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Abstract 48 

Salinity limits cotton growth, development, and productivity. One potential approach to 49 

mitigating the negative consequences of salt stress is the application of biostimulants. However, 50 

it remains poorly understood how biostimulant application modifies the cotton transcriptional 51 

response across genotypes and product identities. We conducted a single blocked experiment 52 

evaluated through a sequential analytical framework comprising cultivar screening, comparative 53 

evaluation of commercial biostimulants, and multivariate analysis of transcriptional changes. 54 

Based on morphological traits and the Multitrait Genotype–Ideotype Distance Index (MGIDI), 55 

Ishonch and Porloq-1 were identified as contrasting genotypes, whereas Ravnaq-1 represented an 56 

intermediate response to salinity. Rizokom-1, Mikrozim-1, and Serhosil were selected for 57 

subsequent analysis. Their effects were evaluated through the expression of genes assigned to the 58 

hormonal regulation, antioxidant defense, and metabolic/osmoprotective functional modules. 59 

Rizokom-1 provided the most favorable integrated morphological effect and generated the most 60 

pronounced transcriptional response, followed by Mikrozim-1 and Serhosil. The amplitude and 61 

functional structure of the response depended on both genotype and biostimulant. Salinity 62 

predominantly reduced response amplitude while the direction of the response was generally 63 

preserved, and the three functional modules remained strongly concordant across the analyzed 64 

genotype × salinity contexts. These findings support genotype-specific selection of biostimulants 65 

and identify promising cultivar × biostimulant combinations for subsequent physiological, 66 

biochemical, and agronomic validation. 67 

Keywords Gossypium hirsutum; sodium chloride; seed germination; root development; marker 68 

genes; functional modules 69 

Abbreviations ABA, abscisic acid; ANOVA, analysis of variance; cDNA, complementary 70 

DNA; Ct, cycle threshold; DNA, deoxyribonucleic acid; FC, fold change; GABA, γ-71 

aminobutyric acid; GE, germination energy; GWAS, genome-wide association study; HSD, 72 
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honestly significant difference; MGIDI, Multitrait Genotype–Ideotype Distance Index; MGT, 73 

mean germination time; mRNA, messenger RNA; NaCl, sodium chloride; NCED, 9-cis-74 

epoxycarotenoid dioxygenase; OPR, 12-oxophytodienoate reductase; PC, principal component; 75 

PCA, principal component analysis; PCR, polymerase chain reaction; POD, peroxidase; qPCR, 76 

quantitative polymerase chain reaction; RL, root length; RNA, ribonucleic acid; RT-qPCR, 77 

reverse-transcription quantitative polymerase chain reaction; SD, standard deviation; SL, shoot 78 

length; SOD, superoxide dismutase. 79 

Introduction 80 

Soil salinity remains one of the most serious abiotic factors limiting the growth, development, and 81 

productivity of crops (Singh 2022). This problem is particularly relevant to cotton, which is widely 82 

cultivated in arid regions under irrigated agriculture (Khasanov et al. 2023), where secondary soil 83 

salinization is a major cause of reduced yield and fiber quality (Maryum et al. 2022). Salt stress 84 

disrupts water and ion homeostasis, intensifies oxidative processes, and induces metabolic 85 

reprogramming, thereby slowing seed germination, suppressing plant growth, and reducing 86 

productivity (Guo et al. 2022; Maryum et al. 2022; Muhammad et al. 2025). However, the 87 

magnitude of these effects depends not only on salinity intensity but also on a particular genotype's 88 

ability to mount an adaptive response (Munawar et al. 2021; Anwar et al. 2025; Gul et al. 2025). 89 

Differences among cultivars are particularly pronounced during the early stages of development, 90 

when the rate and completeness of germination, together with root and shoot growth, determine 91 

subsequent plant establishment under adverse conditions (Munawar et al. 2021; An et al. 2024; 92 

Anwar et al. 2025). Assessment of these traits therefore makes it possible to compare genotypes 93 

according to their responses to salinity and to identify variants that differ in their ability to maintain 94 

early growth processes. Characterizing such differences is also important for selecting genotypes 95 

in which the effects of treatments intended to mitigate the consequences of salt stress can be 96 

evaluated against different baseline levels of salt tolerance. In addition, comparisons across several 97 

NaCl concentrations enable identification of a stress level at which cultivar differences are most 98 

clearly expressed without completely suppressing germination and growth (An et al. 2024; Gul et 99 

al. 2025). 100 

Transcriptional regulation is one of the levels at which differences in genotype responses to salinity 101 

are established (Muhammad et al. 2025). Salt stress alters the expression of genes involved in 102 

stress signaling, hormonal regulation, antioxidant defense, osmoprotection, and maintenance of 103 

metabolic homeostasis (Anwar et al. 2022; Muhammad et al. 2025). These changes do not occur 104 

in isolation but affect several functionally interconnected processes, whose coordinated 105 

involvement determines the internal organization of the transcriptional response (Anwar et al. 106 

2022; Han et al. 2023). Therefore, characterizing genotype responses to salinity requires 107 
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consideration not only of changes in individual genes but also of their assignment to interconnected 108 

functional pathways (Han et al. 2023). 109 

One promising approach to the targeted modulation of plant responses to stress is the use of 110 

biostimulants (Kaushal et al. 2023; Lau et al. 2025). Their application may be accompanied by 111 

changes in seed germination, root-system and shoot development, as well as in the expression of 112 

genes involved in hormonal, antioxidant, and metabolic regulation (Kaushal et al. 2023; Benito et 113 

al. 2024; Lau et al. 2025). However, the effectiveness of biostimulants is determined by the nature 114 

of the product, the crop genotype, and the application conditions (Detcheverry et al. 2026). Even 115 

products intended for similar purposes may differ in the magnitude and direction of their effects, 116 

and the same product may induce different responses across genotypes (Covașă et al. 2025; 117 

Detcheverry et al. 2026). This necessitates an initial comparative assessment of biostimulants, 118 

followed by evaluation of how the selected products modify the transcriptional response to salinity. 119 

Analysis of the literature showed that many studies of biostimulant action under salinity have 120 

focused on individual growth or physiological traits, or on selected genes and signaling pathways 121 

(Akbar et al. 2022; Kaushal et al. 2023; Benito et al. 2024; Khalid et al. 2024; Zhao et al. 2024; 122 

Hwang et al. 2025; Lau et al. 2025; Algasem et al. 2026). Recent studies in cotton have expanded 123 

this evidence by examining genotype-dependent responses to microbial, seaweed-based, and 124 

mycorrhizal biostimulants. Still, their analyses have remained focused primarily on 125 

morphological, physiological, biochemical, or selected molecular traits rather than on the 126 

coordinated behavior of several transcriptional modules (Batool et al. 2025; Calayır et al. 2026). 127 

Consequently, coordinated changes across multiple functional modules of the transcriptional 128 

response, considered together with plant genotype and biostimulant type, remain insufficiently 129 

studied. In cotton, it remains unclear how biostimulants modify the interconnected expression of 130 

genes involved in hormonal regulation, antioxidant defense, osmoprotection, and carbohydrate 131 

metabolism under salt stress, and to what extent the organization of this response depends on both 132 

genotype and biostimulant. This lack of information limits evidence-based selection of the most 133 

promising “genotype × biostimulant” combinations for subsequent physiological and agronomic 134 

validation. 135 

We hypothesized that differences in biostimulant effectiveness under salt stress may be reflected 136 

both in the extent to which early morphological traits are maintained and in the associated, 137 

multicomponent transcriptional response. This study aimed to conduct a sequential screening of 138 

cotton cultivars based on their responses to salinity, assess the effects of five commercial 139 

biostimulants on cultivars contrasting in the preservation of morphological traits, and characterize 140 

the transcriptional response to the selected products in three cotton genotypes by analyzing 13 141 

marker genes representing the hormonal regulation, antioxidant defense, and 142 
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metabolic/osmoprotective modules. The distinctive feature of the study is the sequential 143 

combination of morphological screening with an integrative characterization of the transcriptional 144 

response, enabling comparison of biostimulant effects and the preliminary identification of the 145 

most promising “cultivar × biostimulant” combinations for subsequent agronomic validation. 146 

Materials and methods 147 

Plant material 148 

Experiments were conducted under controlled phytotron conditions using five commercial 149 

medium-fiber cotton (Gossypium hirsutum L.) cultivars representing different breeding 150 

approaches: the conventionally bred cultivars Ishonch, An-Bayovut-2, and Namangan-77; 151 

Ravnaq-1, developed using marker-assisted selection; and Porloq-1, obtained through 152 

biotechnological methods. The Genetic Resources Bank of the Center of Genomics and 153 

Bioinformatics of the Academy of Sciences of the Republic of Uzbekistan provided seeds. 154 

Experimental design 155 

The study was conducted as a single blocked experiment comprising the genotype × salinity × 156 

treatment combinations described below. The resulting data were evaluated through three 157 

sequential analytical stages. 158 

In the first analytical stage, five cotton cultivars were comparatively screened under 0, 50, and 150 159 

mM NaCl using the untreated variants established within the common experiment. This analytical 160 

subset included 15 cultivar × salinity combinations, each represented by five independent 161 

biological replicates. For the assessment of germination parameters, each biological replicate 162 

consisted of a separate Petri dish containing 10 seeds, whereas morphological traits were evaluated 163 

using a separate pot containing five plants. Cultivar responses to salt stress were assessed based 164 

on germination time, germination energy, root length, and shoot length. Based on the screening 165 

results, Ishonch and Porloq-1, which differed most markedly in their ability to maintain the 166 

investigated traits under salinity, were retained for focused evaluation in the second analytical 167 

stage. 168 

In the second analytical stage, the effects of five biostimulants—Rizokom-1, Rizokom-2, 169 

