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Abstract


A major Chinese woody oil plant with unsaturated-fatty-acid-rich seeds for biodiesel and edible oil, Xanthoceras sorbifolium tolerates drought but not waterlogging; salicylic acid (SA), a key stress response signal, is inexpensive, safe, and effective for enhancing stress tolerance. Two-year-old saplings of Xanthoceras sorbifolium were used as materials. They were sprayed with 0.5 mmol·L−1 SA for 3 days (based on prior studies), and then waterlogged for 10 days; physiological and transcriptomic data were collected. SA significantly increased height, diameter, and root dry weight by 392.6%, 450.0%, and 242.4% compared to water control; enhanced osmotic regulatory substances, antioxidant enzyme activities, secondary metabolites, and root activity; and reduced malondialdehyde content and relative electrical conductivity by 23.40% and 148.7%. SA-enhanced antioxidant defense correlated with synergistic transcriptional regulation. Transcriptome analysis showed that SA up-regulated key enzyme genes involved in flavonoid synthesis, such as PAL and 4CL, and regulated hormone signal transduction-related genes such as SAUR and DELLA. Key transcription factor genes were also screened, mainly including members of the MYB, bHLH, and ERF families. SA alleviated waterlogging damage. Meanwhile, this study provides valuable insights into the molecular basis of the response to waterlogging stress regulated by salicylic acid, and offers important theoretical and practical significance for the promotion and cultivation of Xanthoceras sorbifolium in rainy southern regions of China.
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1. Introduction


Xanthoceras sorbifolium Bunge (family Sapindaceae) is a deciduous small tree or shrub native to northern China and an important woody oilseed plant. Its roots, stems, leaves, flowers, and fruits all have significant medicinal value and can be used as herbal medicines. They exhibit various bioactivities such as anti-inflammatory and antiviral effects. A series of products, including oil, medicine, food, tea and health supplements, have been developed from Xanthoceras sorbifolium [1,2]. As an excellent economic and ecological tree species, it possesses high economic, ecological, and ornamental value, showing broad application prospects [3]. It can grow in different soil types such as rocky mountains, loess hills, calcareous alluvial soils, and fixed sand dunes, with strong adaptability and drought resistance, but it is not tolerant to waterlogging [4,5]. Notably, most Sapindaceae members, such as Koelreuteria paniculata [6] and Litchi chinensis [7], are sensitive to water stress, with root hypoxia significantly inhibiting their growth and development. However, the molecular response mechanisms of this family under waterlogging stress remain unclear. As a representative species of Sapindaceae with both ecological and economic value, studying the waterlogging tolerance of X. sorbifolium is of great significance for understanding the stress adaptation strategies of this family. X. sorbifolium plantations suffer substantial yield losses under water deficit stress, causing significant economic damage to growers [8]. Therefore, exploring the mechanisms underlying waterlogging stress response is of great importance.



Salicylic acid (SA) is a small phenolic compound widely present in plants, with the chemical name o-hydroxybenzoic acid [9,10]. SA is found in willow bark and leaves and is known for its efficacy in relieving joint pain and fever [11]. Besides its medical applications, SA is extensively involved in regulating various physiological and biochemical processes in plants, such as flowering, thermogenesis, stomatal movement, senescence, and autophagy [12]. SA can modulate crosstalk between ethylene (ET) and abscisic acid (ABA) signaling pathways, thereby regulating stomatal closure and root aerenchyma formation to alleviate the inhibition of energy metabolism caused by hypoxia. It also acts as a signaling molecule to initiate plant defense mechanisms, activate immune responses, help plants resist pathogens, and alleviate damage from biotic and abiotic stresses [13,14]. Under waterlogging stress, exogenous SA application can effectively inhibit excessive ROS accumulation, significantly increase antioxidant enzyme activities, and improve leaf photosynthetic efficiency, thereby promoting sapling growth and development by enhancing the activities of antioxidant enzymes such as Peroxidase (POD) and Catalase (CAT) and the contents of secondary metabolites, scavenging excess ROS and reducing stress damage [15,16]. These responses have been verified in mung bean [13], maize [17], peony [18], and cherry [19].



Recent advances in transcriptomics and quantitative real-time PCR (qRT-PCR) have enabled rapid identification of gene expression changes in plants under different physiological conditions [20]. These techniques play a crucial role in analyzing the molecular response mechanisms of plants under stress. Several transcriptome sequencing studies have identified genes related to plant resistance. These genes encode proteins involved in hormone signaling, osmolyte accumulation, membrane permeability, ion transport, and redox reactions [21,22,23]. These findings indicate that genetic and epigenetic changes in gene expression can ultimately enhance plant waterlogging tolerance.



Global climate change has led to a marked increase in extreme rainfall events in southern China in recent years. Field waterlogging caused by short-duration heavy summer rainfall has become a major meteorological constraint on economic forest tree production. Moreover, climate projections suggest that high precipitation levels will persist in this region over the next several decades [24,25]. Waterlogging, as an abiotic stress factor, has become one of the most important adverse conditions restricting normal plant growth and development [26]. Currently, research on Xanthoceras sorbifolium mainly focuses on fruit traits, breeding of superior varieties [27,28], and tolerance to abiotic stresses such as drought, salinity, and cold [29,30], but studies on the effects of waterlogging stress are relatively scarce. Based on the above analysis, we propose the following hypothesis: exogenous SA treatment can activate hormone signaling pathways and secondary metabolic pathways in X. sorbifolium, reshape the gene expression network, thereby enhancing antioxidant defense capacity, maintaining cell membrane stability, and ultimately alleviating growth inhibition and oxidative damage caused by waterlogging stress. To test this hypothesis, this study systematically elucidates the regulatory mechanisms of exogenous SA on the physiological responses and gene expression of X. sorbifolium seedlings under waterlogging stress through physiological and biochemical index determination combined with transcriptome sequencing.




2. Materials and Methods


2.1. Plant Materials, Waterlogging Treatment, and Sample Collection


Xanthoceras sorbifolium seeds were collected in August 2022 from Yancheng Forest Farm, Jiangsu Province (33°35′ N, 120°15′ E). In December of the same year, they were subjected to low-temperature stratification. (A method for breaking seed dormancy is to mix seeds with moist sand and store them at low temperature, simulating winter conditions to promote embryo development and prepare for germination. Specifically, the seeds are mixed with sand that has a moisture content of about 60%, and the mixture is stored at 4 °C). In February of the following year, seeds were soaked to accelerate germination. After germination, they were sown in non-woven bags filled with a substrate of peat:vermiculite:perlite = 1:1:1 (v:v:v). The substrate contained 183.31 g·kg−1 organic matter, 5.99 g·kg−1 total nitrogen, and had a pH of 5.84. In May 2024, the saplings were transplanted into plastic pots (upper diameter 17.9 cm, bottom diameter 14.7 cm, height 18.8 cm). After two months of acclimatization, the experiment was started. The experiment was conducted in July 2024 in an outdoor plastic greenhouse at Nanjing Forestry University, Nanjing, China. No artificial climate control equipment was used during the experiment; all environmental conditions depended on the natural climate. Daily meteorological records for July 2024 were obtained from the Nanjing Meteorological Bureau/China Meteorological Data Service Centre (CMA). The environmental parameters inside the greenhouse during the experimental period (1–13 July 2024) are summarized in (Supplementary Table S5).



