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Abstract 25 

Brassinosteroids (BRs) are growth-promoting hormones that exhibit high biological activities inside 26 

numerous plant species. BRs play a protective role in plants against various stresses. In the present study, 27 

seed priming of 24-epibrassinolide (0.01µM) was used to demonstrate the mitigation effect of Aluminum 28 

(400µM) in rice plants. BRs application was found effective in control beside plants under aluminum (Al) 29 

toxicity. It enhanced seed germination energy, germination percentage as well as root length, shoots length, 30 

fresh and dry weight as well under the stressed condition as well as inside control (primed with BRs). 31 

Although, Aluminum toxicity induced reduction in seed growth parameters, also in photosynthetic 32 

pigments, increased MDA content, and H2O2 production by enhancing the activities of antioxidative 33 

enzymes such as ascorbate peroxidase, catalase, and peroxidase in both roots and shoots. These changes 34 

were noticed higher inside tolerant variety (YLY-689) as compared to sensitive cultivar (CY-927). 35 

Interestingly, 24-EBL copped the stress through decreasing MDA content as well as H2O2 production by 36 

more stimulating antioxidant activities to modulate the stress condition under Al stress. Gene expression 37 

analysis of SOD-Cu-Zn, SOD-Fe, CATa, CATb, APX02, and APX08 also supported the data related to 38 

antioxidant activities. These findings led us toward the conclusion that more induction of antioxidant 39 

activities with effective response toward other seed growth parameters with low uptake of Aluminum under 40 

400µM Aluminum stress, 24-EBL was responsible for the mitigation of aluminum stress in rice seedlings.  41 

Keywords: Aluminum, Brassinosteroids, Rice, antioxidant enzyme activity, heavy metals, phytohormones 42 

1. Introduction 43 

Rice is considered a more edible crop in most countries of Asia and its overall production is estimated 90% 44 

world widely (Dawe et al. 2010). China is one of the leading rice-producing countries. In southern China, 45 
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Rice is the main source to meet the hunger of underprivileged people who fulfill their nutrients from rice 46 

uptake (Huang et al. 2013). Lately, soil pollution concern is arising due to industrialization and heavy metal 47 

contamination such as cadmium (Cd), mercury (Moghaddasi et al.) and lead (Pb) in soil, water and air (Fu 48 

&Kane 2008) is the biggest issue inside all over the world Aluminum is one of the most growths inhibiting 49 

factor inside acidic soils. Almost 30-50% of soil is polluted with aluminum word widely and 21% inside 50 

China as well (Agha et al. 2018). It directly causes influences root length as well as affects membrane lipids 51 

and other peroxidation like Fe (Mannon et al. 2004). It increases the peroxidation of lipids and enhances the 52 

action of antioxidant enzymes such as catalase, peroxidase, superoxide dismutase, and glutathione 53 

reductase (Liu et al. 2003) that lead to the plant stress stage. It is investigated that Al toxicity is also 54 

observed in shoots which are observed as an upshot of root system damage (Vitorello et al. 2005). There are 55 

some nastiest effects caused by Al toxicity in plants such as water relation, reduces stomatal opening, 56 

reductions of photosynthetic activity besides it; reasons chlorosis as well as necrosis of leaves. 57 

Nevertheless, it surges the level of proline (Nandi &Neogy 2002) which performs itself as an 58 

osmoprotectant, membrane stabilizer as well as ROS vulture (Apel &Hirt 2004).  59 

Brassinosteroids (BRs) are polyhydroxy steroidal phytohormones that have great capability to ardently 60 

demonstrate the plant growth-promoting effect (Latha &Vidya Vardhini 2018). It was firstly discovered in 61 

the rape plant, Brassica napus pollen based on its capability to stimulate growth (Leaska 1970). Afterward, 62 

70 various types of BRs steroidal growth-promoting hormones were identified from virtually all plants like 63 

gymnosperms, monocots, dicots, pteridophytes, and alga from various parts of plants such as pollen, flower 64 

buds, fruits, seeds, vascular cambium, leaves, shoots, and roots (Bajguz &Hayat 2009, Haubrick 65 

&Assmann 2006, Piotrowska-Niczyporuk &Bajguz 2014). Wide research on BRs indicates that it plays an 66 

important role to mitigate various plant stresses including biotic and abiotic stresses (Wu et al. 2014). 67 
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24-Epibrassinolide is the most biologically active BR compound that is involved in developmental 68 

processes, cell division, elongation, gene expression, and vascular differentiation, etc. (Bergonci et al. 69 

2014). It improves the plant growth by enhancing the chlorophyll contents which have a crucial role to 70 

increase photosynthetic capability, improves antioxidant system capacity, surges enzymatic activity, and 71 

up-regulates stress response genes [superoxide (SOD), peroxide (POD), catalase (CAT), glutathione 72 

reeducates (GR) and ascorbate peroxide (APX)] (Liu et al. 2016, Yuan et al. 2012). Various mutants of BRs 73 

showed many kinds of growth flaws such as dwarfism, deep green leaves, late flowering, and male sterility 74 

(Chakraborty et al. 2015, Hou et al. 2017) in ideal plants Arabidopsis and Brassica (Clouse et al. 1996, 75 

Russinova et al. 2004). These investigations specify that BR has an optimistic response toward numerous 76 

types of stresses as well as it stimulates various physiological and molecular mechanisms to improve plant 77 

growth by inducing stress tolerance. 78 

The current study is aimed to deliberate the role of Brassinosteroids in lessening aluminum stress in rice 79 

plants as well as to drill the association of antioxidant system and capability of brassinosteroids to produce 80 

resistance against aluminum stress in rice plants. In this study, the application of brassinosteroids (EBL) to 81 

alleviate the aluminum stress in rice plants is scrutinized  82 

2. Materials and methods 83 

2.1. Brassinosteroids (BRs) preparation 84 

24-Epibrassinolide (EBL) was obtained from the Institute of crop science, Zhejiang University, China. 85 

