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ARTICLE INFO ABSTRACT

Keywords: Knowledge on salt tolerance requires further investigation, particularly in plants of agro-food interest. Sorghum
Adventitious root anatomy is a potentially useful plant because it is a emerging food species that combines high levels of salt tolerance with
Phloem

interesting nutritional characteristics. In sorghum different genotypes respond differently to saline stress and the
early events characterizing the salt stress tolerance are not yet fully understood. Moreover, the number of salt
resistant genotypes needs to be extended. The genotypes Bianca and Tonkawa are two possible candidates for
extending sorghum cultivation to soils characterized by high levels of salinity. The root is the first organ that
responds to soil conditions, especially during the initial stages of plant developmental. The research aim was to
analyse the root system responses to salt stress (NaCl) of Bianca and Tonkawa genotypes to identify the morpho-
functional and metabolic changes that occur during the initial stages of the root system development and to use
them as discriminating parameters for assessing the different plant’s susceptibility to the salt. The results showed
that salt stress negatively affected many morphological and cyto-histological root parameters, from seed
germination to root system establishment. The salt altered the root meristem organization and quiescent centre
(QC) definition, but similarly in both genotypes. By contrast, it reduced primary root (PR) length and induced a
more extended oxidative stress in the adventitious roots (ARs) and lateral root primordia (LRPs) of Tonkawa in
comparison with Bianca. The stele area and the number of protoxylem and phloem elements in the ARs were
more reduced in 150 mM NaCl-treated Tonkawa seedlings in comparison with those of Bianca. Moreover, the salt
enhanced lignin deposition in protoxylem, early metaxylem and endodermis and changed the root metabolic
profiles significantly increasing the levels of leucine, isoleucine, alanine, proline, trigonelline, allantoin and
glutamine in Bianca compared to Tonkawa. Altogether, specific morpho-anatomical and metabolic differences
between the genotypes were identified as discriminating markers of genotype salt susceptibility.
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1. Introduction The soil salinization mainly consists of an excessive accumulation of

water-soluble salts able to release ions, such as sodium (Na™), potassium

Over 800 million hectares of fertile land worldwide are affected by
excessive salt concentrations, and half of all crop-land will become so by
2050 (Zhang et al., 2019). Most saline soils are in arid and semi-arid
regions, but increasing levels of salt in soils are even affecting some
temperate regions. It is known that salt might inhibit the expression of
key regulatory genes of the cell cycle (e.g., cyclins and cyclin-dependent
kinases), leading to a decreased cell number in the root meristem and an
inhibition of root growth, thus negatively affecting the plant’s ability to
efficiently uptake nutrients and water (Balasubramaniam et al., 202.3).
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(K™, chloride (Cl7), and sulfate (SO%’), in the rhizosphere, with the
most problems for plants caused by Na* and CI” (Foronda, 2022). High
soil salt levels induce osmotic stress and alter the Na*/K" ratio, causing
ionic toxicity, altering the absorption of water/nutrients, and unbal-
ancing the redox cellular state by increases in reactive oxygen species
(ROS), with negative consequences on plant metabolism and produc-
tivity (de Oliveira et al., 2020; Balasubramaniam et al., 2023). Roots and
other plant organs have evolved many mechanisms to alleviate the
damage caused by high salinity, ranging from physical defenses,
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associated with morpho-functional modifications, to metabolic adjust-
ments (Mansour et al., 2021). For example, metabolites such as flavo-
noids have been shown to increase plant salt tolerance (Yan et al., 2014;
Chandran et al., 2019). In accordance, in Arabidopsis thaliana and Lig-
ustrum vulgare, increased flavonoid levels are induced by salt and
treatments with exogenous flavonoids improve the salt tolerance (Agati
et al., 2011; Chan and Lam, 2014).

The root is the first sensor of salt stress, and it is the organ that must
undergo the greatest modifications in response to stress to allow plant
survival. Numerous studies describe the root anatomical modifications
induced by salt, with differences among genotypes even within the same
species (Acosta-Motos et al., 2017). Moreover, physiological markers,
such as hormone contents and changes in proline levels, and molecular
markers, such as the expression of genes conferring salt tolerance,
transcription factors and metabolic profile-related genes have been
identified in response to salt stress (Gupta and Huang, 2014). Further-
more, it is known that salt activates numerous transport systems to
sequester Nat in the vacuoles and/or to limit its diffusion towards
actively growing tissues, preventing interference with the movement of
essential elements (Pantha and Dassanayake, 2020). Thus, the ability of
plants to tolerate salt depends also on the possibility of excluding and/or
compartmentalizing toxic ions (Krishnamurthy et al., 2007; Huang,
2018).

Sorghum bicolor (L.) Moench is the fifth cereal produced globally,
especially in arid and semi-arid regions. This crop is important for
cultivation in soils with the greatest salinity risk, given its natural ability
to grow under harsh environmental conditions with minimal inputs of
water and nutrients (Impa et al., 2019; Ren et al., 2022). Sorghum is one
of the oldest cultivated cereals, its caryopses are gluten-free with a high
protein and nutrient content and represent a staple food for many poor
populations. Moreover, the great efficiency due to its C4 metabolism
gives sorghum rapid growth and high yield (Moreno-Villena et al.,
2022), especially in soils compromised by salinity and water availabil-
ity. For these characteristics, sorghum is considered a pioneer crop for
marginal lands (Shi et al, 2023). Although salt tolerance is
genotype-specific, some sorghum genotypes are tolerant to this stress by
activating different resistance mechanisms (Henderson et al., 2020).
Even if some individual parameters have been shown to be useful in-
dicators for identifying sorghum genotypes tolerant to salt stress
(Huang, 2018), a full identification is still underway. For example, the
increase of proline and hydrocyanic acid in roots and leaves of sorghum
exposed to salt recovers osmotic balance and antioxidant capacity
(Huang, 2018; Calone et al., 2020). Additionally, some membrane
transport systems, which help to retain essential ions and exclude or
compartmentalize sodium ions, increase in salt tolerant sorghum geno-
types, together with a remodeling of membrane lipids, and modifica-
tions in cell wall constituents leading to cell wall lignification (Mansour,
2014; Mansour et al., 2020; Karumanchi et al., 2023). In particular, in
the roots of a salt-tolerant sorghum genotype thick and lignified cell
walls have been shown to occur in the hypodermis and endodermis. The
secondary wall thickness and the number of lignified cells in the hypo-
dermis increase with salt stress, and the Casparian strip thickenings of
the endodermis show homogenous lignin distribution (Karumanchi
et al., 2023). Furthermore, it has also been reported that a salt-sensitive
sorghum genotype exposed to salt stress develops a more suberized
Casparian strip compared to a sensitive genotype (Abuslima et al.,
2022). These results indicate that an apoplastic barrier can form in
sorghum roots in response to salt stress and in different ways depending
on the genotype.

After a two weeks culture on a synthetic medium, it is known that
sorghum seedlings show a root system composed of primary root (PR),
nodal roots, which must be considered adventitious roots (ARs) due to
their origin, and lateral roots (LRs) (Mohanavel et al., 2020). Despite the
vast literature on sorghum responses to salt, there is still a significant
lack of information on the morphological, cyto-histological and
metabolomic adaptations related to salt susceptibility that occurs in the
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entire root system and in the ARs, i.e., the main component of the adult
plant root system, in particular. Information is mainly lacking on root
meristem development and for vascular differentiation.

