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Abstract: Soil salinization and alkalinization are pervasive environmental issues that severely restrict
plant growth and crop yield. Utilizing plant growth-promoting rhizobacteria (PGPR) is an effective
strategy to enhance plant tolerance to saline—alkaline stress, though the regulatory mechanisms
remain unclear. This study employed biochemical and RNA-Seq methods to uncover the critical
growth-promoting effects of Trichoderma spp. on Salix linearistipularis under saline—alkaline stress.
The results showed that, during saline-alkaline stress, inoculation with Trichoderma sp. M4 and M5
significantly increased the proline and soluble sugar contents in Salix linearistipularis, enhanced the
activities of SOD, POD, CAT, and APX, and reduced lipid peroxidation levels, with M4 exhibiting
more pronounced effects than M5. RNA-Seq analysis of revealed that 11,051 genes were upregulated
after Trichoderma sp. M4 inoculation under stress conditions, with 3532 genes primarily involved
in carbon metabolism, amino acid biosynthesis, and oxidative phosphorylation—processes that
alleviate saline—alkaline stress. Additionally, 7519 genes were uniquely upregulated by M4 under
stress, mainly enriched in secondary metabolite biosynthesis, amino acid metabolism, cyanamide
metabolism, and phenylpropanoid biosynthesis. M4 mitigates saline—alkaline stress-induced damage
in Salix linearistipularis seedlings by reducing oxidative damage, enhancing organic acid and amino
acid metabolism, and activating phenylpropanoid biosynthesis pathways to eliminate harmful ROS.
This enhances the seedlings’ tolerance to saline-alkaline stress, providing a basis for studying fungi-
plant interactions under such conditions.

Keywords: saline-alkaline stress; PGPR; GFP; transcriptome analysis

1. Introduction

Soil salinization and alkalinization pose major challenges to global crop production
and ecological restoration [1]. The area of saline-alkaline soils continues to expand due to
human activities and environmental degradation [2]. Excessive salt ions in saline-alkaline
soils are toxic to plants, reducing microbial abundance and soil fertility [3]. The impact of
saline—alkaline stress on plants is multifaceted, affecting the entire plant lifecycle, including
leaf damage, enzyme activity, photosynthesis, and nutrient composition. This stress also
impacts organ development, metabolism, root absorption, and ion utilization [4]. Thus,
exploring effective strategies to mitigate the adverse effects of saline—alkaline stress on
plants is imperative.

Salix linearistipularis mostly grows on the riverside and on saline and alkaline land,
mainly distributed in northeastern China, Russia’s Far East, and Mongolia [5]. It is a
kind of woody plant that is naturally distributed in the saline and alkaline land of the
Songnen Plain of northeastern China. Salix linearistipularis has strong adaptability to saline
soil [5], can be used as a greening afforestation species to improve saline land, and has great
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ecological value. Previous researchers have studied the biological characteristics, saline
tolerance mechanism and root microorganisms of Salix linearistipularis.

Plant growth-promoting rhizobacteria (PGPR) are beneficial microorganisms that have
been shown to induce plant tolerance to abiotic stresses such as drought, salinity, and
nutrient deficiency [6]. Studies have demonstrated that PGPR can increase relative water
content, plant height, leaf-stem ratio, biomass, photosynthetic pigments, and nutrient
content, thereby improving plant tolerance to saline-alkaline stress [7]. PGPR produce
various growth-regulating substances, such as siderophores and hydrogen cyanide, which
enhance salt tolerance [8,9]. They also regulate plant hormone concentrations, such as
indole-3-acetic acid, auxins, salicylic acid, and gibberellins, to promote growth [10]. Addi-
tionally, PGPR enhance the activities of antioxidants such as POD, SOD, APX, and CAT,
reducing the entry of saline-alkaline components into plant cells [11-13]. Furthermore,
studies have shown that PGPR improve lipid and jasmonic acid metabolism, enhancing
salt tolerance [14,15]. Under saline—alkaline stress, PGPR inoculation alters plant signaling
pathways, inducing systemic resistance to better cope with stress [16].

