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Abstract

Pectinase, a group of pectin degrading enzymes, is one of the most influential industrial enzymes, helpful in producing a
wide variety of products with good qualities. These enzymes are biocatalysts and are highly specific, non-toxic, sustainable,
and eco-friendly. Consequently, both pectin and pectinase are crucially essential biomolecules with extensive applicatory
perception in the biotechnological sector. The market demand and application of pectinases in new sectors are continuously
increasing. However, due to the high cost of the substrate used for the growth of microbes, the production of pectinase using
microorganisms is limited. Therefore, low-cost or no-cost substrates, such as various agricultural biomasses, are emphasized
in producing pectinases. The importance and implications of pectinases are rising in diverse areas, including bioethanol
production, extraction of DNA, and protoplast isolation from a plant. Therefore, this review briefly describes the structure
of pectin, types and source of pectinases, substrates and strategies used for pectinases production, and emphasizes diverse
potential applications of pectinases. The review also has included a list of pectinases producing microbes and alternative
substrates for commercial production of pectinase applicable in pectinase-based industrial technology.

Key points

e Pectinase applications are continuously expanding.

e Organic wastes can be used as low-cost sources of pectin.

e Utilization of wastes helps to reduce pollution.

Keywords Pectinase - Structure and alternate source of pectin - Source of pectinases - Applications

Introduction the chemical nature of plant tissues becomes apparent, and

researchers started to use more enzymes proficiently. Of all

Pectinase is a complex heterogeneous group of enzymes
that acts on pectic substances. The pectic content is the
generic name for a natural heteropolymer compound, acidic
in nature, present commonly in plants and fruits (Picot-
Allain et al. 2020; Satapathy et al. 2020). The homemade
winemaker used pectinases in producing wine two centuries
ago. However, the first commercial use of pectinases started
in 1930 to clarify fruit juice, and it was later used in mak-
ing wine and fruit juice (Tapre and Jain 2014; Bhardwaj
et al. 2017). Only after 1960, other enzymes were recorded,
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these enzymes, pectinases are essential catalysts of the com-
mercial sector for the maximum yield of stable and clarified
fruit juices (Tapre and Jain 2014). Applications of pectinases
are increasing continuously, and the worldwide enzyme mar-
ket accounts for 25% of pectinases (Amin et al. 2017). The
different natural sources for pectinase production are yeast,
bacteria, fungi, and plants. Microbial enzymes are replacing
the chemical catalysts because enzymatic catalysts are more
specific, less aggressive, ecofriendly, and saves energy (Garg
et al. 2016; Amin et al. 2019).

As the demand for pectin and pectinase is upgoing,
this review aims to briefly explain the different avenues of
pectinases applications so that the review encourages the
researcher to develop different strategies for maximum pec-
tinases production and to study its applications in different
areas. In addition, the review will help to know the ideas
regarding its sources, production strategies, and alternative
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sources of substrate for pectinases production and are
described in following paragraphs.

Pectin

Pectin is a naturally occurring biopolymer, one of the main
constituents of all higher plants cell wall. It is only a sole
polysaccharide in the middle lamella responsible for cell
cohesion. It is non-toxic, anionic heteropolysaccharide in
nature, accounting for 0.5 to 4.0% of the fresh weight of
the plant (Jayani et al. 2005; Picot-Allain et al. 2020). In
plants and fruits, pectin provides the rigidity and structure
of the cell. The type of pectin plays an essential role in the
texture of vegetables and fruits during growth, ripening, and
storage. Also, pectin plays an important role on the plant
growth and development, as well as morphogenesis, defense,
cell—cell adhesion, wall structure, signaling, cell expansion,
wall porosity, binding of ions, growth factors and enzymes,
pollen tube growth, seed hydration, leaf abscission, and fruit
development (Khan et al. 2013; Chen et al. 2015; Yamada
et al. 2015). The enzymatic and chemical modifications
affect the pectin that is present in fruits. During the ripen-
ing of fruits, solubilization of pectin and softening of fruits
take place due to the pectinase (Paniagua et al. 2014). The
molecular weight of pectin ranges from 60,000 to 318,000 g/
mol and varies with the plant source, stage of fruit/plant,
extraction condition, and methods (Sayah et al. 2016; Yang
et al. 2018).

Structure of pectin

The structure of pectin is complex, not known entirely, and
is still in debate. However, two pectic models are prevalent;
the “smooth and hairy region” model and the “RG I back-
bone” model.

The main constituent of pectin polysaccharides is
D-galacturonic acid, joined by a (1 —4) glycosidic bonds.
Other sugar units, including ribose, galactose, arabinose, and
sucrose, are also found inserted into the polymers, and about
70% galacturonic acid is present in the cell wall (Harholt
et al. 2010; Picot-Allain et al. 2020; Shrestha et al. 2020).
The structural components and molecular mass of the pectin
differ with their origin, cell types, different stages of cel-
lular development, extraction condition, extraction meth-
ods, and the thickness of a given cell wall (Harholt et al.
2010; Pancerz et al. 2021). However, the pectin molecule
of the same molar mass may have different hydrodynamic
properties due to the difference in the degree of methyla-
tion (DM), branching, and neutral sugar content. The most
common polysaccharide structural components of pectin are
homogalacturonan (HG), rhamnogalacturonan I (RG I), and
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rhamnogalacturonan II (RG II) (Lara-Espinoza et al. 2018;
Picot-Allain et al. 2020; Ropartz and Ralet 2020).

Homogalacturonan

This is the simplest and most abundantly found in pectin,
accounting for about 75-100% pectin. HG represents the
backbone chain of the pectin molecule and contains linear
polymers of a-D galacturonic acid (GalA) residue linked
with o (1 —4) glycosidic bonds. The minimum length of
HG is estimated to be 100 GalA residues. GalA residues
can be acetylated or/and methyl esterified. The number of
acetyl esterified GalA and methyl esterified GalA in 100
GalA residues is known as the degree of acetylation (DA)
and the degree of methylation (DM), respectively. Both DA
and DM have a massive effect on the functional properties
of pectin. This HG region is also considered as a smooth
zone of pectin (Lara-Espinoza et al. 2018; Ropartz and Ralet
2020).

Rhamnogalacturonan |

RG I is present in the highly branched area containing many
neutral sugars such as arabinose, galactose, and mannose
as the side chains of a-1, two-linked resides of L-rhamno-
pyranose. Moreover, the backbone of RG I is formed by the
repeated disaccharide structure of rhamnose and galactu-
ronic acid. The galacturonic residue can undergo acetylation
and bind with other neutral sugars (galactose, arabinose, and
xylose). Therefore, RG I accounts for about 10-25% of pec-
tin (Lara-Espinoza et al. 2018).

Rhamnogalacturonan Il

RG II is the most complex branch of a pectic domain, con-
taining an HG backbone, and is the most conserved and
widespread domain of the plant. RG II accounts for 0-10%
of pectin. A short HM of RG 1II is substituted by four side
chains of several unusual sugar residues. RG I and RG II
regions of pectin are known as hairy regions of pectin (Lara-
Espinoza et al. 2018; Mellinas et al. 2020).

