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Abstract

India’s fruit processing industry suffers from significant post-harvest losses due to inadequate
infrastructure and poor management. Around 30 — 35 % of fruit is wasted annually, which leads to
loss of immense nutritive potential. Only 1.8 % of the horticultural produce is currently processed,
however, the growing global market for processed fruit highlights an urgent need for sustainable
solutions. A major by-product of the fruit processing industry is citrus waste, rich in pectin, a valuable
biopolymer used across food, pharmaceutical and other industrial sectors. This study focuses on the
screening and identification of potent fungal strains for pectinase production, specifically targeting the
valorization of citrus peels and pomace. A robust strain of Aspergillus fumigatus was identified to
produce pectinase activity of 4.44 U/ml while growing on orange peel. By optimizing the growth
parameters for enhanced enzyme production, the pectinase activity was enhanced to 8.85 U/ml and
characterization of the crude fungal pectinase further enhanced the enzyme activity. The final
optimized parameters were found to be pH 7, temperature 45 °C in the presence of 60 mM MgCl..
This research aims to enable broader industrial applications of the pectinase enzyme by creating a
cost-effective and sustainable bioprocess. The study ultimately seeks to transform fruit processing
waste into value-added products, contributing to both environmental sustainability and economic
growth.
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1. Introduction

Microbial enzymes are widely utilized for their diverse commercial applications. Among
them, pectinase broadly consists of a group of different enzymes that hydrolyze pectin
(Abdollahzadeh et al., 2020). Due to their functional versatility, pectinases are extensively
employed in different industries, including juice and oil extraction, fermentation, animal feed,
coatings, wastewater treatment, pulp and paper production, and pharmaceuticals (Oumer,
2017). Several studies have reported the presence of pectin in large quantities in fruit wastes;
amongst these, citrus peels and apple pomace are the most commercially viable sources. This
is attributed to not only their high pectin content but also to their easy availability as by-
products of juice industries (Abdullahi ef al, 2026). Additionally, India has an abundant
supply of raw fruit materials; however, due to inadequate raw material management
practices, nearly 30-35% of fruits are lost annually (Sajish et al., 2025). The conversion of
fruit waste into pectinase thus provides an economically feasible and sustainable solution to
help address these losses.

Microbial pectinases have witnessed a steady increase in their demand over time,
representing approximately 25% of the global food and industrial enzyme market (Kaul et al.,
2024). Fungi, particularly belonging to the genus Aspergillus, are reported to be prolific
producers of extracellular enzymes, including pectinases such as polygalacturonase, pectin
lyase, and pectin esterase (Rashid et al., 2025). A significant portion of fungal glycoside
hydrolases belongs to the GH family 28, which plays a key role in the biodegradation of the
pectin backbone (Martens-Uzunova & Schaap, 2009). These enzymes act by hydrolyzing the
glycosidic linkages within the recalcitrant pectin structure, resulting in the release of
monomeric units such as galacturonic acid (Gawkowska et al., 2018).

The pectinase enzyme can be produced using fungal strains using solid-state and submerged
fermentation conditions. However, the solid-state fermentation (SSF) has gained prominence
over submerged fermentation due to higher enzyme yields and better control over the
biosynthesis of the enzyme (Bamidele et al., 2025). The selection of fermentation operation
mode, optimization of substrates, and culture conditions are essential strategies for reducing
the industrial costs of enzyme production. The key factors that influence pectinase production
in SSF include water activity (a), pH, temperature, incubation time, moisture content,
inoculum size, presence of inhibitors or activators, and the type of carbon and nitrogen
sources (Haile & Ayele, 2022). The purification of the crude enzyme and characterization of
the enzyme are also important, as optimal fermentation conditions and improved enzyme
recovery can significantly lower production costs (Siddiqui et al., 2012).

This study was designed to bioprospect fungal strains for the sustainable pectinase production
using fruit peels and wastes. The study evaluated the suitability of orange peels and apple
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pomace for the biosynthesis of pectinase by in-house fungal strains and fungal isolates for
biosynthesis of pectinase under SSF conditions. The production parameters, like pH,
temperature, and metal ions, were evaluated and optimized for the enhanced production of
the enzyme. The key observations of this study underscore the importance of industrially
valuable enzymes like pectinase in a wide range of biotechnological applications,
highlighting their sustainable and cost-effective production. The scope of the study aligns
with the following targets of the UN Sustainable Development Goals, including good health
and well-being (SDG 3), industry, innovation, and infrastructure (SDG 9), and sustainable
production and consumption (SDG 12).

