
Citation: Kottilingal LS, Paramasivam S, Sivaprakasam S, Meera CR, Chinnaiyan U. Optimization of Pectinase Production from 
Bacillus velezensis Isolated from Agro-waste using Response Surface Methodology. J Pure Appl Microbiol. Published online 25 
February 2026. doi: 10.22207/JPAM.20.1.33

© The Author(s) 2026. Open Access. This article is distributed under the terms of the Creative Commons Attribution 4.0 International License which 
permits unrestricted use, sharing, distribution, and reproduction in any medium, provided you give appropriate credit to the original author(s) and 
the source, provide a link to the Creative Commons license, and indicate if changes were made. 

Kottilingal et al | Article 10936
J Pure Appl Microbiol. 2026. doi: 10.22207/JPAM.20.1.33
Received: 04 September 2025 | Accepted: 30 December 2025

RESEARCH ARTICLE	 OPEN ACCESS

	  www.microbiologyjournal.org1Journal of Pure and Applied Microbiology

P-ISSN: 0973-7510; E-ISSN: 2581-690X

*Correspondence: umasaravanan1@gmail.com

Optimization of Pectinase Production from Bacillus 
velezensis Isolated from Agro-waste using Response 
Surface Methodology

Lakshmi Suresh Kottilingal1, Sivagurunathan Paramasivam1,
Sowndarya Sivaprakasam1, Chakrappully Radhakrishnan Meera2 
and Uma Chinnaiyan1*

1Department of Microbiology, Faculty of Science, Annamalai University, Chidambaram, Tamil Nadu, India.
2Department of Microbiology, St. Mary College (Autonomous), Thrissur, Kerala, India.

Abstract
Pectinases are important enzymes with significant applications in the industrial processing of juice 
clarification, oil and tea extraction, and paper manufacturing. The present study focused on obtaining 
bacteria capable of producing pectinase from agro-waste and optimising its production using statistical 
methods. Fifty-two bacterial isolates were initially obtained from rotting fruits and vegetable waste, 
of which 16 isolates showed pectin degradation on Yeast Extract Pectin (YEP) agar. Among these, 
isolate AW43 had the maximum zone of hydrolysis (23.3 mm) and enzymatic activity (150.019 U/mL), 
which was identified as Bacillus velezensis using 16S rRNA gene sequencing (PCR-based identification). 
Optimization of pectinase production was initially carried out using a Plackett-Burman design, where out 
of eleven parameters, pectin, yeast extract, glucose, pH, and temperature were identified as those that 
positively modulated pectinase production. Utilizing the Box-Behnken design, the research identified 
that the optimal conditions for pectinase production were achieved with a pectin concentration of 
5.5 g/L, yeast extract at 10 g/L, glucose at 1.0 g/L, a pH level of 7.0, and an incubation temperature of  
30 °C. These results indicate that B. velezensis is a promising microbe for the production and purification 
of commercially viable pectinase.  
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INTRODUCTION

	 The increasing demand for clarified 
juices and fermented beverages has led to a 
heightened application of pectinases. These 
enzymes specifically target polysaccharide pectin, 
which is abundant in fruits, vegetables, and oil-rich 
seeds. The complexity of pectin is determined 
by the diverse range of monosaccharides and 
disaccharides that comprise it.1 At the cellular level, 
pectin is localised in the cell wall and middle lamella, 
where it crosslinks with other polysaccharides, 
such as cellulose and hemicellulose, thereby 
providing structural integrity to the cell wall.2 
Although this robust polysaccharide polymer 
serves to protect cells, it poses challenges in 
industrial extraction processes. Consequently, 
the use of pectinases is increasing. In addition 
to improving the ease of the juice extraction 
process, pectinase has been shown to enhance the 
production while maintaining the dietary quality 
of the juices.3,4 Moreover, pectinase is utilized in 
the textile industry, where, in conjunction with 
cellulases, it contributes to enhancing the texture 
of cotton fabric.5 Additionally, it is employed in 
the production of tea powder, where it improves 
the colour and taste of the tea by reducing foam 
formation during the production process. Similarly, 
oil extraction processes are also known to utilize 
pectinase to improve the oil extraction process.6 
Though pectinases have been purified from 
various animal and plant sources, the widely used 
pectinases are derived from microbial sources. 
Bacillus,7-9 Pseudomonas,10,11 Erwinia spp.12 have 
been reported to be a good source for pectinase 
production. 
	 Enzyme production can be efficiently 
optimized using statistical techniques like 
Response Surface Methodology (RSM). These 
methods overcome the time delays and extensive 
experimentation required by the conventional 
method of enzyme production, which involves 
modulating parameters one at a time.13 It also 
fails to take into consideration the effect of the 
combination of variables.14 Plackett-Burman 
design (PBD) aids in analyzing the effect of 
many variables on a particular process and thus 
identifies variables that can be beneficial.15,16 On 
the other hand, Response surface methodology, 
which contains a multitude of statistical tools like 