Application of pectin

Pectin has remarkable properties; therefore, pectin is utilized
as a gelling, stabilizing, and emulsifying agent in the food
and cosmetic industries. Also, pectin has multiple positive
effects on human health, including lowering blood choles-
terol and serum glucose levels, inhibiting the growth of
cancer cells, and stimulating the immune response (Jack-
son et al. 2007; Mohnen 2008; Lara-Espinoza et al. 2018).
Moreover, pectin is also used to produce various exclu-
sive products, including edible and biodegradable films,
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adhesives, paper substitutes, foams and plasticizers, surface
modifiers for medical devices, and materials for biomedical
implantation. Besides, pectin is used as a carrier material in
colon-specific drug delivery systems (Chambin et al. 2006;
Vityazev et al. 2017; Lara-Espinoza et al. 2018), effectively
removing toxic chemicals like lead, cadmium, arsenic, and
mercury from the gastrointestinal tract and respiratory
organs (Kohn 1982; Lara-Espinoza et al. 2018). Moreover,
pectin has been used as a pectin hydrogel in controlled-
release matrix tablet formulations and water purification
(Aydin and Akbuga 1996; Thakur et al. 2019).

Pectinases

Pectinases are biocatalyst comprising complex enzymes
that degrade pectic substances (Khan et al. 2013; Kavuthodi
et al. 2015; Oumer 2017). In the past, pectinases were only
known as the virulence factor in the decomposition of a plant
cell wall. But, today, pectinases are becoming necessary
enzymes due to its multiple applications in a wide range of
industrial sectors such as food, textile, and biofuel industries
and accounts for about 25% of total enzyme market sale
(Oumer 2017; Shrestha et al. 2020). Nevertheless, pectinases
are the upcoming important biocatalyst because of its versa-
tility, broad-substrate specificity, inducibility, stability, and
ability to act on a large variety of pectic substances (Pedrolli
et al. 2009; Martin et al. 2019).

Sources of pectinases

There are many sources for pectinases that are widely dis-
tributed in nature. The different sources of pectinases are
plants, bacteria, fungi, yeasts, insects, nematodes, and pro-
tozoa. However, the microbial source is significant due to
the fast growth, diversified widespread, shorter fermentation,
and more accessible genetic modifications. Microbial pecti-
nases play a vital role in plant pathogenesis, symbiosis, and
decomposition of plant deposits (Polizeli et al. 2016; Amin
et al. 2019). Also, the microbial pectinases production pro-
cess has no political or social issues as in plant and animal
sources. It is reported that 35% of pectinases are from bacte-
rial source, 55% from fungi and yeast, while only 15% from
plant or animal sources (Kavuthodi and Sebastian 2018).
Many studies are undergoing related to a high quality of pec-
tinases like the high stability to different physicochemical
conditions from microbes of different sources. Some of the
microbes capable of producing pectinases at their optimum
conditions are listed in Table 1.

Bacterial source

Different bacteria are the ideal source for pectinases pro-
duction. Bacteria are easy to grow in different laboratory

environmental conditions like temperatures and pH, have
a shorter lifetime, easy to manipulate genetically, and are
environmentally friendly (Amin et al. 2019; John et al.
2020). Pectinases from bacterial sources are usually neutral
or slightly alkaline in nature (Hoondal et al. 2002; Bhardwaj
et al. 2017; Kavuthodi and Sebastian 2018). For example,
pectinases produced from Bacillus tequilensis were stable
showing higher pectinase activity at pH 10 (Zhang et al.
2019), and pectin lyase from Paenibacillus xylanolyticus
showed stability at pH 9 (Giacobbe et al. 2014) and so on.
Alkaline pectinase is predominantly produced from Bacil-
lus sp., Pseudomonas sp., and actinomycetes (Hoondal et al.
2002; Kavuthodi and Sebastian 2018). Bacillus sp. is an
essential and highly efficient bacterial source for industrial
applications (Kavuthodi and Sebastian 2018) which can be
perceived from Table 1 as well.

Fungal source

The fungi are the common source of acidic pectinases
(Bhardwaj et al. 2017; Kavuthodi and Sebastian 2018),
and the most crucial fungal strain for pectinase production
is Aspergillus sp. This strain has outstanding importance
because the strain produces non-toxic and economically
important metabolites. Also, Aspergillus sp. is assigned as
generally regarded as safe microbe (Bhardwaj et al. 2017;
John et al. 2020). In addition, Table 1 illustrates that the
fungi such as Aspergillus, Candida, Geotricum, and Rhizo-
pus have a longer optimum time on pectinases production
than bacteria. In the study, Penicillium notatum, Coriolus
versicolor, Ganoderma lucidum, and Trametes hirsuta pro-
duced 83.46 U/gds, 73.21 U/gds, 62.29 U/gds, and 47.15 U/
gds pectinases respectively when incubated at 30 °C (Amin
et al. 2017).

Yeast pectinases

Yeast also acts as the source for pectinases. For example,
Wickerhamomyces anomalus, Saccharomycopsis fibuligera,
Papiliotrema flavescens, Pichia kudriavzevii, and Saccharo-
myces cerevisiae have the potential to be used as the starter
for coffee fermentation (Haile and Kang 2019). Moreover,
Rhodotorula glutinis isolated from fruit has pectinase and
tannase activity. It was stated that this yeast could be higher
(503.1 U/ml) polygalacturonase producer using immobilized
cells (Taskin 2013). The polygalacturonase activity was also
observed in Aureobasidium pullulans, Metschnikowia pul-
cherrima, and Metschnikowia fructicola. However, Belda
et al. selected M. pilcherrima as a potential candidate to use
on a semi-industrial scale for red wine upgrading (Belda
et al. 2016).
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Table 1 Optimal conditions of different microbes for pectinase production and pectinase activity (- not mentioned)

Source Microrganisms Pectinase activity Optimal conditions References
Time (hours) Tem- pH
perature
0
Bacterial  Bacillus sp. 0.641 IU/ml 96 35 6  (Kauretal. 2016)
Bacillus sp. 27.0 U/ml (polygalacturonate 60 34 8.5 (Guoetal. 2019)
lyase)
40.0 U/ml (polygalacturonase)
Bacillus sp. 110.47 U/mg 48 34 5 (Yuand Xu 2018)
(Chiliveri  Enterobacter 14.16 U/mg 72 30 9  (Abdollahzadeh et al. 2020)
etal, Bacillus sp. 1431 U/ml (wheat bran) 24 37 7.2 (Karthik et al. 2011)
2016) Streptomyces fumigatiscleroticus 45.93 to 98.65 U/ml 48 35 6  (Govindaraji and Vuppu 2020)
B. licheniformis 39 to 219 U/ml 120 37 9.5 (Bibi et al. 2016)
Bacillus subtilis SAV 3315 U/gds 144 35 4 (Kaur and Gupta 2017)
10.5 U/gds (pectin lyase)
Bacillus subtilis starin Btk 27 66.3+1.2 U/ml (SmF) 48 37 6.5 (Oumer and Abate 2018)
1272.4+25.5 U/g (SSF)
Bacillus tequilensis CAS- 1370 U/ml 40 40 7  (Zhang et al. 2019)
MEI-2-33
Bacillus tequilensis SV11-UV37  1371.15 U/gds (pectate lyase) 72 37 6 (Chiliveri et al. 2016)
85.45 U/gds (polygalacturonase)
Bacillus subtilis 62.18 U/mg 72 37 7  (Takc1 and Turkmen 2016)
Fungal Geotricum candidum 0.554 TU/ml (immobilization) 48 25 7  (Ejazetal. 2018)
Aspergillus awamori - 72 30 5  (Dasari 2020)
Aspergillus sp. 106.7 U/ml 48 30 5.8 (KC et al. 2020)
Candida sp. 19.5 U/ml 120—144 55 5.5 (Aggarwal et al. 2020)
Penicillum notatum 82.92 U/gds (wheat bran) 72 35 3 (Amin et al. 2017)
Coriolus versocolar 73.21 U/gds (wheat bran) 96 30 (Amin et al. 2017)
Rhizopus sp. 11.63 IU/ml 168 30 - (Handaet al. 2016)
Yeast S fibuligera 117.55 U/ml (pectin lyase) 24 28 - (Haile and Kang 2019)
8.28 U/ml (polygalacturonase) 48
W anomalus 16.96 U/ml (pectin lyase) 24
8.01 U/ml (polygalacturonase) 24