Trichoderma species, beneficial fungi that promote plant growth and immunity against
plant pathogens, have garnered significant attention [17]. In rhizosphere colonization and
as endophytes, Trichoderma has evolved to communicate with plants, offering hosts a wide
range of benefits [18]. Research indicates that Trichoderma can alleviate the damage caused
by saline-alkaline stress in maize seedlings by modulating soil environments and enzymatic
activities [19]. Liu found that Trichoderma inoculation reduced ROS accumulation in cowpea
tissues, effectively mitigating salt stress [20]. Zhang observed that Trichoderma inoculation
improved cucumber root structure and alleviated the adverse effects of saline-alkaline
stress [21]. Moreover, studies suggest that Trichoderma inoculation can regulate plant
physiological functions, enhance photosynthesis, and improve salt-alkali tolerance [22].
Although previous research has reported the colonization of Trichoderma in various plant
species, the mechanisms by which Trichoderma inoculation enhances Salix linearistipularis
tolerance to saline—alkaline stress remain underexplored. This study further confirms,
through physiological, biochemical, and molecular analyses, that strain M4 enhances
the biosynthesis of lysine, glycine, and other relevant amino acids, as well as organic
acids, carbon metabolism, and antioxidant enzyme activities in stressed seedlings. These
findings contribute to our understanding of plant-microbe interactions under alkaline
stress and propose a potential strategy for mitigating the adverse effects of alkaline stress
on plant growth.

2. Materials and Methods
2.1. Experimental Materials and Design

The two endophytic Trichoderma strains used in this study were isolated from the roots
of Salix linearistipularis and preserved in our laboratory. The seeds of Salix linearistipularis
were collected from the experimental base of Northeast Forestry University in Anda City,
Heilongjiang Province, China (latitude 46°01'-47°01" N, longitude 124°53'-125°55" E). The
seeds were disinfected with 3% sodium hypochlorite for 10 min, washed five times with
deionized water, soaked in deionized water at 25 °C for 12 h, and then placed in petri dishes
for germination at 28 °C for 48 h. The germinated seeds were sown in pots and grown
under natural conditions. After 30 days of growth, the seedlings were inoculated with the
two Trichoderma strains using a root-drenching method [23]. Colonization was observed
at7, 14,21, and 28 days post-inoculation, and the plants were subjected to saline—alkaline
stress (0, 50, 200 mM) using a NaCl:NaySO4:NaHCO3:NayCOj3 solution prepared at a ratio
of 1:9:9:1 [24]. After 30 days of saline—alkaline stress, uniformly mature leaves above the
middle of the stem were selected, with three biological replicates per treatment group,
frozen in liquid nitrogen, and stored at —80 °C for further analysis.
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2.2. Measurement of Physiological Indicators

The contents of malondialdehyde (MDA), soluble sugars (SS), and proline (Pro), as
well as the activities of peroxidase (POD), superoxide dismutase (SOD), catalase (CAT), and
ascorbate peroxidase (APX), were measured using thiobarbituric acid, anthrone colorimetry,
acidic ninhydrin, guaiacol, nitro blue tetrazolium, and micro methods, respectively [25].

2.3. Construction of Transformants and Root Colonization in Salix linearistipularis

The transformants M4-GFP and M5-GFP were constructed using PEG-CaCl, mediated
protoplast transformation [23]. The transformants cake (8 mm) was inserted into sterilized
PDB, at a speed of rotation of 150 r/min, and incubated in a shaker at a constant temperature
of 25 °C for 7 days. The plants were then incubated at a constant temperature of 25 °C for
7 days. The number of spores was counted and diluted to 1 x 10® cfu/mL. Holes were
punched around the inter-roots of the plants, and the fungal solution was evenly poured
on: 21 mL of fungal solution was poured on each pot, three to four plants per pot, and
untreated potted seedlings of the CK group were used as the control. After 20 days of
inoculation, whole roots were washed thoroughly to remove soil and placed on slides for
observation using the LSM 800 laser confocal system to evaluate the colonization status of
the fungal transformants in the roots of Salix linearistipularis.

2.4. Transcriptome Sequencing

RNA from the samples was extracted using the Omega Plant RNA Extraction Kit
according to the manufacturer’s instructions. Each RNA sample’s concentration was
measured using a microspectrophotometer, ensuring all samples had a concentration
greater than 600 ng/pL. Samples meeting the sequencing requirements were frozen and
stored until sequencing.

