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Reduced pathogen resistance and management of the left-over rice stubble are among the most 
important challenges faced in rice cultivation. A novel and eco-friendly strategy to synthesise ‘Fungal 
Chitosan’ (FC) from Aspergillus niger using rice straw could serve as a sustainable treatment approach 
to improve both disease resistance and yields, while also effectively managing the rice stubble waste. 
The FC treatment promoted germination as well as growth parameters in rice varieties, TN1 (high 
yielding-susceptible) and PTB33 (low yielding-resistant) better than a commercial chitosan (PC). 
Treatments of exogenously applied FC to plants produced direct toxicity to Xoo, and reduced the 
BLB disease index by 39.9% in TN1. The capability of FC to trigger a cascade of defense pathways 
was evident from the measurable changes in the kinetics of defense enzymes, peroxidase (POD) 
and polyphenol oxidase (PPO). FC treatment increased levels of POD in TN1 by 59.4%, which was 
35.3% greater than that of untreated PTB33. Therefore, the study demonstrated the effectiveness 
of FC treatments for use in agriculture as a potential biostimulant as well as protective agent against 
bacterial leaf blight, BLB, of rice (Oryza sativa) that could be produced from stubble waste and 
improve rice stubble management strategies.

Rice (Oryza sativa L., Poaceae) is a vital cereal, grown in a wide array of ecosystems, as one of the top sustaining 
foods for the global population1. As the need for rice increases, so does the stress for farmers and agricultural-
ists to meet production demands. The major stress comes from trying to protect the crop from pathogen caused 
diseases and insect pests2. However, the greatest dependency is on chemicals to control pests, weeds, and patho-
gens. These chemical treatments are expensive, and unfortunately an over-dependence upon them often results 
in the rapid development of resistance among the pests and pathogens3,4. Compounding yield losses across all 
crops are severe changes in climatic conditions, i.e. rainfall, droughts, temperature rise, reduced soil health, or 
reduced plant vigour, which exacerbates severe yield losses through biotic and abiotic5. Therefore, as resistance 
develops in pests and pathogens, alternatives need to be developed6. Crops started from sowing seeds directly 
into the field are further restricted by poor germination rates7 and early infection by pathogens8,9. Additionally, 
seeds with less vigour are under greater stress in adapting to field conditions10. But, developing an appropriate 
pre-treatment, or priming, with a bio-stimulant could laterally enhance the plant’s immune defences, and increase 
resistance to pests6 and pathogens leading to increase yields11.
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Therefore, the seed germination and triggering of pest/pathogen resistance could be enhanced with several 
chemical products deployed in agriculture. These include urea and potassium nitrate to amino acids, plant 
hormones and reactive oxygen–nitrogen–sulphur12,13. However, some of these chemical treatments have posed 
negative effects on the micro and macro environmental fauna14, and this increases the impacts from bacterial 
leaf blight (BLB) one of the most devastating rice pathogens, Xanthomonas oryzae pv. oryzae (Xoo) that causes 
severe yield losses4. Therefore, to counteract the infection, several chemical insecticides have been intensively 
applied globally4, resulting in environmental and health risks along with the development of pest resistance, 
and reduction of natural enemies6. Henceforth exogenous applied alternatives that act as plant stimulants, of 
biological origin which may be chemicals, proteins, nucleic acids, or microbes (bacteria or fungi) are increasingly 
important for improving agricultural plant immunity and tolerance to pests and pathogens4,6,11.

The term “chitosan” does not describe a unique compound, but a group of commercially available copol-
ymers that produce a heterogeneous variety of molecules depending upon how they are processed during 
production15,16. The wide variety of physical properties across these various forms of chitosan, thus provide 
molecules for many biological applications in agriculture, bio-fertilizer, foods, pharmacology, medicine, bio-
technology and industrial processes11,16–20. In rice protection, treatments with chitosan were shown to prevent 
the growth of several pathogenic bacteria including the rice sheath blight pathogen, Rhizoctonia solani21, and 
Xanthomonas in the ornamental plant Euphorbia pulcherrima, Xanthomonas axonopodis pv. poinsettiicola22.

