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Abstract 20 

Global soil salinization calls for the exploration of salt‑tolerant plant resources for ecological 21 

restoration. Ilex species possess both ornamental value and moderate salt tolerance, yet systematic 22 

evaluations remain scarce. To address this gap, seven evergreen Ilex germplasms were treated with 23 

graded NaCl concentrations, and their physiological performance was assessed through 24 

photosynthetic parameters, malondialdehyde (MDA), osmoregulatory substances, and chloroplast 25 

pigments. Combined with salt injury index (SI), random forest modeling, membership function 26 

analysis and transcriptomic sequencing, we comprehensively evaluated salt tolerance and screened 27 

core evaluation indicators. It was observed that net photosynthetic rate (Pn), stomatal conductance 28 

(Gs), and transpiration rate (Tr) initially increased and then decreased with rising salt concentration. 29 

MDA accumulated progressively, while chlorophyll content declined steadily. Osmoregulatory 30 

substances exhibited a similar unimodal pattern. Correlation analysis further revealed that SI was 31 

positively associated with MDA and proline, but negatively associated with Pn, Tr, and Gs. In 32 

addition, random forest analysis indicated that Pn was the primary contributor to salt injury variation 33 

(59.3%), followed by Tr (13.6%) and Gs (9.4%), demonstrating photosynthetic capacity as the core 34 

indicator for salt tolerance evaluation. Transcriptomic analysis of the most sensitive species, Ilex 35 

dabieshanensis K. Yao & M. B. Deng, showed that transcriptional regulation gradually shifts from 36 

light harvesting to carbon assimilation under salt stress. The pathway “Carbon fixation in 37 

photosynthetic organisms” was specifically enriched only under prolonged stress, and Calvin cycle 38 

genes exhibited differentiated expression rather than global suppression. Together, these findings 39 

present a multi‐physiological evaluation framework for salt tolerance in Ilex, highlight 40 

photosynthetic parameters as promising rapid‐assessment indicators, and offer molecular‐level 41 



 

  

 

 

clues regarding photosynthetic inhibition in salt‐sensitive germplasm, which may contribute to the 42 

breeding and selection of salt‐tolerant Ilex germplasms for saline‐alkali land greening. 43 

Keywords: Ilex genus; Salt stress; Membership function value; Physiological response; 44 

Transcriptomics analysis 45 
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1. Introduction 47 

Global soil salinization is intensifying and causing widespread land degradation, making the 48 

identification of salt-tolerant plant resources a key strategy for ecological restoration. According to 49 

statistics, more than 6% of the world's land is affected by salinity, covering approximately 831 50 

million hectares, and this area is expanding at an annual rate of 1 to 1.5 million hectares [1]. Salt 51 

stress reduces soil water availability, disrupts ionic equilibrium and nutrient acquisition, and induces 52 

oxidative imbalance, resulting in a combination of osmotic, ionic, and oxidative stresses that 53 

severely affect plant physiological processes and adaptive capacity [2, 3]. Therefore, exploring and 54 

utilizing salt-tolerant plant resources is of great significance for the ecological restoration of saline-55 

alkali lands and sustainable greening. 56 

Plants respond to salt stress through coordinated changes in photosynthesis, osmotic regulation, 57 

and membrane protection, with photosynthesis being the primary target of salt-induced damage. 58 

High salt disrupts chloroplast structure and lowers chlorophyll a (Chl a), chlorophyll b (Chl b), and 59 

carotenoid (Car) contents, impairing light absorption and energy conversion [4]. A close relationship 60 

between photosynthetic pigment content and salt tolerance has been established, as salt‑tolerant 61 

genotypes tend to retain higher pigment concentrations under salinity, thereby supporting more 62 

efficient light utilization [5]. In contrast, pigment degradation under salt stress further exacerbates 63 

photosynthetic limitation, manifesting as marked declines in net photosynthetic rate (Pn), stomatal 64 

conductance (Gs), and transpiration rate (Tr), which collectively reduce carbon fixation and retard 65 

growth [6]. 66 

Salt stress disrupts not only photosynthesis but also cellular water status and redox balance. To 67 

maintain osmotic homeostasis, plants accumulate compatible solutes such as proline, soluble sugars, 68 



 

  

 

 

and soluble proteins, which reduce osmotic potential and enhance water retention [7, 8]. Meanwhile, 69 

salt‑induced reactive oxygen species (ROS) overproduction disrupts redox equilibrium and drives 70 

membrane lipid peroxidation, with malondialdehyde (MDA) accumulation serving as a sensitive 71 

indicator of membrane deterioration [9]. In response, plants bolster their antioxidant systems to 72 

mitigate oxidative injury. Among these protective mechanisms, proline stands out as a versatile 73 

protectant: it not only contributes to osmotic adjustment but also acts as a non‑enzymatic ROS 74 

scavenger, participates in redox regulation, and stabilizes proteins and membrane structures under 75 

stress [10]. Therefore, photosynthetic performance, osmotic adjustment, and membrane stability are 76 

not independent traits but are interlinked through common redox networks that shape the overall 77 

plant response to salinity. This interdependence implies that no single physiological index can 78 

adequately reflect the full scope of salt tolerance. 79 

ROS accumulation induced by salt stress, while harmful, also initiates cellular stress perception 80 

and signaling cascades. Among reactive oxygen species, hydrogen peroxide (H₂O₂) stands out as a 81 

particularly effective signaling molecule, owing to its relatively long half‑life and ability to cross 82 

membranes. Through the activation of antioxidant systems, plants restrict ROS levels to limit 83 

oxidative damage while preserving their signaling functions [11, 12]. Beyond their destructive 84 

potential, ROS act as secondary messengers that trigger downstream kinase cascades and coordinate 85 

adaptive responses. In particular, H₂O₂‑mediated mitogen‑activated protein kinase (MAPK) 86 

cascades have been identified as essential hubs connecting ROS perception to ion regulation and 87 

stress signaling [13]. These kinase cascades communicate extensively with phytohormone signaling 88 

networks, especially those involving abscisic acid (ABA), to fine‑tune stomatal movements, 89 

osmotic balance, and the expression of stress‑responsive genes [14]. Downstream, diverse 90 



 

  

 

 

transcription factor families function as key regulatory nodes that coordinate the transcriptional 91 

output of salt‑responsive genes, forming intricate regulatory webs [15]. Collectively, these signaling 92 

and transcriptional events are reflected at the transcriptome level as coordinated changes in genes 93 

associated with light harvesting, electron transport, carbon fixation, antioxidant metabolism, and 94 

osmotic adjustment [16, 17]. 95 

Although salt stress-responsive regulatory networks have been extensively characterized in 96 

model plants and major crops, the mechanisms underlying salt tolerance in woody ornamental 97 

species remain largely unexplored. As the only extant genus of Aquifoliaceae, Ilex comprises more 98 

than 400 species worldwide, including approximately 200 species distributed in China, many of 99 

which possess significant ornamental and economic value [18]. However, the molecular 100 

mechanisms underlying salt stress adaptation in Ilex germplasms remain poorly understood. 101 

Previous studies have shown that exogenous sucrose can enhance the salt tolerance of English holly 102 

(I. aquifolium) [19], and transcriptomic analyses have revealed that salt stress responses in Ilex 103 

involve multiple pathways, including phytohormone signaling, carotenoid biosynthesis, and 104 

antioxidant accumulation [20, 21]. However, the existing studies still suffer from notable 105 

deficiencies: most investigations have focused on single physiological responses in a limited 106 

number of species, lacking a systematic salt tolerance evaluation system; quantitative comparisons 107 

of salt tolerance among different germplasms are absent; and the lack of simple and effective 108 

evaluation methods makes it difficult to guide the screening of salt-tolerant germplasm and the 109 

selection of germplasms for saline-alkali land greening. To address these issues, this study used 110 

seven evergreen Ilex germplasms as materials, subjected them to different concentrations of NaCl 111 

stress, and measured key physiological indicators including photosynthetic parameters, 112 



 

  

 

