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ABSTRACT 
 
The ‘RD6’ glutinous rice (Oryza sativa L.), developed from the popular aromatic rice ‘KDML105’ through gamma 
irradiation, is a key economic cultivar widely consumed in Thailand and exported throughout Asia. However, 
cultivation of the ‘RD6’ faces challenges due to its low grain yield and growth performance. The objective of 
this study was to use biostimulant chitosan and brassinosteroids to promote growth performance, nutrition, 
and yield of the ‘RD6’ rice. Chitosan (2.5, 5.0, 7.5, and 10.0 mg L-1) and brassinosteroids (0.00005, 0.0005, 0.001, 
and 0.002 mg L-1) were sprayed twice at 40- and 75-d-old rice plants in paddy fields. The results demonstrated 
that foliar spraying with 7.5 mg L-1 chitosan can promote leaf growth of ‘RD6’ and improve grain yield by 24% 
as compared with the control. More pronounced effects were observed with 0.002 mg L-1 brassinosteroid, 
improving not only growth but also ‘RD6’ yield by 41.8% compared to the control. Moreover, 0.002 mg L-1 
brassinosteroids can enhance antioxidant capacities (total phenolic contents), elemental K and Ca contents, 
and the aroma compound 2-acetyl-1-pyrroline (2AP) contents in the rice grains. Furthermore, the use of 
0.002 mg L-1 brassinosteroids proved to be a financially sound investment, yielding superior net returns and an 
advantageous benefit-cost ratio compared with 7.5 mg L-1 chitosan. Therefore, the use of exogenous 
brassinosteroids on glutinous rice in this study offers promising advantages for promoting the growth and 
physiological performance of rice plants.  
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INTRODUCTION 
 
Rice (Oryza sativa L.) is a staple food crop that sustains nearly half of the global population (Yuan et al., 2021). 
It contributes to over 21% of the worldwide human caloric intake, and in Southeast Asia, this figure rises to as 
much as 76% (Yuan et al., 2021; Mohidem et al., 2022). Asia is responsible for more than 90% of the world’s 
rice production (Mohidem et al., 2022), with the crop being cultivated across approximately 135 million 
hectares, yielding around 516 million tons annually (Bunnag and Suwanagul, 2017). For 2023/2024 cycle, China 
remains the top rice producer in Asia, according to the US Department of Agriculture (USDA), followed by India 
and Bangladesh. These countries produce approximately 28% (144.62 million tons), 26% (134.0 million tons), 
and 7% (36.30 million tons) of the global rice output, respectively (United States Department of Agriculture, 
2024). In Thailand, rice farming cover roughly 11.11 million hectares, predominantly in the northern and 
northeastern regions of the country (Bunnag and Suwanagul, 2017). In 2023/2024, Thailand is ranked 6th in 
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worldwide rice production, accounting for about 4% of the total or 20.00 million tons (United States 
Department of Agriculture, 2024).  

Rice ‘RD6’, developed from ‘KDML105’ through gamma irradiation, ranks among the most popular glutinous 
rice cultivars in northern and northeastern Thailand. Owing to its superior cooking qualities, flavour, and 
texture, the demand for ‘RD6’ rice has grown over time (Thanasilungura et al., 2020). However, the yield of 
‘RD6’ rice is significantly affected by biotic and abiotic stresses (Bunnag and Suwanagul, 2017; Wongkhamchan 
et al., 2018; Thanasilungura et al., 2020), as well as nutrient deficiencies and imbalances that hinder growth 
and development (Sangwongchai et al., 2023). Consequently, there is a need to explore the use of alternative 
agrochemicals or plant growth regulators to improve the growth, development, and yield of rice plants, 
particularly for ‘RD6’. 

Increasing crop yield remains a significant challenge in modern agriculture. The widespread use and overuse 
of chemical fertilizers on farms is a global crisis, leading to a number of adverse effects such as soil fertility 
erosion, water quality degradation, biodiversity loss, nutrient and pesticide runoff, and significant 
environmental and human health impacts (Ahmed et al., 2020a). Therefore, to mitigate the negative impacts 
of agriculture on the environment, it is crucial to reduce reliance on fertilizers. In this context, there is a growing 
demand for effective and eco-friendly plant growth regulators to enhance crop production. Numerous plant 
growth regulators have been applied for this purpose such as plant phytohormones (salicylic acid, abscisic acid, 
brassinosteroids) and natural polymer (chitosan) (Chen et al., 2022; 2023). 

Chitosan is a mucopolysaccharide and naturally occurs as a linear polymer composed of 1,4-glycosidically 
linked glucosamine (2-amino-2-deoxy-D-glucopyranose) (Román-Doval et al., 2023). It has become a focal point 
in the agricultural sector, especially in advancing organic agriculture that poses no harm to the environment 
(Ahmed et al., 2020a). The effect of exogenous application of chitosan (such as foliar spraying and seed 
pretreatment) to promote plant growth and disease resistance has been recognized in a variety of crop plants 
(Ahmed et al., 2020a; Quitadamo et al., 2021; Chen et al., 2023). Besides, chitosan helps increase the 
effectiveness of nutrient absorption by plants and also reduces the rate of fertilizer application (Ahmed et al., 
2020a).  