In July 2024, the uniformly growing two-year-old saplings without pests or diseases were selected for the waterlogging experiment. Three treatments were set up: (1) continuous spraying of distilled water for three days followed by normal water management (CK); (2) continuous spraying of distilled water for three days followed by waterlogging treatment (W); (3) continuous spraying of 0.5 mmol·L−1 salicylic acid for three days followed by waterlogging treatment (SA). Saplings were sprayed once a day. To enhance leaf adhesion, 0.04% Tween-80 was added to the spray solution. The spraying amount was such that droplets formed on the leaf surface but did not drip (about 20 mL). Spraying was performed in the evening, after sunset. Three days later, waterlogging treatment was started by maintaining a water level about 2 cm above the soil surface. Water was replenished daily to maintain waterlogging. Each treatment had 30 pots (replicates), giving a total of 90 pots. Three saplings per treatment were randomly selected and labeled for subsequent growth measurements. For physiological and biochemical determinations, nine pots were randomly selected from the remaining 27 pots per treatment. The leaves from every three pots were pooled and mixed to constitute one sample, resulting in three biological replicates per treatment. Sampling was performed after 10 days of waterlogging. Healthy, mature leaves from the same position of saplings (excluding the labeled ones) were collected. Leaves were first rinsed with tap water to remove surface contaminants, then washed 2–3 times with distilled water, and finally blotted dry with absorbent paper. The collected leaves were mixed and stored at −80 °C for subsequent physiological and biochemical assays.




2.2. Growth Parameter Measurement


One day before treatment and 10 days after treatment, the height and ground diameter of labeled saplings were measured using a tape measure and a vernier caliper, respectively, and the increments were calculated. Leaf morphology was photographed to compare differences. After 10 days of treatment, the biomass of labeled saplings was determined. The cleaned saplings were separated into aboveground and belowground parts, placed in an oven (FD115, BINDER, Tuttlingen, Germany), killed at 105 °C for 30 min, and then dried at 80 °C to constant weight. The dry weights of aboveground and belowground parts were then measured using an electronic balance.




2.3. Physiological Index Measurement


2.3.1. Relative Water Content (RWC)


This was determined according to Xu et al. [31]. Fresh leaves (0.5 g) were immersed in deionized water for 24 h until saturated. After blotting surface water, saturated fresh weight was recorded. Samples were oven-dried at 105 °C to constant weight. RWC (%) = (fresh weight − dry weight)/(saturated fresh weight − dry weight) × 100%.




2.3.2. Root Vigor


This was measured using the TTC method [32]. Root samples (0.2 g) were incubated with 0.4% TTC (Shanghai Aladdin Biochemical Technology Co., Ltd., Shanghai, China) at 37 °C in the dark for 3 h. After adding ethyl acetate (Shanghai Aladdin Biochemical Technology Co., Ltd., Shanghai, China), samples were ground and extracted. Absorbance at 485 nm (UVmini-1240, Shimadzu Instruments Co., Ltd., Suzhou, China) was measured, and TTC reduction was calculated from a standard curve. Results: μg·g−1·h−1.




2.3.3. Malondialdehyde (MDA)


This was determined using the TBA (Shanghai Aladdin Biochemical Technology Co., Ltd., Shanghai, China) method [33]. Root samples (0.2 g) were homogenized in 5 mL 10% TCA (Shanghai Aladdin Biochemical Technology Co., Ltd., Shanghai, China). After centrifugation, 2 mL supernatant was mixed with 2 mL 0.67% TBA and heated in a boiling water bath for 15 min. After cooling and centrifugation, absorbance at 532 and 600 nm was measured. MDA was calculated using an extinction coefficient of 155 mM−1·cm−1. Results: μmol·g−1.




2.3.4. Relative Electrolyte Conductivity (REC)


This was determined according to Xing et al. [34]. Fresh leaves were washed, blotted dry, and cut into ~1 cm2 pieces. Leaf segments (0.5 g) were placed in 20 mL deionized water and incubated at room temperature for 24 h. Leaching solution conductivity (L1) was measured using a DDS-307 meter (Shanghai INESA Scientific Instrument, Shanghai, China). Samples were boiled for 30 min, cooled, and total conductivity (L2) was measured. REC (%) = L1/L2 × 100%.




2.3.5. Soluble Sugar (SS)


This was determined using the anthrone method [35]. Fresh leaves (0.2 g) were extracted with 5 mL deionized water in a boiling water bath for 20 min. After cooling and filtration, the filtrate was brought up to 10 mL. An aliquot (1 mL) was mixed with 4 mL anthrone reagent (Shanghai Aladdin Biochemical Technology Co., Ltd., Shanghai, China) and heated for 10 min. Absorbance at 630 nm was measured. Standard curve: glucose (Shanghai Aladdin Biochemical Technology Co., Ltd., Shanghai, China) (0–200 μg·mL−1, y = 0.007x + 0.0304, R2 = 0.9967). Results: mg·g−1.




2.3.6. Soluble Protein (SP)


This was determined using the Coomassie brilliant blue G-250 method [35]. Fresh leaves (0.2 g) were homogenized in 5 mL phosphate buffer (pH 7.8) on ice. After centrifugation at 4 °C, 0.1 mL supernatant was mixed with 5 mL staining solution, then was left to stand for 2 min, and absorbance at 595 nm was measured. Standard: BSA (Shanghai Macklin Biochemical Co., Ltd., Shanghai, China) (y = 0.007x + 0.0643, R2 = 0.9964). Results: mg·g−1.




2.3.7. Proline (Pro)


This was determined using the acidic ninhydrin method [36]. Fresh leaves (0.5 g) were extracted with 5 mL 3% sulfosalicylic acid (Shanghai Aladdin Biochemical Technology Co., Ltd., Shanghai, China) in a boiling water bath for 15 min. After cooling and filtration, the filtrate was brought up to 5 mL. An aliquot (2 mL) was mixed with 2 mL glacial acetic acid (Shanghai Aladdin Biochemical Technology Co., Ltd., Shanghai, China) and 2 mL acidic ninhydrin (Shanghai Aladdin Biochemical Technology Co., Ltd., Shanghai, China) reagent, and heated for 30 min. After cooling, 4 mL toluene (Shanghai Aladdin Biochemical Technology Co., Ltd., Shanghai, China) was added, shaken for 30 s, and the upper phase was collected. Absorbance at 520 nm was measured. Standard: proline.