2.5. Transcriptome Data Analysis

The quality of the raw data was evaluated using the Sanger quality score (Q). Sequenc-
ing results were filtered to remove adapters and low-quality sequences, obtaining clean
reads. These clean reads were further assembled, and redundant reads were removed, to
obtain unigenes. For samples with biological replicates, differential expression analysis be-
tween sample groups was performed using DESeq?2 to obtain differentially expressed genes
(DEGs) between two biological conditions. Post differential analysis, multiple hypothesis
testing correction of the p value was conducted. DEGs were identified with a padj < 0.05
and a |log2 (Fold Change) | > 1. GO function and KEGG pathway enrichment analyses
were performed on the DEGs [26]. The statistical analyses for all tables were performed
using R software (version 4.0.1) and two-tailed paired t-tests; p < 0.05 was considered
statistically significant. Transcriptome data were analyzed on the Metware cloud.

3. Results
3.1. Physiological Changes in Salix linearistipularis Seedlings Inoculated with Two Trichoderma
Strains under Saline—Alkaline Stress

Salix linearistipularis plants, both inoculated and uninoculated with Trichoderma, were
subjected to three saline-alkaline gradients (0, 50, 200 mM). Phenotypic characteristics
(Figure 1a—c) showed that saline-alkaline stress inhibited the growth of Salix linearistipularis
seedlings. However, inoculation with M4 and M5 promoted seedling growth, with M4-
inoculated seedlings exhibiting superior height, root length, and leaf length compared to
those inoculated with M5.

In the absence of saline-alkaline stress, significant differences were observed between
the physiological indicators of M4- and Mb5-inoculated seedlings and the control group
(p <0.05). Under saline-alkaline stress, significant differences of the physiological indi-
cators were observed between the treatment groups and the control (p < 0.05), but not
between the two treatment groups. As saline-alkaline stress increased, the MDA content in
the leaves of all groups also increased (Figure 1d).
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Figure 1. Trichoderma enhances the tolerance of Salix linearistipularis to saline-alkaline stress. (a—c) Phe-
notypes of Salix linearistipularis inoculated or uninoculated with Trichoderma under normal or saline—
alkaline stress conditions. (d) MDA content: malondialdehyde content. (e) Proline content. (f) Sol-
uble sugar content. (g) APX activity: aseorbateperoxidase activity. (h) CAT activity: catalase
activity. (i) POD activity: peroxidase activity. (j) SOD activity: superoxide dismutase activity.
CK: uninoculated with Trichoderma, M4: inoculated with Trichoderma M4, M5: inoculated with
Trichoderma M5. 0 mM, 50 mM, and 200 mM: saline-alkaline stress (0, 50, 200 mM) induced by
NaCl:NaySO4:NaHCO3:NayCOj at a ratio of 1:9:9:1. Data are from three biological repetitions (1 = 3),
means + standard error (SE). Different lowercase letters indicate significant differences among
different treatments (p < 0.05).

The Pro content in the leaves increased with rising saline-alkaline stress across all three
groups (Figure 1e). The soluble sugar content, however, first decreased and then increased,
reaching its lowest point at 50 mM saline-alkaline stress (Figure 1f). Under the same stress
gradient, the Pro and SS contents in the M4 and M5 groups were higher those in the control
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group, with M4 showing the highest levels (Figure le,f). These results suggest that the
presence of Trichoderma enhances the osmotic regulation capacity of Salix linearistipularis.

The study also monitored dynamic changes in physiological indicators in Salix linearis-
tipularis leaves infected with Trichoderma under different saline—alkaline stress gradients.
Under low-concentration stress (50 mM), the activities of APX, CAT, POD, and SOD were
higher compared to non-stress conditions, aiding in the removal of peroxides and free
radicals. At high-concentration stress (200 mM), excessive peroxide accumulation led to
a rapid decrease in the activities of these enzymes. As saline—alkaline stress increased,
the activities of antioxidant enzymes initially increased and then decreased significantly.
Compared to the control, APX, CAT, POD, and SOD activities in the treatment groups were
higher, with M4 showing the highest activities (Figure 1g—j). These findings indicate that
saline—alkaline stress significantly impacts the antioxidant system in Salix linearistipularis,
causing substantial damage to the seedlings. Inoculation with Trichoderma enhances an-
tioxidant enzyme activities, thereby improving the seedlings’ resistance to saline-alkaline
stress, with M4 having a more pronounced effect than M5.