Mikrozim-1, Mikrozim-2, and Serhosil—were evaluated in Ishonch and Porloq-1 under 0 and 150 170 

mM NaCl. This analytical subset included six treatment conditions, including an untreated control, 171 

and comprised 24 cultivar × salinity × treatment combinations, each represented by five 172 

independent biological replicates. The untreated Ishonch and Porloq-1 groups at 0 and 150 mM 173 

NaCl were the same experimental units included in the cultivar-screening subset and served as 174 

shared reference groups in both analyses; no duplicate control groups were established. As in the 175 

first analytical stage, a separate Petri dish containing 10 seeds served as the biological replicate 176 
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for assessing germination parameters, whereas a separate pot containing five plants served as the 177 

biological replicate for assessing morphological traits. The 50 mM NaCl treatment was used only 178 

for cultivar screening, whereas the biostimulant comparison focused on 0 and 150 mM NaCl 179 

because 150 mM provided clearer differentiation among cultivar responses without completely 180 

suppressing germination and seedling growth. 181 

For the third analytical stage, leaf samples corresponding to Rizokom-1, Mikrozim-1, Serhosil, 182 

and the untreated control were selected from the common experiment for transcriptional analysis. 183 

This subset included Ishonch and Porloq-1, representing contrasting responses to salinity, as well 184 

as Ravnaq-1, which occupied an intermediate position in the cultivar-screening analysis. The full-185 

factorial transcriptional subset comprised three cultivars, four pre-sowing treatment conditions—186 

three biostimulants and a distilled-water control—and two salinity levels, 0 and 150 mM NaCl. In 187 

total, 24 cultivar × salinity × treatment combinations were analyzed, each represented by five 188 

independent biological replicates. 189 

At the transcriptional analysis stage, the same experimental units were used for morphological and 190 

transcriptional analyses. Each biological replicate consisted of a separate pot containing five 191 

plants; thus, the 24 experimental combinations comprised 120 independent experimental units. 192 

The pots were randomly positioned in the phytotron and periodically rearranged to minimize 193 

spatial heterogeneity in growth conditions. After the 21-day salt treatment, root and shoot lengths 194 

were first measured for each of the five plants and averaged within each pot; the resulting pot mean 195 

was used as the value of one biological replicate in the statistical analysis. Leaf tissue from the 196 

same five plants was then pooled into a single composite sample, representing a single biological 197 

replicate. 198 

Pre-sowing biostimulant treatment and seed germination 199 

The study used the commercial biostimulants Rizokom-1, Rizokom-2, Mikrozim-1, Mikrozim-2, 200 

and Serhosil, developed and manufactured by the Institute of Microbiology of the Academy of 201 

Sciences of the Republic of Uzbekistan. The composition of the products and the precise 202 

application parameters are proprietary information of the manufacturer. The shortened name Hosil 203 

was used only in the figures for the commercial biostimulant Serhosil. 204 

Seeds were surface-sterilized with a 15% (w/v) sodium hypochlorite solution for 15 min, then 205 

rinsed at least 3 times with sterile distilled water. Specialists from the Institute of Microbiology of 206 

the Academy of Sciences of the Republic of Uzbekistan performed pre-sowing treatment with 207 

working solutions of the biostimulants in accordance with the manufacturer’s instructions. Seeds 208 

in the control treatments were soaked in distilled water for the same duration. The treatment was 209 

applied once before germination. 210 
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To determine germination parameters, seeds were placed in Petri dishes on sterile filter paper 211 

moistened with distilled water or an NaCl solution at the corresponding concentration. 212 

Germination was monitored daily for 10 days. 213 

For experiments assessing morphological traits and transcriptional responses, pretreated seeds 214 

were placed in Petri dishes on sterile filter paper moistened with distilled water and incubated in 215 

the dark at 28 °C for 3 days. The seedlings were then transferred to a 16-h light/8-h dark 216 

photoperiod at an illumination intensity of 5000 lx, a temperature of 25–26 °C, and a relative air 217 

humidity of 65 ± 5%. Under these conditions, the seedlings were maintained until transplantation 218 

into soil, but for no longer than three days. 219 

Growth conditions and salt stress simulation 220 

Seedlings were transplanted into 2-L plastic pots filled with a mixture of fine river sand and field 221 

soil at a 3:1 volume ratio. The substrate was disinfected in advance by heating in a muffle furnace 222 

at 100 ± 5 °C for 3 h. Plants were grown at 25–26 °C and 65 ± 5% relative air humidity under a 223 

16-h light/8-h dark photoperiod with an illumination intensity of 5000 lx. 224 

After an acclimation period of at least three days, salt treatment was initiated at the cotyledon stage 225 

using a modified protocol of Rodriguez-Uribe et al. (2011). Depending on the experimental stage, 226 

NaCl solutions with nominal concentrations of 0, 50, or 150 mM were applied. Their 227 

corresponding electrical conductivity equivalents were estimated as approximately 0, 5.0, and 15.0 228 

dS m⁻¹, respectively, based on the conversion 10 mM NaCl ≈ 1.0 dS m⁻¹; electrical conductivity 229 

was not measured directly. Every two days, 100 mL of distilled water or the NaCl solution at the 230 

corresponding nominal concentration was added to each pot, maintaining the substrate near field 231 

capacity while allowing free drainage. 232 

The duration of salt treatment in all pot experiments was 21 days. At the end of the treatment, 233 

when plants had reached the four- to five-true-leaf stage, shoot and root lengths were measured as 234 

described below. At the transcriptional analysis stage, leaf tissue from the same five plants in each 235 

pot was pooled into a single composite sample, immediately frozen in liquid nitrogen, and stored 236 

at −80 °C until RNA extraction. 237 

Morphological trait assessment 238 

After the 21-day salt treatment, each plant was photographed against a millimeter scale. Shoot and 239 

root lengths were determined from the resulting digital images using ImageJ v1.53e 240 

(https://imagej.net/ij/index.html), after calibrating the image scale against the millimeter scale. In 241 

the first and second experimental stages, measurements from the five plants in each pot were 242 

averaged, and the resulting pot mean was treated as a single biological replicate in the statistical 243 

analysis. 244 

Germination parameter assessment 245 
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Germination parameters were assessed according to the method of Munawar et al. (2021). 246 

Depending on the experimental stage, seed germination was evaluated at nominal NaCl 247 

concentrations of 0, 50, or 150 mM. The number of germinated seeds was recorded daily for 10 248 

days. The mean germination time (MGT) and germination energy (GE) were then calculated from 249 

the recorded data. 250 

The mean germination time was calculated using the following formula: 251 𝑀𝐺𝑇 =  ∑ ݊௜ × ∑௜ݐ ݊௜  252 

where ni is the number of seeds that germinated during the i-th observation interval, and ti is the 253 

time from the beginning of the experiment to the corresponding observation time, expressed in 254 

days. 255 

Germination energy was calculated using the following formula: 256 

GE (%) = ௣ܰ
N × 100 257 

where Np is the number of seeds germinated by the established peak germination time, and N is 258 

the total number of seeds tested. 259 

RNA extraction, cDNA synthesis, and RT-qPCR 260 

Total RNA was extracted from the pooled leaf-tissue sample of each biological replicate using the 261 

RNeasy Mini Kit (Qiagen, Germany) and treated with TURBO DNase (Ambion, USA) according 262 

to the manufacturers’ instructions. The RNA was further purified by extraction with a phenol–263 

chloroform mixture (5:1), followed by ethanol precipitation. RNA integrity was assessed by 264 

electrophoresis on a denaturing 1% agarose gel containing 2.2 M formaldehyde, and RNA 265 

concentration was determined using a GENESYS 10 UV spectrophotometer (Thermo Scientific, 266 

USA). Complementary DNA (cDNA) was synthesized using the SuperScript III First-Strand 267 

Synthesis System (Thermo Fisher Scientific, USA) according to the manufacturer’s instructions. 268 

Quantitative real-time PCR was performed using a LightCycler 480 Instrument II with LightCycler 269 

480 SYBR Green I Master (Roche, Switzerland). The 20-µL reaction mixture contained 10 µL of 270 

SYBR Green I Master, 1 µL each of forward and reverse primers at 10 µM, 2 µL of fourfold-271 

diluted cDNA, and 6 µL of double-distilled water. The amplification program consisted of an 272 

initial denaturation at 95 °C for 5 min, followed by 45 cycles of 95 °C for 10 s, 60 °C for 15 s, and 273 

72 °C for 15 s. 274 

Gh_UBQ7 was used as the reference gene, based on its reported relative stability in cotton leaves 275 

under salt stress (Wang et al. 2013). Target genes were selected based on their roles in hormonal 276 

regulation, antioxidant defense, osmoprotection, and carbohydrate metabolism under abiotic 277 

stress. Primers were designed using Primer3web v4.0.0 and Vector NTI Advance v11 and 278 
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validated using Primer-BLAST. Primer sequences and the functional classification of the target 279 

genes are provided in Table 1. 280 

Relative expression was calculated using the 2-ΔΔCt method (Livak and Schmittgen 2001). For each 281 

genotype, the corresponding treatment without biostimulant application and without NaCl addition 282 

was used as the calibrator, and its expression level was set to 1. Thus, the log₂FC values presented 283 

in Figs. 3 and 4 represent expression relative to the untreated control of the corresponding genotype 284 

at 0 mM NaCl. To estimate the biostimulant-specific effect under salinity, Δlog₂FC was 285 

additionally calculated relative to the untreated control of the same genotype at 150 mM NaCl 286 

within the corresponding experimental block. The analysis included five independent biological 287 

replicates, with each biological sample analyzed in three technical RT-qPCR replicates. 288 

