


Effect of Chitosan Extracted from the Shell of Penaeus indicus (H. Milne Edwards, 1837)
on Germination and Early Growth of Mustard Seedlings



Abstract

Chitosan is a biodegradable biopolymer with potential agricultural applications, but its concentration-dependent effects during early crop establishment require careful evaluation. In this study, chitosan was extracted from shrimp shell waste, characterised by Fourier-transform infrared spectroscopy (FTIR) and scanning electron microscopy (SEM), and assessed for its effects on mustard (Brassica juncea) seed germination and early seedling growth under in vitro conditions. Seeds were exposed to 0, 25, 50, 75 and 100 mg L⁻¹ chitosan, and germination percentage, shoot length, root length, total seedling length, seed vigour index (SVI), relative root elongation (RRE), tolerance index (TI), phytotoxicity, biomass and moisture content were evaluated. FTIR analysis indicated characteristic functional groups of chitosan, including peaks at 3449 cm⁻¹ (O–H/N–H stretching), 3233–2888 cm⁻¹ (C–H stretching), 1560 cm⁻¹ (N–H bending), and 1399, 1280 and 1033 cm⁻¹ (C–N/C–O stretching). SEM showed a porous, rough and heterogeneous surface. The control recorded the highest shoot length (5.10 ± 0.41 cm), root length (5.70 ± 0.70 cm), germination percentage (86.15 ± 0.04%) and SVI (930.42). Increasing chitosan concentrations progressively reduced all growth parameters, with the greatest inhibition at 100 mg L⁻¹, where shoot length, root length and SVI declined to 1.16 ± 0.19 cm, 1.34 ± 0.36 cm and 129.22, respectively. Phytotoxicity increased from 24.27% at 25 mg L⁻¹ to 76.48% at 100 mg L⁻¹, while moisture content remained comparatively stable (89.75–91.11%). Linear regression confirmed strong dose-response relationships (R² = 0.939–0.994), with estimated IC₅₀ values of approximately 56–70 mg L⁻¹. The findings indicate that shrimp shell-derived chitosan can inhibit mustard germination and early growth above a concentration-dependent threshold, supporting the need for dose optimisation before agricultural application.
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1. Introduction
Chitosan is a natural animal-derived biopolymer mainly obtained from crustacean shells and is produced through the transformation of chitin (Hamed et al., 2016; Muthu et al., 2021; Iber et al., 2022). The use of crustacean shell waste for value-added biomaterial production is of significant interest in zoological and environmental research because it provides a renewable approach for converting aquatic animal by-products into economically relevant materials (Amiri et al., 2022; Nasirov et al., 2023). Recent evidence further supports this waste-to-resource concept, showing that Penaeus monodon shell waste can be converted into biocompatible chitosan nanoparticles with broad antimicrobial activity, thereby strengthening the relevance of crustacean-derived chitosan for sustainable biomaterial development (Baisakhi et al., 2025). Chitin is the main component of crustacean exoskeletons and is the second most abundant polysaccharide in nature after cellulose; it can be deacetylated into chitosan (Kumari & Kishor, 2020; Ali et al., 2024). Owing to its biodegradability, biocompatibility, non-toxicity and bioactivity, chitosan is one of the most useful polysaccharide derivatives, with applications in agriculture, medicine, food technology and environmental management (Maliki et al., 2022; Lalarukh et al., 2024).
Among the many biological properties of chitosan, its potential effects on seed germination and early plant growth have been increasingly studied. Seed germination is a tightly regulated physiological process that includes imbibition, activation of hydrolytic enzymes, mobilisation of stored reserves and cellular differentiation. Chitosan is known to affect these processes, including seed-coat permeability, hydrolytic enzyme activity, nutrient mobilisation and antioxidant defence activation (Afzal et al., 2020; Chakraborty et al., 2020; Saberi Riseh et al., 2024). These properties may contribute to improved germination efficiency, seedling establishment and early plant vigour. Therefore, studying the impact of chitosan generated from shrimp shell waste on seed germination can both enhance the value of zoological resources and provide an opportunity to use animal-based biopolymers for sustainable agriculture.
Seed germination is one of the most crucial phases in a plant's life cycle and has a direct effect on crop establishment, yield and productivity. Even small improvements during these early developmental stages could substantially influence the resource efficiency of farming methods and food production systems in less developed countries (Shu et al., 2015; Carrera-Castaño et al., 2020). Furthermore, successful germination and early seedling establishment increase plant vigour, stress tolerance and overall crop performance under different environmental conditions. The germination process establishes the initial growth potential of plants; therefore, any factor that affects this stage may influence agricultural sustainability and economic return. Improving seed germination and seedling development is consequently a persistent objective of modern agricultural research aimed at ensuring food security and sustainable crop output (Miransari & Smith, 2014; Reed et al., 2022; Kushwaha et al., 2026). In this context, animal-based biopolymers such as chitosan obtained from shrimp shell waste have emerged as environmentally friendly biomaterials with the potential to enhance early plant developmental processes and support the integrated use of aquatic biological resources.
Mustard (Brassica juncea (L.) Czern.) is an oilseed crop grown in many parts of the world, including South Asia, for edible oil and industrial applications (Panjabi et al., 2019; Hu & Yan, 2025). Nevertheless, its productivity is frequently restricted by abiotic stresses, loss of soil health and suboptimal germination conditions (Bakhsh et al., 2025). Consequently, interest is increasing in green biostimulants that can improve seed performance and plant vigour during early development (Parađiković et al., 2019; Karn et al., 2025). As an economically significant and widely grown oilseed crop, mustard represents a suitable model system for exploring the potential of natural biopolymers to influence early plant development. Additionally, chitosan application provides a synergistic link between zoological by-product utilisation and sustainable agriculture. Understanding the impact of different chitosan concentrations on germination percentage, root and shoot growth and seedling vigour can help optimise its agricultural application (Hemmami et al., 2024; Hidangmayum et al., 2019).
Although chitosan is widely discussed as a plant biostimulant, its biological response is strongly influenced by concentration, crop species and early developmental stage. The available information remains insufficient to define whether shrimp shell-derived chitosan produces beneficial, neutral or inhibitory effects on mustard seedlings under controlled germination conditions (Abo Elsoud & El Kady, 2019). In particular, concentration-dependent responses involving germination, seedling elongation, stress indices, biomass accumulation and water content need to be assessed together to identify the threshold at which chitosan shifts from a potentially useful biopolymer to a phytotoxic agent.
Therefore, the present study was conducted to assess the concentration-dependent effects of shrimp shell-derived chitosan on mustard seed germination and seedling growth under in vitro conditions. The study aimed to determine whether increasing chitosan levels induce inhibitory or phytotoxic responses in key germination and growth indices and to highlight possible value-added applications of crustacean-derived biopolymeric material.