2. Materials and methods
2.1 Microorganism

Four filamentous fungal strains-Aspergillus fumigatus, Aspergillus terreus, and two
unidentified strains were previously isolated from soil samples in the Bioprocess
Development Laboratory, NIT Warangal, India, and preserved as glycerol stocks. The strains
were revived for pectinase production using potato dextrose agar (PDA) plates (24 g/L Potato
Dextrose Broth, 20 g/LL Agar) and incubated in a 30 °C static incubator for 5 days. The strains
were further sub-cultured using Potato Dextrose Broth (PDB) medium and agar plates at
regular intervals and stored at 4°C for preservation. The individual strains were streaked on
PDA plates and incubated at 30°C for sporulation for 5 days. The spores were harvested
using 0.9 % saline solution, stained using lactophenol cotton blue stain, and a hemocytometer
was used for the determination of the concentration of spores of the different strains.

2.2 Materials

The chemicals used in this study were of analytical (AR) grade and were purchased from Hi-
Media Laboratories, Mumbai (India). The disposed orange peels and apple pomace were
collected from a fruit juice shop located outside the NIT Warangal campus.

2.3 Collection and drying of fruit waste

The orange peels and apple pomace were collected in bulk and cut down into smaller pieces
for the ease of drying. They were then kept in a hot air oven (Laboratory Drying Oven, INSIF
INDIA) at 50 °C with intermittent shaking for even drying, for 6 h, until a constant weight
was achieved. The dried peels and pomace (Fig 2) were autoclaved and stored at — 20 °C for
further experimentation.
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Fig 2. Dried apple peels and pomace (left), and orange peels (right)

2.4 Screening of fungal strains

Four filamentous fungal strains, 4. fumigatus, A. terreus, and two unidentified isolates (U1
and U2), isolated from NIT Warangal soil samples in the Bioprocess Development
Laboratory during a previous study, were screened for pectinase production. Yeast Peptone
Pectin (YPP) medium containing 10 g/L yeast extract, 20 g/L peptone, and 20 g/L pectin was
prepared for screening of the pectinase enzyme production ability of the four fungal strains
(KC et al., 2020). 30 ml of YPP medium was inoculated with 1 x 10° spores of each fungal
strain and incubated in a shaking incubator at 30 °C, 180 RPM for 11 days, based on a
literature survey. Samples were collected at regular intervals and analyzed for pectinase
activity using standard enzymatic methods (KC et al., 2020). The 4. fumigatus, being an
opportunistic pathogen, was handled carefully following strict laboratory safety practices.
The petriplates or media used for cultivation of the strain were decontaminated thoroughly,
and the waste was disposed of in biohazard bins following institutional safety protocols.

2.5 Selection of the highest pectinase producer via SSF

Apple and orange peels were used as substrates for solid-state fermentation (SSF) to produce
pectinase using fungal strains. Fungal spores were initially grown on a Potato Dextrose Agar
(PDA) plate (24 g/L PDB, 20 g/l Agar) and harvested using 0.9% saline. An equivalent
number of spores for the highest pectinase-producing strain was used to inoculate the apple
and orange peels. Samples were collected at regular intervals for 11 days, and pectinase
enzyme production was then estimated.
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2.6 Optimization of pectinase production using Taguchi orthogonal array

Taguchi orthogonal array L9 (3%) was employed for optimizing the production of pectinase
using solid-state fermentation. The parameters selected for optimization—temperature ( °C),
pH, and solid-to-liquid ratio—were chosen based on a literature survey and experimental
observations. The levels of these parameters are tabulated in Table 1.

Table 1. Levels of parameters used for the Taguchi orthogonal array

Parameters Levels
pH 5 6 7
Temperature (°C) 25 30 37
Solid:liquid ratio 1:1 1:2 1:3

Glass petriplates were used for the experiments (Fig 3), and samples were collected at 24 hr
intervals for analysis. All experiments were performed in triplicate, and the mean values were
used for further statistical analysis.

Fig 3. SSF for pectinase production using A. fumigatus using Taguchi orthogonal array.
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The experimental data were analyzed using MINITAB statistical software (version 16, PA,
USA). The experimental design used in this study has been tabulated in Table 2. The Signal-
Noise (S/N) Ratio was used to assess the influence of different parameters on the pectinase
enzyme production, with “Larger is better” selected as the quality characteristic. The S/N
ratio was calculated using Equation 1:

S /N = 10logio &) (Equation 1)

Where B is the mean (signal), and o is the standard deviation (noise).

