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Abstract
The present study focuses on utilization of papaya peel for polygalacturonase production in solid-state fermentation (SSF). 
Papaya peel was screened as optimum solid substrate and valorized under SSF for polygalacturonase production by Asper-
gillus niger AN07 and the effect of different fermentation parameters viz. fermentation time, particle size, moisture content 
and agitation speed on the enzyme production was investigated. Two fermentation variables viz. moisture content and fer-
mentation time have been identified to significantly affect polygalacturonase production as predicted using Plackett–Burman 
Design (PBD). It was further optimized by Response Surface Methodology (RSM) using Rotatory Central Composite Design 
(RCCD). An overall 5.4-fold increase (264.20 U/g dried substrate) in enzyme production was achieved after optimization 
at fermentation time 144 h and moisture content 90%. The results of RSM showed that the model was in good agreement 
with experimental results with R2 = 99.6% (P < 0.05). A. niger AN07, A. tubingensis MP30, A. fumigatus M1 and A. sydowii 
indicated a high growth rate of 0.55, 0.52, 0.39 and 0.25 mm/h, respectively on the optimized solid substrate in SSF. Native 
PAGE and Zymogram study showed predominant presence of polygalacturonase in the purified preparation. The purified 
polygalacturonase enzyme significantly increased pomegranate juice clarification by 3.6-fold and prevented haze formation 
during storage conditions.
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Introduction

Solid State Fermentation (SSF) has several economic advan-
tages that have demanded the researchers’ interest in recent 
years for the production of industrially important enzymes. 
The SSF process has been reported to be the most suitable 
because of its high productivity, easy enzyme recovery and 
cost effectiveness for the production of fungal enzymes 

(Viniegra-Gonzále et al. 2003; Pandey et al. 2000). The 
agro-industrial residues are not only economical solid sub-
strates but also suitable for extracellular enzyme produc-
tion due to low cost of harvesting and thus are considered 
best suited for production of enzymes in SSF (Mahmoodi 
et al. 2019). Pectin is the integral part of middle lamella of 
plant cell wall (Caffall and Mohnen 2009). It is composed 
of D-galacturonic acids joined together by α-1, 4 glycosidic 
linkages, in which a few hydroxyl groups are methylated. 
Pectin methylesterase, polygalacturonase and pectin lyase 
completely degrade pectin, releasing galacturonic acid units 
(Combo et al. 2012). Polygalacturonase is a pectinolytic 
enzyme that hydrolyses pectic substances randomly and 
produces oligosaccharides. This enzyme has been reported 
to be produced by higher plants and microorganisms includ-
ing bacteria and fungi (Uzuner and Cekmecelioglu 2015; 
Patidar et al. 2018; Aggarwal et al. 2020). Polygalacturo-
nase is mainly used in beverage industries for extraction and 
clarification of fruit and vegetable juices. Additionally, it has 
important role in tea and coffee industry, textile industry, 
animal feed industry, treatment of waste water, protoplast 
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fusion etc. (Jayani et al. 2005; Nighojkar et al. 2019; Amin 
et al. 2019).

Pectinolytic enzymes have been produced using agro-
industrial wastes like lemon peel, orange peel, strawberry 
pomace, lemon pulp, orange bagasse, apple pomace, banana 
peel, grape skin, grape pomace, sunflower head, wheat bran, 
rice bran, soy bran etc. in SSF (Patidar et al. 2018; Amin 
et al. 2019). Several fungal sources have been reported 
earlier for production, purification and characterization of 
polygalacturonase including Mucor flavus, Rhizopus ory-
zae, Sclerotium rolfsii, M. circinelloides, A. carbonarius, A. 
niger, A. awamori, Penicillium sp., Bispora sp., Neosartorya 
fischeri etc. (Amin et al. 2019; Nighojkar et al. 2019).

Papaya peel has been utilized earlier for extraction of 
nutritionally valuable compounds and proteases (Chaiwut 
et al. 2010; Parniakov et al. 2014). However, papaya com-
monly grown in tropical America and Asian countries 
(OECD 2005) has not been used earlier for polygalacturo-
nase production in SSF. In India, according to an estimate, 
5,382,000 metric tons of papaya is produced every year 
(IHD 2013). It is commonly consumed as fruit and is also 
used in juice preparation, salad preparation, cosmetics and 
medications (Nighojkar et al. 2019).

It is important to note that about 20–25% of papaya fruit 
is its peel which is discarded as organic pollutant (Koubala 
et al. 2014). In present study, the utilization of papaya peel 
for production of polygalacturonase in SSF shall help papaya 
processing units to curb the pollution problems and increase 
their income instead.

The current study was carried out to optimize polygalac-
turonase production by A. niger AN07 in SSF. The SSF vari-
ables viz. fermentation time, particle size, moisture content 
and agitation speed were screened using PBD and significant 
variables were optimized using RCCD. The purified enzyme 
was successfully used for clarification of pomegranate juice 
and inhibition of haze formation.