 

malondialdehyde, osmoregulatory substances, and chloroplast pigments. By integrating salt injury 113 

assessment, random forest modeling, and membership function-based evaluation, we established a 114 

comprehensive framework to characterize salt tolerance variation among Ilex germplasms and 115 

determine the physiological traits most closely associated with salt adaptation. Subsequently, 116 

transcriptome sequencing was conducted on the germplasm exhibiting the lowest salt-resilient in 117 

the comprehensive assessment to elucidate the underlying molecular responses to salt stress at the 118 

transcriptional level. This study provides new insights into the selection of salt-resilient Ilex 119 

resources, the utilization of superior germplasm for saline-alkali landscape restoration, and the 120 

molecular basis of salt stress adaptation in Ilex. 121 

2. Materials and methods 122 

2.1. Plant materials 123 

Seven evergreen Ilex germplasms were used in this study, including Ilex cornuta Lindl. et Paxt. 124 

‘Lutea-carpus’, Ilex×cassine, Ilex cornuta ‘Dwarf Burfordii’, Ilex ‘Nellie R.Stevens’, Ilex 125 

dabieshanensis K. Yao & M. B. Deng, Ilex × ‘China Girl’, and Ilex opaca Aiton. All plant materials 126 

were sourced from the same nursery at the Institute of Botany, Jiangsu Province and Chinese 127 

Academy of Sciences (118°49′51″E, 32°03′17″N), where they were maintained as rooted cuttings 128 

under consistent cultivation practices, including regular watering and quarterly fertilization. To 129 

reduce genetic variability, all cuttings were propagated from a single stock plant per germplasm. 130 

2.2. Salt Stress Treatment  131 

Before initiating salt treatment, three‑year‑old cuttings of each germplasm were established in 132 

a greenhouse. The rooted cuttings were individually potted in plastic containers (21.5 cm top 133 



 

  

 

 

diameter, 19 cm height), and each pot was filled with approximately 5.5 L of a 2:1 (v/v) mixture of 134 

nutrient soil and perlite. Rainproof cloths and shade nets were installed in the greenhouse to exclude 135 

interference from natural precipitation and excessive light. For each germplasm, seedlings were 136 

assigned to six NaCl treatments, with concentrations ranging from 0 to 250 mM at 50 mM 137 

increments, each with three replicate groups and five plants per replicate. All seedlings were allowed 138 

to acclimatize in the greenhouse for 14 days with regular watering. After the acclimatization period, 139 

watering was withheld for 3 days, after which salt stress treatment was initiated. For each pot, 200 140 

mL of the assigned NaCl solution was administered every 3 days; each irrigation was applied slowly 141 

until the medium became thoroughly saturated. To prevent salt loss, the leachate collected in trays 142 

placed beneath the pots was periodically returned to the pots. Throughout the treatment period, plant 143 

growth status and leaf salt injury symptoms were regularly observed, and the progressive severity 144 

of symptoms across the NaCl concentration gradient confirmed the establishment of effective salt 145 

stress levels. The control group received an equal volume of distilled water following the same 146 

irrigation schedule. The treatment lasted for 30 days, during which all other management practices 147 

were kept uniform across all treatment groups. 148 

2.3. Photosynthetic Parameter Measurement  149 

Photosynthetic parameters were measured on day 7 of salt treatment. A LI‑6800XT portable 150 

photosynthesis system (LI‑COR) was used for the measurements between 9:00 and 11:00 a.m., 151 

according to Zou et al [22]. Fully expanded leaves at positions 3–5 from the apex were sampled 152 

from five plants per treatment. Chamber conditions were maintained at 400 µmol mol⁻¹ CO₂, 25°C, 153 

1,000 µmol m⁻² s⁻¹ PAR (10% blue/90% red LED), 50% RH, and 500 µmol s⁻¹ airflow. Pn, Gs, 154 

intercellular CO₂ concentration (Ci), and Tr were recorded. 155 



 

  

 

 

2.4. Salt Injury Index Determination 156 

Salt-induced foliar damage was assessed using the leaf salt injury index (SI) according to the 157 

approach described by Yang et al. [23]. The grading system for salt injury levels and the associated 158 

visual symptoms of leaves are presented in Table 1. After 30 days of salt treatment, leaf damage 159 

was assessed for each germplasm, with 15 plants per germplasm used for statistical analysis. The 160 

number of seedlings assigned to each salt injury level was recorded based on the above criteria. 161 

Subsequently, SI values were derived from these records to represent the overall severity of salt-162 

induced damage among different germplasms, as described by the equation below. 163 

𝑆𝐼 = ∑(𝑆݅ܮ × ܰ݅)ܰ × 𝑆ܮmax × 100% 164 

where SI is the salt injury index, reflecting the overall severity of salt damage; SLi is the salt 165 

injury level of grade i; Ni is the number of plants at grade i; N is the total number of plants surveyed; 166 

and SLmax is the maximum salt injury level value. 167 
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Table 1. Grading criteria for salt injury levels and representative phenotypic characteristics under salt 169 

stress. 170 

Level General description Leaf responses Plant responses 

0 No salt stress injury symptoms 

  

1 

Minor yellowing on leaf tips, 

margins, and veins; shoots not 

wilted 

  

2 

Some leaf tips, margins, and 

veins turn yellow; shoots not 

wilted 

  

3 

About half of leaf tips and 

margins scorched; shoots not 

wilted 

  

4 

Most leaves show tip and 

margin scorch and defoliation; 

shoots slightly wilted 

  

5 

Some branches dead, leaves 

shed, a few plants dead; 

shoots wilted 

  

6 

Most branches dead, leaves 
shed, a few plants dead; 

shoots wilted 

  

7 All plants dead 

  

2.5. Physiological and Biochemical Indicator Assays 171 

After 30 days of salt treatment, fresh leaves were collected for physiological and biochemical 172 

measurements. MDA and osmolyte contents were quantified following established protocols. MDA 173 

was measured using the thiobarbituric acid reaction as described by Hodges et al. [24]. SS, SP, and 174 

Pro were determined by colorimetric assays using anthrone [25], Coomassie Brilliant Blue G‑250 175 

[26], and ninhydrin [27], respectively. Chl a, Chl b, and Car were extracted and measured following 176 



 

  

 

 

[28]. All pigment contents were calculated based on absorbance measurements at the corresponding 177 

wavelengths. 178 

2.6. Transcriptomic Analysis of I. dabieshanensis under Salt Stress 179 

To elucidate the molecular mechanisms underlying photosynthetic inhibition in salt‑sensitive 180 

germplasm, we selected I. dabieshanensis for transcriptomic analysis, as this species was identified 181 

as the most salt‑sensitive through physiological screening (see Section 3.2). The plant materials 182 

were derived from the same batch of mother plants as those used in the physiological experiments. 183 

Uniform current-year shoots bearing approximately 10 leaves were maintained under controlled 184 

growth conditions (22 °C; 16 h photoperiod followed by 8 h darkness) for 14 days before exposure 185 

to 200 mM NaCl solution. Samples were obtained at 0, 3, 6, 9, 12, and 24 h after salt application. 186 

The third and fourth fully expanded leaves below the shoot apex were collected from six plants and 187 

pooled at each sampling point. 188 

The transcriptomic data were derived from our earlier study [21]. To investigate the 189 

transcriptional dynamics of photosynthesis‑related pathways, we re‑analyzed the raw RNA‑seq data. 190 

The analysis followed the pipeline described previously. A key difference was the use of DESeq2 191 

(v1.42.1) for DEG identification (|log₂(fold change)| ≥ 1, FDR ≤ 0.05).In brief, raw reads were 192 

trimmed with fastp (v0.24.1) [29], aligned to the I. paraguariensis reference genome (ILEXP v3) 193 

using HISAT2 (v2.2.1) [30], and quantified as FPKM using featureCounts (v2.0.6) [31]. GO and 194 

KEGG enrichment analyses were performed using EggNOG‑mapper (v2.0.1) [32] and KOBAS 195 

(v3.0) [33], respectively. Enrichment analysis and visualization were conducted in R (v4.4.0) with 196 

clusterProfiler [34] and pheatmap (v1.0.12). 197 

2.7. Statistical analyses 198 



 

