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A B S T R A C T

Sorghum is generally considered a moderately salt-tolerant crop, although substantial variations in salt tolerance 
exist among grain sorghum genotypes. Moreover, the mechanisms underlying salt tolerance in this species 
remain poorly understood compared with those of other crops. Brassinosteroids (BRs) regulate numerous 
developmental processes and stress responses and their exogenous application, also via seed priming, has been 
shown to mitigate the negative effects of salinity in several plant species, including sorghum. However, the role 
of BR seed priming in root development and the biochemical, cellular, and molecular responses to salt stress 
remains unclear. Seeds of the salt-tolerant sorghum genotype Bianca and the salt-sensitive genotype Tonkawa 
were primed with 1μM of 24-epibrassinolide and then cultured in vitro in the presence or absence of 150 mM 
NaCl. Root system morphology, lipid peroxidation levels, Raman spectral profiles associated with membrane and 
cell wall components, cytosolic K+ levels and vacuolar Na+ compartmentalization were evaluated. BR seed 
priming enhanced root system architecture under salt stress, promoting adventitious and lateral root formation, 
and reducing lipid peroxidation, particularly in the salt-sensitive Tonkawa. In this genotype, BR seed priming had 
a long-lasting effect, inducing Na+ sequestration in root cell vacuoles, modulating membrane and cell wall 
components, and improving root system branching, thereby ensuring adequate water uptake as a protective 
mechanism against high soil salinity. Overall, the results demonstrate the efficacy of BR seed priming in 
enhancing salt tolerance in sorghum, highlighting its potential as a sustainable strategy for improving crop 
performance under saline conditions.

1. Introduction

Rising temperatures driven by climate change represent one of the 
most critical environmental threats, accelerating soil degradation by 
increasing evapotranspiration, reducing soil moisture, and favoring 
desertification and soil salinization. Combined with unsustainable 
agricultural practices, these processes are jeopardizing food production 
in both arid and temperate regions worldwide. In 2021, it was estimated 
that 20% of total cultivated lands and 33% of irrigated agricultural lands 
were affected by high levels of salinity (Kraamwinkel et al., 2021). In 
Europe, a continent not typically associated with drought, soil 

salinization has been recognized as a factor contributing to soil degra
dation (Veerman et al., 2020). To cope with these challenges, agricul
ture needs to include underutilized crops with greater resilience, and 
sorghum seems to meet these needs.

Sorghum bicolor (L.) Moench has a large economic impact being 
among the five most widely cultivated crops globally. It is a multipur
pose crop used for food, feed, fiber and fuel production. As a C4 plant, it 
can minimize resource losses due to photorespiration by closing the 
stomata during drought without compromising photosynthesis. In 
addition, its deep and extensive root system, thick leaf cuticles, and 
plasticity in root anatomy in response to stress, contribute to its ability to 
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achieve osmotic adjustment while sustaining high photosynthetic effi
ciency under drought and salinity (Fracasso et al., 2017; Peduzzi et al., 
2024; Peduzzi et al., 2025). These adaptations enable sorghum to 
maintain rapid growth even under conditions of low water availability 
(Kanbar et al., 2021). Thus, sorghum is considered one of the most 
promising cereal crops for cultivation in saline soils, where elevated salt 
concentrations decrease soil water potential, limiting water uptake by 
plants.

The threat posed by saline soils is primarily due to the presence of 
water-soluble salts, which dissociate in the soil solution, releasing free 
ions into the rhizosphere, where they can be readily taken up by plant 
roots. Among these, sodium (Na⁺) and chloride (Cl⁻) ions are particularly 
harmful to crops, as they can inhibit plant growth and, in severe cases, 
lead to plant death (Munns and Tester, 2008; Lindberg and Premkumar, 
2024). Because plants have normally to maintain a tightly regulated 
balance of essential ions, including potassium (K⁺), calcium (Ca²⁺), and 
magnesium (Mg²⁺), excessive accumulation of Na⁺ and Cl⁻ disrupts 
cellular ion homeostasis. When Na⁺ exclusion and vacuolar compart
mentalization are insufficient, Na⁺ accumulates in the cytosol, 
competing with K⁺ for transport and enzyme-binding sites (Ismail and 
Horie, 2017). These ionic imbalances impair cellular metabolism, 
disrupt photosynthetic and respiratory electron transport, and promote 
excessive production of reactive oxygen species (ROS), ultimately 
causing oxidative damage to cellular components (van Zelm et al., 
2020). Thus, in response to high salt levels, plants activate several 
mechanisms to sequester and/or limit the diffusion of Na⁺ ions. These 
mechanisms mainly involve transport systems that are crucial for 
maintaining cellular ion homeostasis, including high-affinity K⁺ trans
porters (HKTs), Na⁺/H⁺ exchangers (NHXs), and the Salt Overly Sensi
tive (SOS) signaling pathway (van Zelm et al., 2020; Ma et al., 2026). 
The SOS pathway, composed of SOS3, SOS2, and SOS1, is a central 
regulatory module that senses cytosolic Ca²⁺ signals induced by salt 
stress and activates the plasma membrane Na⁺/H⁺ antiporter SOS1, 
promoting Na⁺ extrusion from root cells and thereby limiting its accu
mulation in the cytosol. HKTs mediate the transport of Na+ and K+ and 
are fundamental to maintain the balance between these ions. They 
contribute to K+ uptake, which is essential for numerous physiological 
processes, including enzyme activation and osmoregulation 
(Nestrerenko et al., 2021). However, HKTs also exhibit a similar affinity 
for the toxic Na+ ion. HKT genes are expressed in all plant organs and are 
often found in the xylem parenchyma (Riedelsberger et al. 2021). 
Indeed, in Arabidopsis, it has been suggested that AtHKT1;1 plays a role 
in the removal of Na+ from the xylem sap thereby restricting its accu
mulation in the shoot (Sunarpi et al., 2005). Orthologues of this gene 
have been demonstrated to be essential for Na+detoxification in 
important monocots, including wheat and rice (Hauser and Horie, 
2010). The expression of SbHKT1 was also observed to be higher in a 
salt-tolerant sorghum genotype than in a salt-sensitive one (Abuslima 
et al., 2022).

Na+/H+ vacuolar antiporters are other key transporters in main
taining ion homeostasis. These transporters, located on the tonoplast, 
sequester Na+ ions into the vacuole, effectively reducing their cyto
plasmic concentration and toxic effects on cellular structures (Jin et al., 
2022; Waheed et al. 2024). In accordance, the over-expression of 
AtNHX1 improves salt-tolerance in Arabidopsis and tomato, supporting 
the pivotal role of the vacuolar Na+/H+ antiporters in salt-tolerance (Shi 
and Zhu, 2002). Also, in wheat, higher expression of vacuolar Na⁺/H⁺ 
antiporters in roots and shoots has been associated with reduced 
root-to-shoot Na⁺ translocation and greater tissue tolerance to Na⁺ 
accumulation, thereby contributing to salt resistance (Saqib et al., 
2005). In sorghum, sodium sequestration into the vacuole, due to 
SbNHX2, seems to play the main role in avoiding Na+ translocation to 
the shoot (Abuslima et al., 2022).

At the whole-plant level, high soil salinity triggers a range of phys
iological alterations, including stomatal closure, hyper-osmotic shock, 
inhibition of cell division, nutrient imbalance, disruption of the reactive 

oxygen/nitrogen species (ROS/RNS) homeostasis, reduction of photo
synthetic efficiency (Abdalla et al., 2022; Zhang et al., 2024; Peduzzi 
et al., 2025). Excessive ROS and RNS accumulation can damage 
cellular components, including membrane lipids, proteins, and DNA 
(Zhang et al., 2014; Ahmad et al., 2019). Thus, the activation of other 
adaptive mechanisms, such as root system plasticity, ROS scavenging 
and modulation in hormone levels or signalling, is essential for plant 
survival under saline conditions (Chawla et al., 2013; Karlova et al., 
2021; Peduzzi et al. 2024).

Among phytohormones, brassinosteroids (BRs), a class of steroid 
hormones, play a central role in plant adaptation to salt stress by 
regulating ion homeostasis, antioxidant defence, cell wall remodelling, 
and root development. BR signalling is initiated by the perception of BRs 
by the plasma membrane receptor BRASSINOSTEROID INSENSITIVE 1 
(BRI1) and its co-receptor BRI1-ASSOCIATED RECEPTOR KINASE 1 
(BAK1), triggering a phosphorylation cascade that activates the tran
scription factors BRASSINAZOLE RESISTANT 1 (BZR1) and BRI1-EMS- 
SUPPRESSOR 1 (BES1). These transcriptional regulators control the 
expression of numerous genes involved in plant growth, development, 
and stress adaptation (Planas-Riverola et al., 2019; Kim and Russinova, 
2020).

