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ABSTRACT: Soil salinization is a major abiotic stress that hampers plant development and signi�cantly reduces

agricultural productivity, posing a serious challenge to global food security. Akebia trifoliata (�unb.) Koidz, a species

within the genus Akebia Decne., is valued for its use in food, traditional medicine, oil production, and as an ornamental

plant. Curcumin, widely recognized for its pharmacological properties including anti-cancer, anti-neuroin
ammatory,

and anti-�brotic e�ects, has recently drawn interest for its potential roles in plant stress responses. However, its

impact on plant tolerance to saline-alkali stress remains poorly understood. In this study, the e�ects of curcumin

on saline-alkali resistance in A. trifoliata were examined by subjecting plants to a saline-alkali solution containing

150 mmol/L sodium ions (a mixture of Na2SO4, Na2CO3, and NaHCO3). Curcumin treatment under these stress

conditions leads to anatomical improvements in leaf structure. Furthermore,A. trifoliatamaintained a favorableNa+/K+

ratio through increased potassium uptake and reduced sodium accumulation. Biochemical analysis revealed elevated

levels of proline, soluble sugars, and soluble proteins, along with improved activities of antioxidant enzymes such

as superoxide dismutase (SOD), catalase (CAT), and peroxidase (POD). Similarly, the concentrations of hydrogen

peroxide (H2O2) and malondialdehyde (MDA) were signi�cantly reduced. Transcriptome analysis under saline-alkali

stress conditions showed that curcumin in
uenced seven keymetabolic pathways annotated in the Kyoto Encyclopedia

of Genes and Genomes (KEGG) database, with di�erentially expressed unigenes primarily enriched in transcription

factor families such as MYB, AP2/ERF, NAC, bHLH, and C2C2. Moreover, eight di�erentially expressed genes (DEGs)

associated with plant hormone signal transduction were linked to the auxin and brassinosteroid pathways, critical

for cell elongation and plant growth. �ese �ndings indicate that curcumin increases saline-alkali stress tolerance in

A. trifoliata by modulating physiological, biochemical, and transcriptional responses, ultimately supporting improved

growth under adverse conditions.

KEYWORDS: Akebia trifoliate (�unb.) Koidz; anatomic structure; curcumin; non-parametric transcriptome; saline-

alkali stress

1 Introduction

Soil degradation caused by salinization represents one of the most critical abiotic stresses limiting plant

growth and agricultural productivity. Most plant species display low tolerance to saline-alkali conditions

and cannot sustain normal growth in high-salinity environments [1,2]. Globally, saline-alkali soils cover an

estimated 9.54 × 109 km2, and projections suggest that over 50% of arable landmay be a�ected by salinization
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by 2050.�is trendposes a substantial threat to crop development and the long-term sustainability ofmodern

agriculture [2,3]. �e accumulation of salts such as Na2CO3, NaHCO3, NaCl, and Na2SO4 leads to elevated

soil pH and sodium ion (Na+) concentrations (≥40 mmol/L), creating saline-alkali conditions. Under such

stress, plants experience multiple forms of physiological disruption, including ionic imbalance, osmotic

stress, and oxidative damage, o�en resulting in compounded secondary injuries [4,5]. �ese stresses hinder

root development, reduce the absorption of essential micronutrients, and manifest in visible symptoms

such as chlorosis and wilting. Ultimately, such e�ects compromise crop quality and lead to signi�cant yield

losses [6].

Under saline-alkali stress, plants undergo a range of morphological, structural, physiological, and

biochemical adjustments to adapt to adverse environmental conditions [7]. �is type of stress disrupts

normal metabolic activity. It adversely a�ects plant growth, o�en leading to anatomical alterations such

as reduced palisade thickness and spongy mesophyll tissues, ultimately resulting in thinner leaves [8,9].

To cope with osmotic imbalances, plants activate osmoregulatory mechanisms that modulate the uptake

of inorganic ions, including Na+, K+, NO3
−, and Cl−, helping to reestablish cellular turgor and maintain

homeostasis. Adaptation is further facilitated by synthesizing or accumulating osmoregulatory compounds

such as proline, soluble proteins, sugars, and organic acids. �ese substances help lower osmotic potential,

alleviate osmotic pressure, and mitigate damage caused by saline-alkali conditions [4,10,11]. Saline-alkali

stress also disrupts numerous metabolic and systemic processes, leading to oxidative damage. In response,

plants rely on an antioxidant defense system to combat accumulating reactive oxygen species (ROS). Key

enzymes involved in ROS scavenging include superoxide dismutase (SOD), catalase (CAT), and peroxidase

(POD), which work together to mitigate oxidative injury. SOD activity is typically up-regulated �rst to

neutralize superoxide radicals, followed by CAT and POD, which further detoxify hydrogen peroxide

and other ROS [12–14]. Plant hormones also play a crucial role in modulating growth and orchestrating

responses to abiotic stressors, including salinity and alkalinity [15]. Hormones such as abscisic acid (ABA),

brassinosteroids (BRs), melatonin (MT), gibberellic acid (GA), ethylene (ET), auxin (IAA), cytokinins

(CK), salicylic acid (SA), jasmonic acid (JA), and strigolactones (SL) contribute to various aspects of the

stress response [3,16,17]. Among these, ABA is central to the plant’s response to salt stress, promoting

the expression of stress-responsive genes. Saline-alkali conditions stimulate the endogenous synthesis of

ABA, activating pathways that increase stress tolerance [18,19]. Other hormones also respond dynamically

to stress; for instance, exposure to alkaline conditions increases ethylene levels in Arabidopsis, promoting

IAA synthesis, suppressing root elongation, and enhancing [20]. Transcription factors (TFs) are essential

in coordinating gene expression under saline-alkali stress. By binding to speci�c cis-regulatory elements

in gene promoters, TFs regulate the transcription of genes involved in development, tissue di�erentia-

tion, nutrient transport, metabolism, and stress adaptation [21–23]. Several TF families, such as C2H2,

MYB/MYC [18], CBF/DREBl [24], zinc-�nger, AP2/ERF, WRKY, bZIP, MYB [25], C2C2 [26], GRAS-[27],

TIFY [28], Trihelix [29], bHLH, NAC, and FAR1 [30], have been implicated in modulating plant responses

to saline-alkali stress.