Insect pectinases

Commercial pectinases are generally produced from a
microbial source. However, insects can also be the source
of pectinases. The sugarcane weevil, Sphenophorus levis,
has pectin methylesterase and endo-polygalacturonase.
The pectinase from sugarcane weevil has been expressed
in Pichia pastoris, and P. pastoris could be used as an
alternative resource for industrial pectinases (Habrylo
et al. 2018). Polygalacturonase producing Bacillus sp. was
isolated from the gut of Apis mellifera (honey bee) which
was alkaline and slightly thermostable in nature (Paudel
et al. 2015). Some of the forest pests and wood-boring cer-
ambycid beetle, Apriona japonica, have cell wall-degrad-
ing enzymes, including pectinases (Pauchet et al. 2014).
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Plant and animal pectinases

The plants and animal sources are less popular because
many social and political issues need to be considered, less
yield, time-consuming, and not appropriate to produce pec-
tinase over a wide range of environmental conditions. In
addition, plant and animal tissues may contain some harmful
materials. Furthermore, sometimes pectinase extracted from
diseased plants and animals may have a substantial risk of
contamination from diseases and difficulties in isolation and
purification, thereby discourage the production of pectinase
from diseased plant and animal sources (Bhardwaj et al.
2017). Besides, plant tissue contains phenolic compounds
and animal tissue, some inhibitors, and proteases (Bhard-
waj et al. 2017; Kavuthodi and Sebastian 2018). Thus, the
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microbial source is the most valuable source for the pecti-
nase enzyme. However, there should be more exploration for
plant and animal pectinases.

Alternative substrates (low-cost pectin sources)
for pectinases production

The extracted pectin from different plant sources has humon-
gous applications. Thus, it is wise to use agricultural wastes
as alternative sources for pectinase production to ben-
efit economically and reduce agricultural waste disposal.
The agro-wastes are renewable, inexpensive, and natural
resource, acting as a cost-effective and eco-friendly source
for pectinases production. Natural resource utilization will
help solve the energy shortage problem, pollution concerns,
waste disposal issues and will not compete with the food
supply chain (Govindaraji and Vuppu 2020; Shrestha et al.
2020). Various agricultural wastes are incredibly nourishing,
which enable and promote the growth of different microbes.
Apple pomace, sunflower heads, orange peel, barley grain,
and grape pomace have extensively been used as the carbon
source for pectinase production (Osofero et al. 2018; John
et al. 2020). However, there are lots of agro-waste that have
the potential to be used as the source of pectin for pectinases
production.

Crop waste

Wheat bran is one of the common agro-industrial waste
accounts 15 to 20% and gets discarded during the wheat
flour production process. Wheat bran has the potential to
be used for industrially important enzymes. It is reported
that wheat bran and tea extract together produce a 15.28-
fold increase in polygalacturonase with a specific activ-
ity of 33.47 U/ml under solid-state fermentation (SSF), at
50 °C and pH 4 (Anand et al. 2017). In another study, when
Aspergillus ojae was cultured on media with wheat bran
at 37 °C for 4 days under SSF, polygalacturonase of 535.4
U/g substrates was produced (Demir et al. 2014). Similarly,
Oumer and Abate observed maximum pectinase production
(1272.4 +£25.5 U/g) by Bacillus subtilis using wheat bran
under SSF having initial pH 6.5 and at 37 °C (Oumer and
Abate 2018). Kaur and Gupta screened 25 different agro
waste such as orange peel, coconut fiber, paddy straw, mus-
tard straw, mustard oil cake, rice bran, and lemon peel for
pectinase and pectin lyase production. The maximum pec-
tinase (450.50+ 12.8 U/gds) was observed in orange peel-
containing media at pH 7 and 35 °C. However, the mixture
of orange peel and coconut fiber at a ratio of 4:1 revealed as
the prominent substrate producing 3315 U/gds of pectinase
with moisture content 60% at 35 °C and pH 4 after 4 days of
incubation (Kaur and Gupta 2017).

Tobacco stalks are also considered waste, have a high
amount of pectin, and Bacillus tequilensis showed pecti-
nase activity of 1370 U/ml in optimal fermentation condi-
tions; 40 h, pH 7, and inoculum amount 3% (Zhang et al.
2019). Aspergillus awamori was exploited to use leaves of
Ficus religiosa in solid-state fermentation for producing
pectinase. The maximum pectinase was observed in 72 h,
at 30 °C, 60% v/w moisture content, and pH 5 (Dasari
2020).

Onion waste has the potential to be used as a substrate
in pectinase production. Pereira et al. produced 4.82 U/ml
of thermostable pectinase under SSF by using onion waste
(Pereira et al. 2017).

Fruit and vegetable waste

When peels from fruits like orange, mango, pomegranate,
and mosambi were studied for pectinase activity, orange peel
gave maximum pectinase of 98.65 U/ml at 35 °C, pH 6, and
48 h of incubation (Govindaraji and Vuppu 2020). Mango
peel utilization for pectinase production using Aspergil-
lus foetidus gave the highest polygalacturonase and pectin
lyase under SSF. The pectinase produced by this way gave
the maximum mango juice clarification (92.5+0.26%) at
40 °C and 150 min of incubation (Kumar and Sharma 2012).
Similarly, Reddy and Saritha used mango fruit processing
waste as a carbon source for pectinase production by using
Enterobacter sp. under submerged fermentation (SmF)
(Reddy and Saritha 2016). Grape skin and olive pomace
were exploited to produce lignocellulosic enzymes, includ-
ing pectinase. Two local species of Aspergillus, A. niger, and
A. fumigatus were grown in solid media containing grape
skin and olive pomace, and in some cases, media was sup-
plemented with wheat (Sinchez et al. 2015). Orange peel
was added in Czapeck media as a carbon source under SmF
to produce pectinase from Aspergillus. They also showed the
maximum pectinase yield (117.1 +3.4 pM/mL/min) at 30 °C
and pH 5.5 after 4 days of incubation (Ahmed et al. 2016). In
another study, Bacillus licheniformis produced 219 U/ml of
pectinase under SmF and media supplemented with orange
peels (Bibi et al. 2016). Similarly, orange peel and coconut
fiber in 4:1 ratio were also used under SSF for pectinase
production. In this condition, maximum pectinase (3315 U/
gds) and pectin lyase (10.5 U/gds) were recorded at pH 4,
moisture content of 60%, and in 4 days and 8 days of incuba-
tion, respectively (Kaur and Gupta 2017). Papaya is a tropi-
cal worldwide popular fruit having medicinal and nutritional
values and contains pectin. Therefore, papaya peel has been
used for pectin methylesterase production (246.83 U/gds)
by exploiting Aspergillus tubingensis. The methylesterase
thus produced was applied for pineapple juice clarification
(Patidar et al. 2016).
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Algal biomass

Algal biomass has also been used as a natural resource to
produce pectinases. The presence of a significant amount
of pectin in the middle lamella of the algal cell wall makes
it applicable for this application. For example, biomass of
charophyte green algae, Penium margaritaceum, has been
studied in pectinase production (Domozych et al. 2014). In
addition, brown or green algae such as Dictyopteris polypo-
dioides, Sargassum wightii, Dictyopeteris divaricate, Ulva
lactuca, and Codium tomentosum were used for pectinase
production. Besides, the algal biomass can be used as the
feedstock for other hydrolytic enzymes production. The
green algal biomass from U. lactuca was observed to be
the most suitable substrate than the rice husk and sugar-
cane bagasse for Bacillus licheniformis in producing pec-
tinases under SmF (2457 +3.31 U/mg) compared to SSF
(1432+1.46 U/mg) (Pervez et al. 2017).

