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A B S T R A C T   

Brassinosteroids (BRs), an emerging class of phytohormones, affect numerous plant physiological and metabolic 
processes and can improve plant defense systems to counteract metalloid phytotoxicity. Nitric oxide (NO), a 
reactive nitrogen species (RNS), behaves as a signalling molecule activating plant cellular responses to various 
environmental conditions. Brassinosteroids induce NO synthesis through nitrate reductase (NR) and NO synthase 
(NOS) activities. Arsenite and arsenate, inorganic forms of the metalloid arsenic (As), cause both soil pollution 
and many disorders in numerous plants, including important crops like rice, due to the oxidative stress generated 
by the imbalance between RNS and reactive oxygen species (ROS). Rice is very susceptible to As toxicity because 
both As availability and solubility are high in flooded paddy fields in many cultivated areas. The research aims to 
investigate the effects of BRs on the rice root systems exposed to 10-4 M Na2HAsO40.7 H2O [As(V)] or 2.5 × 10-5 

M NaAsO2 [As(III)], highlighting the induced cyto-histological events and dissecting the NO role in the root 
response. A specific concentration (10-7 M) of 24-epibrassinolide (24-eBL), an exogenously applied BR, increases 
lateral root (LR) formation of more than 50% in the presence of As(III) or As(V). In addition, eBL attenuates the 
thickening of the cell walls induced by As in the outermost root cortical layers of LRs and in the adventitious 
roots (ARs) by reducing of ⁓ 50% the lignin deposition, while it restores the As(v)-altered NO levels by increasing 
OsNOS1 expression and the cellular NO distribution.   

1. Introduction 

Brassinosteroids (BRs) are a family of steroidal phytohormones 
involved in many physiological and metabolic processes in plants. They 
control cell division and elongation, seed germination, plant reproduc
tion and senescence, and root system architecture including both the 
primary root (PR) development and the formation and development of 
lateral roots (LRs) and adventitious roots (ARs) (Yang et al., 2011). 
Furthermore, BR involvement in plant stress responses is recently 
gaining increasing interest across the plant research community (Nolan 
et al., 2020; Della Rovere et al., 2022). Brassinosteroids strengthen the 
plant defence system enhancing the tolerance to a plethora of both biotic 
(Sahni et al., 2016) and abiotic stresses (Wu et al., 2016; Della Rovere 
et al., 2022). The pathways involved in this response include the anti
oxidant system activation, the modulation of gene expression, and the 
crosstalk with other phytohormones, resulting in a finely tuned signal 
cascade able to regulate plant growth in non-optimal conditions (Anwar 

et al., 2018; Vardhini, 2017). 
As with other phytohormones, also BRs effect on root development 

depends on their levels. In fact, low concentrations of BRs generally 
promote root growth, while high concentrations inhibit it, as high
lighted in Arabidopsis thaliana (L.) Heynh. (Arabidopsis) and Oryza sativa 
(L.) (rice) (Chaiwanon and Wang, 2015; Jantapo et al., 2021; Della 
Rovere et al., 2022). In Arabidopsis root apical meristem, BRs interact 
with auxin establishing a concentration gradient mainly in the stem cell 
niche (Dolan et al., 1993; Pardal and Heidstra, 2021). This is necessary 
to regulate the spatio-temporal balance between the stem cells, which 
divide infrequently, and the surrounding cells destined, instead, to 
differentiate (Chaiwanon and Wang, 2015). Moreover, nanomolar con
centrations of BRs promote the early exit of cells, destined to differen
tiate, from the apical meristem, thus affecting both the overall size of the 
meristem (Fridman et al., 2021, and references therein) and the rate of 
cell expansion/distension extent in the root elongation zone, responsible 
for the organ growth (Beemster and Baskin, 1998). Indeed, in 
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Arabidopsis BRs are known to interact with auxin in a dual way, by 
simultaneously promoting auxin biosynthesis and repressing auxin sig
nalling output. This dual mechanism is required for maintaining the 
correct functionality of the entire root meristem (Ackerman-Lavert et al., 
2021). In the same plant, Della Rovere and co-workers (2022) have 
demonstrated that, even in the presence of a strong environmental 
pollutant, such as cadmium (Cd), relatively low levels of exogenous BRs 
(24-epibrassinolide, eBL) are able to counteract the disruption of the 
quiescent centre (QC) induced by Cd. The QC, located in the centre of 
the stem cell niche, is responsible for the regular stem cells activity and it 
is induced and maintained in its state by auxin (Dolan et al., 1993; Della 
Rovere et al., 2013). The deleterious effects of Cd on the QC results in an 
auxin delocalization both in the PR, LR and AR apical meristems (Fat
torini et al., 2017; Ronzan et al., 2018). 

Exogenous treatments with biologically active forms of BRs, such as 
24-epicastasterone, and with inhibitors of their biosynthesis (e.g., pro
piconazole), have shown that, similarly to auxin, also BRs affect root 
meristem size and cells elongation in a dose-dependent manner (Zhang 
et al., 2022). 

Interactions between BRs and small molecules, such as reactive ox
ygen (ROS) and nitrogen (RNS) species, in plant physiological and stress 
responses are recently being demonstrated (Hu et al., 2021). The func
tion of these reactive molecules in plant growth is particularly inter
esting due to their dual role, as stressors or signalling molecules, 
depending on their levels and reciprocal cellular balance (Piacentini 
et al., 2020a). Indeed, ROS and RNS activate many physiological and 
metabolic processes but might also be dangerous by triggering sub
stantial damage to the cellular structures. Exogenous BR application 
enhances the activity of antioxidant enzymes that, in turn, reduce the 
stress provoked by ROS by activating their scavengers, as seen in maize, 
mustard, radish, wheat and rice plants exposed to metal stress (Rajewska 
et al., 2016 and references therein). 

Nitric oxide (NO) is a multifunctional cell signalling RNS able to 
interact with ROS (Mansoor et al., 2022) and to exhibit a key role in 
numerous plant development processes and responses to environmental 
stresses (Corpas et al., 2009), including those caused by toxic metals 
(Piacentini et al., 2020a; b). 

In plants, NO synthesis occurs mainly via the nitrate/nitrite reduc
tase pathway catalysed by nitrate reductase (Gupta et al., 2011) and by 
the NO synthase (NOS)-like enzyme(s) through the L-arginine-depend
ent pathway (Simontacchi et al., 2015). In detail, the NOS-like enzyme 
(s) oxidize(s) arginine to citrulline and generate(s) the intermediate NO 
(Correa-Aragunde et al., 2013). NOS enzymes were originally identified 
and characterized in mammalian tissues, with various isoforms being 
localized in different cell types (Stuehr, 1999). In 2010, a NOS gene was 
identified for the first time in a photosynthetic organism, namely the 
green alga Ostreococcus tauri (Foresi et al., 2010). Although in plants the 
NOS genes have not been well characterized yet (Hurali et al., 2022), a 
putative Arabidopsis NOS gene (AtNOS1), encoding a protein sharing 
the amino acid sequence with a protein involved in NO synthesis in the 
snail Helix pomatia, was reported. In the same study, a loss of function 
mutant of AtNOS1 showed impaired NO production and about a 25% 
reduction of NOS activity (Guo et al., 2003). 