  

 

 

The fuzzy membership function method [35] was used to quantitatively transform the eight 199 

physiological indicators measured for the seven evergreen Ilex germplasms. For each germplasm, 200 

the mean membership degree of all indicators was computed. The salt tolerance ranking of the tested 201 

germplasms was then assigned according to these mean values using the following formulas. 202 

For variables exhibiting positive relationships with salt tolerance: 203 

R(X) = (Xi - Xmin) / (Xmax - Xmin) 204 

For variables exhibiting inverse relationships with salt tolerance: 205 

R(X) = 1 - (Xi - Xmin) / (Xmax - Xmin)  206 

Here, R(X) is the membership degree of a germplasm for a given indicator (0 < R(X) < 1), 207 

where Xi is its measured value, and Xmax and Xmin are the extreme values among all germplasms. 208 

Membership values were computed from the 250 mM NaCl dataset and averaged per germplasm; 209 

higher mean values indicate greater salt tolerance. 210 

Statistical analyses were performed using SPSS 27.0 (IBM Corp.), and figures were generated 211 

using GraphPad Prism 9.0 (GraphPad Software). Data collected from three biological replicates 212 

were subjected to one‑way ANOVA, and Duncan's multiple range test was used for post‑hoc 213 

comparisons at p < 0.05. We performed random forest analysis in Python 3.6 (Python Software 214 

Foundation) following Li et al. [36]. Data were normalized (min‑max scaling) and then split 70/30 215 

into training and testing sets, maintaining representation of all germplasms and treatments across 216 

both. Ten‑fold cross‑validation was used for training, and parameters are given in Supplementary 217 

Tables S1. 218 

3. Result  219 



 

  

 

 

3.1 Physiological responses of seven Ilex germplasms to salt stress 220 

3.1.1 Photosynthetic parameters 221 

At low salt concentrations (0–50 mM), most germplasms showed an increase in Pn. In I. opaca, 222 

I. dabieshanensis, I. cornuta ‘Dwarf Burfordii’, I. × ‘China Girl’, and ‘Luteacarpus’, Pn at 50 mM 223 

NaCl increased by 3.2% to 8.7% compared with the 0 mM control, with I. opaca showing the largest 224 

increase. In contrast, I. × cassine exhibited inhibition of Pn at 50 mM, while I. ‘Nellie R. Stevens’ 225 

remained stable. At 100–150 mM NaCl, Pn showed a gradual decline in all germplasms, with even 226 

greater reductions at 200–250 mM relative to the control (Table 2a). 227 

Table 2a. Variations in net photosynthetic rate of seven Ilex germplasms under salt stress 228 

Breed 

NaCl concentration 

0mM 50mM 100mM 150mM 200mM 250mM 

I. ‘Nellie R.Stevens’ 8.745±0.160 a 8.017±0.260 a 6.213±0.180 b 5.693±0.268 b 4.507±0.700c 4.150±0.442 c 

I. opaca 6.845±0.327 ab 7.699±0.690 a 6.572±0.202 b 5.093±0.666 c 3.461±0.395d 3.365±0.302 d 

I. dabieshanensis 6.885±0.530 a 7.654±0.560 a 5.768±0.859 b 4.993±0.662 b 2.468±0.229c 0.946±0.216 d 

I. cornuta ‘Dwarf 

Burfordii’ 
6.573±0.409 b 8.043±0.395 a 4.723±0.514 c 3.865±0.377 cd 3.130±0.339d 1.364±0.766 e 

I. × ‘China Girl’ 6.324±0.390 a 6.650±0.459 a 5.959±0.558 a 4.508±0.332 b 2.413±0.604c 1.865±0.534 c 

I. cornuta Lindl. et 

Paxt. ‘Luteacarpus’ 
6.939±0.659 ab 7.5412±0.452 a 6.463±0.479 b 3.547±0.273 c 2.202±0.550d 1.061±0.440 e 

I.×cassine 6.004±0.399 a 5.082±0.297 a 3.539±0.345 b 1.961±0.558 cd 2.618±0.282 bc 1.134±0.498 d 

Note: Means ± SD are presented. Different letters within a germplasm denote significant differences among NaCl 229 

concentrations (P < 0.05). Subsequent tables follow the same notation. 230 

Gs, Ci, and Tr also exhibited significant interspecific differences in response to salt stress. For 231 

stomatal conductance, I. ‘Nellie R. Stevens’ reached its peak value of 0.264 mol·m⁻²·s⁻¹ at 100 mM 232 

(61.0% higher than the control) and maintained a value of 0.111 at 250 mM; I. × cassine had its 233 

highest conductance at 100 mM, which dropped sharply to 0.048 at 250 mM; I. opaca reached its 234 

peak of 0.253 at 50 mM (Table 2b). 235 
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Table 2b. Variations in stomatal conductance among seven Ilex germplasms under salt stress 237 

Breed 

NaCl concentration 

0mM 50mM 100mM 150mM 200mM 250mM 

I. ‘Nellie R.Stevens’ 0.164±0.001ab 0.202±0.034ab 0.264±0.028a 0.187±0.023ab 0.237±0.126a 0.111±0.032b 

I. opaca 0.196±0.054a 0.253±0.064a 0.249±0.016a 0.205±0.113a 0.203±0.016a 0.170±0.093a 

I. dabieshanensis 0.128±0.040a 0.216±0.052a 0.220±0.098a 0.207±0.003a 0.120±0.020a 0.123±0.001a 

I. cornuta ‘Dwarf 

Burfordii’ 
0.156±0.021ab 0.176±0.012ab 0.225±0.089a 0.210±0.082ab 0.122±0.044ab 0.104±0.030b 

I. × ‘China Girl’ 0.231±0.049ab 0.256±0.004a 0.182±0.040abc 0.128±0.023b 0.108±0.057c 0.079±0.050c 

I. cornuta Lindl. et 

Paxt. ‘Luteacarpus’ 
0.195±0.036b 0.357±0.057a 0.327±0.050a 0.160±0.009b 0.097±0.045 b 0.080±0.028b 

I.×cassine 0.152±0.019bc 0.158±0.155abc 0.272±0.107a 0.180±0.064ab 0.127±0.028bc 0.048±0.029c 

Ci varied among germplasms: I. opaca maintained relatively high and stable Ci across all salt 238 

concentrations. In I. × ‘China Girl’, Ci fell steadily with increasing salinity and was significantly 239 

lower at high concentrations (150–250 mM) than at low concentrations. In I. ‘Nellie R. Stevens’, I. 240 

cornuta Lindl. et Paxt. ‘Luteacarpus’, I. cornuta ‘Dwarf Burfordii’, and I. dabieshanensis, Ci 241 

showed an initial increase followed by a reduction as salt concentration rose (Table 2c). 242 

Table 2c. Changes in intercellular CO₂ concentration of seven Ilex germplasms under salt stress 243 

Breed 
NaCl concentration 

0mM 50mM 100mM 150mM 200mM 250mM 

I. ‘Nellie R.Stevens’ 314.129±9.484a 315.521±28.689a 350.491±30.796a 334.676±2.762a 315.443±6.349a 315.305±14.246 a 

I. opaca 327.515±5.236a 321.879±11.720a 330.05±28.058a 328.371±10.833a 369.046±6.185a 346.319±22.229 a 

I. dabieshanensis 297.267±7.924b 341.653±9.673ab 376.008±5.558a 339.723±17.327ab 309.721±9.553ab 297.03±51.083b 

I. cornuta ‘Dwarf 

Burfordii’ 306.22±32.268bc 350.392±15.971ab 373.882±13.731a 318.590±18.818bc 315.690±17.275bc 293.034±19.510 c 

I. × ‘China Girl’ 355.201±10.487a 352.815±5.323ab 339.38±23.412ab 314.639±28.475ab 301.899±3.984b 336.110±30.411ab 

I. cornuta Lindl. et Paxt. 

‘Luteacarpus’ 324.516±12.881b 320.191±18.974b 380.766±3.022a 362.615±7.338ab 353.085±6.782ab 255.88±64.782c 

