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Abstract: The demand for microbial pectinase has increased due to its vast applications in different
industries. The current study dealt with the synthesis of pectinase by a novel native strain Aspergillus
cervinus ARS2 using agro-industrial waste. Comparative studies conducted on pectinase produc-
tion by submerged fermentation (SmF) and solid-state fermentation (SSF) showed that pectinase
activity was more increased in SSF (44.51 ± 1.33 IU/mL) than in SmF (40.60 ± 1.15 IU/mL) when
using orange peel as a substrate. Using SSF, one-factor-at-a-time (OFAT) studies were conducted,
considering different process variables such as inoculum size, initial pH, incubation time, moisture
content, incubation temperature, and substrate particle size, all of which affected the pectinase
activity. OFAT results showed the highest pectinase activity at an inoculum size of 106 spores/mL
(43.11 ± 1.06 U/mL), an incubation time of 6 days (43.81 ± 1.21 U/mL), a moisture content of 100%
(44.30 ± 1.69 U/mL), a substrate particle size of 1.7 mm (42.06 ± 1.20 U/mL), an incubation tem-
perature of 37 °C (45.90 ± 1.33 U/mL), and an initial pH of 4 (43.31 ± 0.89 U/mL). The identified
significant process variables were then optimized by response surface methodology (RSM)-central
composite design (CCD). The results showed optimum pectinase activity of 107.14 ± 0.71 IU/mL
for a substrate particle size of 2 mm, an incubation temperature of 31.5 ◦C, an initial pH of 4.9, and
a moisture content of 107%, which was obtained from the Minitab optimizer. By using statistical
optimization, the pectinase production from the isolated novel fungal strain A. cervinus ARS2 was
increased 2.38-fold. Therefore, the A. cervinus ARS2 strain can be further explored for large-scale
pectinase production which could meet the growing industrial demands.

Keywords: Aspergillus cervinus; agro-industrial waste; optimization; pectinase; process variables;
solid-state fermentation; response surface methodology

1. Introduction

Enzymes are substances which speed up chemical reactions without undergoing any
change themselves during the reaction. Enzymes have many advantages over chemical
catalysts, such as adjustable activity, high specificity, and high catalytic efficiency, which
encourages their use in pharmaceutical, chemical, and food industries [1]. Due to their vast
applications, the demand for industrial enzymes has increased, which has led to continuous
research and development in optimizing the production of enzymes and in reducing this
production cost [2]. Amongst industrially vital enzymes, pectinases have gained importance
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owing to their various applications in different sectors [1]. Pectinase is the group of enzymes
which catalyzes the hydrolysis of substances containing pectin. Pectinases are grouped
into polygalacturonase (EC 3.2.15), pectate lyase (EC 4.2.2.2), pectinesterase (EC 3.1.1.11),
and pectin lyase (EC 4.2.2.10), depending on the mode of action on pectic substances [3].
The share of pectinase in the global enzyme production is around 10%, and around 25%
in the worldwide enzyme market [4,5]. Pectinases have an important role in retting flax
and vegetable fibers, coffee, and tea fermentation, biosouring cotton fibers, fruit juice
clarification, degumming plant blast fibers, extraction of vegetable oil, haze removal from
wines, and wastewater treatment [6–11].

Different sources such as microbes, plants, insects, and nematodes are used to pro-
duce pectinase. The microbial source is significant because of rapid growth, extensively
widespread, less fermentation time, and easy genetic modifications. Microbial pectinases
play a very important role in plant pathogenesis, symbiosis, and decomposition of plant
deposits [12]. Among microbial sources, fungi, bacteria, and yeasts are used to produce
pectinase using submerged fermentation (SmF) and solid-state fermentation (SSF). Fungi
are a common source of acidic pectinases; Aspergillus sp. is considered an important fungal
strain for the production of pectinase and is generally regarded as a safe (GRAS) mi-
crobe [13,14]. Many researchers have worked on the production of pectinase using different
fungal strains such as Aspergillus fumigatus [15], Aspergillus oryzae [16], Aspergillus niger [17],
Aspergillus tubingensis [18], Penicillium oxalicum [19], Penicillium chrysogenum [20], Fusarium
proliferatum [21], Schizophyllum commune [22], Trichoderma harzianum [23], Geotricumcan-
didum [24], Rhizopus sp. [25], and Candida sp. [26]. The production of pectinase using
Aspergillus cervinus species has not been reported by any researcher till now [1], which
was confirmed by the detailed literature review. The ability of Aspergillus cervinus species
to produce pectinase should be studied using SSF; moreover, the enzyme activity should
be increased and production cost should be decreased by optimizing the fermentation
conditions and by using low-cost agro-industrial waste, respectively.

Numerous studies have been conducted on different process variables such as mois-
ture content, initial pH, incubation temperature, inoculum size, substrate particle size,
incubation time, and agitation for enhanced pectinase production [27]. The incubation
time, a vital process variable used for pectinase production, varied depending on the
microorganism and the nature of the substrate used. Wong et al. [28] found the highest
pectinase activity for the incubation period of 129 h. Demir and Tari [29] reported the
maximum polygalacturonase activity (136.9 U/gds) by Aspergillus sojae on the fourth day
of incubation. Incubation temperature also plays an important role in pectinase production.
Wong et al. [28] found the highest activity of polygalacturonase by Aspergillus strains at an
incubation temperature of 33 ◦C. Jahan et al. [30] found that pectinase activity decreased by
of 29% and 32% when fermentation was carried out at 40 °C and 45 ◦C, respectively.

