
than that of the control and showed a significant difference from day 7. On the other hand,
Figure 2 also showed under the influence of salt stress and HA, the photosynthesis indexes
of switchgrass had a strong correlation with the growth performance. In detail, the growth
indexes were positively correlated with Pn, Gs and Tr but negatively correlated with Ci.
Moreover, the positive correlation of dry weight of switchgrass shoots with Tr and Gs, and
the positive correlation of leaf width with Tr were statistically significant.
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3.2. Membrane Stability and Oxidase Activity

The relative electrolyte leakage rate (REL) of blade, proline, malondialdehyde (MDA),
superoxide dismutase (SOD), peroxidase content (POD), ascorbic acid peroxidase (APX)
in switchgrass were all in dynamic changes under the influence of salt stress and HA
(Figure 3). Compared with the control (CK), salt stress significantly increased the REL
(Figure 3A), proline (Figure 3B), MDA (Figure 3C), SOD (Figure 3D), and POD (Figure 3E)
of switchgrass from day 7 and underwent uptrends, which increased by 88.77%, 79.79%,
221.52%, 54.60% and 113.00% on the 32nd, 21st, 28th, 7th, and 14th day, respectively. By
contrast, the APX activity was decreased by salt stress and it was 71.43% lower than that
of the control on the 28th day. However, with the addition of HA, the effect of salt stress
on the physiological indexes was significantly weakened. Over 35 days of cultivation, the
REL, Pro, MDA, SOD, and POD in switchgrass were maximally reduced by 26.18%, 29.44%,
47.61%,46.84%, and 34.05% respectively. Among them, the content of Pro in the treatment
of SS+HA tended to be similar to that of CK while the SOD and POD activity was even
lower than that of CK. On the other hand, HA also effectively mitigated the decrease in
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APX caused by salt stress in switchgrass (Figure 3F). The APX activity in the treatment
of SS+HA was increased to 164.29–228.57 µmol mm−1 g−1 during the test period, which
was 77.78–333.29% higher than that in the salt stress treatment. Interestingly, the APX
activity in the treatment of SS+HA was significantly higher (6.67% and 23.81%) than that in
non-stressed control (CK) on day 21 and day 28.
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3.3. Phytohormones

The effects of HA on phytohormone concentrations in switchgrass under salt stress are
shown in Figure 4. Affected by salt stress, the contents of abscisic acid (ABA) (Figure 4A)
and polyamine (PA) (Figure 4B) were decreased, while cytokinin (CTK) (Figure 4C), in-
doleacetic acid (IAA) (Figure 4D), brassinolide (BR) (Figure 4E) and jasmonic acid (JA)
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(Figure 4F) were increased since day 7. The changes of these phytohormones reached
the maximum on the 35th, 14th, 14th, 7th, 14th and 35th days, respectively, which were
−77.43%, −14.58%, 122.81%, 64.91%, 15.92% and 3.82% higher in comparison with that
in control. With the addition of HA under salt stress (SS+HA), the content of phytohor-
mones in switchgrass changed dramatically. Thereinto, HA increased ABA, PA, and JA in
switchgrass by 17.03–344.45%, 7.74–15.85%, and 1.15–10.89% under salt stress, respectively.
Moreover, the PA and JA in SS+HA were also higher than that of the control (CK) since
the 21st and 7th days. Moreover, the contents of CTK, IAA, and BR in the treatment of
SS+HA were reduced by 14.55–28.93%, 6.02–11.97%, and 9.17–15.94% as compared to the
treatment of SS. It was noteworthy that the concentrations of CTK and IAA in SS+HA were
still higher than that in control and the differences between these two treatments were still
significant (p < 0.05). On the contrary, the BR content in switchgrass was 5.08–12.27% lower
than that of the control except for the 14th and 35th days.

Agronomy 2024, 14, 1079 9 of 17 
 

 

3.3. Phytohormones 
The effects of HA on phytohormone concentrations in switchgrass under salt stress 

are shown in Figure 4. Affected by salt stress, the contents of abscisic acid (ABA) (Figure 
4A) and polyamine (PA) (Figure 4B) were decreased, while cytokinin (CTK) (Figure 4C), 
indoleacetic acid (IAA) (Figure 4D), brassinolide (BR) (Figure 4E) and jasmonic acid (JA) 
(Figure 4F) were increased since day 7. The changes of these phytohormones reached the 
maximum on the 35th, 14th, 14th, 7th, 14th and 35th days, respectively, which were 
−77.43%, −14.58%, 122.81%, 64.91%, 15.92% and 3.82% higher in comparison with that in 
control. With the addition of HA under salt stress (SS+HA), the content of phytohormones 
in switchgrass changed dramatically. Thereinto, HA increased ABA, PA, and JA in 
switchgrass by 17.03–344.45%, 7.74–15.85%, and 1.15–10.89% under salt stress, respec-
tively. Moreover, the PA and JA in SS+HA were also higher than that of the control (CK) 
since the 21st and 7th days. Moreover, the contents of CTK, IAA, and BR in the treatment 
of SS+HA were reduced by 14.55–28.93%, 6.02–11.97%, and 9.17–15.94% as compared to 
the treatment of SS. It was noteworthy that the concentrations of CTK and IAA in SS+HA 
were still higher than that in control and the differences between these two treatments 
were still significant (p < 0.05). On the contrary, the BR content in switchgrass was 5.08–
12.27% lower than that of the control except for the 14th and 35th days. 