Measurements from the technical replicates were averaged, so that each biological replicate 289 

contributed a single relative expression value per target gene to the statistical analysis. The 290 

resulting relative expression values were transformed to the log₂ scale for statistical and integrative 291 

analyses. 292 

Table 1 Functional classification of the target genes and primer sequences used for RT-qPCR 293 

Functional 

group 

Gene Forward primer (5′–3′) Reverse primer (5′–3′) 

Hormonal 

regulation 

Gh_NCED5 TGGAACGCTTGGGAGGAG TCGGCAATGGCGAGATAA 

Gh_GH3.17 AAAGGCAGTGACAAAGGCAAA TTCTTCCACCGTGGAGCAAC 

Gh_OPR3 GCTTACGGGCAAACCGAATC AGGCGGCCGTAAGATACAAG 

Gh_ICS1  ATCGAGTGGCTCCATGCTCAAC CGGCGGCACCAACAAGATTATG 

Antioxidant 

defense 

Gh_SOD  CATCTCTCACGCACTCTGTC CCTTAGCCATTTCTGTCTGTG 

Gh_APX  TCGTTGCCGTTGAGATTAC TGGTAGCATCAGGAAGACG 

Gh_CAT1  TGATAAGTTGCTCCAGACTCG CTTCGTGGTGATTGTTGTGA 

Gh_POD1  CCAATCTGGGTCCGGCAAACC CCAGGGGTCCCGTCACGTTT 

Gh_GPX  CAGTGCATTGTGGAAGGCAGGAA GGGAGGCGTCTTCAGCCATGT 

Gh_GR  AGTTCAGTCGTGGATTCAGTT AGTTATGGCCAACTCCTGCC 

Metabolic/ 

osmoprotective 

Gh_P5CS AGTCTCGACCCGATGCTCTTG TTTGCCACCTTTGAGCAATAGG 

Gh_SPS  CCTGCCTCTTTCATGTTCAA CAGTCCTACTCGCTACTTCGTG 

Gh_SuSy  GGCTTTTTCTTGTCCGACCATA AAAGGAAGAGGCGGGTTTTCC 

Reference gene Gh_UBQ7  GAAGGCATTCCACCTGACCAAC CTTGACCTTCTTCTTCTTGTGCTTG 

 294 

Statistical and integrative data analysis 295 

The statistical unit was an independent biological replicate; five biological replicates were 296 

analyzed for each experimental combination. Across the entire experiment, replicates bearing the 297 

same number across genotype, salinity, and treatment combinations corresponded to the same 298 

experimental block. Results are presented as mean ± standard deviation. 299 
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For comparison of germination and morphological traits, relative performance was calculated after 300 

log₂ transformation. In the cultivar-screening experiment, the mean value of the corresponding 301 

trait at 0 mM NaCl was used as the baseline separately for each cultivar. For germination energy, 302 

root length, and shoot length, relative performance was calculated as log₂(X/X₀), where X is the 303 

individual value at 50 or 150 mM NaCl and X₀ is the mean value at 0 mM NaCl. Because a decrease 304 

in mean germination time represents a more favorable response, this trait was expressed as the 305 

inverse ratio log₂(X₀/X). Cultivars were compared separately at 50 and 150 mM NaCl. In the 306 

biostimulant-screening experiment, the baseline was the mean value of the untreated treatment of 307 

the corresponding cultivar at the same NaCl concentration. Biostimulants were compared 308 

separately for each cultivar and NaCl concentration. Pairwise comparisons were performed using 309 

Tukey’s HSD test, and residual variance was estimated using a linear model including the 310 

experimental treatment and block. For Fig. 1a and 2a, means and sample standard deviations were 311 

calculated from the five individual log₂-transformed relative-performance values. Differences 312 

were considered statistically significant at p < 0.05. 313 

To obtain an integrated ranking of the cultivars, the Multitrait Genotype–Ideotype Distance Index 314 

(MGIDI) was calculated separately for each NaCl concentration (0, 50, and 150 mM) using mean 315 

germination time, germination energy, root length, and shoot length. Mean germination time was 316 

specified as a trait for which lower values were desirable, whereas higher values were desirable 317 

for the remaining traits. Cultivars were ranked by their distance from the ideotype, with a lower 318 

MGIDI value indicating a more favorable combined trait profile. A selection intensity of 20% was 319 

used for the integrated ranking. 320 

For the biostimulant-screening experiment, MGIDI was calculated separately for each cultivar × 321 

NaCl concentration combination using the five biostimulants as candidate treatments (Olivoto et 322 

al. 2022). The untreated control was excluded from the product ranking and was used only as the 323 

reference for log₂ relative-performance normalization. The same trait directions and selection 324 

intensity of 20% were applied. For visualization in Fig. 1b and 2b, MGIDI values were displayed 325 

on a common inverted radial scale from 0 to 3 using a plotted radius of 3 − MGIDI. Consequently, 326 

lower MGIDI values are displayed farther from the center. The common radial limit encompassed 327 

the full observed range without truncation. 328 

Individual relative-expression values were transformed to log₂ scale. For each gene, a three-way 329 

analysis of variance was performed with genotype, NaCl concentration, and treatment as fixed 330 

factors, including all two-way interactions and the three-way interaction. Effect sizes were 331 

estimated using partial η² and ω². The normality of the residuals was assessed using the Shapiro–332 

Wilk test, and homogeneity of variances was evaluated using the median-based Levene’s test. Post 333 

hoc comparisons of genotype × treatment combinations were performed separately at each NaCl 334 
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concentration using Tukey’s HSD test. Differences were considered statistically significant at p < 335 

0.05. 336 

Principal component analysis was performed on a matrix of 120 individual transcriptional profiles, 337 

each containing expression values for 13 genes. Before analysis, the data were log₂-transformed 338 

and standardized separately for each gene using the overall mean and sample standard deviation. 339 

Principal components were calculated by singular value decomposition of the standardized matrix. 340 

For each genotype × NaCl concentration × treatment combination, the centroid of the five 341 

biological replicates was calculated. The distribution of the 60 biological observations at each 342 

NaCl concentration was visualized in the PC1–PC2 space using 95% covariance ellipses calculated 343 

from the corresponding covariance matrix and the 0.95 quantile of the chi-square distribution with 344 

two degrees of freedom. The transcriptional trajectory was defined as the vector from the centroid 345 

of the corresponding control to the centroid of the biostimulant-treated variant. Trajectory length 346 

was calculated as the Euclidean distance in the full 13-dimensional standardized space. In contrast, 347 

the change in trajectory direction under salt stress was quantified as the angle between the 348 

corresponding vectors at 0 and 150 mM NaCl. Confidence intervals were estimated using a 349 

nonparametric bootstrap with independent resampling of observations within each experimental 350 

group, 2000 iterations, a fixed random seed of 20260719, and percentile-based 95% intervals. The 351 

contribution of each functional module was calculated as the mean squared standardized centroid 352 

change divided by the number of genes assigned to that module; the resulting values were 353 

normalized to the sum of the three modules and expressed as percentages. 354 

For correlation and integrative analyses, the effect of each biostimulant was calculated within the 355 

corresponding experimental block: Δlog2FC = log2(Xbiostimulant) – log2(Xcontrol). 356 

For each biostimulant, Pearson correlation coefficients between genes were calculated using 30 357 

individual effects corresponding to three genotypes, two NaCl concentrations, and five biological 358 

replicates. The resulting p-values were adjusted using the Benjamini–Hochberg method, separately 359 

for each biostimulant and for the 78 gene pairs evaluated. Similarity between pairs of biostimulant-360 

specific correlation matrices was assessed by calculating the Pearson correlation between the 78 361 

unique off-diagonal gene-pair coefficients extracted from their upper triangles. Root mean square 362 

error and mean absolute difference between corresponding coefficients were additionally 363 

calculated as descriptive measures of matrix dissimilarity. Hierarchical clustering of the 13 genes 364 

was performed using a combined matrix of 90 individual effects, Euclidean distances, and the 365 

average-linkage method, without additional standardization. 366 

For each biological replicate, the module response was calculated as the mean Δlog₂FC of the 367 

genes assigned to the corresponding functional module. The integrated transcriptional response 368 

was defined as the equally weighted mean of the three module scores. Response retention under 369 
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salt stress was expressed as the ratio of the module effect at 150 mM NaCl to that at 0 mM NaCl, 370 

calculated for matched experimental blocks. The salt-dependent change in the biostimulant effect 371 

was defined as: ΔΔlog2FC = Δlog2FC150 – Δlog2FC0. 372 

The concordance of the functional modules was assessed using Pearson correlation coefficients 373 

calculated from their mean responses across six experimental contexts, defined by combinations 374 

of three genotypes and two NaCl concentrations. 375 

The described statistical and integrative procedures were implemented computationally in Python 376 