Available in the markets as a product, commercial chitosan is sourced from crustacean shells15 being the 
second most renewable carbon source after lignocelluloses biomass, with over 1600 tons of chitin annually 
produced23. Although the crustacean based chitosan produces a quality homogenous product with consistent 
properties and activity it is dependent upon the seafood industry waste stream15,23. Thus, alternative production 
methods using fungal mycelium are focused on providing unlimited sources of chitosan for fermentation and 
food technologies16,17,24.

A result of rice being a highly cultivated crop, is post-harvest rice stubble management, which is turning 
out to be a menace due to the increase in open-field burning practices that escalates the carbon footprint25,26. 
Therefore, examination of alternative chitosan sources for agricultural uses led to the practice using cellulolytic 
fungi in the degradation of rice straw, as a post-harvest treatment for stubble management. The implication of 
using the fungal biomass from the cellulase producing fungi, Aspergillus niger could provide a rich source of 
chitosan production27.

This study focussed on synthesising eco-friendly chitosan from A. niger using rice straw as a substrate, along 
with evaluation of its bio stimulant and crop protection competencies in rice plants [BLB susceptible (TN1) and 
disease resistant (PTB33) varieties].

Results
Chitosan characterization.  The extracted fungal chitosan, FC, was analysed in FT-IR and compared with 
the standard chitosan. The same patterns of peaks were observed in both product chitosan and extracted fungal 
chitosan. The peaks obtained were between the wavelength at 3200–3400 cm−1 presence of H-bonded NH2 and 
OH stretching and 2850–3100 cm−1 attributes to CH stretching vibrations which corresponds presence of ali-
phatic group (Figs. 1 and 2).

Both chitosans (FC and PC) examined under the scanning electron microscope exhibited morphologically 
similarities (Fig. 2).

Bio‑stimulant effect of chitosan on rice seeds.  A significant variability in germination parameters 
was observed in treated seeds from both varieties. Percentage of emergence of rice varieties treated with fungal 
chitosan (FC) or the product chitosan (PC) across 12 day period, post treatment was found to be higher than 
that of control rice varieties A-TN1, B-PTB33 (Fig. 3A,B). However, seed treated with fungal chitosan emerged 
17 h before that of seeds treated with PC. Both the treatments reduced the mean germination time, promoting 
the earlier emergence of TN1 that was reduced to 4.54 and 3.8 DAP by PC and FC respectively (F4,20 = 8.87; 
P ≤ 0.0001). At 50 ppm treatment concentration, PC reduced MGT to 4.86 DAP while FC reduced MGT to 4.26 
DAP over untreated control seeds (F4,20 = 8.79; P ≤ 0.0001) (Fig. 3C).

Subsequently there was an increase in germination percentage, GP, over untreated control. The GP of PC 
and FC treated TN1 seeds at 25 and 50 ppm treatment concentrations were 87.4 and 95.4% and 90.4 and 96.8% 
respectively (F4,20 = 37.71; P ≤ 0.0001). A likewise increase in germination percentage of PTB33 was also observed 
at the same treatment concentrations of PC, 86.2% and FC, 94.2% (F4,20 = 44.82; P ≤ 0.0001) (Fig. 3D).

Bio‑stimulant effect of chitosan on germination energy, plant growth and biomass.  Increased 
biomass reported as germination energy, GE, was found to be enhanced by both the treatments over untreated 
control (26%) (Fig. 3E). PC treatment on TN1 seeds displayed a GE of 59.4% and the GE of FC treated seeds was 
61.76 cm at 50 ppm treatment concentration (F4,20 = 102.36; P ≤ 0.0001). A similar effect was also observed in 
PTB33, resulting in GE of 52.8 and 57.46% respectively treated with 50 ppm PC and FC (F4,20 = 54.86; P ≤ 0.0001).

