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Abstract
Aquatic weeds are often perceived as ecological nuisances due to their rapid growth and invasive tendencies. The growing demand for sustainable and eco-friendly sources of bioactive compounds has led to increased interest in utilizing aquatic weeds for value-added product generation. The current production of oligosaccharides largely relies on costly raw materials and energy intensive processes, limiting their commercial viability. At the same time, aquatic weeds like Ipomea aquatica, Nymphoides hydrophylla and Eicchornia crassipes which are abundantly available but underutilized. These aquatic weeds are rich in lignocellulosic and polysaccharide components, making them promising, low-cost feedstocks for oligosaccharide production. The current study deals with the production of xylan and xylanase from these aquatic weeds. The optimum conditions for xylan extraction under alkaline pretreatment were found to be uniform for all the aquatic weeds. Highest amount of xylan (g) produced under this optimum condition from Ipomea aquatica, Nymphoides hydrophylla and Eicchornia crassipes viz. 58.4±0.88, 88.6±0.98 and 44.3±0.65 respectively. Neurospora crassa NCIM-1021 was found to be the potent producer of xylanase under this condition when aquatic weeds were utilised as substrate separately under solid state fermentation. The enzyme activity of xylanase produced (IU)  by N. crassa was found to be viz. 0.018, 0.005 and 0.002 when Ipomea aquatica, Nymphoides hydrophylla and Eicchornia crassipes were used as substrate respectively in solid state fermentation. These findings suggests that these aquatic weeds have immense potential to produce xylan and xylanase that can be further utilised for xylooligosaccharide production.
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Introduction
        Aquatic weeds, including species such as Eichhornia crassipes (water hyacinth), Lemna minor (duckweed), and various fast-growing grasses, are typically viewed as environmental nuisances. Their rapid proliferation leads to blocked waterways, decreased oxygen levels, and disruptions to aquatic ecosystems (Umai et al. 2022).  
       Ipomoea aquatica, commonly known as water spinach, kangkong, or swamp morning glory, is a semi-aquatic leafy vegetable widely cultivated in tropical and subtropical regions, particularly in East, South, and Southeast Asia. Despite its extensive cultivation, comprehensive global production statistics are limited. China is a major producer of water spinach. As of 2019, the country had an annual cultivation area exceeding 15,000 hectares, with average yields around 75,000 kg per hectare. This suggests a total annual production of approximately 1.125 million metric tons. Under favourable conditions, water spinach can produce up to 190,000 kg of fresh biomass per hectare within nine months. In drier conditions, yields per harvest range from 7 to 30 metric tons per hectare, averaging around 20 metric tons. With monthly harvesting, annual yields can potentially reach up to 240 metric tons per hectare (Ipomea aquatica, Forssk, pfaf). Water hyacinth (WH) is the world’s most aggressive free-floating perennial aquatic plant (Hydrophyte) and can cover an entire aquatic body in a thick, compact carpet in a two-to-three weeks period (Romero-Borbón et al. 2022). This thick carpet blocks the sunlight from reaching below the water’s surface, interfering with the growth of other aquatic organisms, and eliminating native species (Harun et al. 2021).
            Under optimal conditions, a single plant of Eichhornia crassipes (water hyacinth) has the potential to produce up to 140 million ramets within a year, translating to a fresh biomass of approximately 28,000 tons (Su et al., 2018). While specific studies have examined the biomass and nutrient content of Nymphoides hydrophylla comprehensive data on its annual production at a national level in India remain scarce. Further research is needed to quantify its production and explore its potential applications in agriculture and medicine. 
       Research indicates that under optimal conditions, Eichhornia crassipes can produce between 8 to 24 million metric tons of dry biomass annually worldwide. Research conducted in the eutrophic Pampulha reservoir in Brazil estimated the net annual dry weight production of Eichhornia crassipes (water hyacinth) at approximately 226.9 tons per hectare. This high productivity underscores the plant's rapid growth under favorable conditions (Greco & Freitas, 2002). In tropical and subtropical regions, water hyacinth can double its population in as little as one week. Under optimal conditions, a single plant has the potential to produce up to 140 million ramets within a year, translating to a fresh biomass of approximately 28,000 tons (Su et al., 2018).    