Moisture content is another vital aspect in SSF for pectinase production using different
fungal strains. Mahmoodi et al. [31] obtained the highest polygalacturonase activity at a
moisture content of 70% (w/w). Ortiz et al. [32] found that a moisture content of 130% (w/w)
gave the maximum pectinase activity. The particle size is an essential parameter for SSF
because of its effect on the specific area, aeration, and porosity of the substrate. A substrate
particle size of between 150 and 250 µm was observed for high levels of pectinase activity
by Demir and Tari [29]. Therefore, the cultural variables play a vital role in microbial
pectinase production. Thus, the optimization of these variables helps in increasing the
production yield and decreasing the production expenditure [33].

Owing to the vast industrial demand for pectinase enzyme, emphasis is on continuous
research for low-cost high production of the enzyme. The use of potent novel strains,
less expensive agro-industrial waste as substrates, optimum fermentation conditions, and
effective downstream processing technologies can decrease the expenditure of enzyme
production [34]. The stability of the enzymes for longer duration of time against wide
range of pH and temperature has to be improved along with cost-effective production [35].
The immobilization of the enzyme onto the cheap materials has vast potential in specific



Separations 2022, 9, 438 3 of 18

applications and also makes the process more cost-effective [36]. It is necessary to find the
strain which produces pectinase along with the other enzymes and the use of its blend for
specific application which significantly reduces the enzyme production cost [1].

Therefore, keeping all these challenges in view, the present paper mainly focuses on
the use of a novel native isolated strain, Aspergillus cervinus ARS2, for the production of
pectinase using economical agro-industrial waste, a comparison of different fermentation
methods for the synthesis of pectinase, and the statistical optimization of the process
variables for enhanced enzyme activity using RSM-CCD.

2. Materials and Methods
2.1. Media and Chemicals Used

All of the chemicals used, such as buffer components, mineral salts, and organic
solvents, were procured from Sigma-Aldrich Chemicals Private Limited, India. All media
components were procured from HiMedia laboratories, India. The optimization studies of
cultural conditions for pectinase production were carried out using Minitab 17 statistical
software (Minitab, LLC, State College, PA, USA).

2.2. Pectinase Productionusing Submerged Fermentation and Solid-State Fermentation

Decayed fruit wastes (lemon peel, banana peel, and orange peel) and soil contain-
ing decomposed vegetables (City market, Durgadbail, Hubballi, India) (the latitude and
longitude coordinates are: 15.340854, 75.148397) were used as sources for the isolation of
pectinolytic fungi. The serial dilution and spread plate method was used for the isolation
of fungi. Zone of clearance (pectin agar medium) and pectinase activity was used for
the screening of the potent isolate. This isolate was molecularly characterized by 18S
rRNA sequencing at the National Collection of Industrial Microorganisms (NCIM), NCL,
Pune [37].

Comparison studies of pectinase production using SmF and SSF was carried out using
different fruit peels such as banana, carrot, orange, lemon, sweet lime, and apple. Many
researchers have reported on the nutritional value (approximate) of these different carbon
sources expressed in g/100 g. Orange peel: protein, 9.73; lipids, 8.70; fibers, 14.19; ash,
5.17; carbohydrates, 53.27 [38]. Apple peel: protein, 2.80; lipids, 9.96; fibers, 13.95; ash, 1.39;
carbohydrates, 59.96 [38]. Banana peel: protein, 10.44; ash, 12.45; lipid, 8.40; carbohydrates,
43.40 [38]. Sweet lime peel: protein, 12.26; fibers, 4.34; fat, 0.16; carbohydrates, 12.07 [39].
Carrot peel: protein, 1.65; ash, 0.6; carbohydrates, 9.68; fat, 0.3 [40]. Lemon peel: protein,
3.59; fibers, 4.78; fat, 0.3; ash, 1.79; carbohydrates, 30.74 [41]. The fruit peels (substrates)
were dried in hot air oven for 24 h at 50 ◦C. The dried peels were powdered using a
laboratory grinder and sieved for 1.5 mm particle size [42]. Submerged fermentation was
conducted by taking the media of composition: (g/100 mL) different fruit peel powder
(in different conical flask), 3.0; yeast extract (YE), 0.3; peptone, 0.5; FeSO4.7H2O, 0.01;
NaH2PO4, 0.5; CaCl2.2H2O, 0.01; KCl, 0.5; KH2PO4, 0.1; ZnSO4.7H2O, 0.002; MgSO4.7H2O,
0.5. Media were sterilized at 121 °C at 15 psi. After sterilization, inoculum of 3% was added
to the cultural media and incubated at room temperature in rotary shaker for 6 days at
150 rpm. The fungal biomass was separated using muslin cloth. The filtrate obtained was
then centrifuged at 10,000 rpm for 10 min at 4 °C and the supernatant was assayed for
pectinase activity.