The BR was liquefied in an adequate quantity of ethanol and a stock solution of 10-5 M was prepared by 86 

adding ddH2O comprising 0.05% Tween-20 as a surfactant.  87 

2.2. Plant materials and growth conditions 88 
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The seeds of two cultivars of Oryza sativa, L. (cvs. CY-927 and YLY-689) were obtained from the Center 89 

of Seed Science, College of Agriculture and Biotechnology, Zhejiang University, China. Seeds were surface 90 

sterilized by using 0.5% NaClO solution for 15 minutes and then washed several times through tap water 91 

followed by washing with sterilized distilled water thrice to eradicate the smidgens of the disinfectant. Priming 92 

of sterilized seeds was done at 15 °C in darkness for 24 hrs with 0.01µM BRs. Then, seeds were dried back to 93 

their original moisture contents at room temperature. The unprimed dry seeds were used as control (CK). After 94 

priming, seed germination tests were carried out. Fifty seeds were used for each treatment positioned in a plastic 95 

germination box (12 cm × 18 cm) as well as each treatment was replicated three times. Then, incubation of 96 

seeds was carried out in a germination chamber at 25 °C under an interchanging cycle of 8 hr lighting and 16 hr 97 

darkness for 14 days (Zeng et al. 2006). The incubated seeds were treated with 400µM concentration of 98 

Aluminum with nutrient media solution. The composition of nutrient solution was 0.5µM MKNO3, 0.5 µM 99 

MCa(NO3)2, 0.5µM MgSO4, 2.5µM MKH2PO4, 2.5 µM NH4Cl, 100µM Fe–K–EDTA, 30µM MH3BO3, 5µM 100 

MnSO4, 1µM CuSO4, 1µM ZnSO4 and 30µM H3BO3, 5µM MnSO4, 1µM CuSO4, 1µM ZnSO4 and 1µM 101 

(NH4)6Mo7O24 per liter. The pH of the nutrient solution was adjusted to 5.0 with HCl and NaOH. The aluminum 102 

concentration was based on findings from a primary experiment which was conducted on the bases of various 103 

concentrations of Aluminum i.e. 0, 100, 200, 300, 400, 500, 600, 700, and 800µM. The aluminum 104 

concentrations (100-300) µM exhibited slight damage to plant growth. Although, aluminum concentration 105 

400µM was exhibited substantial damage to plant growth. However, concentrations greater than 500µM were 106 

excessively toxic for the growth of the plant.  107 

2.3.  Measurement of physiological parameters 108 
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Counting of germinated seeds was carried out daily for 14 days. Total germinated seeds were counted on 109 

the 5th day of germination and were considered as germination energy. Then, the germination percentage was 110 

calculated on day 14th. Germination Index, Mean Germination Time, as well as Vigour Index, was carried out 111 

by following formulas (Hu et al. 2005) 112 

GI = Σ(Gt/Tt)        (1) 113 

MGT = Σ(Gt × Tt)/ΣGt      (2) 114 

VI = Germination (%) × [Shoot length (Clouse et al.) + Root length (Clouse et al.)] (3) 115 

 116 

Gt is the total calculated number of germinated seeds on day t, and Tt is the time conforming to Gt in days (Hu 117 

et al. 2005).  118 

 119 

2.4.  Experimental design and treatment pattern 120 

The two-week-old seedlings (primed with water as well as primed with 0.01µM 24-epibrassinolide (EBL)) 121 

were treated with a 400µM concentration of aluminum. The way of the experimental pattern was wholly 122 

randomized design (CRD) in addition to the position of the pots, inside the growth chamber was altered every 123 

day. The plants were sampled at 21 days to make the various observations.  124 

2.5.  Plant growth investigation 125 

The plants were detached and immersed in a bucket, occupied with water, to confiscate the smidgens of the 126 

disinfectant, confirming the security of roots. The plants were impaired and the lengths of roots and shoots were 127 

measured, followed by their later weighing to record their fresh mass. The roots in addition to shoots were 128 

formerly dried out in an oven, run at 80 ºC for 24 hr, and assessed to record their dry mass. 129 
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2.6.  Measurement of photosynthetic pigments  130 

Investigation of photosynthetic pigments such as chlorophyll-a, b, and total chlorophyll was determined by 131 

following the methodology of Hartmut et al. In short, Fresh leaf tissues (0.2 g) were standardized in 3 mL 132 

ethanol (95%, v/v). The homogenate was centrifuged at 5000 g for 10 min and then, the supernatant was 133 

extracted. 9 mL ethanol (95%, v/v) was further supplemented with 1 mL aliquot of the supernatant. Afterward, 134 

the mixture was determined by observing the absorbance at the wavelengths 665, 649, and 470 nm through an 135 

exhausting spectrophotometer (LICHTENTHALER &Wellburn 1983). The following equations were utilized 136 

for the cunning of pigment amounts: 137 

Chlorophyll a (Ca) = 13.95 A665 − 6.88 A649     (4) 138 

Chlorophyll b (Cb) = 24.96 A649 − 7.32 A665    (5) 139 

Total chlorophyll content = Ca +Cb       (6) 140 

The quantities of pigments were premeditated as milligrams per liter of plant excerpt. 141 

2.7.  Measurement of metal contents in plant tissues 142 

Aluminum scrutiny was performed on dried roots and shoots. Dry plant samples (0.2 g) for each treatment, 143 

were assimilated by using 5 mL concentrated HNO3 and HCLO4 (5:1, v/v) on a hot plate at 70ºC for almost 5 hr. 144 

The digested sample was diluted with 2% HNO3 to a final volume of 10 ml and sifted. The filtrate was used for 145 

the analysis of Al and the microelements Fe2+, Zn2+, Mn2+, and macro elements calcium (Ca2+), potassium (K+), 146 

and magnesium (Mg2+) with an atomic absorption spectrometer (iCAT-6000-6300, Thermo Scientific, USA) 147 

(Khan et al. 2013).  148 

2.8.  Measurement of MDA contents and H2O2 measurements 149 
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MDA concentration was investigated as 2-thiobarbituric acid (TBA) volatile metabolites 20. 150 

Approximately 1.5 mL excerpt was homogenized in 2.5 mL of 5% TBA prepared in 5% trichloroacetic acid 151 

(TCA). The mixture was intense at 95 °C for 15 min, besides then hastily chilled on ice. Afterward, 152 

centrifugation at 5,000 g for 10 min was carried out; the absorbance of the supernatant was calculated at 532 153 

nm. Amendment of nonspecific turbidity was through by subtracting the absorbance value measured at 600 nm. 154 