These aquatic weeds contain lignocellulosic biomasses which are comprised of cellulose, hemicellulose and lignin. Xylan, the second most abundant biopolymer in nature, constitutes most of the hemicellulose that can be degraded into xylooligosaccharide (XOs), using combinations of pretreatments and enzymatic hydrolysis (Capetti et al., 2021). Despite the benefits of using agro-industrial residues, their varying composition is a challenge, because depending on the chemical composition, the residues may be more or less suitable for XOs production. Residues with higher amounts of xylan and low amounts of lignin are better options (Santibáñez 2021). The composition in lignocellulose hydrolysates directly depends on the type of raw material that decides pretreatment, and enzymatic hydrolysis conditions employed during the process (Bhatia et al 2021). 
       Xylanases (EC 3.2.1.8) are a group of hydrolytic enzymes that catalyze the breakdown of xylan, the major hemicellulosic polysaccharide of plant cell walls, into xylooligosaccharides and xylose (Collins et al., 2005). Xylanases reduce the need for harsh chemicals in industrial processing, making them an environmentally friendly alternative for sustainable biotechnological applications (Bajpai, 2014). In the context of lignocellulosic biomass valorization, xylanases play a pivotal role in the synergistic action of enzyme cocktails, enhancing cellulose accessibility and overall biomass saccharification (Shallom and Shoham 2003). This highlights their potential as key biocatalysts in the conversion of agricultural residues, forestry wastes, and aquatic weeds into renewable energy and value-added products.
        The cost of enzyme production is one of the main factors which determine the use of enzyme at industrial scale (Beg et al. 2001). Therefore, the use of agricultural waste by solid-state fermentation (SSF) using statistical design approach can reduce the cost of enzyme production. Utilization of agroresidues as substrate in SSF provides an alternative to these under or non-utilized residues. SSF is the process of cultivating microorganism in the absence of free-flowing water. SSF is more economical and advantageous in term of improved product recovery, lower capital investment, less space requirement, reduced wastewater output and the use of abundant agriculture waste as a substrate for xylanase production (Bhatia et al. 2024). 
           Taking all the above aspects into consideration, the aim of present research was to explore the potential of aquatic weeds viz. Ipomea aquatica, Nymphoides hydrophylla and Eicchornia crassipes for xylan production as well as their feasibility to be used as a substrate for solid state fermentation for xylanase production.
Materials and Methods
Materials
Collection and processing of substrates
Aquatic-weed biomass of Ipomoea aquatica, Nymphoides hydrophylla and Eichhornia crassipes were used as substrates for the production of xylan and xylanase. These substrates were collected from various ponds of Bilaspur district (Latitude 22.28°, Longitude 82.16°), Chhattisgarh, India. The substrates were dried at 50°C for 12 h, and powdered by the mechanical blender. The milled substrates were sieved through 0.595 mm size (No. 30) siever, and stored at room temperature until use. 
Culture Collection        
        Strains employed in this work were viz., Rhizopus oryzae NCIM-1387, Neurospora crassa NCIM-1021, 
Trichoderma reesei NCIM-1186, Pichia stipites NCIM-3498, Pachysolen tannophilus NCIM-3445, Fusarium oxysporum NCIM-1350 were procured from NCIM (National Culture Collection of Industrial Micro-organisms) Pune, India. Mucor indicus MTCC-4349 was procured from MTCC (Microbial Type Culture Collection), Chandigarh. Phoma destructiva, was isolated in the laboratory from air, using solid impingement method in Potato Dextrose Agar (PDA) media.
Chemicals
       Quantitative analytical reagent and synthetic microbial growth media components were purchased from Sigma Aldrich Chemicals Pvt. Ltd., Bangalore and Hi-Media Laboratories Pvt. Ltd., Mumbai, India respectively. Organic solvents were purchased from Qualigens Fine Chemicals and Sisco Research Laboratories (SRL), India. 