For the production of pectinase by SSF, 5% (w/v) of previously prepared inoculum was
inoculated to 10 g of 1.5 mm sized dried fruit peels (substrate) taken in different conical flask
to which 15 mL moistening agent at pH 5.0 of composition (g/100 mL): yeast extract (YE),
0.3; peptone, 0.5; FeSO4.7H2O, 0.01; NaH2PO4, 0.5; CaCl2.2H2O, 0.01; KCl, 0.5; KH2PO4, 0.1;
ZnSO4.7H2O, 0.002; MgSO4.7H2O, 0.5, was added. It was incubated at 37 °C for 5 days and
further extracted the enzyme by adding 100 mL of 0.1 M citrate buffer (pH 4.5) and keeping
it in incubator shaker at 37 °C and 130 rpm for 3 h. The filtrate obtained from muslin cloth
was centrifuged at 10,000 rpm for 15 min at 4 ◦C. The supernatant obtained was considered
for enzyme activity. Pectinase activity was estimated by measuring the release of reducing
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groups (galacturonic acid) in the reaction mixture containing the pectinase enzyme and
1% citrus pectin as a substrate. The pectin was hydrolyzed by pectinase into galacturonic
acid units, and the quantification of hydrolysis of the pectin substrate was carried out
by 3, 5-Dinitrosalicylic acid (DNS) reagent assay method described by Miller [43]. The
reaction mixture consisted of 1% pectin in 0.1 M citrate buffer (pH 4.5) and pectinase
enzyme, which was incubated for 1 h. DNS reagent was added to this reaction mixture
and kept in a water bath for 10 min. The reaction mixture was then cooled, measured
the absorbance using a UV-visible spectrophotometer (Shimadzu 1900, Kyoto, Japan) at
540 nm. The reducing sugars convert 3, 5-Dinitrosalicylic acid under the alkaline condition
to 3-amino-5-nitrosalicylic acid, an orange-yellowish compound that has an absorption
maximum at 540 nm. A standard graph of D-galacturonic acid was prepared to check
the enzyme activity. One international unit of enzymatic activity (IU) was defined as the
quantity of enzyme which produced one µmol of galacturonic acid per minute under assay
conditions. Enzyme activity in (IU/mL) was determined using Equation (1) [44].

Enzyme activity
(

IU
mL

)
= (µg of galacturonic acid × dilution factor)/ (194 .1 × v × t) (1)

where ‘v’ is the volume of the enzyme, ‘194.1’ is molecular weight of galacturonic acid, and
‘t’ is the reaction time.

2.3. One-Factor-at-a-Time Studies of Process Variables

To know the effects of different process variables and their concentration levels on
pectinase production, OFAT studies were conducted. The effect of different process vari-
ables on the production of pectinase was studied taking orange peel as substrate due to
its high pectin content and has showed maximum pectinase activity. Substrate particle
size (0.6 to 2 mm) was obtained using a sieve apparatus (Universal Instruments, India).
Moisture content (60% to 120%) was fixed by the moistening solution of composition
(g/100 mL): yeast extract (YE), 0.3; peptone, 0.5; MgSO4.7H2O, 0.5; NaH2PO4, 0.5; KCl, 0.5;
FeSO4.7H2O, 0.01; CaCl2.2H2O, 0.01; KH2PO4, 0.1; ZnSO4.7H2O, 0.002. The initial pH (3 to
10) was maintained using the moistening solution with NaOH and HCl. The incubation
temperature (25 °C to 60 ◦C) was maintained by using the incubator. Both inoculum size
(102 to 109 spores/mL) and incubation time (1 to 8 days) were used in the study. All of the
experiments were conducted in triplicates.

2.4. Response Surface Methodology-Central Composite Design Optimization of
Pectinase Production

Statistical optimization of the process variables which affects the production of pecti-
nase was carried out using CCD to increase the enzyme activity. The CCD is an experimen-
tal design, which is helpful in RSM for framing a second-order (quadratic) model for the
response variable without using an entire three-level factorial experiment. From the results
of the OFAT studies and an extensive literature review, the significant process parameters
(substrate particle size, initial pH, incubation temperature, and moisture content) affecting
the production of pectinase were optimized using RSM-CCD. RSM-CCD comprised 31 runs
at five levels (−α, −1, 0, 1, +α) involving four significant process variables based on the
OFAT results. The pectinase activity (response) was fitted by a second order model to
correlate the response to the independent parameters. A general quadratic equation for
RSM-CCD using four factors is given by Equation (2).

Y = β0 + β1A + β2B + β3C + β4D + β11A2 + β22B2 + β33C2 + β44D2 + β12AB + β13AC + β14AD + β23BC + β24BD + β34CD (2)

where Y represents the response of the design, β0 represents the model intercept, β1 to
β4 represents the coefficients for linear terms, β11 to β44 represents quadratic coefficients,
β12 to β34 represents cross-product coefficient indicating the interaction between variables,
A, B, C and D represents the process variables considered for optimization. The values of
different levels of independent parameters are shown in Table 1. The analysis of variance
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(ANOVA), pareto chart, 3D response surface diagram, and 2D contour plot were obtained
using Minitab 17 software.

Table 1. Process variables and its levels used in RSM-CCD.

Process Variables
Levels

−α −1 0 1 +α

Substrate particle size (mm) 0.60 1.18 1.70 2.00 2.20
Initial pH 3 4 5 6 7
Incubation temperature (◦C) 20 25 30 35 40
Moisture content (%) 80 90 100 110 120

2.5. Model Validation

The validation of the model equation obtained by optimization of process variables
was carried out by performing the experiments in triplicates. The prediction error was
calculated by comparing the experimental and predicted enzyme activity values.

3. Results and Discussion
3.1. Production of Pectinase Using Submerged Fermentation and Solid-State Fermentation

Seven fungal isolates were screened for pectinolytic activity out of twenty-seven
isolated from soil and rotten fruit peels, based on the zone of clearance and enzyme activity.
The isolate ARS2 obtained from decomposed orange peel was found to be potent fungal
isolate, which was identified as Aspergillus cervinus by 18S rRNA sequencing [45,46] at
NCIM, NCL, Pune. The sequence was submitted to NCBI Gen bank for which accession
number MN238704 was allotted as reported in our previous work [37].