Under salt stress, BR signalling contributes to the maintenance of 
Na⁺/K⁺ homeostasis, Na⁺ sequestration, ROS scavenging, root develop
ment, and cell wall remodelling, thereby enhancing plant salt tolerance 
(Anwar et al., 2018; Khan et al., 2023). Since BRI1 is the primary re
ceptor for BR perception, alterations in its expression may affect the 
plant's capacity to perceive and transduce BR signals under salt stress. 
Consistent with this role, the Arabidopsis bri1-9 mutant, which is 
defective in BR perception, exhibits increased sensitivity to salinity (Cui 
et al., 2012). Furthermore, in tomato plants exposed to high salinity, 
SlBRI1 enhances salt tolerance by activating the antioxidant system and 
maintaining Na+/K+ homeostasis, and upregulating salt-responsive 
genes such as NHX2 (Wang et al., 2023a). Although the physiological 
benefits of BR application under salinity are increasingly recognized, the 
molecular and cellular mechanisms through which BRs modulate root 
adaptive responses remain poorly understood, particularly in sorghum.

24-Epibrassinolide (24-eBL) is a biologically active BR involved in 
multiple plant processes, including stress responses to toxic metals and 
to other stressors (Ahanger et al., 2018; Della Rovere et al., 2025). 
24-epibrassinolide can be applied exogenously through foliar spraying, 
seed priming, or via nutrient solutions, either in planta or in in vitro 
culture, to mitigate the effects of various abiotic stresses (Shahbaz and 
Ashraf 2007; Song et al. 2016; Piacentini et al., 2024; Allahverdian 
and Rahmani, 2025; Peduzzi et al. 2025). However, plant responses 
depend on the 24-eBL concentration, the application method, and the 
genotype. Hormone-mediated seed priming is defined as a pre-sowing 
treatment that enhances the plant responsiveness to subsequent stress 
without constitutive activation of defence responses (Conrath et al., 
2015). Seed priming through the exogenous application of BRs (e.g., 
24-eBL) represents a cost-effective, environmentally friendly, and scal
able strategy for enhancing plant tolerance to abiotic stress. For 
example, in Medicago sativa, seed priming with 5 μM 24-eBL enhances 
seed germination in a saline soil and reduces the oxidative damage by 
improving the activity of superoxide dismutase, peroxidase and catalase 
(Zhang et al. 2007). In Oryza sativa Sharma et al. (2013) demonstrated 
that

10-7 M 24-eBL was particularly effective in improving growth pa
rameters, as well as protein, proline and antioxidant enzyme activities, 
while reducing malondialdehyde (MDA) content. Applications of 50 μg/ 
L brassinolide to in vitro cultures of Solanum tuberosum plants improved 
K⁺/Na⁺ balance, root activity, and shoot antioxidative capacity under 
salt stress (Hu et al., 2016), and 24-eBL, applied as seed priming, 
restored the photosynthetic efficiency in a salt-sensitive sorghum ge
notype (Peduzzi et al. 2025). Despite the widely reported beneficial 
effects of exogenous 24-eBL seed priming, the specific cellular mecha
nisms underlying these effects in sorghum roots, particularly in 
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salt-sensitive genotypes, remain largely unexplored, as does their role in 
sustaining long-term salt tolerance.

The main aim of this study was to elucidate the mechanisms through 
which BRs, supplied via seed priming, enhance salt tolerance in sorghum 
by comparing the responses of the salt-tolerant genotype Bianca and the 
salt-sensitive genotype Tonkawa. Specifically, the study focused on early 
root traits, lipid peroxidation, Raman spectral signatures associated with 
membrane and cell wall components, Na⁺ and K⁺ homeostasis, and the 
expression of SbBRI1, SbHKT, and SbNHX, key genes involved in BR 
signalling and ion transport. The final goal was to provide a compre
hensive understanding of the mechanisms underlying salt tolerance in 
sorghum and the potential benefits of 24-eBL seed priming, thereby 
supporting the development of environmentally sustainable strategies to 
enhance crop performance under saline conditions.

2. Materials and methods

2.1. Plant materials and growth conditions

Seeds of Sorghum bicolor (L.) Moench, genotypes Tonkawa and 
Bianca (provided by Padana Sementi Elette S.r.l.), were surface- 
sterilized and cultured in vitro in the absence (Control) or presence of 
150 mM NaCl (NaCl) according to Peduzzi et al. (2024). Bianca and 
Tonkawa seeds were also primed with 1 µM of 24-epibrassinolide 
(24-eBL), a concentration selected based on the results reported by 
Peduzzi et al. (2025), and subsequently sown in either Control medium 
(P) or saline medium (P+NaCl). Both primed and non-primed seeds 
were sown under sterile conditions using a laminar flow hood and kept 
in a growth chamber under a long-day photoperiod (16 h light/8 h dark) 
for 6 or 10 days. The seeds were exposed to white light at an intensity of 
150 μE m− 2s− 1 and maintained at controlled temperature (25◦C 
light/24◦C dark). Relative humidity inside the culture vessels was 
approximately 98–99 %. Twenty-seven seeds (9 per phytatray) were 
sown in three phytatrays for each treatment and genotype. After 24h 
from sowing the germination rate was also evaluated (Table S1). Three 
independent biological replicates were performed.

2.2. Morphological analyses

After 6 and 10 days from sowing, 15 seedlings per genotype and 
treatment (Control, NaCl, P, P+NaCl) were randomly selected, fixed in 
70% ethanol and used for the evaluation of the mean primary root (PR) 
and adventitious roots (ARs) length and the mean number of ARs. The 
phenotype of the seedlings after 10 days of culture under the different 
treatment conditions is shown in Fig. S1. The root systems were scanned 
using a high-resolution scanner (Expression 1200 x l, Epson, Japan), the 
images were acquired with Epson Scan software (Epson, Japan) and 
processed with ImageJ v1.53c software (Wayne Rasband, National In
stitutes of Health, Bethesda, USA). Primary roots and ARs were 
measured using RootNav v1.8.1 software (Pound et al., 2013). One AR 
from each of fifteen 10-day-old seedlings was selected for the evaluation 
of lateral root primordia (LRPs) density, expressed as the total number of 
LRPs per cm of AR. To assess the effects of BR seed priming on shoot 
development, fresh shoot biomass and the mean number of leaves were 
evaluated in 15 seedlings per genotype and treatment 10 days after 
sowing. These analyses were repeated for each of the three biological 
replicates.

2.3. Lipid peroxidation analysis

Lipid peroxidation was evaluated by quantifying the level of 
malondialdehyde (MDA), a major by-product generated during lipid 
peroxidation. Malondialdehyde levels were determined by quantifying 
thiobarbituric acid-reactive substances (TBARS). The TBARs assay was 
performed according to Heath and Packer (1968). Three seedlings from 
each genotype and treatment were harvested at day 10 after sowing, 

divided into shoots and roots, and homogenized with liquid nitrogen. 
Aliquots of 100 mg per sample were collected and extracted in 1mL of 
0.1% trichloroacetic acid (TCA). The extraction solution was centrifuged 
for 10 min at 10,000 x g at room temperature. The supernatant was 
collected and added to 4mL of the reaction solution (0.5% thiobarbituric 
acid, and 20% TCA). The reaction was activated by incubating the 
samples in a stirring bath (WB-4MS, Biosan, Latvia) at 95◦C for 30 min 
and then stopped by placing the tubes on ice for 10 min. The solution 
was centrifuged at 10,000 x g for 5 min, and the supernatant was used to 
measure the absorbance at 532 and 600 nm, within the following 30 
min, using Colibri+ spectrophotometer (Berthold Technologies GmbH & 
Co. KG, Germany). MDA content was determined by subtracting the 
absorbance at 600 nm from that at 532 nm and using a calibration curve 
created with different MDA (Sigma-Aldrich, Germany) standard con
centrations (1μM, 2μM, 5μM, 10μM, 20μM, 50μM). Results were 
expressed as nmol MDA g⁻¹ FW and represent the mean ±SE values from 
three technical replicates.

2.4. RNA extraction and quantitative real-time PCR

The root system was separated from the shoot in 6-day-old and 10- 
day-old seedlings, and the total RNA was extracted from both shoots 
and roots using 100 mg of fresh tissue. RNA was extracted using the 
InnuPrep Plant RNA kit (Analytika Jena RNA kit) according to the 
manufacturer’s instructions. RNA was then purified with DNase (NEB, 
UK) digestion, and its purity was assessed using a NanoDrop spectro
photometer and by gel electrophoresis to verify the absence of DNA 
bands. Reverse transcription into cDNA was performed on 1 μg of RNA 
per sample, using the cDNA synthesis protocol M-Mulv-Reverse tran
scriptase (NEB, UK) according to Peethambaran et al., (2018). Real-time 
PCR was performed using a SYBR green dye protocol on a CFX Connect 
Real-Time PCR System (Bio-Rad, USA), using Ubiquitin (SbUBQ) as in
ternal reference gene. Each 20 µL reaction mixture contained 11.75 μL of 
nuclease-free water, 4 µL of GoTaq buffer, 0.4 μL of dNTPs (10 mM), 
each of forward and reverse primers (1:10 diluted), 1 µL of MgCl₂ (50 
mM), 0.95 μL of SYBR Green, 0.1 μL of GoTaq Polymerase, and 1μL of 
cDNA (1:49 diluted). The primer sequences used to amplify the genes of 
interest (SbNHX2, SbHKT1, and SbBRI1) are reported in Table S2. The 
transcript levels of samples were calculated using the 2− ΔCt method to 
obtain expression levels normalized to the reference gene without the 
use of a calibrator sample (Schmittgen and Livak, 2008). Data represent 
the mean gene expression values (±SE) from three independent bio
logical replicates; each measured in triplicates.