The potential modifications that salinity can induce in the roots may
help to characterize elements useful for defining salt susceptibility, as a
prerequisite for the early selection of new salt-tolerant genotypes. For
this reason, Tonkawa and Bianca, two grain sorghum genotypes,
selected by an italian company leader in the production and marketing
of crop seeds, up to now not yet characterized for salt susceptibility/
resistance, were chosen for the research. The aim was to analyse the salt
stress responses of their root systems to identify morpho-functional and
metabolic changes occurring during the initial stages of root system
development, which can be used as discriminating parameters for salt
susceptibility/tolerance.

The results highlight that the salt negatively affects specific aspects
of root anatomy. In fact, when applied at 150 mM], it reduces the PR
length and induces a more extended oxidative stress in the roots of
Tonkawa in comparison with Bianca. The same salt concentration causes
a less sclerification of the pith parenchyma, a reduction of the stele area
and of the number of protoxylem and phloem cells in the same genotype
in comparison with the other. Moreover, the salt enhances the lignin
deposition in the protoxylem, early metaxylem and endodermis of
Tonkawa and changes its metabolic profiles lowering the levels of spe-
cific metabolites. The relationships between root cyto-histological
modifications, metabolomic changes and genotype response are dis-
cussed and interpreted as selective markers of salt susceptibility vs
tolerance.

2. Materials and methods
2.1. Plant materials and growth conditions

Forty-five seeds of Tonkawa and Bianca Sorghum bicolor (L.) Moench
genotypes (provided by Padana Sementi Elette S.r.l.) were surface
sterilized with 70 % (v/v) ethanol for 1.5 min, rinsed 3 times in dH»0,
then soaked in a solution of 40 % (v/v) sodium hypochlorite (15 % Cl
active chlorine) on an orbital shaker at 300 rpm for 25 min and then
rinsed 4 times in sterile dH,O (Ronzan et al., 2018). Afterwards, the
seeds were sown in sterile poly-ethylene terephthalate (PETG) vessels
with a rectangular base (11.4x 8.6x 10.2 cm) (Phytatray™ II,
Sigma-Aldrich, Saint Louis, MO, USA), each containing 100 mL of
half-strength (2.1 gL_l) Murashige and Skoog (MS) salt medium (Mur-
ashige and Skoog, 1962), 1 % sucrose and 0.8 % agar, adjusted to pH
5.6-5.8 (Control medium). Salt treatments were performed by adding
50, 100, 150 or 300 mM NaCl to the Control medium. Salt concentra-
tions were selected in accordance with literature data (Fl Omari and
Nhiri, 2015; Dehnavi et al., 2020), even if, the concentration of 300 mM
NaCl, sub-lethal for other sorghum genotypes (Mbinda and Kimtai,
2019) was also used. Each culture medium was sterilized at 120°C for
20 min in an autoclave. Sowing was carried out under sterile conditions
using a laminar flow hood. Fifteen seeds per treatment, distributed in 5
Phytatrays (3 seeds per phytatray), were kept in a growth chamber with
a long-day regime (16 h light/8 h dark) for 10 days at 150 pE m 25!
intensity of white light and under controlled temperature (25°C
light/24°C dark). The relative humidity inside the vessel was about
98-99 %.

Ten seeds for each genotype were also sown in pots filled with bed
soil, with no salt addition, and grown, for three months, at the same
temperature and photoperiod as in in vitro culture.

2.2. Germination percentage and morphological analyses

The germination percentage was evaluated at 24 h, 4, and 10 days on
seeds exposed or not to 50, 100, 150 or 300 mM NaCl. On day 10, fifteen
plants per genotype and treatment were taken and used for the
morphological analyses. Fresh total biomass and fresh root biomass
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Fig. 1. Mean percentage (+SE) of sorghum Tonkawa and Bianca germinated seeds after 24 h, 4 days and 10 days of exposure to 150 or 300 mM NaCl. Data from
three biological replicates. Letters show significant differences for at least p< 0.05 within the same data point and genotype. The same letter shows no significant

difference within the same data point and genotype. N = 45.

were measured with a sensitivity analytical balance (ATP 220-5DNM,
Kern & Sohn, Balingen, Germany). Each plant was photographed with a
Canon EOS2000, the corresponding images were processed with ImageJ
v1.53c software (Wayne Rasband, National Institutes of Health,
Bethesda, USA), and PR and ARs were measured with RootNav v1.8.1
software (Pound et al., 2013).

Based on the morphological results (see Results section), the 50, 100
and 300 mM NaCl treatments were excluded from the subsequent
analyses.

2.3. Localization and quantification of superoxide

The intracellular localization and quantification of superoxide anion
(03) in Tonkawa and Bianca roots were performed after exposure or not
to 150 mM NaCl using the Nitro Blue Tetrazolium (NBT; Roche Di-
agnostics Corp., GmbH, Germany) assay. The NBT assay relies on a
highly specific reaction between NBT and O3, producing a purple/blue
precipitate called formazan. This precipitate is easily visible in plant
cells using a light microscope and it can be quantified using UV-Vis
spectrophotometric analysis (Demecsova et al., 2020). For intracel-
lular O3 root localization, the first 3 cm from the root tip of PRs and ARs
from 3 different 10-day-old plants per genotype, exposed or not to
150 mM NaCl, were incubated in the dark for 30 min with a solution of
0.5 mg mL~! NBT in 10 mM Tris-HCl (pH 7.4) (Piacentini et al., 2020).
After having stopped the reaction by transferring the samples into
distilled water, they were kept in a chloral hydrate solution [Cl3CCH
(OH)2] and instantly observed with a LEICA DMRB light microscope
(Leica Microsystems, Germany) equipped with Nomarski optics.

The quantification of O3 was performed following the procedure
suggested by Demecsova et al. (2020) with slight modifications. Briefly,
approximately 100 mg (fresh weight) of roots per genotype, exposed or
not to 150 mM NaCl, were weighed using an analytical balance (Kern
ABT 220-5DNM; Kern & Sohn, Balingen, Germany). The samples were
incubated in the dark at room temperature for 1 hour and 30 minutes,
including 15 minutes under vacuum, in a solution containing 1.2 mM
NBT and 10 mM sodium azide (NaNs; Sigma-Aldrich, Milan, Italy) in
20 mM sodium phosphate buffer (pH 6.0). A root sample incubated only
with 10 mM sodium azide (NaNs; Sigma-Aldrich, Milan, Italy) in 20 mM
sodium phosphate buffer was used as blank. After incubation, the roots
were rinsed with distilled water and homogenized with a mortar and
pestle using liquid nitrogen. The homogenates were then suspended by
adding in sequence 360 pL of 2 M potassium hydroxide (KOH;
Sigma-Aldrich, Milan, Italy), 440 pL of dimethyl sulfoxide (DMSO;
Duchefa Biochem, Haarlem, the Netherlands), and 400 pL of 2-propanol
(Carlo Erba, Rome, Italy). The mixture was centrifuged (Micro Star 17

centrifuge, VWR, Milan, Italy) for 5 minutes at 10,000 rpm. After
centrifugation, the supernatants were collected, and the O3 content was
detected by measuring the formazan absorbance at a wavelength of
630 nm using UV-Vis spectrophotometry (Shimadzu UV-1280; Shi-
madzu, Kyoto, Japan). The absorbance signal recorded at 630 nm for
each treatment and genotype was normalized by the weight of each
sample (absorbance g™1).

