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16 Abstract 

17 Drought tolerance mechanisms are crucial for global crop production under 
18 increasing water scarcity. It is important to understand these mechanisms in 
19 raspberry (Rubus idaeus L.) cultivars to support their water-limited stress 
20 tolerance. This study assessed the physiological, biochemical, and leaf 
21 morphological responses of two commercial cultivars, ‘Diamond Jubilee’ and 
22 ‘Jade’, across two seasons (2022 and 2024) under controlled irrigation: full 
23 irrigation (100%), moderate drought (50%), and PEG-induced osmotic stress 
24 in 2022 and two treatments (100% and PEG) in 2024. The responses were 
25 significantly influenced by both genotype and treatment. Under PEG stress 
26 conditions, 'Jade' maintained superior water status with RWC of 48.1% in 
27 2022 and 66.7% in 2024 compared to 'Diamond Jubilee' (56.0% in 2022 and 
28 32.4% in 2024), representing 37.4% reduction vs 63.8% reduction relative to 
29 their respective controls, indicating greater physiological stability. In 
30 contrast, 'Diamond Jubilee' showed stronger biochemical responses, with 
31 proline increasing from 0.037 to 0.114 μmol/g (1,171% increase) and 
32 peroxidase activity rising from 24.4 to 93.9 U/g/min (284.8% increase) in 
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33 2022, suggesting enhanced antioxidant defense through multiple enzymatic 
34 and non-enzymatic components. Both cultivars accumulated soluble sugars 
35 under drought stress, with glucose content increasing from 2.56% to 4.25% 
36 (66.0% increase) in 2022 and from 2.59% to 3.09% (19.5% increase) in 
37 2024, indicating osmotic adjustment mechanisms. Total phenolic content 
38 increased from 432 to 620 mg GAE/100g (43.6% increase) in 2024 under 
39 PEG treatment. Organic acid analysis in 2024 revealed cultivar-specific 
40 responses: citric acid increased from 4.41 to 7.10 mg/g DW (61.0% increase) 
41 in 'Diamond Jubilee' and from 2.83 to 3.77 mg/g DW (33.2% increase) in 
42 'Jade', while ascorbic acid was completely depleted from 0.31 and 0.21 mg/g 
43 DW to 0.00 mg/g DW in both cultivars. Oxalic acid showed contrasting 
44 responses, increasing from 2.54 to 3.33 mg/g DW in 'Diamond Jubilee' but 
45 decreasing from 4.12 to 3.60 mg/g DW in 'Jade'. Principal Component 
46 Analysis captured 77.1% of variance in 2022 and 90.2% in 2024, clearly 
47 separating cultivars and treatments. Based on superior water retention 
48 capacity and maintenance of photosynthetic efficiency across both years, 
49 'Jade' demonstrated greater physiological resilience, while 'Diamond Jubilee' 
50 showed enhanced metabolic plasticity through active osmotic and 
51 biochemical stress responses. These findings highlight key traits—relative 
52 water content, proline accumulation, phenolic compounds, peroxidase 
53 activity, and cultivar-specific organic acid profiles—that can support 
54 drought-tolerant raspberry cultivar selection in breeding programs.

55 Keywords: Rubus idaeus, water stress tolerance, physiological traits, 
56 biochemical markers.
57

58 1. Introduction

59 Water scarcity is among the most pressing threats to global agricultural 

60 production, particularly under climate change and increasing food demands. 

61 By 2050, many historically productive agricultural regions are expected to 

62 face severe water deficits, potentially causing yield losses of 4–10% 

63 (Bhattacharya & Bhattacharya, 2021; Kahil et al., 2024). These projections 

64 stress the urgency of breeding and management interventions. To sustain 

65 production, developing drought-tolerant cultivars and adopting water-saving 

66 management practices are central goals in modern agriculture (Geilfus et 
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67 al., 2024). Raspberry (Rubus idaeus L.) is a high-value fruit crop valued for 

68 economic and nutritional attributes. Its fruits contain anthocyanins, ellagic 

69 acid, quercetin, and vitamin C—bioactive compounds with well-documented 

70 antioxidant, anti-inflammatory, and anticancer effects (Cosme et al., 2022). 

71 These properties have driven consumer demand and global cultivation. 

72 However, raspberries are highly sensitive to water deficits due to their 

73 shallow root system (25–30 cm) and high seasonal water requirements 

74 (Ortega-Farias et al., 2022). Even brief water shortages during critical 

75 phenological stages, such as fruit formation, can reduce yields within 7–10 

76 days (Carroll, 2023). This highlights the need to understand mechanisms 

77 underpinning drought tolerance in this species.

78 Under water limitation, plants initiate a cascade of physiological and 

79 biochemical responses to maintain homeostasis. Stomatal closure is an early 

80 response, reducing transpiration and water loss but also limiting carbon 

81 assimilation (Farooq et al., 2012). In raspberry, drought decreases stomatal 

82 conductance, transpiration, and net photosynthesis, particularly when leaf 

83 water potential drops below critical thresholds (Pigolev et al., 2023; 

84 Rugienius et al., 2020). The magnitude of these effects depends on the 

85 intensity, timing, and duration of stress, all influencing yield (Morales-

86 Santos et al., 2023). Physiological indicators of drought in raspberry include 

87 elevated leaf temperature from reduced transpirational cooling, decreased 

88 relative water content (RWC) indicating impaired water status, and reduced 

89 photosynthetic quantum yield reflecting damage or downregulation of 
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90 photosystem II (Faaek & Pırlak, 2021). Moderate drought (40–60% field 

91 capacity) can lower maximum quantum efficiency (Fv/Fm) by 15–25%, 

92 reduce mesophyll conductance by 30–45%, and raise canopy temperature by 

93 2–4 °C (Dilnawaz et al., 2023). Such changes often coincide with 

94 morphological adaptations—smaller leaf area, higher leaf dry matter 

95 content, and thicker cuticles—that help reduce water loss while maintaining 

96 essential metabolic activity (Şimşek et al., 2024). Biochemically, drought 

97 reprograms metabolic pathways, especially those involving carbohydrate 

98 metabolism and antioxidant defense. Osmoprotectants such as proline 

99 facilitate osmotic adjustment and protect cellular structures (Urmi et al., 

100 2023; Lubyanova et al., 2023). Soluble sugars—sucrose, glucose, and 

101 fructose—serve as osmolytes, energy sources, and signaling molecules 

102 regulating stress-responsive genes (Asad et al., 2024). Drought can also 

103 shift organic acid profiles, such as citric and succinic acids, reflecting 

104 altered respiration and carbon allocation (Lai et al., 2022).

105 Oxidative stress is a key consequence of drought, as reactive oxygen species 

106 (ROS) accumulate and damage lipids, proteins, and nucleic acids. Plants 

107 counter this with enzymatic and non-enzymatic antioxidant defenses. In 

108 raspberry, drought increases total phenolic content and the activity of 

109 enzymes such as peroxidase, catalase, and polyphenol oxidase 

110 (Roychowdhury et al., 2020; González-Gordo et al., 2023). Proteomic studies 

111 show greater abundance of antioxidant enzymes like superoxide dismutase, 

112 ascorbate peroxidase, and glutathione reductase under drought (Grzelak et 
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113 al., 2024), emphasizing their role in maintaining redox balance (Yalav et al., 

114 2024).

115 Phytohormones, particularly abscisic acid (ABA), are central to drought 

116 signaling, regulating short-term physiological responses—such as stomatal 

117 closure, osmotic adjustment, and maintenance of leaf water status—and 

118 longer-term adaptive changes through stress-responsive gene expression 

119 (Parwez et al., 2022; Khandani et al., 2024a). In raspberry, ABA interacts 

120 with jasmonates, salicylic acid, and brassinosteroids in complex regulatory 

121 networks that coordinate drought adaptation (Pigolev et al., 2023). 

122 However, cultivar differences in ABA sensitivity and hormone crosstalk 

123 remain poorly explored. 

124 Polyethylene glycol (PEG) is often used experimentally to simulate drought 

125 by reducing osmotic potential without adding salinity stress. High-

126 molecular-weight PEG (e.g., PEG 6000) cannot penetrate cell membranes, 

127 inducing water stress without direct toxicity (Kakar et al., 2023). Comparing 

128 PEG-induced stress with soil drying helps identify shared and distinct 

129 drought responses, revealing robust physiological and biochemical markers 

130 for breeding (Gusain & Joshi, 2025; Peršić et al., 2022). Despite raspberry’s 

131 importance and drought sensitivity, integrated studies assessing 

132 physiological and biochemical responses across cultivars are limited. Most 

133 focus on single traits, neglecting the interplay among water relations, 

134 photosynthesis, metabolic reprogramming, antioxidant defense, and 

135 hormonal signaling (Shah et al., 2023). Moreover, differences in drought 
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136 adaptation between floricanes and primocanes remain underexplored, 

137 though such insights could aid targeted breeding and management 

138 (Makonya et al., 2025; Łysiak & Szot, 2023). The two raspberry cultivars 

139 used in this study, ‘Diamond Jubilee’ and ‘Jade’, were selected for their 

140 commercial importance and desirable fruit attributes. ‘Diamond Jubilee’ 

141 exhibits high cane vigor, large and firm fruits, low acidity, and extended 

142 postharvest shelf life (US Plant Patent, 2014), while ‘Jade’ is valued for its 

143 yield potential and fruit quality. To the best of our knowledge, no published 

144 studies have evaluated the drought stress responses of either cultivar, 

145 highlighting the novelty of this work. The objective of this study was to 

146 evaluate their physiological and biochemical responses to soil water deficit 

147 and PEG-induced osmotic stress across two growing seasons, integrating 

148 data on water relations, photosynthetic traits, primary metabolites, 

149 antioxidant components, and hormonal regulators to elucidate drought 

150 tolerance mechanisms and identify traits relevant for breeding and 

151 sustainable irrigation management.

152 2. Materials and Methods
153 2.1. Experimental Location 

154 This study was conducted at the Yalex commercial greenhouse in Adana, 

155 Turkey (37.01° N, 35.23° E, Elevation: 41 m above sea level). The research 

156 took place in the YALTIR long greenhouse tunnel (YL-HT-GH), which is 

157 equipped with a partial environmental control system.

158
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159 2.2. Plant materials and growing conditions

160 Two commercial cultivars of red raspberry (Rubus idaeus L.), ‘Diamond 

161 Jubilee’ and ‘Jade’, were evaluated in this study. Uniform five-year-old 

162 raspberry plants were procured from a certified commercial nursery located 

163 in Adana, Türkiye, and transplanted into 5-liter plastic pots. The growing 

164 substrate consisted of a mixture of peat moss, perlite, and vermiculite in a 

165 2:1:1 ratio (v/v/v), with pH adjusted to 5.5–6.5, suitable for raspberry 

166 cultivation. Irrigation was applied regularly to maintain adequate moisture 

167 throughout the root zone. Plants were grown under greenhouse conditions. 

168 During the experimental periods, recorded greenhouse temperatures were 

169 18-33°C (mean 27.3°C) in 2022 (October) and 29-38°C (mean 34.0°C) in 

170 2024 (July ), reflecting seasonal differences. Relative humidity ranged from 

171 60% to 70%. Lighting was primarily natural, supplemented with LED lamps 

172 to maintain a 16/8 h light/dark photoperiod. Before the application of 

173 drought treatments, all plants were acclimated for 4 weeks under well-

174 watered conditions.