2.5. Raman micro-spectroscopy analysis

Raman spectra were acquired using an InVia Renishaw spectrometer 
(2400 lines/mm grarting) (Renishaw, UK) equipped with a 532 nm laser 
beam with a maximum power of 50 mW used as the excitation source. 
The laser beam was redirected on a Zeiss LSM900 confocal scanning 
laser microscope (Zeiss, Germany), provided with a 63x immersion 
objective for image and spectra acquisition.

For each analysis the spectral region of 500 to 1800 cm-1 was 
considered, and the spectra were acquired as the sum of 100 accumu
lations with an exposure time of 1 s per accumulation.

The Raman spectra were corrected using the Savitzky-Golay 
smoothing algorithm and the baseline correction by means of the Wire 
5.6 software (Renishaw).

To identify the most representative peaks, Raman spectra were ac
quired from root homogenates treated with aqueous solutions contain
ing increasing concentrations of 24-eBL (0, 10-6 M and 10-4 M) and pure 
water. The intensities of four peaks (882 cm-1, 1050 cm-1, 1450 cm-1and 
1730 cm-1 Raman Shift) were correlated with 24-eBL concentrations in 
the roots of both genotypes. These peaks were used as reference Raman 
bands to assess treatment-related trends.
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Three ARs, per genotype and treatment, were used for Raman anal
ysis. Three different root regions, adventitious root meristem (ARM), 
lateral root meristem (LRM) and AR differentiated zone (epidermis, E, 
and cortical parenchyma cells, C) (Fig. S2) were used as source for 
spectral acquisition. The mean peak area was calculated for each mea
surement point and Raman shift.

2.6. Determination of Na+ and K+ content

The Na+ and K+ contents were determined in the roots and shoots of 
seedlings grown for 6 and 10 days under Control conditions, NaCl 
treatment, 24-eBL priming (P), and 24-eBL priming followed by NaCl 
treatment (P+NaCl). Oven-dried roots and shoots (at 48◦C for 2 days, 
~50 mg) were placed in 50 mL digestion tubes (Gerhardt, UK) con
taining 1 mL ultrapure water, 2 mL HNO3 (65% v/v, subboiled) and 0.25 
mL H2O2 (30% v/v, p.A.). Subsequently, the tubes were closed and 
incubated in a heating block (DigiPrepjr, S-prep) system at 110◦C for 2h. 
After cooling, the digests were quantitatively transferred to volumetric 
flasks and brought to a final volume of 10 mL with 1% (v/v) HNO₃. To 
verify the quality of the digestion and quantification procedure, both in 
the digestion and in the quantification processes, blank samples and two 
reference materials (tomato leaves - NIST 1573a; grass - 14th needle/ 
leaf inter laboratory test) (Abuslima et al. 2022) were included. The 
accuracy was mainly in a range of ± 5-10%. Sodium and potassium ions 
were quantified by Inductively Coupled Plasma Optical Emission Spec
trometry (ICP-OES; iCap7000, Thermo Fisher; Varian), using both axial 
and radial mode. The precision (<±3%) and accuracy (mainly <±3.5%) 
of the ICP-OES measurements was assessed using the MISA 6 CRM 
/VHG. Data were expressed as mg g-1 DW and represent the mean (±SE) 
of three biological replicates.

2.7. Detection of vacuolar and cytosolic Na+ distribution across different 
root zones

The cellular compartmentalization of Na+ ions was examined in cells 
of the mature and meristematic root zones using CoroNaTM Green AM 
fluorescent dye (Invitrogen, Thermo Fisher Scientific, USA) according to 
Wu et al., 2015. Three ARs of comparable length (~2.5cm) and devel
opmental stage were collected from three different 10-day-old seedlings 
of each genotype grown under Control, NaCl or P+NaCl treatments. The 
roots were rinsed with ultrapure water and used for Na+ localization. To 
simultaneously visualise Na+ ions and the plasma and vacuolar mem
branes, the roots were double-stained with 20 μM CoroNaTM Green-AM 
and 20 μM FMTM4-64 membrane-selective dye (Invitrogen, Thermo 
Fisher Scientific, USA), for 2 hours in the dark at 37◦C. The samples were 
then rinsed with 5 mM MES buffer (pH 6.3) to remove unbound probes. 
Confocal analysis was performed using a Zeiss Imager M2 microscope 
equipped with a Zeiss LSM 900 confocal laser scanning unit (Zeiss, 
Germany). Images were acquired in multichannel mode using either a 
20x (Plan Apochromat 0.8 M27) or a 40x objective lens (W Plan Apo
chromat Korr 0.95 M27) operated through the ZEN 3.1 software (Zeiss, 
Germany), using identical acquisition settings (laser power, pinhole, 
pixel, exposure time, and gain) to ensure comparability between sam
ples. Laser excitation wavelengths of 488 nm for CoroNa Green-AM and 
561 nm for FM4-64 were used, with fluorescence emission collected 
using 450–533 nm and 656–700 nm bandpass filters, respectively, as 
exemplified in Fig. S3. Mean fluorescence signal intensity in the cyto
plasm and vacuoles of differentiated and meristematic root cells was 
determined using ImageJ software (https://imagej.nih.gov/ij/) and 
expressed as arbitrary units (AUs) (Abuslima et al., 2022). Data repre
sent the mean fluorescence signal (±SE) from 45 cells per root zone, 
treatment, and genotype, obtained from the three independent biolog
ical replicates.

2.8. Statistical analyses

All the data obtained from the above-mentioned measurements were 
tested for normality using the Shapiro-Wilk’s test and subsequently 
analysed by two-way ANOVA test followed by Šídák’s multiple com
parison test. Comparison was performed among treatments within the 
same genotype and time point, with statistical significance set at p <
0.05 (Stevens, 2007). The statistical analyses were carried out through 
GraphPad Prism 9.3.0 software (GraphPad Software, San Diego, CA, 
USA).

2.8.1. ANOVA-simultaneous component analysis (ASCA) for Raman 
analysis

Multivariate analysis of the Raman data acquired in the 500–1800 
cm⁻¹ region was performed using ANOVA-Simultaneous Component 
Analysis (ASCA) (Smilde et al., 2005), a chemometric method that 
combines the partitioning capabilities of analysis of variance (ANOVA) 
with the dimensionality reduction properties of principal component 
analysis (PCA). The software used was MATLAB R2026 (MathWorks, 
USA).

Given the hierarchical structure of the experimental design, ASCA 
was performed through a series of separate models. First, the two ge
notypes (Bianca and Tonkawa) were analysed independently, consid
ering treatment (Control, NaCl, P, and P+NaCl) and root region and 
tissues (ARM, LRM, epidermis, and cortex) as fixed factors in a two-way 
ASCA design. Subsequently, separate ASCA models were built for each 
root region, considering genotype and treatment as factors, to evaluate 
genotype-dependent responses within specific compartments. Prior to 
analysis, the Raman data matrix was normalized by standard normal 
variate (SNV) transformation (Barnes et al., 1989) and mean-centered. 
The ASCA decomposition generated effect matrices associated with 
each factor and their interaction, which were subsequently explored by 
Principal Component Analysis (PCA). The statistical significance of the 
effects was assessed by permutation testing (10,000 permutations) (Vis 
et al., 2007). Score plots were used to visualize treatment- and 
genotype-related patterns, while loading profiles were examined to 
identify the Raman bands most strongly contributing to the observed 
differences.

Since statistical significance of the ASCA effects was evaluated 
through permutation testing rather than by relying on the parametric F 
distribution of classical ANOVA, no preliminary tests of univariate 
normality or homogeneity of variance were performed. The permutation 
scheme was defined consistently with the experimental design to pre
serve exchangeability under the null hypothesis.

3. Results

3.1. 24-eBL seed priming improves post-embryonic root system 
development in the salt- sensitive Tonkawa under salt stress

To evaluate the effects of 24-eBL seed priming (P) on root system 
development, the mean primary root (PR) length, as well as the number 
and length of adventitious roots (ARs), were measured in both genotypes 
at 6 and 10 days after sowing. In Bianca, the PR length was unaffected by 
either NaCl or seed priming treatments at either time point (Fig. 1a-b). 
By contrast, in Tonkawa, the salt treatment significantly reduced PR 
length compared with the Control as early as 6 days after sowing, and 
this inhibitory effect persisted through day 10. Moreover, 24-eBL seed 
priming was unable to restore PR elongation impaired by salt toxicity 
(Fig. 1a-b).

At day 6, the NaCl treatment induced a marked reduction in AR 
formation in both genotypes in comparison with the Control, with a 
more pronounced effect in Tonkawa (Fig. 1c). In Bianca, the P treatment 
did not significantly affect AR number in comparison with the Control. 
On the contrary, when followed by NaCl treatment (P+NaCl), it induced 
a significant (p<0.0001) increase in the AR mean number in comparison 
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with NaCl alone, although the values remained below those of the 
Control (Fig. 1c).