2.4. Cyto-histological analyses

After 10 days from sowing, the apical regions (about 2.0 cm from the
root tip) of 3ARs per genotype, exposed or not to 150 mM NaCl, were
fixed in 70 % (v/v) ethanol, dehydrated with an ethanol series and
embedded in Technovit 7100 (Heraeus Kulzer, Germany). Longitudinal
and cross Section (9 um in thickness) were cut with a HM 355 S
microtome (Epredia™, USA), stained with 0.05 % toluidine blue, and
observed under a Leica DMRB light microscope (Leica Microsystems,
Germany). Images from 9 different cross sections per genotype and
treatment, performed in the AR differentiated region, were acquired
with a light microscope equipped with an OPTIKA C-P20CC microscope
camera (Optika, Italy) and processed with Proview software (version
4.11). The acquired images were measured with ImageJ software
(version 1.53c, Wayne Rasband, National Institutes of Health, Bethesda,
USA) to evaluate the mean area of the entire root, the stele, the proto-
xylem, the early metaxylem, the late metaxylem and the phloem ele-
ments. The same cross sections were used to detect the mean number of
protoxylem, early metaxylem, late metaxylem and phloem elements. To
analyse the phloem, the differentiated regions of six ARs per genotype,
exposed or not to 150 mM NacCl, were also embedded in agar (4 %w/v).
Cross sections of 300 pm in thickness were obtained with a TPI Vibra-
tome Series 1000 sectioning system (TPI, USA) and then stained with
0.005 % aniline blue in 0.07 M phosphate buffer (pH 9.0) (Currier and
Strugger, 1956). Afterward, the sections were observed under epifluor-
escence light with a Leica DMRB microscope equipped with filter “A”
(ex. 340-380 nm BP/ Em.425 nm LP), and the images were acquired
with an OPTIKA C-P20CC microscope camera. To detect the lignin
deposition in the cell walls of the protoxylem, early metaxylem and
endodermis, 9 cross sections, from the differentiated region of 3 ARs per
genotype exposed or not to 150 mM NaCl, were observed with Leica
DMRB light microscope equipped with the same filter as above. The
lignin autofluorescence signal was quantified by a multi-point detection
and by assigning to each pixel a value ranging from 0 (pure black) to 255
(pure white) of Arbitrary Units (A.Us) by ImageJ software (version
1.53c, Wayne Rasband, National Institutes of Health, Bethesda, USA). To
complete the analyses in the late metaxylem elements and the
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Fig. 2. Tonkawa and Bianca seedlings non-exposed to NaCl (Control; A, D), or exposed to 150 mM (B, E) or 300 mM (C, F) NaCl after 10 days from sowing. Mean
length (+SE) of primary roots (G), adventitious roots (H) and mean weight (+SE) of root biomass (I) of Tonkawa and Bianca seedlings non-exposed (Control) and
exposed to 150 and 300 mM NaCl. AR: nodal adventitious root; PR: primary root. Bars = 1 cm. Images and data from three biological replicates. Letters show
significant differences for at least p< 0.05 within the same genotype. The same letter shows no significant difference within the same genotype. N = 45.

differentiated regions of the ARs of both genotypes grown for 1-3
months in pots were also dissected. The sections, obtained by embedding
the ARs in agar (4 % w/v) and then sectioning them with a TPI Vibra-
tome Series 1000 sectioning system, were processed to detect the lignin
deposition on the cell walls of these elements as reported above.

2.5. Metabolomic analyses
2.5.1. Sample preparation

A total of 0.5 g of fresh roots (coming from 6 pools of 3-4 plants per
treatment) was weighed and extracted following a modified Bligh-Dyer

protocol (Giampaoli et al., 2021). Briefly, each sample was ground in a
mortar with liquid nitrogen and added to a cold mixture composed of
chloroform (2 mL), methanol (2 mL), and water (1.3 mL). The samples
were stirred, stored at 4 °C overnight and then centrifuged for 30 min at
4 °C with a rotation speed of 11,000 rpm. The upper hydrophilic and the
lower organic phases were carefully separated and dried under nitrogen
flow. The dried residue of the hydrophilic phase was dissolved in 700 pl
D0 solution of 3-(trimethylsilyl)- propionic-2,2,3,3-d4 acid sodium salt
(TSP, 2 mM) as an internal chemical shift and concentration standard.
The hydrophilic phase was analyzed by 'H NMR.
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Fig. 3. NBT histochemical analysis (A-H) showing O3 staining in the adventitious roots (ARs) and lateral root primordia (LRPs) of Tonkawa and Bianca seedlings
grown for 10 days in the absence (A, C, E, G, Control) or in the presence of 150 mM NaCl (B, D, F, H). Images and data from the three biological replicates. The arrow
in A shows the differentiating vasculature. Bars = 50 um. I, mean values (+SE) of formazan absorbance at 630 nm in roots treated or not with 150 mM NaCl. Letters
show significant differences for at least p< 0.05 within the same genotype. N = 3 independent clusters of root systems per genotype and treatment.

2.5.2. NMR Experiments

The NMR experiments were carried out at 298 K on a JNM-ECZ 600 R
(JEOL Ltd., Tokyo, Japan) spectrometer operating at the proton fre-
quency of 600 MHz and equipped with a multinuclear z-gradient inverse
probe head. The monodimensional'H NMR experiments were carried
out for quantitative analysis, employing a pre-saturation pulse sequence
for water suppression with a time length of 2 s, a spectral width of 9.03
KHz and 64 k data points, corresponding to an acquisition time of 5.81 s.
The pulse length of 90° flip angle was set to 8.3 ps, the recycle delay was
set to 5.72 s. Monodimensional'H spectra were analyzed by D NMR
(DELTA JEOL Ltd., Tokyo, Japan). Bidimensional 'H-'H TOCSY and
1H-13C HSQC experiments were acquired according to Spinelli and co-
workers (Spinelli et al., 2022) for the resonance assignment. Quantities
were expressed in mg/100 g through comparison of the relative integrals
with the reference concentration and normalized to the number of

protons (TSP: 9 protons) and to the starting fresh weight of the sample.

2.6. Statistical analyses

All the morphological data and the data of formazan absorbance
signal were statistically analysed using a one-way ANOVA test followed
by Tukey’s post-test (at least at p < 0.05) or non-parametrical t-test
Kruskal Wallis (Stevens, 2007) after having performed Shapiro-Wilk’s
normality test. The statistical analyses were carried out through
GraphPad Prism 9.3.0 software (GraphPad Software, San Diego, CA,
USA). For the analyses of cytohistological data, a two-way ANOVA fol-
lowed by Tukey’s multiple comparisons test (at least at p < 0.05) was
performed. The above-mentioned experiments were performed in three
biological replicates with similar results.

Metabolomic data were statistically analysed using MATLAB®
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Fig. 4. Longitudinal (A,C,E,G) and transverse (B,D,F,H) sections of Tonkawa
and Bianca AR apices non-treated (A,B, E,F, Control) or treated with 150 mM
NacCl (C,D, G,H) for 10 days, stained with toluidine blue. Arrows show imma-
ture late metaxylem cells. Arrowheads show precocious aerenchyma formation.
Asterisks show a correct root quiescent centre. Rectangles show an altered root
quiescent centre. Images from the three biological replicates. Bars = 50 um.
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R2023a (MathWorks, Natick, Massachusetts, USA) with the Statistics
and Machine Learning Toolbox package used for univariate and multi-
variate analysis, with a home-built script. Multivariate principal
component analysis (PCA) was performed on the data matrix. Data were
mean-centered, since the variables with the largest response could
dominate the PCA, and then auto-scaled to equalize the importance of
the variation of each variable (Eriksson et al., 2013). Error bars of each
PCA Loadings were estimated by 1000 bootstrap procedures (Baba-
moradi et al., 2013). Univariate one-way ANOVA was performed. The
Shapiro-Wilk test was performed on each variable to assess data
normality prior to one-way ANOVA, while to verify the homoscedas-
ticity condition, the Brown Forsythe test (Brown and Forsythe, 1974)
was carried out, with a significance value of 0.05. If these conditions
were not met, a non-parametric ANOVA test was carried out with the
Kruskal-Wallis test (Stevens, 2007). For the ANOVA-positive variables,
with the Bonferroni test (Peluso et al., 2021), the pairwise multiple
comparison test was applied to determine which categories were
discriminated by the metabolites (p < 0.05). Spearman’s correlation
Heatmap was also done for each harvesting time employing a
home-built script.

