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Abstract

A plethora of solid substrates, cultivation conditions and enzyme assay methods have been used for efficient production and
estimation of polygalacturonase and pectin methylesterase enzymes. Recent developments in industrial biotechnology offer
several opportunities for the utilization of low cost agro-industrial waste in Solid State Fermentation (SSF) for the pectino-
lytic enzyme production using fungi. Fruit waste mainly citrus fruit waste alone and along with other agro-industrial waste
has been explored in SSF for enzyme production. Agro-industrial waste, due to the economic advantage of low procuring
cost has been employed in SSF bioreactors for pectinolytic enzyme production. Acidic pectinases produced by fungi are
utilized especially in food industries for clarification of fruit juices. This review focuses on the recent developments in SSF
processes utilizing agro-industrial residues for polygalacturonase and pectin methylesterase production, their various assay

methods and applications in fruit juice industries.
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Introduction

Pectinolytic enzymes are a group of related enzymes that
hydrolyse pectic substances. Pectin is a complex polysac-
charide present in the middle lamella of plant cell walls.
It is composed of multiple units of D-Galacturonic acid
linked by a (1, 4) glycosidic linkage. Pectinolytic enzymes
have been reported in higher plants (Nighojkar et al. 1994;
Jolie et al. 2010) and microorganisms including bacteria and
fungi (Uzuner and Cekmecelioglu 2015; Patidar et al. 2016;
Rebello et al. 2017). Pectin is completely digested by three
major enzymes: pectin methylesterase (pectinesterase; EC:
3.1.1.11), pectinase (polygalacturonase; EC: 3.1.1.15) and
pectin lyase (EC: 4.2.2.10) to release galacturonic acids and
its oligomers (Combo et al. 2012). In nature, microorgan-
isms have been endowed with vast potential. They produce a
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range of enzymes, which have been exploited commercially
over the years. It has been reported that microbial enzymes
account for 25% of total global enzyme sales (Jayani et al.
2005). The pectic substances can be converted by means of
microorganisms or their enzymes into constituent monosac-
charides or specific oligosaccharides without the production
of undesirable by-products (Zykwinska et al. 2008; Martinez
et al. 2009).

Pectinases are known for their tremendous potential in
various industries. Pectin methylesterase and endo-polyg-
alacturonase have important role in softening of fruits,
extraction and clarification of juices, preparing gel, food
manufacturing, retting of textile fibers, extraction of olive
oil, protoplast isolation, etc. (Kashyap et al. 2001; Jayani
et al. 2005; Kohli and Gupta 2015). Galacturonic acid, pro-
duced by action of pectinolytic enzymes, has various appli-
cations in industries mainly in pharmaceutical industries.
It is used for the production of vitamin C as acidic agent in
food industries and as washing powder agent in chemical
industries (Molnar et al. 2009; Burana-Osot et al. 2010).
Almost all the commercial preparations of pectinases are
produced from fungal sources (Kertesz 1951). Filamentous
fungi especially Aspergillus niger is the major producer of
acidic pectinase used mainly in fruit juice and wine indus-
tries (Kashyap et al. 2001).
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The utilization of SSF processes is interesting for pec-
tinase production by fungi and has the advantages of low
water requirement, high productivity, lesser chance of con-
tamination, cost effectiveness and simpler fermentation tech-
nology (Pandey et al. 2000; Viniegra-Gonzélez et al. 2003).
Research on the selection of suitable solid substrates for SSF
has mainly been centered on agricultural and industrial resi-
dues due to their potential advantages for filamentous fungi,
which are capable of penetrating into the hardest of these
solid substrates. In addition to the utilization of this agro-
industrial waste, it provides alternative substrates and helps
in solving the pollution problems (Pandey 2003).

Due to the wide applications of polygalacturonase and
pectin methylesterase, there is a need to highlight recent
developments on several aspects related to their production
in SSF. Microbial sources, production, characterization and
application of pectinases have been reviewed (Kashyap et al.
2001; Jayani et al. 2005; Favela-Torres et al. 2006; Sharma
et al. 2013). However, the most common sources of pecti-
nolytic microorganisms, recent development in SSF process
for polygalacturonase and pectin methylesterase production,
and their assay methods have not been considered until now.
Therefore, these aspects have been focused in the present
review and described in Fig. 1. The applications of these
enzymes in fruit juice clarification have also been discussed
in the present review.

Fig.1 An overview of the pec-
tinolytic enzyme production and
their application for fruit juice
clarification
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Pectinolytic enzymes

Pectinolytic enzymes are of great interest in industrial appli-
cations owing to their significant role in fruit juice indus-
tries. The pectinolytic enzymes can be divided into three
main groups on the basis of their action on substrate as fol-
lows (Fig. 2):

Protopectinases

Protopectinases (3.2.1.99) degrade the insoluble protopec-
tin which is present in unripe fruits and give rise to highly
polymerized soluble pectin (Tapre and Jain 2014). The prot-
opectinase name was originally given by Briton et al. (1927).
Pectinosinase is also synonymous with protopectinase.

Pectin methylesterases

Pectin methylesterases (3.1.1.11) are responsible for the
removal of methoxyl esters, resulting in acid pectins and
methanol (Parmar and Rupasinghe 2013). Pectin methy-
lesterase, often referred to as pectin pectylhydrolase,
pectinesterase, pectase, pectin demethoxylase and pec-
tolipase, is a carboxylic acid esterase and belongs to the
hydrolase group of enzymes (Whitaker 1984). Fungal pectin
methylesterase acts by a multi-chain mechanism, removing
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Fig.2 Enzymatic reactions catalyzed by pectinolytic enzymes. 1.
Protopectinase 2. Pectin methylesterase 3. Exo-polygalacturonase
4. Endo-polygalacturonase 5. Exo-polygalacturonate lyase 6. Endo-

the methyl groups at random. In contrast, plant pectin methy-
lesterases tend to act either at the non-reducing end or next
to a free carboxyl group, and proceed along the molecule by
a single chain mechanism.

Polygalacturonases

Polygalacturonases (3.2.1.15) are the pectinolytic enzymes
that catalyze the hydrolytic cleavage of the polygalacturonic
acid chain in the presence of water (Kant et al. 2013; Rebello
et al. 2017). They are most extensively studied among the
family of pectinolytic enzymes. The polygalacturonases are
classified into two classes; endo-polygalacturonase (E.C.
3.2.1.15) and exo-polygalacturonase (E.C. 3.2.1.67). Endo-
polygalacturonase hydrolyses polygalacturonic acids and
liberates oligogalacturonic acids. Exo-polygalacturonase
hydrolyzes pectic acids and liberates mono-galacturonate.

Pectin lyases

Lyases (or transeliminases) perform non-hydrolytic break-
down of pectates or pectinates, characterized by a trans-
eliminative split of the pectic polymer (Jayani et al. 2005).
The lyases break the glycosidic linkages at fourth carbon
and simultaneously eliminate hydrogen from fifth carbon,
producing a unsaturated product. Polygalacturonate lyases
(Pectate lyases) are produced by many bacteria and some
pathogenic fungi with endo- polygalacturonate lyases being
more abundant than exo-polygalacturonate lyases. Polyga-
lacturonate lyases have been isolated from bacteria and fungi
associated with food spoilage and soft rot.