Table 2. L9 (33) Orthogonal array of Taguchi experimental design for optimization of
pectinase production using fruit peel as substrate

S1. No pH Temperature  Solid/Liquid  Pectinase Activity S/N Ratio
©0) Ratio (S/L) (U/ml)
P1 5 25 1:1 4.8 £0.007 13.62
P2 5 30 1:2 6.7+0.019 16.52
P3 5 37 1:3 8.85+£0.022 18.93
P4 6 30 1:1 5.6+0.015 14.96
P5 6 37 1:2 6.8 £0.004 16.65
P6 6 25 1:3 6+0.020 15.56
P7 7 37 1:1 5.75 £ 0.006 15.19
P8 7 25 1:2 4.56 +0.014 13.17
P9 7 30 1:3 6.9+0.01 16.77

Mycological Spectrum, Volume 2, Issue 2, 2026, Page No. 139



Mycological Spectrum (e-ISSN:3107-6203)
https://mycologicalspectrum.org/
Published by Association of Fungal Biologists, India

The statistical significance of each parameter individually and in combination was analyzed
using Analysis of Variance (ANOVA). The Mean Square Deviation (MSD), which measures
the deviation from the target values, was calculated using Equation 2:

MSD =10 logu [ X - (Equation 2)

Where n is the number of replications, and Y; is the response (objective function). The
optimal combination of parameter levels resulted in the maximum pectinase yield (U/ml).

2.7 Characterization of crude pectinase

Based on previous reports, the parameters pH, temperature, and the effect of metal ions were
selected to characterize the crude pectinase enzyme produced by the selected fungal strain.
These parameters were chosen to understand the enzyme’s functional stability and to identify
the optimal conditions for its maximum activity. The crude enzyme extract was diluted 100-
fold to bring the enzyme concentration within a measurable range and to avoid substrate
saturation during activity assays. The dilution ensured accuracy and consistency in the
experimental results and allowed for reliable interpretation of the data.

2.7.1 Effect of pH

In order to optimize the pH required for the optimal activity of the crude pectinase enzyme, a
0.1 M Sodium citrate buffer was prepared in the following pH range: 3, 4, 5, 6, 7, and 8. The
range was selected based on activity profiles of fungal pectinases reported throughout
scientific literature. A reaction mixture was prepared by adding 200 ul of 1% pectin solution,
dissolved in the respective pH buffer, and 100 pl of the diluted crude enzyme extract was
added. The enzyme - substrate mixes were incubated for 30 mins and the activity was
determined spectrophotometrically.

2.7.2 Effect of temperature

For the determination of the temperature required for the highest pectinase activity and
thermal stability, similar experimental conditions as the pH optimization were maintained,
with the temperature altered over the range 35 °C, 40 °C, 45 °C, 50 °C, 55 °C, and 60 °C.
After a 30 min incubation period, the activity was measured spectrophotometrically.

2.7.3 Effect of metal ions

In attempts of understanding the effect of different metal ions on the crude pectinase activity,
the optimized pH and temperature conditions were maintained. Different metal salts,
including KCI, NaCl, MgCl., CaClz, CoClz, ZnClz, MnCl., FeCls, and CuSOs, were added at
a concentration of 50 mM. The activity was then measured spectrophotometrically after 30
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minutes of incubation to assess the influence of each metal ion on pectinase activity.
Different concentrations (10 — 100 mM) of the metal ion with the most profound effect on the
pectinase activity were screened as well.

2.8 Analytical Methods

The samples collected from the submerged fermentation using YPP media were centrifuged
at 11000 RPM for 5 min at room temperature using a tabletop centrifuge (Eppendorf). The
supernatant was used for analyzing the pectinase activity. 0.5 g of fungal mash (fungus
digested apple pomace or orange peel) was added to 5 ml of 0.1 M sodium citrate buffer. The
mixture was manually crushed, vortexed, and centrifuged at 11000 RPM for 5 min at room
temperature. The supernatant contained the crude pectinase enzyme. This was further diluted
100 times. 0.1 M sodium citrate buffer was used for preparing 1 % Pectin solution. 100 ml of
the diluted crude enzyme was added to 200 ml of pectin, and the mixture was incubated for
30 min. After the incubation, 750 ml 3,5-dinitrosalicylic acid (DNS) reagent (Breuil &
Saddler, 1985) was added to the mixtures immediately. The mixtures were then boiled in a
water bath for 5 min and cooled down to room temperature. The absorbance was measured at
540 nm in a double-beam UV-visible spectrophotometer (Shimadzu) for analysis. The
enzyme activity in this study is defined as the amount of pectinase enzyme required to
produce 1 umol of galacturonic acid per minute under standard experimental conditions,
expressed as U/ml. The pectinase enzyme activity throughout this study was calculated using
the following formula (Equation 3).

Dilution factor X pmoles of product x Volume of Assay

Units/ml of Pectinase Enzyme = -
(Time X Volume of Enzyme)

(Equation 3)

All experiments were performed using three independent replicates (n = 3), and the data are
presented as mean + standard deviation. A p-value < 0.05 was considered statistically
significant. The standard deviation was shown as error bars in the graphical representation of
the experimental data.