the Box-Behnken design, aids in determining the 
optimal conditions within a multivariable system 
to achieve significant responses, especially in 
fermentation processes utilizing microorganisms.14 
Though various microbes are known to produce 
pectinases, the increased demand for pectinases 
has made it important to identify newer sources of 
pectinases. This research aimed to isolate bacteria 
capable of producing pectinase from agricultural 
waste and to optimize their production through 
the use of Response Surface methodology.

METHODOLOGY

Screening of pectinase-producing bacteria
	 Bacteria capable of producing pectinase 
were extracted from agricultural waste that 
included peels of fruits and vegetables, pulp, and 
seeds. The sample underwent a series of dilutions 
before being spread onto pectin agar plates. 
Colonies with a clear zone were then further 
analysed for their capacity to degrade pectin on 
Yeast Extract Pectin (YEP) agar (1% yeast extract, 
1% pectin, 1.5% sodium chloride, pH 6.6) and 
incubated for 48 hours. Post incubation, the plates 
are flooded with Lugol’s iodine and analysed for a 
yellow zone against the background.9

Pectinase activity
	 The positive isolates were then subjected 
to a quantitative assay. Briefly, the isolates were 
placed in YEP broth and kept at 37 °C for 48 hours. 
Centrifugation of the culture was performed at 
10,000 rpm for 15 minutes at 4 °C to separate 
the cell-free supernatant. The supernatant was 
then analysed for its pectinase activity. A volume 
of 500 µL of the supernatant, which contains the 
crude enzyme, was mixed with 500 µL of 0.5% 
pectin dissolved in a 50 mM glycine-NaOH buffer 
at pH 11, and the mixture was incubated for 10 
minutes at 60 °C. The reaction is then stopped by 
the addition of 3,5-dinitrosalicylic acid (DNSA), and 
absorbance is measured at 540 nm.17 The amount 
of D-galacturonic acid is estimated from a standard 
graph. A pectinase unit is characterized as the 
quantity of enzyme needed to release 1 µmol of 
D-galacturonic acid per minute under specified 
assay conditions. The df denotes the dilution 
factor.
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Table 1. The variables along with their two-factorials used in Plackett-Burman Design

Factors	 Name	 Units	 Type	 Low	 High

A 	 Pectin	 g/l	 Numeric	 1	 10
B 	 Yeast extract	 g/l	 Numeric	 1	 10
C 	 NH4NO3	 g/l	 Numeric	 0.5	 1
D 	 Na2NO3	 g/l	 Numeric	 0.5	 1
E 	 Peptone	 g/l	 Numeric	 1	 3
F 	 Inoculum size	 mL	 Numeric	 1	 10
G 	 pH		  Numeric	 5	 9
H 	 Temperature	 °C	 Numeric	 25	 35
J 	 Agitation rate	 rpm	 Numeric	 100	 200
K 	 KH2PO4	 g/l	 Numeric	 0.5	 1
L 	 Glucose	 g/l	 Numeric	 1	 10

Table 2. The variables along with their range used in 
Box-Behnken Design

Factors	 Name	 Units	 Low	 High

A 	 Pectin	 g/l	 1	 10
B 	 Yeast extract	 g/l	 1	 10
C 	 Glucose	 g/l	 1	 10
D 	 pH		  5	 9
E	 Temperature	 °C	 25	 35

	 U/ml = (µmoles of galacturonic acid 
released) x (df) / (incubation time) x (volume of 
enzyme used)