Maintenance of microorganisms for Enzyme (Xylanase) Production
       Pachysolen tannophilus NCIM-3445, Pichia stipitis NCIM-3498 were maintained separately in MGYP media with the following composition (g/l) malt extract 0.3, glucose 1.0, Yeast extracts 0.3, Peptone 0.5, Agar 2.0 at pH 6.4- 6.8. Neurospora crassa NCIM-1021 was maintained in M2 medium with the following composition (g/l) Glucose 1.0, Glycerine 1.0, Yeast Extracts 0.5, KH2PO4 3.0, MgSO4.7H2O 10.0, Agar 2.0 at Ph 6.8-7.0. Rhizopus oryzae NCIM-1387, Trichoderma reesei NCIM-1186, Fusarium oxysporum NCIM-1350, Mucor indicus MTCC-4349, Phoma destructiva were maintained separately in Potato Dextrose Agar (PDA) media with the following composition (g/l): Potato (scrubbed and diced) 200, Dextrose 20, Agar 15-20. Diced potatoes were boiled until thoroughly cooked, then filtered through cheese cloth. The filtrate was collected, and Dextrose and Agar were added as per requirement. The pH of PDA was maintained at 5.6.
 Alkaline pretreatment 
         Optimization of alkaline pretreatment of substrates by Response surface methodology (RSM) and central composite design (CCD), was used to optimize the condition for alkaline pretreatment of substrates using the statistical software package Design Expert, version 10.0 (Stat-Ease Inc., Minneapolis, MN, USA). The basics and statistical analyses of RSM, and its applications in designing the experiment is reported previously (Chaiyasut et al. 2017). The recovery of xylan was the desired response after substrate pretreatment. The concentration of alkaline (0–25%), steaming time (20–50 min), and steaming temperature (121°C) was selected as variable factors to achieve high yield of xylan as per the previous literature (Jayapal et al. 2013, Chapla et al. 2012). The experiments were carried out in triplicates. 
           The alkaline pretreatment to substrates was carried out in triplicates according to Samanta et al. (2012). Briefly, substrate powder and alkaline solution (0-25% NaOH) was mixed at the ratio of 1:10 (at different alkaline concentration) and subjected to steaming process. Treatment having sodium hydroxide 0% was marked control where no sodium hydroxide was used; instead, simple steam application was given to the sample. Alkali treated material was autoclaved at 121°C, 15 psi pressure (Samanta et al. 2014) for different time periods (20, 30, 40 and 50 min). After incubation, the solution was centrifuged at 5000 rpm for 20 min, and the supernatant was acidified (pH 5.0) with glacial acetic acid. Then, three volumes of 95% ice-cold ethanol were added to precipitate the xylan fraction and centrifuged at 4480×g for 10 min at 4°C. The xylan precipitate was collected and dried at 55–65°C until reach the constant weight. The xylan so obtained after drying was weighed and converted into powder using lab scale mixer and was stored at room temperature in air-tight pouches for further use. The exact and relative yield of xylan was calculated according to formula given below (Samanta et al 2012). The optimum condition to recover maximum xylan yield was used for the bulk xylan production and further analysis. 