Increased plant growth (height) as an indicator of biomass, shown as germination energy, GE, post treat-
ment with both (PC and FC) was observed at the greatest treatment concentration (50 ppm). Compared to 
control there were increased plant heights of 28.34 and 33.828 cm with FC (F4,20 = 44.45; P ≤ 0.0001), and 25.4 
and 30.126 cm PC (F4,20 = 117.68; P ≤ 0.0001) in TN1 and PTB33 seeds respectively (Fig. 3E). This was due to a 
43.5 and 48.31% (F4,20 = 112.38; P ≤ 0.0001) shoot length besides 40.8 and a 45.53% increase in root lengths in 
TN1 (F4,20 = 68.43; P ≤ 0.0001) (Fig. 3F). Also, greater plant height of PTB33 in PC and FC 50 ppm treatments 
was attributed to a 45.303 and 52.31% (F4,20 = 101.74; P ≤ 0.0001) increase in shoot lengths along with a 40.38 
and 45.35% (F4,20 = 177.52; P ≤ 0.0001) upsurge in root lengths (Figs. 4 and 5).
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The FC treatment on PTB33 stimulated growth parameters at a comparatively higher rate than that of TN1 
enhancing the biomass of rice plants. The treatments augmented the plant biomass together in both varieties, 
increasing the FW from 11.08 to 20.41 and 28.88 g (F4,20 = 33.83; P ≤ 0.0001) with a corresponding DW of 6.628 
and 11.266 g (F4,20 = 67.9; P ≤ 0.0001) in TN1 treated with 50 ppm of PC and FC respectively (Fig. 6A,B). FC 
at 50 ppm also induced FW and DW increase from 9.76 to 25.4 g (F4,20 = 28.84; P ≤ 0.0001) and 1.245 to 8.54 g 
(F4,20 = 37.63; P ≤ 0.0001) respectively which was 31.73 and 48.94% higher than that prompted by PC in PTB33 
(P ≤ 0.005) (Fig. 6).

Antibacterial activity of chitosan against Xoo.  Both chitosan treatments PC and FC, exhibited signifi-
cant antibacterial activities that increased with treatment concentrations 25, 50 and 100 ppm (Fig. 7). However 
the inhibition zones at 25 and 50 ppm were not significant (P ≥ 0.05). At 100 ppm, inhibition zones of both PC 
(10.2 mm) and FC (14 mm) were significantly different (F2,12 = 70.2; P ≤ 0.0001).

Effect of chitosan spray on BLB disease.  The effect of chitosan spray on BLB disease was assessed in 
terms of mean lesion length and disease incidence percentage. There was a significant reduction in lesion length 
prompted by chitosan sprays on infected plants (Fig. 8A,B). The lesion length was reduced from 3.9 to 2.8 and 
2.4 mm F4,20 = 26.59; P ≤ 0.0001) by PC and FC sprays (50 ppm) in TN1 (Fig. 8A). Control untreated PTB33 
plants developed lesions of size 3 mm that were significantly reduce in the the chitosan treatment sprays, PC and 

Figure 1.   FT-IR spectra. (A) Fungal chitosan (FC); (B) product chitosan (PC). Similar stretches at wavelength 
at 3200–3400 cm−1 and 2850–3100 cm−1 shows the presence of OH and C–H in both PC and FC.
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FC (50 ppm) to 1.58 and 1.26 mm (F4,20 = 27.25; P ≤ 0.0001). The PC spray (50 ppm) reduced the DI by 30.21 
in TN1 and 44.209% in PTB33 (Fig. 8B) compared to control. The 50 ppm FC spray in TN1 reduced the DI to 
24.4 from 40.64% (F4,20 = 26.59; P ≤ 0.0001) and to 12.56 from 23.32% (F4,20 = 27.25; P ≤ 0.0001) in PTB33. With 
originally developed smaller lesions, DI in PTB33 was effectively reduced by 48.52% compared with TN1 by 
50 ppm FC spray (P ≤ 0.05) (Fig. 8B).