In order to assess the ability of Aspergillus cervinus ARS2 for pectinase production,
different agro-industrial residues such as peels of orange, banana, carrot, lemon, sweet
lime, and apple as a carbon source were examined by both SSF and SmF. All the substrates
used, supported the fungal growth and also induced the production of pectinase. During
the fermentation process, the maximum pectinase activity of 44.51 ± 1.33 IU/mL and
40.60 ± 1.15 IU/mL was obtained for SSF and SmF, respectively, taking orange peel as a
substrate. The orange peel, lemon peel, and carrot peel substrates showed higher pectinase
activity, whereas banana peel, sweet lime peel, and apple peel showed lower pectinase
activity in both SmF and SSF. When pectinase activity was compared between SSF and SmF,
it was found to be higher in SSF (16.61 ± 1.01 IU/mL to 44.51 ± 1.33 IU/mL) than in SmF
(16.10 ± 0.87 IU/mL to 40.60 ± 1.15 IU/mL), as shown in Figure 1. From these results, SSF
was found to be more suitable for fungi than SmF for the production of pectinase. This
may be due to the ability of fungi hypha to grow on substrate particle surfaces and enter
into the space between the particles, thereby colonizing the solid substrates. With respect
to the agro-industrial waste, orange peel was found to be the potential substrate giving
the maximum pectinase activity in both SSF and SmF. This might be due to the presence of
proteins, minerals, carbohydrates, fats, and higher pectin content in orange peels [47].

Al Mousa et al. [48] reported a maximum pectinase activity of 38.02 U/mL and
39.76 U/mL by Mucor circinelloides and Mucor hiemalis, respectively under SmF. Hei-
darizadeh et al. [49] found the highest pectinase yield of 10.47 U/mL by Piriformospora indica
under SmF. Junior et al. [21] observed an optimal pectinase activity of 137.36 ± 2.21 U/mL
by Fusarium proliferatum using SSF. Patil and Dayanand [50] compared SSF and SmF for the
production of pectinase by Aspergillus niger and found that SSF (34.2 U/g) was better than
SmF (12.6 U/mL) under optimum conditions. Maldonado and Strasser de Saad [51] com-
pared the polygalacturonase activity of Aspergillus niger using submerged and solid-state
fermentation and found that SSF produced six times more enzymes and took less time for
enzyme production than SmF. Govindaraji and Vuppu [52] reported the highest pectinase
activity of 45.93 U/mL using a novel strain, Streptomyces fumigates cleroticus VIT-SP4, and
orange peel as a substrate, which is in concurrence with the present findings. Ahmed and
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Awad [20], in their research work, found the maximum pectinase activity by Pencillium
chrysogenum MF318506 using orange peels as the substrate. The results of the present study
were supported by the literature review; hence, SSF (fermentation method) and orange
peels (substrate) were taken for further studies.
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Figure 1. Comparison studies of pectinase activity for different agro-industrial waste using SmF and SSF.

3.2. One-Factor-at-a-Time Studies of Process Variables

One-factor-at-a-time studies of process variables were performed to know the con-
centration level of each variable affecting the pectinase activity, which was further used in
optimization studies by RSM-CCD. The use of purified pectin as the only carbon source
is uneconomical; thus, the agro-industrial residues were considered economical and used
for the production of pectinase. At the same time, the optimization of media components
and process variables are required for low-cost, high production of pectinase. Therefore,
the current study aimed to optimize the process parameters by using optimized media
components for high enzyme activity from our previous study [37].

3.2.1. Effect of Substrate Particle Size

The effect of different substrate particle size on pectinase activity was studied using
orange peel as the substrate. Different-sized substrates ranging between 0.6 mm and 2 mm
were used in the study. Substrate particle size plays a crucial role in the production of
enzymes because of the microbial growth on the damp surface of the particles and between
the particles. The gap between the particles is filled by a gas phase which depends on
the shape, size, and tortuosity of the interconnected pores [53]. In the current study, the
pectinase activity increased with the increase in substrate particle size ranging from 0.6 mm
to 1.7 mm. A substrate particle size of 1.7 mm gave the maximum enzyme activity of
(42.06 ± 1.20 IU/mL), as shown in Figure 2a. Pectinase activity at a substrate particle
size of 2 mm was (41.88 ± 1.28 IU/mL). This shows that the pectinase activity decreased
with the increase in particle size above 1.7 mm and also decreased with the decrease in
particle size below 1.7 mm. This might be due to the larger particle size resulting in a
loose texture of substrate which allows oxygen to pass between the particles. However,
smaller particles form a packed and dense substrate bed which restricts oxygen passage
and interferes with microbial respiration. This results in poor microbial growth and low
enzyme activity [54,55]. Membrillo et al., 2011 [56], reported that the substrate size and
shape, along with the geometrical ratio, strongly influenced the packing density for the
SSF substrate with an impact on the production of extracellular enzymes and microbial
growth rate. Darah et al. [57] found that a substrate particle size (pomela peel) of 0.75 mm
achieved the maximum level of pectinase activity using Aspergillus niger LFP-1 under SSF.
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Figure 2. Pectinase activity for different (a) substrate particle size, (b) moisture content, (c) incubation
time, (d) initial pH, (e) inoculum size, (f) incubation temperature.

3.2.2. Effect of Moisture Content

To study the moisture content effect on pectinase activity, the moistening solution
was used to obtain different amounts of moisture content (60% to 120%). Enzyme activity
was determined after 6 days of incubation. The levels of pectinase activity increased
with the increase in moisture content from 60% to 100%. At lower levels of moisture
content, the pectinase activity was minimum, which may be due to lower swelling of the
substrate, reduced nutrient solubility and higher water tension [57,58]. Further increase
in the moisture content from 100% to 120% decreased the pectinase activity, as shown
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in Figure 2b. This might be due to the increased substrate diffusion barrier, decreased
substrate porosity, reductions in the oxygen transfer rate, the development of stickiness, and
loss of particle structure, which may lead to decrease in microbial growth and cell metabolic
activity [28,59]. The optimum moisture content depends on the microorganism and the
substrate nature used in the fermentation process. In the present work, maximum pectinase
activity of (44.30 ± 1.69 IU/mL) was observed for 100% moisture content considering
orange peel as substrate. The optimal moisture content favors the nutrients’ entry into the
cell membrane which leads to the highest levels of enzyme activity [42].