I.×cassine 320.706±5.517bc 281.809±83.455c 364.730±8.031ab 360.538±18.600ab 374.147±6.087a 343.642±48.957ab 

For Tr, most germplasms exhibited an initial increase followed by stabilization at low salt 244 

concentrations (0–100 mM), with I. opaca showing the highest value at 100 mM, while I. × cassine 245 

and I. dabieshanensis also showed relatively high values at 50–100 mM. At high salt concentrations, 246 

Tr decreased significantly in most germplasms; at 250 mM, I. × cassine and I. × ‘China Girl’ 247 

showed the lowest values, while I. opaca remained relatively high (Table 2d). 248 



 

  

 

 

Table 2d. Changes in transpiration rate of seven Ilex germplasms under salt stress 249 

Breed 
NaCl concentration 

0mM 50mM 100mM 150mM 200mM 250mM 

I. ‘Nellie R.Stevens’ 3.470±0.801 ab 3.808±1.662 a 4.866±0.049 a 4.855±0.131 a 4.103±0.094 a 1.934±1.476 b 

I. opaca 3.749±1.794 bc 5.783±2.693 a 5.389±0.750 a 4.312±1.378 ab 4.222±0.442ab 2.286±0.823 c 

I. dabieshanensis 2.164±1.014 b 4.291±0.858 a 4.091±0.090 a 3.598±0.716 ab 2.473±0.716 b 2.352±0.346 b 

I. cornuta ‘Dwarf 

Burfordii’ 2.967±1.128 bcd 3.700±0.900 abc 4.550±1.749 ab 4.823±1.605 a 2.491±0.184 cd 1.961±0.355 d 

I. × ‘China Girl’ 3.879± 0.956 ab 4.949±1.768 a 4.132±1.210 ab 3.652±0.853 ab 2.697±0.594 b 0.920±0.383 c 

I. cornuta Lindl. et 

Paxt. ‘Luteacarpus’ 3.532±1.121 a 3.855±0.626 a 4.638±1.589 a 4.606±1.150 a 4.145±0.326 a 1.765±0.503 b 

I.×cassine 2.954±0.598 a 4.382±0.570 a 4.458±0.417 a 3.521±1.125 a 1.108±0.936 b 1.003±1.103 b 

3.1.2 MDA content 250 

Across the seven Ilex germplasms, leaf MDA content rose steadily as NaCl concentration 251 

increased. I. dabieshanensis showed the greatest elevation, with MDA levels increasing by 37.37% 252 

relative to the control and peaking at 17.604 μmol·g⁻¹. MDA contents in I. cornuta ‘Dwarf 253 

Burfordii’, I. × cassine, and I. opaca were relatively low. In I. cornuta ‘Dwarf Burfordii’ and I. × 254 

cassine, MDA content increased in a stepwise manner from 0 to 200 mM NaCl and showed a sharp 255 

rise at 250 mM. In ‘Luteacarpus’ and I. ‘Nellie R. Stevens’, MDA content increased only slightly 256 

under low and moderate salinity, but rose markedly at 200 mM and 250 mM. In I. × ‘China Girl’, 257 

MDA content gradually increased with increasing salt concentration, with the maximum value being 258 

71.18% higher than the control. In I. opaca, MDA content was significantly higher than the control 259 

across the 50–150 mM range, with no significant differences among these concentrations, but 260 

showed a substantial increase at 200 mM (Fig. 1). 261 



 

  

 

 

 262 

Fig. 1. Leaf MDA content of seven Ilex germplasms under salt stress. Error bars represent SD (n = 3). Different 263 

lowercase letters denote significant differences among salt concentrations in each germplasm (P < 0.05), and the 264 

same applies to Figures 2–4. MDA, malondialdehyde. Abbreviations are consistent across all tables and figures. 265 

3.1.3 Osmotic regulatory substances 266 

With increasing NaCl concentration, SS, SP, and Pro contents in the seven Ilex germplasms 267 

changed dynamically, first rising and then falling. For SS, most germplasms reached their maximum 268 

values at moderate to high concentrations (100–200 mM), followed by a significant decrease at 250 269 

mM, with interspecific differences observed: I. opaca peaked at 100 mM with an increase of 28.18% 270 

over the control; I. × ‘China Girl’ showed an anomalous increase only at 100 mM; ‘Luteacarpus’ 271 

increased by 24.97% at 150 mM compared with the control, with a decrease of 4.75% at 250 mM; 272 

both I. dabieshanensis and I. cornuta ‘Dwarf Burfordii’ reached their highest values at 200 mM 273 

(Fig. 2A). SP content exhibited species-specific responses: both I. ‘Nellie R. Stevens’ and 274 

‘Luteacarpus’ reached their maximum values at 150 mM, with increases of 25.83% and 27.79%, 275 

respectively, over the control; I. cornuta ‘Dwarf Burfordii’ peaked at 200 mM, reaching 17.874 276 



 

  

 

 

mg·g⁻¹ (a 70.80% increase); at 250 mM, SP content declined significantly in all germplasms (Fig. 277 

2B). For Pro, I. × ‘China Girl’ reached its highest value at 150 mM (a 65.70% increase over the 278 

control), which was the highest among all germplasms; ‘Luteacarpus’ reached 176.417 μg·g⁻¹ at 279 

150 mM (a 10.81% increase), significantly lower than in other germplasms; I. ‘Nellie R. Stevens’ 280 

decreased by 8.35% at 250 mM compared with 100 mM; I. × cassine peaked at 50 mM (248.224 281 

μg·g⁻¹) and then declined continuously; I. dabieshanensis decreased by 25.64% at 250 mM 282 

compared with 100 mM; I. cornuta ‘Dwarf Burfordii’ and I. opaca reached their maximum values 283 

at 150 mM, with decreases of 24.64% and 17.97%, respectively, at 250 mM; notably, Pro content 284 

in I. opaca showed no significant differences among treatments (Fig. 2C). 285 



 

  

 

 

 286 

Fig. 2. Changes in Osmotic regulatory substances in seven Ilex germplasms under salt stress. SS, soluble sugar; 287 

SP, soluble protein; Pro, proline. Same abbreviations apply to all tables and figures below. 288 

3.1.4 Chloroplast pigment content 289 

Among the seven Ilex germplasms, six showed a unimodal response in chloroplast pigment 290 

content to increasing NaCl concentration (0–250 mM), first rising and then falling. In contrast, I. 291 

dabieshanensis displayed no obvious trend, with pigment content consistently lower than the control. 292 

In I. ‘Nellie R. Stevens’, I. opaca, and I. × ‘China Girl’, pigment content gradually increased from 293 

0 to 100 mM and peaked at 100 mM, with the largest increase observed in I. × ‘China Girl’ (31.01%), 294 

followed by I. ‘Nellie R. Stevens’ (21.27%) and I. opaca (6.96%). In I. cornuta ‘Dwarf Burfordii’ 295 



 

  

 

 

and ‘Luteacarpus’, pigment content gradually increased from 0 to 150 mM and peaked at 150 mM, 296 

with increases of 6.58% and 5.00%, respectively, followed by a gradual decline from 200 to 250 297 

mM, with decreases of 10.79% and 2.35% at 250 mM compared with 150 mM. I. × cassine showed 298 

a 6.65% increase at 50 mM compared with 0 mM, followed by a continuous decline thereafter, with 299 

a 16.73% decrease at 250 mM compared with 50 mM (Fig. 3D). Chl a showed no significant 300 

treatment effects in ‘Luteacarpus’ and I. × ‘China Girl’, but increased then decreased with rising 301 

salt concentration in the other five germplasms. Chl b showed greater variation among germplasms 302 

than Chl a, with six germplasms (except ‘Luteacarpus’) exhibiting a unimodal pattern—either 303 

increasing then decreasing or showing a sustained decline. In contrast, for Car, I. opaca, I. ‘Nellie 304 

R. Stevens’, I. cornuta ‘Dwarf Burfordii’, and I. × ‘China Girl’ showed an initial decrease followed 305 

by an increase with increasing treatment concentration, while I. × cassine and I. dabieshanensis 306 

showed a gradual increase (Fig. 3A–C). 307 

 308 



 