2.3.8. Superoxide Dismutase (SOD) and Peroxidase (POD)


Crude enzyme extracts were prepared according to Wassie et al. [37]. Fresh leaves (0.5 g) were homogenized in 5 mL 50 mmol·L−1 phosphate buffer (pH 7.8, 1% PVP) on ice, then centrifuged at 4 °C, 12,000 r·min−1 for 20 min.



SOD: NBT photoreduction method. Reaction mixture contained NBT (Shanghai Macklin Biochemical Co., Ltd., Shanghai, China), riboflavin (Shanghai Aladdin Biochemical Technology Co., Ltd., Shanghai, China), and methionine (Shanghai Aladdin Biochemical Technology Co., Ltd., Shanghai, China). After illumination, absorbance at 560 nm was measured. One unit (U) = 50% inhibition of NBT photoreduction. Results: U·g−1.



POD: Guaiacol method. Reaction mixture contained guaiacol (Shanghai Aladdin Biochemical Technology Co., Ltd., Shanghai, China) and H2O2 (Shanghai Aladdin Biochemical Technology Co., Ltd., Shanghai, China). Absorbance at 460 nm was monitored for 3 min. One unit (U) = ΔOD460 0.01·min−1. Results: U·g−1·min−1.




2.3.9. Total Flavonoid


This was determined using the aluminum nitrate method [38] with slight modifications. Dried leaf powder (0.5 g) was defatted by Soxhlet extraction (Jiangsu Huida Medical Instruments, Jiangsu, China) with petroleum ether (Shanghai Titan Scientific Co., Ltd.,Shanghai, China). After evaporation, the residue was extracted with 4 mL methanol (Shanghai Macklin Biochemical Co., Ltd., Shanghai, China) by ultrasonication (Ningbo Xinzhi Biotechnology Co., Ltd., Ningbo Cjina) at 60 °C for 30 min (×3). Combined extracts were brought up to 15 mL. An aliquot (0.2 mL) was mixed with 5% NaNO2 (Shanghai Aladdin Biochemical Technology Co., Ltd., Shanghai, China), 10% Al(NO3)3 (Shanghai Aladdin Biochemical Technology Co., Ltd., Shanghai, China), and 4% NaOH (Shanghai Aladdin Biochemical Technology Co., Ltd., Shanghai, China). Absorbance at 510 nm was measured. Standard: rutin (Shanghai Aladdin Biochemical Technology Co., Ltd., Shanghai, China). Content (mg·g−1 DW) = (C × V × D)/W, where C = concentration (mg·mL−1), V = 15 mL, D = dilution factor, W = dry weight (g).




2.3.10. Total Saponin


This was determined using the vanillin–glacial acetic acid method [39] with slight modifications. Dried leaf powder (0.5 g) was extracted with methanol by ultrasonication at 70 °C for 20 min (×3). Combined extracts were brought to 15 mL. An aliquot (1 mL) was mixed with 0.5 mL vanillin–glacial acetic acid (Shanghai Macklin Biochemical Co., Ltd., Shanghai, China) and 5 mL perchloric acid (Shanghai Aladdin Biochemical Technology Co., Ltd., Shanghai, China), and was heated at 70 °C for 15 min. After cooling, absorbance at 560 nm was measured. Standard: ginsenoside Rg1 (Shanghai Macklin Biochemical Co., Ltd., Shanghai, China). Content (%) = (C × V)/(m × 1000) × 100%, where C = concentration (mg·mL−1), V = 15 mL, m = sample mass (g).



All indices were determined with three biological and three technical replicates. Data: mean ± SD. Equipment details: Supplementary Table S4.





2.4. RNA Extraction, Transcriptome Sequencing, and Library Construction


RNA extraction, transcriptome sequencing, and cDNA library construction were completed by Hangzhou Lianchuan Biotechnology Co., Ltd(Hangzhou Chin). Total RNA was extracted using TRIzol reagent (Invitrogen, Carlsbad, CA, USA), and libraries were constructed using the NEBNext Ultra RNA Library Prep Kit following the manufacturer’s protocol. The libraries were sequenced on the Illumina NovaSeq™ X Plus platform (LC-Bio Technology CO., Ltd., Hangzhou, China) (2 × 150 bp). Raw reads were filtered and quality-controlled using Cutadapt v1.9 and FastQC v0.11.9. Clean reads were mapped to the reference genome using HISAT2 v2.2.1, and transcripts were assembled with StringTie v2.1.6. DEGs were identified using DESeq2 (v1.52.0) and edgeR (v4.10.1) (FDR < 0.05, |fold change| ≥ 2). Functional enrichment was analyzed by GO (http://www.geneontology.org/) and KEGG (v115.1) (p < 0.05), and GSEA was performed using MSigDB (v2025.1). Alternative splicing events were detected with rMATS v4.1.1, and SNP/InDel variants were annotated with ANNOVAR (v20211019).




2.5. Quantitative Real-Time PCR (qRT-PCR) Analysis


To validate the transcriptome sequencing results, 15 randomly selected genes were analyzed. RNA reverse transcription was performed using the Evo M-MLV RT Mix Kit (Aikrekang Biotechnology Co., Ltd., Wuhan, Hubei, China). Using the Actin gene as the internal reference, amplification primers were designed on the NCBI website and are listed in the Supplementary Materials (Supplementary Table S1). The RNA-seq reads were aligned to the Xanthoceras sorbifolium reference genome (GigaDB: 10.5524/100606) using HISAT2 (v2.2.1). Primer synthesis was completed by Nanjing Bioengineering Co., Ltd (Nanjing, China). qRT-PCR was performed using the SYBR Green Premix Pro Taq HS qPCR Kit (Rox Plus) (Aikrekang Biotechnology Co., Ltd., Wuhan, Hubei, China). The relative expression levels of each gene were calculated using the 2−ΔΔCt method [14].




2.6. WGCNA


To integrate physiological traits with transcriptomic changes, an exploratory weighted gene co-expression network analysis (WGCNA v1.68) was performed. The FPKM matrix was transformed using log2(FPKM + 1). Genes with FPKM > 1 in at least three samples were retained, and the top 5000 genes with the highest variance were used for network construction. A signed weighted co-expression network was constructed using a soft-thresholding power of 16. The topological overlap matrix (TOM) was calculated, and gene modules were identified by hierarchical clustering with a minimum module size of 30. Module eigengenes were correlated with physiological traits, including root activity, RWC, MDA, REC, SOD, POD, soluble sugars, proline, total flavonoid content, and total saponin content. Hub genes were screened based on module membership and gene significance. Considering the limited number of RNA-seq samples, this WGCNA was used as an exploratory co-expression analysis to identify candidate modules and genes for further validation.