Pectinases production strategies
Fermentation strategies

In general, two fermentation techniques solid-state fermen-
tation (SSF) and submerged state fermentation (SmF) are
traditional methods of pectinase production. During fermen-
tation, different parameters like growth medium, cultivation
conditions, pH, temperature, aeration, moisture, salts, carbon
source, nitrogen source, inoculum volume, inoculum age,
type of strain, and inducers are considered for boosting pec-
tinase production using microorganisms (Amin et al. 2017).
However, the processes are tedious and time consuming.
Most of the enzyme manufacturing industries produce
enzymes by using SmF because this process can easily be
accessed, and the production is topped up (Oumer and Abate
2018). During SmF, there is uniform mixing of nutrient,
better heat and mass transfer, and better diffusion of micro-
organisms. Therefore, for the commercial production of
pectinase, SmF is generally used. However, the high cost of
medium ingredients, low yield, high energy consumption,
need of antifoaming agent to reduce the foam occurrence,
and high effluent production, SSF is replacing SmF (Couto
and Sanromén 2006; Garg et al. 2016; Patidar et al. 2018).
To find out the economical and appropriate source of car-
bon for pectinase production, different agricultural wastes,
including wheat bran, orange bagasse, sugarcane bagasse,
and banana peel, are studied using SSF (Sharma et al. 2013).
A little or no water is added to a solid substrate in SSF so
that microbes, mostly fungi, grow as in their natural habi-
tat and produce maximum pectinase. Also, microbes get
sufficient nutrients from the substrate added, and no need
for extra nutrients in SSF (John et al. 2020). Some of the
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pectinase produced following SmF and SSF with the opti-
mum fermentation conditions are listed in Table 1.

Immobilization strategies

Immobilization of enzyme or microbes onto the solid carrier
is another effective technique to enhance enzyme produc-
tion and improve enzyme properties. Enzymes and whole
cells are immobilized using various methods such as adsorp-
tion, covalent bonding, and entrapment. Several inorganic
supports (bentonite, silica, ceramics, polyacrylamide, glass
beads, etc.), organic supports (chitosan, proteins, alginate,
agar—agar, etc.), and organic—inorganic hybrid (magnetic
nanoparticles, silica—dialdehyde starch, etc.) are used for
enzymes immobilization (Sanchez et al. 2015; Rehman et al.
2016; Hosseini et al. 2020). However, different types of car-
riers for immobilization need to have some unique properties
like biocompatibility, low toxicity, biodegradability, and tai-
lored surface chemistry. The different supporting materials
for immobilization need to be stable, cheap, nontoxic, and
not reactive in the reaction solution or mixture. The selection
of immobilization process and supporting material are very
important (Zdarta et al. 2018). The immobilization is advan-
tageous to recover enzyme easily when it is in free form and
has short time stability. Therefore, the different advantages
of using immobilized enzymes or cells are they get proper
attachment or confined in a specific region for their catalytic
activities, can be repeatedly or continuously exploited, can
be easily separated from the media, stability or tolerance
of enzymes to temperature and pH are enhanced, minimize
enzyme loss, enhance enzymatic properties, and decrease
the product contamination, etc. (Rehman et al. 2016; Martin
et al. 2019; Hosseini et al. 2020; John et al. 2020). The pecti-
nase enzyme was immobilized onto the surface of magnetic
nanoparticles by dextran polyaldehyde as a cross-linking
agent and applied in apple juice clarification. The immobi-
lized pectinase showed superior thermal stability than the
free enzyme, 87% residual activity after seven cycles of recy-
clability, and rapid reduction of turbidity up to 74% (Sojitra
et al. 2017). The polyaldehyde pullulan can be a potential
alternative for the immobilization of pectinase on the glass
beads (Hosseini et al. 2020). Similarly, pectinase immobi-
lized in magnetic chitosan particles was exploited in the clar-
ification of juices (Magro et al. 2019). Rehman et al. (2016)
immobilized polygalacturonase by entrapping in calcium
alginate, agar—agar, and polyacrylamide gel. The biocata-
lyst polygalacturonase produced from Streptomyces halstedii
when immobilized in sodium alginate hydrolyzed orange
pectin; it was reusable for 29 reactions with stable achieve-
ments (Ramirez-Tapias et al. 2017). Low-cost agrowaste like
corn cob was also used as an inexpensive matrix support
for immobilization of yeast (Geotrichum candidum) and has
illustrated the increased production of pectinase compared to
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free yeast cell (Ejaz et al. 2018). Whole cell immobilization
of Streptomyces sp. in polyurethane foam support enhanced
the pectinase production by 32% (Kuhad et al. 2004). The
functionalized nanoporous activated charcoal (FNAC) was
used for pectinase immobilization produced from Aspergil-
lus ibericus for citrus processing wastewater treatment and
was successful to treat 94% pectin present in the wastewater
(Mabhesh et al. 2016). Furthermore, in another study, the
pectin lyase from Schizophyllum commune entrapped and
adsorbed in sodium alginate and chitosan respectively was
found thermal stable and reusable up to 6 cycles. Also, the
enzyme activity of immobilized enzyme was stimulated by
Ca®* and Ma®* (Mehmood et al. 2019).

Genetic modification strategies/strain development

Microbial strain development or improvement is another
technique/method for improving bacterial strain applied in
the commercial development of fermentation processes to
enhance bioproducts productions. The method implies the
blending of classical techniques, biochemical engineering,
and molecular genetics. The strains of bacteria are devel-
oped or improved by different processes like mutagenesis
and molecular process, which impart mainly in changing
the microbial DNA (Heerd et al. 2014). The microbial
recombinant DNA technology tools such as gene cloning
and metabolic engineering are applied to increase pectinase
production and have been successfully applied in cloning
and expressing the gene of interest for relevant enzymes pro-
duction efficiently and effectively (Amin et al. 2019). The
recombinant technology has resulted in significant increase
about 14 and 400 folds production of polygalacturonase
and pectin lyase using Penicillium griseoroseum under sub-
merged fermentation (Gongalves et al. 2012). Gene shuffling
also helps to enhance the pectinase activity of bacteria; for
example, two round of genomic shuffling in Bacillus subtilis
increased the pectinase activity by 1.6 times. The alignment
of gene sequences were replaced in three bases after shuf-
fling which produced amino acid substitution resulting in
enhancement of pectinase synthesis (Yu et al. 2019). Strain
development also benefits from an economic point of view
by decreasing the production cost and not increasing the
capital expenditure (Parekh et al. 2000; Ademakinwa et al.
2017). Many factors influence bacterial strain development,
such as the type of processes, methods, treatment duration,
and microorganisms type (Munir et al. 2020). Chemicals
such as N-methyl-N-nitro-N-nitrosoguanidine (NTG),
hydroxylamine, and nitrous acid are commonly used chemi-
cal mutants. Ultraviolet (UV), X-ray, and gamma-ray radia-
tion are physical mutants. UV radiation induces cross-links
and pyrimidine dimerization in DNA. The intercalating
agents, for example, ethidium bromide and acridine dyes,
intercalate the base pairs between nucleotides resulting in

frameshifts or loss of plasmids (Parekh et al. 2000; Heerd
et al. 2014). Mutation can also produce constitutive expres-
sion of pectinase as in the study conducted by Alazi et al.
(2019). The activator and repressor both were mutated,
but the inducer independent expression for pectinase was
observed in Aspergillus niger demonstrating the ability of
producing pectinase independently to the substrate (Alazi
et al. 2019). In another study, mutant strain of Penicillum
occitanis produced by nitrous acid mutagenesis showed
exceptionally high pectinases constitutively. The study
illustrated the pectinases production by mutant stain did not
depend on pectin, glycerol, or glucose as an inducer. How-
ever, the mutant strain showed pectinase mRNA transcripts
in Northern blots analysis, and none of the transcript was
detected in the parental strain (Ayadi et al. 2011).