Materials and methods

Isolation and identification of fungi

A total of 32 samples such as soil from decaying matter, 
soil from fruit processing sites, compost soil, agriculture 
soil were collected from different locations of Indore, India 
and screened for polygalacturonase production using Potato 
Dextrose Agar (PDA) medium, pH 5.6 containing 1% pectin 
(Patidar et al. 2016). The fungal isolate S1 used in this study 
was isolated from Indore region (latitude:longitude:altitude 
-22.685 N:75.8856 E:553 m). The fungal isolate S1was 
sequenced for Internal Transcribed Spacer (ITS) region 
at National Fungal Culture Collection of India, Agarkar 
Research Institute, Pune, India. The DNA sequence data 

obtained from ABI3100 automated DNA sequencer was 
aligned with publically available sequences to check identity. 
MEGH5 software was used for Maximum Likelihood Tree 
preparation (Tamura et al. 2011). The isolate was identified as 
A. niger on the basis of molecular and morphological studies.

A. niger AN07 maintained on PDA slants at 30°C for 
4 days was used for inoculum development. Five millilitre 
of Tween 80 (0.1%) was added to slants and scrapped spores 
were filtered through sterile glass wool. The spore count 
was maintained to 1 × 106 spores/ml and used as inoculum.

A. sydowii (Accession No. JF831015.1), A. tubingensis 
MP30 (KT945096.1) and A. fumigatus M1 (soil isolate) used 
in this study were maintained in the PI laboratory at Maha-
raja Ranjit Singh College of Professional Sciences, Indore, 
M.P., India.

Screening and characterization of solid substrate

Sun-dried wheat bran, corn cob, groundnut shell, orange 
peel, rice bran, sugarcane bagasse and papaya peel were 
screened as solid substrates for polygalacturonase produc-
tion. Autoclaved solid substrate (10 g) was inoculated with 
1 ml of spore suspension in a 250 ml Erlenmeyer flask. The 
initial moisture content was maintained to 80% (v/w) using 
distilled water and flask was incubated for 5 days.

The total carbohydrate content of papaya peel was esti-
mated using phenol–sulfuric acid method (Kumar et al. 
2012a). Reducing sugar in the solid papaya substrate was 
estimated by Nelson-Somogyi method using D-glucose as 
a standard. Moisture content of papaya peel was analyzed 
using Karl Fischer moisture titration method. Total nitrogen 
content in the dried papaya peel was estimated using Kjel-
dahl’s method (Kumar et al. 2012a). The ash content was 
analyzed using combustion method (AOAC 1970). Crude 
lipid content present in the peel was estimated by solvent 
extraction method. Pectin content was determined by micro-
wave assisted extraction method (Maran and Prakash 2015).

Pretreatment of papaya peel and scanning electron 
microscope (SEM) analysis

The dried papaya peel was treated with 1:50 (w/v) 0.1 N 
HCl and 0.1 N NaOH in glass beaker separately and incu-
bated for 15 min, 30 min and 45 min. The papaya peel was 
washed repeatedly with excess of distilled water until pH of 
the filtrate reached to neutral. The treated peel was filtered 
and dried at 45 °C for 5–7 h in oven.

Untreated papaya peel (10 g) in triplicate was treated with 
0.1 N HCl and 0.1 N NaOH and each was inoculated with 
1 × 106 spores/ml suspension and incubated for 5 days to 
study the effect of pretreatment. The structural changes in 
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the treated and untreated papaya peel were observed using 
SEM type JEOL JSM 5600  at UGC-DAE Consortium, 
Indore, India . The samples were coated with 5 nm gold 
particles using Quorum Q150TS.

Enzyme extraction and estimation

Enzyme was extracted from solid medium by adding dis-
tilled water in ratio of 1:10 (w/v) and incubated at 25°C for 
30 min at 100 rpm. Afterwards, the homogeneous medium 
was centrifuged at 10,000×g for 20 min and supernatant 
used for polygalacturonase assay.

Polygalacturonase assay was performed in the crude 
enzyme extract using Nelson (1944) and Somogyi (1952) 
method. One millilitre polygalacturonic acid (0.1% w/v) pre-
pared in 0.1 M acetate buffer, pH 5, was incubated with 10 µl 
enzyme and 990 µl distilled water for 20 min at 55°C. The 
reducing sugar equivalent liberated as a result of enzyme 
activity was calculated using the standard curve of galactu-
ronic acid. One unit (U) of the enzyme activity was defined 
as the amount of enzyme that catalyses the release of one 
µmol of galacturonic acid equivalent per minute under the 
standard enzyme assay conditions. Polygalacturonase units 
are expressed as Unit per gram dried substrate (U/gds). Low-
ry’s method (Lowry et al. 1951) was used to calculate total 
soluble protein using bovine serum albumin as the standard.