 

 Xylanase Production 
           Crude Xylanse was produced by various microorganisms using Solid state fermentation (SSF) method. Aquatic-weeds were employed separately as substrate to produce enzymes under optimum conditions. The fermentation media for Solid State Fermentation was of following composition- Peptone 10 g; Yeast extract 15g; Thiamine hydrochloride 500mg; NaCl 3g; Monopotassium dihydrogen phosphate [KH2PO4] 2g; Magnesium sulphate [MgSO4.H2O] 1g; Sodium carbonate 10g; Calcium chloride [CaCl2] 500mg; solid substrate (aquatic weed) 50 gm and distilled water 1000 ml. Basal medium was added to the substrate. Only 100 ml basal media was used for xylanase production in Solid State Fermentation. Aquatic-weed biomass of Ipomoea aquatica, Nymphoides hydrophylla and Eichhornia crassipes were separately used as substrates for producing crude xylanase
     This media was sterilized and was separately inoculated with different microorganisms to explore their potential for xylanase production. The microorganisms that were explored for producing crude xylanase were Rhizopus oryzae NCIM-1387, Neurospora crassa NCIM-1021, Trichoderma reesei NCIM-1186, Pichia stipites NCIM-3498, Phoma destructiva, Mucor indicus MTCC-4349, Pachysolen tannophilus NCIM-3445, Fusarium oxysporum NCIM-1350. 
       The flasks were incubated at 28°C for 10 days on a rotary shaker. After 10 days of incubation, crude xylanase was extracted by the following procedure: 50 mL tris (hydroxymethyl)-aminomethane (Tris)-HCL buffer (0.05 M, pH 8.0) was added to fermented samples (1 g dry basis). Samples and buffer were mixed well by shaking them at 200 rpm for 1 h. The mixture was centrifuged at 4000 rpm for 10 min. The supernatant was collected aseptically and stored at 4°C. It was used for xylanase activity assay (Ding et al. 2018). 
Enzyme assay 
Preparation of 3, 5-dinitrosalycylic acid (DNSA) reagent: Reagent was freshly prepared by dissolving 1g of 3, 5-dinitrosalycylic acid (DNSA), 200 mg of crystalline phenol and 50 mg of sodium sulphite in 100ml of 1% w/v NaOH and was stored at 4˚C.
Preparation of Rochelle salt solution (40%): 40 g of potassium sodium tartrate was dissolved in 100ml of distilled water.
Preparation of stock solution of xylose – dissolving 1 gram of xylose in 100 ml of distilled water.
Preparation of 0.05M sodium citrate buffer (pH 6.0)- 14.7 grams of sodium citrate tribasic dihydrate was weighed and dissolved in approximately 800-900 mL of distilled water. 2.1 grams of citric acid monohydrate was weighed and dissolved in a small amount of distilled water. The citric acid solution was slowly added to the sodium citrate solution while stirring. pH meter was used to check the pH of the solution. The pH to 6.0 was adjusted by adding more citric acid solution (to decrease pH) or sodium citrate solution (to increase pH). Once the pH was adjusted, distilled water was added to bring the total volume to 1 Liter.  The solution was filtered through a 0.2-micron filter and stored at room temperature or refrigerated. 
       Xylanase activity assay was performed according to Bailey, et al. (1992). Xylan solution was prepared as substrate by dissolving 1.0% (w/v) beechwood Xylan (Sigma-Aldrich, MO, USA) in sodium citrate buffer (0.05M, pH6.0) (Bailey, et al. 1992). The reaction containing 0.1mL enzyme solution and 0.9 mL Xylan solution and was lasted for 10 min at 50°C. The spectrophotometric quantification of xylose was performed using dinitrosalicyclic acid (DNS) as per the standard procedure described by Miller et al. (1959); McCleary and McGeough (2015). 0.1 ml of aliquot and 0.9 ml of the distilled water was added in a glass test tube. To this mixture, 3 ml of DNS reagent was added and the tube contents mixed immediately. All tubes (blanks, samples and xylose standards) were placed in a boiling water bath and was incubated for 15 min. The tubes were removed from the boiling water bath, and 1 ml of 40% Rochelle salt solution was added followed by immediate mixing using vortex mixer. The tubes were cooled at room temperature for approximately 15 min. The absorbance of the samples and standards was measured against the reagent blank at 540 nm. Standard graph was plotted using standard xylose. One unit of xylanase activity (U) is defined as the amount of xylanase that catalyzes the release of 1 μmol of reducing sugar (xylose) from the substrate xylan per minute at pH 6.0, 50℃.
Statistical analysis
The alkaline pretreatment of substrates and enzymatic hydrolysis of alkaline pretreated xylan were carried out in duplicates and triplicates, respectively. All values are expressed as mean ± SD. The difference between the group means were analyzed by one-way analysis of variance (ANOVA). The differences were considered significant at P < 0.05.
Results    
         The effect of NaOH concentration and treatment duration on xylan recovery from Ipomoea aquatica, Nymphoides hydrophylla, and Eichhornia crassipes is presented in tables (1–3). The maximum xylan was produced by all substrates when they were pretreated with 20% (w/v) NaOH for 30 min under steam explosion. N. hydrophylla exhibited the highest relative yield of xylan (88.6±0.98 g), followed by I. aquatica (58.4±0.88 g) and E. crassipes (44.3±0.65 g).

Table-1. Effect of treatment time (min.) and NaOH concentration (%) on True Yield (TY) and Relative Yield (RY) of xylan (g) from Ipomoea aquatica.
	Time

	
20min.

	
30 min.
	
40 min.
	
50 min.