Lyases can be classified into four types on the basis of
the pattern of action namely Endo-polygalacturonate lyase
(Endo PGL; E.C. 4.2.2.2), Exo-polygalacturonate lyase
(ExoPGL, E.C. 4.2.2.9), Endo-polymethylgalacturonate

polygalacturonate lyase 7. Endo-polymethylgalacturonate lyase 8.
Exo-polymethylgalacturonate lyase

lyase (Endo PMGL; E.C. 4.2.2.10) and Exo-polymethylga-
lacturonate lyase (Exo PMGL).

Production system

SSF is defined as the fermentation process which is car-
ried out in absence or near absence of free water. SSF and
Submerged fermentation (SmF) processes have been widely
used for pectinolytic enzyme production by different types of
microorganisms. SSF is considered more suitable for fungi
than for bacteria (Pandey 2003; Favela-Torres et al. 2006;
Kumar et al. 2012).

Agro-industrial waste is utilized in SSF as medium for
metabolite production mainly by fungi. The capability of
fungi to grow and utilize agro waste as its natural habitat
makes them more interesting for their use in SSF processes.
Fungi have been considered to be the organisms most
adapted to SSF because their hypha can grow on particle
surfaces and penetrate into the inter particle spaces thereby
colonizing the solid substrates (Fig. 3). In contrast, in SmF
the nutrients and microorganisms are both submerged in
water and, therefore, SmF is suitable for bacterial isolates
(Graminha et al. 2008). However, availability of several
research articles proves that bacterial cultures can also be
well manipulated and managed for SSF processes even for
scarcely produced pectinolytic enzymes (Gupta et al. 2008;
Kashyap et al. 2003).

Comparative analysis of SSF and SmF process for fungal
pectinase production reported higher production by A. niger
in the former (Patil and Dayanand 2006). Similarly, the pro-
duction of pectin methylesterase and Endo-polgalacturonase
by A. niger has been studied in SmF and SSF systems by
Maldonado and Strasser de Saad (1998). They reported four
times higher pectin methylesterase production in SSF than
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Fig.3 Growth of fungi (A. tubingensis MP 30) on solid medium for
production of pectinolytic enzymes (Patidar et al. 2016)

in SmF system. Similarly polygalacturonase production was
six times higher in SSF than in SmF system and it required
a shorter time for enzyme production. Advantages of SSF
over SmF are summarized in Table 1.

Pectinolytic microorganisms and SSF
conditions

Pectinolytic microorganisms

Pectinolytic enzymes are widely distributed among fungi
and bacteria. They are also found in higher plants, parasitic
plants and some plant parasitic nematodes (Shrivastava et al.
1994; Jayani et al. 2005). Sources of pectin degrading micro-
organisms have been listed in Table 2. Many workers have
used several fungal strains in SSF for industrial production

of pectinolytic enzymes. Most widely used Aspergillus
sps. for polygalacturonase production are A. sojae (Heerd
et al. 2012; Demir and Tari 2014), A. niger (Dhillon et al.
2007; Ruiz et al. 2012; Darah et al. 2013; Trentini et al.
2015; Anand et al. 2017; Mahmoodi et al. 2017; Patidar
et al. 2017), A. fumigatus (Sandri et al. 2015; Wong et al.
2017), A. sydowii (Singh and Mandal 2012), A. tubingen-
sis (Tai et al. 2014; Patidar et al. 2016), A. carbonarius
(Nakkeeran et al. 2011), A. niveus (Maller et al. 2011), A.
awamori (Botella et al. 2005; Diaz et al. 2012) and A. oryzae
(Meneghel et al. 2014; Biz et al. 2016). In recent reports,
bacterial isolates Bacillus subtilis SAV-21 (Kaur and Gupta
2017) and Bacillus licheniformisusin (Pervez et al. 2017)
have been reported to produce pectinase in SSF. Pereira et al.
(2017) reported edible mushroom Pleurotussajor-caju for
the production of pectinase in SSF. A yeast Saccharomyces
cerevisiae, isolated from fruit and industrial waste, has been
applied for pectinase production using SSF (Poondla et al.
2016).

In microorganisms, pectin methylesterase is mainly found
in fungi, such as A. tubingensis (Patidar et al. 2016), A. acu-
leatus (Duvetter et al. 2005), A. niger (Van Alebeek et al.
2003; Hasunuma et al. 2003; Joshi et al. 2006; Jiang et al.
2013), Fusarium asiaticum (Glinka and Liao 2011), Penicil-
lium notatum (Gayen and Ghosh 2011), Fusarium oxyspo-
rum (Miller and Macmillan 1971) and Botrytis cinerea (Val-
ette-Collet et al. 2003). It is also reported in bacteria such as
Xanthomonas sp., Bacillus sp. and in very few yeast such as
Saccharomyces cerevisiae and Candida boidinii (Nakagawa
et al. 2000; Jayani et al. 2005; Rehman et al. 2014; Kohli
et al. 2015).

However, there are very few reports available which show
the use of microorganisms in SSF for pectin methylesterase
production (Gayen and Ghosh 2011; Patidar et al. 2016).
Aspergillus sp. and Penicillium sp. have been used in SSF for
pectin methylesterase production (Maldonado and Strasser

Table 1 Advantages and

: Advantages
disadvantages of SSF over

Disadvantages

SmF (Raimbault 1998; Holker
et al. 2004; Couto and Sanroma
2006)

Low-cost media
Higher productivity
Better oxygen circulation

Catabolite repression is negligible
Absence of foam formation so no requirement of antifoaming

agent

It resembles the natural habitat for several microorganisms

Difficulties on scale-up

Mixing of nutrients not uniform
Problems with heat build-up
Higher impurity product
Recovery cost is high

Difficult control of process parameters

Less effort in downstream processing

Simple technology
Less energy demand for heating

Fermentation of water in-soluble material

Requires smaller reactor volume

Less chance of contamination
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Table 2 Sources of pectinolytic
microorganisms

Source

Microorganism

References

Agricultural waste

Decomposing passion fruit peels
Decaying orange peel
Soil of plum orchid waste site

Rotten orange

Mango industrial waste
Rotten mango

Citrus fruit peels

Agro waste dumping pit soil
Oak (Quercus spp)

Olive paste and olives

Soil of fruit processing site

Fruit waste disposal site

Pulp and paper mill, paper mulberry bark,
vegetables and fruits

Agricultural and vegetable waste

Rotten vegetable

Soil sample

Soil, water, rotten fruit and vegetables
Soil contaminated with effluents of paper

Aspergillus sp.
Penicillium sp.

Aspergillus oryzae

Zeni et al. (2011)

Biz et al. (2016)

Asergillus fumigatus Phutela et al. (2005)
Aspergillus sp. Sunnotel and Nigam (2002)
Aspergillus niger Darah et al. (2013) and

Fusarium sp.
Aspergillus niveus
Aspergillus niger
Aspergillus niger
Penicillium pinophilum
Aspergillus niger
Aspergillus fumigatus
Aspergillus niger
Aspergillus tubingensis
Pseudozyma sp.