Heerd et al. (2014) applied UV radiation and/or NTG
for Aspergillus sojae strain development and studied their
effects on pectinolytic activities. The study demonstrated
the PG production was enhanced by strain development and
could be applied industrially (Heerd et al. 2014). In another
study, A. tamatii was treated with UV radiation, sodium
azide, nitrous acid, and ethyl methane sulfonate for strains
development. The study illustrated sodium azide—treated
strain produced high polygalacturonase activity (Munir et al.
2020). Similarly, the strain enhanced the production of fruc-
tosyltransferase when chemicals such as ethidium bromide
and ethyl methane sulfonate were used as mutagens (Ade-
makinwa et al. 2017). Thus, the strain development of micro-
organisms plays an important role in meeting the increasing
demand for enzymes in different avenues of applications.

There are some studies which illustrated the success of
recombinant technology in improving the properties like
thermotolerance and catalytic efficiency further increas-
ing pectinase production. Kun et al. (2021) developed the
mutants of Aspergillus niger by constructing the changes
in the chimeric transcription factors. They observed signifi-
cantly higher pectinase production when the mutated chi-
meric transcription factor was expressed in A. niger. Also,
A. niger was found to be resistant to hygromycin B (Kun
et al. 2021). The recombinant technology has made possible
to transfer gene of interest in other organisms and success-
fully express the interested enzyme or protein. For example,
the TPG1 gene which is responsible for polygalacturonase
production was identified in cold adapted Tetracladium sp.,
and when expressed in Pichia pastoris, it was observed that
the recombinant polygalacturonase was highly active at
low temperature (15 °C) (Carrasco et al. 2019). Similarly,
the alkaline pectate lyase gene derived metagenomically
when expressed in E. coli, the expressed pectate lyase dem-
onstrated thermostability, alkaline stability, and high spe-
cific activity (Wang et al. 2014). Furthermore, the pectate
lyase gene (peldj4) from Dickeya dadantii was cloned and
transformed into E. coli BL21. The expressed pectate lyase
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showed the enzyme activity of 204.4 TU/mL, stable at 45 °C
and pH 8.5 to 10, and the activity was dependent on Ca*
(Cheng et al. 2019). Furthermore, the pectate lyase gene
from Paenibacillus polymyxa when cloned and expressed in
E. coli, the recombinant pectate lyase showed optimal tem-
perature and pH of 40 °C and 10 respectively, and potential
for degrading the citrus pectin of approximate 230.2 kDa
molecular weight was degraded into 24 kDa (Yuan et al.
2019). These characteristics of recombinant pectate lyase
and pectinases directs to be applicable in various industries
for facilitating in producing fruit juices and fermented bever-
ages, bio-degumming, bio-scouring processes, and preparing
of pharmacological active products, etc.

Classification of pectinases

Based on the action of pectinase on a substrate, the pectinase
enzymes can be classified into three groups, protopectinase,
pectinesterase, and depolymerase (hydrolase and transelimi-
nase) (Garg et al. 2016; Oumer 2017; Patidar et al. 2018)
which is shown in Fig. 1 and Table 2.

Protopectinase

This type of pectinase is generally present in unripe fruits
and converts insoluble protopectin into a soluble form of
pectin. Thus, protopectinase is supposed to be the first
enzyme necessary for pectin degradation. Pectinosinase
is alternately termed protopectinase (Tapre and Jain 2014;
Patidar et al. 2018).

Pectin esterase (PE, de-esterase)

This pectinase is also known as pectin methyl hydrolase,
pectin methylesterase, and pectase. PE is a carboxylic acid
esterase that catalyzes the de-esterification of methyl ester
linkage of galacturonan backbone of pectin to yield pectic
acid and methanol (Jayani et al. 2005; Garg et al. 2016).

It is reported that after the action of PE, the resulting pec-
tin is then acted upon by PG and lyases. PEs are found in
higher plant’s fruits, leaves, flowers, stems, and roots. They
are believed to shift pH from acidic to alkaline conditions
(Kavuthodi and Sebastian 2018; Nighojkar et al. 2019).

Depolymerizing enzyme

This class constitutes hydrolyzing enzymes and cleaving
enzymes.

a. Hydrolyzing enzymes (hydrolases) include polygalactu-
ronase (PG) and polymethylgalacturonase (PMG). Both
PG and PMG hydrolyze the pectin chain by acting on
o 1 —4 glycosidic bond in the presence of water mol-
ecule and produce polygalacturonate and polymethylga-
lacturonate, respectively (Jayani et al. 2005; Garg et al.
2016).

b. Pectin transaminase (transeliminase) includes polyga-
lacturonate lyase (PGL) and polymethyl galacturonate
lyase (PMGL), which cleave o (1 —4) glycosidic link-
age by transelimination reaction producing unsaturated
galacturonates. The breakage of the pectin chain is non-
hydrolytic; the action is by eliminating H from C-5 and
producing D4:5 unsaturated products (Tapre and Jain
2014).

The depolymerizing enzymes, both hydrolases and
transeliminases, can be exo and endo based on the site
of pectinase action on the pectin chain. If pectinase acts
randomly in a long chain of pectin, it is known as endo-
pectinase, and if pectinase works at the reducing end of
the chain terminally, it is exo-pectinase. The summary of
different types of pectinases with their mode of action
and final products is shown in Fig. 2. Pectinases are also
classified as alkaline or acidic pectinase depending on
the pH range in which pectinases operate. Most fungi
produce acidic pectinase as they work at acidic pH,

Fig.1 Classification of pecti- .

nase enzymes based on their Pectinases

action

S Depolymerizing enzyme Pectin esterase
|
I |
Hydrolyzing enzyme | Cleaving enzyme ‘
| |
| | |
Polygalacturonase Polymethylgalacturonase Polymethylgalacturonate lyase
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Fig.2 Mode of action of pectinases (a) polymethylgalacturonase and polygalacturonase, (b) pectin esterase, (c) pectin lyase and polygalacturo-

nate lyase (adopted and modified from (Garg et al. 2016))

while most bacteria produce alkaline pectinase able to
function at alkaline pH (Kavuthodi and Sebastian 2018;
Nighojkar et al. 2019). Based on the application of tem-
perature, pectinases are classified into psychrophilic,
thermophilic, and mesophilic pectinase. Generally, most
of the pectinase exploited in industries are mesophilic,
which works in a wide temperature range between 20 and
50 °C. However, pectinases which show activity at 37 °C
are not applicable in such industries that use low or high
temperature processes. Besides, extremophiles can be the
best alternatives (John et al. 2020). Due to the increasing
demand for pectinase in various industries, there is a need
to produce hyperactive, resisting a wide range of pH, and
thermostable characteristics pectinase.