3. Results
3.1 Preparation of fruit waste

The apple pomace and orange peels were dried in the oven until the weight reduced to a
constant value. The moisture contents of apple pomace and orange peels were found to be
11.25 % and 3.5%, respectively.
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3.2 Screening of fungal strains for pectinase production

A standard curve was prepared using galacturonic acid for the estimation of the pectinase
enzyme activity (Fig. 1). An R? value of 0.99 was obtained, establishing statistical
significance. Among the four filamentous fungal strains screened, Aspergillus fumigatus,
Aspergillus terreus, and two unidentified isolates (Ul and U2), A. fumigatus (GenBank:
0Q618999.1) exhibited the highest pectinase activity of 4.4 U/ml when cultured in Yeast
Peptone Pectin (YPP) medium (Fig 4). Enzyme activity was monitored at regular intervals
over an 11-day incubation period at 30 °C, with the highest enzyme activity being observed
on the 10th day of incubation. Based on this, 4. fumigatus was selected for further
optimization studies.

2.5 1 y =1.018x
R2=0.9972

Absorbance at 540 nm

0 T T T T 1
0 0.5 1 1.5 2 2.5

Concentration of Galacturonic Acid (g/L)

Fig. 1. Standard curve preparation using galacturonic acid.
3.3 Solid-state fermentation using Apple pomace and Orange Peel

The highest pectinase-producing strain A. fumigatus was cultivated under SSF using orange
peel, apple peel, and pomace for the evaluation of the potential of the fruit wastes as suitable
substrates for pectinase enzyme production. Samples were collected over 11 days at 24 hr
intervals. Among the two tested substrates, orange peel supported significantly higher
pectinase enzyme production by in comparison to apple pomace. A maximum pectinase
activity of 4.44 U/ml was observed on the 10" day of the fermentation using orange peel,
thus indicating its superiority as a substrate. A maximum pectinase activity of 1.6 U/ml was
observed using apple pomace as substrate for SSF (Fig 5).
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Fig. 4. Screening of fungal strains for pectinase production using YPP medium.
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Fig, 5. Pectinase production by A. fumigatus on apple pomace and orange peel.
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3.4 Optimization of pectinase production using Taguchi orthogonal array

The Taguchi orthogonal array was applied for the identification of optimal cultivation
conditions for enhanced pectinase production using minimal experimental trials. Three
independent variables were selected in three levels each - pH (5, 6, and 7), incubation
temperature (25 °C, 30 °C, and 37 °C), and solid-liquid ratio (1:1, 1:2, and 1:3 w/v) to
determine their influence on the pectinase enzyme production by A. fumigatus. 9
experimental runs were carried out based on the L9 array. The response - pectinase activity
(U/ml) —was measured for each combination, and the data were analyzed using Signal-to-
Noise (S/N) ratios and ANOVA to determine the effect of each parameter on the pectinase
production (Table 2). The main effects of the parameters on the pectinase production have
been represented in Fig 6.

Main Effects Plot for Pectinase production

Data Means
pH Temp

17 4

16 | \
=
g
.4 14 - T T T T T T
2 5 6 7 25 30 37
: S:L Ratio
<
o 17 A
=

16

154

14 - T T T

0.33 0.50 1.00

Signal-to-noise: Larger is better

Fig. 6. Main effects plot for the parameters used in Taguchi orthogonal array for the
optimization of pectinase production.
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The interaction between the parameters chosen for optimization and the variance due to each
was calculated using ANOVA. The model was considered to be statistically significant based
on an F value of 96.44, and p < 0.05. In this study, the solid—liquid ratio had the highest delta
S/N Ratio (2.81) and was designated as Rank 1, followed by incubation temperature (2.50),
and then the pH of MSM (1.31). The parameters and levels are tabulated in Table 1. The
coefficient of determination (R?) was determined to be 98.3 %, indicating that the model fit
the experimental data.

The regression equation for pectinase enzyme production was represented as Equation 4.

Pectinase production (U/ml) =6.32 - 0.523 pH + 0.157 Incubation temperature (°C) -
2.90 Solid - Liquid Ratio (w/v)

(Equation 4)

The main effects plot (Fig 6) demonstrates the impact of the individual parameters on the
pectinase production. The production of the enzyme was observed to be facilitated at a lower
MSM pH of 5 and decreased with the increase of pH to a neutral range. Temperature seemed
to have an opposite effect; enhancing the incubation temperature from 25 °C to 37 °C led to
increased pectinase production. A lower solid-liquid ratio of 1:3 (w/v) led to a higher enzyme
titer, which decreased thereafter. The maximum pectinase activity was observed in the
optimized conditions of pH 5, temperature 37 °C, and a solid-liquid ratio of 1:3.