3.2. Colony Morphology of Transformants M4-GFP and M5-GFP and Their Colonization in Salix
linearistipularis Roots

After six generations of subculture, transformants M4-GFP and M5-GFP were trans-
ferred to media containing 15 ug/mL and 20 pug/mL HmB, respectively (Figure 2a,d),
where they grew well and emitted strong green fluorescence under a fluorescence micro-
scope (Figure 2b,e). Using the LSM 800 laser confocal system, colonization of transformants
M4-GFP and M5-GFP in the roots of Salix linearistipularis was observed. After 30 days
of infection, the hyphae had further invaded and spread along the intercellular spaces,
forming a network-like structure, indicating that the fungi had fully colonized the plant
roots (Figure 2¢,f).

Figure 2. Colony morphology and root colonization of Trichoderma transformants. (a,d) Colony
morphology of M4-GFP and M5-GEFP after 3 days on PDA medium. (b,e) Morphology of M4-GFP
and M5-GFP under a fluorescence microscope. (c,f) Colonization of M4-GFP in Salix linearistipularis
roots under normal conditions.

3.3. Differential Gene Expression Analysis

To study the regulatory mechanisms of the superior growth-promoting fungus M4 un-
der saline—alkaline stress in Salix linearistipularis, RNA sequencing analysis was conducted
on leaves of Salix linearistipularis seedlings interacting with Trichoderma M4 under 50 mM
saline—alkaline stress. Differential expression analysis identified significant differentially
expressed genes (DEGs) with FDR < 0.05 and log2 Fold Change > 1.

Without saline-alkaline stress, 10,498 genes were significantly upregulated and 11,981 genes
were significantly downregulated in M4-treated seedlings compared to the control (Figure 3b).
Under saline-alkaline stress, 7163 genes were upregulated, and 4119 genes were significantly
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downregulated compared to the control (Figure 3a). Inoculation with M4 under saline-alkaline
stress led to significant upregulation of 11,051 genes and downregulation of 12,887 genes
compared to the saline-alkaline control (Figure 3c). The expression levels of DEGs were
considerably higher in M4-treated seedlings under saline-alkaline stress compared to the control
(Figure 3d), indicating that M4 plays a significant regulatory role at the transcriptional level in
the saline-alkaline stress response of Salix linearistipularis seedlings.
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Figure 3. The number of DEGs (differentially expressed genes) in different comparison groups.
(a) Volcano plot of DEGs in CK-0 vs. CK-50. (b) Volcano plot of DEGs in CK-0 vs. M4-0. (c) Volcano
plot of DEGs in CK-50 vs. M4-50. (d) Volcano plot of DEGs in CK-0 vs. M4-50.

The Venn diagram shows that M4 inoculation significantly upregulated 3532 genes
that were downregulated under saline-alkaline stress. Additionally, M4 uniquely induced
the upregulation of 7519 genes, enhancing the tolerance of Salix linearistipularis seedlings to
saline-alkaline stress (Figure 4a).

To further understand the growth-promoting mechanisms of Trichoderma M4 under
saline—alkaline stress, GO enrichment analysis was performed on 11,051 upregulated genes
post-M4 inoculation under stress. These genes were mainly enriched in processes such
as chitin biosynthetic process, glucosamine-containing compound biosynthetic process,
aminoglycan biosynthetic process, cellular water homeostasis, cell volume homeostasis,
and water homeostasis, which are associated with plant defense, growth, and metabolism
under saline-alkaline stress. Molecular function analysis revealed an enrichment of various
oxidoreductases, suggesting that M4 may enhance saline—alkaline tolerance by boosting
the plant’s antioxidant system (Figure 4b).

