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Chemical Composition and Nutrient Analysis of
Jackfruit Seeds for Lignin Peroxidase Enzyme
Production by Trichoderma reesei in Solid-State
Fermentation for Environmental Applications

Najla A. Alshaikh

This study aimed to analyze the chemical composition and nutrient
analysis of jackfruit seeds and their use as substrates to produce lignin
peroxidase by fungal fermentation for environmental applications. The
jackfruit (Artocarpus heterophyllus) seeds presented3.9210.43% ash,
69.4+2.5% carbohydrate, 29.5+1.1% total dietary fiber, 7.210.13%
reducing sugars, and 1.910.22% lipids. The major mineral was
magnesium (315.3£10.4 mg%), followed by potassium (187.2+9.3 mg%),
phosphorus (87.310.15 mg%), and calcium (73.21£3.1 mg%). Water
extraction was ideal for improving the total starch yield from jackfruit seeds
(84.1+£3.4%), followed by alkaline extraction (82.1+1.5%) and enzymatic
extraction methods (79.6+2.2%). Jackfruit seeds were used as a culture
medium for lignin peroxidase production by Trichoderma reesei in solid-
state fermentation. A central composite design was used to optimize
enzyme production. Ligninolytic enzyme production varied from 3.1 to
360.2 U/g substrate, and the optimum culture conditions were an
incubation temperature of 32.5 °C, a pH of 6.0, and 0.5% yeast extract in
jackfruit seed medium (p<0.001). The crude lignin peroxidase decolorized
methylene blue significantly (p<0.05).
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INTRODUCTION

Jackfruit is an important fruit crop in India and Asian countries. It is cultivated in
almost all states of India, and several wastes are produced from its ripe fruits. Ripe fruit
waste is more palatable than raw fruit waste (Thanh et al. 2022). Jackfruit is rich in crude
fiber (CF ~14.1%), crude protein (CP ~7.9%), and phosphorus (0.1%). The raw and ripe
jackfruit wastes are applied for the production of nitrogen-free extracts (NFE ~65%) and
energy. The nonedible portion comprises ~59.2% of the whole jackfruit, including the rind,
perianth meal, and core meal. Rinds are a major source of ripe fruit for cattle (Ranasinghe
et al. 2019). Jackfruit waste (rind, perianth meal and core meal) contains carbohydrates
(20% to 29%), crude fibers (12% to 17.3%), ash (6% to 7.5%), crude fat (1.7% to 7.3%),
and crude protein (8% to 10.6%). Jackfruit peels are used for the production of biofuels,
nutrient-enriched cattle feeds, and nonporous adsorbents. Nonporous adsorbents are used
for the removal of inorganic dyes from the environment. In addition, the peels are suitable
for the extraction of pectin (Bala ef al. 2023). The seeds are rich in starch and protein and
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are ideal for animal feed. The composition of nutrients in jackfruit seeds varies with fruit
type and cultivation conditions. Unlike other fruits, due to their large size, significant
amounts of peels, seeds, and pericarp are wasted despite their significant nutrient value
(Thanh et al. 2022). Solid-state fermentation (SSF) offers several advantages for
agricultural waste utilization, including higher volumetric productivity, lower water
consumption, and similarly to the natural fungal habitat (Karimi et al. 2025).

Jackfruit seeds are the major source of carbohydrates and protein and contain
various nutrients, including isoflavones, lignans, and saponins, with potential antiaging,
anticancer, and antioxidant activities. These phytochemical compounds have various
health benefits, including antiulcer agents and anticancer agents, which are used to treat
asthma and disorders (Swami ef al. 2012; Hong et al. 2017). Agro-industrial wastes are
valuable to produce lignocellulolytic enzymes in solid-state fermentation (Leite et al.
2021). Sawdust is considered an inexpensive substrate for ligninolytic enzymes production
by white-rot fungi (Hultberg and Golovko 2024). Fungal protein is obtained from jackfruit
seed waste via submerged fermentation (Chakraborty and Bhowal 2023). In addition,
jackfruit seeds have been utilized for the production of pigments in solid-state fermentation
(Babitha et al. 2007). Sharmila et al. (2013) employed jackfruit seed powder as a culture
medium for the production of extracellular biopolymers by Aureobasidium pullulans
MTCC 2195. Jackfruit seed powder serves as an excellent source to produce XG (Felicia
Katherine et al. 2017). Response surface methodology was used for the optimized
production of L-lactic acid using a jackfruit seed substrate with a central composite design,
and optimization steps improved the product yield (Nair ef al. 2016). Jackfruit waste is
valuable for biogas, bioethanol, functional food additives, bioplastics, and other industrial
products (Pathak et al. 2022). Fungi such as Trichoderma viride, Aspergillus flavus, and
Pleurotus ostreatus produce lignocellulolytic enzymes via low-cost substrates (Singh et al.
2018). The response surface methodology approach has been widely used to improve
enzyme yield. This method involves identifying the critical variables and optimizing the
medium components to improve enzyme production (Pérez-Contreras et al. 2024).
Jackfruit seeds are considered waste and are exploited for biochemical synthesis. Solid-
state fermentation is useful for converting agricultural biomass into industrially useful
products. The hypothesis of this work is that it is feasible to use low-cost agricultural wastes
for the production of lignin peroxidase in SSF using fungus. The objective of this research
was to utilize jackfruit seeds as a culture medium for the production of lignin peroxidase
in SSF by Trichoderma reesei. In this research article, we optimized the culture conditions
to determine the connection between the process variables and enzyme yield. In addition,
crude lignin peroxidase was used to decolorize methylene blue.

EXPERIMENTAL

Jackfruit Seeds

Jackfruit was collected from the market, and jackfruit seeds were obtained from
ripened fruit. The whole jackfruit weight was approximately 12 kg, and 0.8 kg of seed was
obtained (wet weight). The collected seeds were dried, and a powdered and fine powder
was obtained. It was further packed in a plastic container and stored at -20 °C for further
analysis.
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Proximate Composition of Jackfruit Seeds

The compositions of ash, proteins, moisture, lipids, reducing sugars, and total
carbohydrates were determined. An enzymatic-gravimetric method was used for the
determination of total dietary fiber. Briefly, one gram of defatted powder was mixed with
a-amylase and incubated for 20 min at 60 °C (pH 7.0). Then, it was digested with
proteolytic enzyme for 30 min at 60 °C (pH 7.0) and further treated with amyloglucosidase
for 30 min (pH 4.5). The mixture was filtered and washed with 95% ethanol and acetone.
The filtrate was dried and ash, the protein content was determined, and the TDF content
was calculated. The ash content of the sample was assayed according to AOAC Method
940.26 (AOAC 2000). The total protein content of the samples was evaluated using
Kjeldahl method (984.13-1994) (AOAC 1996). The lipid content of the jackfruit seeds was
estimated via the Soxhlet extraction method. Ether was used as the reflux solvent and was
extracted for 4 h. After 4 h of extraction, the mixture was concentrated, and the oil was
recovered in a rotary evaporator. The moisture content of each sample was removed using
sodium sulfate, and the lipid yield was estimated. The carbohydrate content of the sample
was determined according to Djordjevi¢ ef al. (2018).

Extraction of Starch from Jackfruit Seed
Water extraction method

Jackfruit starch was extracted as described previously by Perez et al. (1993), with
slight modifications. Briefly, jackfruit seed powder (25 g) was mixed with 100 mL of
double distilled water. Then, it was filtered using a muslin cloth. The sample was stored at
4 °C for 24 h, and the clear supernatant was removed. The floating particles were
continuously removed, and the starch was collected. It was lyophilized and further sieved
through 200 mesh sieves.