Brassinosteroids, recognized as the sixth class of phytohormones, are a relatively newly discovered group 
of naturally occurring plant steroid hormones. They play a crucial role in normal plant growth, development, 
including regulation of cell elongation and division, photomorphogenesis, leaf growth and senescence, 
reproduction, proton pump activity, and gene expression (Nolan et al., 2020; Li et al., 2023). In addition, 
brassinosteroids can induce environmental stress tolerance by inducing a range of metabolic changes (Li et al., 
2023). Exogenous application of brassinosteroids, e.g., foliar spraying, seed pretreatment, and root soaking at 
certain concentration can promote plant growth and increase crop yield, crop quality and improved crop stress 
tolerance (Li et al., 2021; 2023).  

As chitosan and brassinosteroids are considered to have significant potential for crop improvement, the 
objective of this study was to evaluate the effectiveness of chitosan and brassinosteroids in stimulating growth 
and agronomic traits, as well as in altering the antioxidant properties, elemental composition, and the key 
aroma compound, 2-acetyl-1-pyrroline (2AP), in the grains of the glutinous rice ‘RD6’.  

 

MATERIALS AND METHODS 
 
Plant material and chemicals 
The rice (Oryza sativa L.) ‘RD6’ was obtained from the Department of Agricultural Technology, Faculty of 
Technology, Mahasarakham University, Kantarawichai District, Maha Sarakham, Thailand. The moisture 
content of rice seeds is about 14%. Both chitosan (molecular weight 50 000-190 000 Da) and brassinolide (> 
80%) used in this study were purchased from Sigma-Aldrich (St. Louis, Missouri, USA).  
 
Experimental design and plot culture  
The experiment was conducted in a randomized complete block design (RCBD) replicated four times with 
nine treatments as follows: Water (control), 2.5, 5.0, 7.5, and 10.0 mg L-1 chitosan, 0.00005, 0.0005, 0.001, and 
0.002 mg L-1 brassinosteroid.  
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The experiment was performed in August-December 2022 at Agricultural Research Field, Mahasarakham 
University (16°12'14" N, 103°17'06" E), Thailand. The average temperature was 28.5 ºC (day/night 33/24 °C). 
Experimental plots were prepared by ploughing the soil, adding 1000 kg ha-1 manure, water and sub-soiling 
thoroughly. The plot was divided into 2 × 4 m2 plots, resulting in 32 plots. Seeds of ‘RD6’ glutinous rice were 
surface-sterilized with 1% sodium hypochlorite for 10 min before washing three times with sterile distilled 
water. The sterilized seeds were immersed in distilled water for 24 h. After 5 d germination, uniform-sized 
seedlings were planted in the plot at a spacing of 25 × 25 cm. Rice was sprayed twice at 40 d (vegetative stage) 
and 75 d (reproductive stage) after sowing. During the foliar application, the soil surface was covered with 
plastic sheet to prevent the solution dripping into the soil. Measurements of growth and physiological 
parameters were conducted at 55 and 85 d after spraying.   
 
Measurement of plant growth 
The rice plant height (cm) was measured from ground level to the tip of the longest leaf using a measuring tape. 
Roots were excavated from the experimental plot and carefully washed several times with tap water. The length 
of the root (cm) was measured from base to the tip of root using the standard ruler.   

To determine stem and root dry weight, stems and roots were excavated from the plot and thoroughly 
washed with tap water to remove soil and dust particles before rising with distilled water. Then, stems and 
roots were cut into small fragments (ca. 10-15 cm). To obtain constant dry weight, the fragments of stem and 
root samples were put in a paper bag and oven-dried at 80 °C for 48 h before weighting using a digital balance 
with a resolution of 0.0001 g. 
 
Measurement of leaf growth and photosynthetic parameters 
Leaf growth was determined in terms of leaf area, length and width. The measurement was performed between 
09:00-11:30 h on the fully expanded third leaf from the lower part of two plants using the handheld leaf area 
meter CI 203 (CID-Bio-Science, Camas, Washington, USA).   

The photosynthetic and transpiration rates were determined on the thirdly fully expanded leaf from the 
lower part of two plants using the Ultra Compact Photosynthesis System (LCi-SD, ADC BioScientific Ltd., Herts, 
England). Measurement was performed in the morning between 09:00 and 11:30 h to avoid high vapor 
pressure deficit and photo-inhibition at midday.  
 
Yield component and grain yield 
Agronomic characteristics of rice were determined at 120 d after planting using the method of Baloch et al. 
(2002) including tiller number hill-1, seeds number panicle-1, grains filling (%), 100 seeds weight (g), 100 seeds 
volume (mL), and yield (kg ha-1).  
 