Applications of pectinases

Pectinases are economically very important due to their
vast implications. The discovery of the pectinase enzyme
brought a revolution in the economic and commercial sec-
tors. Although it was used in making fruit juice and wine
in the past, recently, its application is increasing continu-
ously. The applications of pectinases in fruit juice indus-
tries, wine industries, paper and pulp industries, wastewa-
ter treatment, bioethanol production, extraction of DNA
from a plant, and protoplast isolation from a plant are
also significant. Furthermore, pectinases are employed in
preparing animal feed, saccharification and liquefaction
of biomass, retting and degumming of plant fiber, bio-
scouring of cotton fiber, coffee and tea fermentation, and
oil extraction (Kubra et al. 2017; Oumer 2017; Shrestha
et al. 2021).

@ Springer

Pharmaceutical industries

The most substantial industrial enzymes, pectinases, have
remarkable applications in the pharmaceutical industry.
Humans are consuming a variety of dietary fiber foods of
plant origin, which need to be properly digested in our diges-
tive system. However, pectinase plays an important role in
digesting the fermentable dietary fibers as well as improving
the immune system. Many pharmaceutical products are pro-
duced from the fermentation of pectic substances present in
fruits and vegetable peels using pectinase. The products thus
produced are used as a fiber supplement for the treatment of
diabetes and obesity (Satapathy et al. 2020). Moreover, plant
essential oils are used for the treatment of various microbial
infections, including wound healing and cancer. The organic
solvent in oil extraction from different medicinal plants may
damage some essential properties and lose the concentration
of important phytochemicals. Thus, pectinase is applied in
pharmaceutical industries to minimize such possible losses.
The pectinase stimulates the liquefaction of cell wall com-
ponents of the plant and destroys emulsifying properties of
pectin to increase the product yields (Satapathy et al. 2020).
Also, pectinase is used to produce enzyme-sensitive colon-
specific tablets in the pharmaceutical industries for oral
colon-specific drug delivery application. Generally, oral
drugs have a short half-life and an absolute bioavailability
and are destroyed by acidic pH in the stomach. This may
need high doses or a large amount of drug administration,
resulting in many side effects such as increasing toxic lev-
els and gastrointestinal problems. Therefore, a controlled
delivery system such as an oral colon-specific drug delivery
system is appropriate where the drugs are not damaged by
acidic gastric juice in the stomach and are shipped to the
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colon. Furthermore, the tablets are degraded by pectinase
and attain an accurate controlled release of drug in the colon
(Zhu et al. 2019).

Fruit juice industries

The fruit juice industries use pectinases, and other cell wall
degrading enzymes such as cellulases and proteases to sof-
ten fruits, facilitate the extraction, increase the juice yield,
and clarify the juice (Patidar et al. 2018; Verma et al. 2018;
Nighojkar et al. 2019). The fruits, mainly tropical fruits,
have more pectin and are pulpy (Tapre and Jain 2014). The
mechanical grinding of fruits in juice extraction may con-
tribute to jelly, viscous, and cloud-like appearance products
due to the positively charged protein that gets coated around
by negatively charged pectin. The addition of pectinases in
fruit juice would result in degrading pectin and exposing
the positively charged protein. The exposition of positively
charged protein reduces the electrostatic repulsion between
cloud particles and the formation of a more massive particle,
which further settles down and gives clear juice (Tapre and
Jain 2014). Also, the starch complex is responsible for the
characteristic viscosity and turbidity of the juice. However,
pectinases supplement breaks the glycosidic bonds present
between the galacturonic acid monomers to increase the
juice yield. In addition, pectinases decrease the water hold-
ing capacity of pectin, and reduce the viscosity and turbid-
ity (Tapre and Jain 2014; Nighojkar et al. 2019; Shrestha
et al. 2021). Furthermore, the enzymatic treatment clears the
juice by breaking down the pectin, helps to settle down the
suspended particles, and eliminates undesirable changes in
color, smell, and stability. The pectinases are applicable in
manufacturing fruit purees, peeling of fruits segments, and
wine clarification. The implication of biocatalyst reduces
the cost and increases the yield of products and is highly
competitive than the other different established processes. It
represents a simple alternative method for diversifying pro-
duction, mainly in tropical fruit juice, and increasing market
share (Tapre and Jain 2014; Verma et al. 2018).

Paper and pulp industry

In paper industries, the sheet formation step is the most
crucial, and the presence of pectin in pulp reduces dewa-
tering. In the past, the filter fiber used to have bigger holes
so that water gets easily removed from paper, and peroxide
bleaching reduces cationic demand (Reid and Ricard 2000;
Samanta 2019). The use of chemical and bleaching treat-
ment aids in retaining properties of paper, but these are
not environmentally friendly; therefore, enzymatic treat-
ment is becoming more popular. In paper manufacturing,
pectinases are used to lower the cationic demand of pec-
tin polymers and bleaching treatment of pulp. Pectinases

depolymerize the long pectin chain and reduce the cationic
need because pectin, more than hexamers, has cationic
demand, whereas shorter than hexamers do not have cati-
onic demand (Reid and Ricard 2000; Samanta 2019). The
alkaline pectinases produced from Streptomyces sp., Bacil-
lus sp., Erwinia carotovora, and some fungi are applied in
making the paper more uniform, softer to touch, brighter,
and to increase the pulp strength compared to the con-
ventional soda-ash cooking method (Kubra et al. 2017,
Samanta 2019).

Oil extraction

An organic solvent like hexane, which has the potential
to cause cancer, was used in the past for the extraction of
edible oil from oil-producing crops like rapeseed, coco-
nut germ, sunflower seed, palm, and olives (Ortiz et al.
2017). Nowadays, pectinases and other cell wall degrad-
ing enzymes, cellulases, and hemicellulases are used to
extract oil from plants, olive, sunflower, coconut, canola,
and other oil seeds. During the grinding process, enzymes
are added to degrade pectin in the middle lamellae of plant
cells and promote the extraction of oils from the inner part
of the seeds or germ layer, thus, enhancing oil release from
different sources. The pectinases addition also increases
the stability, yield, and rheological properties of oil and
improves the level of vitamin E contents, polyphenols, and
organoleptic quality of oil (Hoondal et al. 2002; Iconomou
et al. 2010; Ortiz et al. 2017). Another study illustrated
pectinases from bacteria facilitated the oil extraction from
sesame seeds increasing the yield and clarity, and decreas-
ing the relative viscosity of oil. In this study, the bacteria
were isolated from the forest soil (Shrestha et al. 2021).

Textile industries

In textile industries, pectinases are used with other
enzymes like amylase, lipase, cellulase, and hemicellu-
lase to remove sizing agents from cotton safely and eco-
friendly (Hoondal et al. 2002; Bristi et al. 2019). The
enzymes are specific; the action is quick and saves energy,
cost, raw material, water, and energy; thus, the enzymes
are replacing the harsh, costly, and environment pollut-
ing chemical method for scouring of cotton fiber in textile
industries (Bristi et al. 2019). Pectinases treatment helps
to decrease the fabric weight and wettability. The addition
of enzymes is an eco-friendly process that maintains the
quality, whiteness, and brightness of the textile, like the
conventional method, and lowers the release of eco-toxic
agents (Vigneswaran et al. 2012; Singh et al. 2020).
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Bio-scouring of cotton

Bio-scouring means removing undesirable non-cellulosic
contaminants like minerals, pectin, natural colorants, fats,
waxes, protein, and water-soluble compounds. These impuri-
ties can be removed using enzymes but not with chemicals.
For example, pectinase is used for bio-scouring of cotton
without any harmful side effects (Kubra et al. 2017) but
improves the dyeing properties, water absorption capacity,
texture of cotton (Vigneswaran et al. 2012), and lowers the
weight. This biological scouring method decreases total dis-
solved solids (TDS) value but increases biological oxygen
demand amounts of bio-scouring effluent (Aggarwal et al.
2020).