Alkali method

Jackfruit seed powder was soaked with 0.5% NaOH for 6 hat ambient temperature.
The mixture was stirred every 5 min. The final slurry was filtered through a muslin cloth,
and the sediment samples were washed with double distilled water. The filtrates were
combined and stored at 4 to 6 °C. The clear supernatant was removed, and the starch was
suspended in double distilled water. This process was repeated three to four times. The
sample was subsequently dried and powdered via a mortar and pestle (Ascheriet al. 2014).

Enzymatic method

Ten grams of jackfruit seed powder was mixed with 100 mL of 0.1 M sodium
phosphate buffer. Then, 200 U of a-amylase was added, and the mixture was incubated for
5 h at ambient temperature (29 £1 °C). It was placed on an orbital shaker incubator and
filtered through a muslin cloth. The filtrate was combined and stored at 4 °C. The clear
supernatant was removed, and the mixture was washed with double distilled water several
times. Then, the starch cake was placed in an oven at 40 °C for 24 h. The starch cake was
subsequently ground into a powder using a mortar and pestle (Bello-Pérez et al. 2006).

Mineral Composition
The mineral content of each sample was tested as described by the Adolfo Lutz
Institute (AOAC, 2012).
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Fungi and Culture Conditions

The fungal strain Trichoderma reesei(ATCC 26921) was cultivated on potato
dextrose agar (PDA) media (Himedia, Mumbai, India) and incubated for one week at 30
°C until sporulation. Five milliliters of sterile 0.01% (v/v) Tween 80 (polysorbate 80) was
loaded onto the plates, and the spore concentration was determined through a Neubauer
cytometer.

Solid-State Fermentation

Solid-state fermentation was carried out using 10 g of jackfruit seed powder mixed
with medium in a 100 mL Erlenmeyer flask at pH 6.5, and the initial moisture content was
60%. The moisture and pH of the substrate were selected on the basis of previous
experiments. The culture medium was sterilized by autoclaving for 25 mm at 121 °C. The
mixture was subsequently cooled and inoculated with 1 x 10° spores/g substrate. The
mixture was incubated for 7 days, after which enzyme production was assayed (Kalaiyarasi
et al. 2020).

Lignin Peroxidase Assay

The lignin peroxidase activity of each sample was tested. This assay method was
based on the oxidation of veratryl alcohol (3,4-dimethoxybenzyl alcohol) to veratraldehyde
with the help of H202. The reaction mixture consisted of 0.200 mL of 1 mM veratryl
alcohol, 0.5 mL of 0.1 M citrate buffer, and 0.2 mM H20:. The absorbance of each sample
was read at 310 nm against a reagent blank (Tien and Kirk 1983).

Optimization of Lignin Peroxidase Production by a Single-factor Analysis

A single factor experiment was employed to screen the effect of each selected
parameter. These include temperature (20 to 45 °C), pH (4 to 8), and inoculum (2% to 8%).
Fermentation period (1 to 8 days), carbon source (1% of glucose, maltose, trehalose,
lactose, starch), and nitrogen source (1% of beef extract, yeast extract, peptone, urea, and
casein) were selected. Approximately 2 g of substrate was mixed with 1.5 mL of buffer
and sterilized. After sterilization, the experiment was performed on the basis of culture
conditions, and an enzyme assay was carried out.

Central Composite Design and Response Surface Methodology

To test the major factors affecting lignin peroxidase activity, a central composite
design experiment was performed to optimize enzyme production. The response surface
methodology-based experiment was designed via the statistical software Stat-Ease, Inc.
(Minneapolis, MN, USA) (Mishra and Kumar 2007; Arockiasamy et al. 2008). This
experimental design comprised three variables (temperature, inoculum, and yeast extract).
To analyze the interactive effect of the selected variables, a CCD with five levels was
employed under SSF. It has been previously reported that inoculum and temperature
significantly influence enzyme bioprocesses; thus, these factors were selected (Gao ef al.,
2009; Shi et al. 2009). The levels of the variables were selected on the basis of preliminary
experimental trials. A multifactor experiment was performed to study the interaction
between the three selected independent factors and the yield (response) of the selected
variables at various levels. The fitness of the model was tested, and the fitness of the linear
terms, intercept terms, and quadratic terms were analyzed.
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Dye Decoloration Efficacy of Crude Enzyme

The decolorizing ability of methylene blue dye by crude lignin peroxidase was
determined in a 3 mL mixture containing methylene blue at a concentration of 200 mM.
The absorbance value was not greater than 1.5 at 630 nm, and the sample was stored at 4
°C in the dark until use. The experiment involved mixing 2.9 mL of dye solution and 0.1
mL of crude sample (50 U/mL). The mixture was incubated for 90 min, and the absorbance
of the sample was read between 300 and 800 nm. For the control reaction, deactivated
enzyme was used, and the rest of the experimental conditions were the same. The
experiments were performed in triplicate, and the mean percentage of dye decolorization
was determined.

Statistical Analysis

Response surface methodology-based experiments were designed using Design
Expert statistical software (Stat-Ease Inc., Minneapolis, MN, USA), and the results were
analyzed via statistical software. Single-factor optimization results and the dye degradation
potential of lignin peroxidase were analyzed by one-way analysis of variance. The p-value
<0.05 was considered statistically significant.

RESULTS AND DISCUSSION

Proximate Composition of Jackfruit Seeds

The chemical composition of the jackfruit seeds is described in Table 1. The ash
content was found to be 3.92+0.43%, and the mean moisture level of the seeds was
7+0.02%. The carbohydrate content was 69.4+2.5%, and the increase in carbohydrate
content in the jackfruit seeds was similar to that reported previously (Ocloo et al. 2010;
Eke-Ejiofor et al. 2014; Lima ef al. 2014). The total protein content of the jackfruit seeds
was 13.5£1.4%, which was similar to the results of previous studies (Eke-Ejiofor et al.
2014; Lima et al. 2014). The total protein content of jackfruit flour is greater than that of
wheat flour (Lima et al. 2014). Therefore, it can be used for the preparation of diets to
replace wheat flour. The lipid content of the jackfruit seeds was 1.9+0.22%, which was
consistent with a previous report of Ocloo et al. (2010). The dietary fiber content was
29.5+1.1%, which revealed the suitability of this seed for the preparation of functional
food. The dietary fiber content observed in this study was greater than that reported
previously (Juarez-Barrientos et al. 2017; Hager et al. 2012). Jackfruit seeds have relatively
high percentages of carbohydrates and fiber and relatively low percentages of lipids
(Uwanta et al. 2024).

Table 1. Proximate Composition of Jackfruit Seeds

Composition (%) | Results (meantstandard deviation)

Ash 3.92+0.43
Moisture 7+0.02

Carbohydrates 69.4+2.5
Total Dietary Fiber 29.5¢1.1
Reducing Sugars 7.2+0.13
Total Protein 13.5¢1.4
Lipids 1.9+0.22
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Total Starch

Three extraction procedures were used for the extraction of total starch from the
jackfruit seeds. The water extract improved the total starch yield to 84.1+3.4%, followed
by the alkaline (82.1£1.5%) and enzymatic methods (79.6+2.2%) (p<0.05) (Fig. 1). The
higher yield of starch in the distilled water observed in this study might be attributed to its
preserving capacity of the granular structure, and improving its physical performance
compared to aggressive chemical and enzymatic methods. The nutritional profile of
jackfruit seeds varies in terms of variety and harvesting season and shows diverse
compositions of macro- and micro-nutrients. Jackfruit seeds are considered to be a cheap
source of carbohydrates, and the seeds are rich in starch, accounting for approximately 8%
to 15% of the fruit weight (Suzihaque et al. 2022). Starch is widely used in various
industries, including the nonfood and food industries. The starch content of the jackfruit
seeds was 75.5% of the dry weight of the jackfruit seeds, which was consistent with a
previous report on the starch content of other jackfruit seeds (Tulyathan et al. 2002). It has
been reported that jackfruit seed starch contains more protein than most commercially
modified starches do. The chemical composition of the seed starches varies from
18.92 + 0.34% to 22.86 + 0.46% among five jackfruit cultivars (Olalere et al. 2020).