175 Plants were fertigated daily with a complete nutrient solution containing 

176 both macroelements (N, P, K) and microelements (Fe, Mn, Zn, Cu, B, Mo). 

177 The solution was maintained at a pH of 5.8–6.0 and an electrical 

178 conductivity (EC) of 1.3 dS/m.

179 2.3. Experimental Design and Treatments
180
181 The study was conducted over two growing seasons (2022 and 2024) using a 

182 randomized complete block design (RCBD) with three replications per 
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183 treatment. In 2022, three irrigation treatments were applied: full irrigation 

184 (100% field capacity), moderate drought (50% irrigation), and osmotic stress 

185 using 20% (w/v) Polyethylene Glycol 6000 (PEG). Based on the 2022 

186 results—where the 50% irrigation treatment produced intermediate and less 

187 distinct physiological and biochemical responses—the 2024 experiment was 

188 simplified to include only the two most contrasting treatments: full irrigation 

189 and PEG-induced stress. No experimental data were collected in 2023, as 

190 the plant material was under propagation and preparation for the 

191 subsequent trial season.

192 Irrigation was managed to maintain consistent soil moisture targets verified 

193 by  regular monitoring: 35-40% volumetric water content (field capacity) for 

194 100%  treatment, 18-23% for 50% treatment (2022 only), and -0.5 MPa 

195 osmotic stress for PEG treatment (20% w/v PEG 6000).  In 2022, irrigation 

196 events during the establishment phase delivered approximately 240 ml 

197 (100% treatment) or 120 ml (50% treatment) per application. The 2024 

198 experiment followed the same irrigation protocol with seasonal adjustments 

199 to maintain identical soil moisture targets. 

200 Each experimental unit included one single plant per plot, giving a total of 

201 18 plants in 2022 (2 cultivars × 3 treatments × 3 replications) and 12 in 

202 2024 (2 cultivars × 2 treatments × 3 replications). Although four cultivars 

203 were initially planted for broader evaluation, only these two were subjected 

204 to detailed physiological and biochemical analyses.

205
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206 2.4. Physiological Parameters
207

208 2.4.1. Leaf Temperature

209 Leaf temperature measurements were conducted using a Fluke 62 Max 

210 handheld infrared thermometer. This device allows for non-contact 

211 measurement of leaf surface temperature by detecting emitted thermal 

212 radiation. The measurements were conducted during the morning hours, 

213 typically between 08:00 and 10:00, to avoid the midday heat and reduce 

214 variations due to direct sunlight exposure. The infrared thermometer was 

215 positioned approximately 0.5 meters above the plant canopy and aimed 

216 directly at the leaves to obtain accurate readings. Each leaf was measured 

217 three times to ensure consistency, and the average temperature was 

218 recorded. This method is particularly useful for assessing the physiological 

219 responses of blueberry plants under various environmental conditions, 

220 including drought stress (González-Villagra et al., 2024; Barai et al., 2025).

221 2.4.2. Leaf Relative Water Content (RWC)

222 The relative water content (RWC) was determined according to Turner 

223 (1981) with modifications by Wilkinson et al. (2001). The leaves were freshly 

224 detached from the plant (approx. 1 g) for weighing to record fresh weight 

225 (FW), and then submerged in a 25 ml beaker of water, in the dark for one 

226 night. The following day leaves were weighed again for turgid weight (TW) 

227 before they were dried in an oven at 80°C for 24 hours to determine dry 

228 weight (DW). Relative Water Content was calculated using the following 

229 formula: RWC (%) = [(FW - DW) / (TW - DW)] × 100.
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230

231 2.4.3. Chlorophyll Content 

232 The non-destructive estimation of leaf chlorophyll content utilized a 

233 chlorophyll meter (SPAD-502 Plus, Konica Minolta, Japan). Five 

234 measurements were made per leaf (to prevent measuring over major veins) 

235 on five leaves per plant and averaged. SPAD values were converted into 

236 mmol m-2 of chlorophyll content using the following calibration equation, 

237 developed by Markwell et al. (1995), which converts SPAD values to 

238 chlorophyll content: Chlorophyll content = 10^(SPAD × 0.0265 + 0.9).

239 2.4.4. Photosynthetic Quantum Yield (ΦPSII)

240 Chlorophyll fluorescence was measured using a portable fluorometer (MINI-

241 PAM-II, Walz, Germany) following Baker (2008). Measurements were 

242 performed on five fully expanded leaves per plant (three plants per 

243 treatment) from the middle section of the shoots, between 08:00–10:00 h to 

244 avoid potential effects of midday photoinhibition. Leaf temperature during 

245 measurements ranged from 20–23 °C in 2022 and from 28–32 °C in 2024. 

246 The effective quantum yield of PSII (ΦPSII) was calculated as (Fm′ – Fs)/Fm′, 

247 where Fs is steady-state fluorescence and Fm′ is maximum fluorescence 

248 under actinic light. Lower ΦPSII values were interpreted as an indication of 

249 greater stress impact on photosynthetic efficiency (Maxwell & Johnson, 

250 2000).

ACCEPTED MANUSCRIPTARTICLE IN PRESS



ARTIC
LE

 IN
 PR

ES
S

11

251 2.4.5. Gas Exchange Measurement

252 Gas exchange measurements were performed only in the 2022 experiment. 

253 Measurements were made at harvest time with a portable infrared gas 

254 analyzer (IRGA) (Li-6400; LI-COR, Inc., Lincoln, NE, USA), as reported by 

255 Reyes-Díaz et al. (2011). The following parameters were recorded: CO2 

256 assimilation (Pn), stomatal conductance (gs), transpiration (E), and 

257 intercellular CO2 concentration (Ci). The CO2 concentration standard was 

258 400 μmol mol−1, the flow rate was 300 mL min−1, and 60% relative 

259 humidity in the leaf chamber, and the temperature was controlled at 20 ± 2 

260 °C. The measurements were conducted on attached fully expanded leaves 

261 from 08:00 to 10:00 h in natural light. Five measurements were conducted 

262 on each of the plants.

263 2.5. Biochemical Parameters
264

265 2.5.1.  Preparation of the Extracts

266 For biochemical assays involving stable metabolites, fully expanded leaves 

267 were oven-dried at 60 °C until constant weight and ground into a fine 

268 powder. Unless otherwise specified in the individual assay protocols, 0.5 g 

269 of powdered tissue was extracted with 2.5 mL of 80% (v/v) methanol in 15 

270 mL centrifuge tubes. The mixture was vortexed thoroughly and centrifuged 

271 at 4000 g for 10 min at 4 °C, and the resulting supernatant was collected 

272 and used for subsequent biochemical analyses, including total phenolic 

273 content, soluble sugars, and organic acids. Fresh leaf tissue was used 

274 separately for enzyme activity assays (PPO, POD) and ABA determination to 
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275 preserve protein integrity and hormone stability. All analyses were 

276 performed with three biological replicates.

277

278 2.5.2. Sugars Determination 
279 Sucrose, glucose, fructose, and total sugar content were analyzed by an 

280 HPLC (Shimadzu LC 20A VP, Kyoto, Japan) with a refractive index detector. 

281 A reverse-phase Ultrasphere Coregel-87 C column, 300 mm × 7.8 mm, 5 µm 

282 at 70°C, ultrapure water as the mobile phase at 0.6 mL/min under isocratic 

283 conditions was employed to separate them. A sample analysis of 20 µL was 

284 injected. The concentrations of sugars were measured with the aid of 

285 standard calibration and expressed as a percentage of dry weight (DW).

286 2.5.3. Determination of total phenolics
287 The total phenolic content of leaf extracts was measured using the Folin–

288 Ciocalteu (FC) method (Singleton et al., 1999). Briefly, 0.1 mL of extract was 

289 mixed with 0.1 mL of FC reagent and 0.9 mL of water. After 5 minutes, 1 mL 

290 of 7% Na₂CO₃ and 0.4 mL of water were added. The mixture was incubated 

291 for 30 minutes, and absorbance was recorded at 765 nm. A blank solution 

292 (water + reagents) was used for calibration. Results were expressed as mg 

293 gallic acid equivalents (GAE) per 100 g of leaf dry weight, based on a 

294 standard curve. Analyses were performed in triplicate.

295

296 2.5.4. Organic Acid Determination

297 Individual organic acid determination was performed only in the 2024 

298 experiment. Leaf tissue samples were used for organic acid analysis. 
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299 Quantification of L-ascorbic acid, citric acid, and succinic acid was carried 

300 out on an HPLC (Shimadzu LC-20AD, Kyoto, Japan) with a diode array 

301 detector (Shimadzu SPD-20A VP) and an 87 H analytical column (5 µm, 300 

302 mm × 7.8 mm). Chromatographic separation was conducted at 40°C using 

303 0.05 mM sulfuric acid as the mobile phase under isocratic conditions. The 

304 system used a 20 µL injection volume, 210 nm detection wavelength, and a 

305 flow rate of 0.8 mL/min. Organic acids were identified by retention time and 

306 spectral similarity to standards and quantified using standard calibration 

307 curves. Results were expressed as a percentage of dry weight (% DW).

308 2.5.5. Stress-Related Compounds

309

310 2.5.5.1. Proline estimation.

311 To conduct the proline assay according to Bates et al. (1973), 0.2 g of leaf 

312 tissue was homogeneously mixed in a volume of 3 ml of 3% (w/v) 

313 sulfosalicylic acid. We softly rotated the tube to break up and homogenize 

314 the leaf tissue before centrifugation for 15 minutes at 18,000× g. Two ml of 

315 the supernatant was transferred to a new tube after centrifugation, then 2 

316 ml of glacial acetic acid and 2 ml of the ninhydrin reagent were added to 

317 this new tube. The mixtures were placed in a 100 °C water bath for 1 hour, 

318 and then cooled down in an ice bath for 5 minutes. Subsequently, 4 ml 

319 (volume) of toluene was added to stop the reaction, and the absorbance was 

320 recorded at 520 nm of the toluene phase using a spectrophotometer.
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321 2.5.5.2. Abscisic Acid (ABA) Quantification

322 ABA extraction was performed according to the procedure of Huang et al. 

323 (2014) with some modifications. Fresh leaf tissues (0.5 g) were extracted 

324 with 5 mL of 80% methanol including 1% acetic acid and 10 ng internal 

325 standard (²H₆-ABA). Following centrifugation (10,000 g, 15 min, 4°C), the 

326 supernatant was collected, dried completely, and re-dissolved in 1 mL of 1% 

327 acetic acid. The extract was then purified through a C18 solid-phase 

328 extraction cartridge. ABA was measured by HPLC (Shimadzu LC-20AD 

329 system, diode array detector (Shimadzu SPD-20A VP), and 87 H analytical 

330 column (5 µm, 300 mm × 7.8 mm i.d., Transgenomic)). Results were 

331 presented as ng/g fresh weight.