Effect of chitosan spray assay on induction of defense enzymes.  The effect of chitosan sprays on 
POD and PPO titers was analysed for across 7 timepoints, starting on day 0 when treated and for 6 days (144 h 
after spray) (HAS). The enzyme levels differed variably with respect to treatment type, concentration and induc-
tion. POD levels treated with 25 ppm PC followed a similar kinetics with that of 50 ppm PC spray in both plant 
varieties (Fig. 9A,B).

POD levels induced by 50 ppm PC spray on TN1 increased 24 h after spray (HAS) from 9.108 to 12.03 
(F4,20 = 25.13; P ≤ 0.0001) and continued to increase to 18.401 U/mg FW till 72 h (F4,20 = 77; P ≤ 0.0001) after which 
it started to decrease to 15.08 U/mg FW at 144 HAS (F4,20 = 230.74; P ≤ 0.0001) which was still 44.36% higher 
than control (Fig. 9B). A likely increase in POD levels after 25 and 50 ppm FC sprays displayed an increase in 
POD levels for 120 HAS after which the levels remained constant till 144 HAS in both plant varieties (Fig. 9A,B). 
POD levels brought by 50 ppm FC spray on TN1 increased 24 HAS from 9.108 to 13.687 (F4,20 = 25.13; P ≤ 0.0001) 
and continued to increase to 22.44 U/mg Fresh weight (FW) till 120 HAS (F4,20 = 181.02; P ≤ 0.0001) and staying 
constant till 144 HAS which was still 32.754% higher than 50 ppm PC spray (Fig. 9A).

Following a similar POD induction kinetics in PTB33, 50 ppm PC spray at 72 HAS raised to 20.18 from 12.513 
(F4,20 = 38.65; P ≤ 0.0001) and 22.84 U/mg FW at 144 HAS (F4,20 = 138.01; P ≤ 0.0001). FC spray at 50 ppm, also 
increased POD levels from 12.513 to a constant level of 27.06 U/mg FW at 144 HAS (F4,20 = 138.01; P ≤ 0.0001) 
which was 26.68% higher than that induced by 50 ppm PC spray (Fig. 9B). In both the plant varieties, 25 ppm 
FC spray induced POD levels that were significantly higher than that of 50 ppm PC spray (P ≤ 0.05).

PPO levels of untreated TN1 and PTB33 plants increased till 72 HAS, remained constant till 96 HAS, 
decreased till 144 HAS (Fig. 9C,D). In TN1, 50 ppm PC spray induced PPO level secretion till 96 HAS to 6.4 U/
mg FW (F4,20 = 80.16; P ≤ 0.0001), remaining constant till 120 HAS and declined after that. Yet, TN1 sprayed 
50 ppm FC increased PPO secretion till 120 HAS, 7.94 U/mg FW (F4,20 = 75.29; P ≤ 0.0001), remaining constant 
till 144 HAS (Fig. 9C). FC 50 ppm sprayed PTB33 plants displayed a similar kinetics with the PPO levels raising 
from 3.6 to 9.22 U/mg FW (F4,20 = 43.5; P ≤ 0.0001) till 120 HAS, remaining constant till 144 HAS (Fig. 9C,D).

Discussion
Sustainable agricultural practices are of great importance to establish and maintain food security in any country. 
Use of treatments that improve crop health, reduce pests and pathogens, but that are also environmentally and 
economically feasible can greatly aid efforts to build sustainable cropping systems. Chitosan demonstrating 
their capacity to provide an eco-friendly agronomic strategy to improve crop yield and resistance to pathogens 
and pests20,28–30. New methods of chitosan production are providing a renewable and sustainable source of this 
valuable compounds15,16,23,24.

