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Abbreviations: AMOVA = Analysis of molecular variance; BARI = Bangladesh Agricultural Research Institute; 
BAW = Bangladesh Advanced Wheat; BWMRI = Bangladesh Wheat and Maize Research Institute; DAS = Day 
after sowing; DNA = Deoxyribonucleic acid; GP = germination percentage; PCA = Principal component analysis; 
PCR = Polymerase chain reaction; PIC = Polymorphic information content; qRT-PCR = Quantitative real-time 
polymerase chain reaction; RDW = Root dry weight; RL = Root length; RNA = Ribonucleic acid; SDW = Shoot dry 
weight; SL = Shoot length; SP = Survival percentage; SSR = Simple Sequence Repeat; TDW = Total dry weight.

21 Abstract 

22 Soil salinity is a rapidly intensifying abiotic stress that significantly limits wheat productivity, 

23 particularly in coastal and irrigated agroecosystems. Although sodium (Na+) ion exclusion has 

24 been recognized as a key tolerance mechanism, the integration of physiological performance 

25 with Nax1-mediated molecular regulation among regionally adapted wheat genotypes remains 

26 insufficiently characterized. The present study aimed to dissect salinity tolerance by combining 

27 hydroponic phenotyping, multivariate trait analysis, molecular marker profiling, and quantitative 

28 expression analysis of the Na+ ion transporter gene Nax1. Seventeen spring wheat genotypes 

29 were evaluated under four salinity levels (0.0, 10, 12, and 14 dS m⁻¹). Germination and survival 

30 rate, shoot and root growth, and biomass accumulation were measured. Principal component 

31 analysis (PCA) and hierarchical clustering were performed to classify genotypes, while SSR 

32 (simple sequence repeat) and Nax-linked markers assessed genetic diversity. Relative Nax1 

33 expression was quantified using qRT-PCR (quantitative real-time polymerase chain reaction). 

34 Salinity significantly reduced germination, survival, elongation, and biomass, with strong 

35 genotype-dependent variation. Multivariate analyses clearly separated tolerant and sensitive 

36 genotypes, with biomass retention and survival contributing most to total variation. Marker 

37 analysis revealed moderate genetic polymorphism. Notably, tolerant genotypes exhibited 3-6-

38 fold induction of Nax1 under severe salinity, positively correlating with biomass maintenance. 

39 These findings demonstrate that salinity tolerance in wheat is associated with coordinated 

40 physiological resilience and enhanced Nax1-mediated Na⁺ ion exclusion, thereby advancing 

41 mechanistic understanding and supporting molecular-assisted breeding for salt-affected 

42 environments.
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66 Introduction

67 Soil salinity is a major abiotic stress limiting crop productivity globally [1-5]. These studies 

68 emphasize osmotic stress, ionic toxicity, and disruption of cellular homeostasis as central 

69 constraints to plant performance under saline conditions. Soil salinity is one of the most severe 

70 abiotic stresses limiting agricultural productivity worldwide. More than 800 million hectares of 

71 land are affected by salinity, and nearly 20-30% of irrigated agricultural land is estimated to be 

72 salt-affected, with projections indicating continued expansion due to climate change, sea-level 

73 rise, and inappropriate irrigation practices [6, 7]. Wheat, a staple cereal providing approximately 

74 20% of global caloric intake, is moderately sensitive to salinity, particularly during germination 

75 and early vegetative growth [8, 9]. As global food demand continues to rise, improving wheat 

76 resilience to saline environments has become a critical priority for sustainable crop production. 

77 Salinity imposes two major phases of stress on plants: an initial osmotic phase that restricts water 

78 uptake and a subsequent ionic phase characterized by toxic accumulation of Na⁺ and Cl⁻ in plant 

79 tissues [10, 11]. Osmotic stress rapidly reduces cell expansion and shoots growth, while 

80 prolonged exposure leads to ionic imbalance, membrane destabilization, and oxidative damage 

81 [12]. Excess Na⁺ competes with K⁺ at critical binding sites, disrupting enzymatic processes and 

82 impairing photosynthetic efficiency [13, 14]. Consequently, salinity significantly reduces 

83 germination percentage, seedling survival, biomass accumulation, and ultimately grain yield.

84

85 Plants have evolved multiple adaptive strategies to cope with salinity, including osmotic 

86 adjustment, ion compartmentalization, antioxidant defense activation, and selective ion transport 

87 [7, 11]. Among these mechanisms, Na⁺ ion exclusion from shoot tissues is considered one of the 

88 most effective tolerance strategies in cereals [15, 16]. In bread wheat, Na⁺ ion is largely 
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89 mediated by members of the high-affinity potassium transporter (HKT) family, particularly those 

90 encoded by the Nax loci introgressed from wild relatives [11]. The Nax1 gene, corresponding to 

91 an HKT1;4-type transporter, functions by retrieving Na⁺ from the xylem sap in roots and leaf  

92 sheaths, thereby limiting Na⁺ ion translocation to photosynthetically active tissues [15, 16]. 

93 Enhanced expression of Nax1 has been associated with improved growth and yield stability 

94 under saline conditions, highlighting its importance in breeding programs targeting salt-affected 

95 environments. Despite advances in identifying salinity tolerance genes, the phenotypic 

96 expression of tolerance remains complex and highly genotype-dependent. Early growth traits 

97 such as germination rate, survival rate, shoot length, root elongation, and dry matter 

98 accumulation are widely used as indicators of salt tolerance in controlled screening systems [9, 

99 17]. Hydroponic systems provide precise control over salinity levels and nutrient composition, 

100 allowing reproducible assessment of genotype responses [17]. However, reliance on single traits 

101 often fails to capture the multidimensional nature of salinity tolerance.