3.5 Characterization of crude pectinase enzyme

The crude pectinase enzyme produced by A. fumigatus using orange peel waste as a substrate
was subjected to characterization studies to assess its behavior under different physico-
chemical conditions.

3.5.1 Effect of pH on enzyme activity

Crude pectinase enzyme activity was assessed across a pH range of 3 to 8 using 0.1 M
sodium citrate buffer. The maximum activity of 10.22 U/ml was observed at pH 7, and a
decline was observed with further increase in pH (Fig 7a).

3.5.2 Effect of temperature on enzyme activity

The pectinase enzyme activity was measured at six different temperature points: 35 °C, 40
°C, 45 °C, 50 °C, 55 °C, and 60 °C, to identify the temperature required for enhanced enzyme
activity, and 0.1 M sodium citrate buffer (pH 7) was used. Pectinase activity increased
progressively from 35 °C and reached its peak at 45 °C, reporting 20.24 U/ml, beyond which
a slight reduction in activity was noticed (Fig 7b).

3.5.3 Effect of metal ions on enzyme activity
Metal ions often serve as cofactors influencing the structural stability of the enzyme and

enzyme - substrate interactions. A range of metal ions — NaCl, MnCl., FeCls, ZnCl., KCl,
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CuSO0s, CaClz, MgCl, and CoCl2 were tested at a concentration of 50 mM. The previously
optimized experimental conditions — Citrate buffer with pH 7, and 45 °C temperature were
maintained for all the reactions. Mg?* exerted the maximum positive influence on the
enzyme’s catalytic potential, leading to a crude pectinase activity of 22.7 U/ml (Fig 7c). The
effect of the Mg?" ion concentration on the pectinase activity was further tested over a range
of 10 mM — 100 mM, to identify the optimum. The pectinase enzyme exhibited the highest
activity of 26.86 U/ml in the presence of 60 mM Mg?* ions, indicating its significant effect on
the enzyme stability and functioning (Fig 7d).

a 22 b

Pectinase Activity (U/ml)
Pectinase Activity (U/ml)
~

T T T T T T T T T
3 4 5 6 7 8 35 40 45 50 55 60

pH Temperature (°C)

Pectinase Activity (U/ml)
Pectinase Activity (U/ml)

KCl  NaCl MgCl; CaCl; CoCly ZnCl; FeCly CuSO, MnCly 0 20 40 60 80
Metal lons (50 mM)

100

Concentration of Mg:‘ (mM)

Fig 7. Characterization of crude pectinase; effect of (a) pH, (b) Temperature, (c) different
metal ions, and (d) range of concentrations of Mg?* on pectinase activity

4. Discussion

In the commercial enzyme market, the members of the Aspergillus genus are known for their
prolific enzyme production abilities. Another study reported pectinase production by an A.
fumigatus strain isolated from decomposing plant material (Okonji et al., 2019). Other
Aspergillus species like A. niger (Ahmed et al., 2016), A. oryzae (Ketipally & Ram, 2018), 4.
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japonicus (Teixeira et al., 2000), A. awamori (Botella et al, 2007) have also been used for
the production of pectinase enzyme using a range of natural pectin-rich substrates like orange
peel and pomace, fruit wastes, banana waste, etc. Initially, a synthetic YPP medium
containing pectin as the primary carbon source was used to identify the pectinase-producing
abilities of the four strains used in this study. The pectinase activity of A. fumigatus
consistently outperformed the other strains, indicating its superior potential for pectinase
production under the tested conditions. In contrast, 4. ferreus and the two unidentified
isolates showed comparatively lower enzyme yields. Usage of commercially available pectin
as substrate for fermentation increases the net cost of the entire bioprocess, rendering it
unsuitable for scale-up. The valorization of agro-industrial waste has gained momentum for
sustainable enzyme production owing to the abundance and the low-cost. Hence, natural
pectin rich fruit peels were considered, and apple peel and pomace, and orange peel were
used as substrates for SSF for pectinase production using A4. fumigatus. The concentration of
pectin has been documented to vary considerably among different fruit peels, with citrus
peels containing the highest (25 — 35 %), followed by apple peel and pomace (10 — 15%),
sugarbeet (10 — 20%) etc. (Kumar et al., 2020). Owing to the higher pectin concentration,
orange peel as a substrate proved to be more suitable for pectinase production using A.
fumigatus, leading to a titer of 4.44 U/ml on the 10" day of the SSF using orange peels. A
study by Okonji et al. isolated an A. fumigatus strain from decomposing plant matter, which
was also reported to produce a maximum of 3.52 U/ml pectinase enzyme via SSF using
orange peel as substrate on the 61" day of fermentation (Okonji et al., 2019). The maximum
yield of pectinase enzyme produced by filamentous fungi via SSF of agro-industrial residues
has been documented to be in the later stages of fermentation. The period of fermentation and
the highest yield of product depend on a range of factors, like the nature of the fermenting
strain, the physiological parameters of the media, as well as the nutrient availability (Patil &
Dayanand, 2006). An A. niger strain produced the highest pectinase yield after the 5" day of
SSF using orange peel waste (Ahmed et al., 2016). Another study reported the highest
pectinase enzyme titer produced by an A. niger on orange peel after the 3 day of
fermentation, however, sucrose and ammonium sulfate were supplemented as carbon and
nitrogen sources (Mrudula & Murugammal, 2011). India, being the second largest producer
of oranges, produces about 10,270,000 tonnes of fruit per year, out of which orange peel
constitutes about 50 % of the fresh fruit weight (Suri et al., 2022). A small fraction of this is
employed as cattle feed, and the majority of it is disposed of via traditional crop-waste
disposal methods, leading to further environmental burden (Laufenberg et al, 2003). The
utilization of this cheap and abundantly available resource as a substrate for enzyme
production thus opens up multiple avenues for valorization, leading to a sustainable
biorefinery establishment. The other substrate used in this study, apple peels and pomace,
contained reducing sugars like glucose and fructose in abundance as compared to pectin, and
the availability of monomeric sugars led to a possible shift in the fungal metabolism, thereby
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resulting in reduced production of the pectinase enzyme. The availability of excess glucose in
the medium led to the reduction in pectinase group of enzymes by a strain of A. niger
(Fontana et al., 2005), and an A. japonicus strain exhibited repression of endo- and exo-
polygalacturonases (pectinases) when the medium contained high levels of glucose and
sucrose along with pectin (Teixeira et al.,, 2000), in accordance with the observations of this
study.