90 -
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84 -
82 -

80 -

Total Starch (%)
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Water Alkaline Enzymatic
Extraction method

Fig. 1. Total starch content of jackfruit seeds extracted via three different methods

Mineral Content

The mineral content of the jackfruit seed powder was estimated, and the results are
shown in Table 2. The major mineral was magnesium, followed by potassium, phosphorus,
and calcium (Table 2). The potassium content of the jackfruit seeds was lower than that in
previous reports (Mohamad et al. 2019). The amount of phosphorus in the jackfruit seeds
was much lower in this study than in previous report by Leite ez al. (2019) (171 mg%). The
iron level observed in this study was 1.81+0.15 mg%, which was 12.6 mg% in an earlier
study (Borgis and Bharati 2020). The range of zinc and sodium contents observed in this
study was similar to that reported in previous studies (Mohamad et al. 2019). The variation
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in the mineral content of jackfruit seeds may be related to the jackfruit variety, season,
topography, and environmental conditions. Jackfruit seeds contain 0.9 to 1.2 g of total
minerals, including 50 mg of calcium, 54 mg of magnesium, 38 mg of phosphorus, 246 mg
of potassium, 63.2 mg of sodium, 1.5 mg of iron, 10 IU of vitamin A, 0.25 mg of thiamine,
0.11 mg of riboflavin, and 11 mg of vitamin C per 100 g of seed (Swami et al. 2012).
Jackfruit seed starch is a potential source of resistant starch (75%), has good swelling
properties, good water holding capacity, and good gelatinization temperature (76 °C to 88
°C) (Kushwaha et al. 2023).

Table 2. Mineral Content of Jackfruit Seed Power

Minerals (mg%) Results
Calcium 73.21+3.1
Copper 2.4+0.22

Iron 1.811£0.15
Manganese 0.92+0.011
Magnesium 315.3x10.4
Potassium 187.249.3
Phosphorus 87.3+x0.15

Sodium 2.92+0.22
Zinc 1.52+0.15

Optimization of Enzyme Production via a Single-Factor Optimization
Approach

To determine the impact of temperature on ligninolytic enzyme production by T.
reesei, incubation temperatures ranging from 25 °C to 35 °C were used. SSF was carried
out for a period of 72 h, and maximum ligninolytic enzyme production was observed at 35
°C (121+£5.3 U/g substrate) (p<0.05) (Fig. 1a). As shown in Fig. 2b, the maximum enzyme
activity was observed at pH 6.0 (124+1.5 U/g substrate). Ligninolytic enzyme production
reached a maximum at 7% inoculum (135+1.2 U/g substrate); however, it decreased slowly
to 8% inoculum (128.5+1.5 U/g substrate) (p<0.05) (Fig. 2c). Ligninolytic enzyme
synthesis reached a maximum after day 6 (149.4+1.1 U/g substrate), after which it
decreased further (p <0.05) (Fig. 2d). The effects of nutrient sources on enzyme production
were evaluated by supplementation with various nitrogen and carbon sources. Compared
with the control, the incorporation of glucose significantly improved ligninolytic enzyme
activity (157+14.2 U/g substrate) (p < 0.05) (Fig. 2e). Different nitrogen sources improved
ligninolytic enzyme production, and beef extract significantly improved enzyme
production (174.2+5.5 U/g substrate) compared with the control (without a nitrogen
source) (p < 0.05) (124.8+£2.5 U/g substrate) (Fig. 2f). Agro-industrial waste has been
widely utilized for the production of lignin-modifying enzymes from several fungal
species, including white rot fungi. Spent tea leaves and corn cobs were used as substrates
for manganese peroxidase production by cultivating Inonotus sp. Sp2 in static flask culture,
and the crude enzyme activity was 31.3 and18.5 U/g substrate, respectively. Manganese
peroxidase production reached a maximum after 30 days of incubation, and the initial
moisture content was 70% (Contreras et al. 2023). The optimum pH for lignin peroxidase
production was observed to be pH 6.0, which was higher than that reported previously.
Flanetraj et al. (2025) utilized a banana pseudostem substrate for the production of
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ligninolytic enzymes, and the maximum enzyme production was obtained at pH 4.5 and
60% moisture. Velasquez-Quintero et al. (2022) utilized corncob residue for the production
of laccases from Pleurotus ostreatus, and the maximum enzyme production was detected
in the culture medium containing malt extract. The addition of yeast extract improved the
enzyme yield, which was consistent with the results of the present study. Laccase (LaC)
and lignin peroxidase (LiP) production were optimized in solid-state fermentation using
the Trichoderma hamatum strain NGL1. Enzyme production was improved by 0.42%
glucose, in addition to 0.64% malt extract, and 0.084 mM copper sulfate (Arokiyaraj ef al.
2025). The present findings and those of previous investigations revealed that glucose is
an important nutrient for laccase production in microbial fermentation.
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Fig. 2. Effects of temperature (a); pH (b); inoculum (c); fermentation period (d); carbon source (e);
and nitrogen source (f) on lignin peroxidase production

Optimization of Enzyme Production by Central Composite Design and
Response Surface Methodology