Molecular identification of bacteria employing 
16S rRNA gene sequences
	 Bacterial DNA was isolated using the 
Phenol/chloroform method.18 Following overnight 
growth, the culture was centrifuged at 13,000 rpm 
for 10 minutes in an Eppendorf tube. The pellet 
was resuspended in 200 µL of cell lysis buffer, and 
20 µL of 50 µg/ml of proteinase K was added and 
incubated at 55 °C for 1 hour. Following incubation, 
220 µL of a 25:24:1 phenol, chloroform, and 
isoamyl alcohol solution was introduced and 
thoroughly mixed. Afterwards, the solution is 
subjected to centrifugation at 13,000 rpm for 
15 minutes. Subsequently, the aqueous phase 
is carefully moved to a fresh tube, and 220 µL of 
a saturated mixture of phenol, chloroform, and 
isoamyl alcohol is added and thoroughly mixed. 
The solution is then centrifuged at 13,000 rpm 
for 15 min. The top aqueous layer is moved to a 
fresh tube, where an equal amount of chloroform 

is added, followed by centrifugation at 13,000 rpm 
for 15 minutes. The resulting supernatant is then 
placed in a new tube, and twice its volume of ice-
cold ethanol is added, with the mixture being left 
to incubate at 4 °C for 2 hours. After incubation, 
the tubes are spun at 13,000 rpm for 20 minutes. 
The resulting pellet is rinsed with 300 µL of ice-
cold 70% ethanol and then undergoes another 
centrifugation at 13,000 rpm for 10 minutes. The 
supernatant was removed, and the tubes were 
subsequently air-dried for 10 minutes. The pellet 
is then resuspended in 50 µL of MilliQ (deionized) 
water. The presence of DNA is confirmed on 1% 
agarose gel electrophoresis stained with ethidium 
bromide. 
	 The isolated DNA was then used for the 
amplification of the 16S rRNA gene of the isolate 
using 5'-AGAGTTTGATCMTGG-3' as forward primer 
and 5'-ACCTTGTTACGACTT-3' as reverse primer. 
The PCR reaction (25 µL) contained 12.5 µL of 2× 
PCR Master Mix (Thermofisher Scientific K0171), 
0.5 µL of the primers, 2 µL of DNA, and 9 µL of 
sterile deionized water. The PCR process began 
with an initial denaturation step at 95 °C for 5 

minutes, followed by 30 cycles consisting of 45 
seconds at 94 °C, 45 seconds of annealing at 52 °C, 
and 45 seconds of extension at 72 °C, concluding 
with a final elongation phase at 72 °C for 8 minutes. 
The amplified DNA was separated on a 1% agarose 
gel prepared using 1× TAE buffer and stained with 
ethidium bromide at a concentration of 1 µg/mL.
	 The PCR product was purified and 
subsequently subjected to Sanger sequencing at 
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Eurofins Pvt. Ltd., Bangalore, India. The derived 
sequence was then used to identify the bacteria 
using BLAST analysis within the GenBank database. 
The sequence was submitted to Genebank, and 
the accession no. OQ674436 was obtained. A 
phylogenetic tree analysis was created using the 
neighbour-joining method in MEGA-X software 
to determine the evolutionary relationship of the 
isolate with closely related Bacillus species.19

Optimization of production using Plackett-
Burman design
	 Design Expert software was used to 
perform Plackett-Burman Design (PBD), which 
facilitated the determination of the outcome of 
variables (pectin, yeast extract, ammonium nitrate, 
sodium nitrate, peptone, inoculum volume, 
pH, temperature, agitation rate, potassium 
dihydrogen phosphate, and glucose) on pectinase 

Figure 1. Production of pectinase by A43 and its identification. (a) Graph showing the zone of hydrolysis of different 
isolates on 1% YEP agar. (b) Graph showing the pectinase activity of the 16 isolates after submerged fermentation 
in YEP broth. (c) Phylogenetic analysis of Bacillus velezensis (bacterial isolate AW43)
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Table 4. ANOVA analysis for the quadratic model of pectinase production