3.12.13. Data preparation and structuring were performed using pandas 2.2.3. Analysis of variance 377 

was conducted using statsmodels, whereas diagnostic tests, multiple comparisons, and correlation 378 

analyses were performed using SciPy 1.17.0. Principal component analysis was performed via 379 

singular value decomposition of the data matrix using NumPy 2.3.5, and hierarchical clustering 380 

was performed using scipy.cluster.hierarchy. The MGIDI was calculated in R 4.5.1 using the 381 

metan package in RStudio with a selection intensity of 20%. Results were visualized, and 382 

multipanel figures were assembled programmatically in Python using Matplotlib. 383 

Results 384 

Screening of Cotton Cultivars and Biostimulants to Select Experimental Variants for 385 

Subsequent Analysis 386 

In the first analytical stage, differences among the five cotton cultivars were assessed using 387 

changes in mean germination time, germination energy, root length, and shoot length at 50 and 388 

150 mM NaCl. At 50 mM NaCl, the deterioration in overall relative performance was relatively 389 

moderate. Blocked analysis of variance revealed a significant genotype effect for all four 390 

parameters; however, pairwise comparisons using Tukey’s HSD test did not detect statistically 391 

significant differences among cultivars in mean germination time. Cultivar differences were more 392 

pronounced for germination energy, root length, and shoot length, with Porloq-1 showing the 393 

smallest reduction in relative performance for these parameters. Increasing the NaCl concentration 394 

to 150 mM intensified the adverse effect of salinity; the genotype effect was statistically significant 395 

for all four parameters, and Tukey’s HSD comparisons provided clearer separation among the 396 

cultivars (Fig. 1a; Online Resource 1). 397 

At 150 mM NaCl, Porloq-1 retained the highest relative performance values, with log2 changes of 398 

−0.35 for mean germination time, −0.26 for germination energy, −0.28 for root length, and −0.62 399 

for shoot length. For all four parameters, Porloq-1 belonged to a distinct upper statistical group 400 

relative to the most sensitive cultivars. Ishonch showed the greatest reductions among the cultivars 401 

studied, with corresponding values of −0.53, −1.08, −1.08, and −1.25; across all parameters, its 402 

values were in the lowest Tukey HSD groups. Ravnaq-1 and Namangan-77 occupied intermediate 403 
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positions across the parameters considered, whereas An-Bayovut-2 also showed pronounced 404 

reductions in several parameters. 405 

Integrated ranking using the MGIDI at a selection intensity of 20% confirmed the differentiation 406 

among the genotypes. Porloq-1 ranked first and had the smallest distance to the ideotype at 0, 50, 407 

and 150 mM NaCl, reflecting the most favorable combination of mean germination time, 408 

germination energy, root length, and shoot length across all conditions examined. In contrast, 409 

Ishonch had the greatest distance from the ideotype and was therefore selected as the relatively 410 

salt-sensitive genotype within the evaluated set of cultivars, based on its combined early-growth 411 

response to 150 mM NaCl (Fig. 1b; Online Resource 1). Based on the integrated ranking and 412 

contrasting response profiles, Ishonch and Porloq-1 were retained for the comparative analysis of 413 

biostimulant effects. In the subsequent analytical stages, 150 mM NaCl was retained as the stress 414 

condition because it provided the clearest differentiation among genotypes without completely 415 

suppressing germination and seedling growth. 416 



15 

 417 

Fig. 1 Cultivar screening under 50 and 150 mM NaCl and MGIDI-based selection of contrasting 418 

genotypes. (a) Relative performance of mean germination time (MGT), germination energy (GE), 419 

root length (RL), and shoot length (SL), expressed as log₂-transformed values relative to the 420 

corresponding 0 mM NaCl treatment. Squares represent means, and error bars represent sample 421 

standard deviations calculated from five individual log₂-transformed relative-performance values. 422 

Blue and orange symbols denote 50 and 150 mM NaCl, respectively. Within each NaCl 423 

concentration and trait, different letters indicate statistically significant differences among 424 

cultivars according to Tukey’s HSD test at p < 0.05. (b) MGIDI profiles of the five cultivars at 0, 425 

50, and 150 mM NaCl based on MGT, GE, RL, and SL. MGIDI values are shown on an inverted 426 

radial scale from 0 to 3, with lower values plotted farther from the center. Red symbols indicate 427 

the genotype selected in each NaCl condition at a selection intensity of 20%; smaller MGIDI 428 

values indicate a shorter distance to the ideotype 429 
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 430 

The effects of the biostimulants depended on genotype, NaCl concentration, and the parameter 431 

analyzed. Blocked analysis of variance identified statistically significant differences among the 432 

treatment variants, while pairwise comparisons using Tukey’s HSD test showed that the direction 433 

and magnitude of the effects differed among the biostimulants and cultivars (Fig. 2a; Online 434 

Resource 1).  435 

In the absence of NaCl, Rizokom-1 and Mikrozim-1 exerted the most pronounced positive effects 436 

across the parameters examined in both cultivars. At 150 mM NaCl, Mikrozim-1 produced the 437 

greatest reduction in mean germination time in Ishonch, with a log2 change in relative performance 438 

of 0.55. Rizokom-1 produced the largest increases in root and shoot length, by 0.66 and 0.34, 439 

respectively. Rizokom-1, Mikrozim-1, and Serhosil increased germination energy in Ishonch to 440 

comparable extents, according to Tukey's HSD pairwise comparisons. In Porloq-1, the most 441 

consistent positive effect across parameters was observed with Rizokom-1; its effects did not differ 442 

statistically from those of Mikrozim-1 for mean germination time, germination energy, root length, 443 

or shoot length. In most cases, Mikrozim-2 and Rizokom-2 were less effective than the 444 

corresponding Mikrozim-1 and Rizokom-1 preparations. 445 

Integrated MGIDI ranking confirmed the most favorable combined performance of Rizokom-1. It 446 

ranked first for both cultivars at both NaCl concentrations, whereas Mikrozim-1 ranked second in 447 

all four “genotype × salinity” contexts. Serhosil occupied the third position, while Mikrozim-2 and 448 

Rizokom-2 ranked lower (Fig. 2b; Online Resource 1). 449 

Based on the comparative screening, Rizokom-1 and Mikrozim-1 were selected for transcriptional 450 

analysis as the biostimulants producing the most pronounced changes in morphological 451 

parameters. Serhosil was also selected because it produced a positive response with a distinct 452 

amplitude and response profile. The transcriptional subset of the common experiment included the 453 

contrasting genotypes Ishonch and Porloq-1, together with Ravnaq-1, which occupied an 454 

intermediate position in its response to 150 mM NaCl. This analytical design enabled us to assess 455 

the dependence of the transcriptional response on biostimulant identity across three distinct 456 

genotypic contexts. 457 
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 458 

Fig. 2 Biostimulant screening and MGIDI-based ranking of treatment variants in Ishonch and 459 

Porloq-1. (a) Relative performance of mean germination time (MGT), germination energy (GE), 460 

root length (RL), and shoot length (SL) in untreated controls and following treatment with 461 

Rizokom-1, Rizokom-2, Mikrozim-1, Mikrozim-2, or Serhosil under 0 and 150 mM NaCl. Values 462 

are expressed as log₂-transformed relative performance calculated relative to the corresponding 463 

untreated treatment at the same NaCl concentration. Squares represent means, and error bars 464 

represent sample standard deviations calculated from five individual log₂-transformed relative-465 
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performance values. Blue and green symbols denote Ishonch and Porloq-1, respectively. Within 466 

each genotype × NaCl concentration × trait combination, different letters indicate statistically 467 

significant differences among treatments according to Tukey’s HSD test at p < 0.05. (b) MGIDI 468 

profiles for each genotype × NaCl concentration combination based on the four analyzed traits and 469 

the five candidate biostimulants. The untreated control was excluded from the MGIDI ranking. 470 

MGIDI values are shown on an inverted radial scale from 0 to 3, with lower values plotted farther 471 

from the center. Red symbols indicate the treatment selected within each genotype × NaCl 472 

concentration combination at a selection intensity of 20%; smaller MGIDI values indicate a shorter 473 

distance to the ideotype. “Hosil” is the shortened name used for the commercial biostimulant 474 

Serhosil 475 

 476 

Changes in the Expression of Functional Module Genes in Response to Biostimulant 477 

Treatments 478 

To characterize the transcriptional response of cotton, changes in the expression of genes 479 

representing the hormonal regulation, antioxidant defense, and metabolic/osmoprotective modules 480 

were analyzed. 481 

In the absence of salt stress, all three biostimulants increased the expression of the analyzed genes 482 

relative to the untreated control. A statistically significant effect was detected for each of the 13 483 

genes in all three genotypes. Regardless of functional gene classification, the response magnitude 484 

consistently decreased in the order Rizokom-1 > Mikrozim-1 > Serhosil, whereas the genotypes 485 

ranked by response magnitude as Ishonch > Ravnaq-1 > Porloq-1 (Figs. 3, 4; Online Resource 2). 486 

At 150 mM NaCl, the baseline response of untreated plants differed substantially among the 487 

genotypes. In Ishonch, the expression of all 13 genes was below the level of the corresponding 488 

control at 0 mM NaCl. In Ravnaq-1, positive log₂FC values were recorded for 12 genes, except 489 

Gh_GH3.17, whereas Porloq-1 showed positive values for all genes analyzed. Therefore, the 490 

effects of the biostimulants under saline conditions were evaluated relative to the untreated control 491 

of the same genotype at 150 mM NaCl. Under this comparison, all three biostimulants increased 492 

the expression of every gene analyzed, with statistically significant differences observed in 115 of 493 