Elemental analysis of rice grain  
Elemental analysis of Ca, Fe, Mg, Mn and Zn in rice grain was determined using atomic absorption 
spectrophotometry according to the method of Tyagi et al. (2020). For elemental K, flame photometry was 
performed according to the method described by Thunus and Lejeune (1994). 
 
Determination of antioxidant capacity 
Total phenolic content (TPC) was determined according to the method described previously by Singleton et al. 
(1999) using 0.1 mL extract, distilled water, Folin-Ciocalteu reagent, and sodium carbonate solution at room 
temperature for 90 min. Then the absorption of light at 760 nm was measured. Gallic acid was used as a 
standard. The result was the total amount of phenolic compounds (milligrams of gallic acid per 100 g dry 
weight).  

Ferric reducing ability power (FRAP) solution consists of Fe3+ and 2,4,6-tri (2-pyridyl)-1,3,5-triazine (TPTZ) in 
an acidic state, and the absorbance was measured at 593 nm. The reducing ability was based on the increased 
absorption of light at wavelengths being used as a measure of the reaction, using the method of Benzie and 
Strain (1996). 
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Determination of 2-acetyl-1-pyrroline (2AP) in grain 
At maturity stage, the fresh grain samples were frozen in liquid nitrogen and immediately stored at -20 °C for 
the determination of 2AP content. The grain samples were ground using pestle and mortar and passed through 
a 0.297 mm mesh sieve (N°50 mesh sieve) to obtain the fine power. After that, 2.0 g powder was weighed for 
measurement of 2AP content using the gas chromatography-mass spectrometry (GC-MS) (Shimadzu 
Corporation, Kyoto, Japan) according to the method of Hien et al. (2006). The 2AP content was expressed as 
ng g-1 dry weight (DW). 
 
Economic value of foliar application of chitosan and brassinosteroids on the ‘RD6’ rice plant 
The treatment cost (USD ha-1) is referred to how much the treatment costs (SEPWA, 2016). Other economic 
values, i.e., the total cost, gross return, net return and benefit cost ratio (BCR) were calculated based on the 
formula provided by Vercuiel and Botha (2023) and expressed as USD ha-1. 
 
Statistical analysis 
A randomized complete block design (RCBD) with four replicates and nine treatments was conducted. The 
ANOVA was performed using SPSS v.20 (IBM, Armonk, New York, USA). Comparisons of means between 
different treatments were performed using the Duncan’s multiple range test (DMRT) at a 5% probability level. 
 

RESULTS AND DISCUSSION 
 
Chitosan and brassinosteroid hormones showed differential roles on promoting plant growth 
Upon treating rice plants with chitosan and brassinosteroid hormones, both biostimulants induced substantial 
changes in plant height, root length, stem dry weight, and root dry weight (Table 1). However, chitosan did not 
exhibit beneficial effects on plant growth, despite numerous studies suggesting that its application could 
enhance plant height, branch and leaf number per plant, and total dry mass per plant (Al-Hassani and Majid, 
2019; Ahmed et al., 2020b). The lack of effectiveness in this study could be attributed to the insufficient 
concentration of chitosan used, which might not have been adequate to stimulate plant development. Ullah et 
al. (2020) noted that plant growth parameters increased significantly with high concentrations of chitosan. In 
contrast, brassinosteroid hormones, particularly at 0.002 mg L-1, resulted in increased plant heights, root 
lengths, stem and root dry weights. These hormones are known to regulate various processes including cell 
elongation, cell division, photomorphogenesis, xylem differentiation, and reproduction (Nolan et al., 2020). 
 
 

Table 1. Effects of foliar application of chitosan and brassinosteroids on growth and biomass of 
the ‘RD6’ rice plant. Different letters indicate significant differences according to the Duncan’s test 
(p ≤ 0.05). *Significant difference at the 0.05 probability level; nsnonsignificant difference. 
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Impacts of chitosan and brassinosteroids on leaf growth, transpiration and photosynthetic rates  
Chitosan and brassinosteroid hormones caused alterations in the growth and dimensions of leaves, including leaf 
area, leaf length, and leaf width (Table 2). These results align with findings from Ullah et al. (2020), who noted that 
foliar application of chitosan improves overall leaf area per plant, contributing to an enhanced absolute growth rate. 
Our data indicated that chitosan concentrations ranging from 5.0 to 7.5 mg L-1 effectively increased leaf area and 
length, whereas lower (2.5 mg L-1) and higher (10.0 mg L-1) concentrations were less effective, suggesting that the 
optimization of chitosan concentrations is critical for influencing plant phenotype. In contrast to controls and plants 
treated with water, 7.5, and 10.0 mg L-1 chitosan, supplementation with brassinosteroids (0.0005-0.002 mg L-1) 
significantly altered leaf morphology, with marked increases in leaf area, length, and width. Brassinosteroids are 
known to be associated with cell elongation and expansion, facilitating plant development and morphogenesis (Nolan 
et al., 2020). Notably, a higher concentration of brassinosteroids (0.002 mg L-1) appeared to further enhance leaf 
morphology. In terms of transpiration and photosynthesis rates, chitosan and brassinosteroids did not induce 
significant changes. There were no notable differences in transpiration rates across all treatment groups. However, 
a modest increase in photosynthesis rate was observed in rice plants treated with brassinosteroids at concentrations 
of 0.001 and 0.002 mg L-1 (Table 2). Siddiqui et al. (2018) reported that brassinosteroids could stimulate 
photosynthesis by activating rubisco and modifying expressions of photosynthetic genes.   
 