The concentration of MDA was intended in terms of (nmol mg−1 protein). To measure the concentration of 155 

hydrogen peroxide (H2O2), shadowed the protocol designated by (Velikova et al. 2000). 156 

2.9. Antioxidant enzyme activity assay 157 

Fresh samples (0.5 g) of both shoots and roots were homogenized in 8 ml of 50mM potassium phosphate 158 

buffer (pH 7.0 containing 1mM EDTANa2 as well as 0.5% PVP W/V) on ice. Then and there, centrifugation of 159 

the homogenate was done for 20 minutes at 12000rpm at 4ºС. Supernatants were unruffled in discrete tubes and 160 

stored at 80ºС. The method of Giannopolitis & Ries, (1977) was followed to examine the activity of superoxide 161 

dismutase (SOD). Peroxidase (POD) activity was assessed as designated by (Dobson &Wilson 1992) 162 

exhausting the elimination coefficient 25.5 mM-1 cm-1. Catalase (CAT) activity was inspected conferring to 163 

(Aebi, 1984) by the extermination constant of 39.4 mM-1 cm-1, whereas for the fortitude of ascorbate 164 

peroxidase (APX) activity scrutiny was done by the method of (Nakano &Asada 1981).  165 

2.10. RNA extraction and gene expression analysis 166 

Antioxidant gene expression was scrutinized by quantitative real-time PCR (qRTPCR). Total RNA was 167 

extracted grounded on the Trizol reagent as described by Gunia, Barnes, & Sah, (2014). For cDNA synthesis, 168 

reverse transcription from 1 μg of total RNA through PrimeScript™ RT reagent kit was utilized as well as 169 
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q-PCR was performed according to (Zhang et al. 2016). OsActin was used as an inner standard. Primers used for 170 

qPCR are specified in Table S1. 171 

2.11. Statistical Analysis  172 

One-way analysis of variance treatments with the least significant differences (LSD) was applied as a 173 

posthoc test at a 95% assurance interlude amongst numerous data sets, using SPSS v16.0 (SPSS, Inc., Chicago, 174 

IL, USA). Three samples for one treatment were conducted from three different pots. Variance (Oberdörster et 175 

al.) analysis was done through Duncan's multiple range tests amongst the treatment’s mean to conclude the 176 

significant difference at p < 0.05 and 0.01 levels between mean values. Principle component analysis (PCA) and 177 

Agglomerative hierarchical clustering (AHC) was accomplished to scrutinize the classification of two different 178 

cultivars of rice grounded on their vulnerability toward Al by using XLSTAT. 179 

3. Results 180 

3.1.  Supplement of BRs significantly enhanced seed vigor and plant growth 181 

 The current study has demonstrated that germination energy, percentage, vigor index, and germination 182 

index were significantly declined under 400µM Al toxicity in both rice cultivars as compared to control (Table 183 

1). More reduction was observed in cultivar CY-927 as compared to cultivar YLY-689. As concerned, priming 184 

with 0.01µM concentration of BRs resulted in the resistance against 400µM Al stress as well as it significantly 185 

enhanced the germination energy, percentage, vigor index, and germination index under toxicity as compared to 186 

the unprimed seeds. The latent study demonstrated that mean germination time is reduced with priming of 187 

0.01µM BRs under toxicity of 400µM Al in both cultivars (Table 1).  188 

 Disclosure of Al has shown the phenotypically changes in the shoot as well as root length in both cultivars 189 

(Fig. 1, Fig. 2). It was observed that there was a significant difference between shoot length, root length, fresh 190 
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weight, and dry weight at 400µM Al exposure in both cultivars. More reduction is observed in cultivar CY-927 191 

as compared to cultivar YLY-689 and significant improvement in shoot length, root length, fresh weight, and 192 

dry weight under 400µM Al exposure were noticed with seed priming with 0.01µM BRs (Table 2).  193 

3.2.  Seed Priming with BRs significantly increased photosynthetic pigments 194 

The latent study represented that alone treatment of Al caused a significant reduction in Chl a, b and total 195 

chlorophyll contents as compared to control. (Fig. 3). This reduction inside photosynthetic pigments was 196 

observed in both cultivars under Al stress. The decrease was more noticeable in CY-927 as compared to 197 

YLY-689. Seed priming with 0.01µM BRs increased photosynthetic pigments such as Chl a, b, and total 198 

chlorophyll contents as compared to control inside both treatments alone as well as under 400µM Al stresses in 199 

both cultivars. Plants treated with BRs alone exhibited more photosynthetic pigment than control in both 200 

cultivars (Fig. 3). 201 

3.3. Supplement of BRs reduced Al accumulation under Al stress 202 

Roots are the main part that interacts first with heavy metals and the main source of uptake for a nutrient 203 

solution as well as heavy metals. A recent study revealed that Al uptake was more in those plants which were 204 

primed by water as compared to the plants primed with 0.01µM BRs under Al toxicity. In roots, Al 205 

accumulation was observed higher as compared to shoots (Table 3-4). More Al accumulation was pragmatic in 206 

cultivar YLY-689 as compared to CY-927. More interestingly, it was observed that K, Ca, Fe and Mn contents 207 

decreased by exposure of Al toxicity in both roots and shoots whereas Zn was increased. The same trend was 208 

noticed in both cultivars (Table 3-4).    209 

3.4. Supplement of BRs ameliorated Al generated oxidative stress 210 
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The presence of Al caused an enhancement in MDA contents in both cultivars as compared to control and 211 

also increased the production of H2O2. This increase was observed more significant in CY-927 as compared 212 

to YLY-689 cultivar. The application of BRs seed priming reduced the MDA contents as well as H2O2 213 

production significantly inside both cultivars (Fig. 4). The MDA contents were observed higher in shoots 214 

as compared to roots under alone treatment of Al was noticed 64.7% in CY-927 and 55.4% in YLY-689. 215 

Whereas it was observed 56% and 42% in roots respectively. Moreover, 44.5%, 45% in shoots, and 26%, 216 