102

103 Multivariate statistical approaches, including PCA and hierarchical clustering, enable integration 

104 of multiple physiological parameters to classify genotypes along tolerance–sensitivity gradients 

105 [18, 19]. PCA reduces data dimensionality while retaining maximum variance, facilitating 

106 identification of key traits contributing to stress resilience. Such integrative approaches are 

107 increasingly recommended for screening large germplasm collections under abiotic stress 

108 conditions [18, 20]. In parallel, molecular marker systems continue to play a pivotal role in 

109 characterizing genetic diversity and supporting marker-assisted selection. SSR markers remain 

110 valuable due to their co-dominant inheritance, high polymorphism, and genome-wide 

111 distribution [21, 22]. Assessment of polymorphic information content (PIC), gene diversity, and 
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112 population structure provides insights into the breeding potential of available germplasm. 

113 Integration of molecular diversity analysis with phenotypic screening strengthens the 

114 identification of elite genotypes possessing both desirable traits and favorable genetic 

115 backgrounds [20].

116

117 South Asian coastal regions, including large areas of Bangladesh, India, and Pakistan, are 

118 increasingly affected by salinity due to tidal intrusion and irrigation-induced salt accumulation 

119 [23, 24]. Development of salt-tolerant wheat cultivars adapted to these agroecosystems is 

120 therefore essential for maintaining regional food security. While several improved spring wheat 

121 genotypes have been released by national breeding programs, comparative physiological and 

122 molecular characterization under graded salinity stress remains limited.

123

124 Recent studies emphasize that effective salinity tolerance results from coordinated regulation of 

125 ion transport, growth maintenance, and stress-responsive gene expression rather than reliance on 

126 a single mechanism [7, 12]. In particular, linking Nax1 expression dynamics with physiological 

127 performance under defined salinity gradients can enhance mechanistic understanding and 

128 improve the precision of breeding strategies. Therefore, the present study aimed to (i) evaluate 

129 growth, biomass, germination, and survival responses of spring wheat genotypes under graded 

130 salinity stress; (ii) classify genotypes using multivariate statistical approaches; (iii) assess genetic 

131 diversity using SSR and Nax-linked markers; and (iv) quantify relative expression of Nax1 under 

132 salinity conditions. By integrating physiological, molecular, and gene expression analyses, this 

133 work seeks to advance understanding of salinity tolerance mechanisms in wheat and provide a 

134 robust framework for breeding cultivars adapted to salt-affected environments.
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135 Materials and Methods

136

137 Plant materials

138 100 genotypes of spring wheat (Triticum aestivum L.) were used in the preliminary trials, which 

139 included nine wheat varieties (released by the Bangladesh Agricultural Research Institute 

140 (BARI) and Bangladesh Wheat and Maize Research Institute (BWMRI)), 52 BAW lines (BAW 

141 = Bangladesh Advanced Wheat), 36 BWSN lines (BWSN = Bangladesh Wheat Screening 

142 Nursery), and three HZWYT lines (HZWYT = High Zinc Wheat Yield Trial), developed by 

143 BWMRI. The pedigree of 100 genotypes was represented in Table S1 [25, 26]. 

144

145 Development of the hydroponic platform, preparation of Hoogland solutions, and 

146 preparation of saline solutions

147 The development of the hydroponic platform and the preparation of Hoogland solutions and 

148 saline solutions were performed as described in File S1.

149

150 Plant materials and experimental design 

151 The preliminary experiments were conducted with 100 genotypes of spring wheat to select 

152 suitable genotypes for conducting salinity trials in the hydroponic conditions. Each trial was set 

153 up, followed by a randomized complete block design with three replications. 

154

155 Measurement of shoot and root length and their dry matter

156 15 seeds of each genotype were sown on a plate set on a tray filled with tap water. One day after 

157 sowing (DAS), to supply nutrients to the seeds/seedlings, the Hoogland solution was also added 
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158 to the tap water of each tray, and the pH of the solution of the tray was measured with a pH 

159 meter to maintain it between 6.0 and 7.0. After 10 DAS, either 0.0 (tap water) or 10, 12, or 14 dS 

160 m⁻¹ concentrated saline solution was added to each tank [12]. This tank solution was sent to a 

161 tray from where seedlings absorbed saline solution by soft fabric yarn. The saline concentration 

162 of tray water was measured by an EC meter. At 20 DAS, 10 seedlings were harvested to measure 

163 the morpho-physiological parameters. The shoot and root length was scaled with a scale and 

164 averaged. From the next trial conducted by the above-stated method, 10 seedlings were collected, 

165 separated into shoots and roots with a knife, packed in brown paper envelopes separately, and 

166 kept in the oven where a 70°C temperature was maintained for 72 hours. Shoot and root dry 

167 mass was weighed with a 500 mg measuring balance.  The results were presented in Table S2.

168

169 Quantification of germination rate 

170 To measure germination rate, the experiments were conducted as per the above-stated methods. 

171 A seed is considered germinated when the plumule becomes longer than half the length of the 

172 seed and the radicle is equal to or longer than the seed length. The seedlings’ stunted primary 

173 roots are considered abnormally germinated [27]. From three DAS, the number of germinated 

174 seedlings was counted each day, and it continued up to 12 DAS. The germination rate was 

175 obtained by dividing the number of germinated seeds by the total number of seeds set for 

176 germination, multiplied by 100 [28].