332

333 2.5.6. Enzyme Activity (PPO and POD)

334 2.5.6.1. Polyphenol Oxidase (PPO) activity 

335 PPO activity was measured following the Aquino-Bolaños and Mercado-Silva 

336 (2004) procedure. 1 g of leaf tissue was ground to a fine powder in 10 mL 

337 0.1 M phosphate buffer pH 6.5 containing 1% polyvinylpyrrolidone and 0.1 

338 M EDTA and centrifuged at 15,000 g for 20 min at 4°C. The supernatant was 

339 employed as the enzyme extract. PPO activity was determined by mixing 0.1 

340 mL extract with 2.9 mL of 0.1 M catechol solution in phosphate buffer (pH 

341 6.5) and reading at 420 nm for 3 min. Values were expressed as change in 

342 absorbance per minute per gram fresh weight.
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343 2.5.6.2. Peroxidase (POD) activity

344  POD activity was determined according to Chance and Maehly (1955). 

345 Reaction mixture comprised 0.1 mL enzyme extract, 2.8 mL 0.1 M pH 6.5 

346 phosphate buffer, and 0.1 mL 1% H2O2, and reaction was initiated by the 

347 addition of 0.1 mL 4% guaiacol. Absorbance increase at 470 nm was 

348 recorded for 3 min, and activity was expressed as increase in absorbance 

349 per minute per gram fresh weight.

350

351 2.5.7. Leaf morphological Parameters

352 Leaf samples were collected from fully expanded, non-senescent leaves 

353 (mid-mature stage), i.e., leaves that were neither newly emerged nor aged. 

354 To ensure consistency, leaves with similar morphological characteristics 

355 were selected from each plant. Leaf area was then determined by scanning 

356 the fully expanded leaves using a flatbed scanner (Epson Perfection V800, 

357 Epson America Inc.) and analyzing the images using Digimizer image 

358 analysis software (MedCalc Software Ltd, Ostend, Belgium). Five leaves 

359 were measured per plant, and the area was expressed as cm² per leaf.

360 Leaf length were measured on five leaves per plant using a digital caliper 

361 (Mitutoyo 500-196-30, Mitutoyo Corporation, Kawasaki, Japan) with an 

362 accuracy of 0.01 mm. Both leaf area and leaf length were assessed only in 

363 the 2022 experiment.

364 For Leaf Dry Matter Content (LDMC) measurements, leaves were collected 

365 separately from each plant. Fresh leaves were weighed immediately after 

366 collection to determine fresh weight (FW). The samples were then dried in 
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367 an oven at 70 °C for 72 hours, or until a constant weight was achieved, and 

368 reweighed to determine dry weight (DW). Leaf dry matter content (LDMC) 

369 was calculated as (DW / FW) × 100%.

370

371 2.5.8. Statistical Analysis

372 Statistical analyses were performed using SAS software (v9.4, SAS Institute 

373 Inc., USA). Due to differences in irrigation treatments across years, separate 

374 two-way ANOVAs were conducted for 2022 and 2024, with cultivar, 

375 treatment, and their interaction as fixed effects. A combined three-way 

376 ANOVA was also performed to assess overall effects of year, cultivar, and 

377 treatment. Tukey’s HSD test (p < 0.05) was used for mean comparisons. 

378 Assumptions of normality and homogeneity of variances were tested and 

379 met.

380 Principal component analysis (PCA) and hierarchical clustering with 

381 heatmap visualization were conducted in R (v4.4.3) to explore multivariate 

382 patterns among cultivars.

383 3. Results and Discussion
384 3.1. Physiological Responses
385 3.1.1. Leaf Temperature Response

386 The combined ANOVA showed significant effects of treatment (F = 17.51, P 

387 < 0.001) and year × treatment interaction (P < 0.05) on leaf temperature 

388 (Table 1). PEG stress increased leaf temperature by 6.9% compared with 

389 controls (26.45 ± 0.67°C vs. 24.74 ± 0.45°C; Table 2, Figure 1), with 
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390 Diamond Jubilee showing greater temperature sensitivity (28.85°C to 

391 31.08°C) than Jade (29.07°C to 30.17°C) in 2024 (Table S3).

392 Leaf temperature increases under drought directly reflect stomatal closure, 

393 which limits transpiration and reduces evaporative cooling (Gräf et al., 

394 2021). When stomata are open, transpiration cools the leaves, but as 

395 drought stress progresses and stomata close, leaf temperature increases 

396 due to reduced latent heat exchange, making leaf temperature a reliable 

397 proxy for transpiration and water status (Gräf et al., 2025). The rate of 

398 transpiration is inversely proportional to leaf temperature, allowing early 

399 detection of drought stress before visual symptoms appear (Münchinger et 

400 al., 2024). Cultivar differences suggest that Diamond Jubilee adopts a more 

401 conservative stomatal strategy compared to Jade's better maintenance of 

402 cooling capacity (Lin et al., 2017), highlighting thermal regulation as an 

403 integrated component of gas exchange responses in raspberry drought 

404 tolerance (Qiu et al., 2017).

405 3.1.2. Relative Water Content 

406 Analysis of variance showed highly significant effects of cultivar and 

407 treatment on RWC, with a strong year × cultivar × treatment interaction (P 

408 < 0.001, Table 1, Figure 2), confirming RWC as the most drought-sensitive 

409 parameter. Across treatments, ‘Jade’ consistently maintained superior water 

410 status (74.5%) compared with ‘Diamond Jubilee’ (65.3%), while PEG stress 

411 caused the most severe reduction (from 89.1% to 50.8%). Genotypic 

412 differences were evident, as ‘Diamond Jubilee’ lost nearly half of its RWC, 

413 whereas ‘Jade’ retained more water with only a 37.4% reduction. These 
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414 findings support earlier reports identifying water status as a reliable 

415 indicator of drought tolerance (Morales et al., 2013; Arifova et al., 2021).

416 The enhanced performance of ‘Jade’ can be attributed to stronger osmotic 

417 adjustment and aquaporin regulation. Aquaporins are crucial for water 

418 transport but are often downregulated under drought to limit water loss 

419 (Kapilan et al., 2018; Šurbanovski et al., 2013), while solute accumulation 

420 helps sustain turgor and photosynthesis (Ashraf & Harris, 2004). Temporal 

421 responses revealed cultivar-specific adaptation: from 2022 to 2024, ‘Jade’ 

422 improved its acclimation capacity (49.3% to 24.5% reduction), whereas 

423 ‘Diamond Jubilee’ became progressively more vulnerable (32.9% to 63.8%). 

424 Such contrasting responses may reflect stress memory and post-

425 translational regulation of aquaporins (Chaumont & Tyerman, 2014).

426 Moderate stress (50% irrigation) led to only limited RWC reductions (2.7% 

427 in ‘Diamond Jubilee’ and 18.1% in ‘Jade’), suggesting threshold-dependent 

428 effects (Table S6). These patterns are consistent with findings on genotype-

429 dependent drought physiology in raspberry (Lepaja et al., 2020; Neocleous 

430 & Vasilakakis, 2007) and with recent grapevine studies that identified RWC 

431 as a sensitive drought indicator (Khandani et al., 2024c). Overall, the results 

432 highlight superior drought acclimation in ‘Jade’, emphasizing its potential 

433 value for breeding and management under water-limited conditions.

434 3.1.3. Chlorophyll Content
435 Analysis of variance revealed significant effects of year (P < 0.001), cultivar 

436 (P < 0.001), and treatment (P < 0.001) on chlorophyll content, with notable 

437 cultivar × treatment interactions (P < 0.001, Table 1). Chlorophyll content 
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438 was consistently higher in 2024 (41.03±1.08 µmol/m²) compared to 2022 

439 (33.93±1.12 µmol/m²), while 'Jade' maintained superior chlorophyll levels 

440 (38.56±1.23 µmol/m²) over 'Diamond Jubilee' (36.39±1.01 µmol/m²) across 

441 treatments (Table 2).

442 Water deficit significantly reduced chlorophyll content from 39.26±1.12 

443 µmol/m² under optimal irrigation to 35.69±1.01 µmol/m² under PEG 

444 treatment (Table 2). The observed reduction in chlorophyll content under 

445 water stress is primarily attributed to chlorophyll degradation directly 

446 caused by drought, since water deficit both suppresses biosynthesis and 

447 accelerates degradation processes (Yang et al., 2021). Cultivar-specific 

448 responses further highlighted this trend: 'Diamond Jubilee' experienced only 

449 a minimal reduction (3.7%) from 37.09±1.23 to 35.71±1.01 µmol/m², while 

450 'Jade' showed greater sensitivity with a 13.9% decline from 41.43±1.45 to 

451 35.68±1.12 µmol/m² under water stress (Table 3). These findings are in line 

452 with reports that different plant species and cultivars exhibit varying 

453 abilities to maintain chlorophyll stability under drought conditions 

454 (Daszkowska-Golec et al., 2020). The annual analysis (Table S2) confirmed 

455 these cultivar-dependent differences, with significant cultivar × treatment 

456 interactions in 2024 (P < 0.01) but not in 2022, reflecting temporal variation 

457 in stress responses. Such variation is consistent with the findings of Lepaja 

458 et al. (2020) on raspberry drought sensitivity. The supplementary three-level 

459 drought gradient (Table S4) further demonstrated that moderate stress 

460 (50% irrigation) did not significantly impact chlorophyll biosynthesis, 

461 corroborating Zahidi et al. (2023) who observed a similar trend in 
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462 strawberry. This resilience under moderate stress suggests activation of 

463 adaptive mechanisms, such as antioxidant defense and photoprotective 

464 responses, whereas severe stress overwhelms these systems and leads to 

465 accelerated pigment degradation (Yan et al., 2024).

466 Finally, the increased chlorophyll content in the second year likely reflects 

467 enhanced photosynthetic capacity associated with plant maturity, which 

468 aligns with the observations of Williams et al. (2023) on raspberry 

469 physiological development under stress conditions.

470 3.1.4. Photosynthetic Quantum Yield 

471 Analysis of variance revealed significant effects of year (P < 0.001), cultivar 

472 (P < 0.001), and treatment (P < 0.001) on photosynthetic quantum yield, 

473 along with significant year × treatment interactions (P < 0.001; Table 1). 

474 Overall, values were higher in 2022 (0.77 ± 0.01) compared to 2024 (0.69 ± 

475 0.02), and ‘Diamond Jubilee’ maintained superior performance (0.75 ± 0.01) 

476 relative to ‘Jade’ (0.70 ± 0.02) across treatments (Table 2). Water deficit 

477 reduced photosynthetic quantum yield from 0.75 ± 0.01 under full irrigation 

478 to 0.71 ± 0.02 under PEG treatment (Table 2). This decline reflects the high 

479 susceptibility of PSII to drought stress, where water deficit compromises 

480 PSII stability and efficiency in light energy conversion (Qiao et al., 2024).

481 Cultivar-specific responses further highlighted these differences: ‘Diamond 

482 Jubilee’ exhibited only a 3.9% reduction (0.77 ± 0.01 to 0.74 ± 0.02), while 

483 ‘Jade’ showed greater sensitivity with a 6.8% decline (0.73 ± 0.02 to 0.68 ± 

484 0.03) under PEG stress (Table 3). These genotypic differences suggest a 
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485 reconfiguration of the photosynthetic machinery under drought, involving 

486 modification of enzyme stoichiometry and phosphorylation of PSII and 

487 LHCII, which may vary among cultivars (Grieco et al., 2020).

488 Year-specific analyses also revealed temporal variation in stress responses. 

489 In 2022, reductions were modest (‘Diamond Jubilee’: 3.8%; ‘Jade’: 6.3%), 

490 whereas in 2024, the responses diverged: ‘Diamond Jubilee’ maintained 

491 stability with only a 1.4% reduction, while ‘Jade’ declined sharply by 8.9% 

492 under PEG stress (Table S6). These year × treatment interactions (Table 4, 

493 Table S3) emphasize that photosynthetic responses are influenced by 

494 environmental variation between growing seasons, reflecting dynamic 

495 acclimation strategies. Such seasonal differences align with previous 

496 findings that drought adaptation integrates stomatal regulation and PSII 

497 non-photochemical quenching mechanisms to balance water conservation 

498 and excess energy dissipation, depending on environmental context (Zha et 

499 al., 2017).