 
Figure 4. Effect of salt and humic acid on phytohormones of switchgrass. Concentrations of abscisic 
acid (A), polyamine (B), cytokinin (C), indoleacetic acid (D), brassinolide (E), and jasmonic acid (F). 
Treatments with the same letters for each sampling date are not significantly different at p = 0.05. 
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3.4. Gene Expression

As was illustrated in Figure 5A, the expression of membrane aquaporins PvPIP1 gene
in switchgrass leaves was significantly changed (p < 0.05) under the influence of salt stress
and HA. In comparison with the control, the relative expression of PvPIP1 in switchgrass
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sharply increased and then dropped during the 35 days of cultivation with the influence
of salt stress. The relative expression of PvPIP1 underwent a significant increase on day 7
and day 14, which was 347.78% and 189.50% higher than that in the control. Thereafter,
PvPIP1 expression decreased to a lower level than that in control from day 21, and the
difference became significant on the 35th day (p < 0.05). Compared with the salt stress
group (SS), adding HA decreased the expression of PvPIP1 within the first two weeks and
then enhanced it from day 21 to day 35. In detail, the relative expression of the PvPIP1
gene reached 3.79 and 1.49, respectively, after 7 and 14 days of cultivation, representing a
15.73% and 48.57% decrease compared to that in salt stress. Thereafter, the expression of
PvPIP1 in the treatment of SS+HA remained between 0.86 and 1.44 during day 21 and day
35, showing 41.26–135.21% enhancement in comparison with that in the treatment of SS.
Meanwhile, the differences in PvPIP1 gene expression between the treatments SS+HA and
CK on the 14th, 28th, and 35th days were not significant (p > 0.05), indicating a converting
effect of HA on the upregulation of PvPIP1 expression caused by salt stress.
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To further explore the relationships of PvPIP1 and leaf functions such as membrane
stability and gas exchange, correlation analysis was performed and the results are shown
in Figure 5B. Results showed that the expression of PvPIP1 in switchgrass was positively
correlated with the net photosynthetic rate (Pn), transpiration rate (Tr), and proline content
(Pro) in leaves but negatively correlated with the intercellular carbon dioxide content (Ci)
and malondialdehyde (MDA) in leaves to some extent. The correlation coefficients of
the PvPIP1 expression with its negative correlation index Ci and MDA were also only
−0.47 and −0.39. However, it was noteworthy that there was a significant correlation
(p < 0.05) between the PvPIP1 gene expression and Ci in switchgrass leaves. This provides
an opportunity to further elucidate the mechanism of the promoting effect of HA on the
growth of switchgrass under salt stress.

3.5. Redundancy Analysis

As the most direct index that influences plant growth, the photosynthetic function of
switchgrass was analyzed by testing the physiological indexes such as peroxidase activity
and phytohormones concentrations, respectively, by redundancy analysis in this study
(Figure 5). Results showed that the photosynthetic index of switchgrass leaves was driven
by enzymes and phytohormones in switchgrass under the effects of salt stress and HA.
Indeed, the Ci was positively correlated with the contents of proline, MDA, REL, and SOD
in switchgrass, and their correlations were MDA, SOD, REL, and proline in descending
order (Figure 6A). Furthermore, similar positive correlations among photosynthetic indexes
were also shown in the correlation analysis of phytohormones (Figure 5B). On the other
hand, there were remarkably significant positive correlations among the Pn, Tr, and Gs in
switchgrass. These three photosynthetic indexes were positively correlated with the APX
and negatively correlated with the POD in switchgrass. Figure 5B observed the same results,
which also showed that the Pn, Tr, and Gs in switchgrass were significantly correlated with
the APX and POD in leaves.
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As shown in Figure 6, the relative degree of explanation for phytohormones was
41.5%, which was lower than that of enzymes (80.2%). This indicated that phyto-hormones
had less effect on the photosynthetic indexes of switchgrass in comparison with enzymes.
Thereinto, Ci was positively correlated with BR, IAA, and CTK (BR > CTK > IAA) in
switchgrass, and negatively correlated with JA, BA, and PA (JA > ABA > PA). While Pn
was positively correlated with PA and BA (PA > BA), and negatively correlated with CTK,
IAA, and BR (CTK > BR > IAA). However, the Tr and Gs in switchgrass did not appear a
strong correlation with the phytohormones, which were only slightly negatively correlated
with JA, CTK, and IAA in this study.