Zehra et al. [60] found the highest pectinase activity for moisture contents of 65%
using banana peels as a substrate for Aspergillus fumigates MS 16 under SSF. Darah et al. [57]
reported a 1:1 ratio (w/v), i.e., 100% moisture content giving maximum pectinase activity
for Aspergillus niger LFP-1, which is in line with our results. Wong et al. [28] observed the
maximum pectinase activity for 40% moisture content using Aspergillus fumigates R6 under
SSF. Botella et al. [61] found the highest pectinase activity for a moisture content of 65% and
grape pomace as the substrate using Aspergillus awamori. Amin et al. [58] showed 40% and
60% as the favorable moisture contents for maximum pectinase activity using Penicillium
notatum and Coriolus versicolor, respectively.

3.2.3. Effect of Incubation Time

Solid-state fermentation was carried out at different incubation times to study its effect
on pectinase activity. The incubation times considered were between 1 and 8 days. It was
observed that the maximum pectinase activity of (43.81 ± 1.21 IU/mL) was observed on the
sixth day of incubation, as shown in Figure 2c. Increase in the incubation period up to six
days increased the pectinase activity. Gradual decrease in enzyme activity were observed
after the sixth day of incubation, which might be due to the non-availability of nutrients
and metabolite accumulation in the medium. A shorter incubation period may lead to less
enzyme synthesis and thus lower levels of enzyme activity [28,59,62]. The incubation time
depends on the physiological conditions of the process, the concentration of the nutrients,
microorganisms, and the nature of the medium [63].

Different researchers studied the effect of incubation time on pectinase activity. Ab-
dullah et al. [64] found the maximum pectinase activity of 8 IU/mL on the third day using
Aspergillus niger ABT-5. Zehra et al. [60] reported the maximum pectinase activity on the
fifth day using banana peel as the substrate for Aspergillus fumigates MS 16 under SSF.
Darah et al. [57], in their study, showed the maximum pectinase activity of 1.27 IU/mL
using Aspergillus niger HFD5A-1 on the sixth day of incubation, which is in concurrence
with our results. Sethi et al. [65] found the highest pectinase activity using Aspergillus
terreus NCFT 4269.10 on the fourth day of incubation. Wong et al. [28] found the incubation
time of 4 days as the optimal for maximum pectinase activity using Aspergillus fumigates R6.
The study conducted by Amin et al. [58] showed an incubation time of 3 and 4 days for
maximum pectinase activity using Penicillium notatum and Coriolus versicolor, respectively.
The results obtained by Satapathy et al. [63] indicated the maximum enzyme activity by
Aspergillus parvisclerotigenus KX928754 for an incubation time of 7 days.

3.2.4. Effect of Initial pH

Solid-state fermentation was performed to check the effect of initial pH on pectinase
activity. At different initial pH levels (3 to 10), fermentation production of pectinase
enzymes was conducted using orange peel as a substrate. A medium pH level affects
the enzyme activity by maintaining the cell membrane permeability, nutrient solubility,
and the ionization of amino acids and proteins [60,64]. Therefore, a medium pH level
regulates the culture growth and affects the enzyme activity [65]. During SSF, no significant
changes in the pH levels of the media were observed. Maximum pectinase activity of
(43.31 ± 0.89 IU/mL) was observed at an initial pH of 4, as shown in Figure 2d. The
increase in pH from 4 to 8 decreased the pectinase activity. A further increase in pH from 9
to 10 led to a further decrease in enzyme activity. The reason might be that the fungi can
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grow in acidic conditions, and any change in the pH levels of the media had significant
effects on enzyme activity. pH levels regulate and promote the synthesis of extracellular
enzymes by using microorganisms [63,66]. The enzyme activity is significantly influenced
by the increase in hydrogen ion concentration, as it alters the ionic charges at the active
sites on amino acids [59]. By studying the effect of pH on pectinase production, it is clear
that the isolated strain produces acidic pectinase.

Wong et al. [28] found a pH of 4.0 to be the optimum level for maximum pectinase
activity using Aspergillus fumigates R6 under SSF, which is in concurrence with our results.
Abdullah et al. [64] found the maximum enzyme activity at a pH of 6.0 for Aspergillus niger
ABT-5. Darah et al. [57] observed an optimal pH of 4.0 for the maximum pectinase activity
of 2.32 IU/mL using Aspergillus niger HFD5A-1. Sethi et al. [65] showed an optimal pH of
5.0, resulting in maximal pectinase activity using Aspergillus terreus NCFT 4692.10 under
SSF. The research work carried out by Amin et al. [58] indicated that initial pH levels of
3.0 and 5.0 favored utmost pectinase activity by Penicillium notatum and Coriolus versicolor,
respectively. Satapathy et al. [63] observed an initial pH of 7.0 leading to the maximum
pectinase activity using Aspergillus parvisclerotigenus KX928754.