Recently, a NOS activity has also been reported in rice roots and has 
been shown to increase rapidly under drought stress (Cao et al., 2019). 
However, we are still very far from understanding the role of NOS 
enzyme(s) in the synthesis of NO in plants, as well as in identifying their 
tissue localization, especially when plants are exposed to adverse envi
ronmental conditions. 

It has been demonstrated that NO can reduce the cellular oxidative 
stress caused by heavy metal exposition (Emamverdian et al., 2021 and 
references therein). In Arabidopsis and rice exposed to Cd and arsenic 
(As), NO modulates/restores root system architecture (Praveen and 
Gupta, 2018; Piacentini et al., 2020a; b) and in maize increases As 
tolerance (Kaya et al., 2020). Likewise, NO can trigger the formation and 
development of ARs and can affect the root biomass in rice exposed to 

arsenate [As(V)] by maintaining the ascorbate redox state and the cell 
cycle dynamics within optimal limits (Kushwaha et al., 2019). More
over, it is known that BRs induce NO synthesis through nitrate reductase 
(NR) and NO synthase (NOS) pathways, probably to positively modulate 
plant growth under stressful conditions (Hu et al., 2021, and references 
therein). 

Arsenic pollution is a huge environmental problem that causes 
concern both for agricultural soil contamination, as the metalloid enters 
the food chain, and for its effects on the biotic component of ecosystems. 
Depending on its redox state, As is found in soils mainly as inorganic 
As(V) or arsenite [As(III)]. These forms affect plant development, animal 
health, and the general balance of ecosystems. In plants exposed to As, 
several toxicity symptoms have been reported, ranging from the 
reduction of root and shoot biomass, nutrient uptake, fruit, and grain 
yields, to reduction in seed germination, leaf necrosis, loss of chlorophyll 
content and photosynthesis ability (Ronzan et al., 2018; Piacentini et al., 
2020b; Farooq et al., 2022 and references therein). Arsenate is taken up 
by the roots through phosphate transporters and, once inside the root, it 
can alter phosphate metabolism. In the root, As(V) is mainly reduced to 
As (III) but it is also possible that As(III) is re-oxidated to As(V) within the 
cell (Zvobgo, 2022). 

Plants absorb As(III) via various proteins, such as the bidirectional 
Nodulin 26-like Intrinsic Protein (NIP) transporters which allow As(III) to 
move in both directions between plant cells, and the silicon (Si) trans
porters (LSi) due to the similarities between As(III) and Si (Abbas et al., 
2018, and references therein). In rice, the LSi1 and LSi2 transporters 
have been reported to be located at the proximal and distal sides of the 
root exodermal and endodermal cells, facilitating the transport of As(III) 

across root cells and tissues (Ma et al., 2008). The damages that the 
inorganic As species cause in the roots are well documented, with As(III) 

being more toxic than As(V) when applied at the same concentration, as 
shown in rice (Piacentini et al., 2020a). At the cellular level, the roots 
exposed to As show an increase in cell width, cell wall lignification, 
widespread plasmolysis, and alteration of the cytoskeletal structures 
leading to a change in all tissues, as well as, an increase in diameter and 
modification of root length (Lou et al., 2015; Ronzan et al., 2018). 

Rice is a crop that feeds most of the world’s population and is widely 
cultivated throughout the world (Samal et al., 2021). However, rice 
consumption can cause As toxicity in humans due to the ease with which 
rice absorbs the metalloid from the soil. Unfortunately, a wide part of 
rice paddy fields in the world present high concentrations of As, espe
cially in countries where the rice consumption per capita is higher. As the 
metalloid availability and solubility are very high under normal condi
tions of flooding, rice is very susceptible to As toxicity and prone to 
accumulate it in plant organs and grains (Wang et al., 2015). It is, 
therefore, important to identify strategies that can be used both to 
stimulate plant natural defences against As toxicity and to limit its 
accumulation in edible grains. In recent years the biosynthetic, degra
dation, and signalling pathways of BRs have been elucidated, as well as 
their multiple roles in plant growth and stress responses, e.g. in allevi
ating Cd stress in Pisum sativum seedlings (Jan et al., 2018). Neverthe
less, the molecular functions and cyto-histological effects of BRs in 
response to As still need to be investigated. In fact, unlike heavy metals, 
where the ameliorative effects of BRs are known, evidence on the effects 
of these phytohormones in As-stressed plants is limited (Betti et al., 
2021). In Brassica juncea, BRs, like 24-eBL, are synthetized after As(V) 

treatments, pointing out an involvement of BRs in conferring As-induced 
stress protection at least in this plant (Kanvar et al., 2015). In radish 
seedlings growing under toxic levels of As, 24-eBL and 28-homobrassi
nolide applications increase the activity of various antioxidant en
zymes, further supporting the protective role of BRs against As toxicity 
(Raghu et al., 2014; Vardhini and Anjum, 2015). 

Considering the limited studies on few plant species performed, in 
this work we investigated the effects of BRs on the architecture of rice 
root systems when exposed to As(V) or As(III) toxicity. The mechanisms 
activated at the cyto-histological level and the NO role in the root system 
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responses were also investigated. The results showed that exogenous 
eBL, when applied at a specific concentration, has multiple effects: i) 
increases LR formation in the presence of As(III)/As(V); ii) attenuates the 
lignin thickening of the cell walls induced by As in the outermost cortical 
layers of LRs and ARs; iii) restores the As(V)-altered NO levels by 
increasing OsNOS1 expression and cellular NO distribution. The possi
bility that the positive effects of BRs in alleviating the damages caused 
by As also involve the NO as a modulator is discussed. 

2. Methods 

2.1. Plant material and growth conditions 

Seeds of Oryza sativa ssp. Japonica (cv. Nihonmasari) were surface 
sterilized according to Ronzan and co-workers (2018), and then sown in 
sterile poly-ethylene terephthalate (PETG) vessels with a rectangular 
base (11.4 × 8.6 × 10.2 cm) (Phytatray™ II, Sigma-Aldrich, Saint Louis, 
MO, USA), each containing 100 mL of half-strength (2.1 g L-1) Murashige 
and Skoog (Murashige and Skoog, 1962) medium, 0.1% sucrose and 
0.8% agar at pH 5.6–5.8 (Control medium). Arsenic treatments were 
performed by adding 2.5 × 10-5 M NaAsO2 [As(III)] or 1 × 10-4 M 
Na2HAsO4⋅7 H2O [As(V)] to the Control medium. The concentrations of 
the two As salts were chosen based on our previously published results 
(Piacentini et al., 2020a). The 10-6 M or 10-7 M or 10-8 M 24-epibrassi
nolide (eBL, Sigma-Aldrich-E1641, Saint Louis, MO, USA) concentra
tions were prepared starting from a 10-4 M eBL stock solution and were, 
then, added to the Control medium. These 24-eBL concentrations were 
chosen in accordance with our previous work and the literature data 
(Guedes et al., 2021; Della Rovere et al., 2022). The eBL 10-4 M stock 
solution was obtained by dissolving the hormone in 10% ethanol 
(EtOH). This low EtOH concentration was previously tested for no 
negative effects on seed germination and root growth (Della Rovere 
et al., 2022). Finally, the combined treatments were prepared by adding 
to the culture medium the different eBL concentrations with As(III) or 
As(V) salts at the concentrations above mentioned. All the eBL concen
trations used in this study were administered to the media after the 
autoclave sterilization cycle and when the temperature was low enough 
(50–55 ◦C) to allow hormone stability. Thirty seeds, distributed in 6 
Phytatrays (5 seeds per each phytatray), were sown for each condition 
and kept in a growth chamber in long-day regime (14 h light/10 h dark) 
for 10 days at 210 μmol m− 2s− 1 intensity of white light and under 
controlled temperature (27–28 ◦C light/25–26 ◦C dark). The relative 
humidity inside the vessel was about 98–99%. All the experiments were 
performed in three independent biological replicates with similar 
results. 