500 The sustained light-harvesting ability of ‘Diamond Jubilee’ under stress is 

501 consistent with the compensatory hydraulic and biochemical mechanisms 

502 reported in red raspberries (Qiu et al., 2016). In contrast, the higher 

503 sensitivity of ‘Jade’ resembles patterns observed in other berries, where 

504 water stress decreases PSII quantum yield but simultaneously induces 

505 protective defense mechanisms (Yu et al., 2015). Together, these results 

506 highlight cultivar-dependent photosynthetic resilience and confirm the 
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507 importance of genotype-specific adaptation strategies for maintaining 

508 productivity under drought (Ortega-Farias et al., 2022).

509 3.2. Biochemical Responses
510 3.2.1. Sugar Content and Composition
511
512 ANOVA results demonstrated significant treatment effects (P < 0.001) for 

513 total sugar content and individual sugar components, with significant year × 

514 treatment interactions indicating temporal variations in carbohydrate 

515 metabolism under water deficit stress (Table 1). Individual year analyses 

516 (Tables S1-S2) confirmed consistent treatment responses across both 

517 growing seasons, though with varying effect magnitudes.

518 Water deficit treatment (PEG) significantly increased total sugar content 

519 compared to control conditions (100% irrigation) across both years and 

520 cultivars (Table 4). The magnitude of this response varied between years, 

521 with PEG treatment increasing total sugar content by 35.7% in 2022 (from 

522 9.61% to 13.04%) and by 18.1% in 2024 (from 10.12% to 11.95%). Similarly, 

523 sucrose content showed consistent increases under drought stress across 

524 both years (Table S5). 

525 Individual sugar components showed differential responses to water deficit 

526 stress. Glucose content increased significantly under PEG treatment in both 

527 years, with greater accumulation observed in 2022 (66.0% increase) 

528 compared to 2024 (19.5% increase) (Table 4). Sucrose content exhibited 

529 significant year and treatment effects, while fructose content responded 

530 primarily to treatment effects with significant increases under water deficit 

531 conditions. Main effects analysis (Table 2) revealed no significant 
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532 differences between cultivars for most carbohydrate parameters due to non-

533 significant cultivar × treatment interactions.

534 The enhanced accumulation of soluble sugars under water deficit conditions 

535 serves multiple physiological functions in drought stress adaptation. These 

536 compatible solutes facilitate osmotic adjustment, enabling plants to maintain 

537 turgor pressure and continue essential metabolic processes during water 

538 stress (Anjum et al., 2017), with specific metabolic responses including 

539 glucose and fructose accumulation under PEG-induced stress (Darko et al., 

540 2019). The preferential accumulation of glucose and fructose during drought 

541 stress may be derived from starch degradation, and the increment in 

542 hexoses concentration provides osmotic protection (Khaleghi et al., 2019).

543 The differential sugar accumulation patterns between years provide 

544 evidence for stress memory mechanisms in raspberry plants. Plants hold on 

545 to past events in a way that adjusts their response to new challenges 

546 without altering their genetic constitution, enabling training for future 

547 stress events (Kambona et al., 2023). Stress priming through exposure to 

548 primary stress prepares plants to be more responsive to reoccurring stress 

549 through coordinated changes at organismal, cellular, and various omics 

550 levels (Liu  et al., 2022). The reduced carbohydrate responsiveness observed 

551 in 2024 compared to 2022 reflects adaptive metabolic efficiency following 

552 stress memory formation. This phenomenon involves epigenetic 

553 modifications that alter gene expression in carbohydrate metabolism 

554 pathways, allowing plants to optimize resource allocation during repeated 

555 stress events (Kinoshita & Seki, 2014). Epigenetic and chromatin-based 
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556 mechanisms provide the molecular basis for environmental stress 

557 adaptation and stress memory in plants (Lämke. and Bäurle, 2017). This 

558 adaptive plasticity allows plants to achieve similar drought protection with 

559 optimized resource allocation, demonstrating the practical importance of 

560 stress memory in perennial crops where repeated stress exposure is 

561 common.

562 3.2.2. Phenolic Content 

563 Analysis of variance revealed highly significant year × treatment 

564 interactions (P < 0.01) for total phenolic content (Table 1). Individual year 

565 analysis confirmed significant treatment effects with enhanced responses in 

566 the second year (Tables S1, S2).

567 Temporal analysis showed contrasting patterns between years (Table 4). In 

568 2022, PEG treatment (363.09 ± 15.67 mg GAE/100 g) did not differ 

569 significantly from controls (398.49 ± 12.34 mg GAE/100 g). However, in 

570 2024, a marked stress response was observed, with PEG-treated plants 

571 accumulating 619.99 ± 24.56 mg GAE/100 g compared to 431.95 ± 18.23 

572 mg GAE/100 g in controls, representing a 43.6% increase.

573 The stronger response in the second year suggests stress memory 

574 mechanisms, where previous drought exposure primed phenolic 

575 biosynthesis pathways. Drought-induced phenolic production is primarily 

576 regulated via the phenylpropanoid biosynthetic pathway, in which numerous 

577 genes are modulated under water deficit (Park et al., 2023). This response 
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578 often occurs in coordination with other adaptive mechanisms, including 

579 proline accumulation, ABA elevation, and enhanced antioxidant enzyme 

580 activities (Table S3). Phenolic compounds are well recognized for their role 

581 in stress adaptation, increasing under drought and contributing to plant 

582 tolerance (Nicolas-Espinosa et al., 2023). Similar cultivar-dependent 

583 responses to water stress in raspberry were reported by Morales et al. 

584 (2013), while Efrose et al. (2013) demonstrated drought regulation of 

585 phenolic biosynthesis transcripts. The year-to-year and cultivar-dependent 

586 variation observed here supports the view that secondary metabolite 

587 biosynthesis is strictly controlled and highly responsive to environmental 

588 stress (Khandani et al., 2024b). Moreover, controlled drought imposition has 

589 been successfully used to enhance bioactive compound content, particularly 

590 flavonoids, which play central roles in neutralizing ROS and protecting 

591 plants from oxidative damage (Kumar et al., 2020; Lebedev et al., 2022). 

592 This temporal enhancement thus reflects complex phenolic–adaptation 

593 interactions and highlights the potential of stress management as a tool to 

594 improve fruit quality.

595 3.2.3. Stress-Related Compounds

596 3.2.3.1. Proline Content

597 Analysis of variance demonstrated highly significant effects of all main 

598 factors and their interactions on proline accumulation (P < 0.001 for all 

599 sources, Table 1). Proline content was markedly higher in 2022 (0.57 ± 0.08 

600 μmol/g) compared to 2024 (0.22 ± 0.03 μmol/g), while 'Jade' accumulated 
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601 significantly more proline (0.60 ± 0.09 μmol/g) than 'Diamond Jubilee' (0.19 

602 ± 0.04 μmol/g) across treatments (Table 2). Water deficit stress induced 

603 dramatic proline elevation, rising from 0.02 ± 0.01 μmol/g under full 

604 irrigation (control) to 0.76 ± 0.08 μmol/g under severe drought stress 

605 imposed by PEG treatment, representing a 3,700% increase (Table 2).

606 Cultivar-specific responses revealed distinct osmotic adjustment strategies. 

607 'Diamond Jubilee' showed moderate proline accumulation from 0.028 ± 

608 0.003 to 0.356 ± 0.045 μmol/g (1,171% increase), while 'Jade' exhibited 

609 exceptional accumulation from 0.018 ± 0.002 to 1.173 ± 0.089 μmol/g 

610 (6,417% increase) under drought stress (Table 3). The three-way interaction 

611 analysis (Table S3) revealed temporal variation in stress responses, with 

612 2022 showing more pronounced proline accumulation in 'Jade' (2.095 ± 

613 0.089 μmol/g under severe PEG-induced stress) compared to 2024 (0.250 ± 

614 0.023 μmol/g). Conversely, 'Diamond Jubilee' demonstrated increased 

615 proline responsiveness in 2024 (0.598 ± 0.045 μmol/g) compared to 2022 

616 (0.114 ± 0.012 μmol/g under PEG treatment).

617 The supplementary gradient analysis (Table S4) confirmed dose-dependent 

618 proline responses in 2022, with moderate drought stress (50% of full 

619 irrigation) inducing intermediate accumulation (0.120 ± 0.012 μmol/g) 

620 between the control and severe drought stress imposed by PEG (20% PEG 

621 6000 solution). Annual treatment effects (Table 4, Table S5) showed 

622 consistent proline elevation under water deficit across both years, though 

623 with varying magnitudes.
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624 Proline serves as a primary osmolyte under drought stress, functioning in 

625 cellular protection and osmotic regulation as established in crop species. 

626 Sun et al. (2015) demonstrated similar proline accumulation patterns in 

627 strawberry under progressive drought stress, with responses correlating to 

628 stress severity and duration. Radhi and Abdul-Hasan (2020) further 

629 confirmed that exogenous proline application mitigated PEG-induced 

630 drought stress in strawberries by enhancing endogenous proline 

631 biosynthesis. The complex role of proline in stabilizing cellular structures 

632 and supporting stress tolerance mechanisms has been well-documented by 

633 Chaitanya et al. (2009), supporting the observed cultivar-specific osmotic 

634 adjustment strategies in raspberry.

635

636 3.2.3.2. Abscisic Acid (ABA) Content
637 Analysis of variance demonstrated significant effects of year (P < 0.001), 

638 cultivar (P < 0.05), and treatment (P < 0.001) on ABA content, with 

639 significant year × treatment (P < 0.01) and cultivar × treatment (P < 0.001) 

640 interactions (Table 1). ABA levels were slightly higher in 2024 (94.53±1.45 

641 ng/g) compared to 2022 (92.79±1.23 ng/g), while 'Jade' showed marginally 

642 higher concentrations (94.15±1.34 ng/g) than 'Diamond Jubilee' 

643 (93.17±1.12 ng/g) across treatments (Table 2).

644 Water deficit induced significant ABA accumulation, increasing from 

645 90.11±1.01 ng/g under optimal irrigation to 97.21±1.45 ng/g under PEG 

646 treatment (Table 2). Cultivar-specific responses revealed differential ABA 
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647 signaling patterns, with 'Diamond Jubilee' showing 11.9% increase from 

648 87.93±1.12 to 98.41±1.67 ng/g, while 'Jade' exhibited a more modest 4.0% 

649 elevation from 92.30±1.34 to 96.01±1.89 ng/g under water stress (Table 3). 

