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


Abstract
The Chitosan was obtained from shrimp shell waste and characterised using FTIR (Fourier Transform Infrared Spectroscopy) and SEM (Scanning Electron Microscopy), and subsequently studied the effect of Chitosan on seed germination and early phase growth in mustard plant (Brassica juncea). In laboratory conditions, mustard seeds were treated with chitosan in the concentration range 0–100 mg L⁻¹. The Germination percentage, shoot length, root length, Seed Vigor Index (SVI), Relative Root Elongation (RRE), tolerance index (TI) and biomass accumulation were recorded. FTIR spectra confirmed the formation of chitosan with peaks at 3449 cm⁻¹ due to O–H and N–H stretching, peaks 3233–2888 cm⁻¹ corresponding to C–H stretching, a peak in between 1560 cm⁻¹ corresponding to N–H bending, along with peaks at 1399 cm⁻¹ for C–N stretching vibration, peaks at 1280 and 1033 as C-O stretching vibrations. Based on SEM analysis, the surface morphology was observed to be rough, porous, and heterogeneous. The maximum values of shoot length (5.10 cm), root length (5.70 cm), germination percentage (86.15%) and SVI (930.42) were found in control seedlings, whereas the application of 100 mg L⁻¹ chitosan completely inhibited shoot and root lengths to 1.16 cm and 1.34 cm respectively, with value of SVI 129.22 during the seedling test after incubation for twenty-one days from planting date. The phytotoxicity gradually increased from 24.27% at 25 mg L⁻¹to 76.48% at 100 mg L⁻¹. While tissue water content did not change much, higher chitosan concentrations caused a large reduction in fresh and dry biomass. The result shown that higher concentration of Chitosan has strong phytotoxic effects on mustard seed germination and morphological traits with the most significant impact being observed in root growth and seedling vigor. 
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1.Introduction
Chitosan, a natural polymer belonging to the class of biopolymers derived from animals mainly obtained from crustacean shells, is the remnant material of chitin transformation (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 can provide a renewable approach to convert aquatic animal by-products into economically relevant materials (Nasirov et al., 2023). Chitin is the main component of crustacean exoskeletons and the second most used polysaccharide in nature (behind cellulose) which can be deacetylated into chitosan (Kumari & Kishor, 2020). Due to its biodegradability, biocompatibility, non-toxicity and bioactivity chitosan is one of the most useful polysaccharide derivatives which contributes a number of applications in agriculture, medicine, food technology and environmental management (Lalarukh et al., 2024). 
Among the many biological properties of chitosan, its potential for seed germination and early plant growth is an aspect which has become more widely studied. Seed germination is a very strict regulated physiological procedure which includes imbibition, activation of deliquescent enzymes, the metastasis of reserved stores and cellular differentiation. Chitosan is known to affect these processes, including seed coats permeability, hydrolytic enzymes activity, nutrients mobilization and antioxidant defense activators (Chakraborty et al., 2020). These characters might help lead to better germination efficiency, establishment of seedlings and early plant vigour. Thus, the study on shrimp shell waste-derived chitosan affecting seed germination can not only add value to zoological resources but also offer a possibility of using animal-based biopolymers for sustainable agriculture development.
Seed germination is one of the most crucial phases in a plant's life cycle which poses a direct impact on crop establishment, yield, and productivity. Even little improvements made during these early stages of development could have a significant impact on the resource efficiency of farming methods and food production systems in less developed countries (Carrera-Castaño et al., 2020). Furthermore, successful germination and early seedling establishment increases plant vigour, stress tolerance and overall crop performance in different environmental situations. The seed germination process establishes the initial growth potential of plants, and thus any factor that affects this stage may modulate agricultural sustainability as well as economic return. As a result, enhancing seed germination and seedling development represents an enduring goal of contemporary agricultural research directed towards ensuring food security and sustainable crop production (Miransari & Smith, 2014). Animal-based biopolymers such as chitosan obtained from shrimp shell waste without further processing have arisen to provide a source of environmentally-friendly biomaterials in this regard, able to enhance early plant developmental processes and the integrated use of aquatic biological resources.
Mustard (Brassica juncea), an oilseed crop which is grown in many parts of the world as well as South Asia for use as edible oil and industrial applications (Panjabi et al., 2019). Nevertheless, its productiveness is frequently restricted by means of abiotic stresses, loss of soil health and suboptimal germination conditions (Bakhsh et al., 2025). Consequently, the search for green bio stimulants to improve seed performance and plant vigour in early phases of development is increasing (Karn et al., 2025). Mustards are an economically significant and widely grown oilseed crop, thus representing a suitable model system for the exploration of the potential of natural biopolymers to stimulate early plant development. Additionally, the use of chitosan creates a uniquely synergistic application of zoological by-product utilization and sustainable agriculture. This knowledge of the impact of various concentrations of chitosan on germination percentage, root and shoot growth as well as seedling Vigor can help to effectively optimize its application in agriculture.
Thus, the current study was performed to investigate the effect of shrimp-shell-derived chitosan on germination and seedling growth of mustard seedlings under in vitro condition. The study aims to evaluate if chitosan could be utilized as a potential and sustainable seed priming material characterized by key growth parameters, while also demonstrating a value-added application of crustacean-derived biomaterials.
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 (Aldrich India) were used.  Healthy mustard seeds (Brassica juncea) were procured from local market. Shrimp shell waste was collected from local fish market.
2.2 Chitosan Preparation and Characterization
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 and then 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 demineralization was performed under the same conditions using 1.0 M HCl, then chitin was converted to chitosan by continual stirring with 50% NaOH at 90 °C. The final wash was performed in neutral pH, and the resulting product was dried overnight at 60 ° in the oven. Characterization of the synthesized Chitosan was carried out with Scanning Electron Microscopy (SEM; Hitachi SE3000N) and Fourier Transform Infrared Spectrometry (FTIR; PerkinElmer RXI spectrophotometer).
2.3 Preparation of Chitosan Solution
To prepare the chitosan solution, 1.0 g of chitosan powder was added to 100 mL acetic acid solution (v/v) and stirred continuously for 5 h at room temperature to obtain a viscous homogeneous solution and was adjusted to a pH range of approx. 5.5–6.0 with 1 N NaCl and HCl. 
2.4 Surface Sterilization of Seeds
Seeds were initially washed thoroughly with distilled water, followed by a 1 min soak in 70% ethanol. Subsequently, the seeds were soaked with 1% NaOCl solution for 3 min and followed by rinsing with sterile distilled water.
2.5 Seed Germination Bioassay
Seed germination was assessed by using the standard Petri dish bioassay at laboratory conditions. Two layers of Whatman No. 1 filter paper were placed in sterile glass Petri dishes. Specifically, twenty surface-sterilized mustard seeds were evenly plated in each of the dishes. Chitosan (CS) was applied at levels of 25, 50, 75, and 100 mg L⁻¹, while distilled water as control. Each treatment was exposed to a volume of 5 mL with the corresponding solution.
The Petri dishes were submerged at 25 ± 2 °C in a photoperiod of 12 h light/12 h dark for 7 days. 
The germination percentage was measured using the following equation as per Li et al., 2021:


2.6 Seed Vigor Index (SVI)
Seed vigor index (SVI) was calculated followed by the equation of Rani, 2025:

2.7 Measurement of Root and Shoot Growth
After 7-days of incubation, seedlings from each treatment group were gently rinsed thoroughly in distilled water. The root and shoot length were also measured separately using digital Vernier caliper. Mean values were calculated in cm. As roots were in contact with contaminants, root elongation inhibition had conventionally been viewed as one of the more sensitive expressions of phytotoxicity. 
2.8 Relative Root Elongation (RRE)
Root growth response was assessed under treatment conditions by determining relative root elongation following López-Bermúdez et al. (2024).

Higher the RRE, the lower the phytotoxicity and more root growth.
2.9 Determination of Fresh and Dry Biomass
We obtained wet weight of the seedlings using a digital analytical balance (Mettler-Toledo, XSP6002). The dry biomass was determined by drying two-day-old seedlings for 24 h at 65 °C in a hot air oven until reaching constant weight.
2.10 Moisture Content Determination 
Water content of the seedlings was measured for moisture retention capacity and physiological drought stressing response according to Gairola, Nautiyal & Dwivedi, 2011.

2.11 Phytotoxicity Assessment
The phytotoxicity was measured according to the root growth inhibition comparing to control (Verma & Pandey 2017).

2.12 Tolerance Index (TI)
To measure the resistance capacity of stressed seedlings, tolerance index was calculated according to Islam et al., 2019.