117 gene × genotype × biostimulant combinations. The exceptions were the effects of Serhosil on 494 

Gh_ICS1 and Gh_SuSy in Porloq-1 (Figs. 3, 4; Online Resource 2). 495 

Despite the positive effects of the biostimulants relative to the corresponding saline controls, the 496 

extent to which expression recovered to baseline levels depended on the genotype and functional 497 

module. In Ishonch, the expression of all four genes involved in hormonal regulation and most 498 

antioxidant genes remained below baseline. Rizokom-1 produced positive log₂FC values for 499 

Gh_SOD and Gh_POD1, as well as for all three genes of the metabolic/osmoprotective module. 500 
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Following Mikrozim-1 treatment, the expression of Gh_P5CS, Gh_SPS, and Gh_SuSy exceeded 501 

the baseline, whereas after Serhosil treatment, the expression of all analyzed genes remained 502 

suppressed. In Ravnaq-1 and Porloq-1, positive log₂FC values were maintained for all 13 genes 503 

after treatment with each biostimulant. Thus, the order Rizokom-1 > Mikrozim-1 > Serhosil was 504 

preserved under saline conditions, and the differences among genotypes were maintained (Figs. 3, 505 

4; Online Resource 2). 506 

 507 

Fig. 3 Expression of genes representing the hormonal regulation module in response to 508 

biostimulant treatments at 0 and 150 mM NaCl. The panels show (a) Gh_NCED5, (b) Gh_GH3.17, 509 

(c) Gh_OPR3, and (d) Gh_ICS1. Values are presented as log₂ fold changes relative to the untreated 510 

control of the same genotype at 0 mM NaCl. Symbols represent means, and error bars represent 511 

standard deviations calculated from five independent biological replicates. Blue circles, orange 512 

squares, and green triangles indicate Ishonch, Ravnaq-1, and Porloq-1, respectively. The 513 

horizontal zero line indicates expression equal to the calibrator. Within each NaCl concentration, 514 

different lowercase letters indicate statistically significant differences among genotype × treatment 515 

combinations according to Tukey’s HSD test (p < 0.05). “Hosil” is the shortened name used for 516 

the commercial biostimulant Serhosil 517 

 518 
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Three-way analysis of variance confirmed that the combined effects of genotype, NaCl 519 

concentration, and treatment determined the observed changes. The main effects of all three 520 

factors, as well as the “genotype × NaCl” and “genotype × treatment” interactions, were significant 521 

for every gene analyzed. The genotype × NaCl interaction was the main source of variability for 522 

11 genes, whereas biostimulant treatment made the largest contribution for Gh_SPS and Gh_SuSy 523 

(Online Resource 2). Thus, the effects of the biostimulants extended to genes from all three 524 

functional modules. Still, the magnitude and configuration of the transcriptional response 525 

depended on the cotton genotype and salinity conditions. 526 

 527 

Fig. 4 Expression of genes representing the antioxidant defense and metabolic/osmoprotective 528 

modules in response to biostimulant treatments at 0 and 150 mM NaCl. (a) Genes of the antioxidant 529 

defense module: Gh_SOD, Gh_CAT1, Gh_POD1, Gh_APX, Gh_GPX, and Gh_GR. (b) Genes of 530 

the metabolic/osmoprotective module: Gh_P5CS, Gh_SPS, and Gh_SuSy. Values are presented as 531 

log₂ fold changes relative to the untreated control of the same genotype at 0 mM NaCl. Symbols 532 

represent means, and error bars represent standard deviations calculated from five independent 533 

biological replicates. Blue circles, orange squares, and green triangles indicate Ishonch, Ravnaq-534 
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1, and Porloq-1, respectively. The horizontal zero line indicates expression equal to the calibrator. 535 

Within each NaCl concentration, different lowercase letters indicate statistically significant 536 

differences among genotype × treatment combinations according to Tukey’s HSD test (p < 0.05). 537 

“Hosil” is the shortened name used for the commercial biostimulant Serhosil 538 

 539 

Multivariate Analysis of the Biostimulant-Induced Transcriptional Response 540 

To assess the overall organization of the observed transcriptional changes, principal component 541 

analysis was performed using individual expression profiles of the 13 genes. 542 

The first two principal components explained 94.83% of the total variance, with PC1 accounting 543 

for 89.28%. The high positive loadings of all genes analyzed on this component indicate that PC1 544 

reflected the overall amplitude of the transcriptional response. PC2 was associated with the relative 545 

contribution of its functional components: positive loadings were observed predominantly for 546 

genes of the hormonal regulation module, whereas Gh_P5CS and several antioxidant genes were 547 

oriented toward the negative region. Thus, the positions of transcriptional profiles along PC1 were 548 

determined primarily by response magnitude, whereas their positions along PC2 reflected 549 

differences in functional response structure (Fig. 5a, b; Online Resource 3). 550 

In the absence of salinity, the control groups of the three genotypes occupied similar positions, 551 

whereas the biostimulant treatment shifted them predominantly toward the positive end of PC1. 552 

The magnitude of this shift decreased in the order Rizokom-1 > Mikrozim-1 > Serhosil and was 553 

most pronounced in Ishonch. At 150 mM NaCl, the distribution of the groups varied among the 554 

genotypes: the strongest negative shift was observed for untreated Ishonch, whereas the Ravnaq-555 

1 and Porloq-1 profiles remained predominantly in the positive PC1 region. Thus, salinity altered 556 

the overall configuration of the transcriptional profiles in a non-unidirectional manner, depending 557 

on the initial genotype response and the biostimulant applied (Fig. 5a; Online Resource 3). 558 

Evaluation of the trajectories relative to the corresponding untreated controls showed that salt 559 

stress primarily reduced the amplitude of the induced response. At 150 mM NaCl, trajectory length 560 

decreased in all experimental combinations, while the order Rizokom-1 > Mikrozim-1 > Serhosil 561 

was retained for each genotype. The smallest reduction was observed for Rizokom-1, whereas for 562 

Serhosil it reached 47.5%. The response direction changed to a lesser extent: the angles between 563 

the corresponding trajectories at 0 and 150 mM NaCl did not exceed 6.14° for Rizokom-1, 9.82° 564 

for Mikrozim-1, and 15.65° for Serhosil. The greatest redirection of the response was observed in 565 

Porloq-1 treated with Serhosil (Fig. 5c; Online Resource 3). 566 



22 

 567 

Fig. 5 Multivariate organization of the transcriptional response to biostimulant treatment under 0 568 

and 150 mM NaCl. (a) Principal component analysis of 120 individual transcriptional profiles 569 

based on the expression of 13 genes. Genotypes are indicated by different point shapes and 570 

treatments by different colors; dashed ellipses represent 95% covariance ellipses describing the 571 

distribution of the 60 biological observations at each NaCl concentration, and larger gray points 572 

indicate group centroids. (b) Gene loadings in the PC1–PC2 space, with genes grouped into the 573 

hormonal regulation, antioxidant defense, and metabolic/osmoprotective modules; the boxed 574 

region is shown as an enlarged inset to resolve closely spaced loading tips. (c) Transcriptional 575 

trajectory lengths calculated in the full 13-dimensional standardized space and angles between the 576 

corresponding response vectors at 0 and 150 mM NaCl. Blue and red points indicate centroid-577 
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based estimates at 0 and 150 mM NaCl, respectively, and error bars represent 95% bootstrap 578 

confidence intervals. (d) Gene-count-normalized contributions of the hormonal regulation, 579 

antioxidant defense, and metabolic/osmoprotective modules to the transcriptional response. 580 

“Hosil” is the shortened name used for the commercial biostimulant Serhosil 581 

 582 

The functional structure of the trajectories also remained specific to the biostimulant. In the 583 

responses to Rizokom-1 and Mikrozim-1 at both NaCl levels, the metabolic/osmoprotective 584 

module predominated, contributing 54.8–68.2% of the response. For Serhosil, the antioxidant 585 

defense module remained predominant, contributing 49.5–60.0%. Thus, salinity reduced the 586 

overall response amplitude and partially altered its direction, but did not eliminate the 587 

characteristic balance of functional components associated with each biostimulant (Fig. 5d; Online 588 

Resource 3). The persistence of this overall response structure provided the basis for subsequent 589 

assessment of the relationships among changes in individual genes. 590 

Correlation Structure of the Biostimulant-Induced Transcriptional Response 591 

To assess the interrelatedness of the observed changes, correlations among gene-specific 592 

biostimulant effects calculated relative to the corresponding untreated controls were evaluated. 593 

For each biostimulant, all 78 gene pairs showed positive correlation coefficients that remained 594 

statistically significant after Benjamini–Hochberg correction. Thus, variation in the biostimulant 595 

effect across genotypes, salinity regimes, and biological replicates for one gene was generally 596 

accompanied by changes in the same direction in other genes. Positive associations were detected 597 

both within and between functional modules. Among the strongest cross-module correlations were 598 

those between Gh_NCED5 and Gh_SOD under Rizokom-1 and Serhosil treatment, and between 599 

Gh_NCED5 and Gh_SuSy under Mikrozim-1 treatment (Fig. 6a; Online Resource 3). 600 

The overall strength of the correlations differed among the biostimulants. The highest mean 601 

correlation coefficient was observed for Mikrozim-1 (r̄ = 0.849), followed by Rizokom-1 (r̄ = 602 