177                                                              No. of total germinated seeds
178                   Germination rate (%) =                                                      ×100 
179                                                              Total number of seeds tested
180

181 The genotype that exhibited a 50% germination rate was used in the next experiments for 

182 further exploration. The experiment was repeated three times for data consistency.
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183 Quantification of survival rate  

184 To measure the survival rate, the trials were performed using the above-stated methods. Briefly, 

185 15 seeds of each genotype were sown on a plate set on a tray filled with tap water. After 10 DAS, 

186 either saline solution or tap water was applied to seedlings (Hasanuzzaman et al., 2020). After 

187 five days of saline solution application, the number of seedlings was counted, followed by a one-

188 day interval, and continued up to 25 DAS. At 25 DAS, the survival rate was quantified as the 

189 following formula [25, 29]:

190                                                          No. of seedlings grown in salinity stress
191                   Survival rate (%) =                                                                       ×100 
192                                                    No. of seedlings grown in the control condition
193

194 DNA extraction and molecular marker analysis

195 Young leaf tissues were collected from 14-day-old seedlings grown under control conditions. 

196 Genomic DNA was extracted using the cetyltrimethylammonium bromide method with minor 

197 modifications [30]. DNA quality and concentration were assessed using agarose gel 

198 electrophoresis and spectrophotometry. A set of SSR markers and Nax-linked markers previously 

199 reported to be associated with salinity tolerance were selected for amplification (Table S3) [15, 

200 22]. PCR was performed in 20 μL reaction volumes containing genomic DNA, primers, dNTPs, 

201 buffer, MgCl₂, and Taq DNA polymerase. Amplified products were resolved on 2-3% agarose 

202 gels and visualized under UV light after ethidium bromide staining. Marker bands were scored as 

203 binary data (presence = 1, absence = 0). PIC and Nei’s gene diversity (He) were calculated to 

204 estimate allelic diversity [21, 31]. Analysis of molecular variance (AMOVA) was performed to 

205 partition genetic variation among and within groups. Population structure was further explored 

206 using PCA and hierarchical clustering based on marker data (Fig. S1, Fig. S2).

.CC-BY 4.0 International licenseavailable under a 
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted March 6, 2026. ; https://doi.org/10.64898/2026.03.04.709707doi: bioRxiv preprint 

https://doi.org/10.64898/2026.03.04.709707
http://creativecommons.org/licenses/by/4.0/


9

207 Based on the morpho-physiological traits and SSR marker performances of 100 genotypes (Table 

208 S2, Fig. S1, Fig. S2), 17 genotypes were selected for the final trials.  

209

210 Quantification of physiological traits in the final experiments

211 17 genotypes were used in the final study. The experiments were performed using the above-

212 stated methods and the protocols established by Zörb et al. (2019), llis & Roberts (1981) and 

213 Alam et al. (2022) [14, 29, 32]. The shoot and root length, shoot and root dry matter, total dry 

214 matter, germination, and survival rate were recorded as described in the above-stated methods.  

215

216 DNA extraction and molecular marker analysis 

217 DNA extraction from leaf and root tissues, PCR, and molecular analysis of the 17 genotypes 

218 were performed using the above-stated methods.

219

220 RNA extraction and quantitative RT-PCR analysis

221 Root and leaf tissues were sampled 48 h after exposure to target salinity levels (0, 10, 12, and 14 

222 dS m⁻¹). Samples were immediately frozen in liquid nitrogen and stored at -80°C until analysis. 

223 Total RNA was extracted using a commercial plant RNA isolation kit following the 

224 manufacturer’s protocol. RNA integrity was confirmed by agarose gel electrophoresis, and 

225 concentration was measured spectrophotometrically. First-strand complementary 

226 deoxyribonucleic acid synthesis was performed using reverse transcriptase and oligo (dT) 

227 primers. qRT-PCR was conducted using gene-specific primers targeting the sodium transporter 

228 gene Nax1. Reactions were carried out on a Bio-Rad CFX96 Real-Time™ system SsoAdvanced 

229 Universal SYBR Green Supermix™ (Bio-Rad, Hercules, Sweden) following the manufacturer’s 
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230 protocol. Thermal cycling conditions followed standard protocols for gene expression analysis in 

231 wheat (James et al. 2019). Relative gene expression was calculated using the 2⁻ΔΔCt method 

232 [33] with actin used as an internal reference gene.  

233

234 Statistical analysis

235 All experiments were conducted hydroponically using a randomized complete block design 

236 (RCBD) with three biological replicates, and each experiment was repeated three times to ensure 

237 reproducibility. Data were first tested for normality and homogeneity of variance prior to 

238 analysis. Differences among treatments and genotypes were evaluated by analysis of variance 

239 (ANOVA), followed by Tukey’s honestly significant difference (HSD) test at P ≤ 0.05 using 

240 IBM SPSS Statistics (version 26.0). Multivariate and population genetic analyses were 

241 performed in Python (version 3.14.0). Principal component analysis (PCA) was conducted using 

242 standardized (z-score transformed) data to integrate multiple physiological traits. Hierarchical 

243 clustering was performed using Ward’s method with Euclidean distance to classify genotypes 

244 into salinity tolerance groups. Pearson’s correlation coefficients were calculated to assess 

245 relationships between physiological traits and relative Nax1 gene expression levels, with 

246 significance determined at P ≤ 0.05. Genetic similarity among wheat genotypes was estimated 

247 using Jaccard’s coefficient based on binary marker data. An unweighted pair group method with 

248 arithmetic mean (UPGMA) dendrogram was constructed in MEGA (version 12.1) to determine 

249 genetic relationships among genotypes under different salinity treatments (0, 10, 12, and 14 dS 

250 m⁻¹).