39.7% decreased were recorded in roots of both cultivars under primed seeds with 0.01µM BRs 217 

respectively.  218 

3.5. Determination of Antioxidant enzyme activities  219 

Under alone treatment of Al, stimulated behavior of antioxidant activity was noticed. A recent investigation 220 

showed that under 400µM Al concentration; SOD, CAT, POD as well as APX was enhanced more in stressed 221 

plants as compared to the control and this effect was observed higher in YLY-689 than CY-927 (Fig. 5). These 222 

activities were observed higher in roots as compared to shoots. SOD activity under alone treatment of Al was 223 

noticed at 22.5% in CY-927 and 43.6% in shoots of YLY-689 cultivar. Whereas it was observed 47.7% and 224 

58.2% in roots respectively. Interestingly, 44.6%, 46.3% in shoots, and 57.4%, 58.2% increment were recorded 225 

in roots of both cultivars under primed seeds with 0.01µM BRs respectively. For CAT activity, under separate 226 

treatment of Al was noticed 45% in CY-927 and 59% in YLY-689. Whereas it was observed 39% and 45% in 227 

roots respectively. Stimulatingly, 51%, 61% in shoots, and 46%, 58% increment were recorded in roots of both 228 

cultivars under primed seeds with 0.01µM BRs respectively. In the presence of Al alone, POD and APX were 229 

also noticed higher but with BRs priming this effect was observed further greater however POD activity was not 230 
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more enhanced. Under Al treatment, 14.8% in CY-927, 37.4% in YLY-689 POD was recorded in shoots as well 231 

as 30.2% and 46.8 % were observed in roots respectively (Fig. 5).  232 

3.6.  Determination of gene expression analysis 233 

A significant difference was noted in the expression of APX02 in both roots and shoots as compared to 234 

control inside both cultivars. Transcriptional level of APX02 was higher under the stress of 400µM Al as well as 235 

with the treatment of 0.01 µM BRs under 400µM toxicity. Expression of APX02 was higher in the YLY-689 236 

cultivar as compared to the CY-927 rice cultivar (p < 0.01). Interestingly, the transcriptional level of APX02 in 237 

plants that were treated with seed priming of 0.01 µM BRs were higher than stressed plants and data was 238 

supporting the results of APX activity (Fig. 5). Correspondingly, the transcription level of APX08 was also 239 

prominent in both roots and shoots inside both cultivars as compared to control but inside roots, the expression 240 

level of APX08 was observed higher in YLY-689 as compared to CY-927 cultivar (Fig. 6a). Additionally, gene 241 

expression of CATa and CATb in both cultivars is observed higher in both roots and shoots as well as compared 242 

to the gene expression level of the control condition. It was investigated that increase was more pronounced 243 

inside YLY-689 as compared to CY-927 cultivars. As a result, under µM Al stress, the gene expression level of 244 

CATa and CATb was higher in both roots and shoots in both cultivars as compared to the control (Fig. 6b). 245 

Significant up-regulation of SOD Cu-Zn and SOD-Fe2 gene expression was observed in both cultivars under 246 

stressed conditions but it was noticed higher in YLY-689. SOD Cu-Zn and SOD-Fe2 gene transcriptional level 247 

was observed higher in roots as compared to shoots. SOD Cu-Zn gene transcriptional level was more clearly 248 

up-regulated in roots as compared to control condition irrespective of 400µM Al stress (Fig. 6c). Interestingly, 249 

seeds primed with 0.01µM BRs showed higher expression of SOD Cu-Zn and SOD-Fe2 genes as compared to 250 

seeds primed with water. It may be happened to modulate the stress condition inside both cultivars by 251 
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up-regulating specific genes expression momentarily irrespective of 400µM Al toxicity concentration (Fig. 6c). 252 

Our data also supports the resultant behavior of antioxidant activities (Fig. 5). It clearly showed that 0.01µM 253 

BRs have a significant role to cope with the stress condition as compared to control plants by modulating and 254 

regulating the transcriptional expression level of specific genes  255 

3.7. Determination of cluster and correlation analysis between observations  256 

Based on physiological traits of two different rice varieties; biplot graphs of Principle component analysis were 257 

constructed to investigate the sensitive and tolerant groups through F1 and F2 of numerous parameters under 258 

distinct treatments for example control primed with water (CY927-H2O, YLY689-H2O), control primed with 259 

BRs (CY927-BRs, YLY689-BRs), seed primed with BRs, and treatment under Al stress (CY927-BRs+Al, 260 

YLY689-BRs+Al), seed primed with H2O under Al stress(CY92-Al+ H2O, YLY689- Al+ H2O) (Fig7A-C). 261 

MDA, MGT, and H2O2 were grouped and represented a positive correlation between each other. Although, 262 

MGT, H2O2, and MDA showed a significantly negative correlation with V.I, F/W, D/W, S.L, R.L, G.E, and 263 

G.P but simultaneously exhibited a negative correlation with SOD, POD, CAT, and APX as well. A similar 264 

trend was noticed in both varieties (Fig. 7A, and B). PCA analysis of both cultivars (CY927 and YLY689) 265 

demonstrated that YLY689 is a tolerant genotype to Al and CY927as a sensitive genotype. It demonstrated the 266 

maximum contribution of F1 (84.92) followed by F2 (10.20), with total contribution of 95.12% in CY927 and 267 

for YLY689 the maximum contribution of F1 (86.39) followed by F2 (10.69), with total contribution of 97.09% 268 

is noticed. ACH outcomes also confirmed the same response of both varieties under distinct treatments (Fig. 269 

7C). It represented the close correlation between both cultivars (CY927 and YLY689) primed with BRs as well 270 

as primed with water than cultivars primed with water under Al stress. Cultivars primed with BRs under Al 271 
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stress showed a close correlation with both controls (primed with water and BRs) as compared to plants primed 272 

with water under Al toxicity (7C). 273 

Discussion 274 

Aluminum is more 3rd abundant element in the earth's crust which is present in high quantity but 275 

slightly available in a soluble form which causes severe damage to the biological systems (da Silva Leite 2012). 276 

At pH less than 5.5, Al is present in an available form which can cause toxicity in plants especially inhibit the 277 

roots of plants; (Barcelo &Poschenrieder 2002) reduce shoots length, fresh weight, and dry weight (Table 2) 278 

because it has direct exposure to roots and cause inhibition of cell elongation at an early stage and later on cause 279 

damage in plants growth and development as well (Čiamporová 2002, Silambarasan et al. 2019). Al also causes 280 

nutritional imbalance inside plant because the intrusion in water retention besides membrane permeability 281 