4. Discussion

In this study, the photosynthetic function and plant growth of switchgrass were
seriously suppressed by salt stress but restored and even enhanced by HA (Figure 1).
Photosynthesis is the most important physical and chemical process that converts carbon
dioxide into organic matter and thus has a positive correlation with growth performance in
a significant manner. Arif et al. have described that salinity can affect the ultrastructure,
chlorophyll, and carotenoid synthesis in plant cells to interfere with photosynthesis. It
was thought to be the salinity in this study that damaged the photosynthetic functions of
witchgrass leaves to inhibit photosynthetic function [9], which was manifested directly as
the increase in Ci and the decrease in Pn, Tr, and Gs directly. Then, it decreased the leaf
length, leaf width and plant height of switchgrass and reduced biological yield eventually.
On the contrary, the addition of HA effectively improved the photosynthetic function and
growth parameters of switchgrass under salt stress. Popescu and Popescu have confirmed
that HA could maintain the cell membrane stability and ultrastructure of mesophyll cells
to alleviate the non-stomatal restriction of photosynthesis, which eventually enhanced
photosynthesis in leaves under stress [38]. This study also showed that HA significantly
enhanced the Pn, Tr, and Gs in switchgrass and reduced Ci under salt stress. The growth
parameters of switchgrass in the treatment of SS+HA were also very close to those of the
non-stressed control (CK), confirming the potential of HA in promoting the metabolism of
switchgrass and enhancing plant resistance to salt stress [39]. Certainly, these enhancements
were caused by the combined effects of physiology and biochemistry in switchgrass that
need to be further verified [40].
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Physiological indexes are of great significance to explore the effects of stress envi-
ronment on plant ontology. In this study, REL, Pro, and MDA of switchgrass were all
significantly enhanced by salt stress and then reduced with the addition of HA (Figure 3). It
was well known to us that the REL and Pro in plants are generally used to reflect membrane
stability given their correlation with membrane permeability [41,42]. MDA, the impor-
tant product of membrane lipid peroxidation, is positively correlated with the degree of
stress and membrane damage. Therefore, with the aggravation of injury, the accumulation
of MDA in plant leaves increases under salt stress and indicates serious destruction of
membrane structure and membrane permeability, which leads to the increased leakage
rate of leaf electrolyte, while Pro rises at the same time to maintain cytoplasmic osmotic to
defend against stress [43]. Numerous studies have confirmed that exogenous substances
are effective in preventing cell membranes from being damaged and stabilizing proteins
and enzyme activities to regulate the cell osmotic potential and alleviate salt stress in plants.
Radhakrishnan and Lee reported that spermidine (Spd) mitigated the rising of total phenol
and MDA contents to ameliorate salt stress effects in cucumber plants [44]. Hatami et al.
found that HA increased the soluble proteins and enzyme synthesis to reduce electrolyte
leakage and enhance almond rootstock growth under salt stress [24]. In the present study,
HA resulted in the synchronized decrease in REL, proline, and MDA in switchgrass leaves
under salt stress. These confirmed that HA can alleviate the damage of switchgrass from
salt stress and promote the cell osmotic regulation and the stability of the membrane,
thus improving the tolerance of switchgrass under salt stress and promoting switchgrass
photosynthesis and growth.

The antioxidative system is indispensable in determining plant stress tolerance. With
the influence of salt stress, the activity of SOD and POD in switchgrass were significantly
increased but APX decreased (Figure 3) in this study. These antioxidant enzymes in
plants can scavenge the reactive oxygen species (ROS) that could oxidize the lipid bilayer
and destabilize the structure and function of the proteins, lipids, and nucleic acids, to
reverse physiological setbacks under salt stress [45]. This means that APX activity in
switchgrass was inhibited by salt stress, while SOD and POD activity was upregulated
to resist the ROS from salt stress. However, adding HA under salt stress reduced the
activity of SOD and POD but increased APX significantly in this study. It has been reported
that exogenous substances could alleviate salt stress in plants by inducting antioxidant
enzyme activity. Oliveira et al. found that brassinosteroids (EBR) increased APX activity in
Eucalyptus urophylla plants by 51% and promoted plant salt tolerance [46]. Feng et al. also
reported that the exogenous substance Spd significantly increased the activities of SOD,
CAT, and APX and improved the salt tolerance of rice [19]. Yan et al. also observed that the
overexpression of APX effectively promoted sweet potato growth and played an important
role in improving its salt tolerance [47]. The phenomena observed in this study indicated
that the application of HA possibly reduced the ROS in switchgrass to relieve the need for
antioxidant enzymes SOD and POD on the one hand and promoted the production of APX
in switchgrass to improve its salt tolerance on the other hand.