3. Results

3.1. Salt stress similarly reduces seed germination in the two genotypes,
but differently affects root system growth

3.1.1. Germination is reduced by the highest salt concentrations

The germination in the Control plants was 100 % for both Tonkawa
and Bianca genotypes already 24 h after sowing (Fig. 1). Similarly, in the
presence of 50 mM NaCl the germination after 24 h from sowing was
about 100 % in both genotypes (data not shown). The germination trend
in the two genotypes exposed to 100 mM NaCl was similar to that
observed in the presence of 150 mM. In the presence of the latter con-
centration there was a delay in the germination with 54 % of germinated
seeds in Tonkawa and 67 % in Bianca. At day 4, 87 % of the seeds from
both genotypes exposed to 150 mM NaCl had germinated (Fig. 1), and
this percentage remained constant until the culture end (day 10). The
treatment with 300 mM NaCl strongly inhibited the germination in
Tonkawa. In fact, 7 % of the seeds had germinated after 24 h from
sowing and only 20 % after 4 days, without any further increase until the
culture ended. Differently, Bianca seeds showed greater germination
capacity in the presence of 300 mM NacCl, since 17 % and 50 % of the
seeds had germinated after 24 h and 4 days, respectively (Fig. 1).

3.1.2. Root system growth is altered by NaCl with differences between the
genotypes

To verify the root system response of Tonkawa and Bianca to salt
treatments, the PR and AR length, and the root biomass were analysed
after the exposure to 50, 100, 150 and 300 mM NacCl. In both genotypes
the exposure to 50 mM NaCl did not induce a significant difference in
the PR and AR length in comparison with the Control (data not shown).
Similarly, the root biomass did not change significantly in Bianca and
Tonkawa exposed to 50 mM NaCl (Supplementary Fig. S1). In Tonkawa
the PR mean length was similarly and significantly (p < 0.01) reduced by
both 100 and 150 mM NaCl in comparison with Control and it was even
more reduced by 300 mM NaCl (Fig. 2A-C, G). The mean length of ARs
was significantly (p < 0.01) reduced by 100 and 150 mM NaCl treat-
ments, and completely inhibited by 300 mM (Fig. 2A-C, H). Overall, the
root biomass of Tonkawa underwent a significant reduction in the
presence of 150 mM NaCl, worsening when exposed to the higher salt
concentration (Fig. 2I and Supplementary Fig.1).

Bianca showed a significant (p < 0.01) reduction of the PR mean
length, in comparison with Control, but only in the presence of 300 mM
NaCl (Fig. 2D-F, G). On the contrary, AR mean length was already
reduced by 100-150 mM NaCl, and this reduction increased with
300 mM (Fig. 2D-F, H). Also, in Bianca as in Tonkawa, the entire root
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Fig. 5. Transverse sections of the differentiated region of Tonkawa and Bianca ARs, non-treated (A,B,E,F, Control) or treated (C,D,G,H) with 150 mM NacCl for 10
days. A, C, E, G, light microscope images of sections stained with toluidine blue. B, D, F, H, and Insets epifluorescence images of sections stained with aniline blue.
Images from the three biological replicates. Ovals in the Insets show the phloem arches. Arrows show plasmolysis in the cortical cells; mx, metaxylem; phl, phloem.

Bars = 10 pm (Inset in D); 25 um (Insets in B, F,H); 50 um (A-H).

biomass underwent a significant (p < 0.01) reduction in the presence of
150 mM of the salt, which was further accentuated at 300 mM (Fig. 21
and Supplementary Fig. 1).

The morphological data of Bianca and Tonkawa root systems
exposed to 100 mM NaCl, were similar to those obtained with 150 mM
NaCl, and were not reported in the graphs.

Based on the results of germination and root system morphology, the
following analyses were

carried out on the two genotypes exposed or not to 150 mM NacCl.

3.2. Salt induces oxidative stress in the roots of both genotypes, but
mainly in Tonkawa

The presence of O3~ in ARs and LRPs, and its variation after exposure
to 150 mM NacCl, were analysed qualitatively and quantitatively by the
NBT assay (Fig. 3). In the Control roots of both Tonkawa and Bianca, a
NBT signal was present in the apices of the ARs, and, at a weaker in-
tensity, in the elongation zone and the differentiating vascular system
(Fig. 3A arrow, E). In the presence of 150 mM NacCl, both Tonkawa and
Bianca ARs showed a signal in the meristematic areas higher than in the
Controls (Fig. 3B,F). In Tonkawa ARs, the NBT signal was extended
along the forming vascular system (Fig. 3B). In the AR differentiated
zone, the signal was very weak in both genotypes whether exposed to
salt or not exposed (Fig. 3C-D, G-H). The lateral root primordia (LRP) of
both genotypes, not exposed to NaCl, showed the NBT signal in the
meristematic apices (Fig. 3C,G). In the presence of salt, there was a
reinforced blue colour along the vascular tissues, mainly in the Tonkawa
genotype (Fig. 3D). The spectrophotometric analysis of the NBT signal
based on the absorbance quantification of the coloured NBT-derivative
(formazan), showed that 150 mM NaCl significantly (p< 0.01) in-
crease the O3 levels in the root system of both genotypes, but particu-
larly in Tonkawa (Fig. 3 I).

3.3. Root meristem is altered by the salt independently on the genotype

The histological analysis was carried out in the apical regions of ARs
exposed or not to 150 mM of NaCl to verify if the salt affected root
meristem organization and QC definition. In the Control of both geno-
types, the AR meristem consisted of small initial cells with dense cyto-
plasm and large nuclei. These initial cells give rise to extensive root cap,
epidermis, cortical parenchyma and to the procambium devoted to
producing the vascular cylinder. The AR apex contained a QC,

characterized by a small number of quiescent cells (Fig. 4A,E, asterisks),
as also known for the PR (Vaughn and Merkle, 1989). In the central
region of the AR apex of both genotypes, cells with a precocious
distension and differentiation events were present not far from the QC.
These cells were the precursors of late metaxylem cells (Fig. 4A,B,E,F,
arrows). Cross-sections performed at 300 um from the tip of the Control
ARs showed a regular definition of the radial pattern of the apical
meristematic tissues of both genotypes and highlighted the early dif-
ferentiation phases of the late metaxylem cells differentiation (Fig. 4B,
F). The salt treatment led to an altered AR meristem with an irregular QC
definition in both Tonkawa and Bianca (Fig. 4C,G, rectangles).
Furthermore, a delay and a reduction in the number of the initial cells of
the late metaxylem was also evident in the salt-exposed roots (Fig. 4D,
H, arrows). Moreover, in the ARs of both genotypes an irregular radial
pattern of the meristematic tissues, an early formation of aerenchyma in
the cells destined to form the cortical parenchyma (Fig. 4D,H, arrow-
heads), and an earlier distension of the cells fated to become late
metaxylem cells, were also shown (Fig. 4D,H).