251

252 Results
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253 Shoot and root elongation were progressively inhibited by increasing salinity

254 Both shoot length (SL) and root length (RL) decreased significantly with increasing salinity (Fig. 

255 1a-b; 1f-g). 

256

257 Fig 1. The responses of wheat seedlings to different levels of salinity stress grown in the 

258 hydroponic conditions. a. Shoot length, b. Root length, c. Shoot dry weight, d. Root dry weight, 

259 e. Total dry weight, f. Scaled shoot and root length, g. Phenotypic expressions. The seedlings 

260 were grown under controlled conditions. At 10 days after sowing (DAS), different doses of 

261 saline solutions (0.0 dS m⁻¹, 10 dS m⁻¹, 12 dS m⁻¹, and 14 dS m⁻¹) were applied to the seedlings. 

262 At 20 DAS, the seedlings were harvested, and then shoot and root lengths were scaled. Further, 

263 shoots were separated from the root with a sharp knife, packed in brown paper envelopes, kept in 

264 an oven at 70°C for 72 hours until constant weight was reached, and finally weighed. Total dry 

265 weight was obtained by adding shoot and root weights. The pictures of seedlings treated by 

266 different doses of saline solutions were flashed. The shoot and root length were scaled up. 

267 Salinity level: T1 = 0.0 dS m⁻¹ (control), T2 = 10 dS m⁻¹, T2 = 12 dS m⁻¹, T2 = 14 dS m⁻¹, 

268 Genotypes: G1 = BARI Gom 25, G2 = BARI Gom 30, G3 = BARI Gom 32, G4 = BARI Gom 

269 33, G5 = BWMRI Gom 1, G6 = BWMRI Gom 2, G7 = BWMRI Gom 3, G8 = BWMRI Gom 4, 

270 G9 = BWMRI Gom 5, G10 = BAW 1243, G11 = BAW 1286, G12 = BAW 1340, G13 = BAW 

271 1390, G14 = BAW 1422, G15 = BAW 1425,  G16 = BWSN 1-14, G17 = BWSN 1-37. 

272

273 Under control conditions (0.0 dS m⁻¹), genotypes exhibited comparable shoot and root growth. 

274 Exposure to 10 dS m⁻¹ resulted in moderate reductions in elongation, whereas 12 and 14 dS m⁻¹ 

275 caused substantial inhibition. Shoot elongation declined by approximately 20-25% at 12 dS m⁻¹ 
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276 and exceeded a 35% reduction at 14 dS m⁻¹ relative to control means. Root elongation was 

277 particularly sensitive at higher salinity, with reductions exceeding 40% in sensitive genotypes at 

278 14 dS m⁻¹ (Fig. 1b). Notably, tolerant genotypes retained significantly greater SL and RL 

279 compared with sensitive lines under both moderate and high salinity treatments, indicating 

280 stronger growth maintenance capacity. The differential response of roots and shoots altered the 

281 shoot-to-root length ratio at elevated salinity, reflecting modified biomass allocation patterns 

282 under stress conditions. 

283

284 Biomass accumulation declined substantially under salinity stress

285 Salinity significantly reduced shoot dry weight (SDW), root dry weight (RDW), and total dry 

286 weight (TDW) (Fig. 1c-e). SDW showed a stronger reduction compared with RDW as salinity 

287 intensified. At 14 dS m⁻¹, mean SDW declined by more than 40% relative to control, whereas 

288 RDW declined by approximately 30-35%. Total dry weight exhibited a progressive and 

289 significant reduction across increasing salinity levels (Fig. 1e). Sensitive genotypes showed 

290 drastic biomass loss at 12 and 14 dS m⁻¹, while tolerant lines maintained comparatively higher 

291 TDW. Biomass retention percentage (relative to control) clearly differentiated tolerant and 

292 sensitive genotypes, with tolerant lines retaining >65% of control biomass at 12 dS m⁻¹ and 

293 >50% at 14 dS m⁻¹. These findings indicate that biomass maintenance is a robust physiological 

294 indicator of salinity tolerance at the seedling stage.  

295

296 Salinity markedly reduced germination and survival rate in a genotype-dependent manner
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297 Salinity significantly affected germination percentage (GP), survival percentage (SP), and all 

298 measured growth parameters (P ≤ 0.05) (Fig. 2a-b). GP declined progressively with increasing 

299 EC levels (Fig. 2a). 

300

301 Fig 2. Effects of salinity stress on germination and survival rate and exhibits the principal 

302 component analysis (PCA) of physiological traits of wheat seedlings. a. Germination rate, b. 