2.2. Morphological analyses 

To evaluate the possible mitigatory effects of eBL on rice root systems 
exposed to As, a morphological analysis was performed on roots of 
seedlings grown for 10 days in the presence of the eBL treatments (10-6 

M, 10-7 M or 10-8 M), combined or not with As(III) or As(V) salts. The 
adventitious root (AR) length, the lateral root (LR) density, and the fresh 
root-system biomass were evaluated from thirty seedlings per treatment 
at day 10, when the primary root (PR) had already stopped growing. The 
AR length was measured under a LEICA MZ8 stereomicroscope (Leica 
Microsystems, Germany) using Zeiss Zen 2.3 software from digital im
ages captured with Zeiss AxioCam camera (Zeiss, Germany) and 
expressed as mean length (cm) ± S.E. The LR density was obtained by 
acquiring images of entire ARs with a Leica DMRB optical microscope 
(Leica Microsystems, Germany) equipped with an OPTIKA C-P20CC 
camera (Optika, Italy) and counting all lateral root primordia (LRPs) and 
elongated LRs per each AR. The corresponding mean density was ob
tained as the ratio of the total LRs/LRPs number per cm of AR ( ± S.E.). 
Some ARs per treatment were cleared with chloral hydrate solution 
(Weigel and Glazebrook, 2002), mounted on microscope slides and 

observed with Nomarski optics applied to a Leica DMRB microscope. 
Finally, the fresh root biomass was obtained by separating the roots 

from the aerial organs of the seedling and weighing them by a high 
sensitivity analytical balance (Kern ABT 220–5DNM; Kern & Sohn, 
Balingen, Germany), and weights were expressed as mean values [(g) ±
S.E.]. 

Based on the morphological results (see Results), the eBL concen
tration of 10-7 M was chosen for the subsequent analyses. 

2.3. Histological and lignin autofluorescence analyses 

At day 10, the apical regions (about 2.0 cm from the root tip) of five 
ARs, exposed or not to eBL 10-7 M, As(III), or As(V), alone or combined, 
were fixed in 70% (v/v) ethanol, dehydrated with an ethanol series, 
embedded in Technovit 7100 (Heraeus Kulzer, Germany), longitudinally 
and transversally sectioned at 8 µm with a Microm HM 350 SV micro
tome, stained with 0.05% toluidine blue, and observed under a light 
microscope (Leica DMRB). To detect the extension of lignin deposition 
in the cell walls of the sclerenchyma and the outermost cortical layers, 
the lignin autofluorescence was observed under UV light in transverse, 
not-stained, sections taken up from the primary structure region of the 
ARs. Fluorescence quantification was performed on each AR section by a 
multi-point detection of the signal intensity in the target tissues and by 
assigning to each pixel a value ranging from 0 (pure black) to 255 (pure 
white) of arbitrary units (A.U.) by ImageJ software (version 1.53c, 
Wayne Rasband, National Institutes of Health, Bethesda, USA. Available 
online: https://imagej.nih.gov/ij, accessed on 09/2021). 

2.4. Detection and quantification of nitric oxide in rice root system 

At day 10, 5 ARs with forming LRs were taken from the root system of 
seedlings exposed or not to eBL 10-7 M, As(III), or As(V), alone or com
bined with eBL, and treated for NO visualization according to Piacentini 
et al. (2020a). Briefly, the ARs were incubated in darkness with 1 × 10-4 

M of the specific NO-fluorescence probe 4-amino-5-methylamino-2′, 
7′-difluorofluorescein diacetate (DAF-FM DA, Sigma-Aldrich, Saint) in 
0.02 M HEPES/NaOH (pH 7.4) buffer for 30 min and at 25 ◦C. After 
incubation, the roots were washed three times with the buffer alone to 
remove probe excess and immediately observed under an Axio Imager 
M2 microscope (Zeiss, Oberkochen, Germany) motorized on the 3 axes 
using filters with BP455–495 nm excitation and BP505–555 nm emis
sion wavelengths. Both single-plane and merged Z-stack images were 
acquired, and the quantification of the fluorescence signal was per
formed in the ARs and LRs apices including the root cap, the root mer
istem, and the elongation and differentiated zones. The fluorescence 
intensity in the region of interest was performed following the same 
methodology as for lignin detection and expressed in grayscale (from 
0 to 255 of A.U.) by using Zen 2.5 (Zeiss) image analysis software. The 
analysis of NO in the lateral root primordia (LRPs) was performed only 
qualitatively to avoid errors in the signal quantification due to the 
interference with the fluorescent signal arising from the overlying AR 
tissues. 

2.5. In situ hybridization of a putative OsNOS1 gene in rice roots 

The choice of using OsNOS1 (gene ID: 4328006) as a putative rice NO 
synthase gene arises from the high rate of similarity (74.27%) found 
between the OsNOS1 and the AtNOS1 aminoacidic sequences through 
FATCAT algorithm (Ye and Godzik, 2004) as reported in Supplementary 
Figure 1. 

Total RNA was extracted from the roots of the Control seedlings 
using the “Spectrum - Plant Total RNA Kit” (Sigma-Aldrich, Saint Louis, 
USA) according to the manufacturer’s instructions and quantified using 
a NanoDrop™ One Spectrophotometer (Thermo Fisher Scientific, Inc.). 
For cDNA synthesis, 1 μg of total RNA was reversely transcribed using 
SensiFAST™ Reverse Transcriptase cDNA Synthesis Kit (Bioline, 
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London, UK) according to the manufacturer’s instructions. Reverse- 
transcribed cDNA was subjected to 30–40 cycles of PCR amplification 
using the following primers NOS: 5’-GAAAAGAAGGGCCGAGATGTAT- 
3’ and 5’- CAAGAGAAGGCAGATCATCAGC- 3’. The partial NOS cDNA 
fragment was cloned into the pGEM-T Easy vector (Promega) and veri
fied by sequencing. 

Digoxigenin-labeled RNA probes were synthesized by in vitro tran
scription using the DIG RNA Labelling Kit (Roche, Basel, Switzerland). 
The NOS1 antisense probe was made by digestion of pGEM-T Easy 
vector: NOS1 with SphI and the sense probe by digestion with SalI. 

At day 10, ARs from five seedlings exposed or not to eBL 10-7 M, 
As(III), or As(V), alone or combined with eBL, were fixed in 70% (v/v) 
ethanol, embedded in paraffin, and sectioned at 8 µm with a Microm HM 
350 SV microtome (Microm, Germany). The samples were treated with 
digoxigenin-labeled NOS1 antisense and sense RNA probes overnight at 
45 ◦C. NOS1 mRNA detection was performed with 4-nitro blue tetra
zolium chloride (NBT)/5-bromo-4-chloro-3-indolyl-phosphate (BCIP) 
overnight at room temperature according to Fornara et al. (2004). 
Sections were observed under light microscopy (Leica DMRB), and the 
absence of a hybridization signal in the sense probe-treated materials 
was also verified (Supplementary Figure 4). 