 

Table 2. Effects of foliar application of chitosan and brassinosteroids on leaf growth, leaf greenness as 
measured by SPAD value, and leaf transpiration and photosynthetic rates of the ‘RD6’ rice plant. 
Different letters indicate significant differences according to the Duncan’s test (p ≤ 0.05). *, **Significant 
difference at the 0.05 and 0.01 probability levels respectively; nsnonsignificant difference. 

 
 
 
Alteration of agronomic traits  
The exogenous application of chitosan and brassinosteroids caused changes in some agronomic traits, including the 
tillers hill-1, seed number panicle-1, grain filling, 100 seed weight, 100 seed volume, and grain yield of ‘RD6’ rice plants 
(Table 3). Chitosan at concentrations of 2.5 or 10.0 mg L-1 resulted in a slight decrease in seed number panicle-1 and 
100 seed volume. However, when chitosan was applied at 5.0 and 7.5 mg L-1, rice yield increased by 8.49% and 24%, 
respectively, compared to untreated groups. The effectiveness of chitosan has been associated with increases in crop 
yield and quality (Chen et al., 2023). Regarding the foliar application of brassinosteroids, it was observed that tillers 
hill-1, seed number panicle-1, grain filling, 100 seed weight, and 100 seed volume slightly increased, particularly at 
0.002 mg L-1 brassinosteroids. In plants, brassinosteroids influence many agronomic traits that affect grain yield, such 
as branching number and grain size (Chen et al., 2024). They stimulate the flow of assimilates from the source to the 
sink, enhancing seed filling and inducing genes that promote grain development (Wu et al., 2008). This activity likely 
contributes to improved grain weight and yield. Moreover, spraying brassinosteroids at 0.0005, 0.001, and 
0.002 mg L-1 on rice plants resulted in marked increases in grain yield to 2107.0, 2159.5, and 3123.8 kg ha-1, 
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respectively. Brassinosteroids enhance CO2 assimilation, enlarge glucose pools in the flag leaves, and increase glucose 
conversion to starch in seeds, which aids seed filling and can significantly boost grain yields in crops (Wu et al., 2008). 
Additionally, it was reported that brassinosteroids enhance plant physiological functions and molecular mechanisms 
related to agronomic traits such as plant height, leaf angle, tiller number, and panicle morphology, thereby effectively 
promoting grain yield (Zhang et al., 2014). 
 
 

Table 3. Effects of foliar application of chitosan and brassinosteroids on agronomic trait including grain 
yield of the ‘RD6’ rice plant. Different letters indicate significant differences according to the Duncan’s 
test (p ≤ 0.05). *, **Significant difference at the 0.05 and 0.01 probability levels respectively. 

 
 
 
Changes in elemental composition in grains of ‘RD6’ rice 
The elemental composition of ‘RD6’ rice seeds were dramatically changed when plants were exogenously supplied 
with both chitosan and brassinosteroids in various concentrations (Table 4). Notably, the use of water resulted in the 
highest accumulation of Fe in seeds (8.30 mg L-1) compared to chitosan and brassinosteroids. The reduced Fe 
concentrations in the brassinosteroid treatment groups may be attributed to the hormones’ effects on decreasing 
Fe concentrations in roots and shoots, as well as altering Fe uptake and translocation in rice (Wang et al., 2015). 
Chitosan application did not alter Mg content in rice grains; however, applying 0.00005 mg L-1 brassinosteroids slightly 
increased Mg accumulation to 34.23 mg L-1, while using 0.002 mg L-1 brassinosteroids slightly decreased it to 
30.30 mg L-1. Potassium content showed a clear advantage when chitosan was applied, significantly increasing 
compared to the control. The highest K content was found in the group treated with 10.0 mg L-1 chitosan 
(7111.30 mg L-1). This finding aligns with studies on wheat, where foliar supplementation with nanoform chitosan 
significantly boosted K and P contents in the grains (Abdel-Aziz et al., 2018). For Ca, applications of chitosan above 
2.5 mg L-1 and any concentration of brassinosteroids led to higher Ca accumulation in rice grains, increasing by 61%-
69% and 56%-68% respectively. These results highlight the effectiveness of both chitosan and brassinosteroids in 
enhancing mineral composition in rice grains. Amerany et al. (2020) noted chitosan’s capacity to chelate ions crucial 
for mineral assimilation, while Kretynin et al. (2021) reported that brassinosteroids improved Ca2+ balance in plants 
due to stimulation by exogenous applications. For Mn, a low concentration of chitosan (2.5 mg L-1) slightly increased 
Mn content in rice grains, while a high concentration (10.0 mg L-1) caused a slight decrease. A high concentration of 
brassinosteroid hormones (0.002 mg L-1) also tended to slightly reduce Mn content. Nonetheless, studies have shown 
that the external application of chitosan and brassinosteroids (24-epibrassinolide) can increase Mn contents in plants 
(Amerany et al., 2020; dos Santos et al., 2021). For Zn, chitosan application did not significantly change Zn levels 
compared to the control, whereas brassinosteroids reduced Zn content in rice grains, with a tendency to decrease 
further as the concentration of brassinosteroids increased. Brassinosteroids have been reported to reduce the 
translocation of heavy metals, including Zn, into plants and mitigate their toxicity (Xu et al., 2019). Thus, 
supplementation with exogenous brassinosteroids could decrease Zn accumulation in rice grains. 
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Table 4. Effects of foliar application of chitosan and brassinosteroids on elemental (nutritional) contents 
in grain of the ‘RD6’ rice plant. Different letters indicate significant differences according to the 
Duncan’s test (p ≤ 0.05). *, **Significant difference at the 0.05 and 0.01 probability levels respectively. 