Optimization of SSF

Screening of important factors using Plackett–Burman 
Design

Plackett–Burman Design (PBD) was performed using 
dried papaya peel to screen important variables for polyga-
lacturonase production (Plackett and Burman 1946). Fer-
mentation variables viz. fermentation time, particle size, 
moisture content and agitation speed were tested using 
the PBD. Three levels (+ 1, 0, − 1) were considered for 
each constituent (Table 1) with enough difference in both 
variables to detect any significant effect, if exists. Total 15 
runs were designed with three centre point values using 
MINITAB 16.

Optimization of significant variable using Rotatory Central 
Composite Design

Rotatory Central Composite Design (RCCD) was adopted 
to optimize the significant variables (screened in PBD) for 
polygalacturonase production by A. niger. The independ-
ent variables screened in the PBD were applied in RCCD 
using statistical software Design Expert 11. The variables, 
moisture content and fermentation time were tested in set 
of 13 experiments at 5 levels (− α, − 1, 0, + 1, + α). The 
experimental enzyme activity in triplicate was recorded 
with respect to the actual and coded values (Table 2). A 
second order polynomial equation (Eq. 1) was used to ana-
lyze the polygalacturonase production by multiple regression 
procedure.

where Y is the predicted response; βo is the offset term; βi is 
the linear effect; βii is the squared effect; βij is the interaction 
effect, Xi and Xj are independent variables.

Model validation

The derived model was validated by additional trials carried 
out in triplicate at the optimal fermentation conditions.

Suitability of optimized medium 
for polygalacturonase production

The suitability of papaya peel as medium for polygalactu-
ronase production by Aspergillus sp. was assayed in SSF 
under statistically optimized conditions. The water absorp-
tion index (WAI) of unprocessed papaya peel was deter-
mined (Orzua et al. 2009) and expressed as gram swollen 
gel/gram dry weight. The growth rate of each A.niger AN07, 
A. fumigatus M1, A. sydowii and A. tubingensis MP30 was 
examined by inoculating 0.1 ml of 1 × 106 spore/ml of each 
on 5 g papaya peel in a petriplate. An initial moisture content 
of 90% was maintained by adding sterile distilled water and 
incubated for 144 h at 30°C. The fungal growth rate and 
polygalacturonase production were measured.

(1)Y = �o +
∑

�iXi +
∑

�iiX
2

i
+
∑

�ijXiXj

Table 1   The factors and their 
coded levels used in the PBD 
and RCCD methods

Variable Unit − α Low value
− 1

Center value
0

High value
+ 1

+ α

Agitation speed RPM – 1 3 5 –
Moisture content % (v/w) 47.57 60 90 120 132.43
Particle size mm – 0.7–1.5 2.7–3.5 4.7–5.5 –
Fermentation time h 76.12 96 144 192 211.88
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Native PAGE and Zymogram study

The enzyme produced in SSF by A. niger AN07 was pre-
cipitated using 90% ammonium sulphate and desalted using 
Sephadex G25. The desalted enzyme was purified using 
DEAE-cellulose Ion Exchange Chromatography (IEC). The 
bound protein was eluted using 0–1 M NaCl gradient prepared 
in 75 mM phosphate buffer, pH 7.0. The fractions exhibit-
ing enzyme activity were pooled and concentrated by reverse 
osmosis using solid sucrose.

Native PAGE (Laemmli 1970) was used to check homoge-
neity of the purified enzyme. It was also used for polygalactu-
ronase activity staining by incorporating polygalacturonic acid 
in the gel in which a clear zone was obtained upon addition 
of 1% CTAB.

Application in fruit juice clarification

Pomegranate fruits were collected from local fruit market of 
Indore, India. Pomegranate juice was prepared using lab mixer 
and filtered using 10-mesh sieve. The different units of puri-
fied enzyme (0, 10, 20, 40, 80 U) were added to the extracted 
pomegranate juice. The juice was incubated at 30°C for 1 h in 
water bath. The samples were then heated at 80°C for 1 min 
to stop the reaction and centrifuged at 15,000×g for 10 min. 
The clarification of the juice was evaluated by estimating % 
transmission at 650 nm (%T650) using Thermospectronic 
UV1 spectrophotometer.

The haze formation in the juice was performed by the 
method described by Cerreti et al. (2016). Twenty five millili-
tre each of treated and untreated pomegranate juice was taken 
separately in 50 ml tubes. Gelatin (0.3%) was added to treated 
juice only and both the tubes were incubated for 2 weeks at 
low temperature. The turbidity of the juice was measured after 
every 24 h interval using methods described by Dongare et al. 
(2013) and represented as Turbidity Unit (TU).