Erwinia carotovora
Erwinia chrysanthemi
Bacillus sp.

Bacillus sp.

Bacillus licheniformis
Bacillus pumilus
Bacillus sp.

Bacillus subtilis

Mahmoodi et al. (2017)
Reddy and Saritha (2015)
Maller et al. (2011)
Martos et al. (2009)

Patil and Dayanand (2006)
Ruiz et al. (2012)
Sanchez et al. (2015)

Patidar et al. (2016, 2017)
Sharma et al. (2014)

Sittidilokratna et al. (2007)

Soares et al. (1999)
Rehman et al. (2014)

Sharma and Satyanarayana (2006)

Tariq and Latif (2012)
Kaur et al. (2011)

and pulp industry
Decomposing kitchen waste

Glass fibre microfilters

Bacillus subtilis RCK

Geotrichum klebahnii

Gupta et al. (2008)
Zapata and Voget (2012)

de Saad 1998; Taragano and Pilosof 1999; Joshi et al. 2006;
Gayen and Ghosh 2011). Pectin methylesterase and polyga-
lacturonase production has been recently reported in SSF
by A. tubingensis MP30 and A. niger ANO7, respectively
(Patidar et al. 2016, 2017).

SSF process conditions
Solid medium

The choice of medium for the production of pectinolytic
enzymes can highly affect the yield, as well as the cost of
the final product. The most economical and environmental
friendly choice as solid medium for high enzyme production
is agro-industrial waste.

Agricultural waste products and waste from bio-refineries
provide abundant possibilities for novel low-cost production
media. In general, agricultural and food processing waste
consists of large amounts of organic matter with high nutri-
ent value (Table 3) and, therefore, have been used in SSF
for the production of polygalacturonase and pectin methyl-
esterase enzymes. Agro wastes utilized as solid medium in

SSF are listed in Table 4. In present review, agro-industrial
waste has been classified into two categories namely crop
waste and fruit waste.

Crop waste

Wheat bran Wheat bran is one of the most popular agro-
industrial residue preferred by many researchers to produce
enzymes from various microorganisms in SSF (Balkan
and Ertan 2010; Freitas et al. 2006; Demir and Tari 2014).
According to a report of United States Department of Agri-
culture (USDA 2013), a total of 655,270,000 tons of wheat
were produced in the period 2012-2013 in the world. Since
about 15-20% of wheat bran was reported to be discarded
during wheat flour production process (Dobrev et al. 2007,
Demir and Tari 2014), it has been accepted as a sustain-
able by-product for the microbial production of industrially
important enzymes in SSF. In recent reports, wheat bran
along with tea extract has been used for the production of
polygalacturonase under SSF condition (Anand et al. 2017).
Jahan et al. (2017) reported high yield of polygalacturonase
in fermentation broth having 1.0% wheat bran as a substrate
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Table 3 Nutritional value of important agro-industrial waste

Components Lemon pulp Orange peel Wheat bran Grape skin ~ Sugarcane  Orange Apple Rice bran Olive pomace
bagasse bagasse pomace
Crude fiber 25.78 NA 66.12 NA NA 415 51.1% 10.10% NA
Crude 3.89 7.7 15.73 NA NA 4.0 4.0% 12.26% NA
protein
Total sugars 37.59 43.1 2.34 NA NA NA 9.5-22.0%  43.29 NA
Pectin NA 14.7 NA 1.3 NA NA 7.2% NA 5.8
Cellulose NA 16.7 NA 259 352 NA 6.8% NA 229
Hemicellu- NA 11.8 NA 3.6 24.5 NA NA NA 59
lose
Starch NA NA NA NA NA 7.1 NA NA NA
Lignin NA 1.2 NA 22.5 222 NA NA NA 22.6
Ash 3.1-4.0 1.2 3.24 6.5 20.9 2.6 0.5% 10.63 33
Moisture 7.00 231 9.36 5.6 NA 9.9 10.8% 13% 3.4
Fat 3.46 3.6 - 9.8 NA 0.6 NA 24.60% 159
Reference De Gregorio Zhouetal. Demir Sanchez Rezende Romero- Shalini and  Satter et al.  Sanchez et al.
et al. (2011) and Tari et al. et al. Lopez Gupta (2014) (2015)
(2002) and (2014) (2015) (2011) et al. (2009)
Ruiz et al. (2011) and Sudha
(2012) et al.
(2007)

supplemented with NaNO; and yeast extract as source of
nitrogen and KH,PO, was selected as suitable micronutrient.
Wheat bran along with orange peel and lemon peels has been
reported as best substrate combination for pectinase produc-
tion by Aspergillus giganteus NRRL10 (Ortiz et al. 2017).
Demir and Tari (2016) have reported the effect of moisture
content on wheat bran thickness, which affects polygalac-
turonase production in SSF. In earlier reports, Demir and
Tari (2014) have used wheat bran as most suitable solid
substrate without the addition of any nutritive supplement
for the production of polygalacturonase in SSF by mutant
strain of A. sojae. Heerd et al. (2014) reported enhanced
pectinase production by A. sojae in SSF using wheat bran
supplemented with 30% sugar beet pulp as inducer. Various
other microorganisms such as A. niger (Hendges et al. 2011;
Heerd et al. 2012), Bacillus sp. (Kashyap et al. 2003; Gupta
et al. 2008) have been used in SSF for polygalacturonase
production using wheat bran as solid substrate. Wheat bran
has also been mixed with other agro-industrial waste such as
orange bagasse (1:1w/w), orange peel (7:3w/w) and soy bran
(1:1w/w) for increased production of pectinolytic enzyme
in SSF (Silva et al. 2005; Heerd et al. 2012; Castilho et al.
2000).

Rice husk and rice bran Rice husk and rice bran, the main
by-products of rice processing industries, are widely used
agricultural wastes employed in various metabolite produc-
tions, thus reducing the environmental impact associated
with improper disposal of it. Rice husk has been used in SSF
for production of polygalacturonase and feruloyl esterase
(Tai et al. 2014). Rice husk, supplemented with (g/l) pectin,

Pielase clla)l auan .
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10; sucrose, 20; K,HPO,, 1.0; NaNO;, 30; MgSO,-7H,0,
5.0; KCl, 10; FeSO,-7H,0, 0.01 and pH 4.0 has been used
as solid carrier for the production of polygalacturonase (Tai
et al. 2014). Wong et al. (2017) has reported utilization of
rice bran as solid substrate for polygalacturonase production
by newly isolated A. fumigatus R6.

Sugarcane bagasse Sugarcane bagasse serves as an ideal
substrate in microbial processes for the production of value-
added products, due to its abundant availability (Pandey
et al. 2000). It has been impregnated with high glucose con-
centration solution for pectinase production using SSF in a
packed-bed column fermenter (Solis-Pereyra et al. 1996).
The effect of water activity on pectinase production has been
reported using bagasse impregnated with a medium contain-
ing pectin and sucrose (Acuna-Arguelles et al. 1994).