Tonkawa generally produced fewer ARs than Bianca. However, 6 
days after sowing, the number of ARs was significantly (p < 0.0001) 
higher under P and P+ NaCl treatments than under NaCl and Control 
conditions (Fig. 1c).

At day 10 after sowing, salt treatment did not significantly reduce AR 
formation in Bianca, confirming the greater tolerance of this genotype to 
salt stress. Neither P nor P+NaCl treatments significantly changed the 
AR mean number in comparison with the Control (Fig. 1d). Conversely, 
in Tonkawa, NaCl significantly (p < 0.05) reduced AR formation at day 
10 after sowing (Fig. 1d). The priming followed by NaCl induced a 
significant (p < 0.0001) increase in AR formation compared with both 

NaCl and Control treatments (Fig. 1d). Thus, in Tonkawa, AR formation 
showed a strong and early recovery in the seedlings primed with 24-eBL 
compared with those exposed to NaCl.

To further characterize the effects of salinity and of 24-eBL seed 
priming on the sorghum root system, the mean AR length and lateral 
root primordia (LRPs) density were measured in the 10-day-old 
seedlings.

The mean AR length was significantly (p<0.001) reduced by NaCl 
treatment in both genotypes (Fig. 1e). The seed priming with 24-eBL 
followed by the NaCl treatment significantly restored NaCl-impaired 
AR growth in Tonkawa, but not in Bianca seedlings (Fig. 1e). In 
Bianca, no significant differences in LRP density were observed 
regardless of the treatments (Fig. 1f), whereas in Tonkawa, the P+NaCl 

Fig. 1. Root system morphology at 6 (a, c) and 10 (b, d-f) days from sowing in Bianca and Tonkawa non-primed and not exposed to NaCl (Control), non-primed and 
exposed to 150 mM NaCl (NaCl), primed only (P) and primed and exposed to NaCl (P + NaCl). (a-b), mean primary root (PR) length (±SE); (c-d), mean adventitious 
root (AR) number (±SE); (e), mean adventitious root (AR) length (±SE); (f), mean lateral root primordia (LRPs) density (±SE). Different letters show significant 
differences among treatments within the same genotype for at least p < 0.05. The same letter shows no significant difference within the same genotype. N=15.
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treatment strongly increased LRP formation, in comparison with both 
Control and NaCl treatments (Fig. 1f).

To evaluate the effect of 24-eBL seed priming on shoot development, 
the shoot biomass and the mean leaf number were measured in 10-day- 
old seedlings.

Shoot development was strongly affected by salt in both genotypes, 
as evidenced by reduced shoot biomass and leaf number (Fig. 2a-b). 
However, a positive effect of the seed priming on the leaf number was 
observed in Tonkawa but not in Bianca (Fig. 2b).

Overall, 24-eBL seed priming effectively mitigates salt-induced 
damage to the root system during post-embryonic development, 
particularly in the salt-sensitive genotype Tonkawa, by enhancing AR 
growth and increasing LRP density. Seed priming also improved shoot 
development by increasing leaf number in salt-stressed Tonkawa 
seedlings.

3.2. 24-eBL seed priming reduces salt stress-induced lipid peroxidation in 
roots and shoots

It is known that salt stress induces reactive oxygen species (ROS) 
accumulation in sorghum roots, particularly in the salt-sensitive geno
type Tonkawa (Peduzzi et al., 2024). Since ROS can cause extensive 
oxidative damage, including lipid peroxidation of cellular membranes, 
we investigated whether 24-eBL seed priming was able to mitigate these 
detrimental effects. Thus, a spectrophotometric TBARS assay was 

performed to quantify the lipid peroxidation marker MDA in the roots 
and shoots of 10-day-old seedlings. Results showed that the MDA levels 
increased in both roots (Fig. 3a) and shoots (Fig. 3b) of Bianca and 
Tonkawa after NaCl treatment. However, these increases were signifi
cant (p < 0.001) compared with the Control only in Tonkawa. When the 
P treatment was followed by NaCl, a marked reduction in the MDA 
content was observed in both roots and shoots of the two genotypes, 
reaching levels comparable to those of the Control (Fig. 3a-b). However, 
in Tonkawa shoots, the decrease in MDA was less pronounced than in 
Bianca (Fig. 3b).

Overall, these results highlight that salt increased lipid peroxidation 
in both roots and shoots, with higher levels observed in Tonkawa than in 
Bianca. Moreover, the 24-eBL seed priming was effective in reducing 
lipid peroxidation, particularly in Tonkawa roots.

3.3. 24-eBL seed priming induces long-lasting changes in endogenous 
SbBRI1 transcript abundance

To determine whether 24-eBL seed priming induced long-lasting 
changes in BR perception-related gene expression and contributed to 
sorghum responses to salt stress, we evaluated the expression of SbBRI1 
gene, which encodes the main BR receptor, in roots and shoots of both 
genotypes at 6 and 10 days from sowing.

Six days after sowing, the two genotypes showed similar trends in 
SbBRI1 expression, in the two organs, in response to the different 
treatments (Fig. 4a-b). SbBRI1 expression was higher in the shoots than 
in the roots of Control and NaCl-treated seedlings. Salt stress reduced 
SbBRI1 expression in the roots while increasing it in the shoot, mainly in 
Bianca. In contrast, P treatment did not significantly affect SbBRI1 
expression with transcript levels remaining comparable to those 
observed in the Control (Fig. 4a-b). When 24-eBL seed priming was 
followed by NaCl treatment, SbBRI1 expression levels were comparable 
to those of the Control in both organs and in both genotypes (Fig. 4 a-b).

Ten days after sowing, SbBRI1 transcript abundance was higher in 
roots and lower in shoots than at day 6 in both genotypes and under all 
treatments, except for NaCl alone (Fig. 4c-d). In Tonkawa roots,10 days 
after sowing, the expression of this gene was significantly reduced by 
NaCl treatment (p < 0.01) compared with all other treatments (Fig. 4d). 
Seed priming, both alone and followed by NaCl treatment, significantly 
(p<0.05) increased gene expression in comparison with the NaCl-alone 
treatment, restoring expression levels to those observed under Control 
conditions (Fig. 4d).

These results show that SbBRI1 expression was higher in shoots than 
in roots at 6 days after sowing, whereas this pattern reversed at 10 days 
in both genotypes. In fact, at day 10, salt treatment reduced SbBRI1 
expression in roots but not in shoots in both genotypes, with a significant 
effect observed only in Tonkawa. Notably, 24-eBL seed priming restored 
SbBRI1 expression to levels comparable to those of the Control.

3.4. 24-eBL seed priming induces genotype-dependent long-term changes 
in root cell wall and membrane components

Using Raman micro-spectroscopy, we checked for the presence of 
chemical changes induced by 24-eBL seed priming in the root cells of 
Bianca and Tonkawa. The analysis was carried out on single cells 
belonging to the AR meristem (ARM), LRP meristematic cells (LRM) and 
differentiated epidermal (E) and cortical (C) root cells (Fig. S2).

Raman spectra acquired from the different root cell types showed 
numerous vibrational peaks (data not shown). To identify the most 
representative peaks, Raman spectra were also acquired from root-cell 
homogenates supplemented with aqueous solutions containing 
increasing concentrations of 24-eBL (0, 10-6 and 10-4M). The obtained 
spectra revealed four peaks whose intensities varied with the applied 24- 
eBL concentrations or with water. Specifically, the peak at 882 cm-1, 
consistent with β-glycosidic (C–O–C) and polysaccharide skeletal vi
brations (mainly cellulose/hemicellulose) (Gierlinger et al., 2012; Clark 

Fig. 2. Mean shoot biomass (±SE) (a) and mean number of leaves (±SE) (b) 
after 10 days from sowing in Bianca and Tonkawa seedlings non-primed and 
not exposed to NaCl (Control), non-primed and exposed to 150 mM NaCl 
(NaCl), primed only (P) and primed and exposed to NaCl (P + NaCl). Different 
letters show significant differences among treatments within the same genotype 
for at least p < 0.05. The same letter shows no significant difference within the 
same genotype. N=15.
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and Goldberg Oppenheimer, 2024); 1050 cm⁻¹, attributed to C–O and 
C–C stretching vibrations of polysaccharides (mainly cellulose) (Zeise 
et al., 2018; Gieroba et al., 2023); 1450 cm⁻¹, assigned to CH₂/CH₃ 
bending vibrations of lipids, proteins, and other aliphatic components 
(Clark and Goldberg Oppenheimer, 2024); and 1730 cm⁻¹, attributed to 
C=O stretching vibrations of ester groups (Payne and Kurouski, 2021), 
were identified (Fig. 5a). The values of the integrated areas of these 
peaks were calculated and expressed in arbitrary units (AUs).