3.4. The AR primary structure is salt susceptible, but with differences
between the genotypes

The histological analysis carried out on the AR primary structure
region of both Bianca and Tonkawa non-exposed to salt showed a similar
anatomical organization. This included the epidermis, 6-7 layers of
cortical parenchyma, an endodermis characterized by Casparian strip,
protoxylem and early metaxylem cells, phloem, late metaxylem and
central pith parenchyma cells (Fig. 5A,E). Protoxylem and metaxylem
cells were arranged in discrete arches forming a polyarch stele (Fig. 5).
Large metaphloem elements associated with companion cells were
located between the xylem arches both in the absence and presence of
salt (Fig. 5B,F, D, H, and Insets).The late metaxylem cells were delimited
by a thin wall without lignification (Fig. 5B,F). To verify if the absence of
lignin in the walls of the late metaxylem cells were due to the young age
of the roots, the same lignin autofluorescence analysis was carried out
on the differentiated region of ARs from plants grown on soil for 1-3
months. The analysis on the ARs of 1-month-old plants revealed lignin
deposition on the walls of Bianca late metaxylem cells but not on those
of Tonkawa (Supplementary Fig. 2A,B). The same analysis on ARs of 3-
months-old plants showed that the walls of the Tonkawa late metaxylem
cells were not yet lignified (Supplementary Fig. 2C, D). This result
highlighted both a general slow differentiation of these cells, but also a



A. Peduzzi et al.

o, Arga
i L .

g o .
[ e , S
i
| :
B Cali numbar

]

’ .
o .
= ’ )
L
| B

e oy A Trazar.
c Call area
: P

o .
1 .
% - I .

Fovon e F oty =wlawyae

Fig. 6. Mean area (+SE) of root and stele (A), mean number (+SE) of proto-
xylem, early metaxylem and phloem cells (B) and mean area (+SE) of proto-
xylem, early metaxylem and phloem cells (C) of Tonkawa and Bianca ARs, at
the differentiated region, non-treated (Control) or treated with 150 mM NaCl
for 10 days. Data from the three biological replicates. Letters show significant
differences for at least p < 0.05 between the treatments within the same ge-
notype and organ/tissue. The same letter shows no significant difference within
the same genotype and organ/tissue. N = 9 in A and B. N= 60 in C. D, Sche-
matic representation of a sorghum primary root showing measured cells, in red
colour protoxylem cells, in dark green early metaxylem cells, in light green late
metaxylem cells and in pink phloem cells.
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greater ability of Bianca genotype to differentiate such cells in a shorter
time than Tonkawa. In both genotypes, the exposure to 150 mM NaCl
induced plasmolysis in cortical parenchyma cells (Fig. 5C,G, arrows),
and enhanced its transformation into aerenchyma. Moreover, the salt
treatment induced an early and accentuated sclerification of the pith
parenchyma, starting from its cells bordering the forming late meta-
xylem cells. However, this effect was more evident in Bianca than in
Tonkawa (Fig. 5D,H).

The transverse sections of the Control ARs showed that the mean
area of the entire root was similar in both genotypes (Figs. 5A,E and 6A).
On the contrary, the mean stele area was significantly (p < 0.05) greater
in Tonkawa than in Bianca (Fig. 6A). After the salt treatment, the area of
the entire root was significantly reduced in comparison with the Control
in both genotypes, but the reduction was more consistent in Tonkawa
than in Bianca (Figs. 5C,G and 6A). Similarly, the effect of the salt on
stele differentiation was also evident. In fact, both Bianca and Tonkawa
showed a significant (p < 0.0001) reduction of the stele area and again
the reduction was more accentuated in Tonkawa than in Bianca
(Fig. 6A).

To assess the impact of salt on the vascular system, the protoxylem,
metaxylem and phloem elements were counted, and their respective
areas measured (Fig. 6B,C,D). In the Control ARs of both genotypes, a
similar number of protoxylem cells and a significant (p < 0.05) higher
number of early metaxylem cells in Tonkawa than in Bianca were
observed (Fig. 6B). The salt treatment reduced the AR protoxylem cell
number in both genotypes, with a higher reduction (p < 0.0001) in
Tonkawa (Fig. 6B). Regarding to the early metaxylem elements, their
number was reduced by 150 mM NacCl in both genotypes (Fig. 6B). The
phloem elements were in similar number in both genotypes and the NaCl
treatment significantly reduced it in both, but mainly in Tonkawa
(Fig. 6C). The mean area of protoxylem cells was similar in Bianca and
Tonkawa Control ARs and the salt significantly (p < 0.0001) reduced it
in Tonkawa (Fig. 6C). The mean area of the early metaxylem was
significantly reduced by salt in both genotypes (Fig. 6C). The phloem
showed a similar area in the Control ARs of the two genotypes, with
NacCl leading to a significant and similar reduction (Fig. 6C). The salt
also affected the formation of the late metaxylem cells. In fact, while
Tonkawa and Bianca Control ARs showed a similar mean number of
these cells (6.8 + 0.1 and 6.1 + 0.5, respectively), the treatment with
NaCl reduced their number (4.3 + 0.3 and 4.9 + 0.3, respectively) but
significantly (p < 0.001) in Tonkawa only. The mean area of the late
metaxylem in the Control ARs was 2689.34 + 137 um? in Tonkawa and
2264.15 + 175 um? in Bianca. The NaCl treatment significantly reduced
the late metaxylem mean area in both genotypes (1018 + 67 ym? and
1482 + 133 um? in Tonkawa and Bianca, respectively).

3.5. Salt stress induces cell wall thickenings in the xylem and endodermis
of the ARs with differences between the genotypes

To deepen the analysis on the morpho-functional modifications of
sorghum ARs induced by salt, we evaluated and quantified the lignin
deposition through lignin autofluorescence detection on the walls of
protoxylem, early metaxylem and endodermis cells in the differentiated
region of the ARs. In the Control roots, the protoxylem showed a low
lignin autofluorescence signal regardless on the genotype (Fig. 7A,C,E).
The salt treatment strongly (p < 0.0001) enhanced the lignin signal in
the protoxylem of Tonkawa ARs and weakly, but significantly (p < 0.05)
increased it also in Bianca (Fig. 7B,D,E).

The early metaxylem in Tonkawa Control ARs showed a significantly
lower lignin signal compared to Bianca (Fig. 7A,C,E). NaCl strongly
increased the lignin signal in the Tonkawa early metaxylem but did not
change it in Bianca (Fig. 7A,C,E). In the Control ARs, the endodermis
cells showed a low lignin signal in Tonkawa and a higher signal in
Bianca (Fig. 7A,C,E). The salt treatment induced a strong increase in the
lignin deposition in Tonkawa endodermis while it reduced it in Bianca
with respect to the Control (Fig. 7B,D,E).
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Fig. 7. Transverse sections of Tonkawa and Bianca ARs, at the differentiated region, non-treated (A, C, Control) or treated (B, D) with 150 mM NacCl for 10 days. A-D,
images showing lignin autofluorescence (bright blue colour) in protoxylem, early metaxylem and endodermis cell walls. Insets show the same root sections as in A-D
under light microscope. Bars = 50 um. Insets = 100 um. E, mean values (+SE) of lignin autofluorescence in early metaxylem, protoxylem and endodermis, expressed
in Arbitrary Units (AUs). Images and data from the three biological replicates. Different letters show statistical differences, at least at p < 0.05 level, between the
treatments within the same genotype and the same tissue. The same letter shows no significant difference within the same genotype and tissue. N = 100.