Environmental parameters are known to significantly impact the production of fungal
enzymes. Based on an extensive literature review, pH of the MSM, incubation temperature,
and the solid to liquid ratio were selected for optimization via statistical design. The Taguchi
orthogonal array was used for understanding the effect of these parameters on the pectinase
enzyme production by 4. fumigatus. The pH of the culture medium affects the enzyme
secretion and stability, temperature influences the fungal metabolic activity and protein
folding, and the solid-liquid ratio regulates moisture content and nutrient availability.
Pectinase production by filamentous fungi has been documented to be favored in mildly
acidic pH ranges. A study reported that maximum pectinase production occurred in an A.
oryzae strain when the initial pH of the medium was 4, and enzyme titers dropped when the
production medium pH was increased above 6 (Malvessi & Silveira, 2004), similar to the
current study, where the optimum production was observed at pH 5, and decreased when the
medium pH was increased further. Another Aspergillus spp. strain was documented to
produce the highest pectinase titer at pH 5.8 (KC et al., 2020). Adeleke et al. reported that
pectinase enzyme, produced using orange peels by an A. flavus, an A. oryzae, and a
Penicillium atrovenetum strain, showed optimal production at pH 5.5, 5.5, and 5, respectively
(Beris, 2012). The 4. fumigatus strain used in this study was observed to produce the highest
pectinase titer when the cultivation temperature was 37 °C. Literature suggests that the
maximum yield of pectinase enzyme from the members of the Aspergillus genus has been
observed when the cultivation temperature has been maintained in the range of 30 — 40 °C.
An Aspergillus spp. strain produced the highest pectinase titer at 30 °C, and with increasing
temperature, the enzyme production declined (KC et al., 2020). In a study, an 4. niger LFP-1
strain was reported to demonstrate the highest pectinase production at 30 °C and maintained
closely similar yields at 37 °C and 40 °C, as well. The enzyme production decreased at lower
(20 °C) and higher (50 °C) temperatures (Mat Jalil et al., 2023). In the case of SSF, the
moisture content plays an exceedingly important role, directly influencing the growth and
enzyme production by filamentous fungi. Many studies have observed 60—65 % moisture
content to be optimum for pectinase enzyme production using wheat grains and dried citrus
peels, whereas 65 % was observed to be most suitable when deseeded sunflower heads were
used as substrate (Patil & Dayanand, 2006). In this study, a higher moisture level of around
75 % (1:3 w/v solid—liquid ratio) was reported to lead to maximized pectinase production.
The higher moisture contents of sugarcane bagasse (70%) and apple pomace (80%) have also

Mycological Spectrum, Volume 2, Issue 2, 2026, Page No. 148



Mycological Spectrum (e-ISSN:3107-6203)
https://mycologicalspectrum.org/
Published by Association of Fungal Biologists, India

been documented to result in enhanced pectinase production (Patil & Dayanand, 2006). The
A. fumigatus strain exhibited the maximum pectinase production with MSM of pH 5,
incubation temperature 37 °C, and a solid-liquid ratio of 1:3. The statistical model was found
to be significant, and further experimental validation of the optimized parameters confirmed
the reproducibility and reliability of the Taguchi design.