650 The temporal analysis (Table 4, Table S5) confirmed year-dependent 

651 responses, with consistent ABA elevation patterns maintained across both 

652 experimental years but with varying magnitudes. Three-way interaction 

653 analysis (Table S3) revealed complex genotype × environment interactions, 

654 particularly evident in the differential ABA responses between years and 

655 cultivars.

656 These results align with Qiu et al. (2017) findings demonstrating that ABA 

657 accumulation in raspberry leaves responds to vapor pressure deficits and 

658 plays a crucial role in reducing mesophyll conductance even when leaf 

659 water status remains relatively stable. The cultivar-specific ABA responses 

660 corroborate Perin et al. (2019) observations in strawberries, where ABA-

661 dependent responses to mild drought and salt stress not only alleviate 

662 osmotic stress but also enhance fruit quality through regulation of metabolic 

663 processes. Furthermore, the differential ABA signaling observed supports 

664 Villalobos-González et al. (2016) findings in grapes, where ABA engagement 

665 in drought-induced secondary metabolism alterations promotes anthocyanin 

666 and flavonol biosynthesis during ripening, suggesting similar regulatory 

667 mechanisms may operate in raspberry stress adaptation.

668
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669 3.3. Enzymatic Activity

670 3.3.1.  Polyphenol Oxidase (PPO) Activity

671 Analysis of variance demonstrated highly significant effects of all factors on 

672 PPO activity, with year (P < 0.001), cultivar (P < 0.001), and treatment (P < 

673 0.001) showing strong main effects, alongside significant interactions for 

674 year × treatment, cultivar × treatment, and the three-way interaction (all P 

675 < 0.001, Table 1). PPO activity was substantially higher in 2024 

676 (207.75±12.32 U/g/min) compared to 2022 (120.25±8.45 U/g/min), while 

677 'Diamond Jubilee' exhibited higher baseline activity (172.58±9.87 U/g/min) 

678 than 'Jade' (155.42±8.23 U/g/min) across treatments (Table 2).

679 Water deficit treatment significantly reduced PPO activity from 

680 200.17±11.23 U/g/min under optimal irrigation to 127.83±7.89 U/g/min 

681 under PEG stress (Table 2). Cultivar-specific responses revealed distinct 

682 patterns: 'Diamond Jubilee' showed a 44.8% reduction from 222.34±15.23 to 

683 122.82±9.87 U/g/min, while 'Jade' experienced a more moderate 25.4% 

684 decrease from 178.00±12.45 to 132.84±8.67 U/g/min under water stress 

685 (Table 3). The temporal dynamics analysis (Table S3) revealed dramatic 

686 year-dependent responses, with 2024 showing particularly high baseline 

687 activities in 'Diamond Jubilee' (336±15.23 U/g/min under control conditions) 

688 followed by substantial stress-induced reductions (55.4% decrease to 

689 150±9.87 U/g/min under PEG). The supplementary annual analysis 

690 confirmed significant cultivar × treatment interactions in both years (P < 
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691 0.001, Tables S1, S2), indicating consistent genotypic differences in PPO 

692 stress responses.

693 PPO represents a critical component in plant stress defense mechanisms, 

694 catalyzing the oxidation of phenolic compounds to quinones during stress 

695 responses (Chen et al., 2022). The observed stress-induced reduction in PPO 

696 activity aligns with Thipyapong et al. (2007) findings, where PPO 

697 suppression was associated with improved water relations and reduced 

698 photoinhibition under stress conditions. This enzymatic down-regulation 

699 may represent an adaptive mechanism to prevent excessive photooxidative 

700 damage during drought stress, as demonstrated by Thipyapong et al. (2004) 

701 described PPO-mediated pathways implicated in stress tolerance; depending 

702 on context, PPO activity can either contribute to defense via phenolic 

703 oxidation or, when down-regulated, be associated with reduced 

704 photodamage.

705 3.3.2. Peroxidase (POD) Activity
706
707 Peroxidase (POD) activity showed cultivar-specific responses to drought 

708 stress (Figure 3). In 2022, 'Diamond Jubilee' exhibited a clear, dose-

709 response POD activity enhancement, from 24.40 U/g/min with full irrigation 

710 to 62.60 U/g/min (a 156.6% enhancement) with 50% irrigation, and up to 

711 93.90 U/g/min (a 284.8% enhancement) with PEG-induced stress, indicating 

712 a strong and proportionate antioxidant defense (Figure 3). On the other 

713 hand, 'Jade' showed a biphasic response: POD activity decreased by 65.4% 

714 under moderate water stress (from 29.20 to 10.10 U/g/min), but increased 
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715 abruptly by 164.4% under PEG treatment (to 77.20 U/g/min) (Table 3, 

716 Figure 3). These non-linear responses might represent genotype-dependent 

717 thresholds for enzymatic defense induction, as also shown by Zhang et al. 

718 (2017), who reported significant POD upregulation in Rubus species in 

719 water stress. In 2024, treatment with PEG induced a moderate 17.4% 

720 increase in 'Diamond Jubilee' and a significantly larger 132.1% increase in 

721 'Jade', once again consistent with evidence supporting the role of POD as a 

722 functional stress-reactive enzyme (Figure 3). Our findings accord with those 

723 of Morariu et al. (2013), who indicated POD activity in raspberry as an 

724 essential component of a water and light stress reaction.

725 3.3.3. Leaf Dry Matter Content 

726 Water deficit significantly increased LDMC across both years (P < 0.001), 

727 with 'Diamond Jubilee' showing greater increases (63.2% from 27.19 to 

728 44.39%) than 'Jade' (51.6% from 26.72 to 40.51%) under PEG treatment 

729 (Table 3). Higher LDMC values coincided with reduced stomatal 

730 conductance and transpiration rates, reflecting structural adaptations that 

731 complement stomatal responses during drought stress (Bertolino et al., 

732 2019). Plants with enhanced structural investment through elevated LDMC 

733 maintain water retention when stomatal regulation alone is insufficient, as 

734 demonstrated in drought tolerance studies where LDMC positively 

735 correlates with gas exchange efficiency under water limitation (Tabassum et 

736 al., 2021; Nolan et al., 2022). The greater LDMC response in 'Diamond 

737 Jubilee' potentially compensates for its reduced water retention capacity, 
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738 representing an integrated physiological strategy combining structural and 

739 gas exchange modifications for drought adaptation.

740 3.4. Gas Exchange Parameters

741 3.4.1. Leaf Transpiration Rate (ATranspLeaf)

742 Analysis of variance revealed significant cultivar effects (P < 0.05) and 

743 highly significant drought stress effects (P < 0.001) on leaf transpiration 

744 rate, with significant cultivar × drought interactions (P < 0.01, Table 5). 

745 'Diamond Jubilee' exhibited significantly higher baseline transpiration rates 

746 (1.84±0.09 mmol m⁻² s⁻¹) compared to 'Jade' (1.29±0.13 mmol m⁻² s⁻¹), 

747 indicating intrinsic physiological differences between cultivars.

748 Progressive drought stress induced severe reductions in transpiration rates 

749 across treatments, from 3.66±0.20 mmol m⁻² s⁻¹ under optimal irrigation 

750 (100%) to 0.67±0.21 mmol m⁻² s⁻¹ under moderate stress (50%) and 

751 0.37±0.12 mmol m⁻² s⁻¹ under severe PEG treatment (Table 5). Cultivar-

752 specific responses demonstrated differential stress sensitivity: under 

753 optimal conditions, 'Diamond Jubilee' maintained superior transpiration 

754 rates (4.65±0.02 mmol m⁻² s⁻¹) compared to 'Jade' (2.66±0.43 mmol m⁻² 

755 s⁻¹). However, 'Diamond Jubilee' experienced more severe stress-induced 

756 reductions, declining by 87.7% under moderate stress (0.57±0.01 mmol m⁻² 

757 s⁻¹) and 93.3% under PEG treatment (0.31±0.07 mmol m⁻² s⁻¹), while 'Jade' 

758 showed relatively smaller decreases of 71.4% (0.76±0.41 mmol m⁻² s⁻¹) and 

759 83.5% (0.44±0.16 mmol m⁻² s⁻¹), respectively.
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760 These findings align with Morales et al. (2013) observations of rapid 

761 stomatal closure as the primary defense mechanism in Rubus species under 

762 water limitation. The greater transpiration decline in 'Diamond Jubilee' 

763 suggests this cultivar employs a more conservative water-use strategy 

764 during stress conditions compared to the relatively stress-tolerant response 

765 exhibited by 'Jade'.

766 3.4.2. Intercellular CO₂ Concentration (InCO₂Leaf)

767 Analysis of variance showed non-significant cultivar effects but highly 

768 significant drought stress effects (P < 0.001) on intercellular CO₂ 

769 concentration, with non-significant cultivar × drought interactions (Table 5). 

770 Both cultivars maintained similar CO₂ levels ('Diamond Jubilee': 558.1±21.4 

771 μmol mol⁻¹; 'Jade': 526.7±48.6 μmol mol⁻¹). Drought stress induced 

772 progressive CO₂ accumulation, increasing from 336.9±5.8 μmol mol⁻¹ under 

773 optimal irrigation to 574.2±32.5 μmol mol⁻¹ under moderate stress and 

774 716.2±48.1 μmol mol⁻¹ under PEG treatment (Table 5). Cultivar-specific 

775 responses showed 'Diamond Jubilee' accumulated higher CO₂ levels under 

776 severe stress (744.9±23.3 μmol mol⁻¹) compared to 'Jade' (687.5±72.8 μmol 

777 mol⁻¹), despite similar responses under moderate stress conditions. The 

778 stress-induced CO₂ accumulation indicates non-stomatal limitations rather 

779 than diffusion constraints as the primary cause of photosynthetic inhibition, 

780 likely reflecting reduced Calvin cycle activity under water deficit conditions. 

781 The greater CO₂ accumulation in 'Diamond Jubilee' under severe stress 

782 suggests enhanced metabolic limitations compared to 'Jade'.
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783 3.4.3. Stomatal Conductance (GSWLeaf)

784 Stomatal conductance (GSWLeaf) was significantly influenced by cultivar (p 

785 < 0.05), drought treatment (p < 0.001), and their interaction (p < 0.01) 

786 (Table 5). Among cultivars, 'Diamond Jubilee' demonstrated significantly 

787 higher stomatal conductance (75.0 ± 9.6 mmol m⁻² s⁻¹) compared to 'Jade' 

788 (54.9 ± 11.1 mmol m⁻² s⁻¹).Drought treatments induced dramatic reductions 

789 in stomatal conductance across both cultivars (Table 5). Under optimal 

790 irrigation (100% treatment), stomatal conductance reached 161.7 ± 7.4 

791 mmol m⁻² s⁻¹, which was significantly reduced to 23.6 ± 8.3 mmol m⁻² s⁻¹ 

792 under moderate stress (50% treatment) and further declined to 9.61 ± 2.0 

793 mmol m⁻² s⁻¹ under severe PEG-induced stress.The cultivar × drought 

794 interaction revealed distinct responses between cultivars (Table 5). Under 

795 non-stress conditions, 'Diamond Jubilee' exhibited the highest stomatal 

796 conductance (199.9 ± 0.8 mmol m⁻² s⁻¹), significantly exceeding 'Jade' 

797 (123.6 ± 14.9 mmol m⁻² s⁻¹). Both cultivars showed severe reductions under 

798 stress treatments, with PEG treatment causing the most pronounced 

799 stomatal closure in both 'Diamond Jubilee' (95.7% reduction to 8.67 ± 2.0 

800 mmol m⁻² s⁻¹) and 'Jade' (91.4% reduction to 10.6 ± 2.0 mmol m⁻² s⁻¹). 