After initial screening for ligninolytic enzyme production, the three most important
variables were selected for optimization studies via central composite design (CCD).
Ligninolytic enzyme production ranged from 3.1 to 360.2 U/g substrate (Table 3). In this
study, the CCD was selected for analyzing the relationships between the response (enzyme
yield) and the three individual variables (temperature, inoculum, and yeast extract). Each
factor for a desired response is analyzed at different levels, and the behavior of the system
is explained by means of a fitted quadratic model equation. Analysis of variance was
conducted, as depicted in Table 4, to validate the results. The F-value was high for the
fitted quadratic model (F=6.843), and the P value was <0.01. The P value was used to check
the significance of each variable, and a P value <0.05 was considered to indicate statistical
significance. The R-square value of the model was 0.86, and a value >0.75 designated a
good statistical model, indicating the aptness of the designed CCD model. Temperature
and inoculum had insignificant effects on ligninolytic enzyme production, whereas yeast
extract significantly influenced the enzyme production (P=0.0083) (Table 4). From the
CCD analysis, the optimal fermentation conditions were found to be an incubation
temperature of 32.5 °C, a pH of 6.0, and a 0.5% yeast extract concentration in the jackfruit
seed substrate medium. Under these optimal culture conditions, the predicted ligninolytic
enzyme activity was 369.5 U/g substrate. To validate this model, an experiment was
performed under optimized conditions, and the predicted values were in good agreement
with the experimental results. The 3D response surface plots of temperature, inoculum, and
yeast extract are shown in Fig. 3. Enzyme production was significantly affected by the
yeast extract concentration in the culture medium (jackfruit seed medium) compared with
the other tested physical factors (temperature and inoculums). Ligninolytic enzyme
production was found to increase when the temperature or inoculum was fixed at its
optimal value and when the concentration of yeast extract was increased. The statistical-
assisted optimization strategy improved lignin peroxidase, and this approach has been used
previously to improve the production of enzymes, such as cellulolytic enzymes using
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Trichoderma harzianum and Aspergillus fumigates (Teo et al. 2025), fungal xylanase
(Azzouz et al. 2022), endoglucanase synthesis Trichoderma harzianum (Teo and Wahab
2023), phenolic-associated enzymes by Trichoderma reesei (Abdel-Atyet al. 2022), and
laccase production by SSF using Penicillium commune s6 (Abdelraof et al. 2026). In the
present study, RSM improved lignin peroxidase production 3-fold and was comparable
with the results of a previous report (Arokiyara jet al. 2024). In this research, a 3D response
surface plot was used to identify the optimum response of the variables, and yeast extract
was a significant factor influencing lignin peroxidase activity (Fig. 3). Statistical
optimization of laccase production leads to the elimination of insignificant medium
components in the initial steps and the utilization of the most significant factors to
determine the optimum medium components. The optimized yield of lignin peroxidase
obtained in this study was greater than that of laccases produced by various fungi cultivated
in the SSF, such as laccases from Pleurotus ostreatus (65.4 U/g) (Mishra and Kumar 2007),
Trametes hirsuta (68.4 U/g), Trametes hirsuta (68.4 U/g) (Couto et al. 2004), and Coriolus
rigida (108 U/g) (Gomez et al. 2005). SSF has been frequently employed for the production
of ligninolytic enzymes by microorganisms, such as Pleurotus ostreatus (Karp et al. 2015),
Penicillium commune (Abdelraof et al. 2026), Trametes trogii(Levin et al. 2008), Phoma
herbarum 1isolate KU4 (Debnath et al. 2021), and Marasmiellus palmivorus LAl
(Chenthamarakshan et al. 2017).

Table 3. Central Composite Design Matrix for the Optimization of Enzyme
Production by T. reesei in Solid-State Fermentation

Run A: Temperature B: Inoculum C: Yeast extract | Enzyme Activity
(°C) (%) (%) (Ulg)
1 25 4 0.75 165.9
2 25 4 0.25 60.1
3 32.5 6 0.5 160.4
4 25 8 0.75 49.6
5 32.5 2.6 0.5 177.2
6 32.5 6 0.079 774
7 40 8 0.25 57.2
8 32.5 6 0.5 339.4
9 32.5 6 0.92 340.2
10 19.8 6 0.5 3.1
11 32.5 9.3 0.5 150.2
12 40 4 0.75 1014
13 32.5 6 0.5 340.2
14 32.5 6 0.5 3514
15 32.5 6 0.5 360.2
16 40 8 0.75 287.4
17 40 4 0.25 73.1
18 32.5 6 0.5 317.4
19 25 8 0.25 38.4
20 45.1 6 0.5 5.3
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Table 4. Analysis of Variance for Ligninolytic Enzyme Production by T. reesei via
CCD Matrix

Sum of Mean F- P value
Source Squares df Square Value Prob > F
Model 280368.5 9 31152.06 6.843162 0.0030
A-Temperature 3192.347 1 3192.347 0.701262 0.4219
B-Inoculum 12.96885 1 12.96885 0.002849 0.9585
C-Yeast extract 48932.62 1 48932.62 10.74901 0.0083
AB 11865.7 1 11865.7 2.606535 0.1375
AC 2502.781 1 2502.781 0.549785 0.4755
BC 1439.161 1 1439.161 0.31614 0.5863
A2 176886.9 1 176886.9 38.85669 < 0.0001
B2 42643.77 1 42643.77 9.367543 0.0120
C? 21307.81 1 21307.81 4.68068 0.0558
Residual 45522.89 10 4552.289
Lack of Fit 17091.07 5 3418.215 0.601125 0.7050
Pure Error 28431.82 5 5686.364
Cor Total 325891.4 19
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Fig. 3. 3D response surface plots of the interactions between inoculums and temperature: (a) yeast
extract and temperature, (b) yeast extract and inoculums, and (c) a fixed concentration of yeast
extract, inoculums, and temperature

Methylene Blue Decoloration by Lignin Peroxidase

The decoloration ability of laccases varies with source (Forootanfar ef al. 2011;
Othman et al. 2018). Microbial peroxidases are cost-effective and efficient biocatalysts
that catalyze the oxidation of Mn*" to Mn*"ions and can oxidize phenolic substrates. Dye
decolorization is a highly complex process, and enzymes such as heme-dependent
peroxidases, lignin peroxidase, and dye-decolorizing peroxidases generate free radicals,
and hydrogen peroxide that may be responsible for the dye degradation process.
Ligninolytic enzymes from Bacillus thuringiensis (Wu et al. 2022), Bacillus albus
MW407057 (Kishor et al. 2021), Phanerochaete chrysosporium (Sosa-Martinez et al.
2020), and the endophyte Trichoderma harzianum AUMCI14897 (Salem et al. 2024)
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presented dye-degrading activity. The decolorization potential has been increased with
increasing incubation time (Thampraphaphon et al. 2022). The decolorization percentages
were 0%, 7.1%, 12.4%, 19.4%, 24.3%, 33.2%, 40.6%, 51.7%, 64.3%, and 79.4% after 0,
10, 20, 30, 40, 50, 60, 70, 80 and 90 min of incubation, respectively (Fig. 4). The
decoloration ability of fungal ligninolytic enzymes varies with the source, reaction time,
dye, and enzyme concentration (Pham et al. 2022; Panda et al. 2026). The lignin peroxidase
reacts with the methylene blue dye, and electrons from the catalysts are transferred to the
conjugate bonds. This transfer reduces the color intensity and changes the configuration of
the dye (Dinh Giap et al. 2022). The present findings reveal that lignin peroxidase from 7.
reesei 1s involved in the color removal of synthetic methylene blue dye and has the ability
to degrade lignocellulosic biomass. Moreover, for dye degradation, lignin peroxidase
should be combined with other enzymes, including versatile peroxidases, manganese
peroxidases, and laccases (Yadav and Yadav 2015).
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Fig. 4. Trichoderma reesei crude lignin peroxidase enzyme on methylene blue dye decolorization,
treated with 200 mM methylene blue for 90 min

CONCLUSIONS

1. Jackfruit seed could be an effective medium for the production of lignin peroxidase in
SSF by Trichoderma reesei via solid state fermentation (SSF). The carbohydrate
content of the jackfruit seed was approximately 70%, which favors microbial growth
and product formation.

2. The central composite design(CCD) was used to improve enzyme production and
achieved more than 2-fold enzyme production. The physical factors (inoculums and
temperature) and nutrients (yeast extract) were influenced on lignin peroxidase
production.
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3. The fungal lignin peroxidase exhibited photocatalytic activity and decolored methylene
blue. Crude lignin peroxidase is cost-effective biocatalyst used for the decolorization
of synthetic dyes.

ACKNOWLEDGMENTS

The authors extend their appreciation to the Ongoing Research Funding program
(ORF - 2026 - 1358) King Saud University, Riyadh, Saudi Arabia.

Conflict of Interest
Authors do not have any conflict of interest in publication of this research article.

Use of Generative Al
Authors did not use Al tools in the preparation of text, data analysis, and collection
of references.