0.822), whereas Serhosil showed the lowest value (r̄ = 0.751). Thus, the greatest response 603 

amplitude observed for Rizokom-1 was not accompanied by the highest overall gene correlation: 604 

the most homogeneous coordinated variation in transcriptional effects was observed under 605 

Mikrozim-1 treatment. Comparison of the correlation matrices also showed that the response 606 

structure was most similar between Rizokom-1 and Mikrozim-1, whereas the similarity of each 607 

biostimulant to Serhosil was lower (Online Resource 3). 608 

Hierarchical clustering separated Gh_SuSy, Gh_P5CS, and Gh_SPS into an independent group 609 

corresponding to the metabolic/osmoprotective module. The remaining genes formed a common 610 

cluster, alongside clusters combining genes from different functional modules. In particular, 611 

Gh_NCED5 clustered with Gh_POD1 and Gh_OPR3 with Gh_GR, whereas Gh_ICS1 clustered 612 
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with the antioxidant gene group. This distribution indicates that the organization of coordinated 613 

expression changes reflected not only predefined module membership but also similarities in gene-614 

specific transcriptional-effect profiles across the analyzed conditions (Fig. 6b; Online Resource 615 

3). 616 

 617 

Fig. 6 Correlation and hierarchical clustering of transcriptional effects associated with 618 

biostimulant treatment. (a) Pearson correlation matrices for the 13 genes based on individual 619 

biostimulant effects calculated relative to the corresponding untreated controls. (b) Hierarchically 620 

clustered heatmaps of Δlog₂FC values for each genotype across the three biostimulants and two 621 

NaCl concentrations. R0 and R150 indicate Rizokom-1 treatment at 0 and 150 mM NaCl, 622 

respectively; M0 and M150 indicate Mikrozim-1 treatment; H0 and H150 indicate Serhosil 623 

treatment. Color intensity represents the magnitude of the transcriptional effect. “Hosil” is the 624 

shortened name used for the commercial biostimulant Serhosil 625 

 626 

The ordered heatmaps retained the established gene structure while also reflecting the reduction 627 

in effect magnitude at 150 mM NaCl. This reduction was most pronounced in Porloq-1 and under 628 

Serhosil treatment, whereas in Ishonch, particularly following Rizokom-1 treatment, the structure 629 

of the positive effects was preserved most completely (Fig. 6b; Online Resource 3). Overall, these 630 

results show that the transcriptional effects of the biostimulants constituted an interconnected 631 
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system whose structure differed among the biostimulants and was not limited to correlations 632 

among genes within individual functional modules. 633 

Integrated Assessment of the Modular Transcriptional Response to Biostimulant Treatment 634 

To compare the overall magnitude and retention of the observed changes, individual gene effects 635 

were combined into scores for the three functional modules and an integrated transcriptional 636 

response index. 637 

In the absence of NaCl, the magnitude of the integrated response consistently decreased in the 638 

order Rizokom-1 > Mikrozim-1 > Serhosil across all three cultivars. For each biostimulant, the 639 

highest index was observed in Ishonch, an intermediate value in Ravnaq-1, and the lowest value 640 

in Porloq-1. Exposure to 150 mM NaCl reduced the integrated response in all nine “genotype × 641 

biostimulant” combinations without altering this overall hierarchy. Under salt stress, 80.9–91.3% 642 

of the response observed in the absence of NaCl was retained following Rizokom-1 treatment, 643 

compared with 77.6–89.4% following Mikrozim-1 treatment and 52.7–76.7% following Serhosil 644 

treatment. The greatest reduction was observed in Porloq-1 treated with Serhosil (Fig. 7a; Online 645 

Resource 3). 646 

Comparison of biostimulant effects at the two salinity levels showed that, for 112 of the 117 gene 647 

× cultivar × biostimulant combinations, the difference between the effects at 150 and 0 mM NaCl 648 

was negative. Thus, exposure to NaCl was predominantly associated with attenuation of the 649 

biostimulants' stimulatory transcriptional effects. The exceptions were four combinations 650 

involving Gh_ICS1—the three treatments in Ishonch and the Serhosil treatment in Ravnaq-1—651 

and one Gh_SuSy–Ravnaq-1–Serhosil combination. Therefore, the reduction in response was 652 

systematic but not completely uniform and depended on the particular gene and genotype (Fig. 7b; 653 

Online Resource 3). 654 

Analysis of response retention in the individual functional modules revealed differences in their 655 

sensitivity to salt stress. Under Rizokom-1 treatment, the metabolic/osmoprotective module was 656 

the most stable, retaining 84.4–94.5% of its initial response depending on the cultivar. A similar 657 

pattern was observed for Mikrozim-1, with response retention in this module ranging from 83.6% 658 

to 94.6%. For Serhosil, module-level indices showed a stronger dependence on genotype; in 659 

Porloq-1, response retention did not exceed 56.7% across any of the three modules. However, 660 

relative response retention did not always correspond to the absolute response magnitude; 661 

therefore, these measures reflected different properties of the transcriptional response—its initial 662 

intensity and its stability under NaCl exposure (Fig. 7c; Online Resource 3). 663 
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 664 

Fig. 7 Integrated assessment of the strength, salt-dependent change, retention, and module 665 

concordance of the transcriptional response. (a) Integrated transcriptional response, calculated as 666 

the equally weighted mean of the three functional-module scores, for each genotype and 667 

biostimulant at 0 and 150 mM NaCl. Open and filled circles represent individual biological 668 
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replicates at 0 and 150 mM NaCl, respectively; horizontal segments and adjacent numerical labels 669 

indicate group means. (b) Salt-dependent changes in individual gene effects expressed as 670 

ΔΔlog₂FC, calculated as the difference between the effects at 150 and 0 mM NaCl. The colored 671 

blocks indicate the hormonal regulation, antioxidant defense, and metabolic/osmoprotective 672 

modules. (c) Retention of the response of each functional module at 150 mM NaCl relative to 0 673 

mM NaCl. The radial scale indicates response retention (%), with higher values indicating greater 674 

preservation of the response under salt stress. (d) Pearson correlations between the mean responses 675 

of the three functional modules across six genotype × NaCl concentration contexts; edge labels 676 

indicate the corresponding Pearson correlation coefficients (r), and edge thickness represents 677 

interaction strength (|r|). “Hosil” is the shortened name used for the commercial biostimulant 678 

Serhosil 679 

 680 

Across the six “genotype × NaCl” combinations, the mean responses of the three functional 681 

modules were strongly concordant despite differences in absolute response intensity and response 682 

retention. Pairwise correlation coefficients between the module scores ranged from 0.945 to 0.989 683 

for Rizokom-1, from 0.909 to 0.980 for Mikrozim-1, and from 0.975 to 0.989 for Serhosil (p ≤ 684 

0.0121). Thus, variation in the overall response amplitude across the analyzed contexts was 685 

accompanied by concordant changes in the hormonal regulation, antioxidant defense, and 686 

metabolic/osmoprotective modules (Fig. 7d; Online Resource 3). 687 

Overall, the integrated analysis identified three characteristics of biostimulant action: the 688 

amplitude of the transcriptional response, the extent to which it was retained under salt stress, and 689 

the coordination of changes across functional modules. Rizokom-1 combined the highest response 690 

amplitude with the greatest response retention; Mikrozim-1 showed an intermediate response 691 

amplitude and a stable metabolic/osmoprotective component. In contrast, Serhosil produced a 692 

weaker response that was more strongly dependent on genotype. At the same time, strong 693 

concordance among changes in the analyzed functional modules was observed for all three 694 

biostimulants. 695 

Discussion 696 

Plant tolerance to salinity is a multilevel process shaped by the plant's initial state, the intensity of 697 

stress, and the coordination of the adaptive responses activated (Anwar et al. 2022; Muhammad et 698 

al. 2025). The possibility of deliberately modulating this process is important for developing 699 

approaches aimed at maintaining plant adaptive capacity under adverse conditions. At present, the 700 

application of biostimulants is regarded as a promising approach for enhancing plant adaptive 701 

capacity to various abiotic stresses, including salinity (Kaushal et al. 2023; Lau et al. 2025). A 702 
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more complete understanding of their effects, therefore, requires moving beyond descriptions of 703 

individual plant responses and assessing how these responses are integrated into a coherent 704 

adaptive response. At the same time, the effects of biostimulants are realized within a specific 705 

genotypic and stress context. They may vary depending on the plants' initial capacity to respond 706 

and the salinity intensity (Batool et al. 2025; Detcheverry et al. 2026). Accordingly, because seed 707 

germination and early root and shoot growth are informative traits for differentiating cotton 708 

genotypes under salinity (Munawar et al. 2021; An et al. 2024; Anwar et al. 2025; Gul et al. 2025), 709 

commercial cotton cultivars were screened at different levels of simulated salt stress at the first 710 

stage of the present study. 711 

The screening showed that cultivar differentiation became more pronounced as the NaCl 712 

concentration increased. At 50 mM NaCl, reductions in most traits were relatively moderate, and 713 

variation in mean germination time did not clearly distinguish the cultivars. At 150 mM NaCl, 714 

Porloq-1 maintained germination energy and root and shoot growth more effectively, Ishonch 715 

showed the greatest combined reductions, and Ravnaq-1 occupied an intermediate position, 716 

whereas the relative performance of An-Bayovut-2 and Namangan-77 depended on the trait 717 

considered. This concentration- and trait-dependent pattern agrees with reports that genotypic 718 

differences in cotton under moderate salinity may be expressed in individual traits, while a higher 719 

salt load allows clearer differentiation based on a combination of early developmental responses 720 