303 Survival rate, c. PCA. 15 seeds were sown in different levels of salinity stress (0.0 dS m⁻¹, 10 dS 

304 m⁻¹, 12 dS m⁻¹, and 14 dS m⁻¹). From three days after sowing (DAS), the number of germinated 

305 seeds as seedlings was counted, and it continued up to 12 DAS. Then, the germination rate was 

306 calculated as described by Cokkizgin (2012). For quantification of survival rate, 15 seeds of each 

307 genotype were sown on a tray filled with tap water in the hydroponic conditions. After 10 DAS, 

308 salinity stress (above-stated salinity levels) was applied to seedlings except for the control. After 

309 five days of stress application, the number of seedlings was counted, followed by a one-day 

310 interval, and continued up to 25 DAS, and the survival rate was quantified as described by Ellis 

311 & Roberts (1981) and Alam et al. (2022). PCA biplot based on shoot length (SL), root length 

312 (RL), shoot dry weight (SDW), root dry weight (RDW), total dry weight (TDW), germination, 

313 and survival rate of wheat genotypes under salinity stress. The first two principal components 

314 explain the majority of total variation and separate genotypes along a tolerance-sensitivity 

315 gradient. Salinity level: T1 = 0.0 dS m⁻¹ (Control), T2 = 10 dS m⁻¹, T2 = 12 dS m⁻¹, T2 = 14 dS 

316 m⁻¹, T = Treatment; Genotypes: G1 = BARI Gom 25, G2 = BARI Gom 30, G3 = BARI Gom 32, 

317 G4 = BARI Gom 33, G5 = BWMRI Gom 1, G6 = BWMRI Gom 2, G7 = BWMRI Gom 3, G8 = 

318 BWMRI Gom 4, G9 = BWMRI Gom 5, G10 = BAW 1243, G11 = BAW 1286, G12 = BAW 
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319 1340, G13 = BAW 1390, G14 = BAW 1422, G15 = BAW 1425,  G16 = BWSN 1-14, G17 = 

320 BWSN 1-37.

321

322 Under 10 dS m⁻¹, the mean reduction in GP across genotypes was moderate, whereas 12 and 14 

323 dS m⁻¹ caused pronounced inhibition. At 14 dS m⁻¹, average germination decreased by 

324 approximately one-third compared with control conditions. However, substantial genotypic 

325 variation was observed. Several genotypes maintained relatively high germination (>75%) even 

326 at 12 dS m⁻¹, whereas sensitive lines showed sharp declines. SP was more strongly affected than 

327 germination (Fig. 2b). At 12 and 14 dS m⁻¹, SP declined markedly in sensitive genotypes, with 

328 some lines exhibiting less than 50% survival at the highest salinity level. In contrast, tolerant 

329 genotypes maintained comparatively higher SP (>65%) under 12 dS m⁻¹ and retained 

330 appreciable viability at 14 dS m⁻¹. The genotype × salinity interaction was significant, indicating 

331 differential tolerance among lines. 

332

333 Principal component analysis discriminated between tolerant and sensitive genotypes

334 To integrate multiple physiological traits, PCA was conducted using standardized data (Fig. 2c). 

335 The first two principal components (PC1 and PC2) together explained 42.09% of the total 

336 variation. PC1 accounted for the largest proportion of variance and was strongly associated with 

337 TDW, SDW, SP, and SL. PC2 was primarily associated with RL and RDW. The PCA biplot 

338 clearly separated genotypes along a tolerance–sensitivity gradient. Tolerant genotypes clustered 

339 on the positive side of PC1, characterized by higher biomass retention and survival under salinity 

340 stress. Sensitive genotypes grouped on the negative side of PC1, reflecting pronounced 
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341 reductions in growth parameters. The distribution pattern indicated that biomass and survival 

342 contributed most significantly to overall salinity tolerance variation.

343

344 Hierarchical clustering confirmed distinct tolerance groups

345 Hierarchical clustering using Ward’s method based on physiological traits further classified 

346 genotypes into distinct clusters (Fig. 3). 

347

348 Fig 3. Hierarchical clustering of wheat genotypes based on physiological performances. 

349 Hierarchical clustering dendrogram constructed using standardized physiological and biomass 

350 traits under salinity stress. Genotypes were grouped into tolerant and sensitive clusters, 

351 supporting multivariate classification of salinity responses. Salinity level: T1 = 0.0 dS m⁻¹ 

352 (Control), T2 = 10 dS m⁻¹, T2 = 12 dS m⁻¹, T2 = 14 dS m⁻¹, T = Treatment; Genotypes: G1 = 

353 BARI Gom 25, G2 = BARI Gom 30, G3 = BARI Gom 32, G4 = BARI Gom 33, G5 = BWMRI 

354 Gom 1, G6 = BWMRI Gom 2, G7 = BWMRI Gom 3, G8 = BWMRI Gom 4, G9 = BWMRI 

355 Gom 5, G10 = BAW 1243, G11 = BAW 1286, G12 = BAW 1340, G13 = BAW 1390, G14 = 

356 BAW 1422, G15 = BAW 1425,  G16 = BWSN 1-14, G17 = BWSN 1-37. 

357

358 Two major groups were identified: Cluster I comprised genotypes exhibiting superior growth and 

359 biomass retention under 12-14 dS m⁻¹, whereas Cluster II included sensitive genotypes with 

360 substantial reductions in survival and dry matter accumulation. Sub-clustering within the tolerant 

361 group suggested varying degrees of tolerance, indicating quantitative differences among 

362 genotypes. The clustering pattern corresponded closely with PCA classification, reinforcing the 

363 reliability of multivariate approaches for salinity tolerance screening.

.CC-BY 4.0 International licenseavailable under a 
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted March 6, 2026. ; https://doi.org/10.64898/2026.03.04.709707doi: bioRxiv preprint 

https://doi.org/10.64898/2026.03.04.709707
http://creativecommons.org/licenses/by/4.0/


16

364 Genetic diversity and phylogenetic relationships among wheat genotypes revealed by 

365 Neighbor-joining Analysis

366 The circular Neighbor-Joining (NJ) phylogenetic tree constructed from molecular marker data 

367 revealed clear genetic differentiation among the wheat genotypes (Fig. 4). 