Results and discussion

Identification of fungal isolate

In the screening step, a total of 57 fungi were isolated from 
32 samples of decaying fruit waste, soil from different 
sites, compost pits and agricultural waste materials. Out 
of 57 fungal isolates, fungal isolate S1 exhibited maximum 
polygalacturonase activity. The fungal isolate S1 exhibit-
ing maximum polygalacturonase production was isolated 
from soil of fruit processing area in Indore. The selected 
fungal isolate S1 showed 100% sequence similarity with 
A. niger strain IHEM 22432. The ITS sequence of A. niger 
AN07 was submitted to NCBI GenBank and accession 
number assigned was KR908781.1.

Fruit and agricultural wastes have been reported earlier 
as potential source for isolation of high polygalacturonase 
producers.

Table 2   Coded and uncoded 
value for polygalacturonase 
production by A. niger AN07 
in SSF

Run Moisture content Fermentation time Predicted 
response

Observed 
response

Coded value Actual value Coded value Actual value

1 − 1 60 − 1 96 131.6 133.1
2 1 120 − 1 96 132.6 125.8
3 − 1 60 1 192 139.6 145.7
4 1 120 1 192 169.5 167.3
5 − α 47.57 0 144 95 89.5
6 + α 132.43 0 144 116.9 123.1
7 0 90 − α 76.12 164.8 168.4
8 0 90 + α 211.88 196.5 193.6
9 0 90 0 144 258.1 258.3
10 0 90 0 144 258.1 257.6
11 0 90 0 144 258.1 258.5
12 0 90 0 144 258.1 258.2
13 0 90 0 144 258.1 257.9
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Aspergillus sp. viz. A. pulverulentus (Abd El-Rahim 
et al. 2020), A. niger (Pagarra et al. 2019; Li et al. 2020), 
A. aculeatus (de Carvalho Silva et al. 2019), A. tubingensis 
(Huang et al. 2019), A. fumigatus (Zehra et al. 2020), A. 
awamori (Marzo et al. 2018), A. sojae (Demir and Tari 
2014), A. sydowii (Singh and Mandal 2012) and A. car-
bonarius (Nakkeeran et al. 2011) have been widely used 
for polygalacturonase production. The fungal isolates 
other than Aspergillus sp. such as Trametes hirsuta and 
Phanerochaete sp. (Vibha and Negi 2018), Penicillium 
janthinellum (Pagnonceli et al.2019) and Schizophyllum 
commune (Mehmood et al. 2018) have been also used for 
polygalacturonase production. Few yeast such as Wicker-
hanomyces anomalus (Maidana et al. 2019), Yamadazyma. 
sp. (Daskaya-Dikmen et al. 2018) and Geotrichum candi-
dum (Ejaz et al. 2018) have also been reported recently for 
polygalacturonase production. The phylogenetic tree was 
constructed on the aligned datasets using the Maximum 
Likelihood implemented in the program MEGA5 (Supple-
mentary Fig. 1). The tree was constructed in silico using 
evolutionary model based on nucleotide substitutions.

Screening of solid substrate and SEM analysis

Tropical agro-industrial crops and residues have mostly been 
chosen as suitable substrates for polygalacturonase produc-
tion since they are abundantly available in developing coun-
tries like India.

In the present study, out of eight substrates (viz. wheat 
bran, rice bran, corn cob, sugarcane bagasse, orange peel, 
groundnut shell and papaya peel), papaya peel maximally 
yielded polygalacturonase (48.66 ± 1.4 U/gds) by A.niger 

AN07 at 80% moisture level and 30ºC. Orange peel was 
found to be the second prime substrate for polygalacturonase 
production by A. niger AN07 with 12.91 ± 0.91 U/gds at 
30°C. However, sugarcane bagasse and wheat bran exhib-
ited polygalacturonase activity 9.38 ± 0.7 U and 6.74 ± 0.5 
U/gds, respectively. A very low polygalacturonase activity 
2.45 ± 0.5 U, 1.55 ± 0.4 U and 1.29 ± 0.3 U/gds was shown 
when rice bran, corncob and groundnut shell, respectively 
were used as solid substrate.

Papaya peel is an enriched source of all nutrients required 
for fungal growth and provides suitable environment for 
polygalacturonase production due to high percentage of pec-
tin, reducing sugars and protein content (Table 3). The dried 
papaya peel includes high percentage of pectin (25.11%) 
that is generally essential for polygalacturonase production. 
The penetrative hyphae of A. niger AN07 may have utilized 
the high carbohydrate and protein of papaya peel for proper 
growth and production of pectinolytic enzymes.

The negligible amount of pectin content in wheat bran 
(1.68%), groundnut shell (1.0%), rice bran (0%), corncob 
(0%) and sugarcane bagasse (0%) may decrease the growth 
of A. niger AN07 and therefore, lesser amount of polygalac-
turonase is produced in the medium (Sabry 1993; Paulchamy 
2007; Alonso Pippo et al. 2011). Earlier reports have also 
demonstrated poor polygalacturonase production using rice 
bran, corncob and groundnut shell (Pagnonceli et al. 2019). 
However, wheat bran has been used earlier for polygalactu-
ronase production by bacteria B. pumilus (Kaur et al. 2019).