2. Materials and Methods
2.1 Chemicals and Reagents
Glacial acetic acid (CH₃COOH), ethanol (C₂H₅OH), sodium hypochlorite (NaOCl), sodium hydroxide (NaOH) and hydrochloric acid (HCl) of analytical grade (Sigma Aldrich, India) were used. Healthy mustard seeds (B. juncea) were procured from a local market. Shrimp shell waste was collected from a local fish market.
2.2 Chitosan Preparation and Characterisation
Chitosan was extracted using the method of Zahedi et al. (2018), with slight modifications. Shrimp shell waste was washed with distilled water, air-dried for 24 h, dried in an oven at 70 °C for 12 h, ground using a grinder (WG-1099) and sieved (<45 mesh). Proteins were removed with 3.5% NaOH for 1 h at 90 °C, and demineralisation was performed under the same conditions using 1.0 M HCl. Chitin was then converted to chitosan by continuous stirring with 50% NaOH at 90 °C. The final wash was performed to achieve neutral pH, and the resulting product was dried overnight at 60 °C in an oven. Characterisation of the synthesised chitosan was carried out using scanning electron microscopy (SEM; Hitachi SE3000N) and Fourier-transform infrared spectrometry (FTIR; PerkinElmer RXI spectrophotometer).
2.3 Preparation of Chitosan Solution
The chitosan solution was prepared by adding 1.0 g of chitosan powder to 100 mL of acetic acid solution (v/v), stirring constantly for 5 h at room temperature to create a viscous, homogeneous solution, and adjusting the pH to approximately 5.5–6.0 using 1 N NaCl and HCl.
2.4 Surface Sterilisation of Seeds
Seeds were initially washed thoroughly with distilled water, followed by soaking in 70% ethanol for 1 min. Subsequently, the seeds were soaked in 1% NaOCl solution for 3 min and then rinsed three times with sterile distilled water.
2.5 Seed Germination Bioassay
Seed germination was assessed using a standard Petri dish bioassay under laboratory conditions. Two layers of Whatman No. 1 filter paper were placed in sterile glass Petri dishes. Twenty surface-sterilised mustard seeds were evenly placed in each dish. Chitosan (CS) was applied at concentrations of 25, 50, 75 and 100 mg L⁻¹ in triplicate, while distilled water served as the control. Each treatment received 5 mL of the corresponding solution.
The Petri dishes were incubated at 25 ± 2 °C under a 12 h light/12 h dark photoperiod for 7 days.
The germination percentage was calculated using the following equation, as described by Akram et al. (2020) and Li et al. (2021):