(Olivares et al. 2009) such as in recent study; K, Ca, Fe and Mn contents decreased by exposure of Al in both 282 

roots and shoots (Table 3-4). Saliva et al., (2010) reported that K, Ca, Fe and Mn contents were reduced by the 283 

toxicity generated by Al in rice plants as its effect was more stated in sensitive variety as compared to tolerant. 284 

In tomato and maize, Al caused inhibitory effects on K, Ca, Fe, and Mn contents in both roots and shoots 285 

(Castro et al. 2010, Simon et al. 1994). As a consequence of it, photosynthetic pigments and associated 286 

processes are also affected (Fig. 3) resultant in a caused reduction in plant growth by Al exposure (Table 2). 287 

Nevertheless, seeds treated with brassinosteroids (24 EBL) priming showed better response toward Al stress 288 

resistance as compared to seeds primed with water (Table 1-2) and enhanced the photosynthetic pigments inside 289 

both sensitive, as well as tolerant variety under Al toxicity (Fig. 3) due to the brassinosteroids, stress resistance 290 

behavior in amendments and manipulations in plasma membrane under stressed environment (Hamada 291 

&Tsuruo 1986) as well as with stimulating the antioxidant enzyme activity (Fig. 5) Moreover, Brassinosteroids 292 

act as a proton pump which can enhance water uptake (Mei et al. 2005), regulate suppression and up-regulation 293 
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of genes, protein synthesis (Brand et al. 2003) besides nucleic acid stimulation as well as improvement in 294 

antioxidant enzyme activity (Khripach et al. 2003). All of these modified effects of brassinosteroids play an 295 

important role to stimulate plant growth under stressed conditions. It was reported that Al reduces the stress 296 

effect on plants and improves plant growth as well as photosynthetic pigments and water uptake (Abdullahi et 297 

al. 2003, Rajewska et al. 2016). Likewise, It inhibited toxicity caused by cadmium in cowpea plants (Santos et 298 

al. 2018), reduced salinity stress (Guinney et al. 2015, O¨ zdemir &Edwards 2004), Chromium stress in 299 

Brassica Juncea L. (Arora et al. 2010), temperature stress (Di Angelantonio et al. 2016, Finlayson &Van der 300 

Valk 1995), drought (FILOVÁ 2014, Talaat &Shawky 2016, Talaat et al. 2015) and heavy metal stresses (Li et 301 

al. 2016, Singhal et al. 2015, Swamy et al. 2014) as well by improving antioxidant system.  302 

The results obtained from present studies that antioxidant enzyme activities such as catalase (CAT), ascorbate 303 

peroxidase (APX), superoxide dismutase (SOD) which acts as a defense system during plant stress periods are 304 

increased by aluminum stress (Fig. 5) because of interference inside ROS activity (Jones et al. 2006, Yamamoto 305 

et al. 2003b). In a likewise recent study, SOD, CAT, and APX have increased in both sensitive as well as 306 

tolerant varieties in maize after exposure to Al treatment alone (Liu et al. 2008, Yamamoto et al. 2003a). In 307 

tobacco plants, SOD, POD, APX, and CAT activity was increased after Al disclosure (Ghanati et al. 2005). 308 

Interestingly, in latent investigation brassinosteroids stimulated more antioxidant activities in both pensive and 309 

resistant cultivars (Fig. 5). The role of antioxidant activities i.e. SOD, POD, and CAT, etc. is very important and 310 

it is enhanced by BRs after Al exposure to reduce the toxicity induced by Al (Padmanabhan et al. 2010). It's 311 

found consistent in various studies that BRs increase the antioxidant enzymatic activity in stress conditions to 312 

mitigate various stresses and to (Arora et al. 2008, Bajguz &Hayat 2009) regulate plant's normal behavior (Ali 313 

et al. 2008, Sharma et al. 2007). Al stress causes damage inside the membrane as a result hydrolytic enzyme 314 

activity reduces and causes enhancement of ROS activity (Fig. 4). It is strongly believed that an increase in ROS 315 
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activity causes severe damage inside cellular structure as well as to macromolecules (Halliwell 1999). It is noted 316 

that the application of BRs reduces H2O2 production as well as MDA content under a stress environment (Fig. 317 

4) to protect the plant's membrane from oxidative damage. It lessens the rate of superoxide radicles and as a 318 

result enhances the antioxidant activity in plants (Singh et al. 2008).   319 

Gene expression study by checking the transcriptional level of plants under heavy metal stress provides a more 320 

precise approximation of antioxidant genes toward the behavior of antioxidant enzyme activities. Hence, we 321 

investigated multiple genes related to antioxidant activities to estimate both enzymatic as well as transcriptional 322 

responses of both rice cultivars under stress conditions as compared to control. Transcriptional levels of APX02 323 

and APX08 were higher in our study. This expression has gone toward up-regulation because of NaCl treatment 324 

(Matsumoto et al. 2001). Likewise, APX transcripts influence was up-regulated through augmented levels of 325 

H2O2 in tobacco chloroplasts as consequences of Cu-Zn-superoxide dismutase overexpression (Gupta et al. 326 

1993). Moreover, significant up-regulation of catalase genes (CATa and CATb) was also observed in both roots 327 

and shoots inside both cultivars. There is no significant change in catalase gene expression of leaves were 328 

investigated in Arabidopsis thaliana (Mol et al. 2008). It may have occurred because of the presence of multiple 329 

allo- or isozymes. In contrast, Al causes an increase of catalase gene expression because of the breakdown of 330 

proteins which leads to up-regulation of the transcriptional level. In the present investigation, it is also examined 331 

that gene expression SOD-Cu-Zn and SOD-Fe2 were higher under Aluminium stress which indicated that 332 

oxidative damage inside various cellular compartments were induced by Al toxicity. The pattern of gene 333 

regulation was different because its expression was more up-regulated in roots as compared to shoots in both 334 

cultivars as compared to control. It may happen because roots are the plant's primary interaction point which 335 

first interacts with toxicity caused by Al stress. These interpretations reinforced the opinion of Smeets et al. who 336 