Various fruit and agro-industrial wastes viz. banana peel 
(Zehra et al. 2020), passion fruit peel (Pagnonceli et al. 
2019; de Carvalho Silva et al. 2019), Nephrolepis biserrata 
leaves (Pagarra et al. 2019), orange peel (Nighojkar et al. 
2006; Marzo et al. 2018; Adedeji et al. 2019), sweet lime 

Table 3   Nutritional value of different agro-industrial wastes

Properties Concentration References

Moisture 
content %

Crude protein % Crude fat % Carbohydrate % Ash content % Pectin content % pH

Papaya peel 6 12.55 1.57 42.19 3.90 25.11 5.4 In this study
Orange peel 2.31 7.7 3.6 43.1 1.2 14.7 NA Zhou et al. (2011)
Wheat bran 9.36 15.73 NA 2.34 3.24 1.68 NA Sabry (1993) and 

Demir and Tari 
(2014)

Corn cob 15 2.47 0.5 94.6 2.80 NA NA Oduguwa et al. (2008) 
and Ali et al. (2014)

Groundnut shell NA 5.4 0.1 86.4 3.8 1.0 NA Paulchamy (2007) and 
Sareena et al. (2014)

Sugarcane bagasse 9.1 2.65 0  ~ 95 5.0 0 NA Alonso Pippo et al. 
(2011) and Samadi 
et al. (2016)

Rice bran 9 15.2 24.60 48.3 7.6 NA NA Hernandez et al. 
(2000)
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(Mehmood et al. 2018), mango peel (Kumar et al. 2012b), 
mixture of grape pomace and orange peel (Diaz et al. 2012), 
lemon peel (Maller et al. 2011) and sunflower head (Patil 
and Dayanand 2006) have been used in SSF or SmF for 
polygalacturonase or pectinase production due to their high 
pectin and other nutrient values.

Papaya peel treated with 0.1 N HCl and 0.1 N NaOH 
exhibited low polygalacturonase production as compared to 
untreated papaya peel (Table 4). The SEM analysis indicates 
that untreated papaya peel may have preserved large amounts 
of pectin which remains intact in the solid structure (Fig. 1). 
The untreated solid substrate could stimulate the polygalac-
turonase production (48.66 U/gds) compared to acid–alkali 
pretreated substrate, where hemicellulose layer in the papaya 
peel might have been lost along with the pectin structure, 
resulting in lesser enzyme production. The treatment time 
with acid–alkali also affects the enzyme production in SSF. 
Similar effect has been reported upon drying of pretreated 
lignocelluloses that can cause a collapse in substrate pore 
structure, resulting in decreased enzymatic hydrolysis (Ger-
vais and Molin 2003). Moreover, the reduction in concentra-
tion of carbohydrates such as glucose, fructose and sucrose 
by acid–alkali pretreatment, which is due to their solubility 
in acid or alkali may affect the fungal growth and enzyme 
production (Acuna-Arguelles et al. 1994). Additionally, 
chemical treatment of substrate also reduces protein content, 
which may affect the growth of fungi and thereby lowers 
the polygalacturonase synthesis (Adedeji and Ezekiel 2019; 
Amin et al. 2020). Therefore, untreated papaya peel was fur-
ther used  for polygalacturonase production. 

Statistical optimization

Screening of important factors using PBD

Environmental factors have always been of great interest 
to researchers for low cost production system (Uzuner and 
Cekmecelioglu 2015; Tari et al. 2007). PBD was employed 
to evaluate the factors which significantly affect the 

polygalacturonase production by A. niger AN07. Variation 
in two factors i.e. moisture content and fermentation time 
was found to be most significant in affecting polygalactu-
ronase production (Fig. 2). Based on the results from PBD, 
moisture content and fermentation time study in SSF was 
carried out by RSM using RCCD. Maidana et al. (2019) 
also tried PBD to determine significant factors and reported 
pectin, calcium and yeast extract as significant factors for 
maximum polygalacturonase production. Out of 10 fac-
tors, Kavuthodi and Sebastian (2018) screened three factors 
namely yeast extract, calcium chloride and inoculum size to 
optimize maximum pectinase production and further studied 
using CCD. PBD is routinely used to determine significant 
fermentation factors. However, Ejaz et al. (2018) showed 
insignificant effect of PBD on polygalacturonase produc-
tion by immobilized yeast G. candidum. This indicates that 
PBD may be insufficient to determine significant factors. 
Therefore, further study for optimization of parameters is 
desired. However, Vibha and Negi (2018) preferred One 
Factor at a Time (OFAT) approach to screen significant fac-
tors for pectinase production and their concentration was 
further optimized using Evolutionary Optimization factorial 
design (EVOP).