801 These findings align with previous research by Qiu et al. (2017) and Lepaja 

802 et al. (2020), confirming that stomatal closure serves as a primary water 

803 conservation mechanism during drought stress in berry crops.
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804 3.4.4. Net Assimilation Rate (AssimLeaf)

805 The net CO₂ assimilation rate (AssimLeaf) was significantly influenced by 

806 cultivar (p < 0.001), drought treatment (p < 0.001), and their interaction (p 

807 < 0.01). Analysis of variance revealed that cultivar differences, drought 

808 stress levels, and their interactions all played crucial roles in determining 

809 photosynthetic performance, consistent with findings by Bhusal et al. (2019) 

810 who demonstrated that plant responses to drought are consistently related 

811 to cultivar differences and stress intensity. Under optimal irrigation 

812 conditions (100% treatment), the overall assimilation rate reached 4.18 ± 

813 0.40 μmol m⁻² s⁻¹, which progressively declined to 0.16 ± 0.32 μmol m⁻² s⁻¹ 

814 under moderate stress (50% treatment) and became severely negative at -

815 2.50 ± 0.36 μmol m⁻² s⁻¹ under PEG-induced stress. Between cultivars, 

816 'Diamond Jubilee' demonstrated significantly higher photosynthetic capacity 

817 (2.20 ± 0.48 μmol m⁻² s⁻¹) compared to 'Jade' (-0.98 ± 0.52 μmol m⁻² s⁻¹), 

818 indicating superior photosynthetic performance under the experimental 

819 conditions.

820 The cultivar × drought interaction revealed distinct photosynthetic 

821 responses. Under full irrigation, 'Diamond Jubilee' exhibited substantially 

822 higher assimilation rates (6.91 ± 0.01 μmol m⁻² s⁻¹) than 'Jade' (1.45 ± 0.80 

823 μmol m⁻² s⁻¹), demonstrating superior photosynthetic capacity under 

824 optimal conditions, as reported by Yang et al. (2021) for drought-resistant 

825 cultivars under different water conditions.

ACCEPTED MANUSCRIPTARTICLE IN PRESS



ARTIC
LE

 IN
 PR

ES
S

36

826 However, under severe PEG-induced stress, both cultivars exhibited 

827 negative assimilation rates, with 'Diamond Jubilee' showing -2.77 ± 0.07 

828 μmol m⁻² s⁻¹ and 'Jade' -2.22 ± 0.64 μmol m⁻² s⁻¹. These negative values 

829 indicate that respiratory CO₂ production exceeded photosynthetic CO₂ 

830 absorption, representing a critical tipping point where plants shift to 

831 negative carbon balance (Zhao et al., 2013). Interestingly, 'Diamond Jubilee', 

832 despite its superior performance under optimal conditions, showed more 

833 pronounced negative assimilation under extreme stress, suggesting greater 

834 vulnerability to severe water deficit compared to 'Jade'. This paradoxical 

835 response highlights the complex relationships between photosynthetic 

836 capacity, genetic sensitivity, and stress adaptation mechanisms (Plich et al., 

837 2020; Itam et al., 2024).

838

839 3.4.5. Leaf Morphological Traits

840 Analysis of variance conducted in 2022 revealed significant cultivar effects 

841 on leaf area (P < 0.01) and petiole length (P < 0.001), with drought stress 

842 also exerting significant effects on both traits (P < 0.01 and P < 0.05, 

843 respectively; Table 5). A significant cultivar × drought interaction was 

844 detected for leaf area (P < 0.01) but not for petiole length. Across 

845 treatments, Diamond Jubilee consistently exhibited larger leaf area (36.2 ± 

846 1.9 cm²) than Jade (26.9 ± 1.1 cm²). Drought reduced mean leaf area from 

847 33.1 ± 2.8 cm² under full irrigation to 25.1 ± 2.1 cm² under PEG, while 

848 moderate stress produced intermediate values (36.4 ± 2.1 cm²). Such 
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849 reductions are a common morphological adaptation that conserves water 

850 (Nour et al., 2024), although they can directly constrain photosynthetic 

851 capacity and fruit production because leaf area and expansion are key 

852 determinants of carbon gain and dry-matter accumulation (Ansari et al., 

853 2019; Dietz et al., 2021).

854 The cultivar × drought interaction revealed contrasting strategies: under 

855 optimal conditions Diamond Jubilee produced substantially larger leaves 

856 (45.5 ± 5.0 cm²) than Jade (20.8 ± 0.6 cm²). Under moderate stress, 

857 however, Jade increased leaf area to 36.5 ± 2.4 cm² while Diamond Jubilee 

858 decreased to 36.2 ± 2.8 cm²; under severe PEG stress both cultivars showed 

859 comparable strong reductions. These genotype-specific responses reflect 

860 different drought-tolerance strategies and emphasize the trade-off between 

861 water conservation and light capture (Yang et al., 2021).

862 Petiole length also favored Diamond Jubilee (4.74 ± 0.23 cm) over Jade (3.59 

863 ± 0.17 cm), with drought reducing values from 4.52 ± 0.28 cm under 

864 optimal irrigation to 4.17 ± 0.13 cm under PEG. Such morphological 

865 adjustments likely contribute to stress avoidance (Ansari et al., 2019), but 

866 they simultaneously reduce the photosynthetic surface available for 

867 carbohydrate production, with possible negative consequences for fruit 

868 development and quality (Fahad et al., 2017).

869 Overall, the observed morphological adaptations indicate a clear trade-off 

870 between drought survival and productivity: maintenance of larger leaf area 
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871 may support productivity under mild stress, whereas severe drought causes 

872 reductions that threaten yield. These results align with previous reports in 

873 Rubus describing leaf structural modifications as effective drought-

874 avoidance strategies (Percival, 1998; Yang et al., 2018). 

875 3.4.6. Organic Acid Composition

876 The organic acid profiles of ‘Diamond Jubilee’ and ‘Jade’ raspberry cultivars 

877 were evaluated exclusively in 2024 and were markedly influenced by PEG-

878 induced drought stress (Table 6), with distinct responses observed between 

879 the cultivars and acid types. Organic acids are vital for fruit flavor, quality, 

880 and stress response in plants.

881 Oxalic acid levels differed significantly by cultivar (p < 0.001) and cultivar × 

882 water stress interaction (p < 0.001), though not by water stress alone. ‘Jade’ 

883 had higher baseline oxalic acid content (4.12 mg g⁻¹ DW) compared to 

884 ‘Diamond Jubilee’ (2.54 mg g⁻¹ DW) under control conditions. Under stress, 

885 ‘Jade’ showed a slight decrease to 3.60 mg g⁻¹ DW (12.6% reduction), while 

886 ‘Diamond Jubilee’ increased to 3.33 mg g⁻¹ DW (31.1% increase). These 

887 opposite trends reflect cultivar-specific metabolic adjustments, consistent 

888 with genotype-dependent responses reported by Ma et al. (2022).

889 Citric acid was significantly affected by all factors (p < 0.001). ‘Diamond 

890 Jubilee’ had higher baseline content (4.41 mg g⁻¹ DW) than ‘Jade’ (2.83 mg 

891 g⁻¹ DW), and both cultivars increased citric acid under PEG-induced drought 

892 stress. However, ‘Diamond Jubilee’ showed a sharper rise (61.0% to 7.10 mg 
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893 g⁻¹ DW) than ‘Jade’ (33.2% to 3.77 mg g⁻¹ DW). Fuentealba et al. (2024) 

894 highlighted the central role of citric acid in raspberry tartness and its 

895 sensitivity to environmental cues.

896 Malic acid content also showed significant changes due to both cultivar (p < 

897 0.001) and water stress (p < 0.001), with no significant interaction effect. 

898 While ‘Diamond Jubilee’ had higher initial levels (4.62 mg g⁻¹ DW), both 

899 cultivars increased similarly under drought (24.7% and 34.8%, respectively), 

900 reaching 5.76 and 4.84 mg g⁻¹ DW. As suggested by Zheng et al. (2019), 

901 such increases may serve in osmotic regulation and reflect enhanced carbon 

902 metabolism under stress.

903 Ascorbic acid (vitamin C) levels were significantly influenced by all factors 

904 (p < 0.001). Both cultivars contained measurable amounts under control 

905 conditions (‘Diamond Jubilee’: 0.31 mg g⁻¹ DW; ‘Jade’: 0.21 mg g⁻¹ DW), yet 

906 PEG stress in 2024 completely depleted ascorbic acid in both cultivars. This 

907 is consistent with recent findings showing that drought-induced oxidative 

908 stress significantly depletes ascorbic acid levels in plant tissues, as reported 

909 in soybean leaves (Seminario et al., 2017). The rapid utilization of ascorbic 

910 acid highlights its critical role in antioxidant defense. These findings 

911 underscore the dynamic nature of organic acid metabolism under drought 

912 stress and the importance of genotype in shaping these responses. Famiani 

913 and Walker (2009) noted the complexity of organic acid metabolism in 

914 Rubus species, highlighting that the greatest impact in metabolic 

915 adjustments often occurs through enzymatic regulation. Similarly, Ipek 
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916 (2019) emphasized that such metabolic shifts can affect nutrient uptake and 

917 overall plant physiology. Ultimately, the changes in organic acids observed 

918 in 2024 will have significant implications for fruit quality, flavor, and stress 

919 tolerance.

920 3.4.7. PCA Analysis

921 The PCA biplot analysis revealed distinct physiological and biochemical 

922 response patterns in Diamond Jubilee and Jade raspberry cultivars under 

923 different irrigation treatments. For 2022 (Figure 4), the first two principal 

924 components explained 77.1% of total variance (PC1: 60.6%, PC2: 16.5%). 

925 Clear separation was observed among water treatments (100% irrigation, 

926 50% irrigation, and PEG treatment), with the 50% irrigation treatment 

927 positioned intermediately between the control and stress conditions. 

928 Diamond Jubilee and Jade cultivars occupied different positions under 

929 identical treatments, indicating genotype-specific stress responses.

930 Water-related parameters including RelWatCo (relative water content) and 

931 LeafTemp (leaf temperature) showed distinct positioning in the biplot, with 

932 RelWatCo showing negative correlation to PC1. Photosynthetic parameters 

933 including PhQyYiLeaf (quantum yield), LeafChiCo (leaf chlorophyll content), 

934 and carbohydrate parameters (DW_LeafSuC, DW_LeafTsC, DW_LeafFrC, 

935 DW_LeafGIC) were distributed across different regions of the biplot, with 

936 most showing negative correlations to PC1, confirming their coordinated 

937 response under water deficit conditions. Enzyme activity parameters PPO 
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938 (polyphenol oxidase) and POD (peroxidase) were positioned in different 

939 quadrants, indicating their distinct roles in plant stress responses. TotPhe 

940 (total phenolic compounds) showed specific positioning, suggesting its 

941 involvement in stress defense mechanisms. ABA was positioned in the 

942 negative PC2 region, representing its role in stress signaling, while Proline 

943 showed distinct positioning indicating its specific function in osmotic 

944 adjustment under drought conditions.