The integrated areas of the selected Raman peaks varied among the 
sorghum root samples of both genotypes exposed to the different 
treatments (Fig. 5b-c). In the Control meristematic cells (ARM and 
LRMs) of the ARs and LRPs, respectively, of both genotypes, higher 
values were observed for the peaks commonly associated with lipids and 
proteins (1450 cm⁻¹), whereas in the differentiated cells (epidermis and 
cortex) higher values were observed for peaks corresponding to carbo
hydrates and ester groups (1050 and 1730 cm-1). By contrast, the inte
grated area of the 882 cm⁻¹ peak, consistent with stretching vibrations 
associated with cellulose and hemicellulose, was low and similar across 
cell types, genotypes and treatments (Fig. 5b-c). The salt alone treatment 
induced an increase in the 1050 cm-1peak area in the epidermis and 
cortical parenchyma cells, compared to the Control treatment in both 

genotypes but with a more pronounced effect in Tonkawa than in 
Bianca. Higher integrated area values of the 1450 cm⁻¹ peak were 
observed in Bianca roots than in Tonkawa roots. However, in meriste
matic cells (ARM and LRM) of Tonkawa roots, exposed to P+NaCl 
treatment, the area values of this peak were higher than in the corre
sponding cells of Bianca (Fig. 5b-c). Moreover, only in Tonkawa the peak 
area values at 1450 and 1730 cm⁻¹ in meristematic cells decreased 
following salt exposure in comparison with those measured in the 
meristematic root cells of the Control (Fig. 5b-c). Priming alone induced 
an increase in the peak area associated with ester groups in differenti
ated epidermis and cortical parenchyma cells, as well as in the peak at 
1450 cm⁻¹ in the ARM cells of Bianca. By contrast, in Tonkawa, priming 
alone led to a decrease in peak area values across all the analyzed cell 
types (Fig. 5b-c). Priming followed by salt treatment showed reduced 
peak areas across all cell types in Bianca, with values lower than those 
observed under the salt treatment alone and, in some cases, comparable 
to those of the Control (Fig. 5b). In Tonkawa, instead, peak area values 
at 1450 cm⁻¹ increased relatively to those observed under the salt 
treatment alone, reaching levels comparable to the Control in ARMs and 
exceeding Control in LRMs (Fig. 5c). Similarly, the peak area values at 
1730 cm⁻¹ reached values like to those of the Control in ARMs and 

Fig. 3. Malondialdehyde (MDA) content in the root system (a) and in the shoot (b) of Bianca and Tonkawa 10-day-old seedlings non-primed and not exposed to NaCl 
(Control), non-primed and exposed to 150 mM NaCl (NaCl), primed only (P) and primed and exposed to NaCl (P + NaCl). Different letters represent statistically 
significant differences among treatments within the same genotype for at least p<0.05. The same letter shows no significant difference within the same geno
type. N=9.
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higher than Control levels in LRMs (Fig. 5c).
To complement the analysis of these selected Raman bands and 

obtain a more comprehensive overview of the biochemical responses 
induced by 24-eBL priming and salt stress, the full Raman spectra were 
also analyzed using ASCA. This approach allowed the spectral vari
ability to be partitioned according to the experimental factors and their 
interactions, thereby revealing multivariate patterns that could not be 
captured by the analysis of individual Raman bands.

When the two genotypes were analyzed separately, with treatment 
and root tissue considered as factors, all effects (i.e., treatment, root 
tissue and their interaction) were statistically significant (p < 0.0001). 
In both Bianca and Tonkawa, root tissue represented the major source of 
spectral variation, accounting for 33.96% and 26.97% of the total 
variance, respectively (Fig. S4). Treatment effects explained a smaller 
but still significant portion of the variance, particularly in Tonkawa 
(8.56% and 10.49% respectively) (Fig. S4). The treatment × root tissue 
interaction explained 12.73% and 15.29% of the variance in Bianca and 
Tonkawa, respectively (Fig. S4). These results indicate that the 
biochemical composition of the different root tissues is the dominant 
determinant of the Raman fingerprint, whereas treatment-induced 
changes depend strongly on the specific tissue analyzed.

To further investigate genotype-dependent responses, separate ASCA 
models were developed for each root tissue using genotype and treat
ment as factors. In the ARM region, treatment significantly affected the 
Raman profiles (10.06% explained variance; p = 0.0148), whereas the 

genotype effect was not significant, indicating that both genotypes 
responded similarly in this compartment (Fig. 6a). Conversely, in the 
LRM, epidermis and cortex, both genotype and treatment effects were 
highly significant (p < 0.0001), together with their interaction (Fig. 6b- 
d). The strongest genotype effect was observed in the LRM, where ge
notype accounted for 23.25% of the total variance, highlighting sub
stantial biochemical differences between Bianca and Tonkawa in this 
meristematic region (Fig. 6b).

Inspection of the corresponding loading profiles (data not shown) 
indicated that the observed discrimination was mainly driven by Raman 
bands associated with polysaccharide vibrations and membrane- 
associated lipid and ester components, consistent with the patterns 
identified by univariate analysis of the 882, 1050, 1450, and 1730 cm⁻¹ 
bands.

Overall, Raman analysis and ASCA elaborations sustain that 24-eBL 
priming induces long-lasting biochemical modifications in sorghum 
roots and that these modifications are strongly influenced by both ge
notype and root tissue. In particular, the salt stress enhances the in
tensity of Raman bands associated with cell wall carbohydrates in 
differentiated cells, especially in Tonkawa. Conversely, 24-eBL seed 
priming improved Tonkawa root cells response to salt stress, restoring 
the Raman signals associated with cell wall carbohydrates, cell mem
brane proteins, and lipids to Control levels across all analysed cell types.

Fig. 4. Relative expression of SbBRI1, encoding the main brassinosteroid (BR) receptor, after 6 (a–b) and 10 (c–d) days after sowing, in the shoots and roots of Bianca 
and Tonkawa seedlings non-primed and not exposed to NaCl (Control), non-primed and exposed to 150 mM NaCl (NaCl), primed only (P) and primed and exposed to 
NaCl (P + NaCl). Transcript abundance was normalized to SbUBQ. Different lowercase letters indicate significant differences among treatments in roots, while 
different uppercase letters indicate significant differences among treatments in shoots for at least p<0.05. The same letter shows no significant difference within the 
same genotype and organ. N¼9.
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3.5. 24-eBL seed priming modulates the expression of Na+ and Na+/K+

transporter genes

To verify whether the effects of 24-eBL seed priming were associated 
with changes in the expression of genes involved in Na⁺ compartmen
talization and Na⁺/K⁺ homeostasis, the expression of the SbNHX2 and 
SbHKT1 genes, encoding a vacuolar Na+/H+ antiporter and a membrane 
high-affinity K+ transporter, respectively, was evaluated in roots and 
shoots after 6 and 10 days from sowing.

After 6 days of salt exposure, SbNHX2 expression was lower in the 
roots than in the shoots of both Bianca and Tonkawa, except in P-treated 
seedlings (Fig. S5a-b). Moreover, SbHKT1 expression was detected at 
very low levels in the roots and was almost undetectable in the shoots of 
both genotypes. No significant differences among treatments were 
detected for either gene in the roots or shoots of either genotype at this 
time point (Fig. S5c-d).

Ten days after sowing, SbNHX2 expression in both roots and shoots 
of Bianca was unaffected by the treatments and showed no evident 
change compared with day 6 (Figs. 7a and S5a in comparison). In 
contrast, in Tonkawa, the gene expression increased in roots and 
decreased in shoots, compared with day 6 (Figs. 7b and S5b in 

comparison). However, NaCl treatment significantly reduced SbNHX2 
expression in roots in comparison with the Control (Fig. 7b). It should be 
underlined that, in Tonkawa roots, P+NaCl treatment induced a sig
nificant (p<0.05) increase in SbNHX2 expression, in comparison with 
the NaCl treatment alone (Fig. 7b).

The SbHKT1 expression was generally lower than that of SbNHX2 in 
both roots and shoots of both genotypes at days 6 and 10 (Fig. S5c-d and 
Fig. 7c-d in comparison). Furthermore, the expression of SbHKT1 gene 
increased in the roots of both genotypes at day 10 in comparison with 
day 6 (Fig. 7c-d and Fig. S5c-d in comparison). The highest SbHKT1 
transcript abundance was detected in the roots of 10-day-old Bianca 
seedlings under P and P+NaCl treatments (Fig. 7c), whereas no signif
icant differences among treatments were detected in Tonkawa roots at 
the same time point (Fig. 7d). However, SbHKT1 expression increased in 
the roots of 10-day-old Tonkawa seedlings compared with those of 6- 
days-old seedlings (Fig. 7d and Fig. S5d). After 10 days, SbHKT1 tran
script levels remained negligible in the shoots of both genotypes (Fig. 7c- 
d).

Overall, seed priming with 24-eBL differentially modulated SbNHX2 
expression in roots and shoots of the two genotypes and, interestingly, 
increased the gene expression in Tonkawa roots under salt stress. 