(Shaheen et al. 2023; An et al. 2024; Anwar et al. 2025; Gul et al. 2025). It also confirms that 721 

maintaining germination under salinity is not necessarily accompanied by a comparable 722 

preservation of subsequent root and shoot growth, supporting the use of an integrated multitrait 723 

assessment. Accordingly, Ishonch and Porloq-1 were selected as contrasting cultivars for 724 

comparative screening of biostimulants, Ravnaq-1 was included in the transcriptional analysis as 725 

a genotype with an intermediate response, and 150 mM NaCl was selected as the discriminating 726 

stress level. 727 

The contrast between the cultivars enabled us to assess the extent to which biostimulant effects 728 

depended on the initial genotype response to salinity. In the more sensitive cultivar Ishonch, the 729 

most pronounced mitigation of stress-induced changes was observed with Mikrozim-1 and 730 

Rizokom-1. In contrast, in the more tolerant Porloq-1, differences among treatments were less 731 

pronounced, and the most consistent positive effect was observed with Rizokom-1. A similar 732 

genotype-dependent pattern has been reported in cotton, where inoculation with a single plant-733 

growth-promoting bacterium produced a stronger beneficial response in the more salt-sensitive 734 

genotype than in the more resilient genotype (Batool et al. 2025). More generally, the relative 735 

effect of biostimulation may be greater in genotypes experiencing greater stress inhibition, 736 

whereas more tolerant genotypes may show a smaller scope for additional improvement because 737 
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their untreated controls maintain higher performance (Kaushal et al. 2023; Lau et al. 2025). At the 738 

same time, the differences between Mikrozim-1 and Mikrozim-2, as well as between Rizokom-1 739 

and Rizokom-2, indicate that the observed response was determined not only by genotype but also 740 

by the specific product. This interpretation is consistent with evidence that biostimulant effects 741 

depend on product properties, crop genotype, and stress conditions, and cannot be automatically 742 

extrapolated across products with similar intended applications (Covașă et al. 2025; Lau et al. 743 

2025; Detcheverry et al. 2026). Rizokom-1, Mikrozim-1, and Serhosil, which produced positive 744 

changes in the examined parameters in both contrasting cultivars, were selected for subsequent 745 

transcriptional response analysis. 746 

Because transcriptional regulation represents one of the levels underlying the formation of 747 

physiological and biochemical responses, the subsequent analysis focused on transcriptional 748 

changes associated with the action of the selected products (Anwar et al. 2022; Gechev 2025). 749 

Analysis of marker gene expression was used to characterize transcriptional changes associated 750 

with functionally related processes across three cultivars that differed in their responses to salinity. 751 

In the absence of NaCl, all three biostimulants increased the expression of genes belonging to the 752 

hormonal regulation, antioxidant defense, and metabolic/osmoprotective modules; however, the 753 

responses they induced differed in amplitude and in the relative contribution of the functional 754 

components. Similar activation of stress-associated genes following presowing treatment under 755 

favorable conditions has been reported in other studies and has been interpreted as a form of prior 756 

regulatory reprogramming that may prepare plants for subsequent stress exposure (Kaushal et al. 757 

2023; Lau et al. 2025). At 150 mM NaCl, differences among the products were retained. 758 

Nevertheless, the transcriptional response was more strongly determined by genotype: in the 759 

sensitive cultivar Ishonch, biostimulant treatment was manifested primarily as attenuation of 760 

salinity-induced transcriptional repression, whereas in Ravnaq-1 and Porloq-1, positive regulation 761 

of the analyzed genes predominated. This pattern is consistent with evidence that contrasting 762 

cotton genotypes differ both in the initial state of their defense systems and in their responses to 763 

treatment with a plant-growth-promoting bacterium under salinity (Batool et al. 2025). In turn, the 764 

differences in response amplitude and functional structure observed for Rizokom-1, Mikrozim-1, 765 

and Serhosil are consistent with studies showing that similar positive effects of biostimulants on 766 

plant growth may be accompanied by distinct hormonal, antioxidant, and metabolic changes 767 

(Khalid et al. 2024; Gechev 2025; Mashabela et al. 2025). Thus, the observed changes did not 768 

conform to a simple model of nonspecific enhancement of gene expression; rather, the 769 

transcriptional response was determined jointly by the biostimulant identity, the cotton genotype, 770 

and the salt-exposure conditions. 771 
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This dependence was manifested not only in the overall response amplitude but also in the pattern 772 

of involvement of individual functional modules. Within the hormonal regulation module, it was 773 

reflected in the simultaneous but nonuniform changes in the expression of genes associated with 774 

ABA biosynthesis (Gh_NCED5), auxin metabolism (Gh_GH3.17), the jasmonate pathway 775 

(Gh_OPR3), and salicylic acid biosynthesis (Gh_ICS1). Recent integrative genome-wide 776 

association study (GWAS) and transcriptomic analyses of Gossypium hirsutum L. during 777 

germination under salinity likewise showed that genotype-dependent variation in early salt 778 

responses was associated with changes in genes involved in phytohormone-related and other 779 

stress-responsive pathways (Wang et al. 2026). Time-course transcriptomic analysis further 780 

demonstrated that hormone-related genes may exhibit different, and sometimes opposite, 781 

expression dynamics during prolonged salt exposure: NCED genes were continuously induced, 782 

whereas most genes involved in jasmonate biosynthesis, including OPR genes, were 783 

downregulated (Wang et al. 2020). This pattern indicates not a synchronous enhancement of all 784 

hormonal pathways but rather a shift in their relative contributions to stress regulation. Studies of 785 

microbial biostimulants under salinity also show that treatment can simultaneously modify genes 786 

belonging to several phytohormone-response pathways rather than affecting a single hormonal 787 

branch in isolation (Hwang et al. 2025). The differences among the responses of Gh_NCED5, 788 

Gh_GH3.17, Gh_OPR3, and Gh_ICS1 observed in our study are consistent with this general 789 

pattern and suggest that the effects of the biostimulants were associated not with isolated activation 790 

of a single hormonal pathway but with a reorganization of the balance among several 791 

interconnected signaling processes. However, changes in the expression of genes involved in 792 

phytohormone biosynthesis and metabolism reflect only transcriptional regulation and do not 793 

permit direct conclusions about the concentrations of the corresponding hormones or the activity 794 

of the signaling pathways they control. 795 

The possible significance of the reorganization of the hormonal regulation module lies in the 796 

involvement of phytohormones in regulating subsequent defense responses. In a cotton seed-797 

priming study using mepiquat chloride, increased expression of ABA-biosynthesis genes and 798 

accumulation of this hormone preceded changes in GABA-dependent regulation and the 799 

ascorbate–glutathione cycle, whereas inhibition of ABA biosynthesis weakened the antioxidant 800 

response (Qi et al. 2023). In our study, changes in the expression of hormone-related genes were 801 

likewise accompanied by reorganization of the antioxidant defense module, which included 802 

Gh_SOD, Gh_CAT1, Gh_POD1, Gh_APX, Gh_GPX, and Gh_GR. These genes represent 803 

functionally related components involved in the removal of reactive oxygen species and the 804 

maintenance of cellular redox balance; therefore, their coordinated expression may reflect 805 

transcriptional coordination among several components of the antioxidant response (Wang et al. 806 
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2020). Similar genotype- and time-dependent organization of hormone- and antioxidant-related 807 

transcriptional responses has been reported in cotton under salinity (Bilal et al. 2026; Gao et al. 808 

2026). This interpretation is consistent with studies showing that microbial and non-microbial 809 

biostimulants can modify hormone-related and antioxidant-associated responses under salinity. In 810 

cotton, inoculation with salt-tolerant plant-growth-promoting rhizobacteria altered hormone-811 

signaling and ascorbate-related transcriptional pathways (Akbar et al. 2022), whereas treatment 812 

with Bacillus mojavensis under saline conditions was associated with changes in the expression of 813 

stress- and hormone-related genes (Zhao et al. 2024). Similar relationships among biostimulant 814 

application, hormonal regulation, and antioxidant or osmoprotective responses have also been 815 

reported across crop species, including lettuce and wheat (Deolu-Ajayi et al. 2022; Benito et al. 816 

2024; Algasem et al. 2026). However, the transcriptional dynamics of individual members of the 817 

SOD and POD families do not always align with their respective enzyme activities, and integrated 818 

transcriptomic and proteomic analyses in cotton have revealed only partial correspondence 819 

between mRNA and protein abundance (Chen et al. 2021). Therefore, the present data indicate 820 

coordinated involvement of components of the antioxidant system at the transcriptional level but 821 

do not support conclusions about increased antioxidant enzyme activity or enhanced antioxidant 822 

protection in plants. 823 

The transcriptional reorganization was not limited to the hormonal regulation and antioxidant 824 

defense modules but also involved the metabolic/osmoprotective module. The genes in this 825 

module perform distinct but functionally related roles: Gh_P5CS participates in proline 826 

biosynthesis, whereas Gh_SPS and Gh_SuSy are associated with sucrose metabolism and carbon 827 

redistribution. At 150 mM NaCl, positive regulation of this module was most consistently 828 

maintained after treatment with Rizokom-1 and Mikrozim-1, although its magnitude varied by 829 

cultivar. The functional significance of P5CS in the cotton response to salinity is supported by 830 

recent functional analysis of GhP5CS1, in which virus-induced gene silencing reduced proline 831 

accumulation, increased oxidative damage, and increased sensitivity to NaCl (Fang et al. 2025). 832 