Akebia trifoliata (�unb.) Koidz is a perennial woody vine from the Akebia genus, predominantly

distributed across East Asia, including China, Japan, and South Korea. Within China, it is widely found

in northern and southern regions, the Yangtze River Basin, and along the southeastern coastal areas. �e

species holds signi�cant value as a fruit crop, medicinal plant, oil source, and ornamental species, and it also

serves as a model for investigating the evolutionary mechanisms of plant sex di�erentiation [31,32]. Despite

its multifaceted importance, the saline-alkali tolerance of A. trifoliata has not been thoroughly studied. One

e�ective approach tomitigating saline-alkali stress in plants involves the application of exogenous substances.

Commonly used compounds include proline, betaine [33], sugars [34], organic acids, SA, IAA, humic acid,
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Ca2+, selenium [35], NO, γ-aminobutyric acid [36], silicon [37,38], JA [39], lanthanum [40], melatonin [41],

CTK [42], 5-aminolevulinic acid [43], among others. Several of these substances, such as melatonin [44],

JA and IAA [45], SA [46], humic acid [47], selenium [48], silicon [49], and GABA [50], have also been

shown to in
uence plant stress responses bymodulatingDNAmethylation patterns. Curcumin, the principal

bioactive compound extracted from turmeric rhizomes [51], is a known inhibitor of DNAmethylation [52].

It has garnered considerable attention for its therapeutic potential, including anti-cancer, anti-apoptotic,

anti-neuroin
ammatory, and anti-�brotic properties [53]. In plants, curcumin has been demonstrated to

reduce genome-wide DNA methylation levels in maize [53] and chrysanthemum [54], and to promote

early 
owering in chrysanthemum through epigenetic modulation [54]. However, its role in increasing

saline-alkali stress tolerance in plants remains unexplored. �is study investigated the physiological and

molecular mechanisms by which curcumin confers saline-alkali resistance in A. trifoliata. �is was achieved

through an integrated approach combining morphological and anatomical assessments, physiological and

biochemical analyses, and transcriptomic pro�ling of di�erentially expressed genes (DEGs) using non-

parametric methods.

2 Materials and Methods

2.1 Plant Materials

Cuttings of Akebia trifoliata were collected from Dongfeng Farm Administration in Mile City, Yunnan

Province, and transplanted into nutrient bowls (25 cm in diameter × 30 cm in height) containing a

standardized growth substrate. Plants were cultivated in a controlled growth chamber under a 14-h light/10-h

dark photoperiod, at temperatures of 28○C (day) and 23○C (night), with relative humidity maintained at

65%. Each pot received 500 mL of Hoagland’s nutrient solution (pH 6.5) every seven days. To prepare the

saline-alkali treatment, stock solutions of Na2SO4, Na2CO3, and NaHCO3 were prepared in distilled water

at concentrations of 1, 1, and 2 mol/L, respectively. �ese were mixed in equal volumes (1:1:1) and diluted

with distilled water to yield a �nal Na+ concentration of 150 mmol/L and a pH of 8.5, simulating saline-

alkali stress conditions. Healthy and disease-free A. trifoliata cuttings were selected and transplanted into

white plastic containers (120 cm × 40 cm × 30 cm; length × width × height), with four plants per container.

Each nutrient bowl received 2 L of the prepared saline-alkali solution. �e leaves of the treated plants were

sprayed with curcumin solutions at concentrations of 0, 200, 400, or 800 µmol/L. �ese treatments were

designated CUR0, CUR200, CUR400, and CUR800, respectively. Plants that received neither saline-alkali

solution nor curcumin treatment were the negative control. All treatments were applied once every seven

days. On day 28, leaves numbered 10 to 20 were harvested for analysis. Samples were either immediately used

for experiments or rapidly frozen in liquid nitrogen and stored at −80○C. All treatments were conducted

with four biological replicates.

2.2 Determination of A. trifoliate Morphological Indicators

Plant height was measured using tape, while stem diameter was recorded 2 cm above the soil surface

using vernier calipers. A�er carefully removing the plants from the substrate, both above-ground and below-

ground parts were rinsed with water and air-dried at room temperature, a�er which their fresh weights

were determined.

2.3 Preparation of Para�n Sections of A. trifoliate Roots, Stems, and Leaves

�e middle lea
et of the tenth compound leaf from A. trifoliata plants was excised and immediately

�xed in Formaldehyde-Acetic Acid-Ethanol (FAA) solution. Fixed tissues were dehydrated sequentially in

increasing concentrations of ethanol (75%, 85%, 95%, and 100%) for 2 h. For tissue clearing, samples were
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treated successively with a 1:1 mixture of absolute ethanol and xylene (1.5 h), followed by a 1:2 ethanol:

xylene solution (1.5 h), and �nally with pure xylene for 5 min and then again for 1 h. �e cleared tissues

were in�ltrated with molten para�n wax at 58○C, embedded in fresh para�n blocks, arranged neatly,

cooled rapidly, and sectioned using amicrotome.�e para�n sections were dewaxed using Environmentally

Friendly Transparent Dewaxing Liquid I and II (20 min each), followed by sequential washes in absolute

ethanol (15 and 5 min) and 75% ethanol (5 min). Sections were stained with toluidine blue for 2 h, brie
y

di�erentiated in a graded ethanol series (50%, 70%, and 80%) for 3–8 s each, and counterstained with solid

green.�e stained sections were examined under a NIKON ECLIPSE E100 light microscope (Nikon, Japan),

and images were captured and analyzed using the NIKON DS-U3 imaging system.