2.7. Statistical Analysis


To ensure data accuracy, at least three replicates were set for each treatment. Microsoft Excel 2019 (Microsoft, Washington, DC, USA) was used to calculate means and standard errors. SPSS version 27.0 (IBM, New York, USA) was used for Duncan’s multiple range test to assess the significance of differences among means (p < 0.05). Graphs were drawn using Origin 2025 (OriginLab, Northampton, MA, USA).





3. Results


3.1. Growth Physiological Analysis


3.1.1. Growth Parameters


Waterlogging severely affected the leaves of Xanthoceras sorbifolium saplings. However, exogenous SA partially alleviated the damage caused by waterlogging. saplings in the W treatment group (waterlogging alone) exhibited obvious symptoms of waterlogging injury, such as yellowing, wilting, and even abscission (Figure 1A). In contrast, saplings in the SA treatment group (SA + waterlogging) showed only partial yellowing. This indicates that exogenous SA had an ameliorative effect on Xanthoceras sorbifolium saplings under waterlogging stress.



Waterlogging stress significantly inhibited the growth of Xanthoceras sorbifolium saplings, while exogenous SA promoted their growth under waterlogging. Compared with the CK group, the height increment, ground diameter increment, aboveground dry weight, and below ground dry weight of saplings in the W group were significantly reduced by 84.9%, 90.0%, 34.8%, and 75.4%, respectively. In contrast, the corresponding values in the SA group were reduced by only 24.5%, 45.4%, 9.90%, and 15.6%, respectively (Figure 1B–E). SA treatment increased the plant height increment, ground diameter increment, shoot dry weight, and root dry weight by 392.6%, 450.0%, 38.1%, and 242.4%, respectively, relative to the W group. These results indicate that exogenous SA partially alleviated waterlogging damage, promoting plant height, ground diameter growth and biomass accumulation.




3.1.2. Effects of Exogenous SA on Leaf Relative Water Content and Root Activity of Xanthoceras sorbifolium Saplings Under Waterlogging Stress


Waterlogging stress significantly reduced leaf RWC and root activity of Xanthoceras sorbifolium saplings, while exogenous SA increased these parameters under waterlogging. Compared with CK, leaf RWC and root activity in the W group were significantly decreased by 24.1% and 69.2%, respectively. In contrast, the decreases in the SA group were only 13.6% and 23.7%, respectively (Figure 2A).




3.1.3. Effects of Exogenous SA on Membrane Lipid Peroxidation and Antioxidant Protective Enzymes of Xanthoceras sorbifolium Saplings Under Waterlogging Stress


Under waterlogging stress, MDA content and REC in leaves of the W group increased significantly, by 73.1% and 558.8%, respectively, compared with CK. This indicates that waterlogging caused severe damage to the leaf membrane system of Xanthoceras sorbifolium. However, in the SA group, MDA content and REC were reduced by 23.4% and 59.8%, respectively, compared with the W group, indicating that exogenous SA alleviated the membrane damage caused by waterlogging (Figure 2B).



Under waterlogging stress, SOD and POD activities in Xanthoceras sorbifolium saplings increased significantly, by 30.5% and 16.6%, respectively, compared with CK. In the SA group, SOD and POD activities were increased by 80.7% and 55.7%, respectively, compared with CK. This indicates that exogenous SA alleviated waterlogging damage by enhancing the activities of antioxidant protective enzymes (Figure 2B).




3.1.4. Effects of Exogenous SA on Osmoregulatory Substances of Xanthoceras sorbifolium Saplings Under Waterlogging Stress


Compared with CK, the contents of SS, SP, and Pro in leaves of the W group increased significantly by 138.4%, 20.9%, and 39.5%, respectively. In contrast, compared with CK, the SS, SP, and Pro contents in the SA group increased by 227.2%, 52.6%, and 129.1%, respectively. Compared with the W group, SA treatment significantly increased SS, SP, and Pro by 37.2%, 26.2%, and 64.2%, respectively (Figure 2C). The changes in SS and Pro were greater than that in SP, indicating that SS and Pro play a major role in osmotic regulation.




3.1.5. Effects of Exogenous SA on Secondary Metabolite Contents of Xanthoceras sorbifolium Saplings Under Waterlogging Stress


Under waterlogging stress, the contents of secondary metabolites in Xanthoceras sorbifolium saplings increased significantly. Compared with CK, total flavonoid and total saponin contents in leaves of the W group increased significantly by 14.2% and 23.5%, respectively. In the SA group, total flavonoid and total saponin contents were significantly higher than in the W group, increasing by 53.7% and 56.2%, respectively, compared with CK (Figure 2D). These results indicate that exogenous SA can increase secondary metabolite contents of Xanthoceras sorbifolium under waterlogging stress, enhance its antioxidant capacity, and thereby improve its tolerance to waterlogging.





3.2. Transcriptome Analysis


3.2.1. Transcriptome Sequencing Statistics and Quality Assessment


Using the Illumina high-throughput sequencing platform, RNA sequencing was performed on Xanthoceras sorbifolium samples from CK, SA, and W treatments, and a total of nine cDNA libraries were successfully constructed. After quality control, the average numbers of clean reads for CK, SA, and W were 36,707,751, 37,315,495, and 46,441,009, respectively. After aligning the clean reads of each sample to the Xanthoceras sorbifolium reference genome, the total mapping rates were above 79.54%, with unique mapping rates ranging from 74.05% to 77.22%, indicating good alignment quality. In addition, the Q30 values were all above 97.58%, and GC contents ranged from 43.5% to 44.0%, indicating low sequencing error rates and good overall data quality suitable for subsequent analysis. These data are listed in the Supplementary Materials (Supplementary Table S2).




3.2.2. Differential Expression Analysis of Genes in Xanthoceras sorbifolium Under Different Treatments


Differential expression analysis was performed based on FPKM values, with thresholds of |log2FC| ≥ 1 and FDR < 0.05. A total of 2800 DEGs were identified across the two comparison groups (Supplementary Table S3), of which 534 were commonly differentially expressed in both groups (Figure 3A). Specifically, between SA and W, there were 1589 DEGs, including 936 up-regulated and 653 down-regulated genes (Figure 3B); between W and CK, there were 1745 DEGs, including 884 up-regulated and 861 down-regulated genes (Figure 3C).




3.2.3. GO Functional Annotation and Enrichment Analysis of DEGs Between Different Treatments


GO functional annotation was performed on 2800 differentially expressed genes (DEGs), and the results were categorized into three ontologies: biological process (BP), cellular component (CC), and molecular function (MF) (Figure 4A). Within the BP category, DNA-templated transcription (GO:0006351) annotated the highest number of DEGs (162), followed by oxidation–reduction process (GO:0055114) and defense response (GO:0006952), with 117 and 113 DEGs, respectively. In the CC category, plasma membrane (GO:0005886) annotated the most DEGs (443), followed by membrane (GO:0016021) and membrane part (GO:0016020). In the MF category, DNA-binding transcription factor activity (GO:0003700) annotated the highest number of DEGs (179), followed by protein serine/threonine kinase activity (GO:0004674) and kinase activity (GO:0016301), with 118 and 97 DEGs, respectively.