2.6 Seed Vigour Index (SVI)
The seed vigour index (SVI) was calculated using the equation of Rani (2025):

Mean root and shoot lengths were expressed in centimetres (cm).
2.7 Measurement of Root and Shoot Growth
After 7 days of incubation, seedlings from each treatment group were gently and thoroughly rinsed with distilled water. Root and shoot lengths were measured separately using a digital Vernier caliper, and mean values were calculated in centimetres. Because roots were in direct contact with the treatment solutions, root elongation inhibition was considered one of the more sensitive indicators of phytotoxicity.
2.8 Relative Root Elongation (RRE)
Root growth response under treatment conditions was assessed by determining relative root elongation, following López-Bermúdez et al. (2024).

Mean values of root and shoot length were reported in centimetres (cm).
A higher RRE indicates lower phytotoxicity and greater root growth.
2.9 Determination of Fresh and Dry Biomass
The fresh weight of seedlings was measured using a digital analytical balance (Mettler-Toledo, XSP6002). Dry biomass was determined by drying two-day-old seedlings for 24 h at 65 °C in a hot-air oven until constant weight was reached and was expressed in milligrams (mg).
2.10 Moisture Content Determination 
The water content of seedlings was measured to determine moisture retention capacity and physiological drought-stress response, according to Gairola et al. (2011).

Fresh and dry weights of seedlings were expressed in mg.
2.11 Phytotoxicity Assessment
Phytotoxicity was measured according to root growth inhibition compared with the control (Verma & Pandey, 2017).

Root and shoot values were calculated in centimetres (cm).
2.12 Tolerance Index (TI)
To quantify the resistance capacity of stressed seedlings, the tolerance index was calculated according to Islam et al. (2019).

Mean root and shoot values were evaluated in centimetres (cm).
A higher TI indicated greater tolerance to stress induced by the treatments.
2.13 Statistical Analysis
All data were expressed as mean ± standard deviation (SD) of three replicates. Significant differences between treatments were assessed using one-way ANOVA with Tukey's HSD post hoc test (p < 0.05). Data were independently validated using the Kruskal–Wallis test. Linear regression was used to assess dose-response relationships, and IC₅₀ values were estimated by linear interpolation. Interdependencies among growth parameters were studied using Pearson correlation analysis. Statistical analyses were performed using jamovi (Version 2.3, The jamovi project, 2024).

3. Results
3.1 Characterisation
Figure 1 shows SEM images in which the chitosan surface was porous, rough and heterogeneous, with irregularly distributed pores. The porous structure indicates effective removal of proteins and minerals during processing, resulting in increased surface area and enhanced adsorption properties. The FTIR spectrum of chitosan confirmed the successful formation of chitosan. The broad peak at 3449 cm⁻¹ corresponds to O–H and N–H stretching vibrations, while the peaks at 3233–2888 cm⁻¹ are attributed to C–H stretching. The absorption band at 1560 cm⁻¹ indicates N–H bending of amino groups, confirming deacetylation. Peaks at 1399, 1280 and 1033 cm⁻¹ correspond to C–N and C–O stretching vibrations of the polysaccharide structure (Fig. 2).
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Fig. 1. SEM micrograph of shrimp shell-derived chitosan showing porous, rough and heterogeneous surface morphology with irregular pore distribution.
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Fig. 2. FTIR spectrum of shrimp shell-derived chitosan showing characteristic functional groups.