2.4 Measurement of Physiological and Biochemical Indicators of A. trifoliate

Potassium (K+) content was determined using the Nessler reagent–sodium tetraphenylborate (TPB)

spectrophotometric method. Samples were �rst incinerated to a white-gray ash, then soaked in 20% (v/v)

aqueous ethanol for 30 min and �ltered. �e �ltrate was diluted with double-distilled water (ddH2O) to

a �nal volume of 50 mL. From this, 2.0 mL of the sample solution was mixed with 2.0 mL of 3% TPB,

2.0 mL of sodium tetraborate bu�er (pH 9.0), and 5.0 mL of 10% glycerol. �e mixture was brought to

25 mL with ddH2O, and absorbance was measured at 420 nm [55]. Sodium (Na+) content was measured

using the bromocresol green spectrophotometric method. A�er ashing the sample to a white-gray residue,

1 mL of bromocresol green was added, followed by ddH2O to a �nal volume of 10 mL. �en, 5 mL of 0.4%

chloroformwas added, themixture was shaken for 1min, and the absorbance of the organic phase was read at

410 nm [56]. Proline content was assessed using the acid ninhydrin colorimetric method [57], H2O2 content

using the titanium sulphate colorimetric method [57], while soluble protein content was quanti�ed using the

Coomassie Brilliant Blue assay [58]. Soluble sugar content was determined using the sulfuric acid–phenol

method [59]. Antioxidant enzyme activities were evaluated as follows: SOD activity using the nitroblue

tetrazolium (NBT) photoreduction method, POD activity using the guaiacol—H2O2 colorimetric method,

and CAT activity by UV absorption [59]. MDA content was quanti�ed using the thiobarbituric acid (TBA)

method [60].

2.5 Transcriptome Sequencing

Leaves from the control, CUR0, and CUR200 treatments were collected a�er 28 days for transcriptome

analysis, with three biological replicates per group. Total RNAwas extracted fromA. trifoliata leaves using the

TRIzol method. RNA concentration and purity were assessed using a NanoDrop 2000 spectrophotometer,

integrity was evaluated via agarose gel electrophoresis, and RNA integrity number (RIN) values were

determined with the Agilent 2100 Bioanalyzer. Polyadenylated RNA (mRNA) was then enriched from the

total RNA using oligo(dT)-conjugatedmagnetic beads and fragmented into approximately 300 bp fragments

using a fragmentation bu�er. First-strand cDNA synthesis was carried out using the fragmented mRNA as

a template, followed by second-strand synthesis. �e resulting double-stranded cDNA was puri�ed, end-

repaired, and A-tailed at the 3′ ends to facilitate adapter ligation. A�er ligation, the cDNA fragments were

size-selected and ampli�ed via PCR to construct the �nal libraries. Library quality was assessed using the

Agilent 2100Bioanalyzer andquanti�edwith theABI StepOnePlusReal-TimePCRSystem.High-throughput

transcriptome sequencing was performed on the Illumina NovaSeq 6000 platform for all treatment groups.

Raw sequencing data were pre-processed to remove low-quality reads, adaptor contamination, and

reads containing excessive unknown nucleotides (high N content), resulting in high-quality clean reads.

De novo transcriptome assembly was performed using Trinity, with PCR duplicates removed to improve

assembly e�ciency. �e resulting transcripts were further clustered and de-redundantized using Tgicl to
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generate a set of unigenes. Functional annotation of the unigenes was conducted, and the clean reads

were aligned to the reference unigene sequences using Bowtie2. Gene and transcript expression levels were

estimated using RSEM, and di�erential expression analysis was performed across di�erent treatment groups.

Gene expression was quanti�ed as FPKM (Fragments Per Kilobase of transcript per Million mapped reads).

Di�erentially expressed unigenes were identi�ed using DESeq2 so�ware [61], with a fold change threshold

of ≥2.0 and a false discovery rate (FDR) cuto� of ≤0.05.

�e assembled unigene sequences were annotated by aligning them against multiple public databases,

including the Kyoto Encyclopedia of Genes and Genomes (KEGG), Gene Ontology (GO), Non-Redundant

Protein (NR), Non-Redundant Nucleotide (NT), SwissProt, Pfam, and Clusters of Orthologous Groups

for Eukaryotic Complete Genomes (KOG), using BLASTx with an E-value cuto� of ≤1e−10. Alignment

against the NR and NT databases provided functional protein annotations and species origin information,

respectively. Functional classi�cation of unigenes was conducted using the KOG database. Di�erentially

expressed unigenes were further annotated and categorized into functional groups and biological pathways

based on GO and KEGG annotations. Enrichment analysis of these pathways was performed using the

phyper function in R. Furthermore, TF annotation and classi�cation were conducted using the PlantTFDB

database, based on conserved DNA-binding domains and motif structures within the annotated genes.

2.6 Data Processing and Analysis

Statistical analyses were performed using SPSS 20.0 andMicroso� Excel. Signi�cant di�erences among

treatments were assessed using Duncan’s multiple range test at a signi�cance level of p < 0.05. Graphs and

visualizations were generated using Adobe Illustrator 2019 and GraphPad Prism 8.