Fig. 5. (a) Raman spectra acquired from the root-cell homogenate supplemented with aqueous solutions containing 0 M (root), 10-6 M (root + 24-eBL 10-6M) and 10- 

4M (root + 24-eBL 10-4M) of 24-eBL. (b-c) Mean integrated areas of the selected peaks from spectra acquired from 10-day-old roots of Bianca (b) and Tonkawa (c) 
seedlings non-primed and not exposed to NaCl (Control), non-primed and exposed to 150 mM NaCl (NaCl), primed only (P) and primed and exposed to NaCl (P +
NaCl). Spectra were acquired from four different tissues: AR meristem (ARM), LRP meristematic cells (LRM) and differentiated epidermal (E) and cortical (C) root 
cells. Integrated band areas are expressed in arbitrary units (AUs). Error bars indicate ±10% percentage error.
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Moreover, seed priming differentially affected SbHKT1 expression be
tween the two organs and genotypes. In fact, it increased SbHKT1 
transcript abundance in the roots, but not in the shoots, of both geno
types, although this effect was significant in the salt-tolerant Bianca.

3.6. 24-eBL seed priming limits Na+ translocation to the aerial organs 
without affecting K+ homeostasis

To assess the Na+ accumulation in roots and its translocation to the 
shoot, the Na+ content was quantified in both organs of Bianca and 
Tonkawa at 6 and 10 days after sowing. In addition, K+ content was 
quantified to assess whether salt stress disrupted Na+/K+ homeostasis 
and whether the 24-eBL seed priming affected this response, given the 

key role of K+ in maintaining osmotic balance and regulating ion 
transport across cell membranes (Mostofa et al., 2022).

Six days after sowing, Na+ content was higher in the roots than in the 
shoots in the seedlings of both Bianca and Tonkawa exposed to NaCl or 
to P+NaCl treatments (Fig. S6a-b). However, in Tonkawa the difference 
in Na+ content between roots and shoots was minimal, suggesting a 
higher Na+ translocation to the shoots in this genotype in comparison 
with Bianca. The P+NaCl treatment slightly increased the Na+ content 
in the roots and decreased it in the shoots, although these changes were 
not significant (Fig. S6a-b).

At day 10, the Na⁺ accumulation increased in Bianca roots under 
NaCl and P+NaCl, whereas shoot Na+ levels remained similar to that 
observed at day 6 (Fig. 8a and Fig S6a in comparison). The P+NaCl 

Fig. 6. ANOVA-Simultaneous Component Analysis (ASCA) of Raman spectra acquired from sorghum roots subjected to different treatments. (a–d) Score plots of the 
first two principal components (PC1 and PC2) obtained from PCA of the combined treatment and treatment × genotype effect matrices for the different root regions: 
(a) adventitious meristem (ARM); (b) lateral root meristem (LRM); (c) differentiated region epidermis (E); (d) differentiated region cortex (C). Spectra were collected 
on adventitious roots of 10 days old seedlings non-primed and not exposed to NaCl (Control), non-primed and exposed to 150 mM NaCl (NaCl), primed only (P) and 
primed and exposed to NaCl (P + NaCl). To facilitate visualization of the overall model structure, residual variation not explained by the investigated effects was 
back-projected onto the score space.
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treatment significantly (p<0.05) enhanced the difference between roots 
and shoots compared to NaCl alone, indicating greater Na+ retention in 
roots and reduced translocation to shoots.

At day 10, in Tonkawa seedlings exposed to NaCl or to P+NaCl, the 
root Na+ accumulation was higher than at day 6 (Fig. 8b and Fig. S6b in 
comparison). Furthermore, P+NaCl treatment significantly (p<0.05) 
reduced shoot Na+ content and increased this ion accumulation in the 
roots compared with the salt alone treatment (Fig. 8b), indicating a 
positive effect of seed priming in limiting Na+ translocation to the shoots 
also in this genotype.

Overall, the seed priming increased Na+ accumulation in roots and 
limited its translocation to the shoot in both genotypes.

At 6 days after sowing, the amount of K+ in the roots and in the 
shoots of Control seedlings was similar in Bianca and Tonkawa and, as 
expected, was much higher than Na+ content (Fig. S6a-b). Seed priming 
alone did not affect K+ accumulation and translocation in both geno
types, while NaCl significantly reduced the K+ content in both shoots 
(p<0.001) and roots (p<0.0001) (Fig. S6a-b). The P+NaCl treatment 
resulted in K+ levels comparable to those observed under salt treatment 
alone in both genotypes and organs (Fig. S6a-b).

At day10, Control and P-treated Tonkawa and Bianca seedlings 
showed higher K+ content in the roots than in the shoots (Fig. 8c-d). Salt 
treatment significantly reduced K⁺ levels in both organs of both geno
types, particularly in the roots. Ultimately, in both genotypes and or
gans, the P+NaCl treatment resulted in a K⁺ content similar to that 
measured under NaCl alone (Fig. 8c-d).

Overall, these results indicate that NaCl exposure induced increased 
Na⁺ accumulation predominantly in roots than in shoots, and this effect 

was further enhanced by the P+NaCl treatment, particularly in Ton
kawa. The NaCl treatment, either alone or following by 24-eBL priming, 
resulted in a similar reduction in roots and shoots K⁺ levels in both ge
notypes, in comparison with Control conditions.

3.7. 24-eBL seed priming increases Na+ vacuole sequestration in a 
genotype- and cell type-dependent manner

Given the higher Na+ levels detected in the roots, we investigated 
whether the 24-eBL seed priming affected the Na+ vacuolar compart
mentalization in this organ. Adventitious roots of 10-day-old seedlings, 
grown under Control, NaCl and P+NaCl treatments, were co-stained 
with the Na+-sensitive fluorescent dye CoroNa Green and the cell 
membranes probe FM 4-64. CoroNa Green fluorescence was used to 
visualize intracellular Na⁺ distribution, and sodium ion levels were 
quantified based on the intensity of the green fluorescence signal. FM4- 
64 staining was used to label the cellular membranes and distinguish 
cytoplasmic from vacuolar regions, allowing the relative Na⁺-associated 
fluorescence signal in the two compartments to be evaluated (Fig. S3a-f).

Meristematic cells in the AR apex and the cortical parenchyma cells 
in the differentiated (mature) region of ARs were analysed. Meristematic 
cells of Control ARs showed a similarly low Na+ fluorescence signal in 
cytoplasm and vacuoles in both genotypes (Fig. 9a-b, g-h). In the root 
meristematic cells of Bianca, NaCl treatment resulted in a significantly 
(p<0.001) higher Na⁺ signal in the cytoplasm than in the vacuoles 
(Fig. 9c,g). In contrast, under P+NaCl treatment the Na+ signal was 
significantly (p<0.001) higher in the vacuoles than in the cytoplasm 
(Fig. 9e and Inset, g). The meristematic cells of Tonkawa ARs showed a 

Fig. 7. Relative expression of SbNHX2 (main vacuolar Na+ transporter) (a,b) and SbHKT1 (main cell membrane Na+ and K+ transporter) (c,d) in the shoots and roots 
of 10-day-old Bianca and Tonkawa seedlings non-primed and not exposed to NaCl (Control), non-primed and exposed to 150 mM NaCl (NaCl), primed only (P) and 
primed and exposed to NaCl (P+NaCl). Transcript abundance was normalized to SbUBQ. Different lowercase letters indicate significant differences among treatments 
in roots, while different uppercase letters indicate significant differences among treatments in shoots for at least p<0.05. The same letter shows no significant 
difference within the same genotype and organ. N¼9.
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cytoplasmic Na⁺ signal significantly (p<0.001) higher than the vacuolar 
signal under both NaCl and P+NaCl treatments (Fig. 9d,f,h).

In the cortical cells of the mature region of Control ARs, both Bianca 
and Tonkawa seedlings, showed a similarly low Na⁺ signal in both the 
cytoplasm and the vacuole (Fig. 9i-j, o-p). In Bianca cortical cells 
exposed to either NaCl or P+NaCl treatments, the vacuolar Na+ signal 
was significantly (p<0.001) higher than the cytoplasmic signal (Fig. 9k, 
m,o). Interestingly, in the cortical cells of the mature root zone of 
Tonkawa, a significant increase (p<0.0001) in the vacuolar Na+ signal 
was observed only following P+NaCl treatment in comparison with 
NaCl treatment alone (Fig. 9l,n,p).

Overall, these results highlight a cell type- and genotype-dependent 
different ability in Na⁺ compartmentalization. Bianca exhibited a greater 
capacity for Na+ vacuolar sequestration than Tonkawa under NaCl 
stress. In Bianca differentiated (mature) cells accumulated Na⁺ in the 
vacuole irrespective of seed priming, whereas meristematic cells showed 
vacuolar Na+ accumulation only after seed priming. In Tonkawa, 
vacuolar Na⁺ accumulation occurred only in the differentiated cells 
following seed priming. By contrast, in the meristematic cells, Na⁺ 
remained predominantly cytoplasmic also after 24-eBL seed priming 
treatment.

4. Discussion

In the present study, we showed that 24-eBL seed priming improved 
post-embryonic root system development in Tonkawa, a salt-sensitive 
sorghum genotype, under salt stress, whereas its effects were limited 
in Bianca, a genotype known for its salt tolerance. Our results indicate 
that 24-eBL seed priming triggers a range of responses, from biochemical 
modifications in root cell wall- and membrane-associated components to 
the modulation of genes encoding Na+ and K+ transporters. All these 
processes were associated with changes in BR-perception, which are 

detectable in the roots within the first few days after seed germination, 
and became firmly established by day 10. Overall, our results suggest 
that these changes may contribute to the ability of Tonkawa’s root 
system to sustain plant growth and development under severe stress 
conditions, such as salinity.