Optimization of significant variable using RCCD

RSM is most popular method based on mathematical and 
statistical modeling. It is used to optimize process parame-
ters to enhance the yield without affecting cost of the product 
(Bas and Boyacl 2007). The moisture content and fermenta-
tion time, screened statistically as most significant variables 
for polygalacturonase production by A. niger AN07 under 
SSF were optimized using RCCD. Experimental design 
of the RCCD and results of the experiments are shown in 
Table 2. Result of ANOVA (Table 5) was used for analysis of 
regression coefficient. The second order polynomial Eq. (1) 
was used to fill the coded values of independent variables, 
moisture content (A) and fermentation time (B). The polyga-
lacturonase activity (Y) in each trial was calculated as the 
average of triplicates. The second order polynomial obtained 
was represented as follows:

The F-value of 367.93 indicates that the model is signifi-
cant. In this case, both moisture content and fermentation 
time are significant model terms. Kavuthodi and Sebastian 
(2018) also used three level factorial design for optimiza-
tion of yeast extract, calcium chloride and inoculum size 
for maximum pectinase production. However, Pagarra et al. 
(2019) used two level fractional factorial design with 38 

(2)

PolygalacturonaseActivity(Y) = 258.10 + 7.73A + 11.22B

+ 7.23AB − 76.07A2 − 38.72B2

Table 4   Effect of different pretreatments of solid substrate (papaya 
peel) on polygalacturonase production by A. niger AN07

Pretreatment method Time Polygalacturo-
nase activity, 
U/gds

Untreated PP – 48.66 (± 1.40)
Treated with 0.1 N HCl 15 14.23 (± 0.49)

30 11.03 (± 0.45)
45 4.61 (± 0.29)

Treated with 0.1 N NaOH 15 16.11 (± 0.58)
30 10.72 (± 0.33)
45 8.64 (± 0. 50)
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experimental runs and six centre points for optimization of 
exo-polygalacturonase production. On the basis of P-value, 
incubation time, moisture content, pectin concentration and 
temperature were reported as significant factors.

The "Lack of Fit F-value" of 483.85 implies that the Lack 
of Fit is significant. There is only a 0.01% chance that this 
large "Lack of Fit F-value" could occur due to noise. The 
"Predicted R-Squared" of 0.97 is in reasonable agreement 
with the "Adjusted R-Squared" of 0.99; i.e. the difference 
is less than 0.2.

Moreover, closer the R2 value to 1.0, the model is 
authentic and exhibits better predicted response (Handa 
et al.2016). The results are in good agreement with other 
reports. Recently, Thite et al. (2020) predicted and adjusted 
R2 values above 0.77 and 0.92, during the optimization of 
wheat bran and citrus peel respectively, for enzyme produc-
tion using CCD.

The Coefficient of Variation (CV) is a measure of residual 
variation of the data relative to the size of the mean. Usually, 
higher the value of CV, lower the reliability of experiment 
(Reddy and Saritha 2016). In the present case, a low value of 
CV (2.72%) indicated a greater reliability of the experiment. 
This is in accordance with earlier reports (Raol et al. 2015; 
Patidar et al. 2016). However, reasonably high CV value 
(> 4%) is reported by Handa et al. (2016) in CCD model 
used to optimize pectinase production by Rhizopus sp. C4.

The maximum predictable response for polygalacturonase 
production based on regression equation was found to be 
258.30 U/gds. The optimum value for moisture content and 
fermentation time was found to be 90% and 144 h, respec-
tively. The R2 value of 99.60% indicates the appropriate 
prediction of moisture content and fermentation time for 
maximum polygalacturonase production. OFAT approach 
used to determine the optimum value doesn’t give idea about 
the interaction between different factors. Besides, OFAT 
approach is time consuming and some times give pseudo 
results (Gupta et al. 2008).

The effect of moisture content and fermentation time 
on polygalacturonase production as in Fig. 3(a, b) shows 
increased polygalacturonase yield with increasing moisture 
content of up to 90% and fermentation time 144 h. For the 
production of metabolites using SSF, moisture is a crucial 
factor. Higher moisture content (90%) decreases the polyga-
lacturonase yield possibly due to reduced hyphal growth. 
Most fungi show optimum growth in the range of 40 to 120% 
moisture (Blandino et al. 2002; Castilho et al. 2000; Demir 

Fig. 1   SEM micrographic analysis of papaya peel: (a) untreated 
papaya peel; (b) papaya peel treated with 0.1  N HCl^; (c) papaya 
peel treated with 0.1 N NaOH^; (d) untreated papaya peel degraded 
by Aspergillus niger #. ^Treatment time and temperature: 10 min at 
25°C. #Aspergillus niger growth conditions: temperature 30°C, time 
120 h, moisture content 80%

▸
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and Tari 2014; Heerd et al. 2012; Ruiz et al. 2012). The 
growth also depends on water absorption capacity of the 
substrate (Orzua et al. 2009). The effect of moisture content 
on enzyme production is well established. The low moisture 
content leads to decrease in enzyme production due to less 
availability of nutrients and slow rate of gas exchange during 
fermentation (Gervais and Molin 2003).