368

369 Fig 4. Circular Neighbor-Joining (NJ) phylogenetic tree depicting the genetic relationships 

370 among wheat genotypes based on molecular marker data. The tree was constructed using a 

371 pairwise genetic distance matrix derived from marker polymorphism profiles. Each terminal 

372 node represents an individual genotype, and branch lengths correspond to genetic distances 

373 among genotypes. The circular layout facilitates clear visualization of clustering patterns, 

374 revealing genetic similarity and divergence within the population, which may be associated with 

375 stress-adaptive traits.

376

377 The clustering pattern separated the genotypes into several distinct groups, indicating substantial 

378 genetic variability within the studied population. Genotypes belonging to similar pedigree 

379 backgrounds or breeding programs tended to cluster together, reflecting shared ancestry and 

380 genetic similarity. Branch lengths varied considerably among genotypes, suggesting differences 

381 in genetic distance and divergence levels. Some genotypes formed tight sub-clusters with short 

382 branch lengths, indicating close genetic relationships, whereas others appeared as distinct 

383 lineages with longer branches, reflecting higher genetic divergence. The overall topology 

384 demonstrates moderate-to-high polymorphism across the molecular markers used, confirming the 

385 effectiveness of the marker system in discriminating among wheat genotypes. The clustering 
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386 pattern suggests the presence of genetically diverse groups that could serve as potential parental 

387 lines for breeding programs targeting stress tolerance and yield stability.

388

389 SSR and Nax-linked markers revealed moderate genetic diversity

390 Molecular analysis using SSR and Nax-linked markers generated clear and reproducible banding 

391 patterns. Binary scoring of amplified fragments indicated moderate polymorphism across loci 

392 (Fig. 5a). 

393

394 Fig 5. Multivariate and population genetic analysis of wheat genotypes using SSR. a. Boxplot 

395 illustrating distribution of binary marker scores (1/0), indicating moderate polymorphism across 

396 loci, b. Ward’s hierarchical clustering dendrogram based on Euclidean genetic distance, 

397 revealing three principal genetic groups, c. Principal component analysis (PCA) showing genetic 

398 differentiation; PC1 and PC2 accounted for 23.53% and 18.56% of total variance (42.09% 

399 cumulative), respectively. d. Pearson correlation matrix demonstrating predominantly positive 

400 inter-locus associations, suggesting possible linkage or shared chromosomal regions. e. Linear 

401 regression analysis indicates a positive relationship between total Nax-linked alleles and overall 

402 marker presence. f. K-means clustering (k = 3) projected onto PCA space, confirming population 

403 structure. Mean polymorphic information content (PIC) and Nei’s gene diversity (He) indicated 

404 moderate allelic variation, while AMOVA revealed minimal among-group differentiation (ΦST 

405 ≈ 0.0006), suggesting that most genetic variance resides within genotypes rather than between 

406 clusters.

407
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408 PIC values suggested moderate allelic diversity among the studied genotypes. Ward’s 

409 hierarchical clustering based on marker-derived genetic distance grouped genotypes into three 

410 principal genetic clusters (Fig. 5b). PCA of marker data further supported genetic differentiation, 

411 with PC1 and PC2 explaining 23.53% and 18.56% of total molecular variation, respectively 

412 (42.09% cumulative; Fig. 5c). Analysis of molecular variance (AMOVA) indicated minimal 

413 among-group differentiation (Φ_ST ≈ 0.0006), demonstrating that most genetic variation resided 

414 within genotypes rather than between clusters. Pearson correlation analysis of marker loci 

415 revealed predominantly positive inter-locus associations (Fig. 5d). K-means clustering projected 

416 onto PCA space confirmed the presence of three genetic groups (Fig. 5e-f). Importantly, tolerant 

417 and sensitive genotypes were distributed across different molecular clusters, suggesting that 

418 physiological tolerance was not strictly confined to a single genetic background. 

419

420 Nax1 expression was strongly induced in tolerant genotypes under severe salinity

421 Relative expression analysis demonstrated significant induction of Nax1 in response to salinity 

422 (Fig. 6). 

423

424 Fig 6. Relative expression of the sodium exclusion gene Nax1 under salinity stress. Relative 

425 expression levels of Nax1 in wheat genotypes exposed to salinity stress (10, 12, and 14 dS m⁻¹), 

426 expressed as log₂ fold change relative to control conditions. Tolerant genotypes exhibit stronger 

427 and more sustained Nax1 induction under increasing salinity. 

428

429 At 10 dS m⁻¹, moderate upregulation was observed across most genotypes. However, at 12 and 

430 14 dS m⁻¹, tolerant genotypes exhibited pronounced induction (3-6-fold increase relative to 
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431 control), whereas sensitive genotypes showed comparatively limited upregulation. Expression 

432 levels increased progressively with salinity intensity in tolerant lines, indicating stress-responsive 

433 regulation. In contrast, sensitive genotypes displayed either weak induction or inconsistent 

434 expression patterns under high salinity. Correlation analysis revealed a positive association 

435 between relative Nax1 expression and total dry weight retention under 12-14 dS m⁻¹. Genotypes 

436 with higher Nax1 induction consistently maintained greater biomass and survival, suggesting a 

437 functional linkage between sodium exclusion and growth maintenance.