specified that the fundamental mechanism of oxidative stress was dissimilar in the roots as compared to leaves. 337 
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Furthermore, the generation of superoxide besides the lipoxygenase activity is the foremost reason for oxidative 338 

stress inside roots, although inside the leaves H2O2 was appeared to be an imperative contestant. However, H2O2 339 

was formed close by as a product of augmented Cd content of the leaves, or maybe it attained as an indication 340 

from roots, rests to be illuminated (Mol et al. 2008).  341 

Principle component analysis (PCA) is a multivariate method which frequently used to categorize the values 342 

based on various biological statuses, quality as well as origins. To identify and categorize the large data set into 343 

a small number of vigorously correlated variables PCA is utilized (Shan et al. 2013). ACH disclosed the 344 

interaction between different genotypes of rice-based on distinct treatments (Fig 7C). On physiological traits 345 

based, various treatments were utilized to distinguish the sensitive and tolerant genotype and to represent the 346 

correlation between various traits by using the amalgamation of both PCA and ACH (Fig. 5). V.I, F/W, D/W, 347 

S.L, R.L, G.E, and G.P were showed a group and significantly positive correlation between each other but 348 

instantaneously negative relation with MGT, H2O2, and MDA. This investigation contributes to cognize the 349 

response mechanism of both cultivars (CY927, YLY689) under Al stress as well as seed priming with BRs 350 

under Al toxicity in both varieties on morphophysiological, biochemical, and molecular bases. 351 

Conclusion  352 

The latest study investigated the clear phytotoxic effect of aluminum (Al) on the physiological, 353 

antioxidant system as well as on the molecular mechanism of rice seedling. Data exposed that seed priming with 354 

brassinosteroids (BRs) mitigated the venomous effect of aluminum to Oryza sativa seeds besides enhanced both 355 

germination as well as early seedling growth under toxicity of Al. Antioxidant system (SOD, POD, CAT, and 356 

APX) was increased by the response of Al stress in rice plants which was remarkably further persuaded by BRs. 357 

Furthermore, a transcriptional study of antioxidant genes also confirmed the same pattern in both cultivars. 358 

Consequently, it may be suggested that the modified level of the antioxidant system, however in part, was the 359 
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reason for the improvement of resistance level against Al in rice seedlings. A recent study illustrated that 360 

YLY-689 proved as a tolerant variety as compared to CY-927 against Al toxicity. Furthermore, the application 361 

of BRs increased the degree of resistance by enhancing plant growth, photosynthetic pigments, and other 362 

associated processes under aluminum stress inside rice seedlings. 363 
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Table 1. Seed priming effect with 0.01µM BRs on germination energy, germination percentage, germination 551 

index, mean germination time as well as vigour index of two rice cultivars under 400µM Al toxicity. 552 

Varieties Name G.E G.P G.I MGT V.I 

CY-927-H2O 88.00a±2.00 94.67b±1.15 20.13b±1.17 2.91b±0.17 0.88b±0.17 

CY-927-Al 46.00d±2.00 60.67d±1.15 10.87c±0.50 3.81a±0.08 0.15c±0.07 

CY927-BRs 90.67a±3.06 100.00a±0.00 31.62a±0.92 2.17c±0.07 1.47a±0.16 

CY927-BRs+Al 69.33c±3.06 85.33c±5.03 21.49b±1.82 2.91b±0.20 0.64b±0.06 

YLY689- H2O 90.00b±2.00 99.33a±1.15 23.72b±0.43 2.59bc±0.26 1.26b±0.15 

YLY-689-Al 69.33c±1.15 72.67c±2.31 16.53c±0.58 2.88a±0.37 0.37d±0.19 

YLY689-BRs 98.00a±2.00 100.00a±0.00 32.44a±1.12 1.93c±0.14 2.06a±0.03 

YLY689-BRs+Al 80.67b±3.06 88.00b±2.00 23.57b±0.56 2.63b±0.08 0.74c±0.03 

Each value is demonstrating the mean of three repeats of every treatment. The similar letters inside a column 553 

specify that there was no significant difference at a 95% probability level at the p < 0.05 level, 554 

correspondingly.  555 

Table 2. Seed priming effect with 0.01µM BRs on shoot length, root length, fresh weight and dry weight of 556 

two rice cultivars under 400µM Al toxicity. 557 

Varieties Name S.L R.L F/W D/W 

CY-927-H2O 14.26b±0.12 13.85b±0.37 0.41b±0.01 0.04a±0.01 

CY-927-Al 5.52c±0.23 6.85d±0.15 0.16d±0.01 0.01c±0.01 

CY927-BRs 16.40a±0.08 15.29a±0.44 0.53a±0.01 0.05a±0.00 

CY927-BRs+Al 8.38b±0.72 8.93c±0.46 0.29c±0.01 0.03b±0.00 

YLY689-H2O 15.26a±0.35 18.96b±0.47 0.48b±0.01 0.06a±0.00 

YLY-689-Al 8.56d±0.15 9.19d±0.32 0.18d±0.01 0.02c±0.01 

YLY689-BRs 18.23a±0.11 19.54a±0.28 0.59a±0.01 0.06a±0.01 

YLY689-BRs+Al 11.43c±0.22 11.48c±0.18 0.31c±0.01 0.04b±0.00 



 26 of 36 

 

Each value is demonstrating the mean of three repeats of every treatment. The similar letters inside a column 558 

specify that there was no significant difference at a 95% probability level at the p < 0.05 level, 559 

correspondingly.  560 

Table 3. Seed priming effect with 0.01µM BRs on Al uptake and accumulation in shoots of two rice cultivars 561 

under 400µM Al toxicity 562 

Treatment 

Mg  Al  K  Ca  Mn  Fe   Zn  

mg/g mg/g mg/l mg/l mg/l mg/l mg/l 

CY927-H2O 2.32c±0.13 - 31.72d±1.06 1.59ab±1.04 0.27ab±0.10 0.13b±0.10 0.05b±0.02 

CY927-BRs 2.37b±0.74 - 32.43b±2.06 2.80a±0.99 0.43a±0.19 0.20a±0.19 0.05b±0.02 

CY927-Al 2.45a±0.46 0.61a±0.06 37.48a±1.78 1.18ab±0.24 0.09b±0.01 0.08b±0.01 0.07a±0.01 