 
 
 
Alteration of aroma compound 2AP and antioxidant capacities in seeds 
2-Acetyl-1-pyrroline (2AP) is a volatile organic compound that imparts the characteristic flavour to aromatic rice (Routray 
and Rayaguru, 2017). According to Table 5, foliar application of chitosan did not enhance the 2AP content in rice seeds, 
with observed decreases dependent on the chitosan concentration used. Conversely, the application of brassinosteroids 
through spraying positively impacted the enhancement of 2AP content, with levels increasing alongside the 
concentration of brassinosteroids used. The elevated 2AP content is likely due to the induction of proline catabolism by 
brassinosteroids, as the by-products of this process are precursors for 2AP synthesis (Luo et al., 2020). Regarding 
antioxidant capacities, the application of chitosan and brassinosteroids caused slight variations in total phenolic content 
(TPC). However, there were no remarkable changes in ferric reducing antioxidant power (FRAP). The highest TPC activity 
was observed in the group treated with 7.5 mg L-1 chitosan, whereas the lowest activity was noted in the group treated 
with brassinosteroids at 0.00005 mg L-1. Previous studies have reported that both chitosan and brassinosteroids can 
enhance plant antioxidant capacities (Çoban and Baydar, 2016; Quitadamo et al., 2021). Despite these findings, this 
study did not observe any significant effects of chitosan or brassinosteroids on FRAP values. 
 
 

Table 5. Effects of foliar application of chitosan and brassinosteroids on the aroma compound 2-
acetyl-1-pyrroline (2AP) content and antioxidant capacities in ‘RD6’ rice grain. Different letters 
indicate significant differences according to the Duncan’s test (p ≤ 0.05). *, **Significant difference at 
the 0.05 and 0.01 probability levels respectively; nsnonsignificant difference. TCP: Total phenolic 
content; FRAP: Ferric reducing ability power. 
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Economic value of foliar application of chitosan and brassinosteroids on the rice plant ‘RD6’ 
An assessment was conducted to analyse the economic impact of applying chitosan and brassinosteroid 
hormone on the production of ‘RD6’ glutinous rice. The evaluation, detailed in Table 6, focused on the costs 
and returns per unit plot of ‘RD6’ rice, which were then converted to cost per hectare. When averaging the 
results of the nine treatments, it was observed that the treatment with brassinosteroids at a concentration of 
0.002 mg L-1 resulted in the highest gross return (USD 1018.19 ha-1) and benefit-cost ratio (BCR) of 1.99. 
Conversely, the use of chitosan at 10.0 mg L-1 led to the lowest gross return (USD 538.13 ha-1) and a BCR of 
1.01. Applying brassinosteroids at 0.002 mg L-1 yielded a net return that was 419% higher than the control, 
making it the most economically advantageous treatment. Specifically, this brassinosteroid treatment provided 
the highest net return of USD 505.31 ha-1, whereas the chitosan treatment at 10.0 mg L-1 recorded the lowest 
net return at USD 7.00 ha-1. This analysis clearly demonstrated that the application of brassinosteroids at 0.002 
mg L-1 maximized net profits compared to other treatments.  
 
 

Table 6. Estimation of cost of production, returns, and benefit cost ratio (BCR) of the ‘RD6’ rice 
plant after treatments with exogenous chitosan and brassinosteroids at different concentrations. 
1Paddy price (‘RD6’) was 11.74 THB kg-1 or 0.33 USD kg-1 (Office of Agricultural Economics, 2021). 