438

439 Integrated physiological and molecular framework

440 A schematic integration of physiological performance and molecular regulation was presented in 

441 Fig. 7. 

442

443 Fig 7. Schematic overview of the integrated approach for evaluating salinity tolerance in 

444 spring wheat. Hydroponic screening was conducted under 0.0 (control), 10 dS m⁻¹, and 14 dS 

445 m⁻¹ salinity levels to assess germination, biomass, and survival. Multivariate analyses, including 

446 principal component analysis (PCA) and clustering, were applied to classify genotypes based on 

447 tolerance performance, and genetic diversity was examined using SSR markers. Relative 

448 expression of the Nax1 gene was quantified by qRT-PCR to evaluate its role in Na⁺ exclusion. 

449 Key salinity tolerance traits—enhanced biomass, improved survival, and efficient Na⁺ exclusion- 

450 were integrated to identify salt-tolerant wheat genotypes.

451

452 Salinity-induced reductions in germination, elongation, and biomass were mitigated in tolerant 

453 genotypes through sustained Nax1-mediated sodium exclusion. Multivariate trait analysis, 
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454 marker diversity assessment, and gene expression profiling collectively provided a coherent 

455 classification of genotypes along a tolerance gradient. Overall, the results demonstrate significant 

456 genotype-dependent variation in salinity tolerance and highlight biomass retention and Nax1 

457 expression as key determinants of resilience under saline conditions.

458

459 Discussion

460 Recent molecular investigations highlight the regulatory role of Na⁺ transporters, particularly 

461 HKT-mediated sodium retrieval and tissue-specific ion partitioning, in enhancing salt tolerance 

462 [34-38]. These findings support the physiological and molecular patterns observed in the present 

463 study. Salinity stress significantly impaired germination, survival, shoot and root growth, and 

464 biomass accumulation in spring wheat, confirming the sensitivity of early developmental stages 

465 to osmotic and ionic stress (Fig. 1-2). The progressive decline in growth parameters with 

466 increasing EC reflects the biphasic nature of salinity stress: an initial osmotic phase restricting 

467 water uptake followed by ionic toxicity resulting from excessive Na⁺ accumulation [8-11]. The 

468 stronger reduction in survival compared with germination suggests that prolonged exposure to 

469 saline conditions exacerbates ionic imbalance and metabolic disruption, consistent with previous 

470 reports in wheat and other cereals [9, 14].

471

472 Biomass retention emerged as the most reliable physiological indicator of tolerance among the 

473 studied genotypes. Sensitive lines exhibited substantial reductions in shoot dry weight and total 

474 dry matter at 12-14 dS m⁻¹, whereas tolerant genotypes maintained comparatively higher 

475 biomass (Fig. 1c-e). Maintenance of biomass under salinity is generally associated with effective 

476 ion homeostasis, osmotic adjustment, and sustained photosynthetic activity [7, 12]. Excess Na⁺ 
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477 disrupts K⁺ uptake and enzyme activation, leading to impaired carbon assimilation and growth 

478 inhibition [14, 39]. Therefore, the ability of tolerant genotypes to sustain dry matter 

479 accumulation suggests improved regulation of ion transport and cellular osmotic balance. Root 

480 growth was particularly sensitive at higher salinity levels, reflecting the direct exposure of roots 

481 to saline solution and the importance of root-based ion transport processes. Reduced root 

482 elongation in sensitive genotypes may indicate impaired cell expansion and membrane integrity 

483 due to Na⁺ toxicity (Fig. 1b, d-e) [10]. Conversely, tolerant genotypes maintained relatively 

484 greater root length and root dry weight, which may facilitate improved water uptake and nutrient 

485 acquisition under stress. Enhanced root performance under salinity has been linked to improved 

486 Na⁺ retrieval from the xylem and more efficient exclusion mechanisms [15].

487

488 The application of multivariate statistical approaches provided further insight into the complex 

489 nature of salinity tolerance. PCA revealed that biomass-related traits and survival contributed 

490 most strongly to overall variation, reinforcing their importance as integrative indicators of 

491 tolerance. The clear separation of genotypes along a tolerance-sensitivity gradient demonstrates 

492 the value of PCA for reducing data dimensionality while retaining biologically meaningful 

493 variation (Fig. 2c) [18, 19]. Hierarchical clustering corroborated PCA results, grouping 

494 genotypes into tolerant and sensitive clusters (Fig. 3). Such integrative classification approaches 

495 are increasingly recommended for screening large germplasm sets under abiotic stress conditions 

496 (Bhatta et al. 2018). 

497

498 The NJ-based clustering revealed substantial genetic diversity among the wheat genotypes, 

499 highlighting valuable variation for stress-resilient breeding. Genetic diversity provides the 
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500 foundation for selection and adaptation in crop improvement programs [5]. The clear grouping 

501 pattern indicates that the molecular markers effectively captured genome-wide polymorphism, 

502 enabling reliable discrimination among genotypes. The Neighbor-Joining method is widely 

503 applied for assessing genetic relationships from distance matrices [40] and its use in wheat has 

504 proven effective for evaluating population structure with molecular markers [41]. Genotypes 

505 forming tight clusters likely share common breeding backgrounds, whereas those on longer 

506 branches may possess unique alleles linked to adaptive stress responses. Genetically distant 

507 parents are often associated with greater heterosis and improved stress resilience [42]. Therefore, 

508 the divergent genotypes identified here represent promising candidates for crossing programs. 

509 Integrating molecular diversity with stress-related phenotyping strengthens the selection of elite 

510 germplasm for climate-resilient wheat breeding [43].

511

512 Molecular marker analysis revealed moderate genetic polymorphism among the tested 

513 genotypes, indicating the presence of exploitable diversity despite shared breeding histories (Fig. 