Figure 2.   Scanning electron microscope (SEM) images of chitosan; (A–C) FC 100×, 200×, 500× (D–F) PC 
100×, 200×, 500×.
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Among them, ligno-cellulose residues are profusely available as an economical viable, natural chitosan 
resource31. Copiously available ligno-cellulose from management of rice stubble using the hydrolytic activity 
of the fungi, A. niger produces an excellent source for the post treatment production of chitosan32. This study 
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Figure 3.   Percentage of emergence of rice varieties treated with fungal chitosan (FC) or the product chitosan 
(PC) across 12 day period, post treatment (A—TN1, B—PTB33) (± SEM with five replication) and the. Effect 
of fungal chitosan (FC) and product chitosan (PC) on mean germination (MGT) days (C), percentage of 
germination (D), germination energy (E) and plant height (F) of rice seeds (± SEM with five replication) (with 
in the bars denoted by a different letter are significantly different at P ≤ 0.05).
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further shows the benefits from A. niger produced chitosan as a seed priming agent to induce improvements 
in germination capabilities of low yielding, disease resistant, rice variety PTB33. Chitosan produced from A. 
niger treated rice stubble, also demonstrates their capacity to induce BLB disease resistance in high yielding, 
susceptible TN1 rice variety.

Utilizing the natural cellulosic substrate of rice straw as the source to increase the biomass of A. niger and their 
subsequent chitosan concentration, fungal chitosan was successfully extracted and shown to be comparable in 
efficacy with commercially available sea-shell chitosan product. Extracting the chitosan from the fungal mycelia 
using SSF provided the maximal production of hydrolytic enzymes such that rice straw utilization to produce 
chitosan is economically feasible33. The chitosan quality was further supported by analyses using FT-IR spectrum 
which indicates the strong similarity in the produced and purchased chitosan compositions. Similar analyses 
using spectral uniformity between commercial and fungal chitosan extracted from Auricularia sp., previously 
reported similar results34.

Seed treatment with the chitosan, FC, produced using A. niger, conclusively caused improvements in seed 
germination GP, and energy GE, traits for both varieties, TN1 and PTB33, when using concentration of FC 
(50 ppm). When using FC priming of PTB33 seeds early germination was observed, reducing the MGT from 
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5.4 to 4.26 days. Lizárraga-Paulín et al.35 reported the major effects of chitosan-seed interactions to be displayed 
in terms of enhanced germination index, EGI, reduced mean germination time, MGT, and flowering time/
number, with augmented growth in height and root length which correlated with increase biomass35. Hadwiger 
et al. showed the transfer of chitosan from seed to seedling also affects the development of seedlings and the 
post development processes36. Germination energy was designated as a parameter of seed quality in different 
sunflower genotypes37. An increase in germination energy indicates the seed vitality, also plays a direct role and 
are the key factors in determining plant number per hectare and yield.

A lateral increase in the GP and GE positively influenced the establishment capability by producing plants 
with 44.89% greater lengths, with a corresponding 45% increase in root-shoot lengths, and a 61.57% increase in 
plant biomass (FW) compared to untreated disease resistant seeds. The FC treatment prompted the growth of 
PTB33 to be 31.28% greater than untreated TN1. The plant biomass increases and early establishment provoked 
by activation of various biochemical processes has found to enrich the grain nutrient status38. A likely increase 
in plant vegetative growth by chitosan seed priming was reported by Hameed et al. in wheat seeds39. Addition-
ally, the optimistic influence of chitosan on seeds was reported by Zhou et al. in coriander and tomato and by 
Samarah et al. on pepper40,41. The accomplishment of chitosan as a successful seed dress is attributed to their 
higher molecular weight conferring physical protection42. Furthermore, the capability of chitosan to induce 
the activities of lipase, gibberellic acid and indole acetic acid are endorsed for their active priming properties40.