The KEGG results showed that 3532 differentially expressed genes were primar-
ily enriched in biosynthesis of cofactors, the TCA cycle, valine, leucine, and isoleucine
biosynthesis, biotin metabolism, carbon metabolism, biosynthesis of amino acids, inositol
phosphate metabolism, and the oxidative phosphorylation pathway (Figure 4c). These
metabolic pathways are crucial for Salix linearistipularis’s response to saline—alkaline stress.
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M4 uniquely induced the upregulation of 7519 genes under saline—alkaline stress.
These DEGs were enriched in KEGG pathways including biosynthesis of other secondary
metabolites, lysine biosynthesis, glycine, serine, and threonine metabolism, cyanoamino
acid metabolism, and phenylpropanoid biosynthesis (Figure 4d). These results suggest that
these compounds may act as multifunctional signaling molecules, regulating the expression
of stress-related genes and increasing antioxidant enzyme synthesis, thereby enhancing
plant stress resistance.
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Figure 4. RNA-Seq analysis of Salix linearistipularis seedlings inoculated with or without M4 under
normal or saline-alkaline stress conditions. (b) GO analysis of 11,051 upregulated genes in CK-50
vs. M4-50. (c¢) KEGG enrichment analysis of genes in the overlapping portion of the Venn diagram
described in (a). (d) KEGG enrichment pathways of 7519 uniquely upregulated DEGs in CK-50 vs.
M4-50. KEGG: Kyoto Encyclopedia of Genes and Genomes.

3.4. Photosynthetic Gas Exchange Parameters and Carbon Assimilation-Related Gene
Expression Levels

To further investigate the effects of M4 inoculation on the tolerance of Salix linearistip-
ularis to saline—alkaline stress, we studied photosynthesis in Salix linearistipularis leaves.
Compared with CK-50, the Pn and Ci of M4-50 significantly increased by 66.70% and
13.18%, respectively (p < 0.05). Tr and Gs significantly decreased by 63.04% and 38.65%, re-
spectively (p < 0.05) (Figure 5a—d). Transcriptome data (Figure 5f) indicated that, compared
with CK-0, 21 differentially expressed genes related to the Calvin cycle (including Rubisco,
PGK, GAPD, TP1, ALDO, TK, R5PI, and PRK) were upregulated in plants inoculated with
M4 under 50 mM saline—alkaline stress. Consistent results were obtained from qRT-PCR
analysis of genes in the Calvin cycle (Figure 5e).
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Figure 5. Effects of M4 inoculation on photosynthetic characteristics and expression of Calvin
cycle-related genes in Salix linearistipularis leaves under saline-alkaline stress. (a) Net photosyn-
thetic rate (Photo); (b) transpiration rate (Trmmol); (c) conductance to H,O (Cond); (d) inter-
cellular CO; concentration (Ci); (e) qRT-PCR analysis of Calvin cycle-associated genes in mock-
inoculated or M4-inoculated seedlings under saline-alkaline stress. (f) Calvin cycle-related genes
transcriptional heat map. RuBP: Ribulose-1,5-bisphosphate, Rubisco: ribulose-1,5-bisphosphate
carboxylase/oxygenase, PG: 2,3-phosphoglycerate, ATP: adenosine triphosphate, ADP: adenosine
diphosphate; PGK: phosphogly-cerate kinase, BPG: 1,3-phosphoglycerate, GAPD: glyceraldehyde-3-
phosphate dehydrogenase, NADPH: reduced nicotinamide adenine dinucleotide phosphate, NADP*:
oxidation nicotinamide adenine dinucleotide phosphate, G3P: glyceraldehyde 3-phosphate, TPI:
triosephosphate isomerase, DHAP: dihydroxyacetone phosphate, ALDO: fructose-bisphosphate
aldolase, SBP: sedoheptulose-1,7-bisphosphate, SBPase: sedoheptulose-1,7-bisphosphatase, S7P:
sedoheptulose7-phosphate, TK: transketolase, R5P: ribose 5-phosphate, R5PI: ribose-5-phosphate
isomerase, RUSP: ribulose-5-phosphate, PRK: ribulose-5-bisphosphate kinase. Note: The data in
Figure 5 are from three replicates (n = 3) and are shown as means + standard error (SE). Different
lowercase letters indicate significant differences (p < 0.05).