3 Results

3.1 A. trifoliate Morphology and Leaf Anatomy Following Curcumin Application under Saline-Alkali

Stress

To assess the e�ects of curcumin on A. trifoliate under saline-alkali stress, morphological traits were

examined 28 days a�er treatment. Compared to the control, plants in the CUR0 group (saline-alkali stress

without curcumin) displayed pronounced stress symptoms, including leaf yellowing and wilting, reduced

plant height, thinner stems, and shorter roots. �ese symptoms were alleviated to varying extents following

curcumin treatment (Fig. 1a). Relative to CUR0, plant height increased by 53.72%, 27.65%, and 22.06%

in the CUR200, CUR400, and CUR800 groups, respectively (Fig. 1b). Stem diameter was signi�cantly

increased in CUR200 and CUR400 by 18.98% and 12.96%, respectively. In comparison, CUR800 showed no

signi�cant change (Fig. 1c). Root length improvements were most pronounced in CUR200 and CUR400,

with increases of 107.64% and 116.36%, respectively, whereas CUR800 showed only a 12.80% increase

(Fig. 1d). Above-ground fresh biomass increased by 27.46%, 25.88%, and 18.54% in CUR200, CUR400, and

CUR800, respectively (Fig. 1e). Below-ground fresh biomass also rose substantially, with CUR200, CUR400,

and CUR800 showing increases of 93.75%, 68.75%, and 23.75%, respectively (Fig. 1f). Among the treatments,

200 µmol/L curcumin (CUR200) was the most e�ective in mitigating saline-alkali stress, followed by

400 µmol/L, while 800 µmol/L o�ered the least bene�t. Based on this, a detailed anatomical analysis of

leaves from the CUR200 group was conducted. Compared to the control (Fig. 2c), saline-alkali stress in

CUR0 plants (Fig. 2a) led to signi�cant reductions in total leaf thickness (5.62%), palisade tissue thickness

(37.76%), spongy tissue thickness (49.48%), upper epidermis (9.76%), and lower epidermis (7.85%) (Fig. 2d).

In comparison, CUR200 treatment (Fig. 2b) signi�cantly improved these anatomical features relative to

CUR0 by 5.96%, 38.52%, 46.03%, 31.19%, and 25.50%, respectively (Fig. 2d). �ese results suggest that
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curcumin enhances saline-alkali stress resistance in A. trifoliate, potentially by modulating leaf anatomical

structures, through increased palisade thickness and spongy mesophyll tissues.

Figure 1: Observation and measurement of A. trifoliata morphology a�er spraying with curcumin under salinity-
alkalinity stress. �e results are shown as mean ± standard deviation. Di�erent lowercase letters ‘a–d’ on the bar chart
indicate signi�cant di�erences at the p < 0:05 level. (a) Plant appearance and growth situation of CUR0, CUR200,
CUR400, CUR800, and Control; (b)�e plant height; (c)�e plant stem diameter; (d)�e plant of root length; (e)�e
plant of fresh weight above-ground; (f) �e plant of fresh weight underground
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Figure 2: Observation on the anatomical structure of leaves of A. trifoliata of CUR0, CUR200, and Control. (a) �e
A. trifoliata anatomical structure of CUR0; (b) �e A. trifoliata anatomical structure of CUR200; (c) �e A. trifoliata
anatomical structure of Control; (d)�e statistics of A. trifoliata anatomical characteristics.Note:Ue: Upper epidermis;
Pt: Palisade tissue; St: Spong tissue; Le: Lower epidermis; LT: Leaf thickness; PtT: Palisade tissue thickness; StT: Spong
tissue thickness; PRS:�e ratio of palisade to spongy tissue; UeT: Upper epidermis cell thickness; LeT: Lower epidermis
cell thickness. �e results are shown as mean ± standard deviation. Di�erent lowercase letters ‘a–c’ on the bar chart
indicate signi�cant di�erences at the p < 0:05 level

3.2 Physiological and Biochemical Indicator Levels in A. trifoliate Following CurcuminApplication under

Saline-Alkali Stress

Compared to CUR0, leaves from CUR200-treated plants showed a 29.89% reduction in Na+ content

(Fig. 3a), a 6.45% increase in K+ content (Fig. 3b), and a 34.14% decrease in the Na+/K+ ratio (Fig. 3c).

Similarly, proline, soluble sugar, and soluble protein levels increased by 37.35% (Fig. 3d), 22.59% (Fig. 3e),

and 14.85% (Fig. 3f), respectively. Antioxidant enzyme activities were also improved: SOD activity rose

by 24.09% (Fig. 3g), POD by 58.33% (Fig. 3h), and CAT by 28.25% (Fig. 3i). Meanwhile, the levels of

oxidative stress markers were signi�cantly reduced in CUR200 leaves, with H2O2 and MDA contents

declining by 226.93% and 41.42%, respectively (Fig. 3j,k). �ese �ndings indicate that curcumin increases

the saline-alkali tolerance of A. trifoliate by modulating ion balance (via reduced Na+ accumulation and

a lower Na+/K+ ratio), improving osmotic regulation (through increased proline, sugars, and proteins),

and strengthening antioxidant defense (via elevated SOD, POD, and CAT activity and reduced oxidative

damage). �us, curcumin confers stress resistance through coordinated responses to ionic, osmotic, and

oxidative challenges.
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Figure 3: Measurement of physiological and biochemical indices of A. trifoliata leaves a�er spraying with curcumin
under salinity-alkalinity stress. (a) �e content of Na+; (b) �e content of K+; (c) �e ratio of Na+/K+; (d) �e content
of proline; (e)�e content of soluble sugar; (f)�e content of protein; (g)�e activity of SOD; (h)�e activity of POD;
(i) �e activity of CAT; (j) �e content of H2O2; (k) �e content of MDA. �e results are shown as mean ± standard
deviation. Di�erent lowercase letters ‘a–c’ on the bar chart indicate signi�cant di�erences at the p < 0:05 level
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3.3 Non-Parametric Transcriptome Sequencing of A. trifoliate Following Curcumin Application under

Saline-Alkali Stress

3.3.1 Sequencing Data Statistics, Expression Analysis, and Di�erentially Expressed Unigenes

Transcriptome sequencing was conducted on three sample groups, yielding a total of 52.19 Gb of clean

bases and 3.54Gbof clean reads. Each sample produced 6.52Gb of clean bases and 0.44Gbof clean reads.�e

GC content across samples ranged from 42.97% to 44.15%, while Q20 and Q30 base percentages exceeded

97.98% and 94.32%, respectively (Table S1), indicating high sequencing quality suitable for downstream

analysis. Clean reads were mapped to reference sequences assembled using Trinity, forming the basis for

subsequent gene and transcript quanti�cation. Mapping rates exceeded 83.80% across all samples (Table S2).