1 USD  36 THB (Bank of Thailand, 2024). 

 
 
 

CONCLUSIONS 
 
To enhance the production of ‘RD6’ glutinous rice, exogenous spraying of chitosan and brassinosteroid 
hormones at various concentrations was employed, in comparison to the use of water alone. It was found that 
foliar application of chitosan was able to increase nutritional value in ‘RD6’ rice grain, especially K and Ca, 
though it suppressed 2-acetyl-1-pyrroline (2AP) accumulation. Controversially, foliar application of exogenous 
brassinosteroids at 0.002 mg L-1 significantly improved leaf growth, increased crop productivity, antioxidant 
capacity, nutritional elements, and elevated levels of 2AP. These enhancements can be attributed to increased 
growth, development, and overall yield. Furthermore, the application of brassinosteroids at 0.002 mg L-1 
demonstrated to be a financially sound decision, offering a superior net return and an advantageous benefit-
cost ratio. This study demonstrates that foliar application of exogenous brassinosteroids in glutinous rice ‘RD6’ 
offers promising benefits not only in promoting rice plant growth, physiological performance and agronomic 
traits, but also in terms of antioxidant capacity, elemental composition, and aroma compound 2AP contents in 
rice grains. To enhance the beneficial effects of foliar application of brassinosteroids in tropical rice fields, it is 
recommended that foliar spraying be performed in early morning to avoid rapid evaporation of the substances 
during sunrise. It would also be interesting to investigate the molecular mechanism by which exogenous 
brassinosteroids improve the elemental composition and aroma compound 2AP at different stages of growth 
in ‘RD6’ rice.   
 



 

CHILEAN JOURNAL OF AGRICULTURAL RESEARCH 84(6) December 2024 - www.chileanjar.cl 747 

Author contribution 
Conceptualization: P.K. Methodology: P.K., R.W., D.B., B.K., O.S., C.J., P.K., H.B. Software: P.K., H.B. Validation: P.K., H.D. 
Formal analysis: P.K., H.D. Investigation: P.K., R.W., D.B., B.K., O.S., C.J., P.K., H.B. Resources: P.K., R.W. Data curation: P.K., 
H.D. Writing-original draft: P.K. Writing-review & editing: P.K., R.W., D.B., B.K., O.S., C.J., P.K., H.B. Supervision: P.K. Project 
administration: P.K. Funding acquisition: P.K., R.W. All co-authors reviewed the final version and approved the manuscript 
before submission. 
 
Acknowledgements 
This research was financially supported by Mahasarakham University, Thailand. We also thank all the anonymous reviewers 
for their generous time in providing detailed comments and suggestions that helped us to improve the paper.  
 
References 
Abdel-Aziz, H.M.M., Hasaneen, M.N.A., Omer, A.M. 2018. Effect of foliar application of nano chitosan NPK fertilizer on the 

chemical composition of wheat grains. Egyptian Journal of Botany 58(1):87-95. doi:10.21608/ejbo.2018.1907.1137. 
Ahmed, A.H.H., Desouky, A., Reda, A.A. 2020a. Impact of chitosan on shoot regeneration from faba bean embryo axes 

through its effect on phenolic compounds and endogenous hormones. Plant Archives 20(2):2269-2279. 
Ahmed, K.B.M., Khan, M.M.A., Siddiqui, H., Jahan, A. 2020b. Chitosan and its oligosaccharides, a promising option for 

sustainable crop production- a review. Carbohydrate Polymers 227:115331. doi:10.1016/j.carbpol.2019.115331. 
Al-Hassani, F.A.M., Majid, B.H. 2019. Effect of arginine, chitosan and agryl mulching on the growth and yield of pepper plant 

under the conditions of unheated greenhouses. Plant Archives 19:256-262. 
Amerany, F.E., Rhazi, M., Wahbi, S., Taourirte, M., Meddich, A. 2020. The effect of chitosan, arbuscular mycorrhizal fungi, 

and compost applied individually or in combination on growth, nutrient uptake, and stem anatomy of tomato. Scientia 
Horticulturae 261:109015. doi:10.1016/j.scienta.2019.109015. 

Baloch, A.W., Soomro, A.M., Javed, M.A., Ahmed, M., Bughio, H.R., Bughio, M.S., et al. 2002. Optimum plant density for high 
yield in rice (Oryza sativa L.) Asian Journal of Plant Sciences 1(1):25-27. doi:10.3923/ajps.2002.114.116. 

Bank of Thailand. 2024. Statistics of financial market exchange rate: 12 July 2024. Available at 
https://www.bot.or.th/en/statistics/exchange-rate.html  

Benzie, I.F., Strain, J.J. 1996. The ferric reducing ability of plasma (FRAP) as a measure of “antioxidant power”: The FRAP 
assay. Analytical Biochemistry 239(1):70-76. doi:10.1006/abio.1996.0292. 

Bunnag, S., Suwanagul, A. 2017. Improvement of drought tolerance in Thai rice cultivar RD6 through somaclonal variation. 
Songklanakarin Journal of Science and Technology 39(6):723-729. doi:10.14456/sjst-psu.2017.88. 