3.5. Response of Lysine Metabolic Pathway to Saline Stress

Lysine, as a multifunctional signaling molecule, can regulate the expression of stress-
resistant genes in plants, promote the activation of cytochrome oxidase, and increase the
synthesis of antioxidant enzymes, thereby enhancing plant stress resistance. Transcriptome
data related to lysine synthesis genes (Figure 6a) showed that, under saline-alkaline
stress, compared with the control group, the M4 inoculation treatment group exhibited
significant upregulation trends in one AK (Cluster-91,577.0), three ASD (Cluster-99,885.1,
Cluster-99,885.2, Cluster-115,615.6), and five LLDA (Cluster-26,368.10, Cluster-26,368.8,
Cluster-26,368.6, Cluster-97,713.0, Cluster-26,368.2) clusters. The expression levels of lysine-
related genes between inoculated and non-inoculated seedlings under saline-alkaline stress
further supported this finding (Figure 6b).
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map; (b) gRT-PCR analysis of lysine metabolism-associated genes in mock-inoculated or M4-inoculated
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as means =+ standard error (SE). Different lowercase letters indicate significant differences (p < 0.05).

3.6. Response of the Antioxidant System to Saline—Alkaline Stress

Under saline—alkaline stress, M4 inoculation significantly reduced the MDA content
in Salix linearistipularis seedlings compared to the uninoculated group (Figure 1a), while in-
creasing the activities of SOD, POD, CAT, and APX, indicating that M4 alleviated oxidative
damage induced by saline-alkaline stress (Figure 1g—j). Transcriptome analysis also showed
that M4 regulated the expression of several antioxidant enzyme-related genes. Overall, M4
inoculation increased antioxidant enzyme activities, reducing oxidative damage in Salix
linearistipularis seedlings under saline—alkaline stress (Figure 7).

Antioxidant system

| ASAGSH cydle \
1O, MDIA Asa GssG.
%
3 1 9
HO ASA DHA Gsit

Figure 7. Expression profiles of genes related to the antioxidant system. SOD: Superoxide dismutase,
CAT: catalase, APX: ascorbate peroxidase, MDHAR: monodehydroascorbate reductase, DHAR: dehy-
droascorbate reductase, GR: glutathione reductase. Note: The data in Figure 7 are from three replicates
(n = 3) and represent means + standard error (SE).

4. Discussion

Analysis of physiological changes and transcriptomic data in Salix linearistipularis
leaves under saline-alkaline stress confirms that inoculation with Trichoderma can en-
hance the tolerance of Salix linearistipularis to alkaline conditions. Trichoderma inoculation
improves the physiological and biochemical responses of Salix linearistipularis to saline—
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alkaline stress, promoting plant growth and providing a physiological basis for enhancing
the stress tolerance of symbiotic plants.

4.1. Effects of Trichoderma on Photosynthesis of Salix linearistipularis under
Saline—Alkaline Stress

Photosynthesis parameters are important indicators for assessing plant growth and resis-
tance. Under saline-alkaline stress, photosynthesis is hindered, the photosynthetic rate decreases,
and plant growth and development are inhibited [27,28]. Additionally, saline-alkaline stress
restricts water absorption by plant roots, and reduced or closed stomatal apertures lead to a
decreased transpiration rate [29]. Under 50 mM saline-alkaline stress, the net photosynthetic
rate of Salix linearistipularis leaves inoculated with M4 was significantly higher than that of CK,
with a decreasing trend in transpiration rate and stomatal conductance and a slight increase
in intercellular CO, concentration. This suggests that M4 inoculation alleviated the adverse
effects of saline-alkaline stress on the photosynthesis of Salix linearistipularis leaves, enhancing
the photosynthetic rate. Meanwhile, Trichoderma colonization in the roots of Salix linearistipularis
stimulated adventitious root formation and elongation of Salix linearistipularis roots, enhancing
water absorption efficiency and improving the salt-alkaline tolerance of the Salix linearistipularis
seedlings. The observed increase in intercellular CO, concentrations may be due to the im-
proved interaction between stomatal and non-stomatal factors influenced by M4 inoculation, as
further confirmed by transcriptome data and related studies demonstrating that PGPR promotes
plant growth under stress by improving photosynthesis [30].