2.6. Quantitative RT-PCR analysis of a putative OsNOS1 gene in rice 
roots 

Total RNA was extracted from roots grown in the absence or presence 
of As(III) or As(V). RNAs for RT-PCR and real-time RT-PCR analyses were 
treated with RNase-free Dnase (Dnase I; PROMEGA) and reverse tran
scribed using SensiFAST cDNA Synthesis Kit (Bioline, London, UK), ac
cording to the manufacturer’s instructions. 

SYBR Green-based quantitative assays were performed in 10 μL of 
SensiFAST™ SYBR® No-ROX Kit (Bioline, London, UK) using LineGene 
9620 qPCR detection system (Bioer, China). 

The PCR conditions were: one cycle at 95 ◦C for 10 min, followed by 
40 cycles at 94 ◦C for 15 s, 60 ◦C for 30 s, 72 ◦C for 30 s, and 1 cycle at 
72 ◦C for 2 min. A dissociation cycle at 60 ◦C for 20 min was added at the 
end to check the specificity of the amplification reactions. The reactions 
were repeated three times with two different preparations of cDNA, and 
one representative experiment was plotted. Gene expression levels were 
normalized to the levels of OsGAPDH and OsUBQ10 levels using the 
ΔΔCT method. The list of primers and the NOS1 gene accession number 
are reported in Supplementary Table 1. 

2.7. Statistical analysis 

All the data were statistically analyzed using a one-way ANOVA test 
followed by Tukey’s post-test (at least at p < 0.05) after having per
formed Shapiro–Wilk’s normality test. The statistical analyses were 
carried out through GraphPad Prism (Version 9.3.0; GraphPad Software, 
San Diego, CA, USA) software. All the experiments were performed in 
three independent biological replicates with similar results. Data from 
the first or the second biological replicate are shown. 

3. Results 

3.1. A specific concentration of exogenous 24-epibrassinolide enhances 
lateral root formation in the presence of arsenate 

To evaluate the possible mitigatory effects of BRs on rice root sys
tems exposed to As, a morphological analysis was carried out on the 
roots of seedlings grown in the presence or not of As(III) or As(V) and with 
or without 24-epibrassinolide (eBL) at three different concentrations 
(10-6 M, 10-7 M or 10-8 M). Fig. 1 shows that eBL treatments affected the 
AR length in a concentration-dependent manner. Indeed, 10-6 M eBL had 
a significant inhibitory effect on AR length, which was reduced by 
30.8% compared to the Control, while 10-7 M and 10-8 M eBL increased 

it by 31.2% and 42.2%, respectively (p < 0.001). The AR length was 
differently affected by the two As forms: As(III) increased AR length by 
34.2% (p < 0.001) (Fig. 1), while As(V) reduced it by 26.2% (p < 0.001) 
(Fig. 1) in comparison with the Control. Moreover, the addition of 10-6 

M eBL combined with either As(III) or As(V) caused a strong and signifi
cant (p < 0.0001) reduction of AR length (i.e., by 67% with respect to 
the Control) for both the As forms. The treatments with 10-7 M and 10-8 

M eBL combined with As(V) did not change significantly the AR length, 
respect to the As(V) alone (Fig. 1), whereas when combined with As(III) 

they induced an AR elongation comparable to that of the Control ARs, 
but lower than what observed with As(III) alone (Fig. 1). 

The treatments with 10-7 M or 10-8 M eBL, but not 10-6 M eBL, 
strongly increased the LR density (by 91% and 119% respectively) in 
comparison with the Control (Fig. 2). When applied alone, both the As 
species significantly and similarly reduced the LR density, by about 
50%, with respect to the Control (Fig. 2). A total inhibition of lateral root 
primordia (LRPs) formation was observed when 10-6 M eBL was com
bined with As(III) (Fig. 2), while, the same eBL concentration in combi
nation with As(V) did not affect LR density respect to As(V) alone (Fig. 2). 

Fig. 1. Mean adventitious root (AR) length ( ± S.E.) of rice seedlings non- 
treated (Control) or treated with eBL at 10-6 M, 10-7 M, or 10-8 M combined 
or not with As(III) or As(V). Letters show significant differences for at least 
p < 0.05. The same letter shows no significant difference. Data from the second 
biological replicate. N = 30. 

Fig. 2. Mean lateral root (LR) density ( ± S.E.) of rice seedlings non-treated 
(Control) or treated with eBL at 10-6 M, 10-7 M, or 10-8 M combined or not 
with As(III) or As(V). Letters show significant differences for at least p < 0.05. 
The same letter shows no significant difference. Data from the second biological 
replicate. N = 30. 
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Similarly, the combined treatment of 10-8 M eBL with As(III) or with As(V) 

did not significantly change the LR density in comparison with As(III) or 
As(V). By contrast, when 10-7 M eBL was combined with As(III) there was 
an increase (p < 0.01) in LR density by 129%, in comparison with As(III) 

alone, reaching values similar to the Control (Fig. 2). Interestingly, 10-7 

M eBL combined with As(V) caused a relevant and highly significant 
(p < 0.0001) increase in LR density in comparison with the pollutant 
alone (i.e., by ⁓192%) and the Control (by ⁓47%) treatments 
(p < 0.05) (Fig. 2). 

The highest eBL concentration strongly (p < 0.0001) reduced the 
fresh root system biomass by 40% compared to the Control (Fig. 3 and 
Supplementary Figure 3 A-B), while no significant change was observed 
with 10-7 M and 10-8 M eBL treatments (Fig. 3 and Supplementary 
Figure 3 C-D). The fresh root biomass was also significantly reduced by 
the exposure to both As(III) and As(V) treatments in comparison with the 
Control (p < 0.0001), by 29% and 25% respectively (Fig. 3 and Sup
plementary Figure 3 E-F). The highest eBL concentration, combined 
with either As(V) or As(III), further reduced (p < 0.001) the root biomass 
in comparison with either the Control or the metalloid alone (Fig. 3 and 
Supplementary Figure 3 G, J and A, E-F in comparison). Moreover, 10-7 

M and 10-8 M eBL combined with either As(III) or As(V), did not signifi
cantly affect the root biomass with respect to the As(III) or As(V) alone 
treatments, thus not restoring the Control values (Fig. 3 and Supple
mentary Figure 3 H-I, K-L). 

These results show that the eBL effects on the root system 
morphology are strictly concentration-dependent, with a positive effect 
on root development for the lowest concentrations. A similar trend was 
observed analyzing LR formation where 10-7 M eBL was the most 
effective concentration in alleviating As(V) toxicity. 

Based on these results, the 10-7 M eBL concentration was chosen for 
the subsequent experiments aimed at a deeper understanding of the role 
of exogenous BRs in alleviating As stress in rice root-systems. 