  

 

 

 309 

Fig. 3. Changes in chloroplast pigment content in seven Ilex germplasms under salt stress. Chl a, chlorophyll 310 

a; Chl b, chlorophyll b; Car, carotenoids. Same abbreviations apply to all tables and figures below. 311 

3.2 Comprehensive analysis of salt tolerance in seven Ilex germplasms 312 

3.2.1 Salt injury index 313 

After 30 days of salt treatment, salt injury symptoms in the seven Ilex germplasms intensified 314 

with increasing NaCl concentration (Table 3). I. opaca showed the strongest salt tolerance, while I. 315 

× ‘China Girl’ was the most sensitive. At 0 mM, all germplasms grew normally. At 50 mM, only I. 316 

× cassine and I. × ‘China Girl’ showed slight leaf tip yellowing. At 100 mM, symptom 317 

differentiation became evident among germplasms, with some showing scorch, brown spots, or 318 

defoliation. At 150 mM, old leaf abscission and a few deaths occurred in certain germplasms. At 319 

200 mM, half of the I. × ‘China Girl’ plants died, and other germplasms showed aggravated 320 

symptoms. At 250 mM, I. × cassine and I. dabieshanensis were severely damaged; while I. ‘Nellie 321 

R. Stevens’, I. cornuta ‘Dwarf Burfordii’, I. cornuta Lindl. et Paxt. ‘Luteacarpus’, and I. opaca 322 



 

  

 

 

showed relatively mild symptoms, with I. opaca being the least affected. 323 

Table 3. Leaf salt injury level and salt injury index of seven Ilex germplasms under salt stress 324 

Breed 
Salt injury level Salt injury index (%) 

0mM 50mM 100mM 150mM 200mM 250mM 0mM 50mM 100mM 150mM 200mM 250mM 

I. ‘Nellie R.Stevens’ 0 1 1 2 3 4 0.00  1.79  8.93  25.00  40.18  53.57  

I. cornuta ‘Dwarf 

Burfordii’ 

0 1 2 2 2 4 0.00  2.68  8.93  26.79  17.86  53.57  

I.×cassine 0 2 3 4 5 6 0.00  12.50  21.43  42.86  62.50  75.00  

I. dabieshanensis 0 1 3 4 5 6 0.00  2.68  16.07  53.57  71.43  75.00  

I. cornuta Lindl. et 

Paxt. ‘Luteacarpus’ 

0 1 2 2 3 3 
0.00  2.95  7.14  25.00  40.18  42.86  

I. opaca 0 1 1 2 2 3 0.00  6.25  8.93  21.43  25.00  40.18  

I. × ‘China Girl’ 0 2 4 5 6 6 0.00  10.71  21.43  40.18  69.64  80.36  

3.2.2 Correlation analysis of physiological indicators 325 

Pearson correlation analysis was conducted to examine the relationships among physiological 326 

traits of the seven Ilex germplasms under salt stress (Table 4). SI showed strong associations with 327 

several stress-responsive parameters, exhibiting negative relationships with Pn, Tr, and Gs, but a 328 

positive association with MDA (p < 0.01). A significant positive relationship was also observed 329 

between SI and Pro (p < 0.05). Photosynthetic traits displayed coordinated responses, with Pn 330 

closely associated with both Gs and Tr, while Gs was positively linked to Tr. In addition, Ci showed 331 

positive associations with Tr and Gs. For membrane stability and pigment-related traits, MDA was 332 

positively associated with Chl b but negatively associated with Car, whereas its relationship with 333 

Chl a was not significant. Among osmotic adjustment substances, SP exhibited a negative 334 

association with Pro, while no significant relationship was observed between SP and SI. SS showed 335 

positive associations with Chl a and Gs. 336 
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Table 4. Pearson correlation analysis of physiological parameters in seven Ilex germplasms under salt stress. 338 

Index SI MDA Chl a Chl b Car SS SP Pro Pn Tr Gs Ci 

SI 1.000            

MDA 0.457** 1.000           

Chl a -0.138 0.304 1.000          

Chl b 0.025 0.667** 0.559* 1.000         

Car -0.020 -0.620** -0.240 -0.811** 1.000        

SS -0.001 0.017 0.336* 0.08 0.133 1.000       

SP 0.001 0.248 0.288 0.081 0.109 0.002 1.000      

Pro 0.198 -0.113 0.012 0.206 -0.264 0.006 -0.730** 1.000     

Pn -0.852** -0.277 0.200 0.150 -0.200 0.024 -0.064 -0.062 1.000    

Tr -0.616** -0.188 0.306* 0.127 0.050 0.192 0.137 -0.130 0.622** 1.000   

Gs -0.623** -0.205 0.477** 0.226 -0.049 0.321* 0.094 -0.027 0.558** 0.749** 1.000  

Ci -0.128 -0.105 -0.163 -0.103 0.126 0.145 0.024 0.079 0.106 0.417** 0.316* 1.000 

Note: *p < 0.05, **p < 0.01, ***p < 0.001. The following abbreviations are used: SI, salt injury index; Pn, net 339 

photosynthetic rate; Gs, stomatal conductance; Ci, intercellular CO₂ concentration; and Tr, transpiration rate. The 340 

same abbreviations apply below for all figures and tables. 341 

3.2.3 Random forest analysis of salt tolerance indicators 342 

Based on the random forest model, the importance of each physiological indicator in explaining 343 

SI was analyzed (Fig. 4). Model parameters and accuracy results are detailed in Supplementary 344 

Tables S2. The model demonstrated satisfactory predictive performance on both the training and 345 

test sets, confirming its reliability. The contribution of each indicator to SI varied considerably. 346 

Among them, Pn showed the highest importance, accounting for 59.3% of the variance in SI across 347 

treatments, followed by Tr and Gs, which explained 13.6% and 9.4% of the variance, respectively. 348 

In addition, MDA alone accounted for 6.2% of the variance, while the remaining seven indicators 349 

collectively explained 11.44% of the variance. 350 



 

  

 

 

 351 

Fig. 4. The contribution of various physiological indicators to the salt damage index of holly.  352 

3.2.4 Membership function values and comprehensive evaluation 353 

According to the integrated membership scores, the seven Ilex germplasms exhibited a 354 

descending order of salt tolerance as follows: I. opaca > I. cornuta Lindl. et Paxt. ‘Luteacarpus’ > 355 

I. ‘Nellie R. Stevens’ > I. × ‘China Girl’ > I. cornuta ‘Dwarf Burfordii’ > I. × cassine > I. 356 

dabieshanensis (Table 5). 357 

Table 5. Membership function values and comprehensive evaluation of seven Ilex germplasms under salt 358 

stress 359 

 360 

  361 

Breed SI MDA Chl a Chl b Car SS SP Pro Pn Tr Gs Ci Mean Rank 

I. opaca 0.750 0.836 0.718 0.280 0.848 0.800 0.573 0.237 0.608 0.693 0.728 0.578 0.637 1 

I. cornuta Lindl. et 

Paxt. ‘Luteacarpus’ 
0.694 0.464 0.969 0.484 0.693 0.676 0.861 0.065 0.491 0.583 0.529 0.475 0.582 2 

I. ‘Nellie R.Stevens’ 0.694 0.642 0.812 0.298 0.624 0.554 0.720 0.155 0.745 0.600 0.653 0.439 0.578 3 

I. × ‘China Girl’ 0.361 0.647 0.707 0.486 0.522 0.577 0.140 0.813 0.490 0.504 0.538 0.554 0.528 4 

I. cornuta ‘Dwarf 

Burfordii’ 
0.694 0.872 0.642 0.177 0.695 0.071 0.617 0.306 0.490 0.513 0.525 0.505 0.509 5 

I.×cassine 0.444 0.867 0.542 0.163 0.927 0.221 0.611 0.308 0.326 0.408 0.465 0.626 0.492 6 