REFERENCES CITED

Abdel-Aty, A. M., Barakat, A. Z., Bassuiny, R. ., and Mohamed, S. A. (2022).
“Improved production of antioxidant-phenolic compounds and certain fungal
phenolic-associated enzymes under solid-state fermentation of chia seeds with
Trichoderma reesei: Response surface methodology-based optimization,” Journal of
Food Measurement and Characterization 16(5), 3488-3500.
https://doi.org/10.1007/s11694-022-01447-6

Abdelraof, M., Abdel Karim, G. S., Elsayed, A. M., and Othman, A. M. (2026).
“Boosting laccase production by Penicillium commune s6 via solid-state fermentation
on phenolic agri-wastes: Statistical enhancement and bioremediation application in
dye decolorization,” BMC Biotechnology 26, article 42.
https://doi.org/10.1186/s12896-026-01108-2

AOAC (1996). “Protein (crude) in animal feed and pet food. Copper catalyst Kjeldahl
method,” Method 984.13-1994, Official Methods of Analysis of AOAC International,
16"Ed., AOAC International: Gaithersburg, MD, USA.

AOAC (2000). “Ash of fruits and fruit products,” Method 940.26; Official Methods of
Analysis of AOAC International, 17"Ed.; AOAC International: Gaithersburg, MD,
USA.

Arockiasamy, S., Krishnan, I. P. G., Anandakrishnan, N., Seenivasan, S., Sambath, A.,
and Venkatasubramani, J. P. (2008). “Enhanced production of laccase from Coriolus
versicolor NCIM 996 by nutrient optimization using response surface methodology,”
Applied Biochemistry and Biotechnology 151(2), 371-379.
https://doi.org/10.1007/s12010-008-8205-4

Arokiyaraj, S., Elshikh, M. S., Alarjani, K. M., Alghmdi, M. A., and Vijayaraghavan, P.
(2025). “Valorization of rubber tree sawdust biomass for the production of laccase-
lignin peroxidase and bioconversion of sawdust,” Biomass Conversion and
Biorefinery 15(20), 27227-27240. https://doi.org/10.1007/s13399-024-05322-w

Ascheri, J.L.R., Zamudio, L.H.B., Carvalho, C.W.P., Arevalo, A.M., and Fontoura, L.M.
(2014). “Extraction and characterization of starch fractions of five phenotypes

Alshaikh (2026). “Jackfruit seed and nutrient analysis,” BioResources 21(4), 11850-11869. 11863


https://doi.org/10.1007/s11694-022-01447-6
https://doi.org/10.1186/s12896-026-01108-2
https://doi.org/10.1007/s12010-008-8205-4
https://doi.org/10.1007/s13399-024-05322-w

PEER-REVIEWED ARTICLE bioresources.cnr.ncsu.edu

Pachyrhizus tuberosus (Lam.) Spreng,” Food and Nutrition Sciences 5, article 1875.
https://doi.org/10.4236/fns.2014.519200

Association of Official Analytical Chemists (2012). Official Methods of Analysis,
Washington, DC, AOAC.

Azzouz, Z., Bettache, A., Djinni, 1., Boucherba, N., and Benallaoua, S. (2022).
“Biotechnological production and statistical optimization of fungal xylanase by
bioconversion of the lignocellulosic biomass residues in solid-state fermentation,”
Biomass Conversion and Biorefinery 12(12), 5923-5935.
https://doi.org/10.1007/s13399-020-01018-z

Babitha, S., Soccol, C. R., and Pandey, A. (2007). “Solid-state fermentation for the
production of Monascus pigments from jackfruit seed,” Bioresource Technology
98(8), 1554-1560. https://doi.org/10.1016/j.biortech.2006.06.005

Bala, S., Garg, D., Sridhar, K., Inbaraj, B. S., Singh, R., Kamma, S., Tripathi, M., and
Sharma, M. (2023). “Transformation of agro-waste into value-added bioproducts and
bioactive compounds: Micro/nano formulations and application in the agri-food-
pharma sector,” Bioengineering10(2), article 152.
https://doi.org/10.3390/bioengineering10020152

Bello-Pérez, L.A., Garcia-Suarez, F.J., Méndez-Montealvo, G., do Oliveira, N. Jr., and
Lajolo, F.M., and Cordenunsi, B.R. (2006). “Isolation and characterization of starch
from seeds of Araucaria brasiliensis: a novel starch for application in food industry,”
Starch-Stdrke 58, 283-291. https://doi.org/10.1002/star.200500455

Borgis, S., and Bharati, P. (2020). “Processing characteristics and acceptability of
jackfruit (Artocarpus heterophyllus Lam.) seeds, physical and functional properties of
its flour,” EPRA International Journal of Research and Development 5(10), 193-202.
https://doi.org/10.36713/epra2016

Chakraborty, A., and Bhowal, J. (2023). “Bioconversion of jackfruit seed waste to fungal
biomass protein by submerged fermentation,” Applied Biochemistry and
Biotechnology 195(4), 2158-2171. https://doi.org/10.1007/s12010-022-04063-8

Chenthamarakshan, A., Parambayil, N., Miziriya, N., Soumya, P. S., Lakshmi, M. K.,
Ramgopal, A., Dileep, A., and Nambisan, P. (2017). “Optimization of laccase
production from Marasmiellus palmivorus LA1 by Taguchi method of design of
experiments,” BMC Biotechnology 17(1), article 12.https://doi.org/10.1186/s12896-
017-0333-x

Contreras, E., Flores, R., Gutiérrez, A., Cerro, D., and Sepulveda, L. A. (2023). “Agro-
industrial wastes revalorization as feedstock: production of lignin-modifying enzymes
extracts by solid-state fermentation using white rot fungi,” Preparative Biochemistry
and Biotechnology 53(5), 488-499. https://doi.org/10.1080/10826068.2022.2109048

Couto, S. R., Rosales, E., Gundin, M., and Sanroman, M. (2004). “Exploitation of a
waste from the brewing industry for laccase production by two Trametes species,”
Journal of Food Engineering 64(4), 423-428.
https://doi.org/10.1016/j.jfoodeng.2003.11.009

Debnath, R., Das, S., Mukhopadhyay, A., and Saha, T. (2021). “Enrichment of laccase
production by Phoma herbarum isolate KU4 under solid-state fermentation by
optimizing RSM coefficients using genetic algorithm,” Letters in Applied
Microbiology 73(4), 515-528. https://doi.org/10.1111/lam.13537

Dinh Giap, V., Nghi, D. H., Cuong, L. H., and Quynh, D. T. (2022). “Lignin peroxidase
from the white-rot fungus Lentinus squarrosulus MPN12 and its application in the

Alshaikh (2026). “Jackfruit seed and nutrient analysis,” BioResources 21(4), 11850-11869. 11864


https://doi.org/10.4236/fns.2014.519200
https://doi.org/10.1007/s13399-020-01018-z
https://doi.org/10.1016/j.biortech.2006.06.005
https://www.mdpi.com/2306-5354/10/2/152
https://doi.org/10.1002/star.200500455
https://doi.org/10.36713/epra2016
https://doi.org/10.1007/s12010-022-04063-8
https://doi.org/10.1186/s12896-017-0333-x
https://doi.org/10.1186/s12896-017-0333-x
https://doi.org/10.1080/10826068.2022.2109048
https://doi.org/10.1016/j.jfoodeng.2003.11.009
https://doi.org/10.1111/lam.13537

PEER-REVIEWED ARTICLE bioresources.cnr.ncsu.edu

biodegradation of synthetic dyes and lignin,” BioResources 17(3), 4480-4498.
https://doi.org/10.15376/biores.17.3.4480-4498