CY927-BRs+Al 2.31d±0.17 0.43b±0.07 32.08c±1.10 0.80b±0.09 0.12b±0.02 0.11b±0.02 0.06b±0.00 

YLY689-H2O 1.77c±0.78 - 26.36c±1.99 0.71b±0.48 0.15a±0.48 0.07a±0.04 0.02c±0.01 

YLY689-BRs 2.20b±0.65 - 32.09bc±1.93 0.75ab±0.21 0.14a±0.23 0.09a±0.02 0.03c±0.00 

YLY689-Al 2.24ab±0.21 0.82a±0.34 40.43b±2.21 0.80ab±0.23 0.10b±0.21 0.07a±0.01 0.05a±0.01 

YLY689-BRs+Al 3.04a±0.30 0.24b±0.26 49.60a±0.52 1.29a±0.27 0.13a±0.27 0.10a±0.01 0.04b±0.00 

Each value is demonstrating the mean of three repeats of every treatment. Same letters are representing no 563 

significant differentiation at 95% probability level (p<0.05) 564 

Table 4. Seed priming effect with 0.01µM BRs on Al uptake and accumulation in roots of two rice cultivars 565 

under 400µM Al toxicity. 566 

Treatment 

Mg  Al  K  Ca  Mn  Fe Zn 

mg/g mg/g mg/l mg/l mg/l mg/l mg/l 

CY927-H2O 2.34a±0.17 - 19.69a±1.42 0.88a±0.34 0.08a±0.01 6.16a±0.30 0.08b±0.03 

CY927-BRs 1.52c±0.53 - 14.21ab±2.73 0.51b±0.33 0.07b±0.02 4.19ab±1.06 0.12a±0.05 

CY927-Al 1.14d±0.49 5.02a±2.34 9.81b±0.29 0.21bc±0.05 0.03b±0.01 0.52b±0.23 0.14a±0.05 

CY927-BRs+Al 1.19b±0.42 3.92b±1.23 12.60ab±1.10 0.11c±0.04 0.04b±0.02 0.46b±0.17 0.07b±0.01 
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YLY689-H2O 1.77b±0.50 - 13.48b±1.29 1.31b±1.25 0.07a±1.25 4.03a±0.94 0.02c±0.01 

YLY689-BRs 2.13a±0.43 - 17.46a±2.10 0.76b±0.17 0.05ab±0.17 3.63a±1.95 0.03c±0.00 

YLY689-Al 1.28cd±0.34 8.78a±0.25 13.47b±2.94 0.30b±0.17 0.04ab±0.17 1.53b±0.17 0.04b±0.00 

YLY689-BRs+Al 1.32c±0.76 7.50ab±2.45 11.02bc±1.74 1.50a±0.43 0.03ab±0.43 0.71b±0.24 0.05a±0.01 

Each value is demonstrating the mean of three repeats of every treatment. Same letters are representing no 567 

significant differentiation at 95% probability level (p<0.05) 568 

Figure legends 569 

Fig. 1. Physiological effect of Al toxicity on rice cultivar CY-927 and mitigation effect by 0.01µM BRs under 570 

400µM Al stress 571 

Fig. 2. Physiological effect of Al toxicity on rice cultivar YLY-689 and mitigation effect by 0.01µM BRs under 572 

400µM Al stress 573 

Fig.3. Seed priming effect with 0.01µM BRs on (A) Chlorophyll a, (B) Chlorophyll b (C) Chlorophyll a+b in 574 

leaves of two different cultivars of Oryza sativa under 400µM Al concentration 575 

Fig. 4. Seed priming effect with 0.01µM BRs on MDA contents and H2O2 production in shoots and roots of 576 

two rice cultivars under 400µM Al toxicity. 577 

Fig. 5. Seed priming effect with 0.01µM BRs on SOD, CAT, APX and  POD contents in both shoots and 578 

roots of two rice cultivars under 400µM Al toxicity. 579 

Fig. 6a. Effect of seed priming 0.01µM BRs on gene expression of (A) APX02, (B) APX08 in shoots and roots 580 

of both cultivars of rice under toxicity of 400µM Al.  581 

Fig. 6b. Effect of seed priming 0.01µM BRs on gene expression of (C) CATa, (D) CATb in shoots and roots 582 

of both cultivars of rice under toxicity of 400µM Al.  583 
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Fig. 6c. Effect of seed priming 0.01µM BRs on gene expression of (E) SOD Cu-Zn, (F) SOD-Fe2 in shoots 584 

and roots of both cultivars of rice under toxicity of 400µM Al.  585 

Fig.7. Bioplot of principle component of 1 and 2 of the PCA extracted from results obtained from 586 

physiological data of two different rice cultivars (CY927, YLY689) under various treatments such as control 587 

primed with water (CY927-H2O, YLY689-H2O), control primed with BRs (CY927-BRs, YLY689-BRs), seed 588 

primed with BRs, and treatment under Al stress (CY927-BRs+Al, YLY689-BRs+Al), seed primed with H2O 589 

under Al stress(CY92-Al+ H2O, YLY689- Al+ H2O). Sharp angle represented positive, obtuse angle showed 590 

a negative correlation, as well as a right angle, demonstrated a correlation between parameters. (A) 591 

Physiological parameters of rice variety CY927 illustration through Pearson's correlation coefficients under 592 

different treatments. (I) contains POD, CAT, APX, and SOD, (II) Showed G.I, F/W, D/W, G.E, G.P, V.I, and 593 

S.L, (III) Illustrated MDA, MGT, and H2O2; while (IV) represented R.L. (B) Physiological parameters of rice 594 

variety YLY689 representation via Pearson's correlation coefficients under different treatments. Distance 595 

between each circle represented the strength of correlation. . (I) contains POD, CAT, APX, and SOD, (II) 596 

Showed G.I, F/W, D/W, G.E, G.P, and V.I, (III) Illustrated MDA, MGT, and H2O2; while (IV) represented 597 

R.L and S.L (C) Dendrogram of two different rice cultivars under various treatments obtained through 598 

Agglomerative hierarchical clustering using ward’s method on basis of physiological traits.  599 
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 604 