Source	 Sum of Squares	 df	 Mean Square	 F-value	 P-value
	
Model	 1.427E+05	 20	 7136.11	 98.82	 <0.0001	 Significant
A-Pectin	 14508.20	 1	 14508.20	 200.90	 <0.0001	
B-Yeast extract	 15475.36	 1	 15475.36	 214.29	 <0.0001	
C-Glucose	 29189.72	 1	 29189.72	 404.20	 <0.0001	
D-pH	 14677.32	 1	 14677.32	 203.24	 <0.0001	
E-Temperature	 6076.20	 1	 6076.20	 84.14	 <0.0001	
AB	 1.96	 1	 1.96	 0.0271	 0.8705	
AC	 0.0100	 1	 0.0100	 0.0001	 0.9907	
AD	 1.21	 1	 1.21	 0.0168	 0.8980	
AE	 0.0900	 1	 0.0900	 0.0012	 0.9721	
BC	 108.16	 1	 108.16	 1.50	 0.2324	
BD	 2.56	 1	 2.56	 0.0354	 0.8522	
BE	 1.44	 1	 1.44	 0.0199	 0.8888	
CD	 0.6400	 1	 0.6400	 0.0089	 0.9257	
CE	 36.00	 1	 36.00	 0.4985	 0.4867	
DE	 0.0000	 1	 0.0000	 0.0000	 1.0000	
A²	 17840.03	 1	 17840.03	 247.04	 <0.0001	
B²	 16612.40	 1	 16612.40	 230.04	 <0.0001	
C²	 6184.75	 1	 6184.75	 85.64	 <0.0001	
D²	 17525.76	 1	 17525.76	 242.69	 <0.0001	
E²	 9977.76	 1	 9977.76	 138.17	 <0.0001	
Residual	 1805.39	 25	 72.22			 
Lack of Fit	 128.21	 20	 6.41	 0.0191	 1.0000	 not significant
Pure Error	 1677.17	 5	 335.43			 
Cor Total	 1.445E+05	 45

production.20 A 2-level factorial was performed 
(Table 1). All experiments were performed in 
triplicate, and the effect of the 11 variables on 
pectinase production was analysed using ANOVA.

Optimization of production using Box-Behnken
	 The factors identified by the PBD were 
further examined using the Box-Behnken design 
in Design Expert software. The variables and their 
ranges used in the study are outlined in Table 2. A 
total of 46 experimental runs were carried out. The 
validity of the generated model is verified using 
ANOVA. 

RESULTS AND DISCUSSION

Screening of Pectinase-producing bacteria
	 From an agro-waste sample, 52 bacterial 
isolates were obtained. Screening of these isolates 
on YEP agar containing 1% pectin showed that 
only 16 isolates were capable of producing 
pectinase. The isolate AW43 exhibited the largest 
zone of hydrolysis, measuring 23.3 mm, followed 

by isolates AW41 and AW26, each with a zone 
measuring 20 mm (Figure 1a, S1). The 16 isolates 
were then subjected to pectinase production using 
submerged fermentation. The highest activity of 
150.019 U/ml was observed in the case of AW43 
(Figure 1b). Since AW43 showed the highest 
activity, the isolate was then identified to be 
Bacillus velezensis using 16S rRNA sequencing 
(Figure 1c). The sequence was submitted to 
GenBank NCBI (OQ674436). Partially purified 
pectinase isolated from Bacillus velezensis W17-6 
was shown to improve both the yield and clarity 
of Xuxiang kiwifruit wine and was more efficient in 
degrading pectin when compared to commercially 
available pectinase.21 In a related area, BvPelB, a 
new pectin lyase derived from Bacillus velezensis 
16B, has been demonstrated to enhance the 
overall quality of juice production while producing 
minimal amounts of methanol.22 Bacillus species 
are widely recognized for their ability to produce 
pectinase.23 They are recognized for their ability 
to produce pectinase. Other species within the 
Bacillus genus, like B. siamensis,24 B. subtilis,25 B. 



	  www.microbiologyjournal.org7Journal of Pure and Applied Microbiology

Kottilingal et al | J Pure Appl Microbiol. 2026. https://doi.org/10.22207/JPAM.20.1.33

Figure 2. Role of factors on pectinase production as determined using Plackett-Burman design, (a) Normal plot 
and (b) Pareto chart

amyloliquefaciens,8 and B. pumilus26 have also 
been identified as pectinase producers. This 
highlights the potential of Bacillus spp. as reliable 
sources for pectinase production.