Djordjevi¢, M., Soronja—Simovié, D., Nikoli¢, 1., Djordjevi¢, M., Seres, Z. and
Milaginovié-Seremesié¢, M. (2019). “Sugar beet and apple fibres coupled with
hydroxypropylmethylcellulose as functional ingredients in gluten-free formulations:
Rheological, technological and sensory aspects,” Food Chemistry 295,189-197.
https://doi.org/10.1016/j.foodchem.2019.05.066

Eke-Ejiofor, J., Beleya, E. A., and Onyenorah, N. 1. (2014). “The effect of processing
methods on the functional and compositional properties of jackfruit seed flour,”
International Journal of Nutrition and Food Sciences 3(3), 166-173.
https://doi.org/10.11648/;.ijnfs.20140303.15

Felicia Katherine, R., Muthukumaran, C., Sharmila, G., Manoj Kumar, N., Tamilarasan,
K., and Jaiganesh, R. (2017). “Xanthan gum production using jackfruit-seed-powder-
based medium: optimization and characterization,” 3 Biotech7(4), article
248.https://doi.org/10.1007/s13205-017-0876-5

Flanetraj, S. R., James, V. C. X., Rajagopal, R., and Arokiyaraj, S. (2025). “Laccase and
lignin peroxidase production by Cerrena unicolor and Loweporus lividus in solid-
state fermentation using agricultural biomass as substrate and its application in dye
degradation,” BioResources 20(3), 7592-7616.
https://doi.org/10.15376/biores.20.3.7592-7616

Forootanfar, H., Faramarzi, M. A., Shahverdi, A. R., and Yazdi, M. T. (2011).
“Purification and biochemical characterization of extracellular laccase from the
ascomycete Paraconiothyrium variabile,” Bioresource Technology 102(2), 1808-
1814. https://doi.org/10.1016/j.biortech.2010.09.043

Gao, W., Tabil, L. G., Liu, Q., Zhao, R., and Zhang, M. (2019). “Experimental study on
the effect of solid-state fermentation on pellet density and strength of corn stover,”
Journal of Biobased Materials and Bioenergy 13(6), 840-847.

Gomez, J., Pazos, M., Couto, S. R., and Sanroman, M. A. (2005). “Chestnut shell and
barley bran as potential substrates for laccase production by Coriolopsis rigida under
solid-state conditions,” Journal of Food Engineering 68(3), 315-319.
https://doi.org/10.1016/j.jfoodeng.2004.06.005

Hager, A. S., Wolter, A., Jacob, F., Zannini, E., and Arendt, E. K. (2012). “Nutritional
properties and ultra-structure of commercial gluten free flours from different
botanical sources compared to wheat flours,” Journal of Cereal Science 56(2), 239-
247. https://doi.org/10.1016/].jcs.2012.06.005

Hong, R., Ting, L., and Huijie, W. (2017). “Optimization of extraction condition for
phytic acid from peanut meal by response surface methodology,” Resource-Efficient
Technologies 3(3), 226-231. https://doi.org/10.1016/j.reftit.2017.06.002

Hultberg, M., and Golovko, O. (2024). “Use of sawdust for production of ligninolytic
enzymes by white-rot fungi and pharmaceutical removal,” Bioprocess and Biosystems
Engineering 47(4), 475-482.https://doi.org/10.1007/s00449-024-02976-8

Juarez-Barrientos, J. M., Hernandez-Santos, B., Herman-Lara, E., Martinez-Sanchez, C.
E., Torruco-Uco, J. G., Ramirez-Rivera, E. J., Pineda-Pineda, J. M., and Rodriguez-
Miranda, J. (2017). “Effects of boiling on the functional, thermal and compositional
properties of the Mexican jackfruit (Artocarpus heterophyllus) seed jackfruit seed
meal properties,” Emirates Journal of Food and Agriculture 29(1), article 1.
https://doi.org/10.9755/ejfa.2016-08-1048

Alshaikh (2026). “Jackfruit seed and nutrient analysis,” BioResources 21(4), 11850-11869. 11865


https://doi.org/10.15376/biores.17.3.4480-4498
https://doi.org/10.1016/j.foodchem.2019.05.066
https://doi.org/10.11648/j.ijnfs.20140303.15
https://doi.org/10.1007/s13205-017-0876-5
https://doi.org/10.15376/biores.20.3.7592-7616
https://doi.org/10.1016/j.biortech.2010.09.043
https://doi.org/10.1016/j.jfoodeng.2004.06.005
https://doi.org/10.1016/j.jcs.2012.06.005
https://doi.org/10.1016/j.reffit.2017.06.002
https://doi.org/10.1007/s00449-024-02976-8
https://doi.org/10.9755/ejfa.2016-08-1048

PEER-REVIEWED ARTICLE bioresources.cnr.ncsu.edu

Kalaiyarasi, M., Ahmad, P. and Vijayaraghavan, P. (2020). “Enhanced production
antibiotics using green gram husk medium by Streptomyces sp. SD1 using response
surface methodology,” Journal of King Saud University-Science 32(3), 2134-2141.
https://doi.org/10.1016/j.jksus.2020.02.014

Karimi, F., Mazaheri, D., Saei Moghaddam, M., Mataei Moghaddam, A., Sanati, A.L.
and Orooji, Y. (2025). “Solid-state fermentation as an alternative technology for cost-
effective production of bioethanol as useful renewable energy: A review,” Biomass
Conversion and Biorefinery 15(23), 29523-29539. https://doi.org/10.1007/s13399-
021-01875-2

Karp, S. G., Faraco, V., Amore, A., Letti, L. A. J., Thomaz Soccol, V., and Soccol, C. R.
(2015). “Statistical optimization of laccase production and delignification of
sugarcane bagasse by Pleurotus ostreatus in solid-state fermentation,” BioMed
Research International 2015(1), article 181204. https://doi.org/10.1155/2015/181204

Kishor, R., Saratale, G. D., Saratale, R. G., Ferreira, L. F. R., Bilal, M., Igbal, H. M., and
Bharagava, R. N. (2021). “Efficient degradation and detoxification of methylene blue
dye by a newly isolated ligninolytic enzyme producing bacterium Bacillus albus
MW407057,” Colloids and Surfaces B: Biointerfaces 206, article 111947.
https://doi.org/10.1016/j.colsurtb.2021.111947

Kushwaha, R., Kaur, S., and Kaur, D. (2023). “Potential of jackfruit (4rtocarpus
Heterophyllus Lam.) seed starch as an alternative to the commercial starch source—A
review,” Food Reviews International 39(5), 2635-2654.
https://doi.org/10.1080/87559129.2021.1963979

Leite, D. D. D. F., Queiroz, A. J. D. M., Figueirédo, R. M. F. D., and Lima, L. S. L.
(2019). “Mathematical drying kinetics modeling of jackfruit seeds (Artocarpus
heterophyllus Lam.),” Revista Ciéncia Agronémica 50(3), 361-
369.https://doi.org/10.5935/1806-6690.20190043

Leite, P., Sousa, D., Fernandes, H., Ferreira, M., Costa, A. R., Filipe, D., Gongalves, M.,
Peres, H., Belo, 1., and Salgado, J. M. (2021). “Recent advances in production of
lignocellulolytic enzymes by solid-state fermentation of agro-industrial wastes,”
Current Opinion in Green and Sustainable Chemistry 27, article 100407.
https://doi.org/10.1016/j.cogsc.2020.100407

Levin, L., Herrmann, C., and Papinutti, V. L. (2008). “Optimization of lignocellulolytic
enzyme production by the white-rot fungus Trametes trogii in solid-state fermentation
using response surface methodology,” Biochemical Engineering Journal 39(1), 207-
214. https://doi.org/10.1016/j.bej.2007.09.004