Chen, X., Hu, X., Jiang, J., Wang, X. 2024. Functions and mechanisms of brassinosteroids in regulating crop agronomic traits. 
Plant and Cell Physiology 2024:pcae044. doi:10.1093/pcp/pcae044. 

Chen, F., Li, Q., Su, Y., Lei, Y., Zhang, C. 2023. Chitosan spraying enhances the growth, photosynthesis, and resistance of 
continuous Pinellia ternata and promotes its yield and quality. Molecules 28(5):2053. doi:10.3390/molecules28052053. 

Chen, G., Zheng, D., Feng, N.J., Zhou, H., Mu, D., Liu, L., et al. 2022. Effects of exogenous salicylic acid and abscisic acid on 
growth, photosynthesis and antioxidant system of rice. Chilean Journal of Agricultural Research 83:21-32. 
doi:10.4067/S0718-58392022000100021. 

Çoban, Ö., Baydar, N.G. 2016. Brassinosteroid effects on some physical and biochemical properties and secondary 
metabolite accumulation in peppermint (Mentha piperita L.) under salt stress. Industrial Crops and Products 86:251-
258. doi:10.1016/j.indcrop.2016.03.049. 

dos Santos, L.R., Paula, Ld.S., Pereira, Y.C., da Silva, B.R.S., Batista, B.L., Alsahli, A.A., et al. 2021. Brassinosteroids-mediated 
amelioration of iron deficiency in soybean plants: beneficial effects on the nutritional status, photosynthetic pigments 
and chlorophyll fluorescence. Journal of Plant Growth Regulation 40:1803-1823. doi:10.1007/s00344-020-10232-y. 

Hien, N.L., Yoshihashi, T., Sarhadi, W.A., Hirata, Y. 2006. Sensory test for aroma and quantitative analysis of 2-acetyl-1-
pyrroline in Asian aromatic rice varieties. Plant Production Science 9(3):294-297. doi:10.1626/pps.9.294a. 

Kretynin, S.V., Kolesnikov, Y.S., Derevyanchuk, M.V., Kalachova, T.A., Blume, Y.B., Khripach, V.A., et al. 2021. Brassinosteroids 
application induces phosphatidic acid production and modify antioxidant enzymes activity in tobacco in calcium-
dependent manner. Steroids 168:108444. doi:10.1016/j.steroids.2019.108444. 

Li, Y., Wu, Y., Tang, Z., Xiao, X., Gao, X., Qiao, Y., et al. 2023. Exogenous brassinosteroid alleviates calcium deficiency induced 
tip-burn by regulating calcium transport in Brassica rapa L. ssp. pekinensis. Ecotoxicology and Environmental Safety 
251:114534. doi:10.1016/j.ecoenv.2023.114534. 

Li, S., Zheng, H., Lin, L., Wang, F., Sui, N. 2021. Roles of brassinosteroids in plant growth and abiotic stress response. Plant 
Growth Regulation 93:29-38. doi:10.1007/s10725-020-00672-7. 

Luo, H., Zhang, T., Zheng, A., Zheng, A., He, L., Lai, R., et al. 2020. Exogenous proline induces regulation in 2-acetyl-1-
pyrroline (2-AP) biosynthesis and quality characters in fragrant rice (Oryza sativa L.) Scientific Reports 10:13971. 
doi:10.1038/s41598-020-70984-1. 



 

CHILEAN JOURNAL OF AGRICULTURAL RESEARCH 84(6) December 2024 - www.chileanjar.cl 748 

Mohidem, N.A., Hashim, N., Shamsudin, R., Man, H.C. 2022. Rice for food security: revisiting its production, diversity, rice 
milling process and nutrient content. Agriculture 12(6):741. doi:10.3390/agriculture12060741. 

Nolan, T.M., Vukašinović, N., Liu, D., Russinova, E., Yin, Y. 2020. Brassinosteroids: Multidimensional regulators of plant 
growth, development, and stress responses. The Plant Cell 32(2):295-318. doi:10.1105/tpc.19.00335. 

Office of Agricultural Economics. 2021. Glutinous rice farm price: long grain, 1998-2021. Available at 
http://www.oae.go.th/assets/portals/1/files/price/monthly_price/stickyrice.pdf (accessed March 2021). 

Quitadamo, F., De Simone, V., Beleggia, R., Trono, D. 2021. Chitosan-induced activation of the antioxidant defense system 
counteracts the adverse effects of salinity in durum wheat. Plants 10(7):1365. doi:10.3390/plants10071365. 

Román-Doval, R., Torres-Arellanes, S.P., Tenorio-Barajas, A.Y., Gómez-Sánchez, A., Valencia-Lazcano, A.A. 2023. Chitosan: 
properties and its application in agriculture in context of molecular weight. Polymers 15(13):2867. 
doi:10.3390/polym15132867. 