	NaOH
w/v
	TY (%)
	RY(g)
	TY (%)
	RY (g)
	TY (%)
	RY (g)
	TY (%)
	RY (g)

	0%
	0.7±0.01
	1.45±0.59
	0.45±0.06
	0.93±0.02
	0.75±0.3
	1.56±0.68
	0.75±0.3
	1.77±0.68

	5%
	11.75±0.5
	44.22±0.55
	9.95±1.0
	30.81±0.63
	10.6±0.03
	40.25±0.5
	10.6±1.0
	34.1±1.52

	10%
	12.7±0.6
	47.95±0.59
	13.05±0.3
	35.35±0.25
	12.8±0.8
	45.25±0.9
	12.8±0.8
	48±0.05

	15%
	8.55±0.6
	26.72±0.85
	10.3±0.3
	42.7±0.12
	11.65±0.5
	49.604±1.2
	11.65±0.5
	52.64±0.63

	20%
	9.5±0.4
	28.54±0.37
	14.6±0.5
	58.4±0.88
	13.75±0.01
	49.72±0.80
	13.75±1.0
	48.52±0.92

	25%
	10.3±1.2
	40.20±0.52
	11.35±0.3
	50.47±0.26
	12.25±0.6
	51.52±0.87
	12.25±0.6
	30.70±0.37





Table-2 Effect of treatment time (min.) and NaOH concentration (%) on True Yield (TY) and Relative Yield (RY) of xylan (g) from Nymphoides hydrophylla.
	
Time
	
20 min.
	
30 min.
	
40 min.
	
50 min.

	NaOH w/v
	TY (%)
	RY (g)
	TY (%)
	RY (g)
	TY (%)
	RY (g)
	TY (%)
	RY (g)

	0%
	2.6±0.5
	10.4±0.85
	2.15±0.3
	8.61±1.01
	2.2±0.01
	3.8±0.03
	1.35±0.3
	5.2±0.2

	5%
	20±0.03
	60.2±0.28
	9.6±0.8
	38.4±0.45
	6.85±0.2
	27.4±0.7
	14.25±0.8
	48±0.52

	10%
	16.4±0.9
	64.6±0.68
	13.6±0.4
	56.6±0.91
	16.45±0.3
	64.8±0.91
	17.35±0.6
	52.4±0.22

	15%
	15.55±0.6
	60.2±0.94
	18.4±0.8
	72.6±2.80
	19.8±0.05
	66.2±0.11
	20.25±0.1
	80±0.86

	20%
	13.3±0.2
	52.2±0.25
	22.15±0.4
	88.6±0.98
	12.8±0.7
	45.2±0.28
	19.35±0.9
	76.4±0.81

	25%
	12.2±0.2
	48.8±0.63
	12.75±0.2
	49±0.64
	14.75±0.6
	79±0.31
	15.95±0.02
	63.8±0.16



Table-3 Effect of treatment time (min.) and NaOH concentration (%) on True Yield (TY) and Relative Yield (RY) of xylan (g) from Eichhornia crassipes.
	
Time
	
20 min.
	
30 min.
	
40 min.
	
50 min.

	NaOH
w/v
	TY (%)
	RY (g)
	TY (%)
	RY (g)
	TY (%)
	RY (g)
	TY (%)
	RY (g)

	0%
	0.05 ±0.01
	0.13±0.03
	0.35 ±0.08
	0.94±0.12
	1.25±0.5
	3.37±0.63
	1.20±0.38
	3.24±1.02

	5%
	14.55±0.3
	28.35±3.29
	18.45±0.9
	36.02±0.97
	20.3±1.6
	44.86±0.87
	13.5±0.22
	29.54±0.25

	10%
	8.75±0.6
	19.32±1.85
	14.45±0.7
	29.18±0.33
	13.55±0.1
	36.62±0.19
	14.3±0.68
	35.94±0.89

	15%
	9.15±0.6
	18.32±0.63
	17.55±0.2
	38.26±0.14
	15.25±0.5
	37.25±0.33
	19±0.02
	40.89±0.91

	20%
	21.45±0.2
	40.86±0.95
	24.7±0.6
	44.3±0.65
	13.85±0.4
	38.52±0.64
	21.8±0.95
	41.56±0.61

	25%
	13.35±0.5
	27.89±0.11
	14.4±0.1
	28.35±0.38
	20.5±0.2
	45.16±0.23
	16.1±0.3
	35.59±0.33


       Highest amount of xylan (g) was produced in the presence of 20% w/v NaOH at 121֯C for 30 minutes viz. 58.4±0.88, 88.6±0-.98 and 44.3±0.65 respectively from Ipomea aquatica, Nymphoides hydrophylla and Eicchornia crassipes. Xylose production from different microbial xylanases showed species-specific variation (Table 4). The xylanase produced by Neurospora crassa NCIM-1021 resulted in the maximum xylose release (0.082 µg/ml) from I. aquatica, compared to other fungal and yeast strains. 