The ability of chitosan to inhibit Xoo under in vitro conditions produced a positive outcome. The higher treat-
ment concentrations of FC and PC produced significant differences in bactericidal activities, with FC performing 
better than PC. Kulikov et al. reported that differences among bioactivities of chitosan rely upon their source, 
degree of polymerization or type43. However, the antibacterial activity of PC and FC did not differ significantly at 
lower concentrations (25 and 50 ppm). Chitosan was previously documented with antibacterial activities against 
Escherichia coli, Staphylococcus aureus along with Bacillus sp44.

The effect of exogenous application of chitosan to confer resistance against BLB was analysed. The disease 
index of the chitosan sprayed plants was considerably reduced. The disease control mechanism is an indication 
of the activation of innate plant defense systems as confirmed by the secretion of pathogenesis related enzymes 
(POD and PPO). The POD level in TN1 increased by 59.4% when treated with FC, which was 35.3% higher 
than that of resistant PTB33 at the end of 144 HAS. Analogous increase in PPO levels was also observed in TN1 
plants treated with FC. At 50 ppm FC concentration, the PPO level increased 67.3% compared to control and was 
only 16.78% less than levels in the resistant PTB33 at 144 HAS. The treatments also altered the enzyme kinetics, 
displaying a continuous rise till 120 HAS and remaining stable after that in both plant varieties. Meanwhile the 
enzyme levels in leaves treated with PC started to decrease after 120 HAS.

A corresponding chitosan induced disease resistance was reported in treated wheat seeds against Fusarium 
blight reducing the severity of the disease45. Rabea et al. have extensively reviewed the potential of chitosan foliar 
treatment on the control of various plant pathogens46. Despite having the same spectral composition, the ability 
of FC to outperform PC in terms of conferring disease resistance might be attributed to their ability to induce 
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local and systemic reactions with a build-up of multiple defense-related47. The effect of chitosan to modulate 
plant defense systems in response to various pathogens has been reported and characterised by the accumula-
tion of phytoalexins, pathogenesis related proteins, along with proteinase inhibitors44. Apart from being directly 
toxic to pathogens, chitosan was also found to enhance host resistance in date palm against the wilt pathogen by 
increasing the synthesis of POD and PPO47.

Based upon the results, the ability of chitosan treatments were shown to improve the germination capabilities 
along with disease resistance of rice plants. In addition to managing the peril of rice stubble, the fungal based chi-
tosan production system clearly improved resistance as a bio-stimulant, and elicitor of the plant defense pathway, 
producing a better response than the commercial crustacean-based chitosan treatment. Therefore, the application 
of fungal chitosan in agricultural systems could diminish the undesirable influence of disease-causing pathogens 
on the produce and quality of rice and other crops, along with providing economic relief to growers using rice 
stubble for fungal chitosan production as a sustainable agricultural system that is more effective and profitable.
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Figure 8.   Mean lesion length (cm) (A) and disease index (B) of Xoo after treatment with fungal (FC) 
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Materials and methods
Microorganisms and inoculum preparation.  A. niger (RHS/M492-NAIMCC-F-02890) was purchased 
from the National Agriculturally Important Microbial Culture Collection (NAIMCC), Uttar Pradesh, India. 
The fungus was re-cultured in PDA, maintained in the laboratory (4 °C). Production inoculum was prepared by 
inoculating fungal spores in Potato Dextrose Broth (PDB-30 ml, pH 5) and incubated (28 °C; 72 h). The spores 
were harvested and adjusted to 2 × 107 Spores ml−1 using 0.1% tween 80 in sterile distilled water by haemocy-
tometer counting48. (Figure 10).

Xoo culture from previous experiments was used in this study49. The bacteria were cultured (Nutrient broth; 
48 h), centrifuged (8000×g—15 min) and bacterial count was adjusted to 3 × 105 CFU/ml (sterile distilled water; 
haemocytometer counting).