3.2.5. Effect of Inoculum Size

An inoculum size between 102 and 109 spores/mL of the moistening solution was
considered to study its effects on enzyme activity. The pectinase activity increased with
the increase in inoculum size from 102 to 106 spores/mL. At a low inoculum size of
102 spores/mL, the pectinase activity was minimal because a smaller inoculum size may
not be sufficient to initiate the microbial growth and enzyme production. Therefore, the
inoculum size influenced the mycelia growth and enzyme activity [53,64]. An inoculum
size of 106 spores/mL gave the highest pectinase activity of (43.11 ± 1.06 IU/mL). Further
increase in inoculum size led to a decrease in pectinase activity, as indicated in Figure 2e.
A large inoculum size may cause over-accumulation of spores, which may result in the
increase in moisture content and competition for nutrients among the cells, resulting in less
microbial growth and less enzyme activity [65]. Darah et al. [53] found that an inoculum
size of 1 × 106 spores/mL gave the maximum pectinase activity using Aspergillus niger
HFD5A-1, which is in consensus with our results. Abdullah et al. [64] reported that an
inoculum size of 0.5% (v/v) led to the maximum pectinase activity using Aspergillus niger
ABT-5. Darah et al. [57] observed that an inoculum size of 1 × 107 spores/mL resulted in
the maximum pectinase activity using Aspergillus niger LFP-1 under SSF.

3.2.6. Effect of Incubation Temperature

The effect of incubation temperature on pectinase activity was studied using SSF.
An incubation temperature of between 25 °C and 60 °C was considered for the study.
The increase in incubation temperature between 25 °C and 37 °C increased the pectinase
activity. Furthermore, the increase in the incubation temperature between 37 °C and 60 °C
decreased the enzyme activity as indicated in Figure 2f. The decline in enzyme activity at
high temperature may be due to the reduction in the organism metabolic rate, as well as
the denaturation of the enzyme [28,64,67]. Alternatively, it might be the case that with the
increase in temperature, more energy is received by the enzyme molecule to overcome the
weak forces of globular protein structure and deactivate the enzyme. The low temperature
results in the freezing of the protoplasmic membrane, which may lead to stress conditions in
the solute transport systems in the cells [53,64]. In the present work, the maximum pectinase
activity of (45.90 ± 1.33 IU/mL) was found at an incubation temperature of 37 ◦C.

Demir and Tari [29] observed the maximum pectinase activity at an incubation temper-
ature of 37 °C using Aspergillus sojae, which is in line with the results obtained in the present
study. Abdullah et al. [64], in their research, found that 30 °C was the optimum temperature
for maximum pectinase activity using Aspergillus niger ABT-5. Zehra et al. [60] determined
25 °C to be the optimum incubation temperature for maximum pectinase activity using
Aspergillus fumigates MS16 under SSF. Darah et al. [53] observed maximal pectinase activity



Separations 2022, 9, 438 10 of 18

of 1.40 IU/mL using Aspergillus niger HFD5A-1 for an incubation temperature of 30 ◦C.
Sethi et al. [65] determined 30 °C to be the optimal temperature for maximum enzyme ac-
tivity using Aspergillus terreus NCFT 4692.10. Wong et al. [28], in their research, determined
30 °C to be the optimal temperature for maximum pectinase activity using Aspergillus
fumigates R6. In a study reported on by Darah et al. [57], the highest pectinase activity was
observed at a temperature of 30 °C using Aspergillus niger LFP-1 under SSF. Amin et al. [58]
reported 35 °C and 30 °C to be favorable temperatures for the maximum pectinase activity
using Penicillium notatum and Coriolus versicolor, respectively. Satapathy et al. [63] found
30 °C to be the optimum incubation temperature for the highest levels of pectinase activity
by Aspergillus parvisclerotigenus KX928754.

3.3. Optimization of Pectinase Production

Optimization studies of the process variables for highest pectinase activity by As-
pergillus cervinus ARS2 were performed by considering the following significant process
variables: substrate particle size, incubation temperature, initial pH, and moisture content.
CCD matrix and experimental results are shown in Table 2. The model (uncoded form)
specified by Equation (3) indicated pectinase activity as a function of substrate particle size
(A), initial pH (B), moisture content (C), and incubation temperature (D).

Pectinase Activity (IU/mL) = 0.5300 + 0.0130 A+ 0.06020 B+ 0.008089 C + 0.00873 D − 0.00739 A × A − 0.005860 B ×
B − 0.000037 C × C − 0.000118 D × D − 0.00365 A × B + 0.000214 A × C + 0.000391 A × D + 0.000028 B × C + 0.000064 B

× D − 0.000023 C × D
(3)

Table 2. CCD matrix for process variables.

Run No.
Substrate

Particle Size
(mm)

Initial pH
Moisture
Content

(%)

Incubation
Temperature

(◦C)

Experimental
Pectinase Activity

(IU/mL)

Predicted
Pectinase Activity

(IU/mL)

1 −1 −1 −1 −1 64.32 ± 0.98 70.328
2 +1 −1 −1 −1 74.81 ± 1.27 74.106
3 −1 +1 −1 −1 76.89 ± 0.57 73.565
4 +1 +1 −1 −1 63.56 ± 0.65 70.372
5 −1 −1 +1 −1 80.45 ± 0.69 81.879
6 +1 −1 +1 −1 88.36 ± 1.08 91.227
7 −1 +1 +1 −1 84.49 ± 0.68 87.150
8 +1 +1 +1 −1 96.99 ± 0.97 88.226
9 −1 −1 −1 +1 71.47 ± 0.73 74.328

10 +1 −1 −1 +1 81.63 ± 0.65 82.451
11 −1 +1 −1 +1 78.64 ± 0.45 79.358
12 +1 +1 −1 +1 86.08 ± 0.78 79.949
13 −1 −1 +1 +1 85.23 ± 0.24 80.456
14 +1 −1 +1 +1 95.70 ± 1.12 94.358
15 −1 +1 +1 +1 88.15 ± 0.63 87.415
16 +1 +1 +1 +1 101.43 ± 0.57 93.144
17 −2 0 0 0 86.62 ± 0.99 84.291
18 +2 0 0 0 91.80 ± 1.54 101.318
19 0 −2 0 0 74.30 ± 0.84 69.904
20 0 +2 0 0 65.15 ± 1.02 70.321
21 0 0 −2 0 73.43 ± 0.73 68.590
22 0 0 +2 0 87.00 ± 1.00 94.463
23 0 0 0 −2 85.15 ± 1.02 79.525
24 0 0 0 +2 82.77 ± 0.72 89.944
25 0 0 0 0 101.17 ± 1.13 102.063
26 0 0 0 0 103.41 ± 0.65 102.063
27 0 0 0 0 106.35 ± 0.80 102.063
28 0 0 0 0 103.89 ± 0.63 102.063
29 0 0 0 0 103.63 ± 1.18 102.063
30 0 0 0 0 100.66 ± 0.61 102.063
31 0 0 0 0 101.26 ± 0.37 102.063

The enzyme activity (IU/mL) values are represented as arithmetic mean (AM) ± standard deviation (SD).