4.2. Effects of Trichoderma Inoculation on ROS Accumulation and Osmotic Regulation in Salix
linearistipularis under Saline—Alkaline Stress

Plants can produce osmotic regulators as a self-defense mechanism under stress. They
can generate high levels of osmoprotectants such as soluble sugars, soluble proteins, and
proline to maintain osmotic pressure and reduce cell water loss [31]. Under stress condi-
tions, accumulated proline and soluble sugars act as low-molecular-weight antioxidants,
detoxifying stress-induced toxicity and aiding in cellular osmotic regulation [32]. Tran-
scriptome studies have also revealed that, under salt stress conditions, the presence of
PGPR significantly improved water status, membrane integrity, and the expression of
genes related to the accumulation of osmotic regulatory substances in rice [33]. PGPR
enhances plant salt tolerance by secreting these osmotic regulatory substances [34]. Consis-
tent with our findings, the levels of soluble sugars and proline increased gradually with the
intensification of saline—alkaline stress, and plants accumulated these osmotic regulatory
substances to maintain normal cell water potential, thereby ensuring normal cell growth.
Compared with the control group, the SS and Pro content in the two microbial treatment
groups increased, with M4 showing the most significant growth-promoting effect. This
indicates that M4 enhanced the salt-alkaline tolerance of Salix linearistipularis by regulating
the levels of related substances.

Malondialdehyde (MDA) is a product of lipid peroxidation and serves as a critical
indicator for assessing cell membrane permeability and integrity [35]. It is commonly used to
reflect the degree of cell membrane damage. Studies have shown that, under saline-alkaline
stress, the molar concentration of MDA in leaves significantly increases [36,37]. This study
also observed a significant upward trend in MDA content with increasing concentrations of
saline—alkaline stress (Figure 1d), indicating that a large amount of reactive oxygen species
(ROS) accumulated in the leaves under stress. This ROS accumulation exacerbated membrane
lipid peroxidation and severely damaged the cell membrane structure. This damage is likely
due to the increased Na* content in leaves under saline-alkaline stress, disrupting ion balance
and causing osmotic stress in the membrane system, thereby destabilizing the cell membrane
structure. Compared with the control group, the overall MDA content in the leaves of Salix
linearistipularis significantly decreased after inoculation with endophytic Trichoderma. Neshat
et al. also found that the MDA content in plants significantly decreased after inoculation with
plant growth-promoting rhizobacteria (PGPR) [38]. This suggests that high concentrations
of saline-alkaline stress severely damage cell membranes and structure, triggering oxidative
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stress responses in plants. Inoculation with endophytic Trichoderma alleviates this damage to
some extent, promoting plant growth and reducing cell membrane damage.

Higher plants have evolved specialized detoxification pathways to protect themselves
from ROS toxicity, including pathways involving detoxifying enzymes such as catalase
(CAT), superoxide dismutase (SOD), peroxidase (POD), and ascorbate peroxidase (APX),
as well as the ascorbate-glutathione (ASA-GSH) cycle [31]. Previous studies have shown
that plant cells can inhibit the accumulation of harmful intracellular ROS concentrations
through an antioxidant defense system composed of enzymatic and non-enzymatic ROS
scavengers [39]. During the early stages of stress, the activity of antioxidant enzymes in
plants significantly increases [40], but under prolonged saline-alkaline stress, the activity
of these enzymes tends to decrease [41]. Studies have found that, with prolonged stress,
the activities of POD, CAT, SOD, and APX initially increase and then decrease [42,43].
This study confirmed this view, showing that, with increasing saline-alkaline stress con-
centrations, antioxidant enzyme activities initially increased and then decreased. Under
low-concentration saline-alkaline stress, antioxidant enzyme activities increased to scav-
enge peroxides and free radicals. However, under high-concentration saline-alkaline stress,
the accumulation of peroxides became too great, causing a rapid decline in enzyme activi-
ties and resulting in significant damage to Salix linearistipularis seedlings. Therefore, plants’
adaptive mechanisms involve increasing antioxidant enzyme activity under mild oxidative
stress, but this response may be inhibited under severe oxidative stress [44].