Straw pre‑treatment and solid‑state fermentation (SSF).  The process of SSF was carried out for 
chitosan extraction from pre-treated straw by modifying the methods of Rane and Hoover and Crestini et al.50,51. 
Rice stubble was collected from local field (Alwarkurichi, Tamil Nadu, India). Appropriate permission was 
obtained from the agriculture land owners before collecting the stubble. The rice straw was rinsed with tap water, 
shaken of excess water and then pulverized (size 1–2 cm). A synthetic medium (0.2% yeast extract, 1.0% peptone 
and 2.0% glucose) was developed to humidify the straw 60% water content52. The substrates were autoclaved at 
121 °C for 20 min, inoculated with spore suspension in sterile plastic bags and closed with cotton plugs to avoid 
contamination by preventing air flow, then maintained at 30 °C for 15 days.

Chitosan extraction.  The solid-state biomass were ground and suspended with 1 M NaOH solution and 
autoclaved at 121 °C for 30 min 1 M NaOH solution and autoclaved at 121 °C for 30 min. Insoluble alkali frac-
tions were collected by centrifugation at 11,600×g for 15 min and washed with distilled water, then again centri-
fuged at neutral pH 7.0. The alkali insoluble residues were centrifuged, freeze dried and weighed. The residues 
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of each treatment.
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were extracted using 2% acetic acid at 95 °C for 12 h. The slurry was centrifuged at 11,600×g for 15 min and the 
acid insoluble fraction was discarded. The supernatant was collected, adjusting to a pH of 10 using 2 N NaOH 
producing precipitated alkali insoluble chitosan. The precipitated chitosan was collected and air dried at 60 °C to 
a calculated weight and deacetylated as in Zhang et al.53.

Preparation of chitosan.  Fungal chitosan extracted from A. niger and a standard-control Chitosan 
product (Catalogue no: 448877-50G, Sigma-Aldrich) were used to prepare stock solutions of chitosan (3 mg/

Figure 10.   Development of A. niger in rice straw after inoculation (A—Spores accumulated after inoculation, 
B—A. niger spore germination, C—Development of mycelia in rice straw, D—Thick growth has been seen in the 
3rd day after inoculation, E—Mycelial growth of A. niger on 5th day after inoculation, F— 100× magnification of 
conidiophore along with fungal mycelium, G—100× magnification of fruiting body of A. niger).



12

Vol:.(1234567890)

Scientific Reports |        (2021) 11:20488  | https://doi.org/10.1038/s41598-021-99391-w

www.nature.com/scientificreports/

mL)—fungal chitosan (FC) and product chitosan (PC—Sigma-Aldrich) (1% acetic acid; pH 6). After stirring 
(160 rpm) for 24 h at room temperature, the stock solutions were autoclaved at 121 °C for 20 min. Filtered steri-
lized deionized water (pH 6) was used as a blank-control. The chitosan test concentrations (25 ppm and 50 ppm) 
were prepared from the FC and PC stock solutions.

FTIR characterization of chitosan.  FT-IR (Fourier Transform Infrared) spectra were recorded for FC 
on a Perkin Elmer Spectrum One, equipped with an ATR-FTIR (attenuated total reflection-FTIR) unit (16 co-
addition scans in a wavelength range of 400–4000 cm−1) and compared with readings of the PC.

Seed collection and preparation.  Rice varieties, TN1 (susceptible) and Xoo resistant (PTB33) were pro-
cured from National Rice Research Institute, Indian Council of Agricultural Research Cuttack (seeds were used 
for only research purpose with proper permission). Seeds received were of similar dimensions and were surface 
sterilized prior to use for experiments54. Both cultivars mentioned above were used for research purpose only 
and it does not come under endangered species of wild flora and fauna as per IUCN. Essential methods and 
guidelines are followed from the IUCN.