4.1. Seeds primed with 24-eBL produce seedlings with improved root 
adaptation to salt stress in a salt-sensitive sorghum genotype through a 
direct effect on cell membranes stabilization

Root system architecture plasticity plays a critical role in crop 
adaptation to abiotic stresses such as salinity. In sorghum, the primary 
root (PR) is the first root to emerge and develops from the embryonic 
radicle. Soon after the PR elongation begins the seminal roots start to 
emerge from the embryonic region above the PR. The PR is relatively 
short-lived as its function is progressively taken over by the adventitious 
roots (ARs) that develop from the culm nodes (Singh et al., 2010). 
Consistent with their embryonic origin, the present data shows that PRs 
are relatively unaffected by salt stress, apart from a developmental delay 
in the sensitive genotype, which was not rescued by 24-eBL seed priming 
(P+NaCl treatment). By contrast, salt stress significantly affected the 
number and development of ARs and their associated lateral roots (LRs) 
in both genotypes, with a stronger impact in Tonkawa. Interestingly, the 
brassinosteroid seed priming promoted AR formation at 6 days after 
sowing in seedlings of both genotypes, but particularly in Tonkawa, 
where the effect was more pronounced than in Bianca. These results are 
consistent with previous findings in the aerial organs of older plants of 
the same sorghum genotype, in which 24-eBL seed priming alleviated 
the salt-induced alterations in leaf anatomy and restored photosynthetic 
efficiency in Tonkawa plants grown in pots under saline conditions for 
approximately two months (Peduzzi et al., 2025). In the present study, 
we show that the beneficial effects of the BR seed priming become 

Fig. 8. Mean content of Na+ (a,b) and K+(c,d), in shoots and roots of 10-day-old Bianca and Tonkawa seedlings not exposed (Control) or exposed to 150 mM NaCl 
(NaCl), or treated with 1μM 24-eBL seed priming (P), or with 1μM 24-eBL seed priming followed by 150 mM NaCl (P+NaCl). Different lowercase letters indicate 
significant differences among treatments in roots, while different uppercase letters indicate significant differences among treatments in shoots for at least p<0.05. 
The same letter shows no significant difference within the same genotype and organ. N=3.
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evident in the root system within the first few days after germination. 
Since water and nutrients are absorbed by the roots and translocated to 
the shoots, root system architecture and root growth directly influence 
leaf functionality and are major determinants of crop yield (Brown and 
Scott, 1984). This is particularly relevant in cereals, like sorghum, whose 
mature root system is composed by many ARs and LRs arising from 
them. In accordance, our previous results showed that the salt-tolerant 
genotype, Bianca, was characterized by an intrinsic ability to establish 
a well-developed root system (Peduzzi et al., 2024). The present findings 

highlight that, in the salt-sensitive genotype Tonkawa, 24-eBL seed 
priming improves the formation of both ARs and lateral root primordia 
(LRPs), as well as ARs growth under salt stress. It has been demonstrated 
in Arabidopsis that salt stress initially inhibits root growth and elonga
tion (Geng et al., 2013). This initial phase may last for several days, and 
the subsequent recovery of the root growth appears to be mediated by 
BRs signalling, demonstrating that this pathway contributes to the 
restoration of root growth altered by salt stress in Arabidopsis (Geng 
et al., 2013). Indeed, Geng and co-workers (2013) reported that the 

Fig. 9. Representative merged confocal images showing the intracellular distribution of Na⁺-associated fluorescence in the meristematic (a–f) and differentiated 
cortical (i–n) regions of adventitious roots co-stained with the Na⁺-sensitive probe CoroNa Green AM and the membrane-selective probe FM4-64. Images were 
acquired on ARs of 10-day-old Bianca (a,c,e,i,k,m) and Tonkawa (b,d,f,j,l,n) seedlings non-primed and not exposed to NaCl (Control; a-b,i-j), non-primed and exposed 
to 150 mM NaCl (NaCl; c-d, k-l) and primed and exposed to NaCl (P+NaCl; (e-f, m-n), Graphs show the mean CoroNa Green fluorescence signal (±SE) in arbitrary 
units (AUs) in AR cells of Bianca (g, o) and Tonkawa (h, p) meristematic zone (g-h) or mature zone (o-p). Insets show magnified views of the regions selected for 
fluorescence quantification analysis. Different letters represent statistically significant differences among cellular compartments and treatments within the same root 
region at least for p<0.05. The same letter shows no significant difference within the same root region. N=45. Bars= 20 μm (a,b,e), 50 μm (c,d,f,i,j,k,l,m,n).
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Arabidopsis bzr1-D gain-of-function mutant, carrying a mutation in 
BZR1, a positive regulator of brassinosteroid-induced growth, and the 
bri1-5 mutant, carrying a weak allele of BRI1 and showing reduced BR 
signalling, exhibited contrasting responses to salt exposure. Specifically, 
after salt exposure, bzr1-D, exhibited a substantial reduction in the 
initial growth inhibition phase compared with the wild type (Wang 
et al., 2002). On the contrary, the bri1-5 mutant showed a prolonged 
root growth inhibition phase (Noguchi et al., 1999). These observations 
indicate that the re-establishment of BR signalling contributes to the 
timing and extent of root growth recovery after salt exposure (Geng 
et al., 2013). Therefore, it is possible that, an enhanced BR signalling, 
resulting from the increased SbBRI1 expression, induced by the priming 
treatment in the roots of the salt-sensitive sorghum genotype here used, 
might contribute to an overall improvement in root system growth. 
Consistent with this hypothesis, our results show that P+NaCl treatment 
enhances ARs growth and significantly increases LRPs density in the 
salt-sensitive genotype. In Arabidopsis, the periodic specification of 
lateral root pre-branch sites along the primary root is controlled by an 
oscillatory developmental mechanism known as the “root clock” 
(Moreno-Risueno et al., 2010). Modelling studies have reported that the 
frequency of LR formation results from the interaction between root 
meristem size and growth, and auxin movement along the root toward 
its apex (van den Berg et al., 2021). Since BR signalling regulates both 
the shape and growth of the root meristem (Fridman et al., 2021), these 
phytohormones may also play a broader role in regulating overall root 
architecture, as recently suggested by Khandal and co-workers (2025). 
Based on our results and on those reported in the literature, we hy
pothesize that BRs play a positive role in modulating root system ar
chitecture thereby increasing salt tolerance in the salt-sensitive sorghum 
even, and perhaps mainly, when applied as a seed priming treatment.

Our micro-spectroscopic analysis revealed a marked reduction in the 
Raman band at 1450 cm⁻¹ in cells of both adventitious root meristem 
(ARM) and lateral root meristem (LRM) of Tonkawa under salt treat
ment, revealing alterations in aliphatic cellular components, including 
membrane lipids and proteins. In contrast, NaCl treatment induced a 
strong increase in the same Raman band in Bianca ARM and LRM cells. 
Given that this band is associated with CH₂/CH₃ deformation vibrations, 
its decrease, in the salt-sensitive genotype, may reflect strong salt- 
induced membrane disorganization and protein modifications in this 
genotype. These changes may be related to osmotic and oxidative stress, 
which are known to promote lipid peroxidation and impair cellular 
integrity under salinity (Guo et al., 2019, and references therein). 
Conversely, the increased signal observed in the salt-tolerant genotype 
may indicate a different pattern of remodelling or maintenance of lipid- 
and protein-associated components, potentially contributing to its 
greater ability to preserve cellular integrity under salt stress. Consistent 
with the nature of meristematic cells, which possess poorly developed 
primary cell walls, only minor variations were observed in the Raman 
bands at 882 and 1050 cm⁻¹, commonly associated with skeletal vibra
tions of cellulose-type polysaccharides, even after salt stress exposure in 
both genotypes. Furthermore, increased intensities of the Raman bands 
at 1050 and 1730 cm⁻¹ in differentiated epidermal and cortical cells 
under salt stress were observed, particularly in Tonkawa roots. These 
variations suggest substantial modifications in cell-wall polysaccharides 
and esterified wall components. In contrast, in the same cells, the Raman 
signal at 1450 cm⁻¹, coherent with membrane lipids and proteins, 
showed only a slight increase under salt stress compared with the 
Control. Interestingly, the application of BRs, as a seed priming agent, 
restored all Raman bands to levels comparable to those of the unstressed 
Control, suggesting that priming counteracted, at least in part, the 
salt-induced biochemical remodelling in differentiated root cells.

Under our experimental conditions, the enhanced salt tolerance 
induced by BR in Tonkawa may be linked with an improved preservation 
of membrane-associated cellular components in both meristematic and 

differentiated cells. This interpretation is supported by the lower 
malondialdehyde (MDA) levels observed under P+NaCl treatment 
compared with NaCl treatment alone, as well as by the likely indirect 
effect of seed priming on cell wall structure, as highlighted by Raman 
analyses and consistent with previous reports (Guo et al., 2019, and 
references therein; Basit et al., 2021). In fact, reduced membrane dam
age may in turn decrease the need for a cellulose-reinforced wall to 
counteract salt toxicity. Furthermore, the ASCA analysis demonstrated 
that the genotype x treatment interaction effect was particularly pro
nounced in the differentiated tissues in comparison with the meriste
matic tissues, indicating that the impact of priming on the response to 
salinity is tissue-dependent and differs between the two genotypes.