The parameters pH of the buffer, reaction temperature, and the presence of certain metal ions
exhibit significant roles in enhanced functioning of the enzyme by maintaining its structural
integrity, and enhancing the active site — substrate binding (Das et al., 2025).

The pH of the buffer impacts the enzyme activity greatly by influencing the ionization of
amino acid residues in the active site, thereby affecting the substrate binding efficiency (Li et
al., 2022). The A. fumigatus crude pectinase showed a gradual increase in activity as the pH
was increased from acidic to neutral. This suggested enhanced structural stability of the
enzyme — substrate complex at neutral pH, ensuring effective interaction of the crude
pectinase and pectin. At pH values lower than 7, reduced activity was observed, likely due to
the destabilization of the enzyme structure, inactivation of the active site, or reduced substrate
solubility. At pH 8, a slight decline in the enzyme activity indicated the enzyme’s preference
for a near-neutral environment rather than alkaline. Most pectinolytic enzymes have been
reported throughout the literature to have the highest enzymatic activities in the slightly
acidic pH range of 4— 7. A pectinase enzyme from a Thermomucor indicae-seudaticae strain
exhibited optimum activity at pH 5 when produced in submerged fermentation (SmF), and in
the pH range 4-5, when produced in SSF conditions, and was reported to retain 80 % of its
activity throughout the pH range 3-10, suggesting a wide range of pH tolerance of certain
fungal enzymes (Martin et al., 2010). Another study reported the pectinase enzyme produced
by an 4. niger in both SmF and SSF to be active in the pH range 3.5 — 5 (Acuna-Argiielles et
al., 1995). An Aspergillus spp. Gm strain was reported to show pectinase activity throughout
a wide pH range of 3.2-9, showing the optimum activity at pH 5.8, and another distinct peak
at pH 8 (KC et al., 2020). An A. niger URM4645 strain was found to produce a range of
pectinolytic enzymes using forage palm as substrate; the pH optima for endo-
polygalacturonase and pectin esterase were observed at pH 5, and for exo-polygalacturonase
at pH 7 (de Holanda Cavalcanti Maciel ef al., 2011), similar to the crude pectinase enzyme
produced by the A. fumigatus strain.

Temperature acts as a crucial factor in enzymatic reactions by affecting the rate of molecular
collisions, protein folding, and stability. The increase in the reaction temperature often leads
to enhancement of the enzymatic activity due to the reduction of the activation energy (Das et
al., 2025). The enhancement of the crude pectinase activity up to 45 °C can be explained by
an increase in the kinetic energy, which accelerates the frequency of the enzyme—substrate
collisions. The observed optimum temperature suggests the stability of the enzyme in
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moderate thermal conditions, making it a suitable candidate for biotechnological applications
requiring higher temperatures. Beyond 45 °C, a slight decline in the enzyme activity was
observed, possibly due to structural instability; however, complete denaturation and cessation
of catalysis were not observed within the tested range. Similar temperature optima have been
observed for pectinase enzymes produced by other filamentous fungi, with the endo-
polygalacturonase, pectin esterase, and exo-polygalacturonase produced by A. niger
URM4645 exhibiting maximum activities at 50 °C, 50 °C, and 45 °C, respectively (de
Holanda Cavalcanti Maciel et al., 2011). A pectin lyase enzyme produced by a Penicillium
oxalicum in SSF using deoiled mandarin orange peel also reported maximum activity at 50
°C (Yadav & Shastri, 2007). The maximum activity for the pectinases produced by A.
fumigatus TF3 and A. terricola was also reported to be at 50 °C, as reported by Phutela et al.
(Phutela et al., 2005) and Yadav et al. (Yadav et al., 2009), respectively.

To further enhance the enzyme activity of the crude pectinase, a range of metal ions was
tested. Metal ions often act as electrophiles or nucleophiles and impact the enzyme activity
by altering the active site conformation and substrate availability. Based on specific enzyme
active site structures and the amino acid residues present, different metal ions may exert
enhancing or inhibitory effects. The Mg?* ions were observed to have the greatest influence
on the crude pectinase activity, which could either be via stabilization of the enzyme structure
or participation in substrate availability. Other ions, including Ca?" and Mn?** also showed
positive effects on the enzyme activity, although less prominent compared to Mg?*. This
observation suggests that bivalent cations can potentially act as activators of the pectinase
enzyme, with Mg?* ions being the most effective for this specific crude 4. fumigatus
pectinase, under the tested conditions. A range of concentrations of Mg?* was tested, and the
enzyme activity was found to increase with the increase in concentration. The pectinase
activity peaked when 60 mM Mg?* ions were added to the reaction mix, and a decline in
activity was observed upon further increase in ion concentration, possibly due to steric
hindrance and enzyme structure modification (Das et al., 2024; Secundo, 2013). The activity
of the pectinase produced by Penicillium italicum was reported to be enhanced by Mg?*, Ca*
, and Mn?', in accordance with the observations reported in this study (Alafa et al., 1990).
The activity of a P. chrysogenum pectinase was also observed to be enhanced in the presence
of Mg?" and Ca?" ions (Banu, 2010).
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Table 3. Comparative study of pectinase enzyme production by filamentous fungi using fruit