Degumming and retting fiber

Degumming is the procedure of removing heavily coated
gum from outside the xylem, phloem, or pericarp of the
plant fiber like ramie and sun hemp before its use for textile
making. The enzymatic processing of fiber is energy con-
servative, eco-friendly, non-toxic, non-biodegradable, and
non-polluting. The combination of chemical and enzymatic
treatment in fiber reduces chemical and energy consump-
tion (Iconomou et al. 2010; Chamani et al. 2012). Ramie
fiber is the best natural fiber but contains pectic substances
and hemicellulosic material; thus, pectinases and xyla-
nases are applied for effective degumming in textile. This
green enzymatic process prevents the use of the hot alka-
line solution, high energy consumption, and environmental
pollution (Singh et al. 2020). In addition to this, pectinases
improve the malleability and good separation of blast fiber
from decorticated ramie fiber, producing better quality yarn
(Banik and Ghosh 2008).

Coffee, cocoa, and tea fermentation

Pectinases are used to remove the mucilaginous coat from
coffee beans and accelerate coffee’s, cocoa, and tea fermen-
tation process. The characteristics of tea depend on oxidation
products like theaflavins, thearubigins, and other inherent
components. Generally, non-volatile compounds are present
in tea leaves, such as polyphenols, flavonols and flavonol
glycosides, flavones, and phenolic acids. Also, amino acids,
chlorophyll, carbohydrates, other pigments, organic acids,
caffeine, enzymes, vitamins, and minerals, etc. are found
in tea leaves (Chaturvedula and Prakash 2011). Pectinases
decrease foam formation in the instant coffee/tea powders,
remove the thick layer consisting of pectic substances from
coffee beans, accelerate the fermentation of coffee/tea, and
develop chocolate flavor in cocoa fermentation (Samanta
2019). The concentration of pectinases should be main-
tained to get maximum efficiency. Also, the enzyme must
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be added in a proper level because an excess of enzyme
lowers the glaze and quality of tea leaves, decreases the
color, flavor, aroma, and increases the rate of spoilage of
tea leaves (Chaturvedula and Prakash 2011; Sharma et al.
2013; Samanta 2019). A study illustrated that pectinase from
Bacillus tequilensis effectively removed mucilage from the
coffee beans (Koshy and De 2019).

Wine industries

Pectinases containing low pectin methylesterase are used
not only in the extraction of wine. Still, they are also used
to increase juice yield and accelerate filtration. The main
problem in winemaking is a cloudiness that makes filtration
of wine difficult due to the presence of pectin. The addition
of pectinase hydrolyzes pectin and removes the cloudiness
present in wine. Also, pectinase enhances the aroma and
taste of the wine (Garg et al. 2016; Rollero et al. 2018).
However, the phenolic compound is a secondary metabolite;
the enzymatic action intensifies and stabilizes the color of
wine by increasing the phenolic compound of wine (Busse-
Valverde et al. 2011). The immobilized pectinase has been
used recently for decreasing the viscosity of grape must in
winemaking and facilitating in clearing and filtering wine
(Martin et al. 2019). Pectinase is applied as a biocatalyst
in winemaking because it enhances the extraction of com-
pounds and improves the properties, volatile flavor, and
aroma of wine (Rollero et al. 2018; Jiang et al. 2020).

Protoplast preparation

Protoplast preparation is the initial and important step in
producing a new plant with specific and interesting traits/
characteristics. Protoplast from different plant leaves such
as maize, Arabidopsis, tobacco, wheat, barley, and rice has
shown a significant effect in genetic modification, plant
physiology, and development. Protoplasts can be isolated
from different sources, either mechanically or enzymati-
cally. The mechanical process may cause more breakage
and result in more osmotic shrinkage. Thus, enzymatic pro-
toplast preparation is beneficial compared to the mechanical
process (Chamani et al. 2012). The protoplast isolated from
plant tissues has revealed high transformation efficacy with
low maintenance and holds their cell identity. The protoplast
transient expression systems have contributed to elucidating
intracellular signaling mechanisms in a plant. The studies
in plant protoplast systems provide a framework for fun-
damental plant analysis. Enzymes like pectinases are use-
ful to extract protoplast for plant tissue culture by which
new genetic traits are induced in plant cells. Pectinases, in
combination with cellulase, is used for the efficient isola-
tion of protoplast (Solis et al. 1996). An enzyme mixture
of cellulase, crude pectinase, and chitinase is also used for
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maximizing protoplast yield. A high output of protoplast can
be obtained by adding pectinase, cellulase, and macerozyme
(Shen et al. 2017). In another study, 4% cellulase and 1%
pectinase treatment produced the highest number of viable
protoplast and illustrated the best combination of enzymes
for protoplast isolation from Lilium (Chamani et al., 2012).

Purification and detection of plant viruses

According to the types of viruses, several viral purification
systems can be selected for use. In certain conditions, a mix-
ture of enzymes such as alkaline pectinase and cellulase is
employed for the viral purification process (Sharma et al.
2013). The cell wall degrading enzymes can be exploited to
liberate virus from plant tissues generally when the virus is
constrained to the phloem (Hoondal et al. 2002). In a study,
tobacco necrotic dwarf virus and potato leaf roll virus trans-
mitted by aphids were purified using enzymes. The plant
tissue macerating commercial enzyme named Driselase
mainly contains pectinase and cellulase. The study revealed
the enzymatic treatment increased the purification yield and
is limited to a phloem-related virus (Takanami and Kubo
1979). The pectinase facilitates detecting hepatitis A virus
and norovirus from different fresh and frozen berries and
vegetables (Butot et al. 2007).

Wastewater treatment

Wastewater produced from vegetables and fruit process-
ing industries, especially fruit juice industries or citrus
processing industries, contains pectinaceous material that
needs treatment before they are integrated into the environ-
ment. The physical and chemical treatments like physical
dewatering, chemical coagulation, chemical hydrolysis, and
methanogenesis are time-consuming, expensive, and hazard-
ous to the environment and health (Hoondal et al. 2002).
Therefore, biological enzymatic treatment has become the
best alternative for sewage water treatment. Pectinases can
quickly degrade pectic substances present in wastewater,
which, in turn, helps in the decomposition of pectin resi-
due by activated sludge treatment. The microbes may not
have decomposed this wastewater during the activated
sludge treatment. Thus, nowadays, alkalophilic microorgan-
isms producing pectinases are used to treat wastewater and
increase biological oxygen demand (Mahesh et al. 2016).
The pectinases can remove oil and grease from kitchen
wastewater too, and the process is both cost-effective and
eco-friendly. Besides, pectinases help to decrease biological
oxygen demand and remove grease and oil from wastewater
(Kamaruddin et al. 2019). Tobacco wastewater can be the
source for culturing pectinase-producing microbes like Rhiz-
opus oryzae. The pectinase made from R. oryzae, in turn,
hydrolyze pectin—containing biomass to acquire fermentable

sugars, which has possibilities for profitable biofuels pro-
duction (Zheng et al. 2017). The wastewater produced from
domestic, industrial, and agricultural water activities con-
tains different organic and inorganic substances, thus pol-
luting the environment. However, thus produced wastewater
can be used as a carbon or nitrogen source for the growth
of microbes for reutilization purposes (Zheng et al. 2017).
Immobilized pectinases on nanoporous activated carbon has
been studied for treating pectin—containing wastewater, and
the study revealed 94% of pectin was treated from wastewa-
ter (Mahesh et al. 2016).