The goodness of the model was verified by the coefficient of determination (R2). A R2

value nearer to 1 signifies the model accuracy. The regression coefficient (R2) value indicates
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the amount of variability in the observed response values. The variability is explained
by experimental variables and their interactions. The R2 value in terms of a percentage
of 85.47% indicates variation in enzyme activity due to the independent parameters; the
remaining 14.53% of the total variation cannot be explained by the model. The nearer the
R2 value to 1, the better the correlation between the experimental and predicted values,
and the prediction of the response by the model is also better. The predicted R2 value
of 0.7826 indicated a better correlation between the experimental and predicted enzyme
activity. The predicted R2 value of 0.7826 is in agreement with the adjusted R2 value of
0.8287. The adjusted R2 value fixes the R2 value based on the sample size and the number
of parameters in the model. The adjusted R2 value (0.8287) is smaller than R2 (0.8547)
because of the small sample size in the model.

A probability value (p) < 0.05 indicates significant model variables, whereas the
p-value > 0.05 indicates non-significant model variables. The p-value indicates the signifi-
cance of each coefficient and the interaction strength of each parameter. The p-value < 0.05
indicates a significant correlation of the coefficients. The smaller the p-value, the greater
is the significance of the coefficient. From the ANOVA Table 3, it was observed that the
linear effect except particle size (0.483) and squared effect of all the process variables and
interaction effects of substrate particle size and pH, moisture content and temperature were
observed to be highly significant for pectinase production. The square effects of the process
variables were found to be more significant than the individual process parameters. The
interaction effects of substrate particle size and moisture content (0.111), substrate particle
size and temperature (0.145), pH and moisture content (0.617), pH and temperature (0.563)
were found to have less significance.

Table 3. ANOVA table for RSM-CCD.

Source DF Seq SS Contribution Adj SS Adj MS F-Value p-Value

Model 14 0.006693 85.47% 0.006693 0.000478 32.78 <0.001
Linear 4 0.002325 29.69% 0.001633 0.000408 27.99 <0.001

Particle Size (mm) 1 0.000412 5.26% 0.000007 0.000007 0.50 0.483
pH 1 0.000009 0.12% 0.000836 0.000836 57.35 <0.001

Moisture Content (%) 1 0.001676 21.41% 0.001043 0.001043 71.52 <0.001
Temperature(◦C) 1 0.000228 2.91% 0.000412 0.000412 28.27 <0.001

Square 4 0.004118 52.59% 0.004118 0.001030 70.61 <0.001
Particle Size(mm) × Particle Size(mm) 1 0.000000 0.00% 0.000128 0.000128 8.75 0.004

pH × pH 1 0.002378 30.37% 0.002942 0.002942 201.74 <0.001
Moisture Content (%) × Moisture Content (%) 1 0.000997 12.73% 0.001178 0.001178 80.78 <0.001

Temperature (◦C) × Temperature (◦C) 1 0.000743 9.49% 0.000743 0.000743 50.98 <0.001
2-Way Interaction 6 0.000250 3.19% 0.000250 0.000042 2.85 0.015

Particle Size (mm) × pH 1 0.000110 1.41% 0.000110 0.000110 7.55 0.007
Particle Size (mm) × Moisture Content (%) 1 0.000038 0.48% 0.000038 0.000038 2.60 0.111

Particle Size (mm) × Temperature (◦C) 1 0.000032 0.40% 0.000032 0.000032 2.17 0.145
pH × Moisture Content (%) 1 0.000004 0.05% 0.000004 0.000004 0.25 0.617

pH × Temperature (◦C) 1 0.000005 0.06% 0.000005 0.000005 0.34 0.563
Moisture Content (%) × Temperature (◦C) 1 0.000061 0.78% 0.000061 0.000061 4.20 0.044

Error 78 0.001137 14.53% 0.001137 0.000015
Lack of fit 10 0.001085 13.86% 0.001085 0.000108 140.54 <0.001
Pure Error 68 0.000052 0.67% 0.000052 0.000001

Total 92 0.007830 100.00%

F: Fisher’s function, DF: Degree of freedom, Adj SS: Adjusted sum of squares, Adj MS: Adjusted mean squares,
R2 = 85.47%; Adjusted R2 = 82.87%; Predicted R2 = 78.26%.