3.2 Effect of Chitosan on Seed Germination and Seedling Growth
Chitosan treatment exerted significant, concentration-dependent effects on all germination and seedling growth parameters of B. juncea. As shown in Table 1, one-way ANOVA indicated statistically significant differences among the five concentrations for total shoot length (F₄,₁₀ = 28.17, p < 0.001), root length (F₄,₁₀ = 7.40, p < 0.01) and total seedling length (F₄,₁₀ = 46.62, p < 0.001). All ANOVA results were independently confirmed by non-parametric Kruskal–Wallis tests (H-statistics: 10.17–13.50; p < 0.05), validating the robustness of the findings independently of distributional assumptions. A progressive reduction was observed in all parameters with increasing chitosan concentration (Figs. 3–4).
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Fig. 3. Effects of chitosan concentration on germination percentage and seed vigour index (SVI).

Control seedlings exhibited the highest shoot length (5.10 ± 0.41 cm) and root length (5.70 ± 0.70 cm). Progressive inhibition of seedling elongation was observed with increasing chitosan concentrations, with the greatest suppression at 100 mg L⁻¹, where shoot length was reduced to 1.16 ± 0.19 cm (~77% inhibition) and root length to 1.34 ± 0.36 cm (~76% inhibition). Tukey's HSD post hoc analysis (Table 1) confirmed that shoot length was significantly lower at all concentrations ≥25 mg L⁻¹ compared with the control (p < 0.05). For root length, significant differences from the control were observed only at concentrations ≥50 mg L⁻¹ (p < 0.05), and the 100 mg L⁻¹ chitosan treatment differed significantly from the 25 and 50 mg L⁻¹ groups (p < 0.05), indicating strong inhibition at the highest concentration. Root growth was markedly affected at elevated doses, indicating susceptibility of root meristematic tissues to chitosan-induced phytotoxicity.
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Fig. 4. Effect of chitosan concentration on shoot and root length of mustard seedlings.

Total seedling length declined progressively from 9.67 ± 0.76 cm in the control to 2.50 ± 0.52 cm at 100 mg L⁻¹. Post hoc analysis showed significant differences between the control and all other concentrations, as well as among most individual treatment comparisons; only 25 versus 50 mg L⁻¹ was non-significant (p = 0.59). Germination percentage decreased from 86.15 ± 0.04% in the control to 51.70 ± 0.11% at 100 mg L⁻¹, with each pairwise comparison statistically significant relative to all other groups (p < 0.0001). This reflected very low within-group variance relative to a large between-group effect (F₄,₁₀ = 83,079.64).
Table 1. One-way ANOVA results (F-statistics and p-values) and Tukey's HSD post hoc comparison summary for growth parameters of B. juncea seedlings treated with varying chitosan concentrations.
	Parameter
	F (4,10)
	p-value
	Tukey HSD Groupingᵃ

	Shoot length (cm)
	28.17
	< 0.001***
	0 mg/L > 25 mg/L* > {50, 75, 100} mg/Lᵇ (ns among 50–100)

	Root length (cm)
	7.40
	0.005**
	0 mg/L > {50, 75} **; 0 > 100***; 25 vs 100*; 50 vs 100*

	Total seedling length (cm)
	46.62
	< 0.001***
	Each pair except 25 vs 50 (p = 0.59) significantly different

	Germination (%)
	83,079.64
	< 0.001***
	All pairwise comparisons significant (p < 0.0001)


Significance codes: *** p < 0.001; ** p < 0.01; * p < 0.05; ns = not significant. ᵃ Tukey's HSD (α = 0.05); MSE and df details are given in the statistical appendix. ᵇ Comparisons among 50, 75 and 100 mg/L were non-significant for shoot length.

The seed vigour index (SVI) correspondingly declined from 930.42 in the control to 129.22 at 100 mg L⁻¹, representing a 77% reduction in overall seedling performance. Overall, concentrations ≥50 mg L⁻¹ produced the most marked inhibitory effects on germination and seedling development. A robust dose-response relationship was confirmed for all measured parameters by linear regression (germination percentage: R² = 0.939; total seedling length: R² = 0.994), with all models highly significant (p ≤ 0.007; Table 2). Half-maximal inhibition concentration (IC₅₀) values were estimated as 56.14 mg L⁻¹ for shoot length and 56.22 mg L⁻¹ for SVI, while root length and total seedling length had marginally higher IC₅₀ values of 70.27 mg L⁻¹ and 68.42 mg L⁻¹, respectively. Within the tested concentration range (0–100 mg L⁻¹), germination percentage did not reach 50% inhibition, indicating that germination was relatively more tolerant than post-germination growth parameters.
Table 2. Linear regression parameters, coefficients of determination (R²) and IC₅₀ estimates for the dose-response of B. juncea seedling parameters to chitosan concentration.
	Parameter
	Slope
	Intercept
	R²
	p-value
	IC₅₀ (mg L⁻¹)