I. dabieshanensis 0.472 0.160 0.759 0.746 0.353 0.171 0.680 0.238 0.512 0.461 0.540 0.462 0.463 7 



 

  

 

 

3.3 Transcriptomic analysis of I. dabieshanensis under salt stress 362 

3.3.1 Quality assessment of transcriptome sequencing data and identification of differentially 363 

expressed genes 364 

To investigate the effects of salt stress on photosynthesis in I. dabieshanensis, RNA-seq 365 

analysis was performed using leaf samples sampled at six time points spanning the control 366 

condition and 3–24 h after NaCl treatment. After read preprocessing and genome mapping, 40,042 367 

expressed genes were retained for downstream analyses. PCA separated the transcriptomic 368 

profiles among different treatment stages, with PC1 and PC2 explaining 71.28% and 14.45% of 369 

the overall variation, respectively (85.73% in total). (Fig. 5A). The correlation clustering heatmap 370 

further confirmed high correlations among samples within the same treatment group, whereas 371 

correlations among different treatment groups were relatively low (Fig. 5B). A time-dependent 372 

increase in DEG abundance was observed across the five salt treatment comparisons (3, 6, 9, 12, 373 

and 24 h vs CK) (Fig. 5C). The earliest response at 3 h involved 998 DEGs, including 757 induced 374 

and 241 repressed genes, whereas the 24 h treatment resulted in the strongest transcriptional 375 

alteration, with 2,841 DEGs (1,508 up-regulated and 1,333 down-regulated). Venn analysis 376 

identified 175 common DEGs that were differentially expressed at all time points (Fig. 5D); 377 

volcano plots showing the overall distribution of DEGs across the five comparison groups are 378 

presented in Supplementary Fig. S1. 379 
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 381 

Fig. 5. Transcriptomic responses of I. dabieshanensis to salt stress. (A) PCA plot of 18 transcriptome samples. 382 

(B) Sample correlation heatmap illustrating transcriptomic relationships among 18 samples. (C) Numbers of up- and 383 

down-regulated DEGs identified in five comparisons (3 h vs CK, 6 h vs CK, 9 h vs CK, 12 h vs CK, and 24 h vs 384 

CK). (D) Venn diagram displaying shared and unique DEGs among the five comparison groups. 385 

3.3.2 GO functional and KEGG pathway enrichment analysis of differentially expressed genes 386 

A total of 4,987 DEGs were obtained from the five pairwise comparisons. Functional 387 

annotation showed that these genes were mainly associated with biological processes such as 388 

response to alcohol (21.9%), response to karrikin (21.8%), negative regulation of abscisic acid-389 

activated signaling pathway (14.3%), auxin transport (4.5%), cellular response to phosphate 390 

starvation (3.2%), circadian rhythm (2.5%), and photosynthesis (2.5%) (Fig. 6A; Supplementary 391 

Table S3). 392 

KEGG analysis indicated that the identified DEGs were primarily involved in glutathione 393 

metabolism, plant hormone signal transduction, MAPK signaling pathway–plant, carbon 394 

metabolism, carbon fixation in photosynthetic organisms, and photosynthesis–antenna proteins 395 



 

  

 

 

(Fig. 6B; Supplementary Table S4). To further characterize the temporal changes in functional 396 

responses, enrichment analyses were conducted separately for DEGs detected at each sampling 397 

stage (3, 6, 9, 12, and 24 h vs CK), and the five most significant pathways from each comparison 398 

were summarized (Fig. 6C–D; Supplementary Tables S5 and S6). 399 

Photosynthesis-associated GO categories, including photosynthesis, light harvesting, 400 

chlorophyll binding, and red/far-red light signaling, were consistently represented during the early 401 

response period (3–12 h). In contrast, genes altered at 24 h showed stronger associations with 402 

hormone-related processes, including regulation of abscisic acid-activated signaling pathway and 403 

regulation of response to alcohol. Similarly, KEGG analysis demonstrated that photosynthesis–404 

antenna proteins, plant circadian rhythm, and plant hormone signal transduction were commonly 405 

affected across multiple time points, whereas carbon fixation in photosynthetic organisms and 406 

carbon metabolism became prominent mainly at 24 h. 407 



 

  

 

 

 408 

Fig. 6. Enrichment analysis of DEGs in response to salt stress. (A) Circle plot of GO enrichment for 4,987 409 

DEGs. (B) Bar plot of KEGG pathway enrichment; color intensity indicates enrichment significance (-410 

log₁₀(q‑value)). (C–D) Bubble plots of GO (C) and KEGG (D) enrichment across five comparison groups. Dot 411 

size reflects gene count; color indicates -log₁₀(q‑value). 412 

3.3.3 Expression pattern analysis of key differentially expressed genes involved in photosynthesis 413 

To gain further insight into the expression dynamics of photosynthesis‑related genes, we 414 

extracted the corresponding DEGs from the GO and KEGG enrichment results and visualized 415 

their expression profiles using heatmaps (Fig. 7A, 7B). Among the four photosynthesis‑related 416 

GO terms, the 11 DEGs involved in photosynthesis, light harvesting in photosystem I and 417 

chlorophyll binding—which encode photosystem I antenna complex and chlorophyll‑binding 418 

proteins—generally exhibited an initial upregulation followed by a subsequent downregulation, 419 

with relatively high expression at 6 h and a gradual decline thereafter, returning to levels close to 420 

those of the control at 24 h. For the red/far‑red light signaling pathway, six out of the 11 DEGs 421 

(e.g., ILEXP_LOCUS4880 and ILEXP_LOCUS21749) were markedly induced at 3–9 h, but their 422 



 

  

 

 

expression decreased at 12–24 h. In the KEGG Photosynthesis – antenna proteins pathway, most 423 

antenna protein genes displayed a similar expression pattern, with early upregulation and later 424 

sustained downregulation, reaching the lowest levels at 24 h. In the Carbon fixation in 425 

photosynthetic organisms pathway, 12 DEGs (e.g., ILEXP_LOCUS19855 and 426 

ILEXP_LOCUS27326) showed relatively minor changes at early time points but were 427 

significantly upregulated at 24 h, whereas other genes (e.g., ILEXP_LOCUS2685, 428 

ILEXP_LOCUS3026, and ILEXP_LOCUS21504) exhibited continuous downregulation, 429 

reaching their minimum expression levels at 24 h. 430 

 431 

Fig. 7. Heatmap showing expression patterns of photosynthesis-related DEGs enriched in GO terms and 432 

KEGG pathways. 433 

3.3.4 Enrichment of photosynthetic carbon fixation pathways 434 

The temporal dynamics of GO and KEGG enrichment analyses indicated that salt stress 435 

progressively shifted the photosynthetic response from light harvesting towards carbon 436 



 

  

 

 

assimilation. Notably, “Carbon fixation in photosynthetic organisms” was the only pathway 437 

significantly enriched at 24 h, suggesting a specific perturbation of carbon fixation under 438 

prolonged stress, prompting further analysis of this pathway. 439 

Pathway analysis revealed that salt stress broadly affected genes encoding Calvin cycle 440 

enzymes (Fig. 8), including RBC, GAPC, and FBA. Among these, ILEXP_LOCUS4338 (RBC), 441 

two GAPC genes (ILEXP_LOCUS4187 and ILEXP_LOCUS27326), and ILEXP_LOCUS5007 442 

(FBA) showed minor changes at 3–12 h but were markedly upregulated at 24 h. Genes involved 443 

in RuBP regeneration were also regulated: ILEXP_LOCUS2685 (SBPASE) and 444 

ILEXP_LOCUS3026 (RPI) were progressively downregulated with prolonged stress, whereas 445 

two PRK genes (ILEXP_LOCUS24238 and ILEXP_LOCUS24239) were significantly 446 

upregulated at 24 h. Most Calvin cycle-related genes (e.g., ILEXP_LOCUS4187, 447 

ILEXP_LOCUS5007, ILEXP_LOCUS5198, ILEXP_LOCUS24238, ILEXP_LOCUS24239) 448 

exhibited limited changes at early stages but significant alterations at 24 h, with some 449 

continuously suppressed (e.g., ILEXP_LOCUS1645, ILEXP_LOCUS12851, 450 

ILEXP_LOCUS29269). 451 

Additionally, C₄/CAM-related enzymes (PPC, MDH, NADP-ME, and ALAAT) were also 452 

affected. Two PPC genes (ILEXP_LOCUS19870 and ILEXP_LOCUS19855) were upregulated 453 

from 9 h onwards and peaked at 24 h, whereas two MDH genes (ILEXP_LOCUS11968 and 454 