Maldonado and Strasser de Saad (1998) used sugarcane
bagasse as solid substrate for the production of polyga-
lacturonase and pectin methylesterase. The fermentation
medium was composed of (g/l): urea, 0.3; K,HPO,, 0.65;
(NH,),S0,, 1.26; MgS0O,, 0.02; FeSO,, 0.029; pectin, 1.5;
sugar cane bagasse as support, 23.1. The pH of the medium
was adjusted to 4.5.

Sunflower head The northern part of India is a semi arid
tropical region, well known for the production of oil seed
sun flower, which is cultivated in about 30,000 hectare area.
Deseeded dried sun flower head is burnt to ash after har-
vesting. Patil and Dayanand (2006) reported pectinase pro-
duction in SSF and SmF using deseeded sunflower head.
Higher productions of polygalacturonase were observed
when the medium was supplemented with 6% sucrose as
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carbon source and 0.3% ammonium sulphate as nitrogen
source in SSF.

Onion waste India is the second largest producer of veg-
etables with a global production share of 14%. According
to the Ministry of Agriculture, Govt. of India, India alone
produces 16813 metric tones of onion per year in area of
1052 hectare (IHD 2014). According to the FAO (Food and
Agriculture Organization of the United Nations), Europe
produces about 600 000 tons of onion waste per year (FAO
2013). The onion waste cannot be discarded in landfills due
to enhanced growth of phyto-pathogens (Ng et al. 1998).
Dried onion waste has been characterized and % of pectin
was found to be 3.25. Utilization of onion waste has been
reported for the production of pectinase in SSF by edible
mushroom Pleurotus sajor-caju (Pereira et al. 2017).

Fruit waste

Papaya peel Papaya (Carica papaya L.) family Caricaceae
is grown in Australia, Hawaii, Philippines, Sri Lanka, South
Africa, India, Bangladesh, Malaysia and a number of other
countries in tropical America (OECD 2005). South Mexico
and Costa Rica are its origins. According to the Indian Hor-
ticulture Board, Ministry of Agriculture, Govt. of India,
India alone produces a total of 56,39,000 metric tons of
papaya every year (IHD 2014). Papaya due to its high vita-
min content (vitamin A and C) and high fibre content is
extensively utilized worldwide for fruit juice preparation,
salad preparation and also in cosmetics and medications
(Ittimongkol et al. 2002; Almora et al. 2004; Silva et al.
2007). The by-product of papaya is its peel, approximately
20-25% of the fruit weight, which can be used as animal
feed but is generally discarded into the environment causing
organic pollution (Koubala et al. 2014). The papaya process-
ing units often dispose off these papaya peels.

Papaya peel has huge amounts of monosaccharides, pectin
and protein which facilitate the growth of fungus (Chaiwut
et al. 2010; Maran and Prakash 2015). The preferred sub-
strate of A. niger for the production of pectin methylester-
ase is partially esterified pectin (Van Alebeek et al. 2003).
Papaya peel contains partially esterified (45-51%) pectin
(Boonrod et al. 2006). Utilization of this by-product has
been reported to produce the enzymes pectin methylesterase
and polygalacturonase in SSF, which will also help to solve
the pollution problem of papaya processing units. Papaya
peel has been used along with 10% (w/v) orange peel for
the production of pectin methylesterase (Patidar et al. 2016).
It has also been used for polygalacturonase production in
SSF using dried papaya peel and orange peel in ratio of 2:1
(Patidar et al. 2017).

Mango peel Mango is an important tropical fruit, culti-
vated in many tropical regions and distributed worldwide.
India is largest producer of mango amongst 90 countries

in the world, with its production of 18,643,000 metric tons
on 2,209,000 hectare area which is 35.8% of total fruit area
(DACFW 2015; Reddy and Saritha 2015). Mango peel, one
of the major by-products from the mango pulp industry, con-
stitutes about 20-25% of the mango fruit processing waste
and is discarded during the process. It is a rich source of
pectin, which comprises 12.2-21.2% pectin with degrees
of esterification from 56.3 to 65.6% (Cheok et al. 2016).
Mango peel has been used in SSF for pectinase production
by A. foetidus (Kumar et al. 2012). The substrate mango
peel was supplemented with salt solution consisting of (g/1)
(NH,),S0O,, 25; MgS0O,, 0.6; FeSO,, 0.4; urea, 3; peptone, 5
and KH,PO,, 6 at pH 7.0 for use in SSF. Reddy and Saritha
(2016) also used mango fruit processing waste (0.5%) for
production of pectinase by Enterobacter sp. PSTB-1in SmF.

Citrus fruits waste The family of citrus fruits consists
of oranges, Kinnow, Khatta, Lemon, Grapefruit, Malta,
Mausami, Sweet orange, etc. The cell wall of these fruits is
known to contain high amounts of pectin ingredients (Alex-
ander and Sulebele 1980; Dhillon et al. 2007). Spain is the
largest producer of citrus fruit in Europe with an output of
6 million tons/yr. Approximately 800,000-900,000 tons of
peel and pulp waste are generated every year only in Spain.
Its disposal is the biggest problem for the environment.
Lemon peel, orange peel, pomelo peel, orange pomace, etc.
have been used extensively in SSF for pectinolytic enzymes
production (Table 4). Orange peel has been reported as an
inducer for pectinolytic enzyme production in SSF and SmF
due to high % of pectin (14.7%) Nighojkar et al. 2006; Zhou
et al. 2011; Ahmed et al. 2016). In a recent report, mixture
of citrus pulp (51.6%) and sugarcane bagasse (48.4%) has
been used in SSF for pectinase production by A. oryzae (Biz
et al.2016). Utilization of orange peel along with coconut
fibre in ratio of 4:1 has been reported in SSF for the produc-
tion of pectinase by Bacterial isolate Bacillus subtilis SAV-
21 (Kaur and Gupta 2017). Poondla et al. (2016) reported
orange peel and ground nut cake as significant solid sub-
strates for pectinase production by Saccharomyces cerevi-
siae using Response Surface Methodology. Sharma et al.
(2014) reported utilization of citrus peel for hyper produc-
tion of pectinase in SSF by a yeast isolate Pseudozyma sp.
SPJ. Citrus fruit waste has been exploited with wheat bran
in SSF for polygalacturonase enzyme production (Heerd
et al. 2012). Ruiz et al. (2012) reported enhanced pectinase
production when SSF process is operated in a column-tray
bioreactor at 30 °C and 70% moisture for 96 h. Biz et al.
(2016) used packed bed reactor for the production of pec-
tinase enzyme in SSF using citrus peel as solid substrate.
Silva et al. (2005) reported utilization of orange bagasse
and wheat bran (1:1w/w) for pectinase production in SSF by
Penicillium viridicatu. Another citrus waste, orange pomace
has been used for pectinase production by A. niger in SSF
(Mahmoodi et al. 2017).
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Gayen and Ghosh (2011) used orange peel and wheat
bran in ratio of 1:1 (w/w) for pectin methylesterase produc-
tion in SSF.