Salt stress severely compromises root development by inducing 
oxidative stress, characterized by excessive accumulation of ROS 
capable of altering numerous cellular components such as membrane 
lipids, proteins, and DNA in different plant species including sorghum 
(Zhang et al., 2014; Ahmad et al., 2019; Peduzzi et al., 2024). Among the 
ROS, H2O2 and O2

- are the main responsible in lipid peroxidation, which 
damage cell membranes and increase MDA levels (Denhavi et al., 2024). 
Our results showed that the salt treatment significantly increased the 
MDA levels in Tonkawa, whereas the 24-eBL seed priming significantly 
decreased them, particularly in roots, thereby suggesting an attenuation 
of salt-induced oxidative damages in the sensitive genotype. In Bianca 
no significant difference in MDA levels was observed between the 
Control and NaCl treated seedlings, in accordance, with the low lipid 
peroxidation reported in other tolerant sorghum genotypes, after salt 
exposure (Denhavi et al., 2024). Nevertheless, under salt stress, the 
24-eBL priming reduced lipid peroxidation in both genotypes. A similar 
effect was also reported in rice seedlings exposed to chromium, in which 
seed priming with 0.01 μM 24-eBL protected cells from membrane 
damages by reducing ROS activity and, consequently, MDA content 
(Basit et al., 2021). Indeed, BRs are well known to modulate the activity 
of both enzymatic and non-enzymatic components of the antioxidant 
defence system in abiotic stressed plants (Vardhini and Anjum, 2015). 
Present data are therefore consistent with the beneficial role of BRs in 
regulating the antioxidant response of sorghum, even when supplied as 
seed priming agents, and, also, in promoting an overall rebalancing of 
root system growth under saline conditions. Moreover, the reduction of 
MDA levels under salt stress may also be attributed to improved ionic 
homeostasis. In particular, enhanced Na⁺ vacuolar compartmentaliza
tion in differentiated root cells, as observed in the present study and 
previously reported as a mechanism underlying BR-mediated salt 
tolerance (Anwar et al., 2018; Tanveer et al., 2018), may have 
contributed to limiting oxidative membrane damage.

Overall, our results support a greater response of the salt-sensitive 
genotype to BR seed priming which may be associated with the stron
ger alteration of root development under salt stress. Indeed, root system 
architecture is highly plastic and can be extensively remodeled in 
response to salinity, representing an important component of plant 
adaptation to changing environmental conditions (Tariq et al., 2026). In 
our conditions, Bianca was better able to maintain root growth under 
salt stress, whereas Tonkawa showed more pronounced alterations in 
root development. The stronger response to BR treatment in Tonkawa 
may therefore reflect the ability of BRs to counteract stress-induced 
changes in root development, promoting ARs and LRs formation and 
elongation and thereby contributing to the restoration of root system 
function. This interpretation is consistent with recent evidence showing 
that BR- and auxin-related signaling through TaGSK3 regulates lateral 
root developmental plasticity in wheat under salt stress, thereby facili
tating root recovery following stress relief (Zhang et al., 2026). Thus, the 
greater benefit of BR-based seed priming in Tonkawa may not reflect a 
greater intrinsic sensitivity to BRs, but rather a greater potential for 
BR-mediated recovery of root development under salt stress.
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4.2. 24-eBL seed priming enhances salt tolerance in the sensitive genotype 
by modulating cell type-specific Na⁺ management through an increased 
expression of SbNHX2

In this study, we observed that both genotypes predominantly 
accumulate Na⁺ ions in the roots of the NaCl-treated seedlings, and that 
24-eBL seed priming further enhances this ability. However, the tolerant 
genotype, Bianca, exhibited a more efficient mechanism of sodium ions 
management. Confocal analysis highlighted the remarkable ability of 
this genotype to sequester Na⁺ within the vacuoles of differentiated root 
cells, in contrast to the sensitive Tonkawa, which accumulated Na⁺ 
predominantly in the cytoplasm of the same cell types. Thus, a greater 
capacity for vacuolar Na+ sequestration may represent a trait associated 
with salt stress tolerance, especially since a similar pattern was previ
ously observed in Della, another salt-tolerant sorghum genotype 
(Abuslima et al., 2022). As here reported, in the mature root region of 
Bianca seedlings, Na+ was sequestered in the vacuoles, and the seed 
priming did not affect this mechanism. On the contrary, meristematic 
cells of the ARs exhibited predominantly cytoplasmic Na+ accumula
tion, under salt stress, whereas BR-priming increased the vacuolar Na+

sequestration. This response may be attributed to the increased 
expression of the SbBR1 gene in roots of the same age following seed 
priming treatment, which could promote early activation of vacuolar 
transporters in undifferentiated cells. Consistently, BR signalling is 
known to play a positive role in regulating vacuolar morphology and 
size in meristematic cells of Arabidopsis (Yamagami et al., 2018), while 
salt stress can induce vacuolar fragmentation in the same cells (Liu et al., 
2025). It is therefore possible that the combined action of the inherent 
tolerance of Bianca and the precocious formation of regular vacuoles in 
the meristematic cells due to the 24-eBL priming contributes to the 
enhanced vacuolar sequestration of the Na+ ion in these cells. In 
contrast, in the root meristematic cells of Tonkawa, 24-eBL seed priming 
did not increase vacuolar Na⁺ accumulation, suggesting that, in the 
salt-sensitive genotype, BR priming fails to restore vacuolar integrity 
and/or the expression of vacuolar transporters to levels required for 
effective Na⁺ sequestration into the vacuoles of meristematic cells. 
Accordingly, the ASCA analysis demonstrated that 24-eBL seed 
priming-related biochemical changes in Raman spectra were less pro
nounced in the root meristematic cells of Tonkawa than in differentiated 
epidermal and cortical cells.

In this regard, we suggest that the improved root response to salinity 
induced by 24-eBL seed priming in Tonkawa may be mainly attributed 
to an increased vacuolar Na+ compartmentalization in the differentiated 
root cells. This response may promote Na⁺ detoxification, thereby sup
porting cellular and organ functionality under salt stress. Indeed, this 
spatial regulation of Na⁺ handling is consistent with the observed 
reduction in membrane damage and the improved post-embryonic root 
system development observed in primed Tonkawa seedlings. More 
broadly, our results suggest that BR-mediated priming may enhance salt 
tolerance through the coordinated modulation of root development, 
oxidative stress, and ion homeostasis. The stimulation of root branching, 
reduced MDA accumulation, and modulation of ion transport gene 
expression may collectively contribute to maintaining root function
ality, limiting oxidative damage, and improving Na⁺ uptake, transport, 
and/or sequestration. These responses are consistent with previous ev
idence showing that exogenous BRs can simultaneously promote root 
growth, enhance antioxidant responses, and improve ion homeostasis 
under salt stress (Wang et al., 2023b).

Although the present dataset does not allow direct correlations or 
causal relationships among these parameters to be established, their 
concomitant modulation supports the hypothesis that BR seed priming 
promotes salt tolerance through the coordinated regulation of root 
development, oxidative stress, and ion homeostasis.

5. Conclusions

Brassinosteroids (BRs) are increasingly recognized as powerful nat
ural regulators of plant growth and stress adaptation, with considerable 
potential for improving crop performance under adverse environmental 
conditions. In this regard, seed priming represents an attractive and 
practical approach, as it can be easily applied on a large scale and may 
provide long-lasting benefits throughout plant development.

Our findings provide new insights into the role of BR signalling 
during the early stages of sorghum growth and, in particular, into their 
contribution to root responses to salinity. Both sorghum genotypes 
predominantly accumulate sodium in the roots, where the effects of 24- 
eBL seed priming were evident. Importantly, this study demonstrates 
that BR seed priming can enhance salt tolerance in sensitive Tonkawa 
genotype by reinforcing BR signalling and activating key physiological 
and molecular mechanisms involved in ion homeostasis and stress 
adaptation, such as reduction of the oxidative stress and increase of 
sodium ion vacuolar sequestration, through the activation of genes 
encoding vacuolar transporters. The responses to 24-eBL seed priming 
were strongly genotype- and cell type-dependent. While the salt-tolerant 
Bianca displayed an intrinsic capacity for efficient Na⁺ management, the 
sensitive Tonkawa showed a greater potential for improvement 
following seed priming. This finding suggests that the effectiveness of BR 
priming may depend not only on the intrinsic sensitivity of a genotype to 
hormone, but also on its capacity to modulate root development and 
stress-adaptative responses under salinity.

Taken together, our results support BR seed priming as a promising 
strategy to enhance sorghum performance under saline conditions. More 
broadly, they highlight the importance of early root responses and cell 
type-specific regulation of ion homeostasis in plant adaptation to 
salinity and provide a basis for further investigation of the molecular 
mechanisms underlying BR-mediated stress tolerance.
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