Bio‑stimulant effect of chitosan.  For the germination assays, 100 seeds of each variety per treatment—
FC, PC and control were soaked in 25 ml of FC, PC and sterile distilled water (24 h). Filter paper method was 
used to analyse the germination parameters inclusive of emergence, germination percentage (GP), mean germi-
nation time (MGT) and germination energy (GE)54. The experiments were replicated five times to obtain the raw 
data before processing the statistical analysis.

In germination assay the emerging hypocotyls were recorded every day and the mean germination time 
(MGT) was premeditated55,56 by calculating the time taken for 1, 10, 25, 50, 75 and 100% of the seeds to germi-
nate (expressed as days).

where n = number of germinated seeds at time T (25 °C). T = hours from the beginning of the germination test. 
Σn = final germination.

The germination percentage (GP) was calculated using the following formula

Seed Germination Energy (GE) was calculated according to the formula

Effect of seed treatment under green‑house.  Rice seeds, TN1 and PTB33 were sown (5 seeds/treat-
ment; 0.5 L pots). The potting soil and experimental conditions were followed by the method of Kalaivani et al.49 
After 20 days of sowing (DOS), growth parameters (Total plant height, root and shoot length in cm) and biomass 
(fresh and dry weight—oven drying—40 °C for 2 days) of plants was determined.

Antibacterial activity of chitosan against Xoo.  Bacterial suspension (10 µl; 3 × 105 CFU/ml of Xoo) 
was used in disc diffusion method to determine the antibacterial activity of FC, PC (25, 50 and 100 ppm) and 
sterile distilled water (control)57. Inhibition zones were measured in diameter (mm) post incubation (28 ± 2 °C; 
48 h). Tetracycline (1 mg/ml) is used as positive control and control (0.1% acetic acid) were used in the assay. 
Three replication of samples were loaded in respective prelabelled wells to record the zone of incubation. The 
plates were kept upright position and incubated at 37 °C for 24 h.

Induced resistance by spray treatment of chitosan against BLB.  Xoo inoculation.  Xoo was in-
oculated on rice plants grown under greenhouse conditions mentioned for seed treatment assay (27–33 °C; 12 h 
L: D, 90% RH), 28 DAS by scissor-dip method58. Symptoms of BLB were observed 7 days post inoculation (DPI).

Exogenous application of chitosan.  FC and PC (25 and 50 ppm), 15 ml, were sprayed uniformly on the inocu-
lated rice plants rice plants at the maximum seedling stage in green house condition on 15th day after planting. 
Plants sprayed with sterile distilled water served as untreated control.

Disease assessment.  Lesion length was measured on 15 DPI and data for one treatment was obtained from 40 
inoculated leaves. Subdual of BLB was evaluated in terms of reduction in the mean BLB lesion length59.

Effect of spray treatments on the induction of defense related enzymes.  Leaves were analysed 
at specific time intervals (0, 24, 48, 72, 96, 120 and 144 h) post treatments for the levels of peroxidase (PO) in 
addition to polyphenol oxidase (PPO) determined by the methods proposed by Hammerschmidt et al.60 and 
Worthington61 with five replicates.

MGT =

∑
(nT)
∑

n

Germination percentage (GP) =
Number of seeds germinated

Total number of seeds
× 100

Seed Germination Energy (GE) =
Number of germinating seeds

No. of total seeds per test post germination for 3 days
×100
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Statistical analysis.  Bio-stimulant, antibacterial activity and disease assessment experiments were done 
with five replicates before undergone the arcsine squire root transformation and other statistical performance. 
One-way ANOVA (analysis of variance) was performed on the experimental data and treatment means were 
paralleled by Tukey’s-family error test (P < 0.05) by means of Minitab17 software package. The data were arcsine 
transformed before undertaking statistical analysis.

Data availability
The datasets generated during and/or analyzed during the current study are not publicly available due to fund-
ing agency agreement and intellectual properties but are available from the corresponding author on reasonable 
request with permission of funding agency.
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