Apple pomace Apple pomace is a waste from the apple
processing industry which presents considerable dis-
posal problems. The production of apple in India is about
2,521,000 metric tons on 277,000 hectare area (DACFW
2015). It has a pH range of 3.1-3.8 (Hang et al. 1982). When
dried, it is rich in carbohydrates, pectin and proteins. Apple
pomace is the residue left after juice extraction and con-
stitutes about 25-35% of the weight of fresh fruit. It con-
tains 85% carbohydrate and 15% protein (Reid et al. 1999)
with 12.3% fermentable sugar (Hang and Woodams 1986).
Water soluble components of apple pomace are composed
of monosaccharide, oligosaccharide, water soluble polysac-
charide and water insoluble components including pectic
substances. Apple pomace has been used in SSF for the pro-
duction of pectinolytic enzyme using A. niger (Berovic’ and
Ostrovers’nik 1997). Solid medium was consisted of 1500 g
of apple pomace, 750 g of soya flour, 450 g of wheat bran,
1200 g of wheat corn, 90 g of dry whey, 15 g (NH,),SO, and
60 g NH,NO; in 2000 ml water at pH 7.

Joshi et al. (2006) also used dried apple pomace as solid
substrate for pectin methylesterase production by A. niger
in SSF.

Strawberry pomace Another fruit processing waste,
strawberry pomace, obtained from the strawberry process-
ing industry, has similar disposal problem. This waste has
been targeted as raw materials for fungal polygalacturonase
production by Lentinus edodes, a Chinese mushroom (Zheng
and Shetty 2000). Maximum polygalacturonase production
in SSF (29.4 U/g pomace) occurred at 40 days incubation
using strawberry pomace as solid substrate.

Grape pomace According to a report of DACFW, Govt.
of India, Grape production in India is about 2,590,000 metric
tons per year in area of 122,000 hectares (DACFW 2015).
Grape pomace is the residue left after juice extraction from
grapes in the food processing and wine making industry.
Diaz et al. (2012, 2013) reported synthesis of polygalacturo-
nase, xylanase and cellulase by SSF on a mixture of washed
grape pomace supplemented with orange peel in ratio of
1:1(w/w) and nutrient solution composed of (g/l) urea,
2.4; (NH,),S0O,, 9.8; KH,PO,, 5.0; FeSO,-7H,0, 0.001;
ZnS0O,-7H,0, 0.0008; MgSO,-7H,0, 0.004; CuSO,-5H,0,
0.001 and pectin, 11.5. Diaz et al. (2012) obtained increase
in enzyme production as compared to whole grape pomace
used alone.

Banana peel According to 2015 report of Department
of Agriculture, Cooperation and Farmers Welfare, Govt.
of India (DACFW), banana production of 29,135,000
metric tons over an area of 841,000 hectares is maximum
amongst all fruits produced in India (DACFW 2015). Sethi
et al. (2016) has reported utilization of banana peel as solid
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substrate for the production of pectinase by A. terreus
NCFT4269.10 in SSF. Sethi et al. (2016) also reported com-
bination of banana peel and apple pomace in ratio of 9:1 for
enhanced production of pectinase. Riboflavin in concentra-
tion of 10 mg % and gibberellic acid 0.025% supported pec-
tinase production when these were mixed with banana peel
in SSF. Barman et al. (2014) also used banana peel as solid
substrate in SSF for pectinase production by A. niger strain.
The pectinase enzyme activity is significantly affected by
concentration of the banana peel in the initial concentration.

Algal biomass Algal biomass is an economically impor-
tant renewable source for the production of valuable indus-
trial products due to its nutritional value. Dried algal bio-
mass has been used in SSF and SmF for pectinase enzyme
production by Bacillus licheniformis KIBGE-IB4 (Pervez
et al. 2017). The solid medium containing 10.0 g of dried
algal biomass moistened with 10.0 ml mineral salt medium
of K,HPO,: 2.0 g L™! and MgSO,: 2.0 g L™! was used for
the production of pectinase. Among different dried algal
biomass used, green algae Ulva lactuca has been reported
as most suitable substrate for pectinase enzyme production
(Pervez et al. 2017).

Production time

The time course of pectinolytic enzyme production varied
with nature of solid substrate and microorganism used. Max-
imum production of pectic enzyme from different micro-
organisms varies mainly from 1 to 7 days (Table 4). Wong
et al. (2017) reported 129 h of incubation period for pec-
tinase production in SSF by A. fumigatus. Demir and Tari
(2014) showed increase in polygalacturonase production
sharply by A. sojae after the second day of incubation period
and maximum polygalacturonase production (136.9 U/gds)
could be achieved on the 4th day of incubation using wheat
bran as solid substrate. The production of polygalacturonase
begins between the 3rd and 4th day utilizing the other carbon
sources present in the media. However, Botella et al. (2005)
have reported the maximum polygalacturonase activity on
the 25th hour of fermentation by Aspergillus awamori strain
cultivated on grape pomace. Barman et al. (2014) reported
65.82 h of fermentation period for pectinase production by
A. niger in SSF using banana peel as solid substrate. Zheng
and Shetty (2000) reported 40 days of production period
using strawberry pomace as solid medium. The addition of
orange peels reduced the time needed for fermentation with
increase in the production of the pectinolytic enzymes with
grape pomace (Diaz et al. 2012) and papaya peel (Patidar
et al. 2016) as solid substrate.

Gayen and Ghosh (2011) and Patidar et al. (2016)
reported 120 h as optimum time for the production of pectin
methylesterase enzyme in SSF. Joshi et al. (2006) reported
96 h production time for maximum pectin methylesterase
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production in SSF using apple pomace powder as solid sub-
strate and A. niger as microbial source.

Production temperature

Patil and Dayanand (2006), Hendges et al. (2011), Demir
and Tari (2014), Barman et al. (2014) and Wong et al. (2017)
obtained the maximum polygalacturonase production by
Aspergillus strains at 34, 30, 37, 32.37 and 33 °C, respec-
tively. Jahan et al. (2017) reported decrease in production
by 29 and 32% when fermentation was carried out at 40 and
45 °C, respectively. The influence of temperature is associ-
ated with the growth of the organism (Uzuner and Cekmece-
lioglu 2015). Darah et al. (2013) reported highest fungal
growth rate at 30 °C production temperature. However, the
production temperature and growth temperature can be dif-
ferent as reported by Demir and Tari (2014).

Joshi et al. (2006) reported 25 °C production tempera-
ture for maximum pectin methylesterase production by A.
niger. Similarly, Maldonado and Strasser de Saad (1998)
and Patidar et al. (2016) used 30 °C production temperature
for maximum pectin methylesterase production by Aspergil-
lus sp.

Moisture content and moistening agent

Moisture content is an important aspect in SSF for industrial
enzyme production. The reported initial moisture content
value varies from 40 to 80% for the production of pectinases
from various solid substrates using different fungal strains.
However, Heerd et al. (2012) used 120% moisture content
maintained by 0.2 N HCl in SSF containing wheat bran and
orange peel (70:30) as solid substrate. Heerd et al. (2014)
also used 0.2 N HCl for maintaining the 160% moisture con-
tent of solid medium wheat bran and sugar beet pulp. Wong
et al. (2017) reported 49.6% moisture content maintained
with mineral solution. Mahmoodi et al. (2017) reported
maximum polygalacturonase activity at 70% (w/w) of the
initial moisture content. Ortiz et al. (2017) optimized 130%
(w/w) moisture content using statistical approach. Diaz et al.
(2012) reported enhanced production of xylanase, polyga-
lacturonase and carboxymethyl cellulase in grape pomace
using 70% moisture content maintained with nutrient solu-
tion. Demir and Tari (2014) optimized 62% moisture content
in SSF using wheat bran as solid substrate. They compared
buffer solution pH 6 and distilled water for higher polygalac-
turonase production and reported 47% higher polygalactu-
ronase production (212 U/gds) in SSF using distilled water.
Ruiz et al. (2012) used 70% moisture content maintained
with Czapek-Dox medium. Patidar et al. (2017) reported
90% moisture content maintained with distilled water for
maximum polygalacturonase production.