3.6. H NMR based metabolomic analysis highlights metabolic differences
in salt response between the genotypes

The analysis of the 600 MHz 'H NMR spectra obtained from hydro-
alcoholic extracts of roots from Bianca and Tonkawa revealed 33 me-
tabolites including amino acids, organic acids, sugars, organic
compounds, secondary metabolites, and other compounds univocally
identified. The 'H chemical shifts, multiplicity and the '3C chemical
shifts of the identified molecules were reported in Table S1. Examples of
'H NMR spectra are reported in Supplementary Fig. 3 A-E. Quantitative
analysis of the chemical composition of Bianca and Tonkawa roots were
reported in Table 1. An overview of the whole NMR data set was ob-
tained by applying a preliminary unsupervised PCA performed in Bianca
and Tonkawa roots exposed or not to NaCl (Fig. 8A). The first two
components explained 74.6 % of the overall variance. A spontaneous
grouping to the treatment was identified along the PC1 axis in the PCA
score plot (Fig. 8A) and respective loading coefficients were reported in
Fig. 8B.

A PCA was carried out also on roots of both genotypes non-exposed
to the salt (Supplementary Fig. 4A,B) to highlight the metabolic changes
depending on the genotype from those depending on salt treatment. As
shown in Supplementary Figure 4B, Bianca genotype showed higher
levels of leucine, acetic acid, aspartate, malic acid, allantoin, fumaric

acid, tyrosine, phenylalanine, tryptophan and GXP with respect to
Tonkawa. Conversely, Tonkawa roots showed higher levels of threonine,
alanine, asparagine, glucose, galactose, sucrose, dhurrin, gallic acid,
hydroxybenzoate, fumarate and trigonelline compared to Bianca.

To evaluate the metabolic changes occurring in response to salt
stress, a PCA analysis was carried out on roots of both genotypes. In
Tonkawa roots, 77.6 % of the total variation was explained by the two
main components, with PC1 and PC2 contributing 67.7 % and 9.9 %,
respectively (Fig. 9). PCA score plot revealed a significant clustering of
the samples according to NaCl treatment along the PC1 component
(Fig. 9A). The significant variables for the separation of Tonkawa Con-
trol and treated roots were reported in Fig. 9B. Tonkawa salt-treated
roots showed higher levels of leucine, isoleucine, valine, threonine,
alanine, arginine, GABA, asparagine, aspartate, tyrosine, phenylalanine,
tryptophan, but also proline, ethanolamine, choline, malic acid, carbo-
hydrates such as glucose, galactose, sucrose, adenosine phosphates
nucleotide (AXP), secondary metabolites such as dhurrin and hydrox-
ybenzoate compared to control roots. Guanosine phosphate (GXP) was
significantly higher in the Control compared to salt-treated roots,
whereas allantoin, uridine phosphate (UXP) and trigonelline did not
significantly change.

The PCA carried out on Bianca roots provided a model whose first
two components accounted for 82.6 % of the overall variance with PC1
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Table 1

H NMR Chemical composition of hydroalcoholic extracts from Bianca and
Tonkawa roots (0.5 mg of root). Means (+SD) denoted by § indicates significant
differences compared to Bianca Control; £ indicates significant differences
compared to Tonkawa Control; * indicates ap < 0.05;** indicatesap < 0.01; ¢
indicates the significance at Kruskal Wallis test compared to Bianca control;
&indicates the significance at Kruskal Wallis test compared to Tonkawa Control.

AXP: adenosine phosphates nucleotides; GXP: guanosine phosphates
nucleotides.
Mean (+ SD) mg/ Bianca Bianca Tonkawa Tonkawa
100 g Control NaCl- Control NaCl-
Treated Treated
SBRC 1-6 SBRT 1-6 STRC 1-6 STRT 1-6
Leucine 0.858 + 0.666 + 7.024 +
0.265 0.205 2.852 £**
Isoleucine 1.124 + 0.806 + 5.503 +
0.358 0.998 §** 0.245 1.768 £**
Valine 3.77 + 11.9 + 3.023 + 10.443 +
1.067 1.953 §** 0.773 2.572 £**
Threonine 3.49 + 11.155 + 3.418 + 8.299 +
0.651 2.848 §** 0.863 2.055 £**
Alanine 5.308 + 9.872 + 5.976 + 9.108 +
1.191 1.644 §** 1.978 2.182 £*
Arginine 5.471 + 22.842 + 4.843 + 39.515 +
1.776 4.269 §** 1.483 35.755 &**
Acetic acid 0.091 + 0.137 + 0.066 + 0.118 +
0.021 0.065 0.019 0.021 &*
Proline 8.465 + 59.788 + 6.562 + 53.754 +
2.34 7.094 ¢** 1.656 18.138 £**
Glutamate 104.902 +  229.247 + 79.839 + 201.028 +
28.468 67.911 §** 23.259 43.32 £**
Glutamine 10.771 + 31.132 + 9.629 + 28.332 +
1.572 3.487 §** 2.258 8.18 &**
Aspartate 2.798 + 4.854 + 2.464 + 5117 +
1.171 2.93 0.472 1.602 £**
Asparagine 45.397 + 61.131 + 54.647 + 56.171 +
11.302 16.787 10.044 16.886
GABA 0.891 + 1.386 + 0.851 + 0.2 1.205 +
0.296 1.325 0.298 £*
Ethanolamine 0.368 + 2.826 + 0.371 + 2417 £
0.05 0.425 ¢** 0.076 0.583 £**
Choline 1.328 + 3.518 + 1.31 + 2.621 +
0.158 0.742 §** 0.435 0.472 £**
Malic acid 1.702 + 8.216 + 1.253 + 6.326 +
0.476 1.998 §** 0.366 1.563 £%*
Glucose 235.071 + 594.216 + 267.829 + 826.009 +
34.318 137.416 ¢**  68.292 229.592 £+
Galactose 219 + 46.482 + 3.884 + 58.686 +
0.908 21.308 ¢** 4.249 18.516 &**
Allantoin 20.27 + 30.789 + 19.099 + 21.727 +
4.58 9.178 §* 2.967 12.797
Sucrose 256.387 + 921.394 + 294.172 + 1168.009 +
62.48 148.724 §**  113.598 217.722 £%*
Uridine 0.554 + 0.822 + 0.511 + 0.619 +
0.132 0.199 ¢* 0.088 0.223
UXP 2.101 + 2.54 £ 0.23 191 + 1.91 £+ 0.426
0.206 g 0.275
Dhurrin 126.648 + 162.069 + 158.358 + 206.882 +
9.601 43.874 21.09 50.661
AXP 0.968 + 3.749 + 0.89 + 3.214 +
0.272 0.646 §** 0.248 0.757 £**
Fumaric acid 0.032 + 0.073 + 0.026 + 0.186 +
0.01 0.017 §** 0.005 0.055 £**
Tyrosine 1.471 + 10.374 + 0.732 + 10.939 +
0.546 2.674 ¢** 0.324 3.905 £**
Gallic acid 0.575 + 1.345 + 0.937 + 1.314 + 0.51
0.061 0.334 §** 0.141
Phenylalanine 1.798 + 13.045 + 1.137 + 11.298 +
0.331 1.712 §** 0.324 3.995 £**
Tryptophan 1.365 + 5.451 + 0.916 + 5.507 +
0.392 0.988 §** 0.214 1.486 £**
Hydroxybenzoate 0.379 + 1.578 £ 0.5 0.379 + 1.102 +
0.055 g 0.099 0.196 &**
GXP 2.719 + 0.427 + 1.857 + 0.39 + 0.064
1.079 0.062 §** 0.824 £
Formic acid 0.118 + 0.207 + 0.157 + 0.246 +
0.009 0.085 §* 0.096 0.039
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Table 1 (continued)

Mean (+ SD) mg/ Bianca Bianca Tonkawa Tonkawa
100 g Control NaCl- Control NaCl-
Treated Treated
Trigonelline 0.118 + 0.114 + 0.208 + 0.199 +
0.055 0.022 0.059 0.051

and PC2 contributing 74.1 % and 8.5 %, respectively (Fig. 9 C-D). PCA
score plot revealed a significant clustering of the samples according to
the treatment with NaCl along the PC1 component (Fig. 9C). The sig-
nificant variables for the separation of samples were reported in Fig. 9D.
Differently from Tonkawa, Bianca salt-treated roots showed higher
levels of all the identified metabolites compared to Control, except for
GXP that was higher in the Control compared to treated roots.