Optimization of pectinase production using 
Plackett-Burman design
	 Factors that exerted a positive influence 
on pectinase production were initially determined 
using PDB. Eleven variables were analyzed on 
a two-factorial level (high or low). The ANOVA 
performed on the response data yielded a model 

F-value of 25.13, indicating a high level of statistical 
significance. The R² and adjusted R² values were 
determined to be 0.9325 and 0.8954, respectively, 
highlighting the model’s statistical robustness 
and validity (Table 3). Pectin, Yeast extract, pH, 
temperature, and glucose were shown to positively 
modulate pectinase production (Figure 2). Figure 
2a shows that the normal probability  plot of the 
residuals indicated that most of the data points 
were close to the reference line, implying that the 
factors were approximately normally distributed, 
with only a few minor deviation at the tails. 
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Table 5. Regression coefficient estimates for the pectinase production as determined by the Box-Behnken design

Factor	 Coefficient Estimate	 df	 Standard Error	 95% CI Low	 95% CI High	 VIF

Intercept	 429.33	 1	 3.47	 422.19	 436.48	
A-Pectin	 30.11	 1	 2.12	 25.74	 34.49	 1.0000
B-Yeast extract	 31.10	 1	 2.12	 26.72	 35.48	 1.0000
C-Glucose	 -42.71	 1	 2.12	 -47.09	 -38.34	 1.0000
D-pH	 30.29	 1	 2.12	 25.91	 34.66	 1.0000
E-Temperature	 19.49	 1	 2.12	 15.11	 23.86	 1.0000
AB	 -0.7000	 1	 4.25	 -9.45	 8.05	 1.0000
AC	 0.0500	 1	 4.25	 -8.70	 8.80	 1.0000
AD	 0.5500	 1	 4.25	 -8.20	 9.30	 1.0000
AE	 -0.1500	 1	 4.25	 -8.90	 8.60	 1.0000
BC	 -5.20	 1	 4.25	 -13.95	 3.55	 1.0000
BD	 -0.8000	 1	 4.25	 -9.55	 7.95	 1.0000
BE	 0.6000	 1	 4.25	 -8.15	 9.35	 1.0000
CD	 -0.4000	 1	 4.25	 -9.15	 8.35	 1.0000
CE	 3.00	 1	 4.25	 -5.75	 11.75	 1.0000
DE	 0.0000	 1	 4.25	 -8.75	 8.75	 1.0000
A²	 -45.21	 1	 2.88	 -51.14	 -39.29	 1.20
B²	 -43.63	 1	 2.88	 -49.55	 -37.70	 1.20
C²	 26.62	 1	 2.88	 20.70	 32.55	 1.20
D²	 -44.81	 1	 2.88	 -50.74	 -38.89	 1.20
E²	 -33.81	 1	 2.88	 -39.74	 -27.89	 1.20

Figure 2b shows that the Pareto chart shows the 
standardized effects of each factor on the response 
variable, arranged from largest to smallest. From 
the graph its visible that pH, temperature and 
pectin have the largest effect followed by glucose 
and yeast extract. Based on the PB design, the 
formula for the pectinase production is: 
Pectinase = 151.12 + 17.85A + 5.50B - 3.27C + 
3.43D - 3.37E - 1.20F - 19.30G + 18.30H + 2.65J + 
2.43K - 8.00L 
	 Where pectin (A), Yeast extract (B), 
Ammonium nitrate (C), Sodium nitrate (D), 
Peptone (E), inoculum size (F), pH (G), Temperature 
(H), agitation rate (J), Potassium dihydrogen 
phosphate (K), glucose (L).

Box-Behnken-based optimization
	 Since  Plackett-Burman design revealed 
5 out of the 11 variables to positively modulate 
the pectinase production, subsequent process 
optimization employed the Box-Behnken design.27 
Pectin, Yeast extract, Glucose, pH, and temperature 
were the variables tested. The quadratic model 
was statistically significant (F = 98.82, P < 0.0001), 
indicating its suitability in explaining the variability 