Maldonado and Strasser de Saad (1998) used 70% mois-
ture content maintained with distilled water for pectin meth-
ylesterase production in SSF. Gayen and Ghosh (2011) used
distilled water (1:1v/w) to moist citrus peel and what bran
in SSF. However, Patidar et al. (2016) reported 86% (v/w)
moisture content maintained with 10% orange peel suspen-
sion for maximum pectin methylesterase production in SSF
using papaya peel as solid substrate.

Particle size

The particle size is important for any SSF process due to its
influence on aeration, specific area and porosity of substrate.
The particle size range of 150-250 um has been reported by
Demir and Tari (2014) for maximum polygalacturonase pro-
duction. The sized particles gave 92% more of enzyme activ-
ity than the un-sized wheat bran. Darah et al. (2013) reported
0.75 mm particle size of pomelo peel for maximum polyga-
lacturonase production. Ruiz et al. (2012) reported optimum
particle size range 0.7-2 mm (mesh size 25) of lemon peel
pomace for maximum polygalacturonase production.

Patidar et al. (2016) used scanning electron microscope
images to show effects of particle size on fungal growth and
reported optimum particle size 2 mm for maximum pectin
methylesterase production.

Inoculum of microorganisms

Fungal inoculum can be prepared using a vegetative seed
culture or spore suspension prepared on slant. The size of
inoculum is important in the SSF process. Taragano and
Pilosof (1999), Silva et al. (2007), Tai et al. (2014) used
spore suspension as inoculum for fungal enzyme production.
However, Demir and Tari (2014, 2016) used seed culture
inoculum for production of polygalacturonase in SSF. Dif-
ferent type of solutions viz. distilled water, 0.1% Tween 80
and 0.2% Tween 80, have been used for polygalacturonase
production in SSF by Taragano and Pilosof (1999), Silva
et al. (2007) and Darah et al. (2013), respectively. Mahmoodi
et al. (2017) used spore suspension prepared by washing a
5-day incubated plate agar media with isotonic saline solu-
tion. Pereira et al. (2017) used boiled wheat grains for prepa-
ration of edible mushroom Pleurotussajor-caju spawn. The
spawn was prepared by inoculating fungal mycelium agar
disks into sterile wheat grain and it was incubated at 30 °C,
in the absence of light, until their complete colonization.
Most of the literature shows inoculum size ranging from 10°
to 107 spores/g of substrate (Silva et al. 2005; Botella et al.
2005; Hendges et al. 2011, Demir and Tari 2016). Uzuner
and Cekmecelioglu (2015) used overnight grown Bacillus
subtilis inoculum containing 10®° CFU/ml which was incu-
bated under agitation at 130 rpm. Joshi et al. (2006) prepared
spore suspension of A. niger in distilled water for production
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of pectin methylesterase enzyme in SSF. Patidar et al. (2016)
reported 1 x 107 spores per ml prepared in 0.1% Tween 80
for maximum pectin methylesterase production.

Agitation frequency

In SSF, agitation is required for the removal of heat gener-
ated during metabolic process of fermentation and to mix the
oxygen transferred to the solid medium. In SSF, the speed
of agitation is very slow. It is reported from once to thrice
a day. Demir and Tari (2014) reported that agitation speed
of 3 times per day enhances the polygalacturonase produc-
tion in SSF by 17.2% as compared to that in static medium.
However, Darah et al. (2013) reported that no agitation
is required for maximum polygalacturonase production.
According to Darah et al. (2013) agitation of medium may
affect the nature of particle and may damage fungal mycelia.
Agitation is a major challenge for successful implementation
of SSF (Favela-Torres et al. 2006).

Gayen and Ghosh (2011) tried different agitation speed
for pectin methylesterase production in SSF and reported
maximum production of pectin methylesterase in stationary
state.

Determination of pectinolytic activity

Several different assays have been used for the quantifica-
tion of pectinolytic enzyme activity. The various methods
extensively used for assay of polygalacturonase and pectin
methylesterase have been reported in literature.

Assay methods for polygalacturonase
Di-nitro salicylic acid method (Miller’s method)

Di-nitro salicylic acid (DNS) method is commonly used for
determination of polygalacturonase activity. It is used to
determine the amount of reducing sugars (galacturonic acid)
released from the polygalacturonic acid substrate (Miller 1959;
Li et al. 2015). In this method, after incubation, DNS solu-
tion is added in the reaction mixture to stop the reaction and
tubes are kept in boiling water for 15 min (Jayani et al. 2005).
Both polygalacturonic acid and low methoxyl pectin have been
reported as substrate for pectinase assay (Joshi et al. 2013;
Ibrahim et al. 2014). Biz et al. (2016) used 75% methylated cit-
rus pectin in the pectinase assay. Zhang et al. (2017) used DNS
method for acidic pectinase where substrate of the enzyme was
prepared in buffer at pH 3.5. Amid et al. (2014) reported use
of DNS method for alkaline pectinase at pH 8.0. Anand et al.
(2017) added 1 ml of distilled water in the reaction mixture
after the addition of 3 ml DNS to dilute the colour density.
One unit (U) of Polygalacturonase activity is calculated as the
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amount of enzyme required to release one umol equivalent of
galacturonic acid per min under the assay condition and it is
expressed in U/ml (Dey et al. 2014).

Enzyme activity can be calculated using following for-
mula (Li et al. 2015)

pg of galacturonic acid

E tivity U/ml =
nzyme activity U/m 194 1 X v x 7

9

where “v” is the enzyme volume used in the assay, “194.1”
is the molecular weight of galacturonic acid, and t is the
reaction time in min.

Arsenomolybdate—copper reagent method (Nelson
and Somogyi Method)

The amount of galacturonic acid liberated by polygalactu-
ronase enzyme can also be measured using Nelson (1944)
and Somogyi (1952) method. This is colorimetric method
in which arsenomolybdate and copper reagent are used for
the development of colour (Esawy et al. 2013). Gadre et al.
(2003) used 0.24% (w/v) polygalacturonic acid prepared in
60 mM sodium acetate buffer, pH 5.4 as substrate. Pectin
and polygalacturonic acid both can be used as substrate for
pectinase activity in Nelson-Somogyi method (Nakkeeran
et al. 2011; Esawy et al. 2013; Babbar et al. 2016).

The density of colour generated by reaction of arsenomo-
lybdate and copper sulphate reagents is proportional to the
amount of reducing sugar. One unit of pectinase activity is
defined as the amount of enzyme that releases one micro-
mole of reducing sugar per minute under standard assay con-
ditions (Babbar et al. 2016). Enzyme activity can be calcu-
lated using the same formula mentioned for DNS method.