3.2. 24-epibrassinolide applied at 10-7 M does not mitigate the 
cytohistological damages induced by arsenite or arsenate, but reduces 
lignin deposition in the cell walls of the outermost cortical layers 

Lateral and adventitious roots of seedlings treated or not with both 
the As forms and with 10-7 M eBL alone or combined with each of the 
two, were histologically analysed to verify if eBL was able to mitigate the 
toxic effects on the root anatomy caused by the pollutant (Fig. 4 and  
Fig. 5). In the roots, the exposure to toxic elements can alter the natural 
cellular barriers, such as the cell walls composition (Parrotta et al., 

2015), to prevent toxic elements to reach the stele of the root from which 
they can get translocated to aerial organs. For this reason, lignin 
thickening in the cell walls of the sclerenchyma and of the outermost 
layers of the cortical parenchyma was analysed in ARs treated with both 
As forms, alone or in combination with eBL, and the lignin auto
fluorescence signal was quantified (Fig. 6). 

In the Control, anticlinal divisions in the pericycle founder cells and 
in the endodermis of the ARs were the first steps of LRP formation and 
were followed by divisions into the three space dimensions, till complete 
formation of the root primordia (Fig. 4 A). The primordia development 
continued with the quiescent centre (QC) definition (Fig. 4 B, asterisks) 
in the root meristem stem cell niche, at VI–VII stages of LRP develop
ment (Ni et al., 2014), and the regular further longitudinal (Fig. 4 B) and 
radial growth (Fig. 4 C) of the root apex. In the mature ARs, tissues were 
regularly differentiated in the following order from the outside towards 
inside of the root: epidermis, exodermis, sclerenchyma layer, cortical 
parenchyma, endodermis, and vascular stele (Fig. 4 D). The analysis of 
lignin autofluorescence showed a slight signal in the cell walls of the 
sclerenchyma cells, and a still weaker signal in the walls of the outer
most cortical parenchyma cells (Fig. 4 E, inset, and Fig. 6). 

Arsenate, instead, altered LRP development, starting from the first 
cell divisions, with this leading to the formation of irregular LRPs (Fig. 4 
F-G). These LRPs were characterized by the presence of differentiated 
cells even in the root meristem area, and by an irregular definition of the 
stem cell niche in it (Fig. 4 F, rectangle). Possibly depending on these 
anomalies, most of the LRPs failed to develop into elongated LRs. 
However, some primordia showed a quite regular organization (Fig. 4 
H) and, therefore, developed into regular LRs. In the apical meristem, 
the main damages induced by As(V) were early cell differentiation (Fig. 4 
I, arrows), accentuated meristematic cell vacuolization and early cell 
separation (Fig. 4 J, arrows). Transverse sections in the root primary 
structure region showed a complete tissue alteration of the differenti
ated tissues, with a hypertrophic parenchyma and a not properly 
differentiated endodermis (Fig. 4 J). Arsenate caused a slight, but not 
significant, increase of lignin deposition in the walls of the AR scleren
chyma cells, as well as an irregular, but highly significant (p < 0.0001), 
increase in the walls of the outermost cells of the cortical parenchyma, as 
measured by approx. 67% enhancement of lignin autofluorescence 
compared to the Control (Fig. 4 K, inset, E and Fig. 6). 

The application of As(III) alone reduced LRP formation in comparison 
with the Control (Fig. 2). However, the few formed primordia were 
mostly able to develop properly (Fig. 4 L) showing only weak cytological 
alterations, mainly due to irregular cell divisions in the early phases of 
their formation (Fig. 4 M). Histological anomalies became more evident 
in the differentiated tissues where frequent plasmolysis in cortical cells 
(Fig. 4 N-O, arrows in N) and increased number of sclerenchyma cells, 
leading to a scattered bilayered sclerenchyma were observed (Fig. 4 P, 
arrows). As seen for As(V) treatment, also As(III) exposure induced a 
relevant (p < 0.0001) increase in the lignin deposition in the outermost 
cortical cells and, to a lesser extent, in the sclerenchyma cells, causing in 
ARs an overall ⁓53% increase in the autofluorescence signal compared 
to the Control (Fig. 4 Q and inset, and E in comparison, and Fig. 6). 

Exogenous eBL induced an increase in LRP formation in comparison 
with the Control (Fig. 5 A, arrows, and Fig. 2). Primordia development 
occurred as observed in the Control: root domes were regularly defined, 
as well as the protoderm (Fig. 5 B-C, E). The elongated roots showed a 
regular apical meristem with a QC correctly positioned, a correct divi
sion pattern of the meristematic cells and a correct tissue differentiation 
(Fig. 5 D, E-F), even if sporadic differentiation events were also observed 
in the elongation zone (Fig. 5 D, arrow). Exogenous eBL did not signif
icantly change lignin autofluorescence signal, neither in the scleren
chyma, nor in the outer layers of the cortical parenchyma, as compared 
to the Control (Fig. 5 G and 4 E in comparison, and Fig. 6). 

When eBL was combined with As(V) no re-establishment of the 
normal development of the LRPs occurred (Fig. 5 H-J, and Fig. 4 F-J, in 
comparison). A widespread vacuolization of the meristematic cells was 

Fig. 3. Mean root fresh biomass ( ± S.E.) of rice seedlings non-treated (Control) 
or treated with eBL at 10-6 M, 10-7 M, or 10-8 M combined or not with As(III) or 
As(V). Letters show significant differences for least p < 0.0001. The same letter 
shows no significant difference. Data from the second biological repli
cate. N = 30. 
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present, as already observed in the earliest developmental stages of the 
root dome (Fig. 5 H, arrow), as well as an incorrect definition of the QC 
at stage VII of primordium development (Fig. 5 I, asterisks), and the 
presence of LRPs with differentiated cells instead of meristematic cells 
and no proper dome (Fig. 5 J). The differentiating tissues of the elon
gated roots also showed strong anomalies, such as an early formation of 
the aerenchyma, hypertrophy of the cortex, and an altered differentia
tion of the tissues inside the stele (Fig. 5 K-L arrows). 

Interestingly, the supplementation of eBL together with As(V) 

reduced lignin deposition in the sclerenchyma cell walls, but especially 
in the outermost cortical cells walls of the ARs, respect to the pollutant 
alone (Fig. 5 M). This was confirmed by an approximately 45% reduc
tion in the lignin signal of the cortical parenchyma, which became 
similar to that of the Control (Fig. 5 M and 4 E in comparison, and 
Fig. 6). 

The combination of eBL with As(III) did not restore the correct his
tological organization of roots. On the contrary, the damages induced by 
As(III) were further increased by eBL presence, even if the root primordia 

showed reduced alterations (Fig. 5 N-O). Major damages were detected 
instead in the root primary structure region. High hypertrophy and 
plasmolysis in the cortical cells, increased aerenchyma formation, and 
increased thickness of the sclerenchyma (Fig. 5 P, R, arrows, and Fig. 4 
N-P, in comparison) were observed. However, as in the case of eBL 
combined with As(V), the combination of the eBL with the As(III) reduced 
the production of lignin with respect to the As(III) alone (i.e., by ⁓54% in 
the cortical parenchyma and by ⁓18% in the sclerenchyma), thereby 
reducing the autofluorescence signal up to the Control values (Fig. 5 Q 
and 4 E, in comparison, and Fig. 6). 

Thus, the cyto-histological analysis shows that eBL, at the concen
tration of 10-7 M, is unable to reduce the histological damages induced 
by both the As species in the LRs and ARs. However, the BR has a pos
itive and tissue-specific effect, because it counteracts the deposition of 
lignin in the cell walls of the cortical parenchyma, event which is instead 
strongly induced by both the As species. 