in pectinase yield. The following quadratic 
equation represents the relationship between the 
experimental variables and pectinase production. 
	 Pectinase = -1661.57877 + 31.20031 
(Pectin) + 32.03560 (Yeast extract) - 26.24249 
(Glucose) + 172.38472 (pH) + 84.20417 
(Temperature) + higher-order terms.
	 The ANOVA analysis, as detailed in Table 
4, reports an F-value of 98.82, which was found 
to be statistically significant as the P-value was 
determined to be less than 0.0001. Moreover, the 
Adequate Precision value of 37.0545 signifies a 
robust signal-to-noise ratio, thereby validating the 
precision of the factor relationships as delineated 
in the equation. All five factors, in both linear and 
quadratic terms, were found to be significant, 
whereas interaction terms were predominantly 
non-significant, suggesting limited synergistic 
activity among the factors. The negative coefficient 
for glucose in the equation suggests that higher 
glucose concentrations result in reduced pectinase 
production. The R² value of 0.9875 indicates 
a high correlation between the predicted and 
experimental values.
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	 The Box-Behnken design-derived 
regression coefficient analysis (Table 5) provides 
valuable insight into pectinase production in 
relation to changes in a single independent 
variable. Pectin, yeast extract, pH, and temperature 
showed positive values, indicating a positive 
effect on pectinase production. In contrast, 
glucose showed a negative value, indicating an 
inversely proportional relationship with pectinase 
production. 
	 Further analysis of the factors’ impact on 
pectinase production is shown through contour 
plots (Figure 3). The ellipticity of the curves 
signifies the relationship between the factors 
and the pectinase production. Figure 3a shows 
pectin and yeast concentration on pectinase, 
keeping other factors constant. Figure 3b reveals 

the impact of pectin and glucose on pectinase 
yield. Interestingly, the contour slopes down as 
the glucose concentration increases, indicating 
that a high concentration of glucose negatively 
modulates the pectinase production. Figure 
3c highlights pectin and pH on pectinase yield, 
where the highest production is observed around 
pH 7. The impact of pectin and temperature on 
pectinase yield is shown in Figure 3d, where the 
slope shows that maximum production is around 
30 °C. 
	 M e d i a  co m p o s i t i o n  a n d  fa c to r 
optimization have extensively used statistical 
methods like Plackett-Burman and RSM. Bacillus 
sonorensis-derived pectinase production was 
optimized using a combination of Plackett-Burman 
and Box-Behnken design, which revealed that 

Figure 3. 3D response surface plot with contour projection showing the effect of factors on pectinase production
a) Effect of pectin and yeast concentration; b) Effect of pectin and glucose concentration; c) Effect of pectin 
concentration and pH; d) Effect of pectin concentration and temperature
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pectin, magnesium sulphate, and pH positively 
modulated the production, while yeast extract, 
incubation time, and dihydrogen phosphate had 
no significant effect. On the other hand, potassium 
chloride significantly reduced the production of 
pectinase.9 Utilising Plackett-Burman and Box-
Behnken design, pectinase production by Bacillus 
sp. was maximum in the presence of 1% orange 
peel, 2% inoculum volume, incubated at 40 °C 
for 24 hrs.23 The application of the Box-Behnken 
design in comparing pectinase production across 
different fungal species showed that when orange 
peels were used at a concentration of 0.06 inch, 
Aspergillus niger yielded the highest amount of 
pectinase after a 6 days incubation period at 21 °C28 
An earlier study revealed that application of the 
Box-Behnken design resulted in identifying 3.71% 
of tapioca starch, 5.94 carbon to nitrogen ratio, 
and 0.256% salt concentration as the optimum 
conditions for pectinase production using the 
Aspergillus niger NCIM 548 strain.29

	 Based on the Box-Behnken design, 
the highest enzyme activity of 491.337 U was 
observed when the media contained pectin 5.5 
g/L, yeast extract 10 g/L, glucose 1.0 g/L, pH 7.0, 
and incubated at 30 °C. On the other hand, the 
lowest activity of 474.747 was determined to 
be when pectin 9.318 g/L, yeast extract 8.895 
g/L, glucose 1.798 g/L, pH 7.608, and incubated 
at 28.637 °C. The design analysis identified the 
optimal parameter for pectinase production as 
pectin 5.5 g/L,yeast extraction 10 g/L,glucose 1.0 
g/L,pH 7 with incubation at 30 °C. 

CONCLUSION

	 The study successfully isolated a high-
yielding pectinase-producing bacterium, Bacillus 
velezensis, from agro-waste and optimized its 
production using Plackett-Burman and Box-
Behnken designs. Statistical modelling proved 
effective in identifying key variables and enhancing 
enzyme yield significantly. This research reinforces 
the potential of agro-waste as a valuable microbial 
reservoir and B. velezensis as an industrially viable 
source of pectinase, laying the groundwork for 
eco-friendly and cost-effective enzyme production 
for food, textile, and fermentation industries.
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