Viscometric method

In this method, viscosity of the solution containing pectin as
substrate was measured using viscometer (White and Fabian
1953; Jayani et al. 2005; Esawy et al. 2013; Mahmoodi et al.
2017). The amount of enzyme is directly proportional to the
decrease in viscosity of the solution. One unit of enzyme
activity is defined as the amount of enzyme required for
attaining a certain decrease of viscosity per unit time (Esawy
et al. 2013; Ramirez-Tapias et al. 2014). Poletto et al. (2017)
defined total enzyme unit as the quantity of enzyme that
causes a 50% decrease in the viscosity of the pectin solu-
tion, under standard conditions. The percentage of decrease
in relative viscosity of pectin solution (w/v) is calculated
according to the following formula (White and Fabian 1953).

A—-B
A

x 100

where “A” is time of flow (seconds) of a given volume of
inactivated reaction mixture (blank); “B” is time of flow
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(seconds) of the same volume of active reaction mixture.
However, this method has met with limited success. There is
no direct correlation between viscosity reduction and num-
ber of glycosidic bonds hydrolyzed (Jayani et al. 2005).

Ruthenium-red microplate assay

As an alternative to viscometric and reducing sugar esti-
mation method, Torres et al. (2011) presented a quantita-
tive method based on the ruthenium red precipitation of
polygalacturonic acid. The ruthenium red microplate assay
method was described by Ortiz et al. (2014). The microplate
assay is carried out in 96-well polymerase chain reaction
(PCR) plates. The enzyme solution is mixed with substrate
in the microplate well and incubated at 40 °C for 20 min.
The enzyme reaction was stopped by placing plate in ice
and ruthenium red is added. The absorbance at 535 nm was
recorded with a microplate reader. Alternatively, the meas-
urements could be performed at 492 nm in the spectropho-
tometer. The calibration curve is prepared using polygalac-
turonic acid as standard.

The enzyme unit is defined as the amount of enzyme
required to hydrolyze 1 pg of polygalacturonic acid into
smaller fragments unable to precipitate with the ruthenium
red dye per minute under the assay conditions. Activity of
enzyme is calculated according to the following equation:

U _ SB-SA
ml~ SLPXtXv

where SB is the absorbance of the enzyme sample blank
obtained from a mixture of enzyme dilution and polygalac-
turonic acid solution without incubation, SA is the polyga-
lacturonic acid-enzyme reaction absorbance, and SLP is the
slope of the least-squares adjusted calibration curve obtained
from A535 nm versus micrograms (ug) of polygalacturonic
acid, t is the time (in min) taken for the reaction (typically
20 min), and v is the volume (in ml) of enzyme dilution used
in the reaction.

Assay methods for pectin methylesterase

Microbial pectin methylesterase methods are based on
the estimation of carboxyl groups by either pH meter
or spectrophotometer and estimation of methanol
spectrophotometrically.

Spectrophotometric assay

Spectrophotometric assay method is based on continu-
ous monitoring of change in absorbance due to car-
boxyl groups liberated by pectin methylesterase activity.
Patidar et al. (2016) used continuous spectrophotometric
method of Vilarino et al. (1993) for A. tubingensis pectin

methylesterase using bromocresol green (BCG) dye as
pH indicator. The change in BCG color due to action of
pectin methylesterase activity was recorded spectropho-
tometrically at 617 nm. BCG works in acidic conditions.
However, for alkaline pectin methylesterase, bromothymol
blue has been used (Hagerman and Austin 1986; Nighojkar
et al. 1994; Zocca et al. 2007). One unit of enzyme activity
is taken as the amount of enzyme that catalyses the release
of 1 umol of galacturonic acid equivalent per minute under
the conditions of enzyme assay.

Units/ml = pmol /ml min X 4 x DF
v

where V="Total volume of Assay (ml); v=Volume (ml) of
enzyme solution; DF = Dilution Factor.

Titrimetric method

Titrimetric method is commonly used for determination
of pectin methylesterase activity (Christgau et al. 1996;
Arotupin et al. 2008). Nowadays, an automated titrator
is used for enzyme activity assay (Plaza et al. 2008). The
incubations are done in a 15 ml reactor cell connected to
a magnetic stirrer and a thermostat is used to maintain
temperature. In this method, the reactor is filled with 15 ml
of a 0.2% solution of pectin (DE >75%) in water. The
required pH of pectin is adjusted with NaOH or HCI, and
the optimum temperature for the reaction is maintained.
The enzyme sample is injected and the reagents stirred
for 1 min. The reaction mixture is incubated for 1 h in the
reactor cell. The constant pH is maintained in the reactor
cell by injecting 0.01 M NaOH. The number of hydrolyzed
methyl ester linkages (hmel) is determined according to
the following equation:

H+
n(hmel) = n(NaOH){ 1+ <—> }
Ka

The pKa of galacturonic acid is approx. 3.5 at 30 °C in
aqueous solution, and this value has been used for polyga-
lacturonic acid.

Wilinska et al. (2008) used titration method in which
pectin methylesterase activity was measured by determin-
ing the carboxyl groups released, using titration with 0.02 M
NaOH. One unit of pectin methylesterase is defined as the
amount of enzyme releasing one carboxyl group per ml per
min. Jiang et al. (2013) gave another definition of pectin
methylesterase activity in which the rate of NaOH consump-
tion is monitored and the activity of pectin methylesterase
is calculated from the slope of the curve. One unit of pec-
tin methylesterase activity is defined as the consumption of
1 umol of NaOH/min under optimal conditions.
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Gel diffusion assay

This method is independent of pH and insensitive to other
pectinolytic enzymes viz. pectin lyase and pectinase. The
concept of increased binding of ruthenium red to pectin
with difference in the number of methyl esters attached to
the pectin forms the basis for gel diffusion assay for pectin
methylesterase activity (Downie et al. 1998). The stained
zone diameters decrease with increasing percentage of sub-
strate esterification. The substrate required in this method is
pectin which must have high degree of esterification usually
more than 90%.

Gel diffusion is performed in 2% (w/v) agarose gel con-
taining citrus pectin (90% esterified) in citrate phosphate
buffer. The enzyme sample is added in wells prepared in gel
plate. The plate is incubated at 30 °C for 16 h and the pres-
ence of enzyme is detected by incubating it in 0.05% (W/v)
ruthenium red for 45 min (Jiang et al. 2013). Lionetti (2015)
reported pectoplate assay method which can discriminate
the enzyme activity between plant and fungal pathogen.
Recently, Lionetti et al. (2017) also used pectoplate assay
for plant pectin methylesterase activity determination. The
samples were loaded in the wells and incubated for 16 h at
30 °C. The activity of enzyme was calculated using 0.05%
ruthenium red for 30 min. The amount of activity in nano- or
picokatals is calculated based on the standard curve gener-
ated from the commercial enzyme activity versus stained
zone diameter. The commercial enzyme activity is expressed
as the production of acid equivalents which is interpreted as
units for conversion to nanokatals.