Fermentation time significantly influences product for-
mation. Polygalacturonase yield initially increases as the 
fermentation time increases, but decreases beyond 144 h. 
The reported optimum time for polygalacturonase produc-
tion varies between 4 and 7 days (Botella et al. 2005; Demir 
and Tari 2014; Heerd et al. 2012). Handa et al. (2016) used 
CCD to optimize fermentation time of 7 days for maximum 
pectinase production by Rhizopus sp.

The validation results show that the maximum polyga-
lacturonase yield (264.20 ± 9.32 U/gds) corresponds to the 
value predicted by the model (258.3 U/gds). The RCCD 

model significantly affected the enzyme production and 
a 5.4-fold increase in yield of polygalacturonase produc-
tion was obtained. Tari et al. (2007) reported 74% increase 
in yield of polygalacturonase enzyme by A. sojae (ATCC 
20235) in submerged fermentation. Similarly, Uzuner and 
Cekmecelioglu (2015) used RSM and reported 2.7-fold 
increase in pectinase production by B. subtilis. Vibha and 
Negi (2018) reported EVOP to optimize substrate, pH and 
temperature for maximum pectinase and laccase production, 
and reported 247 U/gds and 250 U/gds of enzyme produc-
tion, respectively.

Papaya peel as growth medium for Aspergillus sp.

The 7.9 WAI of papaya peel indicated higher water absorp-
tion capacity. This is favourable for fungal growth and 
exhibited high growth rate. In present study, A. niger AN07 
exhibited highest growth rate of 0.55 mm/h (Table 6) with 
a short lag phase and extended logarithmic phase when 
cultivated on papaya peel at 90% moisture content and 
30°C (Fig. 4). Similar pattern of growth was shown by A. 
tubingensis MP30 with 0.52 mm/h growth rate. However, 
the extended lag phase of about 40 h was exhibited by A. 
fumigatus M1 and A. sydowii under similar conditions with 
growth rate 0.39 and 0.25 mm/h, respectively. Orzua et al. 
(2009) reported 0.44 mm/h growth rate of A. niger Aa-20 on 
orange peel containing 25 g/l glucose at 70% moisture con-
tent. The polygalacturonase production by A. niger AN07, 
A.tubingensis MP30, A. fumigatus M1 and A. sydowii cor-
responded to their growth rate and exhibited 264.20, 237.31, 
155.90 and 132.63 U/gds polygalacturonase production, 
respectively (Table 6). 

In present study, dried papaya peel alone is used as solid 
substrate in SSF which exhibited high nutritional value in 
proximate analysis (Table 3). High pectin content 25.11% 
of papaya peel promotes the polygalacturonase produc-
tion by Aspergillus sp. The pH of the hydrolyzed papaya 
peel was found to be 5.4, which is favourable for most 

Agitation speed

Particle Size

Fermentation Time

Moisture Content

121086420

Standardized Effect

2.26

(Response is polygalacturonase Units/gds, Alpha = 0.05)

Fig. 2   Pareto chart of standardized effect of four factor screening 
design for the production of polygalacturonase by A. niger AN07 at 
30°C and 80% moisture content

Table 5   Analysis of Variance 
(ANOVA) of RCCD for 
Enzyme Units

Source Sum of squares df Mean square F value p-value
Prob > F

Level

Model 47,815.25 5 9563.05 367.93  < 0.0001 Significant
A-moisture Content 477.68 1 477.68 18.38 0.0036
B-fermentation Time 1006.62 1 1006.62 38.73 0.0004
AB 208.80 1 208.80 8.03 0.0252
A2 40,253.60 1 40,253.60 1548.71  < 0.0001
B2 10,428.81 1 10,428.81 401.24  < 0.0001
Residual 181.94 7 25.99
Lack of fit 181.44 3 60.48 483.85  < 0.0001 Significant
Pure error 0.50 4 0.12
Cor total 47,997.19 12
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polygalacturonase producing fungi (Jayani et al. 2005). In 
SSF, fungi grow well on complex and porous solid sub-
strates in near absence of free water in fermentation medium. 
Most of the fruit and food waste such as dried lemon peel, 
orange peel, coconut husk etc. exhibit high water absorption 

capacity and require high moisture content in SSF; whereas 
corncob, sugarcane bagasse, groundnut shell etc. require low 
moisture content in SSF due to low WAI.

The percentage of moisture content varies from 40 to 
120% due to different water absorption capacity of various 
solid substrates (Demir and Tari 2014; Heerd et al. 2012; 
Ruiz et al. 2012). Hence, 90% of moisture content used in this 
study provides water free condition and desired humidity in 
the process, and therefore, good growth rate of Aspergillus 
sp. is observed. The considerable growth rate of Aspergillus 
sp. in papaya peel indicated the suitability of optimized fer-
mentation medium for industrial enzyme production.