	Shoot length (cm)
	-0.041
	4.99
	0.986
	< 0.001***
	56.14

	Root length (cm)
	-0.042
	5.72
	0.959
	0.004**
	70.27

	Total seedling length (cm)
	-0.074
	9.92
	0.994
	< 0.001***
	68.42

	Germination (%)
	-0.327
	88.56
	0.939
	0.007**
	> 100 (not reached)

	Seed Vigour Index (SVI)
	-7.936
	904.62
	0.992
	< 0.001***
	56.22

	Relative root elongation (%)
	−0.736
	100.25
	0.959
	0.004**
	70.32

	Tolerance index
	-0.007
	1.002
	0.959
	0.004**
	70.32

	Phytotoxicity (%)
	+0.736
	−0.25
	0.959
	0.004**
	70.32 (rising)


Model: Y = intercept + slope × [chitosan]. IC₅₀ = estimated concentration (mg L⁻¹) producing 50% inhibition of the control value, derived by linear interpolation. Significance codes: *** p < 0.001; ** p < 0.01.

3.3 Effect of Chitosan on Phytotoxicity and Stress Indices
Phytotoxicity stress indices, relative root elongation (RRE), tolerance index (TI) and percentage phytotoxicity exhibited pronounced concentration-dependent responses (Fig. 5). RRE declined progressively from 100% in the control to 23.52% at 100 mg L⁻¹, while TI decreased correspondingly from 1.000 to 0.235, indicating severe impairment of root growth at higher doses. Conversely, phytotoxicity increased monotonically from 0% in the control to 24.27% at 25 mg L⁻¹ and reached a maximum of 76.48% at 100 mg L⁻¹. For each of these three indices, strong dose-response relationships were confirmed by linear regression (R² = 0.959 for each, p = 0.004; Table 2), with the IC₅₀ for RRE estimated at 70.32 mg L⁻¹. The mathematically inverse relationship between RRE/TI and phytotoxicity is consistent with concentration-dependent suppression of root development.

Table 3. Pearson correlation matrix among all measured and derived growth parameters of B. juncea seedlings across chitosan treatments (n = 15; five concentration levels × three replicates).
	
	Shoot L.
	Root L.
	Total L.
	Germ %
	SVI
	RRE %
	Phyto %
	TI

	Shoot L.
	1.000
	0.962
	0.988
	0.933
	0.994
	0.962
	−0.962
	0.962

	Root L.
	0.962
	1.000
	0.981
	0.972
	0.984
	1.000
	−1.000
	1.000

	Total L.
	0.988
	0.981
	1.000
	0.972
	0.991
	0.981
	−0.981
	0.981

	Germ %
	0.933
	0.972
	0.972
	1.000
	0.954
	0.972
	−0.972
	0.972

	SVI
	0.994
	0.984
	0.991
	0.954
	1.000
	0.984
	−0.984
	0.984

	RRE %
	0.962
	1.000
	0.981
	0.972
	0.984
	1.000
	−1.000
	1.000

	Phyto %
	−0.962
	−1.000
	−0.981
	−0.972
	−0.984
	−1.000
	1.000
	−1.000

	TI
	0.962
	1.000
	0.981
	0.972
	0.984
	1.000
	−1.000
	1.000


All correlation coefficients are shown. Diagonal entries (r = 1.000, highlighted in bold) represent self-correlations. Negative correlations are shown in italics. Abbreviations: Shoot L. = shoot length; Root L. = root length; Total L. = total seedling length; Germ % = germination percentage; SVI = seed vigour index; RRE % = relative root elongation; Phyto % = phytotoxicity percentage; TI = tolerance index.

Pearson correlation analysis showed strong interdependencies among the growth-related parameters (r > 0.93; Table 3). Phytotoxicity was negatively correlated with the other indices (r = −0.962 to −1.000), indicating that increasing chitosan concentration systematically reduced growth while proportionally increasing phytotoxic stress. Root length, RRE and TI were perfectly co-correlated (r = 1.000) and inversely correlated with phytotoxicity (r = −1.000), because of the mathematical reciprocity among these derived indices. Strong correlations were observed between SVI and both shoot length (r = 0.994) and total seedling length (r = 0.991), demonstrating the relative uniformity of growth inhibition across all assessed endpoints.
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Fig. 5. Effect of chitosan concentration on relative root elongation, tolerance index and phytotoxicity percentage.