To further highlight the metabolic differences between the genotypes
due to salt treatment, a PCA was also carried out on Bianca and
Tonkawa-treated roots (Fig. 10) and a core of five metabolites was
found. Bianca-treated roots showed higher levels of leucine, isoleucine,
alanine, proline and glutamine compared to Tonkawa.

4. Discussion

The performance of the adult plant largely depends on the germi-
nation capacity and growth of the seedling, in particular on the early
stages of root system development. Only if the root can adapt promptly
to the soil conditions, the plant will have the opportunity to grow. For
this reason, our research focused on studying the effects of salt stress on
the first ten days of seedling growth, and in particular on germination
and on the first stages of root system development.

The present results show that both Tonkawa and Bianca genotypes
promptly respond to salt stress, activating morpho-anatomical changes
in their root system as adaptive mechanisms. Seed germination under-
went a significant reduction in the presence of salt in both genotypes, in
accordance with what occurs in other sorghum genotypes (Asfaw and
Woldemariam, 2008; Zhang et al., 2020). However, Bianca shows a
better performance than Tonkawa even in the presence of 300 mM NaCl.
This provides a better chance for Bianca to overcome the adverse con-
ditions with a higher salt tolerance. In fact, it is known that salt,
depending on the level and genotype, negatively affects germination by
creating an osmotic imbalance between culture medium and seed
structures/cells, that reduces water uptake by seeds (Jamil et al., 2006;
Dehnavi et al., 2020).

We have assessed the morphological changes in PRs and ARs,
showing that their length, and consequently their root biomass, were
more significantly reduced by the salt in Tonkawa than in Bianca,
although Bianca non-exposed to salt had shorter PRs and ARs. It is
possible that the reduction in K™ and Ca?* ions and sugar availability,
induced by NaCl, had a more detrimental effect on the root growth in
Tonkawa than Bianca, similarly to what has been reported for other non-
tolerant and tolerant sorghum genotypes (Zhang et al., 2020).

Furthermore, we show that other morpho-anatomical changes occur
in sorghum ARs, supporting that the adaptation to salinity requires, in
addition to rapid osmotic adjustment, structural changes that take
longer to implement. These changes alter tissue developmental pro-
grams influencing the root system architecture. There are differences
between the two genotypes, possibly as an expression of their difference
in salt tolerance. In accordance, a modulation of the genome expression
has been reported for salt-tolerant sorghum genotypes during extended
exposure to non-lethal NaCl concentrations (Fan et al., 2023). Addi-
tionally, some genes involved in the early and late stages of root
development are upregulated by salt in tolerant sorghum roots (Fan
et al.,2023).

Root elongation depends on the regular activity of the apical meri-
stem in all plants. It is known that salt stress induces a decrease in cell
expansion, perturbs cell division and root elongation in Arabidopsis and
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Fig. 8. PCA score plot of Bianca and Tonkawa 10-days-old roots from seedlings treated and untreated with 150 mM NaCl (A). PC1 loading of the treated and
untreated roots (B). In purple significant variables higher in Bianca-treated roots, in yellow significant variables higher in Bianca control roots, in orange significant
variables higher in Tonkawa-treated roots. Error bars are reported for each loading (0.5 g of roots, see Materials and Methods).

maize (West et al., 2004; Jiang et al., 2017), as well as reduces root
meristem size in Arabidopsis (Geng et al., 2013). In accordance, our
results show that also in the ARs of Bianca and Tonkawa genotypes the
salt similarly alters the organization of the root meristem, mainly by
inhibiting the definition of the QC and the surrounding initial cells, thus
negatively affecting root elongation. This explains why the ARs of
salt-treated seedlings are shorter than the untreated Control in both
genotypes, implying that other causes are involved in the greater
reduction in length observed in the Tonkawa genotype with respect to
Bianca.

One possible explanation could derive from the ROS leves, and in
particular, superoxide anion, within the root cells after salt treatment.
Indeed, we showed that 150 mM NacCl increased O2- content in both
genotypes but especially in Tonkawa. Thus, it is possible that the highest
02- in Tonkawa roots, beyond toxicity levels, caused a more pro-
nounced reduction in ARs length with respect to the control than in
Bianca.

The most important anatomical parameter discriminating the geno-
type in response to the salt stress regards the vascular system differen-
tiation, in all its components, i.e. protoxylem, early metaxylem, late
metaxylem and phloem. In fact, the salt reduces the mean area of the
entire root and its stele more in Tonkawa than in Bianca. The reduction
of the entire root area and of the stele are due to both a decrease in the
number of protoxylem, early metaxylem, late metaxylem and phloem
elements and to their smaller dimensions. In wheat, a high temperature
stress causes a decrease in the number of late metaxylem elements in the
root apex. This change was considered as an adaptation to limit damage
in the root by the changes in water viscosity and hydraulic conductance
produced by the stress (Calleja-Cabrera et al., 2020). Also, in sorghum
exposed to drought stress a reduction of hydraulic conductance is
observed in the roots, and this was correlated with the persistence of
immature late xylem elements and smaller diameter and lower number
of protoxylem and early maturing metaxylem (Cruz et al., 1992). It has
been suggested that the stress-responsive decreases in metaxylem area in
different sorghum genotypes are advantageous under drought, particu-
larly when balancing water uptake with transpiration water loss (Lovi-
solo and Schubert, 1998; Guha et al., 2018; Priatama et al., 2022; Lehrer
and Hawkins, 2023). Moreover, the sorghum drought-sensitive geno-
types would undergo a stronger modification in xylem traits (e.g. vessel
size, number and distribution) along with a stronger reduction in plant
size and leaf area reduction than less drought-sensitive genotypes
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(Lehrer and Hawkins, 2023). In accordance, the present data show that
the metaxylem and protoxylem cells were reduced in number and
dimension with major effects in the more salt-sensitive (i.e. Tonkawa)
genotype compared to the tolerant genotype (i.e. Bianca). The phloem is
also altered by salt stress. In sorghum it has been demonstrated that in
the leaves, xylem and phloem anatomy under water stress are finely
correlated (Guha et al., 2018). Our data show that, in sorghum roots, salt
induces similar modifications in xylem and phloem, sustaining that also
in the root all the components of vascular system are finely connected.
As here reported, phloem differentiation, mainly as element number, is
less reduced in Bianca than Tonkawa, suggesting that more phloem el-
ements are needed in the root of the tolerant genotype. In accordance, it
was reported that the salt tolerant sorghum transfers more sucrose to the
root as compared to the susceptible one, with this involving more
phloem elements (Abuslima et al., 2022). It is also possible that greater
amounts of solutes help the root to restore the osmotic imbalance be-
tween the growth medium and the inside of the cells. Altogether, the less
reduction of all the components of the root vasculature under salt stress
indicates a more effective stress tolerance response in Bianca compared
to Tonkawa. The present data also show that salt induces a strong
lignification in protoxylem, metaxylem and endodermis cell walls of
Tonkawa ARs. On the contrary, in Bianca, the same cells exhibited walls
with a lignin deposition lower or like those of cells not exposed to salt.
These findings highlight that the genotype showing lower tolerance to
salt activates the lignification with a dual function, to limit the entry of
an excess of Na' ions into the cells, and to prevent water radial apo-
plastic flow to maintain cellular turgor. Similar results were reported for
grapevine and another sorghum genotype exposed to water stress (Cruz
et al., 1992; Choat et al., 2010). We observed a reduced lignification in
the metaxylem and endodermis cell walls after salt exposure in Bianca
ARs. It is interesting to note that, when Bianca was not exposed to salt,
the lignification of the cell walls of the metaxylem and endodermis was
always higher than in untreated Tonkawa ARs. It is possible that the
increased lignin synthesis observed in Tonkawa under salt-stress,
beyond what is necessary to counteract the toxicity of the non-lethal
salt level, has taken away energy and metabolites necessary for other
metabolic processes thus contributing to reduce the fitness of this ge-
notype resulting into salt sensitivity.