Gene expression quanti�cation was performed using RSEM, with transcript abundance represented as TPM.

For statistical analysis, FPKM values were log10-transformed to compare gene expression among control,

CUR0, and CUR200 leaf samples. Comparative transcriptome analysis revealed 8253 di�erentially expressed

unigenes between CUR0 and the control group, with 44.43% up-regulated and 55.57% down-regulated

(Fig. 4a). In the CUR200 vs. control comparison, 7666 DEGs were identi�ed, with 42.68% up-regulated

and 57.32% down-regulated (Fig. 4b). Between CUR200 and CUR0, 2373 DEGs were detected, with 47.09%

up-regulated and 52.91% down-regulated (Fig. 4c). Venn diagram analysis across the three comparisons

identi�ed a shared set of 531 di�erentially expressed unigenes (Fig. 4d).

3.3.2 eggNOG and GO Functional Annotation Analysis

To further elucidate the mechanisms underlying curcumin-induced saline-alkali stress resistance in

A. trifoliata, functional classi�cation of di�erentially expressed unigenes was performed using eggNOG

and GO analyses. �e eggNOG results revealed that most DEGs were associated with unknown function,

transcription, posttranslational modi�cation, protein turnover, chaperones, and carbohydrate transport and

metabolism, comprising 219, 36, 33, and 32 unigenes, respectively (Fig. 5). GO annotation showed that in the

Biological Process (BP) category, themajority ofDEGswere involved in cellular processes (GO:0009987) and

metabolic processes (GO:0008152), with 150 and 124 unigenes, respectively. In the Molecular Function (MF)

category, catalytic activity (GO:0003824) and binding (GO:0005488) were predominant, comprising 197 and

169 unigenes, respectively. Within the Cellular Component (CC) category, most DEGs were associated with

the cell part (GO:0044464), membrane part (GO:0044425), and organelle (GO:0043226), with 1203, 161, and

114 unigenes, respectively (Fig. 6).

Figure 4: (Continued)



2538 Phyton-Int J Exp Bot. 2025;94(8)

Figure 4: Analysis of di�erentially expressed unigenes between samples. (a) Volcano plot analysis of di�erentially
expressed unigenes in CUR0 vs. Control; (b) Volcano plot analysis of di�erentially expressed unigenes in CUR200
vs. Control; (c) Volcano plot analysis of di�erentially expressed unigenes in CUR200 vs. CUR0; �e red dots in
the �gure represent signi�cantly up-regulated unigene/transcript, the blue dots represent signi�cantly downregulated
unigene/transcript, and the gray dots represent non signi�cantly di�erent unigene/transcript. (d) Venn analysis of
di�erentially expressed unigenes among CUR0 vs. Control, CUR200 vs. Control, and CUR200 vs. CUR0

Figure 5: eggNOG functional annotation analysis of di�erentially expressed unigenes
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Figure 6: GO functional annotation analysis of di�erentially expressed unigenes

3.3.3 KEGG Functional Annotation Analysis

KEGG pathway analysis revealed that the di�erentially expressed unigenes were predominantly

enriched in the Metabolism and Environmental Information Processing categories, particularly in pathways

related to carbohydrate metabolism and amino acid metabolism (within Metabolism), as well as signal

transduction (within Environmental Information Processing) (Fig. S1). Further examination indicated that

these DEGs were mainly involved in key KEGG pathways, including plant hormone signal transduc-

tion (map04075), glutathione metabolism (map00480), oxidative phosphorylation (map00190), starch and

sucrose metabolism (map00500), phagosome (map04145), plant–pathogen interaction (map04626), and

amino sugar and nucleotide sugar metabolism (map00520), encompassing 8, 8, 7, 6, 5, 5, and 5 unigenes,

respectively (Fig. 7, Table S3). �ese results suggest that curcumin increases A. trifoliata tolerance to saline-

alkali stress by modulating osmotic balance, mitigating ion toxicity, and alleviating oxidative damage. Eight

DEGs were associated with auxin signal transduction, of which six were involved in auxin biosynthesis

and regulation of plant cell elongation and growth. TRINITY_DN8281_c0_g1 and TRINITY_DN5683_c0_g1

encode auxin-responsive protein IAA25 and auxin-induced protein 22D (AUX/IAA family, K14484),

respectively; TRINITY_DN5433_c0_g1 encodes auxin response factor 4 (ARF family, K14486); and TRIN-

ITY_DN4666_c0_g1, TRINITY_DN7510_c0_g1, and TRINITY_DN13178_c0_g1 encode auxin-responsive

proteins SAUR21 and auxin-induced protein 10A5 (SAUR family, K14488) (Fig. 8a). Two DEGs were

associated with brassinosteroid biosynthesis, both of which were involved in cell elongation processes.

TRINITY_DN3919_c0_g1 andTRINITY_DN4687_c0_g1 encode xyloglucan endotransglucosylase/hydrolase

protein 24 and protein 23, respectively (TCH4 family, K14504) (Fig. 8b).�ese results indicate that curcumin

increases the growth and saline-alkali resistance of A. trifoliatamainly through the regulation of auxin and

brassinosteroid signaling pathways. �ese molecular �ndings agree with the observed morphological and

anatomical improvements in A. trifoliata leaves following curcumin treatment under saline-alkali stress.