945 The 2024 PCA biplot (Figure 5) showed increased explained variance 

946 (90.2%) by the first two PCs (PC1: 68.5%, PC2: 21.7%), indicating more 

947 coordinated physiological responses following prolonged treatment 

948 exposure. The separation between treatments and cultivars became more 

949 pronounced, with greater distances observed between the 100% irrigation 

950 control and PEG stress treatments, reflecting the cumulative effects of 

951 prolonged water stress.

952 Notable changes in parameter positioning occurred between the two years: 

953 PhQyYiLeaf showed altered correlation patterns, suggesting modified 

954 photosynthetic responses under prolonged stress. The enzyme parameters 

955 PPO and POD maintained significant presence in the biplot, indicating 

956 sustained enzymatic activity adjustments. ABA positioning relative to other 

957 stress-related parameters suggested evolving roles in the transition from 

958 immediate stress signaling to long-term physiological adaptation 

959 mechanisms. Carbohydrate metabolism parameters (sucrose, glucose, 

960 fructose, and total sugar) underwent repositioning in the biplot space, 
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961 indicating altered sugar partitioning and metabolic adjustments under 

962 continuous water limitation conditions.

963

964 4. Conclusion

965 This two-year study comprehensively evaluated the physiological and 

966 biochemical responses of two raspberry cultivars, ‘Diamond Jubilee’ and 

967 ‘Jade’, under both soil water deficit and PEG-induced osmotic stress. The 

968 results revealed genotype-specific strategies for coping with drought. ‘Jade’ 

969 maintained higher relative water content, chlorophyll levels, and 

970 photosynthetic efficiency under stress conditions, particularly in the second 

971 year, indicating superior physiological resilience. In contrast, ‘Diamond 

972 Jubilee’ displayed a more robust biochemical response, characterized by 

973 significant accumulation of proline, phenolics, and antioxidant enzyme 

974 activities (especially peroxidase), particularly in the second season—

975 suggesting enhanced osmotic and oxidative defense mechanisms. Soluble 

976 sugar accumulation (notably glucose and fructose) increased markedly 

977 under both types of stress in both years, with greater magnitudes in 2022. 

978 This likely reflects an osmotic adjustment mechanism that was partially 

979 retained in 2024, indicative of stress memory effects. Organic acids such as 

980 citric and malic acids increased under stress, with cultivar-dependent 

981 trends, while ascorbic acid was depleted entirely in both cultivars, 

982 underlining the severity of oxidative stress. PEG treatments generally 

983 triggered stronger responses than moderate water reduction, highlighting 
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984 the intensity of osmotic stress. Principal component analysis clearly 

985 separated cultivar responses and treatment effects, with consistent 

986 clustering across years. Overall, ‘Jade’ appears more physiologically stable, 

987 while ‘Diamond Jubilee’ exhibits stronger metabolic plasticity. The most 

988 informative traits for rapid drought screening included RWC, proline 

989 content, SPAD chlorophyll, and peroxidase activity. These findings provide a 

990 valuable basis for selecting drought-resilient raspberry genotypes and 

991 designing stress-mitigation strategies in breeding programs.
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1425 Figure Legends

1426  Figure 1. Three-way interaction effects (Year × Cultivar × Treatment) 
1427 on leaf temperature (°C) of raspberry cultivars ‘Diamond Jubilee’ and 
1428 ‘Jade’ under control and PEG-induced drought stress conditions across 
1429 two growing seasons (2022 and 2024).
1430  Figure 2. Effects of Year × Cultivar × Treatment interaction on 
1431 relative water content (RWC, %) of raspberry cultivars ‘Diamond 
1432 Jubilee’ and ‘Jade’ under control and PEG-induced water stress 
1433 conditions during the 2022 and 2024 growing seasons.
1434  Figure 3. Three-way interaction effects (Year × Cultivar × Treatment) 
1435 on peroxidase (POD) activity (U g⁻¹ min⁻¹) in raspberry cultivars 
1436 ‘Diamond Jubilee’ and ‘Jade’ under control and PEG-induced drought 
1437 stress conditions across two growing seasons (2022 and 2024).
1438  Figure 4. Principal component analysis (PCA) biplot of physiological 
1439 traits in raspberry cultivars under different water stress treatments 
1440 (100% field capacity, 50% field capacity, and PEG-induced stress) in 
1441 2022.
1442  Figure 5. Principal component analysis (PCA) biplot of physiological 
1443 traits in raspberry cultivars under different water stress treatments 
1444 (100% field capacity and PEG-induced stress) in 2024.

1445 Table Legends 

1446  Table 1. Analysis of variance (ANOVA) for physiological, biochemical, 
1447 and stress-related traits in two raspberry cultivars (‘Diamond Jubilee’ 
1448 and ‘Jade’) subjected to water deficit treatments (100% and PEG) 
1449 across two growing seasons (2022 and 2024).
1450  Table 2. Main effects of year (2022–2024), cultivar (‘Diamond Jubilee’ 
1451 and ‘Jade’), and water deficit treatment (100% and PEG) on 
1452 physiological and biochemical responses in raspberry plants.
1453  Table 3. Cultivar-specific physiological and biochemical responses to 
1454 water deficit treatment: Genotype × treatment interactions in 
1455 raspberry plants (combined analysis across 2022 and 2024).
1456  Table 4. Year-dependent metabolic responses to water deficit 
1457 treatment in raspberry plants: Temporal dynamics of stress adaptation 
1458 showing significant year × treatment interactions.
1459  Table 5. Analysis of variance (ANOVA) and mean comparisons for 
1460 physiological, morphological, and biochemical traits of raspberry 
1461 cultivars under different drought stress treatments in 2022.
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1462  Table 6. Analysis of variance (ANOVA) and mean comparisons for 
1463 organic acid composition and antioxidant activity of raspberry 
1464 cultivars under water stress treatments in 2024.

1465
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Figure 1 Three-way interaction effects (Year × Cultivar × Treatment) on leaf 
temperature (°C) of raspberry cultivars ‘Diamond Jubilee’ and ‘Jade’ under 

control and PEG-induced drought stress conditions across two growing seasons 
(2022 and 2024).
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Figure 2 Effects of Year × Cultivar × Treatment Interaction on Relative Water 
Content (RWC) of Raspberry Cultivars ‘Diamond Jubilee’ and ‘Jade’ under 
Control and PEG-Induced Water Stress Conditions during the 2022 and 2024 
Growing Seasons.
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Figure 3 Three-way interaction effects (Year × Cultivar × Treatment) on 
peroxidase (POD) activity (U g⁻¹ min⁻¹) in raspberry cultivars ‘Diamond Jubilee’ 
and ‘Jade’ under control and PEG-induced drought stress conditions across two 
growing seasons (2022 and 2024).
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Figure 4 Principal component analysis (PCA) biplot of physiological traits in 
raspberry cultivars under different water stress treatments (100% field capacity, 

50% field capacity, and PEG-induced stress) in 2022
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Figure 5 Principal component analysis (PCA) biplot of physiological traits in 
raspberry cultivars under different water stress treatments (100% field capacity, 

and PEG-induced stress) in 2024
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Table 1. Analysis of variance for physiological, biochemical, and stress-related traits in two raspberry cultivars (Diamond 
Jubilee and Jade) subjected to water deficit treatment (100% and PEG)  treatments across two growing seasons (2022-2024)

Source Year Cultivar Year × 
Cultivar Treatment Year × 

Treatment
Cultivar × 
Treatment

Year × Cultivar × 
Treatment

DF 1 1 1 1 1 1 1
Leaf Temp (°C) 423.19*** 0.53ns 17.51*** 0.01ns 0.01ns 0.09ns 1.17*

RWC (%) 13.07ns 508.52*** 8775.49*** 328.46** 7.06ns 95.99ns 1124.81***
Chlorophyll (µmol/m²) 302.46*** 28.02*** 76.09*** 0.02ns 4.98ns 28.60*** 4.86ns

Photosynthetic Quantum Yield 
of Leaf 0.04*** 0.02*** 0.01*** 0.01*** 0ns 0ns 0ns

Dried Leaf Sucrose Content 
(%) 9.99*** 0.14ns 1.58*** 3.76*** 0.45* 0.12ns 0.02ns

Dried Leaf Glucose Content 
(%) 7.70*** 0.06ns 17.26*** 1.90** 8.47*** 0.14ns 3.34**

Dried Leaf Fructose Content 
(%) 0.19ns 0.26ns 12.77*** 0.87* 0.61ns 0ns 0.23ns

Dried Leaf Total Sugar (%) 0ns 1.71ns 70.66*** 12.26** 14.25** 0.01ns 3.24ns
Total Phenol (mg GAE/100g) 126466.69*** 3417.45ns 72299.19*** 76.67ns 36769.44*** 7238.58* 15772.86**

Proline (μmol/g) 0.72*** 0.98*** 3.30*** 2.01*** 0.67*** 1.02*** 2.06***
ABA (ng/g) 18.32*** 5.77* 302.53*** 0.02ns 8.97** 68.85*** 3.98ns

POD (U/g/min) 28.38ns 18.90ns 11655.63*** 358.05** 1292.13*** 151.50* 1493.10***
PPO (U/g/min) 45937.5*** 1768.17*** 31392.67*** 16642.67*** 16120.17*** 4428.17*** 7210.67***

Leaf Dry Matter Content (%) 174.18* 15.45ns 1562.74*** 44.35ns 8.34ns 12.65ns 22.46ns

Significance levels: ***P < 0.001, **P < 0.01, P < 0.05, ns = not significant.

ACCEPTED MANUSCRIPTARTICLE IN PRESS



ARTIC
LE

 IN
 PR

ES
S

Table 2. Main effects of year (2022-2024), cultivar (Diamond Jubilee and Jade), and water deficit treatment (100% and PEG) 
on physiological and biochemical responses in raspberry plants based on combined analysis

Factor Level Water Relations Photosynthetic Performance Osmoregulators Antioxidant Defense

Leaf 
Temperature 

(°C)
RWC (%) Chlorophyll 

(µmol/m²)
Quantum 

Yield
Proline 

(μmol/g) ABA (ng/g) POD 
(U/g/min) PPO (U/g/min)

2022 21.39±0.32 b 70.67±3.45 
a 33.93±1.12 b 0.77±0.01 

a 0.10±0.08 b 92.79±1.23 
b

57.31±4.21 
a 120.25±8.45 b

Year
2024 29.79±0.41 a 69.93±4.12 

a 41.03±1.08 a 0.69±0.02 
b 0.22±0.03 a 94.53±1.45 

a
58.35±3.89 

a
207.75±12.32 

a
Diamond 
Jubilee 25.71±0.89 a 65.33±3.12 

b 36.39±1.01 b 0.75±0.01 
a 0.19±0.04 a 93.17±1.12 

b
56.23±3.45 

a 172.58±9.87 a
Cultivar

Jade 25.47±0.76 a 74.54±3.89 
a 38.56±1.23 a 0.70±0.02 

b 0.12±0.09 b 94.15±1.34 
a

59.43±4.12 
a 155.42±8.23 b

100% 24.74±0.45 b 89.06±2.34 
a 39.26±1.12 a 0.75±0.01 

a 0.02±0.01 b 90.11±1.01 
b

35.23±2.12 
b

200.17±11.23 
a

Treatment
PEG 26.45±0.67 a 50.81±2.89 

b 35.69±1.01 b 0.71±0.02 
b 0.29±0.08 a 97.21±1.45 

a
79.30±4.56 

a 127.83±7.89 b

Values represent means ± SE. Different letters within each factor indicate significant differences (P ≤ 0.05, Tukey's HSD test).
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Table 3. Cultivar-specific physiological and biochemical responses to water deficit treatment: Genotype × treatment 
interactions in raspberry plants based on combined analysis over two years (2022-2024)