Response surface curves are used to determine the optimized values of the factors for
highest enzyme activity and to know the interaction between the variables. The effect of
two parameters on the enzyme activity is indicated by pareto chart, 3D surface plots, and
2D contour plots, as shown in Figures 3 and 4, respectively. A number of 3D surface plots
were plotted in order to study the relative effects of process variables on pectinase activity.
In the 3D surface plots, the vertical axis represents the response (enzyme activity), and the
two horizontal axes represent the coded levels of two independent process variables by
keeping other variables at their control level. From the pareto chart, as shown in Figure 3,
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the interaction effect between substrate particle size and initial pH, moisture content and
incubation temperature were significant, and the interaction effect between the substrate
particle size and moisture content, substrate particle size and incubation temperature, initial
pH and moisture content, and initial pH and incubation temperature, was insignificant.
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From the 3D surface plots and 2D contour plots, as indicated in Figure 4a,b, the
relative effects of substrate particle size (0.6 to 2.20 mm) and pH (3 to 7) on pectinase
activity was observed, keeping temperature and moisture content constant at 30 ◦C and
100%, respectively. Pectinase activity increased with the increase in substrate particle
size, reaching maximal levels at the highest value of the particle size. With the increase
in pH, there was an increase in enzyme activity which reached maximal levels at mid
pH values and decreased at high pH values. Figure 4c,d represents the relative effects of
substrate particle size (0.6 to 2.20 mm) and moisture content (80 to 120%) on pectinase
activity, keeping pH and temperature constant at 5 and 30 ◦C, respectively. Enzyme activity
increased with the increase in moisture content, reaching maximal levels at the highest
levels of moisture content. With the increase in substrate particle size, there was an increase
in enzyme activity which reached the maximum and then decreased at the highest values
of particle size. Figure 4e,f shows the relative effects of substrate particle size (0.6 to
2.20 mm) and incubation temperature (20 to 40 ◦C) on pectinase activity, keeping pH and
moisture content at 5 and 100%, respectively. Enzyme activity increased with the increase
in incubation temperature, reaching its maximum at high temperatures. With the increase
in substrate particle size, there was an increase in enzyme activity, reaching its maximum
and then decreasing at high values of particle size. Figure 4g,h shows the relative effects of
pH and moisture content on enzyme activity, keeping substrate particle size and incubation
temperature constant at 1.7 mm and 30 ◦C, respectively. Enzyme activity increased with
the increase in pH and moisture content reached maximum at mid values of pH and
moisture content and then decreased at high values of both the parameters. Similar effect
on pectinase activity is shown by relative effects of pH and incubation temperature as
shown in Figure 4i,j. The relative effects of moisture content and incubation temperature
on pectinase activity is shown in Figure 4k,l. The enzyme activity increases with the
increase in moisture content and temperature, reached maximum at mid values of both
the parameters. The optimum pectinase activity was obtained from Minitab optimizer as
107.14 ± 0.71 IU/mL for substrate particle size of 2 mm, initial pH of 4.9, moisture content
of 107% and incubation temperature of 31.5 ◦C. In the current study the pectinase activity
by A. cervinus ARS2 increased by nearly 2.38-fold after statistical optimization.

Esawy et al. [68] reported 40 U/mL pectinase activity by Aspergillus niger NRC1ami
on the optimization of the incubation temperature and incubation period. Junior et al. [21]
obtained optimum pectinase activity of 137.36 ± 2.21 U/mL using Fusarium proliferatum at
the optimal values of pH 3.6 and 43.4 ◦C. Pagarra et al. [69] used CCD for optimization and
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found optimum exo-polygalacturonase activity of 54.64 U/g by Aspergillus niger for 120 h in-
cubation time, 34 °C incubation temperature, and 75.26% moisture content. Wong et al. [28]
showed highest polygalacturonase activity of 565 U/g by Aspergillus fumigates R6 resulting
in 2.65-fold increase at 49.6% moisture content, 33 °C temperature and 129 h incubation
time. In their research work on pectinase production by Rhizopus sp. using RSM and CCD,
Handa et al. [25] observed the highest levels of enzyme activity of 11.63 IU/mL for 1:3.5
moisture ratios, 7 days of incubation, and 30 °C incubation temperature. Barman et al. [62]
reported maximum pectinase activity of 6.6 U/mL by Aspergillus niger using CCD at an
incubation time of 65.82 h and an incubation temperature of 32.37 ◦C.

3.4. Validation of the Model

To validate the model adequacy, experiments were performed in triplicates to verify
the predicted optima. The experimental valves were in consensus with the predicted values,
which showed that the model is adequate. The optimal values of different process variables
were obtained from the Minitab 17 software optimizer, which is shown in Table 4. The
experimental pectinase activity of (107.14 ± 0.71 IU/mL) was in line with the predicted
pectinase activity of (106.31 IU/mL) obtained using optimal values. The enzyme activity
increased 2.38-fold after optimization of process variables using RSM-CCD, and the model
was found to be valid for the optimization process.

Table 4. Process variables optimal values for maximum pectinase activity.

Process Variables Optimal Values Predicted Pectinase
Activity (IU/mL)

Experimental Pectinase
Activity (IU/mL)

Particle size (mm) 2.0

106.31 107.14 ± 0.71
Initial pH 4.9
Moisture content (%) 107
Incubation temperature (◦C) 31.5

4. Conclusions

According to an exhaustive literature survey, the current investigation on pectinase
production employing A. cervinus has been reported for the first time. Comparative studies
showed that SSF is better than SmF for pectinase production. OFAT studies were followed
by optimization studies using RSM-CCD for improved pectinase activity. The optimum
pectinase activity of 107.14 ± 0.71 IU/mL was obtained for the optimal values of a substrate
particle size of 2 mm, an initial pH of 4.9, a moisture content of 107%, and an incubation
temperature of 31.5 ◦C. Optimization studies have shown an increase in pectinase activity
by 2.38-fold. Compared with the earlier reports on pectinase production by other strains,
the isolated fungal strain A. cervinus ARS2 has shown better enzyme activity. The use of
economical agro-industrial waste and optimization techniques has shown an increase in the
enzyme activity. Future work should be focused on the application of protein and genetic
engineering, along with immobilization techniques for the development of robust, versatile,
and stable enzymes for different industrial applications and economical processes.
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