The common GO term most significantly enriched (by p-value) in both the SA_VS_W and W_VS_CK comparisons was plasma membrane, with 258 and 270 DEGs and Rich factors of 0.13 and 0.14, respectively. In the SA_VS_W comparison, the GO term with the highest Rich factor was glucan exo-1,3-beta-glucosidase activity (4 DEGs, Rich factor = 1.0) (Figure 4B). In the W_VS_CK comparison, the GO terms with the highest Rich factor were cadinene biosynthetic process and (+)-delta-cadinene synthase activity (7 DEGs each, Rich factor = 0.7 for both) (Figure 4C).




3.2.4. KEGG Enrichment Analysis of DEGs Between Different Treatments


The KEGG pathway enrichment analysis revealed clear differences between the two comparison groups but also overlapping enrichment patterns. In the SA vs. W group, the plant–pathogen interaction pathway was most significantly enriched, with 58 DEGs annotated (Rich factor = 0.21); the zeatin biosynthesis pathway had the highest Rich factor (0.29), containing 5 DEGs (Figure 5A). In the W vs. CK group, the phenylpropanoid biosynthesis pathway was most significantly enriched (48 DEGs, Rich factor = 0.22); the glucosinolate biosynthesis pathway had the highest Rich factor (0.38), containing 6 DEGs (Figure 5B). Notably, 13 pathways were commonly enriched in both comparison groups, including plant hormone signal transduction, phenylpropanoid biosynthesis, and flavonoid biosynthesis, suggesting that these pathways play core roles in both waterlogging adaptation and SA-mediated regulation.




3.2.5. Expression of Enzyme Genes Involved in the Flavonoid Biosynthesis Pathway


Based on KEGG enrichment analysis (|log2FC| > 1 and FDR ≤ 0.05), the phenylpropanoid biosynthesis and flavonoid biosynthesis pathways were integrated (Figure 6). Overall, waterlogging (W) compared with CK caused a widespread down-regulation trend in this pathway, involving key enzyme genes: two PAL, one C4H, one 4CL, one HCT, one CHS, one CHI, one DFR, one F3H, one F3′H, three FLS, and one LDOX. At the same time, a few homologs of 4CL (XS12G05504), F3′H (XS07G17240), and FLS (XS12G05800, XS12G05799) were specifically up-regulated. In SA compared with W, one PAL, one HCT, one 4CL, three FLS, and one F3′H were significantly up-regulated, while one F3′H homolog (XS07G17240) was significantly down-regulated.



To verify the accuracy of the RNA-seq data, nine DEGs were randomly selected for qRT-PCR analysis. The results showed that the relative expression levels measured by qRT-PCR were generally consistent with the changing trends of the FPKM values obtained from RNA-seq, thereby confirming the reliability of the sequencing results (Figure 7), To further validate the reliability of the RNA-seq data, we performed a Pearson correlation analysis between the RNA-seq FPKM values and the qRT-PCR relative expression levels (2−∆∆CT) for the selected differentially expressed genes (Supplementary Figure S1).




3.2.6. Expression of Plant Hormone Signal Transduction Pathway-Related Genes


Based on the KEGG enrichment analysis (|log2FC| > 1, FDR ≤ 0.05), plant hormone signal transduction was identified as a key pathway in response to waterlogging (W) and salicylic acid (SA) treatments. Compared with the control (CK), the W treatment induced 43 DEGs (18 up/25 down) in this pathway; compared with the W treatment, the SA treatment involved 45 DEGs (24 up/21 down), among which 17 DEGs were differentially expressed in both comparison groups. Taking the auxin signaling pathway as an example, there were 11 DEGs in the W/CK comparison group and 8 DEGs in the SA/W comparison group. Compared with CK, the W treatment up-regulated three ARF and two SAUR genes, and down-regulated AUX1, IAA, ARF, two GH3, and one SAUR gene. Compared with the W treatment, the SA treatment up-regulated one GH3 gene and down-regulated three IAA and four SAUR genes. Detailed information on differentially expressed genes in the other hormone signaling pathways (cytokinin, gibberellin, abscisic acid, ethylene, brassinosteroid, jasmonic acid, and salicylic acid) is listed (Figure 8). Collectively, these results indicate that multiple plant hormones coordinate to transmit stress signals and participate in the response of Xanthoceras sorbifolium to waterlogging stress, and these related genes may play important roles in this process.




3.2.7. Transcription Factor Expression Analysis


Transcription factors among the 2800 DEGs were predicted using the PlantTFDB database (E-value ≤ 1.0 × 10−5). A total of 187 differentially expressed transcription factors belonging to 37 families were identified. Among them, the bHLH, ERF, MYB, WRKY, and NAC families had the highest numbers, accounting for 11.8%, 11.2%, 10.7%, 10.2%, and 8.6% of the total TFs, respectively (Figure 9A).



Expression levels of the top five TF families were statistically analyzed (Figure 9B). Compared with CK, waterlogging (W) induced equal numbers of up- and down-regulated members in the bHLH family; in the ERF family, 3 members were up-regulated and 10 down-regulated; in WRKY and MYB, 7 were up-regulated and 4 were down-regulated; in NAC, 8 were up-regulated and 2 were down-regulated.



SA treatment generally reversed the expression direction of some genes that were down-regulated under W stress. For example, bHLH members (XS10G03572, XS07G18381), ERF members (XS01G00997, XS02G10748), MYB members (XS10G01826, XS13G07043), WRKY members (XS03G11151, XS03G11012), and NAC members (XS02G08970, XS10G02731) that were down-regulated under W stress were significantly up-regulated after SA treatment, indicating a broad activation effect of SA on these stress-related TF families. Some genes, such as MYB member (XS01G00737) and WRKY member (XS02G10359), were continuously up-regulated under both treatments (Figure 9B).



Six differentially expressed transcription factors were selected for qRT-PCR validation. The relative expression levels of these six TFs determined by qRT-PCR were generally consistent with the RNA-seq, confirming the reliability of the transcriptome data (Figure 9C).





3.3. WGCNA


To further link transcriptomic changes with physiological responses, an exploratory WGCNA was performed using the top 5000 genes with the highest expression variance. A signed co-expression network was constructed with a soft-thresholding power of 16 (Figure 10A). Based on hierarchical clustering and dynamic tree cutting, these genes were classified into 28 co-expression modules, among which the turquoise, blue, brown, and yellow modules contained the largest numbers of genes, with 768, 503, 432, and 419 genes, respectively (Figure 10B).