Lima, B. N. B., Lima, F. F., Tavares, M. 1. B., Costa, A. M. M., and Pierucci, A. P. T. R.
(2014). “Determination of the centesimal composition and characterization of flours
from fruit seeds,” Food Chemistry 151, 293-299.
https://doi.org/10.1016/j.foodchem.2013.11.036

Mishra, A., and Kumar, S. (2007). “Cyanobacterial biomass as N-supplement to agro-
waste for hyper-production of laccase from Pleurotus ostreatus in solid state
fermentation,” Process Biochemistry 42(4), 681-685.
https://doi.org/10.1016/j.procbio.2006.09.022

Mohamad, S. F. S., Said, F. M., Munaim, M. S. A., Mohamad, S., and Sulaiman, W. M.
A. W. (2019). “Fractional factorial analysis for identifying significant factors in
extraction of jacalin from jackfruit seeds using anionic reverse micellar system,”
Materials Today: Proceedings 19, 1638-1646.
https://doi.org/10.1016/j.matpr.2019.11.192

Alshaikh (2026). “Jackfruit seed and nutrient analysis,” BioResources 21(4), 11850-11869. 11866


https://doi.org/10.1016/j.jksus.2020.02.014
https://doi.org/10.1007/s13399-021-01875-2
https://doi.org/10.1007/s13399-021-01875-2
https://doi.org/10.1155/2015/181204
https://doi.org/10.1016/j.colsurfb.2021.111947
https://doi.org/10.1080/87559129.2021.1963979
https://doi.org/10.5935/1806-6690.20190043
https://doi.org/10.1016/j.cogsc.2020.100407
https://doi.org/10.1016/j.bej.2007.09.004
https://doi.org/10.1016/j.foodchem.2013.11.036
https://doi.org/10.1016/j.procbio.2006.09.022
https://doi.org/10.1016/j.matpr.2019.11.192

PEER-REVIEWED ARTICLE bioresources.cnr.ncsu.edu

Nair, N. R., Nampoothiri, K. M., Banarjee, R., and Reddy, G. (2016). “Simultaneous
saccharification and fermentation (SSF) of jackfruit seed powder (JFSP) to L-lactic
acid and to polylactide polymer,” Bioresource Technology 213, 283-288.
https://doi.org/10.1016/j.biortech.2016.03.020

Ocloo, F. C. K., Bansa, D., Boatin, R., Adom, T., and Agbemavor, W. S. (2010).
“Physico-chemical, functional and pasting characteristics of flour produced from
Jackfruits (Artocarpus heterophyllus) seeds,” Agriculture and Biology Journal of
North America 1(5), 903-908. https://doi.org/10.5251/abjna.2010.1.5.903.908

Olalere, O. A., Gan, C. Y., Abdurahman, H. N., Adeyi, O., and Ahmad, M. M. (2020).
“Holistic approach to microwave-reflux extraction and thermo-analytical fingerprints
of under-utilized Artocarpus heterophyllus seed wastes,” Heliyon 6(8), article
€04770. https://doi.org/10.1016/j.heliyon.2020.e04770

Othman, A. M., Elsayed, M. A., Elshafei, A. M., and Hassan, M. M. (2018). “Purification
and biochemical characterization of two isolated laccase isoforms from Agaricus
bisporus CU13 and their potency in dye decolorization,” International Journal of
Biological Macromolecules 113, 1142-1148.
https://doi.org/10.1016/j.ijbiomac.2018.03.043

Panda, A.K., Sahoo, P.P., Sahoo, A.A., and Raut, S. (2026). “High-throughput screening
and optimization of fungal isolates for enhanced lignin biodegradation,” World
Journal of Microbiology and Biotechnology 42(3), article 129.
https://doi.org/10.1007/s11274-026-04800-9

Pathak, N., Singh, S., Singh, P., Singh, P. K., Singh, R., Bala, S., Thirumalesh, B. V.,
Gaur, R., and Tripathi, M. (2022). “Valorization of jackfruit waste into value added
products and their potential applications,” Frontiers in Nutrition 9, article 1061098.
https://doi.org/10.3389/fnut.2022.1061098

Perez, E., Bahnassey, Y. A., and Breene, W. M. (1993). “Some chemical, physical, and
functional properties of native and modified starches of Amaranthus hypochondriacus
and Amaranthus cruentus,” Starch-Stdrke 45(6), 215-220.
https://doi.org/10.1002/star.19930450606

Pérez-Contreras, S., Avalos-de la Cruz, D. A., Lizardi-Jiménez, M. A., Herrera-Corredor,
J. A., Baltazar-Bernal, O., and Hernandez-Martinez, R. (2024). “Production of
ligninolytic and cellulolytic fungal enzymes for agro-industrial waste valorization:
Trends and applicability,” Catalysts 15(1), article 30.
https://doi.org/10.3390/catal 15010030

Pham, V. H. T., Kim, J., Chang, S., and Chung, W. (2022). “Biodegradation of methylene
blue using a novel lignin peroxidase enzyme producing bacteria, named Bacillus sp.
React3, as a promising candidate for dye-contaminated wastewater treatment,”
Fermentation 8(5), article 190. https://doi.org/10.3390/fermentation8050190

Ranasinghe, R. A. S. N., Maduwanthi, S. D. T., and Marapana, R. A. U. J. (2019).
“Nutritional and health benefits of jackfruit (Artocarpus heterophyllus Lam.): a
review,” International Journal of Food Science 2019(1), article 4327183.
https://doi.org/10.1155/2019/4327183

Salem, M. M., Mohamed, T. M., Shaban, A. M., Mahmoud, Y. A. G., Eid, M. A., and El-
Zawawy, N. A. (2024). “Optimization, purification and characterization of laccase
from a new endophytic Trichoderma harzianum AUMC14897 isolated from Opuntia
ficus-indica and its applications in dye decolorization and wastewater treatment,”
Microbial Cell Factories 23(1), article 266.https://doi.org/10.1186/s12934-024-
02530-x

Alshaikh (2026). “Jackfruit seed and nutrient analysis,” BioResources 21(4), 11850-11869. 11867


https://doi.org/10.1016/j.biortech.2016.03.020
https://doi.org/10.5251/abjna.2010.1.5.903.908
https://doi.org/10.1016/j.heliyon.2020.e04770
https://doi.org/10.1016/j.ijbiomac.2018.03.043
https://doi.org/10.1007/s11274-026-04800-9
https://doi.org/10.3389/fnut.2022.1061098
https://doi.org/10.1002/star.19930450606
https://www.mdpi.com/2073-4344/15/1/30
https://www.mdpi.com/2311-5637/8/5/190
https://doi.org/10.1155/2019/4327183
https://doi.org/10.1186/s12934-024-02530-x
https://doi.org/10.1186/s12934-024-02530-x

PEER-REVIEWED ARTICLE bioresources.cnr.ncsu.edu

Sharmila, G., Muthukumaran, C., Nayan, G., and Nidhi, B. (2013). “Extracellular
biopolymer production by Aureobasidium pullulans MTCC 2195 using jackfruit seed
powder,” Journal of Polymers and the Environment 21(2), 487-494.
https://doi.org/10.1007/s10924-012-0459-9

Shi, J., Sharma-Shivappa, R. R., Chinn, M., and Howell, N. (2009). “Effect of microbial
pretreatment on enzymatic hydrolysis and fermentation of cotton stalks for ethanol
production,” Biomass and Bioenergy 33(1), 88-96.
https://doi.org/10.1016/j.biombioe.2008.04.016