Fig. 4. Histological images of LRP, LR, and AR sections stained with toluidine blue and of AR sections showing lignin autofluorescence in rice seedlings non-treated 
(Control) (A-E) or treated with As(V) (F-K) or As(III) (L-Q). Images from the first and second biological replicates. Bars = 50 µm (A, B, E, F, I, M, inset in E), 100 µm (C, 
D, G, H, J, L, N-P, insets in K and Q), 200 µm (K, Q). cp, cortical parenchyma; en, endodermis; ep, epidermis; ex, exodermis; s, sclerenchyma. 
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3.3. 24-epibrassinolide at 10-7 M enhances NO levels in the rice roots and 
restores its level and cellular distribution both altered by arsenate 

To verify if the eBL treatments induced changes in NO distribution/ 
accumulation, root systems composed of ARs, LRs, and LRPs of seedlings 
grown in the presence of As(III) or As(V) or eBL 10-7 M, alone or combined 
with each of the two As species, were incubated with the NO-specific 

fluorescence probe DAF-FM DA, and the epifluorescence signal moni
tored and quantified (Fig. 7). In the Control treatment, the NO signal was 
mainly localized in the root cap, in the root differentiation zone, in the 
outermost tissues of the mature ARs confining with the LRPs, and weakly 
in the primordia (Fig. 7 A-C). The treatment with eBL induced a very 
strong (about 69% increase compared to the Control, p < 0.0001) NO 
signal in all root types, without changing the signal localization in 

Fig. 5. Histological images of LRP, LR, and AR sections stained with toluidine blue and of AR sections showing lignin autofluorescence in rice seedlings treated with 
eBL at 10-7 M alone (A-G) or combined with As(V) (H-M) or As(III) (N-R). Images from the first and second biological replicate. Bars = 50 µm (B, C, H, J, K, O, R), 
100 µm (D-F, I, L, M, N, P, inset in M), 200 µm (G, Q), 600 µm (A). cp, cortical parenchyma; en, endodermis; ep, epidermis; ex, exodermis; p, pericicle; s, 
sclerenchyma. 
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comparison with the Control (Fig. 7 D-F and A-C in comparison, and S). 
Both As(III) and As(V) reduced the NO signal, and by ⁓10% and 

⁓55% compared to the Control, respectively (Fig. 7 G-L and A-C). 
However, the decrease in fluorescence intensity was quantitatively sig
nificant (p < 0.001) only in the presence of As(V) (Fig. 7 S). Moreover, 
the As(V) treatment also modified the intracellular NO distribution in the 
ARs, in comparison with the Control, because a higher number of the 
meristematic cells, and a smaller number of the cap cells showed signal 
in the apex (Fig. 7J and A in comparison). The eBL 10-7 M combined with 
As(III) further reduced by ⁓30% signal intensity with respect to the 
Control, although not significantly (Fig. 7 M-O and A-C, S). In addition, a 
fluorescence signal was occasionally evident in the meristematic zone of 
LRs (Fig. 7 O). On the contrary, when 10-7 M eBL was combined with 
As(V), the signal intensity significantly (p < 0.001) increased by 110% in 
comparison with the metalloid alone, reaching values comparable to 
those of the Control both in terms of intensity and localization pattern 
(Fig. 7 P-R and A-C, S). 

Altogether, the results of NO epifluorescence analysis show that the 
exogenous eBL at 10-7 M concentration induces a strong NO increase 
compared with the Control, thus maintaining, at the same time, its 
distribution pattern in the root. By contrast, As(V) reduces the NO signal, 
by altering also its cellular distribution, but the exogenous eBL restores 
the NO levels and its distribution pattern in the root cells. 

3.4. Exogenous 24-epibrassinolide at 10-7 M enhances OsNOS1 gene 
expression in the roots even when combined with arsenite or arsenate 

To verify if the BR and As induced NO synthesis through NOS gene 
expression, an in situ hybridization analysis of the putative OsNOS1 gene 
was performed in ARs and LRs non-exposed or exposed to eBL (10-7 M), 
As(III) and As(V) alone or in combination. Preliminary, changes in the 
expression of the OsNOS1 gene caused by either As species in the rice 
roots were verified by a qRT-PCR analysis (Supplementary Figure 2). 

In the Control roots, gene transcript levels were weak and mainly 
localized in the epidermis and in the parenchyma cells associated with 
the ARs vascular system, in the cells of LRPs at the initial stages (Fig. 8 A- 
B), and in all the meristematic cells of the LR apices (Fig. 8 C). 

Arsenate significantly (p < 0.001) increased gene transcript expres
sion in comparison with the Control (Supplementary Figure 2). In the 
mature roots, the signal was mainly localized in the epidermal cells 
(Fig. 8 D-E) and at the base of LRs (Fig. 8 F). In the elongation region of 
the LRs the cells destined to differentiate into sclerenchyma also showed 

a strong gene expression (Fig. 8 G, arrows). On the contrary, the cells of 
the primordia altered by As(V) showed only a weak OsNOS1 transcript 
signal (Fig. 8 H). 

Arsenite induced a significant (p < 0.01) reduction of OsNOS1 
expression in comparison with the Control and As(V) (Supplementary 
Figure 2). The in situ hybridization confirmed the very low signal of the 
gene transcripts, both in mature AR tissues (Fig. 8 I) and in the meri
stematic cells of the forming LRPs (Fig. 8 J-L). 

The treatment with 10-7 M eBL strongly increased OsNOS1 tran
scription levels in comparison with the Control both in the cells of the 
mature ARs, such as epidermal cells and parenchyma cells associated 
with the vascular tissues, and in those of the forming LRPs (Fig. 9 A-D 
and Fig. 8 A-C, in comparison). When eBL was combined with either 
As(III) or As(V), the signal was very strong and localized in the cells of 
both mature ARs and LRs and in cells of LRPs (Fig. 9 E-H, I-L). Inter
estingly, the BR combination of eBL with As(III) reinforced the signal in 
the cortical cells of the ARs (Fig. 9 I) as well as inside the stele (Fig. 9 K), 
and in the LRPs (Fig. 9 J) in comparison with the Control and with As(III) 

alone (Fig. 9 I-L and Fig. 8 A-C and I-L in comparison). 
The absence of a hybridization signal in ARs and LRs exposed or not 

to eBL and As(V) or As(III), alone or together, was verified with the sense 
probe, as shown in Supplementary Figure 4. 

Overall, the expression of the OsNOS1 gene reveals that As(V) alone 
induces the gene overexpression, while As(III) decreases it, compared 
with the Control, and that eBL alone significantly increases OsNOS1 
gene expression, with an additive effect when combined with both As 
forms. 

4. Discussion 

The results show that eBL affects the morphology of rice root systems 
depending on its concentration, with a specific level (10-7 M) being the 
most effective for development. This eBL concentration is also the most 
effective in relieving As toxicity in this plant. However, it does not 
reduce As-induced damages in the LRs and ARs, even if it is able to 
counteract lignin deposition in the cell walls of the cortical cells. This 
indicates that 10-7 M eBL has a precise effect on the cell wall, which is at 
the same time target and barrier in the first responses of the plant cells to 
the toxicity of environmental pollutants. 

Moreover, As(V) reduces the NO signal in ARs and LRs, and alters its 
cellular distribution. On the contrary, eBL alone increases NO levels and 
maintains its regular distribution pattern when applied alone. Interest
ingly, eBL restores NO levels and the tissue distribution also when 
combined with As(V). 