Animal and poultry feed

An animal rumen contains some bacteria, fungi, and pro-
tozoa, which produces pectinolytic enzymes and plays an
essential role in digestion. Lachnospira multiparus is a com-
mon bacterium found in rumen. This ruminant bacterium
produces pectin lyase and pectin methylesterase, which are
helpful in the breakdown of pectin present in food. The sup-
plement of enzymes helps complete organic matter break-
downs in the rumen (Murad and Azzaz 2011). Pectinases
when supplemented in animal feed production improves the
feed quality by lowering the viscosity and boosting the nutri-
ents absorptivity. Similarly, enzymes reduce the fiber content
of the feed and enhance the liberation of nutrients trapped in
fibers (Jayani et al. 2005). Some animals cannot lyse pectin
present in plants, so the addition of pectinases in the feed
helps the captivation of nutrients by liberating the nutrients
after the breakdown of non-degradable fibers or releasing
nutrients blocked by these fibers and decreases the fecal
amount. Pectinases reduce feed viscosity, which directly
intensifies the absorption of the nutrients and reduces ani-
mal defecation, and finally increases the weight of poultry
(Garg et al. 2016; Abdulla et al. 2017; Bhardwaj et al. 2017).

Recycling of wastepaper

The recycling of paper products is increasing recently, and
deinking of the used paper is a necessary step. Enzymatic
deinking improves brightness, reduces chemical consump-
tion, improves drainage, and lowers residual ink of paper.
However, excess use of the enzyme during deinking may
result in fiber loss by more depolymerization and high bio-
logical oxygen demand in effluents (Pathak et al. 2010). The
enzymatic deinking process is less polluting, energy-saving,
and friendly; gives better performance to achieve the desired
deinked pulp properties; and results in lowering disposal
problems. Contrary to the enzymatic process, the chemical
deinking process uses many chemicals that are harmful to
the environment. Pectinase alters bonds near the ink particle
and removes the ink from the surface washed out by washing
or floatation (Pathak et al. 2010). Pectinase, in combination
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with xylanase, has been used for deinking of wastepaper to
reduce the effects of harmful chemicals to 40% and improve
the level of physical and optical properties, enhancing the
quality of paper sheets (Singh et al. 2019). The xylano-pecti-
nolytic enzyme, when applied in the deinking of wastepaper
from school to reuse, decreased the use of chemicals by 50%,
biological oxygen demand 20.15%, and chemical oxygen
demand 22.64% compared to the conventional chemical
method. Also, this enzymatic deinking method was success-
ful in attaining the same properties of paper like whiteness
and brightness. Thus, this approach was noticed to be cost-
effective, environmentally friendly, and safe for recycling
wastepaper from school (Singh et al. 2012).

Hydrolysis of biomass and bioethanol production

Different polysaccharide degrading enzymes like pectinase,
hemicellulases, and cellulases are used in the saccharifica-
tion of plant cell wall polysaccharides, including pectic sub-
stances, into simple sugars, which are used in bioethanol
production. These enzymes are used in the pretreatment of
various feedstocks for bioethanol production enhancement.
The improvement in glucose yield, ethanol concentration,
and productivity was attained by treating the feedstocks with
pectinases (Chen et al. 2012). The enzyme cocktail contain-
ing high pectinase activity saccharifies various biomasses
effectively and aid in bioethanol production (Wang et al.
2019; Mihajlovski et al. 2020). The rye bran as a substrate
achieved the maximal enzymatic activities for cellulase,
amylase, xylanase, and pectinase by Streptomyces fulvissi-
mus. Thus, S. fulvissimus was exploited for enzymatic degra-
dation and saccharification of different agricultural biomass,
including corn stover, cotton material, horsetail waste, and
yellow gentian waste. The bioethanol was successfully pro-
duced by employing Saccharomyces cerevisiae, horsetail
waste, and treated cotton waste after enzymatic hydrolysis
of wastes (Mihajlovski et al. 2020). Similarly, Sethi et al.
(2016) obtained maximum pectinase activity by Aspergil-
lus terreus by hydrolyzing banana peel under both SSF and
SmF. Bioethanol was also produced by utilizing S. cerevisiae
and different agro-waste biomass (Sethi et al. 2016).

Enhance antimicrobial activity

The antibacterial activity of the plant, Emblica officinalis,
was enhanced when treated with pectinase. The study
demonstrated the thermostable pectinase—producing bac-
teria isolated from hot water springs by using inexpensive
agricultural residues as macronutrients promoted the anti-
bacterial activity of Emblica officinalis (Sarsar and Pathak
2019). The isozyme of pectinase associated with polygalac-
turonase activity from Aspergillus niger exhibited hydroly-
sis of chitosan into chitooligosaccharides and monomers.
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Thus, formed chitooligosaccharides and monomers mixture
revealed antibacterial effects towards Bacillus cereus and
E. coli (Kittur et al., 2005). Pectic heteropolysaccharides
produced from the action of pectinase demonstrated anti-
bacterial activity. The antibacterial activity was enhanced
significantly when combined with lactic acid, tea polyphe-
nols, nisin, and sodium acetate. Due to this property, the pec-
tic oligosaccharides are used as a food preservative or food
additive to increase the self-life of food or inhibit the growth
of the undesirable microorganisms in food (Li et al., 2013).
The pectic oligosaccharides produced from an orange can
inhibit the adherence and invasion of Campylobacter jejuni
to Caco-2 cells to some extent. Thus, pectinase-induced
pectic oligosaccharides might be useful as alternatives in
foodborne pathogen control (Ganan et al., 2010).

Concrete crack healing

Recently, the study has found the pectinase application in
the construction area and in the production of reinforced
natural fiber composites. The natural fibers retted with the
pectinase, either pectate lyases or polygalacturonases, retain
the strength of fibers with variable fineness. This important
eco-friendly property is useful in the development of natural
polymer composites and is used in packing, construction,
and automobile applications (Sisti et al. 2018). The incor-
poration of natural fibers in composites enhances the ther-
mal stability, tensile strength, elastic characteristics, flexural
strength, and compressive strength of the composites. The
addition of oil palm fibers in cement composites proved to
increase setting time and reduced the workability of fresh
cement, decreasing the cost (Osofero et al. 2018). In addi-
tion, the pectinase produced from spore-forming microbes
that are resistant to high pH can heal the concrete crack.
Those microbes in cracks form calcite complex and precipi-
tate calcium carbonate in the presence of water providing
compatibility and compressive strength to concrete. When
pectinases get incorporated as a catalyst or mineral precur-
sor, the biological healing process prevents various environ-
mental and health problems. The method is very cost-effec-
tive and environmentally friendly. Inorganic materials like
silica fume, epoxy resin, and fly ash, when used for crack
healing, may cause concrete thermal expansion (Govindaraji
and Vuppu 2020).

Conclusions

Microbial pectinases are prominently growing enzymes that
have humongous applications in different avenues and illus-
trate the need for a green and economical process for maxi-
mum pectinase production. This study attempts to enclose
all the recent applications so that researchers can have the
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direction to further studies. However, the primary consid-
eration is the stability of the enzyme in a wide range of
industrial environmental conditions and to make the process
cost-effective. The stability of enzymes over a wide range of
temperature, and pH is the most crucial factor that gives an
additional advantage to a microbial strain. So, new microbes
with high pectinase activity, stable over a wide range of
temperature and pH for a more extended period, along with
their cost-effective production, need to be emphasized.
Immobilization and re-immobilization of pectinases onto
low-cost material can have great potential for making the
process more cost-effective; hence, further research should
be focused on this area as well. More powerful and versa-
tile pectinase enzymes are needed to be developed through
protein engineering and recombinant DNA technologies and
discover the combined effects of different enzymes. New
and exciting enzymes which drastically decrease the produc-
tion cost for specific applications are beneficial that in many
areas, lower energy consumption, and enhance the quality
of products.
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