Transcriptomic and metabolomic studies of cotton have likewise shown that salinity induces 833 

coordinated changes in amino-acid, carbohydrate, and energy metabolism, accompanied by the 834 

accumulation of sugars and other low-molecular-weight metabolites involved in osmotic 835 

adjustment (Guo et al. 2022; Han et al. 2023). Comparable involvement of osmoprotective and 836 

carbon-related responses has been reported following biostimulant application under salinity. In 837 

wheat, a natural biostimulant increased TaP5CS expression and proline accumulation (Algasem et 838 

al. 2026), whereas a combined microbial and non-microbial biostimulant treatment in lettuce 839 

altered primary metabolism, GABA accumulation, and hormone-associated pathways under salt 840 

stress (Benito et al. 2024). Seaweed-based biostimulants have also been associated with the 841 
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induction of P5CS and the accumulation of proline and soluble sugars under abiotic stress (Deolu-842 

Ajayi et al. 2022). In this context, the concurrent changes in the expression of Gh_P5CS, Gh_SPS, 843 

and Gh_SuSy may reflect the formation of transcriptional prerequisites for osmotic regulation and 844 

carbon redistribution. However, without measuring proline, soluble sugars, and other metabolites, 845 

these data do not confirm actual accumulation of osmoprotectants or changes in the rates of the 846 

corresponding metabolic processes. 847 

The nonuniform involvement of genes within the individual functional modules indicated that the 848 

biostimulant-associated transcriptional response should also be evaluated at an integrated level. 849 

Accordingly, multivariate analysis was used to assess its overall organization. At 150 mM NaCl, 850 

the effects of the biostimulants were associated with responses that generally retained the direction 851 

observed in the absence of salinity but showed lower amplitude and an altered balance among 852 

functional components. This was indicated by the relatively small angles between the response 853 

vectors at 0 and 150 mM NaCl in the full principal-component space, the reduced length of the 854 

transcriptional trajectories, and changes in the relative contributions of individual modules. 855 

Comparable integrative studies of biostimulant-treated plants under salinity have shown that 856 

microbial and non-microbial products can modify the relative contribution of hormonal, 857 

antioxidant, osmoprotective, and metabolic processes and often produce differential changes 858 

among stress-related responses (Akbar et al. 2022; Benito et al. 2024; Algasem et al. 2026). The 859 

dynamic nature of such responses is also consistent with cotton transcriptomic studies showing 860 

that the composition and functional distribution of salt-responsive genes vary with the intensity 861 

and duration of stress exposure (Wang et al. 2020; Gao et al. 2026). Therefore, the reduction in 862 

the integrated response amplitude at 150 mM NaCl should not be interpreted unambiguously as a 863 

weakening of biostimulant action. More likely, under salinity, their effects were associated with 864 

the retention of the overall direction of the transcriptional response, alongside a redistribution of 865 

activity among its functional components. This combination of stability in the overall direction 866 

and variability in internal structure is consistent with the view of the biostimulant-associated 867 

transcriptional response as a dynamic system that adapts its organization to prevailing exposure 868 

conditions. 869 

The combination of a preserved overall response direction and changes in its internal structure was 870 

further reflected in the correlation and clustering analyses. At the level of individual genes, the 871 

magnitude and distribution of transcriptional effects varied among biostimulants and genotypes, 872 

whereas the gene–gene correlation structure differed among biostimulants. In contrast, the mean 873 

responses of the hormonal regulation, antioxidant defense, and metabolic/osmoprotective modules 874 

were highly correlated across the six genotype × NaCl contexts for each biostimulant. Integrative 875 

studies of biostimulant-treated plants under salinity have likewise shown that treatment can 876 
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simultaneously affect several hormone-related, antioxidant, osmoprotective, and metabolic 877 

processes, although the magnitude and composition of individual responses may vary with the 878 

product and experimental context (Akbar et al. 2022; Benito et al. 2024; Algasem et al. 2026). A 879 

similar combination of common and genotype-specific components has been identified in 880 

transcriptomic studies of cotton forms contrasting in salinity tolerance: under salinity, individual 881 

genes and regulatory networks differed among genotypes, but the main functional directions of the 882 

response – including hormonal regulation, antioxidant processes, membrane transport, and 883 

metabolic reorganization – were shared (Wang et al. 2020; Bilal et al. 2026; Gao et al. 2026). Our 884 

results suggest a similar principle of biostimulant action: the responses and relative contributions 885 

of individual genes within particular functions may vary across cultivars and products, whereas 886 

the mean responses of the main functional modules were strongly associated across the analyzed 887 

genotype × NaCl contexts (Khalid et al. 2024; Gechev 2025). Thus, coordination of the 888 

biostimulant-associated transcriptional response was more evident at the level of broader 889 

functional components than as an obligatory correspondence among the responses of all individual 890 

genes. However, the observed correlations characterize shared variation in expression and do not 891 

demonstrate direct regulatory interactions among the genes or modules (Cai and Des Marais 2023). 892 

The magnitude of the integrated transcriptional response also differed substantially among the 893 

cultivars. The greatest response amplitude and the highest retention under 150 mM NaCl were 894 

observed in Ishonch; intermediate values were recorded for Ravnaq-1, whereas the response was 895 

less pronounced in Porloq-1. Thus, a greater amplitude of expression changes did not correspond 896 

to greater salinity tolerance. This discrepancy is consistent with comparative studies of cotton 897 

genotypes, which have shown that salinity responses depend on the genotype, the trait evaluated, 898 

and the plants' initial physiological and metabolic state (Munawar et al. 2021; Guo et al. 2022; 899 

Anwar et al. 2025; Gul et al. 2025). In studies of biostimulant-treated plants, the magnitude and 900 

direction of the response likewise depended on the genotype, the product, and their interaction; 901 

therefore, a stronger molecular or physiological response did not necessarily indicate greater stress 902 

tolerance (Benito et al. 2024; Lau et al. 2025; Mashabela et al. 2025; Detcheverry et al. 2026). In 903 

this context, the strong response of Ishonch may reflect greater disturbance of its initial state and 904 

a greater need to recruit additional regulatory resources, whereas the lower response amplitude of 905 

Porloq-1 may be associated with a more stable organization of its initial response to salinity. These 906 

interpretations remain tentative, but they show that the intensity of biostimulant-associated 907 

transcriptional changes cannot be regarded as a direct measure of salinity tolerance. The observed 908 

differences primarily indicate that the realization of the transcriptional response to biostimulant 909 

treatment depends on the genotype's regulatory background. 910 
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Pronounced differences among the biostimulants accompanied the genotype dependence of the 911 

transcriptional response. Rizokom-1 produced the greatest response amplitude and the highest 912 

retention of the integrated response at 150 mM NaCl; Mikrozim-1 occupied an intermediate 913 

position, whereas the response to Serhosil was less pronounced and more strongly dependent on 914 

the cultivar. At the same time, the functional modules were highly correlated for Serhosil despite 915 

its lower overall response amplitude. Thus, the strength of concordance among transcriptional 916 

changes did not, by itself, determine the magnitude of the product effect: a relatively weak 917 

response could also show strong intermodule associations, and its characterization therefore 918 

requires simultaneous consideration of response amplitude, retention under salinity, and the 919 

balance among functional components. Similar product-specific differences have been reported in 920 

studies of microbial, non-microbial, and combined biostimulants, in which comparable effects on 921 

plant growth were accompanied by distinct hormonal, antioxidant, metabolic, and osmoprotective 922 

responses (Benito et al. 2024; Lau et al. 2025; Mashabela et al. 2025; Detcheverry et al. 2026). By 923 

integrating the results of the morphological screening and transcriptional analysis, Rizokom-1 may 924 

be preliminarily considered the most promising product for further investigation in Ishonch and 925 

Porloq-1, whereas Mikrozim-1 is of particular interest for the salt-sensitive cultivar Ishonch. 926 

Serhosil also mitigated the effects of NaCl on individual parameters; however, the pronounced 927 

genotype dependence of its effects indicates the need for more precise determination of the 928 

conditions under which it is most effective. These results provide a basis for genotype-specific 929 

selection of biostimulants and for subsequent evaluation of the selected “genotype × biostimulant” 930 

combinations using physiological, biochemical, and agronomic parameters. 931 

Conclusion 932 

Analysis across the three sequential analytical stages of a single experiment showed that 933 

biostimulants mitigated the negative effects of NaCl on early cotton development in a genotype- 934 

and product-specific manner and were accompanied by coordinated reorganization of the 935 

hormonal regulation, antioxidant defense, and metabolic/osmoprotective modules. The strong 936 

relationships observed among these modules across the analyzed genotype × salinity contexts, 937 

despite variation in response amplitude and internal structure, suggest a coordinated transcriptional 938 

response architecture associated with biostimulant treatment under salinity conditions. Based on 939 

the evaluation performed, Rizokom-1 was identified as the priority product for further 940 

investigation in Ishonch and Porloq-1, whereas Mikrozim-1 was identified as a candidate for 941 

further study in Ishonch. These results provide a basis for subsequent physiological, biochemical, 942 

and agronomic evaluation of the selected “cultivar × biostimulant” combinations and for 943 

determining their potential to mitigate salt stress in cotton. 944 
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