For the first time here, the tissue localization of OsNOS1 transcripts 
in rice ARs and LRs is shown revealing that the expression of this gene is 
strongly dependent on the presence of both As forms and of eBL. More 
precisely, As(V) induces the overexpression, whereas As(III) reduces the 
expression of OsNOS1. Also, the eBL alone increases this gene expres
sion, but mainly when combined with As(III) or As(V). 

4.1. Brassinosteroids improve the morphology of root systems even in the 
presence of arsenic, and reduce the physical barrier due to lignin deposition 
in the walls of the cortical cells 

The metalloid Arsenic, in its inorganic forms of As(III) and As(V), is 
one of the most worrying environmental pollutants. Arsenate, being a 
phosphate analog competes with phosphate during phosphorylation 
reactions and alters phosphate metabolism during ATP synthesis and 
phosphorylation (Farooq et al., 2022) causing cell oxidative stress, and 
reduced root growth (Ronzan et al., 2018). Arsenite, instead, binds to 
the sulfhydryl groups of enzymes and proteins causing a modification of 
their structure and activity (Farooq et al., 2022). Protein that are known 
to bind As(III) include transcription factors, signal transduction proteins, 
proteolytic proteins, metabolic enzymes, redox regulatory enzymes, and 
structural proteins (Finnegan and Chen, 2012, and references therein). 

Fig. 6. Mean intensity ( ± S.E.) of lignin autofluorescence expressed in arbi
trary units using ImageJ software in the cells of outermost cortical parenchyma 
(light-grey bars) and in the sclerenchyma cells (dark-grey bars) of ARs non- 
treated (Control) or treated with eBL at 10-7 M combined or not with As(III) 

or As(V). Data from the second biological replicate. Letters show significant 
differences for at least p < 0.01 within the same tissue. The same letter shows 
no significant difference. N = 60 (see materials and methods Section). 
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Moreover, As also alters membrane permeability and selectivity in root 
cells reducing the uptake of nutrients (Gusman et al., 2013). This 
strongly affects the development of the root system compromising its 
functionality, as previously reported (Lou et al., 2015; Ronzan et al., 
2018; Piacentini et al., 2020a) and confirmed by the results of this work. 
However, the plant root systems are highly plastic in response to envi
ronmental stimuli, including the presence of toxic elements, to allow 
adaptation to altered conditions and plant survival. 

The root system plasticity is ensured by the involvement of different 
phytohormones. In fact, phytohormones, including BRs, a class of ste
roidal compounds, represent the interface between external stimuli and 
the activation of the plant defense responses (Zluhan-Martínez et al., 
2021). The results here presented show that exogenous eBL, one of the 

most biologically active BRs, regulates root architecture, increasing the 
LR formation and development in a dose-dependent manner, similarly to 
what happens in maize root systems under different BR concentrations 
and growth conditions (Zhang et al., 2022). It was proposed that BRs 
interact with other phytohormones, mainly auxin, for inducing LR for
mation and for maintaining the correct organization and functionality of 
the roots (Ackerman-Lavert et al., 2021). Indeed, ZmIAA2 and ZmIAA30 
maize genes, homologous to Arabidospis IAA14 and IAA28 genes, which 
code for factors inhibiting LRP formation, are down-regulated by BR 
treatments. On the contrary, ZmARF7 and ZmARF19 genes, coding for 
factors promoting LRP formation, are up-regulated by BRs (Zhang et al., 
2022, and references therein). Root systems are fibrous in rice, as in 
maize, and the Aux/IAA and ARF proteins control root architecture in 

Fig. 7. NO fluorescence signal in the root system (ARs, LRs, and LRPs) from 10-days-old rice seedlings non-treated (Control, A-C) or treated with eBL 10-7 M alone 
(D-F) or combined with As(III) (M-O) or As(V) (P-R). Bars = 25 µm (H, Q, and R), 50 µm (A, B, E, I-K, N, and O), 100 µm (C, D, G, M, and P), 600 µm (F and L). Nitric 
oxide fluorescence quantification in ARs and LRs using Zen 2.5 image analysis software (Zeiss) (S). Data and images from the second biological replicate. Letters show 
significant differences for at least p < 0.01. The same letter shows no significant difference. N = 10 (see materials and methods section). 
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both plants (Liscum and Reed, 2002). Thus, it is possible that the same 
interaction between auxin and BRs is active also in the control of LRP 
formation of rice, and through the same proteins. 

Evidences show that BRs also play a positive role in stabilizing the 
root systems of plants exposed to stressful environmental conditions 
through interactions with auxin and other hormones (Devi et al., 2022). 
The protective role of BRs under stress conditions also emerges from our 
results. However, the histological results show that the BRs are unable to 
alleviate some cellular damages in the ARs and their LRPs, and espe
cially those occurring at the very early stages of LRP formation. In fact, 
both the As forms inhibit the regular formation of the QC and the stem 
cell niche around it in the LRPs, thereby preventing their development 
into elongated roots, and BRs are unable to restore the normal QC 
definition and the regular further growth. It is possible that, in rice, 
exogenously applied BRs, at the concentration used in this research, 
combined with a strong stressor, such as inorganic As, are not able to 
control the root stem cell niche definition, renewal and maintenance, 
which depend by a functional QC, contrarily to what happens in Ara
bidopsis roots developed in physiological conditions (Vilarrasa-Blasi 
et al., 2014). However, the activation of stress-associated BR-signalling 
causes an increase in QC divisions and premature stem cell 

differentiation also in the stem cell niche of Arabidopsis roots, resulting 
in anomalous root growth (González-García et al., 2011; Heyman et al., 
2013). In accordance, we show that As, alone or combined with eBL, 
causes an alteration of cell division planes in the early stages of LRP 
development and that the eBL is unable to reverse this anomaly. In the 
absence of eBL, Ronzan and co-workers (2018) reported the same 
anomalies in rice roots after exposure to cadmium and As(V), alone or 
combined each other. Toxic elements can inhibit cell divisions by dis
rupting the cytoskeleton, targeting microtubules and microfilaments 
(Horiunova et al., 2016). It is, therefore, possible that also As has the 
same effects on cytoskeletal components. In Arabidopsis, it is also known 
that BRs stabilize the cytoskeleton by interacting with auxin (Lanza 
et al., 2012). Auxin is responsible of stem cell niche and QC defi
nition/maintenance in all root types of Arabidopsis (Della Rovere et al., 
2013, and references therein) and rice (Yang et al., 2017), and of the 
regulation of cell division orientation by cytoskeleton (Vaddepalli et al., 
2021). Under our experimental conditions, it is possible that the strong 
toxicity of As does not allow BRs to restore the normal cytoskeletal ac
tivity during cell divisions, probably because their interaction with 
auxin is disturbed, leading to irregular cell divisions in the LRPs. 