2540 Phyton-Int J Exp Bot. 2025;94(8)

Figure 7: Functional annotation analysis of the top 7 KEGG metabolic pathways of di�erentially expressed unigenes.
Note:�e horizontal axis represents the enrichment rate; the vertical axis is −log10(p-value), and the default parameter
is p-value_uncorrected. Each bubble in the �gure represents a KEGGmetabolic pathway.�e size of bubbles is directly
proportional to the number of di�erentially expressed unigenes enriched in KEGGmetabolic pathway (p-adjust < 0.05)

Figure 8: Gene prediction in the plant hormone signal transduction pathway of di�erentially expressed unigenes (a–b)

Furthermore, eight di�erentially expressed unigenes were identi�ed in the glutathione

metabolism pathway. Among them, six TRINITY_DN3690_c1_g2, TRINITY_DN11350_c1_g2,

TRINITY_DN8963_c0_g1, TRINITY_DN6564_c0_g1, TRINITY_DN10678_c0_g1, and TRIN-

ITY_DN2438_c0_g1 encode the hypothetical protein HHK36, which corresponds to glutathione
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S-transferase (GST, K00799). �e remaining two unigenes, TRINITY_DN56492_c0_g1 and

TRINITY_DN4732_c0_g1, encode the hypothetical protein IFM89 (E4.1.1.17, K01581) and gamma-

glutamylcyclotransferase 2 (GGCT, K22596), respectively (Fig. 9). Reduced glutathione (GSH) functions

as a critical redox bu�er, maintaining intracellular redox homeostasis. It can be enzymatically modi�ed

by glutathione S-transferase (GST) and glutathione peroxidase (GPX) to scavenge H2O2 by promoting the

formation of GSH conjugates [62]. �ese �ndings suggest that curcumin enhances GST expression in A.

trifoliata, contributing to H2O2 detoxi�cation and improving salt–alkali stress tolerance. �is molecular

evidence aligns with the observed reduction in H2O2 levels from physiological and biochemical assays

following curcumin treatment under saline-alkali conditions (Fig. 3j).

Figure 9: Gene prediction in the Glutathione metabolism of di�erentially expressed unigenes

FPKM expression pro�ling of 44 di�erentially expressed unigenes involved in the seven key KEGG

pathways revealed �ve distinct expression patterns:

(1) FPKMCUR0 > FPKMCUR200 > FPKMControl (Fig. 10a; 10 unigenes),

(2) FPKMControl > FPKMCUR200 > FPKMCUR0 (Fig. 10b; 11 unigenes),

(3) FPKMControl > FPKMCUR0 > FPKMCUR200 (Fig. 10c; 14 unigenes),

(4) FPKMCUR200 > FPKMCUR0 > FPKMControl (Fig. 10d; 4 unigenes), and

(5) FPKMCUR200 > FPKMControl > FPKMCUR0 (Fig. 10e; 2 unigenes).

Among these, the highest expressed genes in each model were:

• TRINITY_DN27_c0_g2 (glucose-1-phosphate adenylyltransferase large subunit 2, glgC, K00975) in

Model 1 (Fig. 9a),

• TRINITY_DN605_c0_g1 (endoglucanase 6, E3.2.1.4, K01179) in Model 2 (Fig. 9b),

• TRINITY_DN809_c0_g2 (tubulin alpha-1 chain, TUBA, K07374) in Model 3 (Fig. 9c),

• TRINITY_DN873_c0_g1 (beta-amylase 1, E3.2.1.2, K01177) in Model 4 (Fig. 9d), and

• TRINITY_DN8963_c0_g1 (glutathione S-transferase, GST, K00799) in Model 5 (Fig. 9e).

Overall, the expression pro�les of these unigenes indicate that curcumin regulates a complex network of

genes inA. trifoliata, contributing to enhanced resistance against saline-alkali stress.�e dynamic regulation

of genes such as glgC, endoglucanase, TUBA, beta-amylase, and GST, along with their associated metabolic

functions, provides valuable insight into the molecular mechanisms through which curcumin confers

stress resilience.
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Figure 10: Gene expression pattern analysis in the KEGGmetabolic pathways of di�erentially expressed unigenes.�e
results are shown as mean ± standard deviation

3.3.4 TFs Analysis

�e TFs in plants play crucial roles in regulating gene expression at the transcriptional level and are

keymediators of responses to environmental stresses. Analysis of di�erentially expressed unigenes identi�ed

29 TFs across several families, including MYB (6), AP2/ERF (6), NAC (5), bHLH (4), C2C2 (3), bZIP

(1), LBD/AS2-LOB (1), B3 (1), HSF (1), and GRAS (1) (Table S4). �ese �ndings suggest that curcumin

predominantly modulates TFs from the MYB, AP2/ERF, NAC, bHLH, and C2C2 families to enhance

saline-alkali tolerance in A. trifoliata.

Expression pattern analysis of these 29 TFs revealed three major expression models:

(1) FPKMControl > FPKMCUR200 > FPKMCUR0 (Fig. 11a; 4 unigenes),

(2) FPKMControl > FPKMCUR0 > FPKMCUR200 (Fig. 11b; 16 unigenes), and

(3) FPKMCUR200 > FPKMCUR0 > FPKMControl (Fig. 11c; 9 unigenes).

�e most highly expressed unigenes in each model were:

• TRINITY_DN10830_c0_g1 (RADIALIS-like 1) in Model 1 (Fig. 11a),

• TRINITY_DN3463_c0_g1 (bHLH63) in Model 2 (Fig. 11b), and

• TRINITY_DN1138_c0_g1 (MYB123/MYBP, K09422) in Model 3 (Fig. 11c).