The module–trait correlation analysis revealed several modules closely associated with physiological responses to waterlogging and SA treatment (Figure 11). The turquoise module showed strong positive correlations with stress injury indicators, including REC (r = 0.96) and MDA (r = 0.92), but a strong negative correlation with root activity (r = −0.96), suggesting that this module may represent a waterlogging-injury-associated transcriptional program. In contrast, the midnight blue module was positively correlated with root activity (r = 0.93) and negatively correlated with REC (r = −0.93) and MDA (r = −0.89), indicating its potential involvement in root recovery and membrane stability. Modules associated with antioxidant defense and secondary metabolism were also identified. The dark grey module was positively correlated with POD activity (r = 0.91), SOD activity (r = 0.90), total flavonoid content (r = 0.91), total saponin content (r = 0.92), and proline content (r = 0.92). Similarly, the red module was positively correlated with total flavonoid content (r = 0.84), SOD activity (r = 0.82), and POD activity (r = 0.82). These results suggest that SA-mediated enhancement of antioxidant capacity and secondary metabolite accumulation is closely associated with specific co-expression modules. Candidate genes related to SA signaling, flavonoid biosynthesis, hormone signaling, and transcriptional regulation were located within these trait-associated modules. For example, PR1 (XS03G11758) was located in the dark grey module, NPR1 (XS12G05313) was located in the red module, FLS (XS12G05800) was located in the green-yellow module, and HCT (XS08G19038) was located in the salmon module. In addition, CRE1 (XS06G16851), AHP (XS04G13106), WRKY, ERF, bHLH, and MYB family genes were also identified in modules associated with antioxidant activity, flavonoid accumulation, root activity, or membrane stability. These findings indicate that SA-mediated waterlogging tolerance may involve coordinated regulation of defense signaling, hormone signaling, flavonoid biosynthesis, and antioxidant responses.





4. Discussion


4.1. Effects of Exogenous SA on the Physiology of Xanthoceras sorbifolium Saplings Under Waterlogging Stress


The root system is a key organ for water and nutrient uptake and plays an important role in plant growth and development. However, waterlogging stress inhibits root growth and development, thereby hindering normal plant growth [40]. Studies have shown that under abiotic stress, wheat root activity decreases significantly, while exogenous SA significantly increases ATP content and H+-ATPase activity in the roots, as well as the relative water content in leaves [41]. In our experiment, exogenous SA treatment significantly alleviated the effects of waterlogging, as shown by smaller decreases in leaf RWC and root activity. SA may improve water retention and root function in Xanthoceras sorbifolium saplings under waterlogging by maintaining root physiological activity, improving water uptake and transport efficiency, or enhancing cell membrane stability and osmotic adjustment capacity.



MDA content and REC are important indicators for evaluating the degree of membrane lipid peroxidation and plant stress tolerance [42]. After waterlogging stress, ROS accumulate massively in plants, causing adverse effects [7]. Studies have shown that under waterlogging stress, leaf MDA content increases significantly, the membrane system is damaged, REC increases, and SOD and POD activities gradually increase with prolonged waterlogging. Exogenous SA can significantly reduce ROS accumulation, increase antioxidant enzyme activities, and promote sapling growth, as verified in waxy maize (Zea mays L.) and cucumber (Cucurbita pepo) [17,43]. In our experiment, waterlogging stress caused significant oxidative damage to leaves of Xanthoceras sorbifolium saplings, manifested by sharp increases in MDA content and REC. This suggests that the cell membrane system was damaged, and the plant activated its own antioxidant defense mechanism, with adaptive increases in SOD and POD activities. Exogenous SA alleviated this damage, significantly reducing MDA accumulation and membrane permeability while increasing SOD and POD activities. SA more efficiently activated the antioxidant enzyme system in Xanthoceras sorbifolium saplings, enhancing ROS scavenging capacity, reducing membrane lipid peroxidation, and maintaining cell membrane stability. Therefore, enhancing antioxidant defense is likely an important physiological mechanism by which SA improves waterlogging tolerance in Xanthoceras sorbifolium.



Under water stress conditions, plants accumulate osmoregulatory substances (such as SS, SP, and Pro) to maintain cell membrane stability, lower osmotic potential, and enhance osmotic adjustment, thereby ensuring normal physiological processes [44]. Significant accumulation of key osmoregulatory substances like soluble sugars, soluble proteins, and proline is a typical physiological adaptation strategy of plants to cope with water and osmotic imbalance. These substances help maintain cell turgor and stabilize membrane structures and protein functions, thus alleviating physiological dehydration caused by stress [45]. Our study found that under waterlogging stress, the levels of soluble sugars, soluble proteins, and proline were significantly increased by SA treatment, consistent with previous reports [46,47]. Both SS and Pro increased markedly under SA treatment; SS showed the greatest relative change, while Pro more than doubled (from 19.33 to 44.28 μg/g). These findings suggest that both are key osmolytes in SA-induced osmotic regulation, and that Pro may contribute as much as SS to osmotic balance, with their co-accumulation likely providing synergistic protection against osmotic stress. Exogenous SA treatment significantly enhanced the accumulation of all three substances, possibly by strengthening stress perception and response through signaling regulation, and by more efficiently mobilizing carbon and nitrogen metabolism to promote the biosynthesis and accumulation of osmoregulatory substances.



Flavonoids and saponins are two major classes of secondary metabolites in plants and play extremely important roles in growth, development, and stress adaptation [48,49]. Under waterlogging stress, maize saplings increase their total flavonoid content to enhance antioxidant capacity and thereby improve stress tolerance [50]. Appropriate water stress can increase the saponin content in American ginseng (Panax quinquefolius) [51]. Our study showed that exogenous SA treatment further increased the levels of both secondary metabolites. SA, as a key defense signal molecule, may synergistically amplify waterlogging-induced secondary metabolism by regulating the phenylpropanoid and terpenoid metabolic pathways, efficiently synthesizing flavonoids and saponins with antioxidant and protective functions [52,53]. The significant increase in secondary metabolite contents under SA treatment likely strengthens the plant’s own antioxidant capacity, representing an important physiological mechanism by which SA alleviates stress damage and enhances waterlogging tolerance.




4.2. Effects of Exogenous SA on the Transcriptome of Xanthoceras sorbifolium Saplings Under Waterlogging Stress


Flavonoids are important secondary metabolites widely present in various plant tissues and play key roles in environmental adaptation and stress resistance [54]. PAL, C4H, 4CL, and CHS are key enzyme genes in the flavonoid biosynthesis pathway, regulating and controlling the biosynthesis of secondary metabolites [55]. In plants, SA is mainly synthesized via the isochorismate (ICS) and phenylalanine (PA) pathways, and chorismate can be converted to phenylalanine through multiple steps. The phenylalanine pathway shares common reaction steps with the flavonoid synthesis pathway, indicating potential synergistic regulation between SA and flavonoid synthesis [56,57]. Related studies have shown that exogenous SA significantly promotes flavonoid production in blueberry leaves, with significant up-regulation of enzyme genes involved in flavonoid synthesis [58]. In Tartary buckwheat (Fagopyrum tataricum), SA treatment significantly increased total flavonoid content in grains and up-regulated key enzyme genes (PAL, CHS, F3H, etc.), indicating that exogenous SA induces the expression of key enzyme genes in the flavonoid synthesis pathway, thereby promoting flavonoid accumulation [59]. In our study, compared with the W treatment, SA-treated Xanthoceras sorbifolium saplings under waterlogging stress showed significantly increased total flavonoid content and up-regulated expression of enzyme genes in the flavonoid synthesis pathway, including PAL (XS04G12999), 4CL (XS09G20500), FLS (XS12G05800, XS02G09863), F3′H (XS07G17185), and HCT (XS08G19038). In conclusion, these genes may be key targets through which SA regulates flavonoid accumulation in Xanthoceras sorbifolium saplings under waterlogging stress, thereby promoting total flavonoid accumulation.