wastes.

Fungal strain Substrate Fermentation Enzymatic Yield / References
Titer

Aspergillus niger Lemon peel SSF in column tray 2181 U/L Pectinase (Ruiz et al.,

Aa-20 pomace bioreactor 2012)
(supplemented with
Czapek — Dox
medium)

Aspergillus awamori  Mixture of grape  SmF in stirred tank 4 1U/g Exo- (Diaz et al.,
pomace and bioreactor polygalacturonase =~ 2012)
orange peel (supplemented with

urea, ammonium
sulphate, and mineral
salts)

Aspergillus niger Orange pomace  SmF 17 U/g Endo- (Mahmoodi
(supplemented with polygalacturonase et al.,2017)
ammonium sulphate 45 U/g Exo-
and yeast extract 1:1)  polygalacturonase

Aspergillus Apple pomace Liquid static surface 1366.30 U/ml (Satapathy

parvisclerotigenus fermentation Pectinase etal., 2021)

KX928754 (supplemented with 2
% sucrose and 3 %
peptone)

Galactomyces Mango pectin SmF 39.96 U/mg (Ezugwu et

candidum (supplemented with Pectinase al., 2023)
beef extract, and yeast
extract)

Aspergillus Orange peel SSF 8.85 U/ml (Present

fumigatus Pectinase study)

A study by Khan et al. also documented the positive effect of a range of ions, especially
Mg?, Ca?*" , and Mn?*" , among others, on the pectinase enzyme activity (Khan & Barate,
2016). Mg?* and Ca?" ions were observed to enhance the Hylocereus polyrhizus (Pitaya) peel
pectinase activity by 112 % and 120 %, respectively (Amid et al., 2014), and also enhanced
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Bacillus subtilis pectinase activity when 4 mM concentration of ions were supplemented
(Mahto et al., 2023), thereby establishing the positive effect of the Mg?* and Ca*" ions on
pectinase enzyme activities across different species including fungi, bacteria, as well as
plants. A comparative study of pectinase enzyme production by filamentous fungi using fruit
wastes as substrates has been tabulated in Table 3.

5. Conclusion

Pectinase, a commercially important enzyme, finds applications in food, agriculture, and
textile industries. The production from agro-industrial residues presents significant economic
and environmental advantages. The effective production of pectinase from orange peel
mitigates fruit waste disposal issues and facilitates the development of valuable bio-products
derived from abundant, renewable, and low-cost resources. A robust A. fumigatus strain,
isolated from local soil, was reported to produce considerable titers of pectinase enzyme
while growing on commercially available media and fruit peel wastes. This study aimed to
identify the optimal conditions for the production of pectinase by optimizing key parameters,
including pH, temperature, and solid-liquid ratio via Taguchi orthogonal array. The key
findings indicated that the strain produced optimal titers of pectinase at pH 5, a temperature
of 37 °C, and a solid-liquid ratio of 1:3. The characterization of the crude enzyme
demonstrated the influence of different physicochemical factors on its activity. The enzyme
exhibited the highest activity at pH 7 and at a reaction temperature of 45 °C. The
incorporation of metal ions, specifically Mg?", significantly enhanced the enzyme's activity.
The optimization of the process and parameters led to a net 510% increase in the crude
pectinase activity. Pectinase enzyme is utilized in a plethora of industries for textile
processing, paper manufacturing, fiber retting, etc. The high titers associated with the
pectinase production from orange peel by the A. fumigatus strain can lead to the availability
of an economic alternative for non-food industries. Further research is required for scaling up
the enzyme production and decreasing the costs linked to the process. The stability of the
crude pectinase enzyme under various storage and operational conditions, along with its
potential applications in commercial processes, are some of the avenues that also need
exploration before the establishment of a successful bioprocess. The effective production of
pectinase from fruit peel waste indicates a significant advancement in the development of a
sustainable bio-based economy, facilitating the transformation of agricultural residues into
valuable products while promoting waste reduction and the production of value-added
bioproducts.
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