ILEXP_LOCUS21504) were continuously downregulated over time. HCEF1 455 

(ILEXP_LOCUS5198), a regulator of photosynthetic electron transport, showed minor changes 456 

at 3–12 h but was strongly upregulated at 24 h. 457 



 

  

 

 

 458 

Fig. 8. Salt‑induced changes in the carbon fixation pathway and associated DEGs. DEGs were projected onto 459 

the KEGG map of photosynthetic carbon fixation. The heatmap shows mean Z‑scored expression values of DEGs 460 

linked to each enzymatic step across CK and salt treatments (3, 6, 9, 12, and 24 h). Enzyme abbreviations: ALAAT, 461 

alanine aminotransferase; NADP‑ME, NADP‑malic enzyme; MDH, malate dehydrogenase; PPC1, 462 

phosphoenolpyruvate carboxylase; RBC, ribulose bisphosphate carboxylase; GAPC, glyceraldehyde‑3‑phosphate 463 

dehydrogenase; FBA, fructose‑bisphosphate aldolase; HCEF1, high cyclic electron flow 1; SBPASE, 464 

sedoheptulose‑bisphosphatase; RPI, ribose‑5‑phosphate isomerase; PRK, phosphoribulokinase. 465 

4. Discussion  466 

4.1 Significant interspecific variation in salt tolerance among the seven Ilex germplasms 467 

Plant growth and development are severely constrained by salt stress, which imposes osmotic 468 

imbalance, ionic toxicity, and oxidative damage [8, 37, 38]. In this study, the salt injury index of 469 

the seven Ilex germplasms increased significantly with rising NaCl concentration, with marked 470 

differences among germplasms, indicating substantial interspecific variation in salt tolerance 471 



 

  

 

 

within the genus. Membership function analysis integrating multiple physiological indicators 472 

effectively differentiated the salt tolerance of the seven Ilex germplasms, with the rankings 473 

consistent with observed physiological trends. This confirmed the applicability of this method for 474 

salt tolerance evaluation in Ilex. Similarly, [39] demonstrated that this multi‑indicator approach 475 

effectively discriminates interspecific salt tolerance in Ilex; their principal component analysis 476 

identified salt injury index, relative electrical conductivity, MDA, soluble protein, and chlorophyll 477 

as core indicators, whereas our random forest analysis highlighted Pn, Gs, and Tr as major 478 

contributors to salt injury variation. Although the key indicators differed, both studies emphasized 479 

the value of multi‑indicator evaluation. The greater importance of photosynthetic parameters in 480 

our study may relate to earlier measurements (day 7), which likely captured rapid photosynthetic 481 

responses. 482 

Interspecific differences in salt tolerance are shaped by genetic background and ecological 483 

adaptive history. I. dabieshanensis, endemic to the Dabie Mountains, occurs in acidic red soils 484 

with extremely low soluble salt content; prolonged adaptation may have led to adaptive 485 

degradation of its salt stress response pathways [40]. In contrast, Yu et al. [41] found that the 486 

coastal species I. integra accumulated less Na⁺ and exhibited stronger antioxidant capacity than 487 

the inland I. purpurea. Similarly, I. opaca, native to the eastern coast of North America, showed 488 

strong salt tolerance, supporting the influence of ecological origin on salt tolerance. Salt tolerance 489 

variation among germplasms thus reflects the integrated performance of ion homeostasis, 490 

photosynthetic regulation, and antioxidant defense [42, 43]. Hence, a thorough assessment of salt 491 

tolerance mechanisms in Ilex should incorporate morphological, physiological, and molecular 492 

dimensions. 493 



 

  

 

 

4.2 Synergistic roles of membrane lipid peroxidation and osmotic regulation in salt acclimation of 494 

Ilex 495 

Membrane lipid peroxidation, indicated by MDA accumulation, is a reliable marker of 496 

salt‑induced membrane damage [44, 45]. In this study, MDA content increased with rising NaCl 497 

concentration, with the highest levels recorded in I. dabieshanensis, suggesting the greatest 498 

membrane impairment in this species. By contrast, salt‑tolerant taxa such as I. opaca maintained 499 

lower MDA levels, indicative of superior membrane stability. The negative correlation between 500 

MDA and carotenoid content implies a protective role of carotenoids in photoprotection and ROS 501 

scavenging [4], and their stability appears critical for maintaining photosynthetic membrane 502 

integrity. 503 

Regarding osmotic regulation, SS, SP, and Pro exhibited a unimodal response to increasing 504 

salinity, characterized by an initial increase under moderate stress followed by a decline under 505 

high salinity. This pattern indicates that low salinity promotes osmolyte accumulation to reduce 506 

osmotic potential, whereas high salinity suppresses their synthesis or accelerates their degradation. 507 

Osmotic adjustment strategies differed markedly among germplasms. For instance, I. ‘Nellie R. 508 

Stevens’, primarily accumulated soluble sugars (SS reached 78.02 mg·g⁻¹ at 150 mM NaCl). 509 

Although energetically costly (~50–70 M ATP per M solute [46]), soluble sugars also function in 510 

antioxidant protection and carbon storage, offering additional physiological benefits [47]. In 511 

contrast, I. × ‘China Girl’ showed strong reliance on proline accumulation (65.70% increase), 512 

consistent with reports in woody plants such as Casuarina equisetifolia, which rapidly synthesizes 513 

proline as a major compatible solute under salt stress, with foliar proline content strongly 514 

correlated with Na⁺ concentration [48]. Proline also functions as a non‑enzymatic ROS scavenger, 515 



 

  

 

 

playing dual roles in osmotic and oxidative defense [49]. The negative correlation between Pro 516 

and SP (r = −0.730) suggests that proline accumulation may occur at the expense of soluble protein 517 

degradation [46], while the positive correlation between Pro and salt injury index implies that 518 

proline content may reflect stress severity rather than tolerance capacity [50]. Collectively, these 519 

findings indicate that the seven Ilex germplasms adopted differentiated osmotic adjustment 520 

strategies, reflecting an adaptive trade‑off between osmotic adjustment efficiency and energy 521 

expenditure. 522 

4.3 Photosynthetic inhibition as a key physiological process underlying salt injury in Ilex 523 

Salt stress affects photosynthesis through both stomatal and non-stomatal limitations. In this 524 

study, Pn was significantly positively correlated with Gs, indicating that stomatal closure is a 525 

primary factor contributing to reduced photosynthetic performance by limiting CO₂ availability. 526 

Under progressive salt stress, Ci either initially increased and then decreased or remained elevated 527 

in salt-sensitive germplasms, suggesting a gradual shift from stomatal to non-stomatal limitations, 528 

such as reduced mesophyll conductance and decreased Rubisco carboxylation efficiency [16]. The 529 

relative contribution of these two limitations jointly determines the overall stability of 530 

photosynthesis among germplasms [50]. 531 

Non‑stomatal limitations reflect underlying damage to photosynthetic structure and function. 532 

A prominent response observed in this study was the decline in chlorophyll and carotenoid contents 533 

with increasing salinity, consistent with previous reports [51, 52]. The transient increase in pigment 534 

content under low salinity in some germplasms may be attributed to reduced leaf expansion leading 535 

to higher chloroplast density per unit leaf area [53]. However, with increasing salt stress, pigment 536 

degradation accelerated, with Chl a exhibiting greater sensitivity than Chl b [6]. Carotenoids, 537 



 

  

 