Cultivar Treatment Photosynthetic System Water Status Stress Signaling Enzymatic Defense

Chlorophyll 

(µmol/m²)

Quantum 

Yield
RWC (%)

Dry Matter 

(%)

Proline 

(μmol/g)
ABA (ng/g)

POD 

(U/g/min)
PPO (U/g/min)

Diamond 

Jubilee
100% 37.09±1.23 b 0.77±0.01 a

86.45±2.34 

a

27.19±2.01 

c

0.028±0.003 

b

87.93±1.12 

c

36.85±2.45 

c

222.34±15.23 

a

PEG 35.71±1.01 b 0.74±0.02 b
44.21±3.12 

c

44.39±3.12 

a

0.356±0.045 

a

98.41±1.67 

a

75.90±4.23 

b
122.82±9.87 c

Jade 100% 41.43±1.45 a 0.73±0.02 b
91.66±1.89 

a

26.72±1.89 

c

0.018±0.002 

d

92.30±1.34 

b

33.60±2.87 

c

178.00±12.45 

b

PEG 35.68±1.12 b 0.68±0.03 c
57.42±2.89 

b

40.51±2.89 

b

0.230±0.089 

ab

96.01±1.89 

a

82.70±4.56 

a
132.84±8.67 c

Values represent means ± SE. Different letters indicate significant differences across all treatment combinations (P ≤ 0.05, Tukey's HSD 
test). Only parameters showing significant cultivar × treatment interactions are presented.
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Table 4. Year-dependent metabolic responses to water deficit treatment in raspberry plants: Temporal dynamics of stress 
adaptation showing significant year × treatment interactions

Year Treatment Soluble Carbohydrates Secondary Metabolites Osmotic Adjustment Hormonal Regulation
Glucose (%) Total Sugar (%) Total Phenolics (mg GAE/100g) Proline (μmol/g) ABA (ng/g)

2022 100% 2.56±0.12 c 9.61±0.45 c 398.49±12.34 b 0.029±0.003 b 89.85±1.23 b
PEG 4.25±0.23 a 13.04±0.67 a 363.09±15.67 b 0.164±0.089 b 95.73±1.67 a

2024 100% 2.59±0.15 c 10.12±0.34 c 431.95±18.23 b 0.017±0.002 b 90.37±1.45 b
PEG 3.09±0.18 b 11.95±0.56 b 619.99±24.56 a 0.424±0.045 a 98.69±1.89 a

Values represent means ± SE. Different letters indicate significant differences across all treatment combinations within and between 
years (P ≤ 0.05, Tukey's HSD test). Only parameters with significant year × treatment interactions are shown.

Table 5 Analysis of variance (ANOVA) and mean comparisons for physiological, morphological, and biochemical traits of 
raspberry cultivars under different drought stress treatments in 2022.

Source of 
Variation Df Leaf transpiration rate 

(mmol m⁻² s⁻¹)
Intercellular CO₂ 

(μmol mol⁻¹)
Stomatal conductance 

(mmol m⁻² s⁻¹)
Leaf assimilation rate 

(μmol m⁻² s⁻¹)
Leaf area 

(cm²)
Petiole 

length (cm) Leaf succinic acid (mg g⁻¹ DW)

Cultivar 1 1.383 * 4439.961 ns 1817.643 * 45.506 *** 386.976 ** 6.009 *** 42.524 **
Drought 
stress 2 19.815 *** 220416 *** 42401 *** 67.689 *** 203.027 ** 0.735 * 43.050 ***

Cultivar × 
Drought 
stress

2 2.310 ** 7176.773 ns 3609.976 ** 15.962 ** 272.272 ** 0.357 ns 12.177 *

Efects Treatment Leaf transpiration rate 
(mmol m⁻² s⁻¹)

Intercellular CO₂ 
(μmol mol⁻¹)

Stomatal conductance 
(mmol m⁻² s⁻¹)

Leaf assimilation rate 
(μmol m⁻² s⁻¹)

Leaf area 
(cm²)

Petiole 
length (cm) Leaf succinic acid (mg g⁻¹ DW)

Diamond 
Jubilee 1.84 ± 0.09 a 558.1 ± 21.4a 75.0 ± 9.6 a 2.20 ± 0.48 a 36.2 ± 1.9 

a
4.74 ± 0.23 

a 12.1 ± 0.6 a
Cultivar

Jade 1.29 ± 0.13 b 526.7 ± 48.6a 54.9 ± 11.1 b −0.98 ± 0.52 b 26.9 ± 1.1 
b

3.59 ± 0.17 
b 9.06 ± 0.53 b
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Source of 
Variation Df Leaf transpiration rate 

(mmol m⁻² s⁻¹)
Intercellular CO₂ 

(μmol mol⁻¹)
Stomatal conductance 

(mmol m⁻² s⁻¹)
Leaf assimilation rate 

(μmol m⁻² s⁻¹)
Leaf area 

(cm²)
Petiole 

length (cm) Leaf succinic acid (mg g⁻¹ DW)

Cultivar 1 1.383 * 4439.961 ns 1817.643 * 45.506 *** 386.976 ** 6.009 *** 42.524 **
Drought 
stress 2 19.815 *** 220416 *** 42401 *** 67.689 *** 203.027 ** 0.735 * 43.050 ***

Cultivar × 
Drought 
stress

2 2.310 ** 7176.773 ns 3609.976 ** 15.962 ** 272.272 ** 0.357 ns 12.177 *

Efects Treatment Leaf transpiration rate 
(mmol m⁻² s⁻¹)

Intercellular CO₂ 
(μmol mol⁻¹)

Stomatal conductance 
(mmol m⁻² s⁻¹)

Leaf assimilation rate 
(μmol m⁻² s⁻¹)

Leaf area 
(cm²)

Petiole 
length (cm) Leaf succinic acid (mg g⁻¹ DW)

100% 3.66 ± 0.20 a 336.9 ± 5.8 c 161.7 ± 7.4 a 4.18 ± 0.40 a 33.1 ± 2.8 
a

4.52 ± 0.28 
a 13.6 ± 0.8 a

50% 0.67 ± 0.21 b 574.2 ± 32.5 b 23.6 ± 8.3 b 0.16 ± 0.32 b 36.4 ± 2.1 
a

3.82 ± 0.19 
b 9.69 ± 0.66 bDrought 

stress

PEG 0.37 ± 0.12 b 716.2 ± 48.1 a 9.61 ± 2.0 b −2.50 ± 0.36 c 25.1 ± 2.1 
b

4.17 ± 0.13 
ab 8.49 ± 0.36 b

100% × 
Diamond 
Jubilee

4.65 ± 0.02 a 313.4 ± 0.2a 199.9 ± 0.8 a 6.91 ± 0.01 a 45.5 ± 5.0 
a 5.13 ± 0.28 16.5 ± 1.5 a

100%  × Jade 2.66 ± 0.43 b 360.4 ± 11.4a 123.6 ± 14.9 b 1.45 ± 0.80 b 20.8 ± 0.6 
c 3.90 ± 0.29 10.7 ± 0.8 b

50% × 
Diamond 
Jubilee

0.57 ± 0.01 c 616.1 ± 3.6a 16.6 ± 0.2 c 2.48 ± 0.01 b 36.2 ± 2.8 
ab 4.13 ± 0.23 9.73 ± 0.82 bc

50% × Jade 0.76 ± 0.41 c 532.3 ± 61.5a 30.7 ± 16.8 c −2.16 ± 0.64 c 36.5 ± 2.4 
ab 3.50 ± 0.15 9.65 ± 0.49 bc

PEG× 
Diamond 
Jubilee

0.31 ± 0.07 c 744.9 ± 23.3a 8.67 ± 2.0 c −2.77 ± 0.07 c 26.7 ± 2.0 
bc 4.97 ± 0.18 10.2 ± 0.4 bc

Cultivar × 
Drought 
stress

PEG× Jade 0.44 ± 0.16 c 687.5 ± 72.8a 10.6 ± 2.0 c −2.22 ± 0.64 c 23.4 ± 2.2 
bc 3.37 ± 0.09 6.80 ± 0.36 c
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Values represent means ± SE. Different letters within each column indicate significant differences among cultivars, drought treatments, 
and their interactions at P ≤ 0.05 according to Tukey’s HSD test. Results are presented only for parameters showing significant effects 
in 2022

Table 6. Analysis of variance (ANOVA) and mean comparisons for organic acid composition and 
antioxidant activity of raspberry cultivars under water stress treatments in 2024.

Source of Variation Df Oxalic acid (mg g⁻¹ 
DW)

Citric acid (mg g⁻¹ 
DW)

Malic acid (mg g⁻¹ 
DW)

Ascorbic acid (mg g⁻¹ 
DW)

Cultivar 1 74.81*** 728.65*** 189.57*** 196.56***

Water stress 1 1.69ns 397.84*** 285.02*** 5366.56***

Cultivar × Water 
stress 1 37.78*** 92.61*** 0.65ns 196.56***

Effects Treatment Oxalic acid (mg g⁻¹ 
DW)

Citric acid (mg g⁻¹ 
DW)

Malic acid (mg g⁻¹ 
DW)

Ascorbic acid (mg g⁻¹ 
DW)

Diamond Jubilee 2.94 ± 0.08 b 5.76 ± 0.21 a 5.19 ± 0.12 a 0.16 ± 0.02 a
Cultivar

Jade 3.86 ± 0.11 a 3.30 ± 0.14 b 4.22 ± 0.09 b 0.11 ± 0.01 b
100% 3.33 ± 0.13 a 3.62 ± 0.16 b 4.11 ± 0.11 b 0.26 ± 0.01 a

Water stress
PEG 3.47 ± 0.09 a 5.43 ± 0.18 a 5.30 ± 0.10 a 0.00 ± 0.00 b
100% × Diamond 
Jubilee 2.54 ± 0.05 c 4.41 ± 0.05 b 4.62 ± 0.05 a 0.31 ± 0.01 a

100% × Jade 4.12 ± 0.14 a 2.83 ± 0.13 d 3.59 ± 0.08 a 0.21 ± 0.00 b
PEG × Diamond 
Jubilee 3.33 ± 0.13 b 7.10 ± 0.06 a 5.76 ± 0.08 a 0.00 ± 0.00 c

Cultivar × Water 
stress

PEG × Jade 3.60 ± 0.09 b 3.77 ± 0.11 c 4.84 ± 0.07 a 0.00 ± 0.00 c
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Values represent means ± SE. Different letters within each column indicate significant differences among cultivars, water stress 
treatments, and their interactions at P ≤ 0.05 according to Tukey's HSD test. ***: P ≤ 0.001; ns: non-significant. For malic acid, only 
main effects are presented due to non-significant interaction. DW: dry weight; TE: Trolox equivalent.
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