Exogenous SA treatment can promote an increase in endogenous SA content, thereby enhancing plant tolerance to abiotic stress and reducing negative impacts on growth and development. NPR1 is a key regulator in SA-mediated plant defense responses. WRKY18 is an SA-induced transcription factor that specifically recognizes the W-box element in the NPR1 promoter and positively regulates NPR1 expression, and exogenous SA further enhances this regulation [60,61]. In our study, exogenous SA treatment significantly induced the up-regulation of NPR1 (XS12G05313), WRKY18 (XS02G10359), and PR1 (XS03G11758) in Xanthoceras sorbifolium. The up-regulation of these genes may promote endogenous SA accumulation, thereby enhancing tolerance to waterlogging stress. Previous studies have shown that SA spraying can increase endogenous IAA, GA and CTK contents and decrease ABA content, thereby improving plant tolerance [62]. In our study, IAA synthesis-related SAUR and GA synthesis-related DELLA were significantly up-regulated under waterlogging stress but down-regulated under SA treatment; CTK synthesis-related CRE1 and AHP were significantly down-regulated under waterlogging stress but up-regulated under SA treatment. By modulating the expression of these key hormone-related genes, SA may promote increases in endogenous IAA, GA, and CTK contents, thereby enhancing waterlogging tolerance. ERF1/2 are important members of the ethylene response factor family (AP2/ERF family) and play key roles in stress responses, growth, development, and fruit ripening. Previous studies have shown that the ethylene (ET) signaling pathway is an important pathway for plant resistance, playing a significant role in drought tolerance, cold tolerance, and antiviral defense [63]. In our study, the ERF1/2 gene (XS01G00997) in the ET signaling pathway was significantly down-regulated under waterlogging stress but up-regulated under SA treatment. Exogenous SA treatment significantly induced the expression of the BR signaling pathway genes BRI1 and TCH4 and the JA signaling pathway gene MYC2 in maize, promoting JA and BR biosynthesis and increasing their contents, thereby enhancing stress responses [64]. In our study, BRI1 (XS05G15375) in the BR pathway and MYC2 (XS07G18381) in the JA pathway were significantly down-regulated under waterlogging stress but up-regulated under SA treatment, indicating that exogenous SA may increase JA and BR contents in Xanthoceras sorbifolium, thereby enhancing waterlogging tolerance.



Related studies have shown that MYB transcription factors are key regulators of flavonoid biosynthesis, with dual regulatory roles (positive or negative) [65]. For example, overexpression of MYB6 in poplar (Populus tomentosa) increased anthocyanin and proanthocyanidin contents in Arabidopsis [66], while overexpression of VvMYB5b in tomato (Solanum lycopersicum L.) reduced the flavonoid content [67]. bHLH family genes can directly bind to the DFR promoter, triggering anthocyanin accumulation [68]. Members of the ERF, WRKY, and NAC families have also been shown to be involved in flavonoid synthesis [69,70,71]. In our study, seven MYB, five bHLH, eight ERF, five WRKY, and four NAC family transcription factors showed opposite expression trends between W and SA treatments. These TFs may act as positive or negative regulators to co-regulate flavonoid synthesis in Xanthoceras sorbifolium under SA treatment. Therefore, we hypothesize that the key TFs regulating SA-mediated flavonoid biosynthesis under waterlogging stress are MYB, MYB_related, bHLH, ERF, WRKY, and NAC. These TFs may act as positive or negative regulators to promote or inhibit the expression of flavonoid pathway genes, thereby regulating flavonoid accumulation and the response to waterlogging stress.




4.3. WGCNA Uncovers Salicylic Acid-Driven Co-Expression Networks Linking Antioxidant Physiology and Transcriptional Regulation Under Waterlogging Stress


Phytohormone salicylic acid (SA) has been widely reported to play a critical role in enhancing plant tolerance to various abiotic stresses. WGCNA further supported the physiological–transcriptomic association underlying SA-mediated waterlogging tolerance [72]. The dark grey and red modules showed strong positive correlations with POD activity, SOD activity, and total flavonoid content, suggesting that the enhancement of antioxidant defense under SA treatment is closely linked to coordinated transcriptional regulation. Notably, genes involved in SA signaling, including PR1 (XS03G11758) and NPR1 (XS12G05313), together with WRKY, ERF, bHLH, and MYB transcription factors, were identified in trait-associated modules, implying that SA signaling and transcription factor-mediated regulation may act upstream of antioxidant and secondary metabolic responses. This is mechanistically similar to the finding that WRKY1 regulates PR1-mediated immune balance against biotic stress [73].



The turquoise module showed strong positive correlations with MDA and REC but a negative correlation with root activity, suggesting that this module may represent a transcription program associated with waterlogging injury. In contrast, the midnight blue and salmon modules were positively correlated with root activity and negatively correlated with MDA and REC, indicating their potential involvement in root physiological recovery and membrane protection. Notably, hormone signaling-related genes CRE1 (XS06G16851) and AHP (XS04G13106) were present in the midnight blue module. Previous studies have indicated that CRE1-dependent cytokinin signaling may regulate root development by modulating flavonoid synthesis and auxin polar transport [74]. Thus, maintenance of cytokinin signaling may play an important role in root recovery under waterlogging stress, although whether SA directly regulates the CRE1–AHP signaling pathway remains to be determined.



Furthermore, the WGCNA results helped explain the differential flavonoid accumulation observed under waterlogging and SA treatments. Waterlogging alone induced a modest increase in the total flavonoid content, which may represent a basal stress response. In contrast, SA treatment more strongly activated flavonoid accumulation and placed flavonoid-related genes such as FLS and HCT into modules associated with antioxidant activity and membrane stability. This finding is mechanistically similar to the study by Xie et al. [75] in Litsea coreana, in which WGCNA also identified modules highly correlated with flavonoid content and revealed transcription factors (e.g., R2R3-MYB, NAC) and key enzyme genes (e.g., PAL, CHI) as potential hub genes. In addition, in poplar [76], the flavonoid biosynthesis and glutathione metabolism pathways were significantly enriched under stress, with increased activities of antioxidant enzymes (POD, CAT) and accumulation of proline contributing positively to stress adaptation. Therefore, SA-induced flavonoid biosynthesis may be interpreted as a secondary defense mechanism, cooperating with enzymatic antioxidants such as POD and SOD to alleviate oxidative damage.