It has been reported that inorganic As increases lignin deposition in 

Fig. 8. In-situ hybridization of OsNOS1 in rice LRPs, LRs, and ARs not treated (Control; A-C) or treated with As(v) (D-H) or As(III) (I-L). Images from the second 
biological replicate. Bars = 25 µm (B, C, F, H), 50 µm (A, D, G, L), 100 µm (E). ep, epidermis; s, sclerenchyma; vp, vascular parenchyma. 
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the cell walls of sclerenchyma cells in rice roots exposed to cadmium, 
As(V) or other heavy metals, suggesting that this is a plant strategy to 
limit the entry of heavy metal/metalloid into the internal root tissues 
(Moura et al., 2010; Piacentini et al., 2020a). Interestingly, the present 
results show that the two forms of As induce a thickening of the cell 
walls, by an increased lignin deposition, but this mainly occurs in the 
outer layers of the cortical parenchyma. Considering that the lignin 
biosynthesis depends on stress intensity (Cesarino, 2019), the response 
of the cortical parenchyma demonstrates that this process is involved in 
the adaptation to a strong As toxicity. In fact, it shows how the plant 
modifies the cells of a tissue which performs other functions in physi
ological/unstressed conditions, as accumulation of reserves, trans
forming it into a protective barrier to hinder the movement of the toxic 
element. In accordance, the overexpression of the rice peroxidase gene 
OsPRX38 in Arabidopsis thaliana reduces As accumulation and causes 
lignin deposition in the apoplasts strengthening the concept that lignin 
deposition acts as a barrier for As entry via the root (Kidwai et al., 2018). 

Treatments with eBL, alone or combined with each of the two As 
forms, does not substantially modify the deposition of lignin in the cell 
walls of sclerenchyma, which is a tissue normally committed to 
strengthen the root, but significantly reduce it in the cell walls of cortical 
parenchyma, a tissue with a more plastic development. In monocots, BRs 
have been reported to be involved in cell wall remodelling by regulating 
the expression of several genes encoding BR-mediated cell wall loos
ening proteins in response to abiotic stresses (Rao and Dixon, 2017). It 
is, therefore, possible that, in the presence of a metalloid stress providing 

an input of lignin biosynthesis in cells not usually committed to syn
thesize lignin, as in the cortical parenchyma cells, BRs activate processes 
reducing the compactness of the cell wall and the lignin deposition, thus 
allowing cortical cells to restore their normal functions. Therefore, BRs 
could play a positive role on the root systems in the presence of the 
pollutant by mitigating an excessive production of lignin that could 
compromise the root growth and survival. 

4.2. Nitric oxide is configured as a key intermediary in the BR-mediated 
responses of rice root systems to arsenic stress 

It is known that the endogenous metabolism of ROS and RNS is 
significantly affected by the activation of nitro-oxidative pathway in As- 
stressed plant cells (Bhat et al., 2021). Among the reactive nitrogen 
species, NO plays an essential role in plant responses to abiotic stresses 
modulating the cellular antioxidant enzyme system (Meng et al., 2022). 
Present data show that As(III) does not substantially modify NO levels in 
rice ARs and LRs, compared to the Control, whereas As(V) significantly 
reduces them and modifies the intracellular distribution of NO. It is 
known that NO activates the expression of ABC transporters (Grün et al., 
2006), thus increasing the vacuolar sequestration of As(III)-phytochelatin 
complexes (Song et al., 2014) in the roots and partially inactivating 
As(III) toxic effects. The vacuolar sequestration has not been shown for 
As(V). Thus, As(V) is free to move and could activate oxidative damage, 
thereby negatively impacting on NO levels/distribution. 

It is known that part of As(V) is reduced to As(III) in the root cells, but 

Fig. 9. In-situ hybridization of OsNOS1 in rice LRPs, LRs, and ARs grown in the presence of eBL 10-7 M alone (A-D) or combined with As(V) (E-H) or As(III) (I-L). 
Images from the second biological replicate. Bars = 25 µm (B, C, F, G), 50 µm (A, D, H-L), 100 µm (E). 
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it is also possible that part of As(III) gets re-oxidated to As(V) (Zvobgo, 
2022), and that As(V) is loaded into xylem vessels by the phosphate 
transporters (Mendoza-Cózatl et al., 2011). This could explain the 
observed inhibitory effect of As(V) on the NO signal reduction and 
alteration in distribution in ARs and LRs, but also on the reduction in AR 
elongation. To sustain this, it has been very recently demonstrated that 
As(V) reduces the length of rice ARs much more than As(III), albeit in a 
dose and a cultivar-dependent manner (Mondal et al., 2022). 

We have previously shown that NO is unable per se to alleviate As- 
induced damage in rice roots (Piacentini et al., 2020a). However, 
considering that exogenous eBL strongly increases NO synthesis and that 
some damages, such as reduced LRs density and increased thickness of 
cortical parenchyma cell walls, are reversed by combined treatments of 
eBL and As, it is possible that NO participates in the mechanisms trig
gered by the eBL to relieve the stress caused by both the As forms in rice 
roots. 

The specific mechanism of BR/NO interaction is still poorly under
stood (Altamura et al., 2023). However, there is evidence that BRs could 
regulate NO levels in Arabidopsis LR formation by inducing Nitrate 
reductase (NR) and NO Synthase (NOS)- like genes (Hu et al., 2021, and 
references therein). Yet, also NO can modulate BR levels. In fact, tran
scription factors leading to the expression of genes involved in 
BR-regulated processes are induced by NO (Castillo et al., 2018; Alta
mura et al., 2023). 

In the present work, we also show that eBL alone significantly en
hances NO levels in the rice roots, and that, when combined with As 
[mainly As(V)], it restores NO levels and its cellular distribution. In 
accordance, in Cucumis sativus exogenous treatments with BRs induce 
endogenous NO synthesis probably to promote AR formation, and in 
Arabidopsis thaliana they restore root architecture (Tossi et al., 2013; Li 
et al., 2020). It is possible that also in rice root systems exposed to 
As(V)-stress, in particular, the NO synthesis induced by exogenous eBL is 
activated to relieve the toxic effects of the metalloid. Thus, the BR action 
in relieving As stress in rice roots might have NO as a mediator. 

It was reported that BRs promote an increase in NO levels by 
involving both nitrate/nitrite reductase pathway and NOS-like activities 
(Bhat et al., 2021, and references therein). Here we show that a NOS 
activity, specifically the activity of OsNOS1, plays a prevalent role in the 
synthesis of NO, especially in the presence of As. At our knowledge, this 
is the first time that the cellular localization of OsNOS1 gene transcripts 
is shown in rice root tissues. Furthermore, here it is shown that eBL 
alone, and especially when combined with each of the two forms of As, 
enhances the signal of the gene transcripts in in situ hybridization ex
periments. In addition, by comparing the localization of NO accumula
tion sites, i.e., epidermis of mature ARs and LRs, the root stele and the 
early LRPs, with the sites where the OsNOS1 transcripts signal is more 
evident, a strong similarity emerges. However, since NO is produced in 
plant cells through a variety of ways, including oxidative, reductive, and 
non-enzymatic reactions (Meng et al., 2022), further analyses are 
needed to shed full light on NO biosynthetic pathways in plants, under 
stress conditions in particular. 

5. Conclusion 

The results show that a specific concentration of exogenous eBL 
improves the morphology of rice root systems in the presence of As, and 
that NO is a key mediator in the BR-induced responses to this pollutant. 
These results increase the knowledge on the mechanisms of action of BRs 
in protecting the plants from the stress induced by toxic elements and 
pave the way to applications of these phytohormones in the cultivation 
of agronomically important plants such as rice, which may be highly 
subject to As-contamination. 
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