Fig.3. Seed priming effect with 0.01µM BRs on (A) Chlorophyll a, (B) Chlorophyll b (C) Chlorophyll a+b in 605 

leaves of two different cultivars of Oryza sativa under 400µM Al concentration 606 

Fig. 1. Physiological effect of Al toxicity 

on rice cultivar CY-927 and mitigation 

effect by 0.01µM BRs under 400µM Al 

stress 

Fig. 2. Physiological effect of Al toxicity 

on rice cultivar YLY-689 and mitigation 

effect by 0.01µM BRs under 400µM Al 

stress 



 30 of 36 

 

 607 

Fig. 4. Seed priming effect with 0.01µM BRs on MDA contents and H2O2 production in shoots and roots of 608 

two rice cultivars under 400µM Al toxicity. 609 
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 610 

Fig. 5. Seed priming effect with 0.01µM BRs on SOD, CAT, APX and  POD contents in both shoots and 611 

roots of two rice cultivars under 400µM Al toxicity. 612 
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 613 

Fig. 6a. Effect of seed priming 0.01µM BRs on gene expression of (A) APX02, (B) APX08 in shoots and roots 614 

of both cultivars of rice under toxicity of 400µM Al.  615 
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 616 

Fig. 6b. Effect of seed priming 0.01µM BRs on gene expression of (C) CATa, (D) CATb in shoots and roots 617 

of both cultivars of rice under toxicity of 400µM Al.  618 
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 620 

Fig. 6c. Effect of seed priming 0.01µM BRs on gene expression of (E) SOD Cu-Zn, (F) SOD-Fe2 in shoots 621 

and roots of both cultivars of rice under toxicity of 400µM Al.  622 
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 625 

Fig.7. Bioplot of principle component of 1 and 2 of the PCA extracted from results obtained from 626 

physiological data of two different rice cultivars (CY927, YLY689) under various treatments such as control 627 

primed with water (CY927-H2O, YLY689-H2O), control primed with BRs (CY927-BRs, YLY689-BRs), seed 628 

primed with BRs, and treatment under Al stress (CY927-BRs+Al, YLY689-BRs+Al), seed primed with H2O 629 

(B) 
(A) 

(C) 
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under Al stress(CY92-Al+ H2O, YLY689- Al+ H2O). Sharp angle represented positive, obtuse angle showed 630 

a negative correlation, as well as a right angle, demonstrated a correlation between parameters. (A) 631 

Physiological parameters of rice variety CY927 illustration through Pearson's correlation coefficients under 632 

different treatments. (I) contains POD, CAT, APX, and SOD, (II) Showed G.I, F/W, D/W, G.E, G.P, V.I, and 633 

S.L, (III) Illustrated MDA, MGT, and H2O2; while (IV) represented R.L. (B) Physiological parameters of rice 634 

variety YLY689 representation via Pearson's correlation coefficients under different treatments. Distance 635 

between each circle represented the strength of correlation. . (I) contains POD, CAT, APX, and SOD, (II) 636 

Showed G.I, F/W, D/W, G.E, G.P, and V.I, (III) Illustrated MDA, MGT, and H2O2; while (IV) represented 637 

R.L and S.L (C) Dendrogram of two different rice cultivars under various treatments obtained through 638 

Agglomerative hierarchical clustering using ward’s method on basis of physiological traits.  639 

 640 

 641 



Figures

Figure 1

Physiological effect of Al toxicity on rice cultivar CY-927 and mitigation effect by 0.01µM BRs under
400µM Al stress

Figure 2



Physiological effect of Al toxicity on rice cultivar YLY-689 and mitigation effect by 0.01µM BRs under
400µM Al stress

Figure 3

Seed priming effect with 0.01µM BRs on (A) Chlorophyll a, (B) Chlorophyll b (C) Chlorophyll a+b in leaves
of two different cultivars of Oryza sativa under 400µM Al concentration



Figure 4

Seed priming effect with 0.01µM BRs on MDA contents and H2O2 production in shoots and roots of two
rice cultivars under 400µM Al toxicity.



Figure 5

Seed priming effect with 0.01µM BRs on SOD, CAT, APX and POD contents in both shoots and roots of
two rice cultivars under 400µM Al toxicity.



Figure 6

Fig. 6a. Effect of seed priming 0.01µM BRs on gene expression of (A) APX02, (B) APX08 in shoots and
roots of both cultivars of rice under toxicity of 400µM Al. Fig. 6b. Effect of seed priming 0.01µM BRs on
gene expression of (C) CATa, (D) CATb in shoots and roots of both cultivars of rice under toxicity of
400µM Al. Fig. 6c. Effect of seed priming 0.01µM BRs on gene expression of (E) SOD Cu-Zn, (F) SOD-Fe2
in shoots and roots of both cultivars of rice under toxicity of 400µM Al.



Figure 7

Bioplot of principle component of 1 and 2 of the PCA extracted from results obtained from physiological
data of two different rice cultivars (CY927, YLY689) under various treatments such as control primed with
water (CY927-H2O, YLY689-H2O), control primed with BRs (CY927-BRs, YLY689-BRs), seed primed with
BRs, and treatment under Al stress (CY927-BRs+Al, YLY689-BRs+Al), seed primed with H2O under Al
stress(CY92-Al+ H2O, YLY689- Al+ H2O). Sharp angle represented positive, obtuse angle showed a
negative correlation, as well as a right angle, demonstrated a correlation between parameters. (A)
Physiological parameters of rice variety CY927 illustration through Pearson's correlation coe�cients



under different treatments. (I) contains POD, CAT, APX, and SOD, (II) Showed G.I, F/W, D/W, G.E, G.P, V.I,
and S.L, (III) Illustrated MDA, MGT, and H2O2; while (IV) represented R.L. (B) Physiological parameters of
rice variety YLY689 representation via Pearson's correlation coe�cients under different treatments.
Distance between each circle represented the strength of correlation. . (I) contains POD, CAT, APX, and
SOD, (II) Showed G.I, F/W, D/W, G.E, G.P, and V.I, (III) Illustrated MDA, MGT, and H2O2; while (IV)
represented R.L and S.L (C) Dendrogram of two different rice cultivars under various treatments obtained
through Agglomerative hierarchical clustering using ward’s method on basis of physiological traits.
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