4.4. Limitations and Future Perspectives


This study was conducted under controlled greenhouse conditions with uniform soil and constant flooding, which may not fully reflect field complexity. The limited RNA-seq sample size also restricts the statistical power of WGCNA; therefore, the identified modules are correlative, not causal. Future field trials should evaluate SA dose and timing under ridge–furrow or rain-fed conditions, incorporating yield traits. The candidate genes PR1 and FLS are potential targets for CRISPR/Cas9 knockout or overexpression to enhance waterlogging tolerance. Multi-omics integration and stable transformation are further needed to validate the SA–NPR1–TF–antioxidant network. These efforts will provide a molecular basis for breeding waterlogging-tolerant Xanthoceras sorbifolium and offer insights into stress tolerance in woody oilseed crops.





5. Conclusions


In this study, based on growth and physiological analyses, treatment with 0.5 mmol·L−1 salicylic acid significantly increased the contents of osmotic regulatory substances (such as soluble sugars), antioxidant enzyme activities (such as superoxide dismutase), and secondary metabolite contents (such as total flavonoids) in Xanthoceras sorbifolium saplings under waterlogging stress. It also significantly reduced malondialdehyde content and relative electrical conductivity. Moreover, leaf wilting, yellowing, and overall plant growth were markedly improved, indicating that exogenous salicylic acid effectively alleviated the damage caused by waterlogging stress in Xanthoceras sorbifolium. Based on transcriptomic analysis, key enzyme genes involved in the flavonoid biosynthesis pathway were screened, mainly including PAL, 4CL, HCT, F3′H, and FLS. Key genes involved in the plant hormone signal transduction pathway were also identified, including SAUR, CRE1, AHP, DELLA, ERF1/2, BRI1, MYC2, and PR1. In addition, key transcription factor genes were screened, mainly including members of the MYB, bHLH, ERF, WRKY, and NAC families. These genes showed significantly differential expression between the two comparison groups, suggesting that they may be key genes mediating the alleviating effect of salicylic acid on waterlogging stress in Xanthoceras sorbifolium.
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Figure 1. Effects of different treatments on the growth and biomass accumulation of Xanthoceras sorbifolium saplings. (A) Phenotype of Xanthoceras sorbifolium sapling; (B) increment of sapling height; (C) increment of ground diameter; (D) shoot dry weight; (E) root dry weight. Values are means ± SD (n = 3). Bars indicate SD. Different lowercase letters indicate significant differences among treatments (p < 0.05). 
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Figure 2. Physiological indicators of Xanthoceras sorbifolium saplings under different treatments. (A) Relative water content and root vigor; (B) malondialdehyde content, relative electrolyte conductivity, superoxide dismutase activity, peroxidase activity; (C) soluble sugar content, soluble protein content, proline content; (D) total flavonoid content, total saponin content. Values are means ± SD (n = 3). Bars indicate SD. Different lowercase letters indicate significant differences among treatments (p < 0.05). 
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Figure 3. Differential gene expression plot. (A) Differential gene UpSet plot. The x-axis (bottom dots) denotes distinct comparison sets (not a continuous scale), and the blue bars show the total DEG counts for each group; (B) differential gene volcano map between SA_VS_W; (C) differential gene volcano map between W_VS_CK. 
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Figure 4. GO functional annotation and enrichment analysis of differentially expressed genes. (A) GO functional annotation bar plot; (B) GO enrichment scatter plot of the SA_VS_W comparison group; (C) GO enrichment scatter plot of the W_VS_CK comparison group. 
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Figure 5. KEGG enrichment of the DEGs. (A) KEGG pathway enrichment scatter plot of the comparison of the SA_VS_W groups; (B) KEGG pathway enrichment scatter plot of the comparison of the W_VS_CK groups. 
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Figure 6. Changes in related enzyme gene expression in flavonoid biosynthesis pathway. PAL, phenylalanine ammonia-lyase; C4H, cinnamate-4-hydroxylase; 4CL, 4-coumarate-CoA ligase; CHS, chalcone synthase; CHI, chalcone isomerase; F3H, flavanone 3-hydroxylase; F3′H, flavonoid 3′-hydroxylase; FLS, flavonol synthase; DFR, dihydroflavonol-4-reductase; HCT, shikimate O-hydroxycinnamoyltransferase; LDOX, leucoanthocyanidin dioxygenase. Left panel: W vs. CK; right panel: SA vs. W. Red indicates up-regulation, blue indicates down-regulation. 
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Figure 7. qRT-PCR analysis of genes related to flavonoid biosynthesis pathway. The actin gene was used as the reference gene for normalization; different lowercase letters above the bars indicate significant differences among treatments at p < 0.05 (one-way ANOVA with Tukey’s test). 
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Figure 8. Changes in gene expression in plant hormone signal transduction pathway. (1) Auxin (IAA): including AUX1 (influx carrier), IAA (Aux/IAA repressor), ARF (auxin response factor), GH3 (auxin-amido synthetase), and SAUR (small auxin-up RNA). (2) Cytokinin (CTK): including CRE1 (histidine kinase receptor) and AHP (phosphotransfer protein). (3) Gibberellin (GA): including DELLA (growth repressor). (4) Abscisic acid (ABA): including PYR/PYL (receptor), PP2C (phosphatase), and SnRK2 (kinase). (5) Ethylene (ET): including ETR (receptor), EIN2 (membrane protein), and ERF1/2 (transcription factors). (6) Brassinosteroid (BR): including BRI1 (receptor kinase) and BZR1 (transcription factor). (7) Jasmonic acid (JA): including JAR1 (jasmonate-amino acid synthetase) and MYC2 (transcription factor). 
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Figure 9. Differentially expressed transcription factors (TFs) in Xanthoceras sorbifolium under waterlogging and SA treatments. (A) Statistical analysis of DEGs transcription factors. (B) Analysis of transcription factor expression. (C) qRT-PCR validation of transcription factors. Different lowercase letters indicate significant differences among treatments at p < 0.05 according to Duncan’s multiple range test. 
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Figure 10. WGCNA of physiological and transcriptomic responses. (A) Scale-free topology fit index (left) and mean connectivity (right) as a function of soft threshold power. The blue dashed lines indicate the selected soft threshold power (β = 16). (B) Dendrogram of top 5000 variable genes with module colors. Gene clustering dendrogram and module assignment. Module colors are shown in the color bar below the dendrogram. 
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Figure 11. Heatmap of module–trait correlations (Pearson r/p-values; red means positive, blue means negative). 
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