Singh, N., Devi, A., Jaryal, R., and Rani, K. (2018). “An ecofriendly and efficient
strategy for cost effective production of lignocellulotic enzymes,” Waste and Biomass
Valorization9(6), 891-898. https://doi.org/10.1007/s12649-017-9861-9

Sosa-Martinez, J. D., Balagurusamy, N., Montafiez, J., Peralta, R. A., Moreira, R. D. F. P.
M., Bracht, A., Peralta, R. M., and Morales-Oyervides, L. (2020). “Synthetic dyes
biodegradation by fungal ligninolytic enzymes: Process optimization, metabolites
evaluation and toxicity assessment,” Journal of Hazardous Materials 400, article
123254, https://doi.org/10.1016/j.jhazmat.2020.123254

Suzihaque, M. U. H., Zaki, N. A. M., Alwi, H., Ibrahim, U. K., Abd Karim, S. F., and
Anuar, N. K. (2022). “Jackfruit seed as an alternative replacement for starch flour,”
Materials Today: Proceedings 63, S451-S455.
https://doi.org/10.1016/j;.matpr.2022.04.117

Swami, S. B., Thakor, N. J., Haldankar, P. M., and Kalse, S. B. (2012). “Jackfruit and its
many functional components as related to human health: A review,” Comprehensive
Reviews in Food Science and Food Safety 11(6), 565-576.
https://doi.org/10.1111/j.1541-4337.2012.00210.x

Teo, H. L., and Wahab, R. A. (2023). “Optimization of endoglucanase synthesis by
Trichoderma harzianum via Taguchi approach: Taguchi-optimized endoglucanase
production by 7. harzianum,” Journal of Tropical Life Sciencel3(1), 37-44.
https://doi.org/10.11594/jtls.13.01.04

Teo, H. L., Wahab, R. A., Zainal-Abidin, M. H., Mark-Lee, W. F., Huyop, F., Susanti, E.,
Mahat, N. A., and Azman, A. R. (2025). “Statistically assisted optimisation for the
simultaneous production of Trichoderma harzianum and Aspergillus fumigatus
cellulolytic enzymes,” Biomass Conversion and Biorefinery 15(3), 3827-3843.

Thampraphaphon, B., Phosri, C., Pisutpaisal, N., Thamvithayakorn, P., Chotelersak, K.,
Sarp, S., and Suwannasai, N. (2022). “High potential decolorization of textile dyes
from wastewater by manganese peroxidase production of newly immobilized
Trametes hirsuta PW17-41 and FTIR analysis,” Microorganisms 10(5), article 992.
https://doi.org/10.3390/microorganisms10050992

Thanh, L. P., Kha, P. T. T., and Hang, T. T. T. (2022). “Jackfruit leaves can totally
replace traditional grass in the diet of lactating dairy goats,” Journal of Applied
Animal Research 50(1), 97-102. https://doi.org/10.1080/09712119.2022.2035734

Tien, M., and Kirk, T.K. (1983). “Lignin-degrading enzyme from the hymenomycete
Phanerochaete chrysosporium Burds,” Science 221(4611), 661-663.
https://doi.org/10.1126/science.221.4611.661

Tulyathan, V., Tananuwong, K., Songjinda, P., and Jaiboon, N. (2002). “Some
physicochemical properties of jackfruit (Artocarpus heterophyllus Lam) seed flour
and starch,” Science Asia 28(1), 37-41.

Uwanta, E. J., Udo, . E., Willie, I. N., and Akpakpan, A. E. (2024). “Phytochemical
screening, proximate and vitamin composition of Jack fruit (Artocarpus

Alshaikh (2026). “Jackfruit seed and nutrient analysis,” BioResources 21(4), 11850-11869. 11868


https://doi.org/10.1007/s10924-012-0459-9
https://doi.org/10.1016/j.biombioe.2008.04.016
https://doi.org/10.1007/s12649-017-9861-9
https://doi.org/10.1016/j.jhazmat.2020.123254
https://doi.org/10.1016/j.matpr.2022.04.117
https://doi.org/10.1111/j.1541-4337.2012.00210.x
https://doi.org/10.11594/jtls.13.01.04
https://www.mdpi.com/2076-2607/10/5/992
https://doi.org/10.1080/09712119.2022.2035734
https://doi.org/10.1126/science.221.4611.661

PEER-REVIEWED ARTICLE bioresources.cnr.ncsu.edu

heterophyllus) pulp and seed,” World Journal of Advanced Research and Reviews
22(01), 1500-1506. https://doi.org/10.30574/wjarr.2024.22.1.1027

Veldsquez-Quintero, C., Merino-Restrepo, A., and Hormaza-Anaguano, A. (2022).
“Production, extraction, and quantification of laccase obtained from an optimized
solid-state fermentation of corncob with white-rot fungi,” Journal of Cleaner
Production 370, article 133598. https://doi.org/10.1016/j.jclepro.2022.133598

Wu, K., Shi, M., Pan, X., Zhang, J., Zhang, X., Shen, T., and Tian, Y. (2022).
“Decolourization and biodegradation of methylene blue dye by a ligninolytic enzyme-
producing Bacillus thuringiensis: Degradation products and pathway,” Enzyme and
Microbial Technology 156, article 109999.
https://doi.org/10.1016/j.enzmictec.2022.109999

Yadav, M., and Yadav, H. S. (2015). “Applications of ligninolytic enzymes to pollutants,
wastewater, dyes, soil, coal, paper and polymers,” Environmental Chemistry Letters
13(3), 309-318.https://doi.org/10.1007/s10311-015-0516-4

Article submitted: April 28, 2026; Peer review completed: June 7, 2026; Revised version
received: September 21, 2026; Accepted: September 26, 2026; Published: October 23,
2026.

DOI: 10.15376/biores.21.4.11850-11869

Alshaikh (2026). “Jackfruit seed and nutrient analysis,” BioResources 21(4), 11850-11869. 11869


https://doi.org/10.30574/wjarr.2024.22.1.1027
https://doi.org/10.1016/j.jclepro.2022.133598
https://doi.org/10.1016/j.enzmictec.2022.109999
https://doi.org/10.1007/s10311-015-0516-4

	Chemical Composition and Nutrient Analysis of Jackfruit Seeds for Lignin Peroxidase Enzyme Production by Trichoderma reesei in Solid-State Fermentation for Environmental Applications
	Najla A. Alshaikh

	Chemical Composition and Nutrient Analysis of Jackfruit Seeds for Lignin Peroxidase Enzyme Production by Trichoderma reesei in Solid-State Fermentation for Environmental Applications
	Najla A. Alshaikh
	INTRODUCTION
	EXPERIMENTAL
	Jackfruit Seeds
	Jackfruit was collected from the market, and jackfruit seeds were obtained from ripened fruit. The whole jackfruit weight was approximately 12 kg, and 0.8 kg of seed was obtained (wet weight). The collected seeds were dried, and a powdered and fine p...
	Proximate Composition of Jackfruit Seeds
	The compositions of ash, proteins, moisture, lipids, reducing sugars, and total carbohydrates were determined. An enzymatic-gravimetric method was used for the determination of total dietary fiber. Briefly, one gram of defatted powder was mixed with ...

	Fungi and Culture Conditions
	RESULTS AND DISCUSSION
	CONCLUSIONS
	ACKNOWLEDGMENTS

	The authors extend their appreciation to the Ongoing Research Funding program (ORF - 2026 - 1358) King Saud University, Riyadh, Saudi Arabia.
	REFERENCES CITED