Higher TI indicated more tolerance against the stress induced by treatments.
3. Results
3.1 Characterization
Figure 1 showed SEM images where chitosan surface was found to be 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.  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 (Figure 2). 
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Figure 1.SEM micrographs of shrimp shell-derived chitosan showing a porous, rough, and heterogeneous surface morphology with irregular pore distribution at different magnifications: (A) scale bar = 50 μm; (B) scale bar = 2 μm.
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Figure 2. FTIR spectrum of shrimp shell-derived chitosan showing characteristic functional groups
3.2 Effect of Chitosan on Seed Germination and Seedling Growth
In general, the effects of chitosan treatment on germination and seedling growth parameters of mustard seedlings were significant and concentration-dependent. There was a gradual reduction in shoot length, root length, total seedling length, germination percentage as well as seed Vigor index (SVI) with increase in concentration of chitosan (Figures 3–4).
Control seedlings had the highest shoot and root lengths (5.10 ± 0.41 cm and 5.70 ± 0.70, respectively). The elongation of seedlings was significantly inhibited by increasing concentrations of chitosan, with the most pronounced inhibition occurring at 100 mg L⁻¹ (where shoot length was reduced to 1.16 ± 0.19 cm and root length to 1.34 ± 0.36 cm). Inhibition of root growth seems to be more at higher concentrations, indicating a high sensitivity of the root tissues to chitosan.
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Figure 3. The germination percentage and seed Vigor index (SVI) under effect of chitosan concentration
Likewise, total seedling length decreased gradually from 9.67 ± 0.76 cm in control seedings to 2.50 ± 0.52 cm at the concentration of 100 mg L⁻¹.  The percentage of seed germination also decreased with the increase in chitosan concentration, from 86.15 ± 0.04% on control to 51.70 ± 0.11% at the highest concentration tested.
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Figure 4. Influence of Chitosan concentration on the shoot and root length of mustard seedlings.

The Vigor Index of seed further showed significant decrease in all the treatments. The highest SVI value (930.42) was observed for control seedlings, while seedling performance was strongly affected when seedlings were treated with 100 mgL⁻¹ chitosan, the SVI decreasing to 129.22 (77% decreased compared to control).
In general, concentrations higher than 50 mg L⁻¹ resulted in the greatest inhibitory effects on seed germination and seedling growth.
 Similarly, total seedling length declined progressively from 9.67 ± 0.76 cm in control seedlings to 2.50 ± 0.52 cm at 100 mg L⁻¹ concentration. Germination percentage also decreased with increasing chitosan concentration, falling from 86.15 ± 0.04% in the control to 51.70 ± 0.11% at the highest concentration tested.
The Seed Vigor Index showed substantial reduction across treatments. Control seedlings recorded the highest SVI value (930.42), whereas seedlings treated with 100 mg L⁻¹ chitosan exhibited a drastic decline to 129.22, reflecting severe impairment of overall seedling performance.
Overall, concentrations above 50 mg L⁻¹ produced substantial inhibitory effects on seed germination and seedling development.
3.3 Effect of Chitosan on Phytotoxicity and Stress Indices
The enhancement or reductions, from control influence parameters related to phytotoxicity, increased significantly due to exposure with chitosan like Relative Root Elongation (RRE), Tolerance index (TI) and percentage of phytotoxicity outline in figure 5.
The relative root elongation reduced progressively with elevated chitosan concentration. Seedlings from control maintained 100 % elongation, while seedlings treated with 100 mg L⁻¹ showed only 23.52 % relative elongation. Also, tolerance index values exhibited a nearly similar decreasing trend which reduced from 1.00 in control seedlings to 0.24 at the maximum concentration. 
However, the percentage of phytotoxicity elevated gradually with increasing chitosan dosage. Great phytotoxicity was observed in the seedlings of the control group, while it increased to 24.27% at a concentration of 25 mg L⁻¹ and reached its maximum of 76.48% at a density between100 mg L⁻¹ level. The RRE/TI clearly exhibited a concentration-dependent toxic effect whereby as the concentration of chitosan increased, the phytotoxicity on mustard seedling growth was more pronounced (illustrated as the inverse relationship between RRE and TI).
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Figure 5. Effect of chitosan concentration on relative root elongation (RRE), tolerance index (TI), and phytotoxicity percentage. 

3.4 Effect of Chitosan on Biomass Accumulation and Water Content
Chitosan treatment mostly decreased biomass accumulation compared to non-treated control plants. The new and old biomass decreased with the increase in concentration.
Fresh biomass (610 ± 0.32 mg) and dry biomass (60 ± 30 mg) of control seedlings was highest. In comparison, for seedlings treated with 100 mg L⁻¹ inhibition was considerable and fresh and dry biomass decreased to 270 ± 0.02 mg and 24 ± 0.04 mg, respectively (Figure 6).
The variation in water content was relatively minor among treatments. The minimum water content (89.75%) was obtained at 50 mg L⁻¹ and the maximum value (91.11%) at 100 mg L⁻¹ concentration of CS treatment. Although total biomass accumulation was lower, treatment effects on water content were small (Figure 7).
These results suggest that increasing concentrations of chitosan negatively affected biomass production but had less effect on tissue water content.
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                 Figure 6. Influence of chitosan concentration on the fresh and dry biomass
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                     Figure 7. Influence of chitosan concentration on moisture content