Routray, W., Rayaguru, K. 2017. 2-Acetyl-1-pyrroline: A key aroma component of aromatic rice and other food products. 
Food Reviews International 34(6):539-565. doi:10.1080/87559129.2017.1347672. 

Sangwongchai, W., Tananuwong, K., Krusong, K., Natee, S., Thitisaksakul, M. 2023. Starch chemical composition and 
molecular structure in relation to physicochemical characteristics and resistant starch content of four Thai commercial 
rice cultivars differing in pasting properties. Polymers 15(3):574. doi:10.3390/polym15030574. 

SEPWA. 2016. Calculating return on investment for on farm trials. South East Premium Wheat growers Association (SEPWA), 
Esperance, Western Australia, Australia. Available at https://soilwealth.com.au/wp-
content/uploads/2023/08/DIYPAcalculatingROIforonfarmtrials.pdf (accessed July 2024). 

Siddiqui, H., Hayat, S., Bajguz, A. 2018. Regulation of photosynthesis by brassinosteroids in plants. Acta Physiologiae 
Plantarum 40:59. doi:10.1007/s11738-018-2639-2.  

Singleton, V.L., Orthofer, R., Lamuela-Raventos, R.M. 1999. Analysis of total phenols and other oxidation substrates and 
antioxidants by means of Folin-Ciocalteu reagent. Methods in Enzymology 299:152-178. doi:10.1016/S0076-
6879(99)99017-1. 

Thanasilungura, K., Kranto, S., Monkham, T., Chankaew, S., Sanitchon, J. 2020. Improvement of a RD6 rice variety for blast 
resistance and salt tolerance through marker-assisted backcrossing. Agronomy 10(8):1118. 
doi:10.3390/agronomy10081118. 

Thunus, L., Lejeune, R. 1994. Handbook on metals in clinical and analytical chemistry. CRC Press, New York, USA. 
Tyagi, N., Raghuvanshi, R., Upadhyay, M.K., Srivastava, A.K., Suprasanna, P., Srivastava, S. 2020. Elemental (As, Zn, Fe and 

Cu) analysis and health risk assessment of rice grains and rice based food products collected from markets from different 
cities of Gangetic basin, India. Journal of Food Composition and Analysis 93:103612. doi:10.1016/j.jfca.2020.103612. 

Ullah, N., Basit, A., Ahmad, I., Ullah, I., Shah, S.T., Mohamed, H.I., et al. 2020. Mitigation the adverse effect of salinity stress 
on the performance of the tomato crop by exogenous application of chitosan. Bulletin of the National Research Center 
44:181. doi:10.1186/s42269-020-00435-4. 

United States Department of Agriculture. 2024. World rice production 2023/2024. Available at 
https://fas.usda.gov/data/production/commodity/0422110 (accessed April 2024). 

Vercuiel, H., Botha, P. 2023. Calculate the cost before you plant. Available at https://www.grainsa.co.za/calculate-the-cost-
before-you-plant (accessed July 2024). 

Wang, B., Li, G., Zhang, W.H. 2015. Brassinosteroids are involved in Fe homeostasis in rice (Oryza sativa L.) Journal of 
Experimental Botany 66(9):2749-2761. doi:10.1093/jxb/erv079. 

Wongkhamchan, A., Chankaew, S., Monkham, T., Saksirirat, W., Sanitchon, J. 2018. Broad resistance of RD6 introgression 
lines with xa5 gene from IR62266 rice variety to bacterial leaf blight disease for rice production in Northeastern Thailand. 
Agriculture and Natural Resources 52(3):241-245. doi:10.1016/j.anres.2018.09.004. 

Wu, C.Y., Trieu, A., Radhakrishnan, P., Kwok, S.F., Harris, S., Zhang, K., et al. 2008. Brassinosteroids regulate grain filling in 
rice. The Plant Cell 20(8):2130-2145. doi:10.1105/tpc.107.055087. 

Xu, B., Yu, J., Zhong, Y., Guo, Y., Ding, J., Chen Y., et al. 2019. Influence of Br24 and Gr24 on the accumulation and uptake of 
Cd and As by rice seedlings grown in nutrient solution. Polish Journal of Environmental Studies 28(5):1-8. 
doi:10.15244/pjoes/95036. 

Yuan, S., Linquist, B.A., Wilson, L.T., Cassman, K.G., Stuart, A.M., Pede, V., et al. 2021. Sustainable intensification for a larger 
global rice bowl. Nature Communications 12:7163. doi:10.1038/s41467-021-27424-z. 

Zhang, C., Bai, M.Y., Chong, K. 2014. Brassinosteroid-mediated regulation of agronomic traits in rice. Plant Cell Reports 
33:683-696. doi:10.1007/s00299-014-1578-7. 

 



© 2024. This work is published under
https://creativecommons.org/licenses/by/4.0/(the “License”). Notwithstanding
the ProQuest Terms and Conditions, you may use this content in accordance

with the terms of the License.