3.4 Effect of Chitosan on Biomass Accumulation and Water Content
Chitosan treatment significantly reduced biomass accumulation relative to untreated control seedlings (Fig. 6). Control seedlings recorded the highest fresh biomass (610 ± 0.32 mg) and dry biomass (60 ± 30 mg). At 100 mg L⁻¹, fresh biomass declined to 270 ± 0.02 mg (~56% reduction), and dry biomass declined to 24 ± 0.04 mg (~60% reduction) compared with the control. Similar decreasing patterns were observed for seedling length, germination percentage and SVI with increasing chitosan concentration.
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Fig. 6. Influence of chitosan concentration on fresh and dry biomass.

Despite pronounced reductions in total biomass, tissue water content remained relatively stable across all treatments, varying within a narrow range from 89.75% (at 50 mg L⁻¹) to 91.11% (at 100 mg L⁻¹; Fig. 7). The slight inter-treatment variation in water content indicates that growth inhibition was associated with metabolic effects rather than water-deficit stress, while turgor and osmotic control were maintained even at the highest chitosan doses.
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Fig. 7. Influence of chitosan concentration on moisture content.

4. Discussion
The present study demonstrated that shrimp shell-derived chitosan exerted concentration-dependent phytotoxic effects on B. juncea across all measured germination, seedling growth, stress and biomass parameters. Structural characterisation by FTIR (Fig. 2) confirmed successful deacetylation of chitosan, as evidenced by characteristic absorption bands including broad O–H/N–H stretching at 3449 cm⁻¹, C–H stretching at 3233–2888 cm⁻¹ and amine-related vibrations at approximately 1560 cm⁻¹, consistent with bioactive functional groups previously reported (Alimi et al., 2023). The porous, heterogeneous surface morphology observed in SEM analyses (Fig. 1) likely enhanced surface area and seed–polymer interactions, thereby amplifying biological reactivity (Yang et al., 2010; Amaral et al., 2005).
The results confirmed that the inhibitory effects were both statistically significant and systematically structured. One-way ANOVA indicated significant differences among the four tested growth parameters (p < 0.001 for shoot length, total seedling length and germination percentage; p < 0.01 for root length; Table 1). The large F-statistic for germination percentage (F₄,₁₀ = 83,079.64) corresponds to very low within-group variability relative to the robust between-group effect and indicates that chitosan had a repeatable concentration-dependent effect on germination. These results were independently supported by non-parametric Kruskal–Wallis tests (H-statistics: 10.17–13.50, p < 0.05 for all parameters), confirming the robustness of the results across varying distributional assumptions. The strong linear dose-response relationships (R² = 0.939–0.994; Table 2) further confirm a continuous concentration-dependent phytotoxic response.
At 100 mg L⁻¹, germination percentage declined from 86.15% to 51.70%, coinciding with a 77% reduction in SVI (930.42 to 129.22) (Fig. 3). These reductions indicate impairment of early enzymatic activation and reserve mobilisation during germination. Similar inhibitory effects have been documented by Li et al. (2019), who reported that wheat germination was improved by chitosan nanoparticles at low doses (5 µg mL⁻¹) through increased auxin activity. However, this promotive effect was reversed at doses above 50 mg L⁻¹, which is consistent with the IC₅₀ estimates found in the present work (~56–70 mg L⁻¹).
Root elongation was strongly inhibited, with root length declining by ~76% compared with ~77% for shoot length at 100 mg L⁻¹ (Fig. 4). However, Tukey's HSD (Table 1) indicated that shoot length differed significantly from the control at all treatment concentrations (≥25 mg L⁻¹), whereas root length differed significantly from the control only at concentrations ≥50 mg L⁻¹ (p < 0.05). In addition, IC₅₀ estimates suggested marginally higher tolerance for root length (IC₅₀ = 70.27 mg L⁻¹) and RRE (IC₅₀ = 70.32 mg L⁻¹) than for shoot length and SVI (IC₅₀ ≈ 56 mg L⁻¹), which may reflect short-term compensatory responses in roots under mild stress (Table 2). However, the plateau trend in inhibition among high-concentration pairs (50–75–100 mg L⁻¹) suggests that growth can be substantially inhibited within a relatively narrow concentration range.
Lucini et al. (2018) similarly reported that high biopolymer application rates suppressed growth-promoting effects, confirming concentration-dependent and tissue-specific sensitivity.