Table 4- Xylose produced (µg/ml) from Beechwood xylan by action of xylanase
	S.No.
	Xylanase produced by micro- organisms
	
 Xylose generated (µg/ml) by xylanase with SSF substrate 

	
	
	Ipomea aquatica
	Nymphoides hydrophylla
	Eichhornia crassipes

	1.
	Rhizopus oryzae NCIM 1387
	0.018 ±0.003
	0.015±0.001
	0.003±0.001

	2
	Neurospora crassa    NCIM 1021
	0.082±0.015
	0.022±0.005
	0.0129±0.003

	3
	Trichoderma reesei NCIM 1186
	0.075±0.001
	0.009±0.001
	0.004±0.001

	4
	Pichia stipitis NCIM 3498
	0.062±0.001
	0.019±0.002
	0.008±0.001

	5
	Phoma destructiva
	0.055±0.003
	0.015±0.003
	0.0031±0.001

	6
	Mucor indicus MTCC 4349
	0.063±0.003
	0.008±0.001
	0.010±0.001

	7
	Pachysolen tannophilus NCIM 3445
	0.047±0.006
	0.011±0.001
	0.007±0.001

	8
	Fusarium oxysporum NCIM 1350.
	0.039±0.001
	0.017±0.002
	0.005±0.001



       Neurospora crassa NCIM 1021 was found to be the potent producer of xylanase, when these aquatic weeds were utilised as substrate separately under solid state fermentation. The enzyme activity of xylanase produced by N. crassa was found to be 0.018, 0.005 and 0.002 (IU) when Ipomea aquatica, Nymphoides hydrophylla and Eicchornia crassipes were used as substrate respectively (Figure 1). These findings suggests that these aquatic weeds have immense potential to produce xylan and xylanase that can be further utilised for xylooligosaccharide production.      
                                     
Figure 1- Enzyme activity of xylanase (IU) produced from Neurospora crassa NCIM 1021 under SSF with different aquatic weeds as substrate.
Discussion
         The present study demonstrated the potential of underutilized aquatic weeds as sustainable feedstocks for xylan and xylanase production. Optimization of pretreatment process revealed that 20% (w/v) NaOH with 30 min steaming at 121°C are the optimized parameters for xylan recovery from all aquatic weeds researched. The higher yields from N. hydrophylla and I. aquatica suggest their superior xylan content compared to E. crassipes, which exhibited relatively lower yields, possibly due to differences in lignin composition and cell wall structure (Samanta et al. 2014).
        Xylanase activity confirmed that Neurospora crassa is a highly efficient producer of xylanase under SSF conditions, particularly when I. aquatica was used as the substrate. The maximum xylose release (0.082±0.015 µg/ml) underscores the effectiveness of combining alkaline pretreatment with enzymatic hydrolysis. These findings align with previous reports that emphasize the role of fungal xylanases in valorizing lignocellulosic biomass (Collins et al., 2005; Bajpai, 2014).
           Importantly, the study highlights that aquatic weeds, often regarded as ecological nuisances, can serve as cost-effective, renewable raw materials for generating value-added products such as xylooligosaccharides (XOs). Since XOs are widely used in functional foods and dietary supplements due to their prebiotic properties, the utilization of aquatic weeds addresses both environmental and industrial concerns. XOs prebiotics can be consumed in many forms in food and feed. For animals, it is normally incorporated at a given percentage in the daily diet. In the case of human consumption, it can be ingested directly as a pure supplement, as in the case of capsule intake, or it can be incorporated in beverages (like juices), biscuits, and breakfast cereals, among other things. The addition of XOs in those products has great acceptance according to the literature since they contribute to sensorial properties by increasing sweetness and taste intensity. Further, the heat stability of XOs makes them suitable for baked products (Verma et al. 2024).
Conclusion
        Aquatic weeds like—Ipomoea aquatica, Nymphoides hydrophylla, and Eichhornia crassipes—were successfully valorized for xylan and xylanase production using dilute alkaline pretreatment and SSF respectively. Among them, I. aquatica proved to be the most promising substrate, yielding maximum xylan recovery during pretreatment and highest enzyme activity with Neurospora crassa under SSF. This approach not only offers a sustainable solution for managing invasive aquatic weeds but also provides a low-cost feedstock for the production of bioactive compounds such as xylooligosaccharides with potential applications in food and nutraceutical industries.
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