Using PGPR has been proven to be an effective strategy to enhance plant salt tolerance,
but its mechanisms are rarely reported. PGPR can enhance plant salt tolerance by scav-
enging ROS [45]. Studies have found that, under saline-alkaline stress, inoculation with
plant growth-promoting rhizobacteria such as Bacillus subtilis, Enterobacter aerogenes, and
Pseudomonas aeruginosa enhanced the activities of SOD, APX, and GPX in plants. These
rhizobacteria mitigate the adverse effects of salinity and osmotic stress by regulating an-
tioxidants [46,47]. Consistent with the above findings, the activities of various antioxidant
enzymes increased in all treatment groups after Trichoderma inoculation. The transcriptome
data from this study show that genes related to antioxidant enzymes were expressed under
saline—alkaline stress with M4 inoculation. We speculate that Trichoderma enhances the
ability of plants to resist adverse conditions by increasing the efficient collaboration of
antioxidants and antioxidant enzymes within the plants.

4.3. Molecular Mechanisms of Trichoderma’s Growth-Promoting Effects on Salix linearistipularis
under Saline—Alkaline Stress

The expression changes of differential genes in response to abiotic stress are markers
of plants’ responses to stress signals. In this study, under 50 mM saline-alkaline stress, M4
inoculation led to the upregulation of 11,051 genes in Salix linearistipularis. M4 enhanced
plant salt tolerance by activating complex molecular pathways, including those involved in
the biosynthesis of various secondary metabolites, lysine, valine, leucine, and other amino
acids, carbon metabolism, inositol phosphate metabolism, oxidative phosphorylation, cyanate
metabolism, and phenylpropanoid biosynthesis. Previous research has revealed the critical
role of amino acid biosynthesis-related pathways under stress conditions [48]. Among these,
lysine metabolism plays a significant role in stress responses. Lysine is primarily catabolized
via the saccharopine pathway, which has been shown to function in both abiotic and biotic
stress responses. Furthermore, LKR/SDH expression increases under salt and osmotic stress,
and downstream metabolites are enhanced. In Arabidopsis, the transcriptional memory
induced by repeated salt stress depends on elevated lysine levels [49]. In plants, trimethylation
of lysine 4 on histone H3 (H3K4me3) and acetylation of lysine 9 on histone H3 (H3K%ac) are
closely associated with transcriptional activation [44,50]. Lysine and branched-chain amino
acid degradation transfer electrons to the mitochondrial respiratory chain via ETFQO. Lysine
can also be converted into N-hydroxypipecolic acid, acting as an immune signal [51-54].
Therefore, lysine metabolism is crucial for plants to withstand saline-alkaline stress. The
process of oxidative phosphorylation within cells contributes to enhancing plant salt-alkaline
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tolerance [55]. Moreover, significant annotations in amino acid biosynthesis, carbon glucose
synthesis, and oxidative phosphorylation pathways indicate the high metabolic capacity
of Escherichia coli Rs-35 cells in saline environments [56]. These significantly enriched
metabolic pathways are closely related to the ROS scavenging system, osmotic regulation
in plants, and various amino acid-mediated salt-alkaline response pathways. Thus, it is
hypothesized that, under saline-alkaline stress, M4 mitigates damage to Salix linearistipularis
seedlings by modulating ROS scavenging, amino acid levels, and secondary metabolites like
phenylpropanoids, thereby enhancing their ability to resist adverse conditions.

5. Conclusions

Physiological and transcriptomic analyses of the leaves of Salix linearistipularis inocu-
lated with endophytic Trichoderma strains under different saline stress conditions demon-
strated that M4 and M5 reduce MDA content and significantly increase osmotic regulators
and antioxidant enzyme activities, mitigating saline-alkaline stress. The physiological and
transcriptomic analyses showed that M4-inoculated plants responded faster to saline stress
than M5-inoculated plants. Transcriptome analysis further revealed that M4-inoculated
plants mainly responded to saline—alkaline stress by enriching pathways related to sec-
ondary metabolite biosynthesis, amino acid biosynthesis, carbon metabolism, phospho-
inositol metabolism, and oxidative phosphorylation. These pathways are closely linked to
ROS scavenging, osmotic regulation, and amino acid-mediated stress responses in Salix
linearistipularis seedlings. At this point, it is important to highlight that, although no bio-
chemical tests were conducted, the transcriptomic analyses provide valuable insights into
the growth-promoting mechanisms associated with Trichoderma.
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