Phytotoxicity indices provided a quantitative framework for interpreting dose-response toxicity. Linear regression for RRE, TI and phytotoxicity percentage explained substantial variance (R² = 0.959 for each; Table 2), supporting the consistency of the response pattern. Pearson correlation analysis confirmed that phytotoxicity was strongly and negatively correlated with all growth parameters (r = −0.962 to −1.000; Table 3), while all growth-promoting parameters were strongly and positively inter-correlated (r ≥ 0.933). Together, these quantitative relationships indicate that chitosan inhibited biomass accumulation and proportionally enhanced phytotoxic stress. This pattern is consistent with reactive oxygen species (ROS)-mediated oxidative stress at high concentrations, widely accepted as a primary mechanism of growth inhibition by chitosan (Mukarram et al., 2023; Yang et al., 2017; Staszek et al., 2021).
Total biomass reductions (Fig. 6; ~56% in fresh biomass and ~60% in dry biomass at 100 mg L⁻¹) reflect compromised cell expansion, diminished metabolic efficiency and likely diversion of energy resources from growth towards stress-response pathways (Guan et al., 2009). Importantly, tissue water content (Fig. 7) remained stable across all treatments (89.75–91.11%), indicating that growth inhibition operated through metabolic rather than water-deficit mechanisms, consistent with maintained osmotic regulation under polymer stress (Ávila et al., 2023).
In summary, the statistical analyses support a concentration-dependent inhibitory response of B. juncea to chitosan. Lower concentrations produced comparatively weaker inhibition, whereas elevated concentrations ≥50 mg L⁻¹, near or above the estimated IC₅₀ range of 56–70 mg L⁻¹, induced substantial phytotoxicity. This concentration-dependent behaviour, characterised by limited inhibition at lower doses and marked stress at higher doses, is recognised in the chitosan literature (Rico-Chávez et al., 2023; Delgado-Rivera et al., 2026) and emphasises the need for careful dose optimisation when chitosan is used as an agrochemical agent.
4.1 Limitations
The present study was conducted under controlled laboratory conditions using Petri dish bioassays; therefore, the responses observed may not fully represent seedling behaviour under greenhouse or field environments. Only one crop species, B. juncea, and one seedling stage were examined, which limits the wider applicability of the results to other crops or later growth phases. The experiment focused on selected morphological, physiological and statistical indices, while molecular, enzymatic and biochemical mechanisms underlying chitosan-induced inhibition were not directly assessed. The tested concentration range identified clear phytotoxic responses, but intermediate concentrations between 25 and 50 mg L⁻¹ were not included, which restricts precise determination of the lowest inhibitory threshold. In addition, the study did not compare chitosan from different crustacean sources or extraction conditions. Further work under greenhouse and field conditions, with broader crop coverage and mechanistic analyses, would help validate the agricultural relevance of shrimp shell-derived chitosan in practical cultivation systems.
5. Conclusion
This study showed that shrimp shell-derived chitosan possessed characteristic functional groups and a porous, heterogeneous surface morphology, as confirmed by FTIR and SEM analyses. Under in vitro conditions, chitosan exerted clear concentration-dependent effects on mustard seed germination and early seedling growth. The control treatment recorded the highest germination percentage, shoot length, root length and SVI, whereas increasing chitosan concentration progressively suppressed these parameters. At 100 mg L⁻¹, germination declined from 86.15% to 51.70%, SVI decreased from 930.42 to 129.22, and shoot and root lengths were reduced by approximately 77% and 76%, respectively. Stress-related indices also confirmed a strong inhibitory response, with phytotoxicity reaching 76.48%, RRE decreasing to 23.52% and TI falling to 0.235 at the highest concentration. Reductions in fresh and dry biomass further supported the observed suppression of seedling development, while the relatively stable moisture content (89.75–91.11%) suggested that inhibition was not primarily associated with water deficit. Statistical analyses confirmed significant treatment effects and strong dose-response relationships, with IC₅₀ values of approximately 56–70 mg L⁻¹ for key growth parameters. Overall, the findings indicate that shrimp shell-derived chitosan requires careful dose optimisation before use in mustard seed or seedling applications, particularly at concentrations approaching phytotoxic thresholds during initial crop establishment.
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