 

beyond their role in light harvesting, are essential for photoprotection and ROS scavenging, and are 538 

generally positively associated with salt tolerance [5]. In this study, the salt-tolerant I. opaca 539 

maintained relatively stable carotenoid levels, whereas the salt-sensitive I. dabieshanensis showed 540 

a marked decline, consistent with observations in other salt-sensitive woody species [54]. In addition, 541 

salt-induced chloroplast structural damage, such as thylakoid disorganization and plastoglobuli 542 

accumulation, may further constrain light capture and energy conversion efficiency [55]. 543 

At the level of electron transport and carbon assimilation, salt-tolerant germplasms maintained 544 

higher photochemical efficiency and electron transport capacity, whereas PSII efficiency declined 545 

markedly in salt-sensitive germplasms under increasing salinity [15, 56]. Moreover, salt stress 546 

inhibits Rubisco activity and Rubisco activase function and suppresses the expression of Calvin 547 

cycle-related genes, thereby restricting carbon fixation at the biochemical and transcriptional levels 548 

[17]. In the present study, salt-tolerant germplasms maintained relatively higher Pn and Gs under 549 

high salinity, whereas I. dabieshanensis exhibited the most pronounced reductions, indicating that 550 

its photosynthetic apparatus is impaired at multiple levels, including stomatal regulation, pigment 551 

stability, electron transport, and carbon assimilation. 552 

Consistently, random forest analysis identified Pn as the dominant contributor to salt injury 553 

variation (59.3%), far exceeding Gs (9.4%) and Tr (13.6%), highlighting photosynthetic capacity as 554 

a core trait for evaluating salt tolerance in Ilex. Overall, salt-tolerant germplasms display 555 

coordinated advantages in stomatal regulation, pigment maintenance, and carbon fixation, whereas 556 

I. dabieshanensis is compromised across multiple components of the photosynthetic machinery. 557 

These results suggest that the maintenance of stable photosynthetic performance, particularly 558 



 

  

 

 

pigment integrity, efficient stomatal regulation, and robust electron transport, is a key physiological 559 

basis underlying salt tolerance in Ilex species. 560 

4.4 Transcriptomic analysis reveals molecular mechanisms of photosynthetic inhibition in I. 561 

dabieshanensis 562 

Physiological evaluation identified I. dabieshanensis as the most salt‑sensitive germplasm 563 

among the seven Ilex germplasms tested; we therefore performed a time‑series transcriptomic 564 

analysis on leaves of this species under 200 mM NaCl treatment. Temporal dynamics of GO and 565 

KEGG enrichment analyses revealed a hierarchical progression of photosynthetic inhibition from 566 

light reactions to carbon assimilation: at early stages (3–12 h), the transcriptional response was 567 

dominated by genes involved in light harvesting, chlorophyll binding, and light signaling, whereas 568 

after 24 h, the regulatory focus shifted toward ABA signaling and stress defense pathways, 569 

indicating a strategic transition from photosynthetic maintenance to stress survival. This pattern 570 

is consistent with reports that photosynthetic pathways are more sensitive to stress than other basal 571 

biological processes in rice [57], and with the coordinated changes in hormone signaling and 572 

carbon metabolism observed in Astragalus cicer under salt stress [58]. KEGG analysis further 573 

revealed that the "Photosynthesis – antenna proteins" pathway was significantly enriched at all 574 

time points, whereas "Carbon fixation" reached significance only at 24 h, indicating that salt stress 575 

first attacks the light‑harvesting antenna complexes and subsequently extends to the carbon 576 

fixation network, a finding consistent with the conclusion that the PSII is the most vulnerable 577 

component of the photosynthetic apparatus to salt-induced damage in melon [59]. Antenna protein 578 

genes exhibited transient upregulation at 6 h followed by sustained downregulation at 24 h, 579 

suggesting that the initial compensatory response is suppressed under prolonged stress. The 580 



 

  

 

 

time‑specific enrichment of the carbon fixation pathway suggested that this process may represent 581 

the ultimate convergence node of salt‑induced damage to the photosynthetic apparatus; we 582 

therefore further analyzed the expression dynamics of genes encoding key enzymes in this 583 

pathway. Within the carbon fixation pathway, Calvin cycle enzyme genes exhibited differentiated 584 

expression: genes encoding RBC, GAPC, and FBA showed limited changes at early stages but 585 

were significantly upregulated at 24 h, whereas SBPASE and RPI were progressively 586 

downregulated with prolonged stress. This expression divergence indicates that long‑term salt 587 

stress does not simply suppress carbon fixation uniformly, but rather reshapes the carbon 588 

assimilation network by differentially modulating distinct metabolic nodes to optimize carbon 589 

flux allocation and energy balance. By contrast, in the halophyte Nitraria sibirica, salt stress 590 

upregulates the expression of genes encoding RuBisCO large chain, malate dehydrogenase, and 591 

other key carbon fixation enzymes through ethylene signaling, thereby enhancing photosynthesis 592 

and promoting growth [60], indicating that the direction of carbon metabolic reprogramming may 593 

vary depending on the species' intrinsic salt tolerance strategy. Similar reprogramming of carbon 594 

metabolism has been documented in salt‑tolerant sweet sorghum [61], saline‑alkali‑stressed mung 595 

bean [62], and drought‑stressed Shanlan upland rice [63], indicating that complex modulation of 596 

carbon fixation represents a conserved adaptive strategy across plant species under abiotic stress. 597 

Furthermore, differential expression was also detected for C₄/CAM‑related enzymes (PPC, 598 

MDH, NADP‑ME, ALAAT): two PPC genes were upregulated from 9 h onward and peaked at 599 

24 h, whereas two MDH genes were continuously downregulated. The induction of 600 

C₄/CAM‑related genes in a C₃ plant may represent an adaptive mechanism to enhance organic 601 

acid metabolism and carbon skeleton redistribution. This contrasts with the finding in the 602 



 

  

 

 

halophyte Nitraria sibirica, where salt stress stimulated carbon fixation through ethylene signaling 603 

[60]: carbon fixation was promoted in the halophyte, whereas in the glycophytic I. dabieshanensis 604 

it was predominantly inhibited, with only partial compensatory induction of certain metabolic 605 

enzymes. The differential expression of HCEF1 suggested that the plant may attempt to adjust 606 

electron transport efficiency to balance the energy demand between light reactions and carbon 607 

assimilation, but this adjustment appears insufficient to offset the overall decline in photosynthetic 608 

performance. 609 

In summary, our transcriptomic analysis suggests that salt‑induced photosynthetic inhibition 610 

in I. dabieshanensis may involve multi‑layered responses, ranging from early light‑harvesting 611 

adjustments to late carbon fixation network remodeling and hormone‑driven defense. The 612 

progressive inhibition of the Calvin cycle, together with compensatory attempts through C₄‑like 613 

enzyme induction, may collectively lead to metabolic imbalance and consequently constrain 614 

photosynthetic carbon assimilation efficiency. 615 

5. Conclusion  616 

This study provides a physiological and molecular characterization of salt stress responses 617 

in seven evergreen Ilex germplasms, with a focus on the most salt‑sensitive accession. 618 

Considerable interspecific variation was evident in stress tolerance, with I. opaca showing 619 

superior photosynthetic performance and lower salt injury, coupled with maintained osmotic and 620 

pigment homeostasis under high salinity. In contrast, I. dabieshanensis displayed the greatest 621 

photosynthetic decline and the highest MDA accumulation and salt injury. Correlation and 622 

random forest analyses identified Pn, Tr, and Gs as the primary contributors to salt injury variation, 623 



 

  

 

 

accounting for 82.3% of the total variance (Pn alone: 59.3%). Transcriptomic profiling of I. 624 

dabieshanensis revealed significant downregulation of photosynthesis‑ and antenna 625 

protein‑related genes. Time‑course analysis further showed a progressive transcriptional shift 626 

from light harvesting to carbon assimilation under salt stress, with the carbon fixation pathway 627 

enriched exclusively under prolonged stress, and Calvin cycle genes displaying differential 628 

regulation rather than uniform repression. Together, these results define the physiological and 629 

molecular response patterns of evergreen Ilex germplasms to salinity, providing a basis for 630 

identifying salt‑tolerant genotypes and supporting their use in saline‑land greening. 631 
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