Native PAGE and Zymogram study

Native PAGE analysis and zymogram studies revealed that 
the enzyme was purified to near homogeneity (Supplemen-
tary Fig. 2A). Polygalacturonase hydrolyzed polygalacturonic 
acids present in the gel produced a zone of clearance when 
overlaid with CTAB (Supplementary Fig. 2B). A single trans-
parent zone in gel exhibited single form of polygalacturonase 
enzyme produced by A. niger AN07. However, it has been 
reported that isoforms of extracellular enzyme depends on the 
fermentation conditions (Silva et al. 2007). Purified polygalac-
turonase was used further for pomegranate juice clarification.

Application of enzyme

In present study, pomegranate juice was treated with differ-
ent concentrations of purified polygalacturonase enzyme (0, 
10, 20, 40, 80 U) produced by A. niger AN07 in SSF. The 

Fig. 3   (a) 3D surface plot and (b) Contour plot showing effect of 
moisture content and fermentation time on polygalacturonase produc-
tion by A. niger AN07 at 30°C

Table 6   Growth rate and polygalacturonase production exhibited by 
Aspergillus sp. on papaya peel in SSF conditions

Organism Growth rate 
(mm/h)

Polygalacturonase 
activity (U/gds)

A. niger AN07 0.55 264.20
A. tubingensis MP30 0.52 237.31
A. fumigatus M1 0.39 155.90
A. sydowii 0.25 132.63

0

10

20

30

40

50

60

70

80

90

0 24 48 72 96 120 144

G
ro

w
th

 R
at

e 
(m

m
)

Time (h)

Fig. 4   Growth rate of A. niger (‒♦‒), A. fumigatus (‒○‒), A. 
sydowii (‒ × ‒) and A. tubingensis (‒∆‒) on the papaya peel 
medium
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increase in polygalacturonase concentration from 0 to 80 
U enhanced the pomegranate fruit juice clarification from 
6.8% to 24.6% at 30°C. The pomegranate juice contains 
1.4% pectin and it is responsible for viscosity and turbidity 
of fruit juice even in low concentration (El-Nemr et al. 1990; 
Löfgren and Hermansson 2007). The enzymatic treatment 
reduced the turbidity of the juice due to hydrolysis of low 
methoxyl pectin by polygalacturonase enzyme. The reduc-
tion in turbidity is because of the hydrolysis of pectin which 
leads to flocculation of the pectin–protein complex (Lee 
et al. 2006). Haze formation in treated juice was evaluated 
by addition of 0.3% gelatin. The initial turbidity of the juice 
was 1.6 TU which insignificantly increased up to 1.7 TU 
after incubation with polygalacturonase. In untreated juice, 
the turbidity was drastically increased up to 57 TU. These 
results are in accordance with those reported by Cerreti et al. 
(2016). There are several reasons of haze formation, but 
interaction of proteins and polysaccharides present in juice 
is most effective and prominent (Siebert 2009). According 
to Cerreti et al. (2016), haze formation in pomegranate juice 
is due to formation of pectin envelope outside the protein 
molecules. Moreover, enzymatic treatment decreases the 
pectin content of the juice, which leads to low juice turbidity. 
Due to numerous health properties such as anticancer, anti-
mutagenic, antioxidant etc., pomegranate juice is consumed 
worldwide and therefore, need of time is to improve its qual-
ity (Zarfeshany et al. 2014; Putnik et al. 2019). Earlier, sev-
eral reports have been published on enzymatic treatment of 
pomegranate juice (Rinaldi et al. 2013; Cerreti et al. 2016). 
The enzymatic treatment leads to increase in soluble sugars, 
soluble dry matters and organic acids which are beneficial to 
human health (Rinaldi et al. 2013).

In present study, discarded papaya peel has been exploited 
for polygalacturonase production from indigenous isolate 
A.niger AN07. Papaya peel has been reported for the first 
time for production of polygalacturonase enzyme. The opti-
mized process is cost effective and high amount of enzyme 
is obtained. No other organic and inorganic chemicals have 
been used in the process. Partially purified polygalactu-
ronase has been successfully used for pomegranate juice 
clarification.

Conclusion

Enhanced production of polygalacturonase (5.4-fold; 264.20 
U/gds) by A. niger AN07 was obtained after statistical opti-
mization using untreated papaya peel as solid substrate in 
SSF without the addition of any other chemicals. The opti-
mized fermentation medium and conditions were found for 
other Aspergillus sp. too. The present study also depicts 
the efficiency of using the agro-industrial waste of papaya 
processing units for production of commercially viable 

industrial enzymes and disposal of organic wastes. The 
results obtained are encouraging for utilization of polyga-
lacturonase production for industrial purposes. The results of 
purified A. niger AN07 polygalacturonase for pomegranate 
juice clarification were promising for application in other 
food industries, for efficient and economic production of 
clear fruit juices.
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