514 5). SSR markers remain effective tools for assessing allelic variation and population structure in 

515 wheat [21, 41]. The low among-group differentiation observed in AMOVA suggests that most 

516 genetic variation resides within genotypes rather than between predefined tolerance groups. This 

517 pattern likely reflects the common genetic background of modern cultivars derived from related 

518 breeding programs. Importantly, tolerant and sensitive genotypes were distributed across 

519 different molecular clusters, implying that salinity tolerance is a quantitative trait influenced by 

520 multiple loci rather than confined to a single lineage (Fig. 5). 

521
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522 A central finding of this study is the pronounced induction of Nax1 expression in tolerant 

523 genotypes under severe salinity (12-14 dS m⁻¹) (Fig. 6). The Nax1 locus encodes an HKT1;4-

524 type sodium transporter responsible for retrieving Na⁺ from the xylem, thereby limiting its 

525 accumulation in leaf blades [15, 16]. Enhanced Nax1 expression in tolerant genotypes suggests 

526 activation of a robust Na⁺ exclusion mechanism that protects photosynthetically active tissues 

527 from ionic toxicity. The positive correlation between Nax1 expression and biomass retention 

528 supports a functional linkage between molecular regulation and physiological performance (Fig. 

529 7). 

530

531 Previous studies have demonstrated that introgression of Nax loci into bread wheat significantly 

532 reduces leaf Na⁺ concentration and improves yield stability under saline field conditions [11]. 

533 Our results extend these findings by demonstrating that endogenous variation in Nax1 expression 

534 among spring wheat genotypes contributes to differential tolerance under controlled hydroponic 

535 conditions (Fig. 6). The stress-responsive upregulation of Nax1 observed here aligns with 

536 evidence that HKT transporter expression is dynamically regulated in response to Na⁺ exposure 

537 [7, 16]. Salinity tolerance is inherently multifactorial, involving not only Na+ exclusion but also 

538 vacuolar sequestration, osmolyte synthesis, and antioxidant defense [12]. While this study 

539 focused primarily on Nax1-mediated exclusion, the observed variation in growth performance 

540 likely reflects coordinated action of multiple pathways (Fig. 7). Future studies incorporating ion 

541 concentration measurements, transcriptomic profiling, and antioxidant enzyme analysis would 

542 provide a more comprehensive understanding of the regulatory networks underlying tolerance. 

543 The integration of physiological screening, multivariate analysis, molecular diversity assessment, 

544 and gene expression profiling represents a robust framework for identifying salt-tolerant wheat 
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545 genotypes (Fig. 7). By linking biomass maintenance with Nax1 induction, this study provides 

546 mechanistic insight into how Na+ exclusion contributes to growth resilience under saline 

547 conditions. Such integrative approaches are essential for accelerating marker-assisted breeding 

548 and improving wheat adaptation to salt-affected agroecosystems, particularly in regions where 

549 soil salinization continues to intensify.

550

551 Overall, our findings reinforce the central role of Na+ exclusion in wheat salinity tolerance and 

552 demonstrate that variation in Nax1 expression significantly contributes to genotype-dependent 

553 resilience. The combination of physiological and molecular analyses enhances understanding of 

554 the complexity of salinity adaptation and supports targeted improvement of wheat for saline 

555 environments. 

556

557 Conclusion

558 This study demonstrates substantial genotype-dependent variation in salinity tolerance among 

559 spring wheat at the seedling stage. Increasing salinity (10-14 dS m⁻¹) significantly reduced GP, 

560 SP, SL, RL, SDW, RDW, and biomass accumulation. However, tolerant genotypes maintained 

561 higher biomass retention and SP under severe salinity, highlighting their superior adaptive 

562 capacity. Among the evaluated physiological parameters, TDW and SP proved to be the most 

563 reliable indicators for discriminating between tolerant and sensitive genotypes. Multivariate 

564 analyses effectively integrated multiple traits and clearly separated genotypes along a tolerance 

565 gradient, emphasizing the utility of PCA and hierarchical clustering in stress screening programs. 

566 The phylogenetic analysis revealed significant genetic diversity among the 17 wheat genotypes. 

567 The dendrogram provides a valuable genetic framework for selecting parental lines in breeding 
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568 programs aimed at improving salinity tolerance. The circular Neighbor-Joining analysis revealed 

569 clear genetic structuring and substantial diversity among the studied wheat genotypes. The 

570 distinct clustering pattern confirms the effectiveness of the molecular markers in detecting 

571 genome-wide polymorphism and differentiating closely related materials. Genotypes located on 

572 longer branches represent genetically divergent resources that may harbor unique alleles 

573 associated with stress adaptation, while closely clustered genotypes likely share common 

574 breeding backgrounds.

575

576 A key finding of this study is the strong induction of Nax1 expression in tolerant genotypes 

577 under high salinity. The positive association between Nax1 upregulation and biomass 

578 maintenance supports the central role of Na+ exclusion in mitigating ionic toxicity. These results 

579 provide functional evidence linking molecular regulation of Na⁺ transport with improved growth 

580 performance under saline conditions. Collectively, the integration of physiological, multivariate, 

581 and molecular analyses advances our understanding of salinity adaptation in wheat (Fig. 11). The 

582 identified tolerant genotypes and the demonstrated relevance of Nax1 expression offer valuable 

583 resources for marker-assisted selection and breeding programs aimed at improving wheat 

584 productivity in salt-affected environments.  
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