In summary, the expression pro�les of RADIALIS-like 1, bHLH63, and MYB123, along with their

respective transcription factor families, highlight the key regulatory roles these TFs may play in curcumin-

mediated enhancement of saline-alkali resistance inA. trifoliata. Further functional characterization of these

TFs could provide valuable insights into the underlying transcriptional regulatory mechanisms.
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Figure 11: Analysis of expression patterns of TFs. �e results are shown as mean ± standard deviation

4 Discussion

Soil salinization poses a signi�cant global challenge as a major environmental constraint on plant

growth and development. Understanding how plants respond to saline-alkali stress is essential for enhancing

their resilience under such adverse conditions [63]. Saline-alkali stress typically induces ionic, osmotic, and

oxidative stress, o�en leading to secondary damage in plant tissues [4]. While DNA methylation inhibitors

like curcumin have been widely studied for their biological activities, their potential role in mitigating

saline-alkali stress in plants has not yet been reported. Moreover, recent research has focused primarily on

plant responses to NaCl stress, with limited attention to other salts such as Na2SO4, NaHCO3, and Na2CO3,

which are also prevalent in saline-alkali soils [30]. In this study, a mixed saline-alkali solution containing

Na2SO4, NaHCO3, and Na2CO3 was used to simulate stress conditions inA. trifoliata, enabling investigation

into the protective mechanisms of curcumin under complex saline-alkali environments. Previous studies

have shown that high salinity can negatively impact leaf structure. For example, Parida et al. [64] observed

reduced epidermal and mesophyll thickness in Bruguiera parvi
ora under various NaCl concentrations,

while Liu et al. [9] reported a signi�cant decrease in overall leaf thickness, particularly in palisade and spongy

mesophyll tissues, in Xanthoceras sorbifolium Bunge subjected to high-concentration saline-alkali stress.

Consistent with these �ndings, our results demonstrated that saline-alkali stress signi�cantly reduced the leaf

thickness of A. trifoliata, importantly, within the palisade and spongy tissues. However, curcumin treatment

signi�cantly reversed these e�ects, resulting in increased leaf thickness and enhanced palisade and spongy

mesophyll tissue development.�is suggests that curcumin may be protective in preserving or restoring leaf

anatomical integrity under saline-alkali stress.

Potassium, a key inorganic solute, plays a crucial role in lowering the osmotic potential of plant cells and

maintaining water balance under saline-alkali stress. �is is particularly important because excessive Na+

accumulation can damage cell membranes. To mitigate this, plants restrict Na+ entry and enhance selective

K+ uptake in the cytoplasm, sustaining a low intracellular Na+/K+ ratio. Maintaining this ratio is vital for

normal physiological processes and is a key determinant of plant salt tolerance [65–67]. In the present study,

curcumin application under saline-alkali stress signi�cantly reduced Na+ content and promoted K+ accu-

mulation in A. trifoliata leaves, e�ectively maintaining a lower Na+/K+ ratio. �is indicates that curcumin

enhances ionic homeostasis and contributes to improved tolerance to saline-alkali conditions. Under stress,

plants also initiate osmotic adjustment as a self-protective mechanism by synthesizing osmolytes such as

soluble sugars, soluble proteins, and proline to stabilize cellular osmotic pressure and limit water loss [30].

Previous studies have shown that soluble protein levels in sorghum initially rise and then fall with increasing

saline-alkali stress [68], while Carex duriuscula and Trollius chinensis Bunge exhibit elevated levels of soluble
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sugars and proline under similar stress conditions [30,69]. In our study, the contents of proline and soluble

proteins in the CUR0 group were signi�cantly lower than those in the control, and soluble sugar levels

showed no signi�cant change. However, treatment with curcumin (CUR200) signi�cantly increased proline,

soluble sugar, and soluble protein levels compared to CUR0.�ese �ndings suggest that curcumin enhances

osmotic adjustment inA. trifoliata, helping to mitigate saline-alkali stress. In addition to osmotic regulation,

enzymatic antioxidant defense plays a pivotal role in plant stress responses. �e SOD, CAT, and POD are

key enzymes involved in scavenging ROS under saline-alkali stress. Previous studies have reported that POD

and SOD activities in alfalfa initially increase and then decline with rising stress levels [70]. At the same time,

in Brassica campestris seedlings, saline-alkali stress induces increased SOD and POD activity but decreases

CAT activity [71]. Consistent with these reports, our �ndings revealed that the activities of SOD, POD, and

CAT in CUR0 leaves were lower than those in the control group.�eir activities were signi�cantly enhanced

following curcumin treatment (CUR200).�is suggests that curcuminmay reinforce the antioxidant defense

system of A. trifoliata, contributing further to its saline-alkali stress tolerance.

Genes involved in plant responses to saline-alkali stress generally fall into fourmajor categories: (1) those

associatedwith the biosynthesis of osmoprotective compounds [72], (2) genes encoding ion transporters [73],

(3) genes related to antioxidant defense [74], and (4) genes involved in signal transduction [75]. �e

transcriptomic analysis in this study was consistent with these functional categories. Curcumin treatment

altered the expression of genes involved in amino sugar and nucleotide sugarmetabolism, starch and sucrose

metabolism, oxidative phosphorylation, glutathione metabolism, phagosome formation, auxin signaling,

and plant–pathogen interactions in A. trifoliata leaves. �ese transcriptional changes likely contribute

to enhanced saline-alkali stress resistance. Moreover, 6 out of 8 di�erentially expressed unigenes were

associated with auxin biosynthesis and signaling within the plant hormone signal transduction pathway.

�is indicates that curcumin may modulate saline-alkali stress responses by a�ecting the auxin pathway.