As essential substances produced inside plants, phytohormones play a critical role in
regulating plants’ physiological processes and metabolisms. For instance, Liu et al. reported
that H2O2 promoted the germination of Arabidopsis sp. seeds under salt stress by promoting
the metabolism of ABA [48]. JA can not only mediate plant responses to salt stresses by
regulating the transcription of stress-responsive genes including antioxidant genes under
stress conditions [49], but also can interact with ABA to modulate the abiotic stress response
and tolerance [50]. In this study, compared with the non-stressed control, ABA and PA in
switchgrass were inhibited by salt stress, and CTK, IAA, and BR were increased to resist
salt stress (Figure 4). With the addition of HA under salt stress, the increased ABA, PA,
and JA confirmed that HA induced the production of these phytohormones in switchgrass
to better cope with the salt stress. On the other hand, the decrease in CTC, IAA, and BR
was also the signal that HA mitigated the salt damage to switchgrass, thereby reducing the
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response of these phytohormones under salt stress. These changes in phytohormones were
beneficial to the growth and metabolism of switchgrass under salt stress.

It is known that membrane aquaporin is beneficial to the transmembrane transport
of water and other small molecules, which can regulate physiological processes such as
stomatal movement and cell growth that affect photosynthesis in leaves [51]. In this study,
the relative expression of membrane aquaporin gene PvPIP1 in switchgrass increased
significantly and then dropped sharply to a low level under salt stress (Figure 5A), which
indicates that switchgrass tried to cope with salt stress by upregulating PvPIP1 expression
but was heavily affected by salinity and underwent severe gene dysfunction in the latter
test period. With the addition of HA under salt stress, the expression of PvPIP1 decreased
within the first two weeks but remained higher level than that in the treatments of CK and
SS over the last three weeks, suggesting that the HA may have upregulated the PvPIP1
expression to alleviate salt stress on switchgrass and enhanced potential to resist salt stress
by humic acid [52]. In particular, the relative expression of membrane aquaporin gene
PvPIP1 was positively correlated with Pn and Tr but significantly negatively correlated
with Ci in this study (Figure 5B). This suggested that the expression of the PvPIP1 gene
could promote the movement of stomatal, which accelerated leaf transpiration and gas ex-
change to reduce intercellular carbon dioxide accumulation and promoted photosynthesis
in switchgrass. Moreover, the correlation analysis in this study also revealed that PvPIP1
expression in switchgrass was positively correlated with Pro and negatively correlated
with MDA. This suggested that the expression of the PvPIP1 was beneficial in inducing
the increase in osmoregulatory substance Pro to maintain the osmotic balance and even-
tually the membrane stability and integrity of cells, thus providing a better condition for
photosynthesis of switchgrass under salt stress.

In addition to the expression of the PvPIP1 gene, redundancy analysis showed that the
increased MDA in leaves by salt stress was the main factor that damaged the membrane
function of switchgrass and contributed to the increase in REL (Figure 6A). This significantly
declined the exchange of carbon dioxide in switchgrass leaves and limited photosynthetic
function under salt stress. With the addition of HA under salt stress, APX in switchgrass
increased and showed strong positive correlations with the main photosynthetic indexes
Pn, Tr, and Gs. On the other hand, phytohormones PA, JA, and ABA in switchgrass were
increased by HA and positively and strongly correlated with Pn (Figure 6B) under salt
stress. It was confirmed by other researchers that the presence of ABA and JA could
promote the expression of biosynthetic genes and cellular content [53]. This suggests that
the HA induced the release of ABA, JA, and PA in switchgrass under salt stress to jointly
improve the photosynthesis of switchgrass, thus promoting switchgrass growth under salt
stress. This is evidence that HA promoting the photosynthetic function of switchgrass
under salt stress is the result of the collaboration of multiple physiological and biochemical
functions.

5. Conclusions

Salt stress increases the production of harmful substances such as MDA and ROS
in switchgrass, reduces membrane stability and inhibits the photosynthetic function of
leaves to restrict switchgrass growth. While HA can alleviate the damage of salt stress
on switchgrass. The decrease in MDA and proline, the activation of the oxidative stress
system (including SOD and POD), the increase in growth promotion phytohormones
(including CTK, IAA, and BR), and the upregulation of PvPIP1 expression in switchgrass
proved that the damage of salinity stress on switchgrass was alleviated by HA. Moreover,
HA also effectively improved the stability of leaf membrane cells (significant decrease in
REL), induced the increased production of APX and defense phytohormones PA, ABA,
and JA, and stabilized the expression of PvPIP1 gene to improve the air exchange and
photosynthesis capacity of leaves under stress. Taken together, these factors improved the
salt tolerance of switchgrass and eventually promoted the growth of switchgrass under
salt stress.
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