We show that also the reduction of the lumen of the metaxylem and
protoxylem is associated with an increase of lignin deposition in the cell
wall, mainly in the sensitive genotype, probably to withstand the



A. Peduzzi et al.

A

Scoewn plot 5T
ad & Lo
= Pt
=
s
1 -'
8-F -
-l
]
b
g o -
m o
i 3
L = . ™~
Baa
T
3
as
£ T &.F i [ & [T cr
19 P T v B
C Scoua ploi T
-1 ksl
B Frmaed
[ E] £ ]
g :
&
=
#
)
& b L]
2 e -
L]
o
L - - - - - - -
T aa 02 a [ F na [T} [T} 1

Tk P P 1% e Exp

LomSrgm PCY

Lasiitlewys PG

Environmental and Experimental Botany 226 (2024) 105876

a8

= =
=

=

=

] @A‘% 6_.7 i :I',:-\::‘_.?-I:. _.._'i T o
ol

gk P o g Dp B
- }ﬁ}f - d
&

'-L'a:

L e L]

fini PC Losdiags cosficemis (T4 1'% Yo Exp)

1l

a

=
[

P ERSPLPSSIILST L G PEPIREGYE O
bt L= r'
K

&

JF

‘Saratds e

Fig. 9. PCA score plot of Tonkawa untreated (Control) and NaCl treated roots (A). PC1 loading coefficients of the treated roots (B). In orange significant variables
higher in treated compared to Control roots, in blue significant variables higher in Control compared to treated roots, in grey unchanged variables. PCA score plot of
Bianca untreated (Control) and NaCl treated roots (C). PC1 loading coefficients of the treated roots (D). In purple significant variables higher in treated compared to
Control roots, in yellow significant variables higher in control compared to treated roots. Error bars are reported for each loading (0.5 g of roots, see Materials

and Methods).

pressure in the xylem due to the salt, as reported for other sorghum
genotypes (Karumanchi et al., 2023). Altogether, the present data pro-
vide evidence that salt induces genotype- dependent changes, either
increasing or decreasing the lignin deposition on the cell walls of tissues
that act as a barrier or that are involved in transport.

The metabolomic analysis of sorghum roots exposed to salt revealed
common metabolic threads in Bianca and Tonkawa involving significant
changes in nucleotides, GS/GOGAT cycle, amino acid and carbohydrate
metabolism, proline synthesis, TCA cycle, organic acids and secondary
metabolites. Most of the assigned metabolites significantly increased in
salt-treated roots compared to Controls, except for GXP (ATP/ADP/
AMP) that decreased in both genotypes. According to the metabolomic
profile, Bianca and Tonkawa roots exposed to salt altered the metabolic
activity to maintain turgor pressure that is affected by excessive
amounts of ions. In this context, both genotypes presented a high
osmoregulatory capacity exhibiting a significant increase in their
osmolytes, but with some differences depending on the genotype.

We show that allantoin and trigonelline levels were increased by salt
in the roots of Bianca but not of Tonkawa. Allantoin has been reported to
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be involved in plant salt tolerance (Kaur et al., 2021). In fact, its levels
increase under salt stress in different plant species and organs, such as
rye roots (Sagi et al., 1997), Crithmum maritimum leaves (Ventura et al.,
2014) and roots of salt-susceptible and, mainly, salt-tolerant rice geno-
types (Wang et al., 2016). Similarly, trigonelline has been also proposed
to prevent water loss in response to a salt excess (Minorsky, 2002). Thus,
it is possible that the greater accumulation of these metabolites in
Bianca, after salt exposure, contributes to the greater salt tolerance of
this genotype compared to Tonkawa. Furthermore, both genotypes
accumulate more proline after NaCl treatment. Proline accumulation
occurs naturally under salinity stress, because also this amino acid acts
as osmo-protectant. A high level of proline, due to either new synthesis
or inhibition of oxidation in the mitochondria, reduces the cell water
potential below the external water potential, enhancing the water flow
into the cells to maintain cellular water status and plant cell turgidity
(Huang et al., 2013; Meena et al., 2019; El Moukhtari et al., 2020;
Nguyen et al., 2021). However, present data also show differences in
proline levels between the two genotypes, with Bianca exhibiting higher
levels than Tonkawa, suggesting that higher levels of this
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osmo-protectant facilitate its better salt tolerance.

Moreover, Bianca salt-treated roots showed significantly higher
leucine, isoleucine, alanine, and glutamate levels compared to those of
Tonkawa. Considering that the increase of Na' and Cl ions requires the
accumulation of solutes in the cell, the increase of these osmo-regulators
could enhance plant stress tolerance by playing a role in both osmo-
protection through ROS homeostasis and redox regulation, as well as
in ionic balance and osmotic adjustment (Xiao and Zhou, 2023).

The salt is known to enhance energy consumption and ROS pro-
duction (Bandehagh and Taylor, 2020), for this reason the modulation of
energy metabolism is essential for a response to salinity. Mitochondrial
respiration during salt exposure is needed to produce more ATP, which
provides energy for ion exclusion, synthesis of compatible solutes and
detoxification of ROS (Munns and Tester, 2008). The observed increases
in AXP levels in both genotypes and, mainly, of UXP only in
Bianca-treated roots are consistent with the higher requirement of ATP
and UDP under salt, and highlight a better response for Bianca.

Interestingly, our results showed that the salt treatment strongly
increased lignin deposition in Tonkawa, but reduced it in Bianca,
particularly in the cell walls of metaxylem and endodermis, which are
tissues destined to function longer than the protoxylem. Lignin biosyn-
thesis involves the biosynthesis of lignin monomers deriving from phe-
nylpropanoid metabolism whose precursors are tyrosine, phenylalanine
and tryptophan (Liu et al., 2018). Interestingly, Bianca Control roots
showed higher levels of these aromatic amino acids compared to Ton-
kawa suggesting less need for Bianca to supply precursors to synthetize
lignin under salt stress, as also confirmed by anatomical results.

5. Conclusions

The present results contributed to a deeper understanding of the
anatomical changes of the root system in response to salt stress in an
important crop such as sorghum. Changes in vascular tissues differen-
tiation, cell wall lignification in metaxylem and endodermis of ARs, as
well as changes in root metabolome are proposed as selective markers of
genotype salt susceptibility or tolerance. They also highlight the possi-
bility for the cultivation of Bianca genotype to recover marginal areas
characterized by salt stress, as well as its suitability for use as germplasm
material in sorghum breeding programs.
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