No di�erentially expressed unigenes linked to the ABA biosynthetic pathway were detected, suggesting that

the ABA signaling pathway may not play a central role in the curcumin-mediated stress response in A.

trifoliata.�is comparisonwith previous �ndings highlights the ABApathway as a primary regulator of plant

responses to saline-alkali conditions. Supporting the current �ndings, Li et al. [20] reported that ethylene

alleviates alkaline stress-induced root growth inhibition in Arabidopsis by enhancing the auxin biosynthesis

gene AUX1 expression, thus promoting auxin accumulation. Similarly, Iglesias et al. [76] observed that the

expression of auxin receptors TIR1 and AFB2 was downregulated under saline-alkali stress, while Jiang

et al. [77] found that the localization of auxin transporters AUX1 and PIN1/2 was disrupted under saline

conditions, further underscoring the central role of the auxin signaling pathway in plant stress adaptation.

In the present study, six di�erentially expressed unigenes identi�ed through transcriptome analysis were

related to the auxin pathway, speci�cally belonging to the AUX/IAA, ARF, and SAUR gene families. �ese

results highlight the importance of auxin signaling in mediating A. trifoliata’s response to curcumin under

saline-alkali stress. �e transcriptomic data also aligned with phenotypic and anatomical improvements

in leaf morphology following curcumin treatment. Although curcumin is known to function as a DNA

methylation inhibitor [52], capable of altering plant traits by reducing genome-wide DNA methylation

levels [53,54], no di�erentially expressed unigenes associated with DNA methylation were detected in this

study. �is suggests that the enhancement of saline-alkali stress resistance in A. trifoliata by curcumin may

not bemediated through epigenetic regulation via DNA demethylation but throughmodulation of hormone

signaling pathways, particularly the auxin pathway.

�e TFs bind to speci�c DNA sequences to regulate the transcription of genetic information fromDNA

to messenger RNA and play a critical role in plant responses to various environmental stresses [78]. Gao

et al. [79] identi�ed 57 TF families, including bHLH, ERF, MYB-related, NAC, C2H2, WRKY, MYB, and
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bZIP, implicated in the response to saline-alkali stress in Bignoniaceae species. Among these, the WRKY

family is one of the largest and most extensively studied TF groups in higher plants. Evidence indicates that

WRKYTFs contribute to plant tolerance to saline-alkali stress bymodulating osmoprotectant accumulation,

ROS scavenging, and ion homeostasis [80]. For example, Zhao et al. [81] reported that overexpression of

PagWRKY75 in poplar suppressed ROS scavenging capacity and proline accumulation, negatively a�ecting

salt and osmotic stress tolerance. In comparison, Zhu et al. [82] demonstrated that IbWRKY2 interacts

with IbVQ4 in sweet potato to enhance salt tolerance by up-regulating genes associated with proline

biosynthesis and antioxidant enzymes. In the present study, curcumin-induced enhancement of saline-alkali

stress resistance in A. trifoliata appeared to be primarily mediated by TFs from the MYB, AP2/ERF, NAC,

bHLH, and C2C2 families, while WRKY TFs did not appear to contribute signi�cantly to this response.

Previous research supports a potential association between NAC transcription factors and auxin signaling.

Hao et al. [83] found that NAC enhances salt tolerance in Arabidopsis by regulating the expression of genes

in the ARF family. Similarly,Ma et al. [84] reported that NACpromotes salt resistance by up-regulating genes

in the IAA family. Based on these �ndings, it is speculated that curcuminmay improve the saline-alkali stress

tolerance of A. trifoliata by inducing the expression of speci�c transcription factors that, in turn, modulate

key components of the auxin signaling pathway.

In this study, curcumin application signi�cantly increased the growth of A. trifoliata. It mitigated

osmotic stress and oxidative damage under saline-alkali conditions by modulating the expression of key

stress-responsive genes. Curcumin alleviated oxidative injury by reducingMDA levels, boosting the activities

of antioxidant enzymes such as CAT, SOD, and POD, activating glutathione metabolism, and lowering

H2O2 content, contributing to improved tolerance to saline-alkali stress. Further, curcumin enhanced stress

resilience by modulating auxin signaling pathways, promoting plant growth. Pasternak et al. [85] reported

that GSH acts as a key enhancer of auxin signaling in Arabidopsis, suggesting that the glutathione metabolic

pathway may similarly facilitate the growth of A. trifoliata under saline-alkali stress through its interaction

with the auxin signaling cascade.

5 Conclusion

�e A. trifoliata is a valuable multipurpose plant used for fruit production, medicinal applications, oil

extraction, and ornamental purposes. �is study demonstrated that curcumin e�ectively alleviates saline-

alkali stress in A. trifoliata. Morphological and leaf anatomical analyses revealed that curcumin treatment

under saline-alkali conditions signi�cantly increased plant height, stem diameter, root length, above- and

below-ground fresh weights, as well as the thickness of palisade and spongy mesophyll tissues. Physiological

and biochemical assessments further showed that curcumin increased the accumulation of key osmoprotec-

tants, including proline, soluble sugars, and soluble proteins. Transcriptome pro�ling under non-parametric

analysis indicated that curcumin primarily modulated seven KEGG metabolic pathways and in
uenced

the expression of unigenes belonging to the MYB, AP2/ERF, NAC, bHLH, and C2C2 transcription factor

families. Moreover, eight di�erentially expressed unigenes related to plant hormone signal transduction

were identi�ed, primarily associated with the auxin and brassinosteroid pathways, known to regulate cell

elongation and growth.�ese transcriptomic �ndings alignwith the observedmorphological and anatomical

improvements, supporting the conclusion that curcumin promotes growth and increases stress tolerance in

A. trifoliata under saline-alkali conditions.
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