4. Discussion
The present work demonstrated that shrimp shell-derived chitosan exerted a phytotoxic effect on Brassica juncea, in a concentration-dependent manner in germination, seedling growth and biomass accumulation. Based on FTIR analysis (Figure 2), deacetylated chitosan was successfully formed with the presence of characteristic absorption bands, which were broad O–H/N–H stretching at 3449 cm⁻¹, C–H stretching at 3233–2888 cm⁻¹ and amine-related vibrations around 1560 cm⁻¹ corresponding to bioactive functional groups (Alimi et al., 2023). The porous and heterogeneous surface morphology observed in SEM studies probably increases the surface area of the polymer and enhances seed–polymer interaction (Yang et al., 2010). These types of structural characteristics have been linked to show enhanced biological reactivity of chitosan on plant systems (Amaral et al., 2005). 
In biological assays, seedlings showed progressively poorer germination and seedling performance with the increasing concentration of chitosan. At 100 mg L⁻¹, germination was reduced from an average of 86.15% in the control to 51.70%, showing a dramatic decrease in seed vigor index (930.42–129.22). This decline indicates impairment in the activation of enzymes and use of reserves at early germination stages. Similar inhibitory effects were documented by Li et al. (2019), who found that while greater doses (50 mg L-1) decreased this promotive impact, 5 µg/mL chitosan nanoparticles improved wheat germination through increased auxin activity.
Root growth was significantly more inhibited than shoot growth, with root length decreasing from 5.70 cm in control to 1.34 cm at 100 mg L⁻¹ (~76% inhibition). The roots are more sensitive to treatment as they are bathed directly in the medium and meristematic tissues have a greater tendency towards growth inhibition. For instant, Lucini et al. (2018) found that the biopolymer at a high application rate (0.48 mL plant⁻¹) significantly decreased the growth-promoting effects found with a low application, highlighting that root and biomass enhancement was concentration-dependent and could be reduced by excessive application rates.
Dose responses were quantified using phytotoxicity indices, where yield losses showed a linear to exponential increase over time. At the highest concentration, relative root elongation and tolerance index were 23.52% and 0.24, respectively, while phytotoxicity increased to 76.48%. These inverse relationships are often linked to polymer toxicity, particularly with oxidative stress-induced cellular damage and associated metabolic dysfunction (Yang et al., 2017; Staszek et al., 2021). Accumulation of reactive oxygen species (ROS) induced by chitosan has been accepted as a main mechanism of growth inhibition at high concentrations (Mukarram et al., 2023).
Total biomass accumulation displayed a similar pattern, with decreases in fresh (610 mg to 270 mg) and dry (60 mg to 24 mg) biomass at the dose of 100 mL L⁻¹. This reduction is indicative of compromised cell expansion, reduced metabolic efficiency, and the shunting of energy from growth processes to stress response (Guan et al., 2009). In plants treated with high concentrations of chitosan, a reduction in carbohydrate utilization and biosynthetic activity was detected, which may have led to suppression of biomass generation (2009).
Notably, tissue water content did not differ among treatments (≈ 89.75–91.11%) reflecting that growth inhibition was not related to the water deficit effect. These provided evidence that chitosan stress deleteriously affected metabolic processes instead of plant water status, which was maintained by osmotic balance. Similar results have been stated for stress physiology in which biomass was reduced but relative water content remained unaffected (Ávila et al., 2023).
The results indicate a possible biphasic (hormetic) response of chitosan in Brassica juncea; low concentrations may stimulate plant growth, while higher doses (>50 mg L⁻¹) have phytotoxic effects. This dual response is well known and attributed to defence signalling stimulation at low doses and oxidative stress induction in higher doses (Rico-Chávez et al., 2023; Delgado-Rivera et al., 2026).
5. Conclusion
This investigation verified that the chitosan extracted from prawn shells had a porous, diverse surface shape and distinctive functional groups (O–H and N–H stretching, N–H bending, and C–N and C–O stretching vibrations), indicating proper extraction and strong reactivity. The seed germination experiment of Brassica juncea illustrated with the dose dependent response. The germination, seed vigor, root and shoot growth, biomass accumulation and tolerance index decreased linearly with the increase in the concentration of chitosan; nevertheless, do not give rise to an increment in total phytotoxicity. Root growth was the most sensitive parameter that was significantly inhibited at concentrations higher than 50 mg L⁻¹ and completely suppressed at 100 mg L⁻¹. Even though moisture content of seedlings seemed stable over treatments, significant decrements in biomass provide clear signs of growth suppression resulting from substantial metabolic and physiological impairment rather than water deficit. 
In mustard seedlings, low concentrations of chitosan function as a bio stimulant while higher concentrations are deemed phytotoxic. Therefore, these results highlight the need to optimise agronomical application doses and provide insight into the physiological and oxidative stress mechanisms underlying growth inhibition that should be elucidated.
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