Methanol estimation method

Methanol is one of the products of pectin methylesterase
reaction. Pectin methylesterase can be assayed directly by
quantifying methanol using gas liquid chromatography
(Salas-Tovar et al. 2017). Pectin methylesterase can be
quantified by methanol oxidation through potassium per-
manganate (Wood and Siddiqui 1971). In 1998, a close cor-
relation has been reported between pectin methylesterase
activity and levels of methanol in fruit tissues, indicating
that pectin methylesterase is on the primary biosynthetic
pathway for methanol production in plant tissue and fruits
(Frenkel et al. 1998; Micheli 2001). The enzyme—substrate
reaction, after incubation is stopped by placing the tube at
100 °C for 10 min. The alcohol oxidase enzyme is added to
the reaction mixture to oxidize methanol produced by pectin
methylesterase activity. The 2—4 pentanodione (20 mM) in
2 M ammonium phosphate was added in the reaction mix-
ture and placed in a water bath at 60 °C for 15 min. The
absorbance is measured at 412 nm against a blank made
with the same components but with heat denatured enzyme
extract. A calibration curve using 0-250 nmol/ml methanol
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is prepared as a standard. The amount of methanol released
allows the determination of pectin methylesterase activity
expressed in nkat (Deytieux-Belleau et al. 2008).

It is currently impossible to compare different pectino-
lytic enzyme assay methods reported in the literature due
to different assay conditions. Therefore, it is important to
develop a standardized assay for evaluating the pectinase
complexes (Biz et al. 2014).

Bioreactor employed for pectinolytic
enzyme production using SSF

The various important factors to be considered for the devel-
opment of a SSF process include selection of microorganism
and substrate, optimum process parameters and purification
of the end product. Development of any fermentation pro-
cess requires proper relationships between the physiology of
the microorganisms and the fermentation parameters such as
temperature, pH, aeration, moisture content, nature of solid
substrate employed, etc.

Scale up of SSF process and biomass estimation has
become the major challenge that led the researchers to thrive
hard to find the solutions (Singhania et al. 2009). A number
of bioreactors have been designed which could overcome the
problems of scale up and to an extent also the on-line moni-
toring of several parameters. These bioreactors also regulate
the heat and mass transfer which are difficult to manage in
a basic system of fermentation. Several types of bioreactors
have been designed for small scale as well as large scale
applications of SSF, including the tray bioreactors, packed
bed bioreactors and drum bioreactors.

Tray bioreactor

Tray bioreactor is static type of bioreactor in which wood
or stainless steel trays are used to place the solid substrate.
It has provision of air circulation in the reactor through per-
forated trays (Fig. 4). Trays are arranged in a chamber or
room with controlled temperature and humidity. Ortiz et al.
(2017) reported scaling up of the pectinase production using
a tray bioreactor under optimum fermentation conditions.
In this study, solid media consisted of 0.1 kg of wheat bran,
orange and lemon peels in proportion of 66:17:17, respec-
tively, have been used. Diaz et al. (2013) reported column
tray bioreactor for the production of polygalacturonase, xyla-
nase and carboxy methyl cellulase (CMCase) in SSF. In this
reactor, ten sterile 250 ml interconnected roux flasks were
used which had provision of water-saturated aeration system.
The sterile air enters the first plate and leaves the reactor
at the tenth plate after passing through the whole reactor.
Ruiz et al. (2012) also used tray bioreactor for the produc-
tion of pectinase by Aspergillus niger Aa-20 using lemon



3 Biotech (2018) 8:199

Page 150f24 199

Fig.4 An overview of Tray
Bioreactor used for enzyme
production in SSF. Modified
from Ruiz et al. (2012)
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peel pomace as support and carbon source. The advantage
of using tray reactors is that the labour intensity is very low
if it is run as a continuous system and also it can be easily
scaled to larger operations. However, in this type of reactor,
the control of temperature and oxygen transfer during SSF
is a big challenge. Roussos et al. (2014) patented a novel
designs of the tray reactor in which temperature can be eas-
ily controlled. The limit of oxygen is affected by formation
of the mycelium and release of CO, and heat, especially for
higher substrate layers (Soccol et al. 2017).

Packed bed bioreactor

Packed bed bioreactor has been used widely for production
of pectinolytic enzymes (Fig. 5). It is difficult to control the
temperature within bioreactor at pilot or large scale due to
the limitation of heat and mass transfer. Therefore, reliable
scale-up strategies are essential which can be fulfilled by
packed bed bioreactor (Pitol et al. 2016). Packed Bed Reac-
tor provides larger substrate bed and easier product recovery
(Singhania et al. 2009). Biz et al. (2016) reported production
of pectinase by A. oryzae in pilot-scale packed bed reac-
tor. In this bioreactor, 15 kg of substrate containing citrus
pulp (51.6%) and sugarcane bagasse (48.4%) are used for
enzyme production. It was observed that the combination
of citrus pulp and sugarcane bagasse avoided the problems
of formation of agglomerates and bed shrinkage that were
reported in the earlier work of Pitol et al. (2016). Pitol et al.
(2016) scaled up the production of pectinases in packed-bed
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bioreactors, from 12 g to 30 kg of dry substrate. In this reac-
tor, 40 cm high bed containing 27 kg of wheat bran and
3 kg of sugarcane bagasse has been used. This is the biggest
scale yet reported for pectinase production in SSF. Packed
bed reactor has been used for the production of polygalac-
turonase, xylanase and carboxy methyl cellulase (CMCase)
in SSF (Diaz et al. 2013). A novel design of the packed bed
reactor has been made in which aeration in the reactor brings
about mixing of the solids (Singhania et al. 2009).

Drum bioreactor

Another type of bioreactor in which rotating drum is
employed for the production of enzymes in SSF (Fig. 6).
In drum bioreactor continuous or intermittent agitation of
solid medium occurs which provides homogeneity of the
solid medium and better circulation of oxygen (Soccol
et al. 2017). Poletto et al. (2017) reported production of
pectinase by A. niger LB-02-SF in a bench-scale rotating
drum bioreactor. Poletto et al. (2017) reported the effect of
drum bioreactor volume occupied by substrate on growth
rate and enzyme production. It has been found that with
30% of the bioreactor volume occupied, agitation promoted
increasing fungal growth and decreasing enzyme production,
whereas with 50% occupation, an opposite trend occurred.
Rodriguez-Fernandez et al. (2011) also carried out pectinase
production in horizontal drum bioreactor. In this reactor,
CO, production is measured by an infrared sensor while
consumption of O, by the microorganism is measured by
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Fig.5 Packed bed bioreactor
used for enzyme production in
SSF. Modified from Diaz et al.
(2013)
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Fig.6 An overview of drum bioreactor used in SSF for pectinolytic enzyme production. Modified from Rodriguez-Fernandez et al. (2011)

electrochemical sensor. To accurately measure the O, bal-
ance, one sensor is fitted in the inlet and the other is located
in the outlet of the bioreactor. Drum bioreactors can perform
constant mixing thereby ensuring thermal equilibrium, or
intermittent stirring whereby stationary phase is maintained
similar to the tray fermenter. A disadvantage of the continu-
ously stirred drum bioreactor is that agglomerates may form
and shear stress is increased (Singhania et al. 2009).

jllate ¢llodl ay .
des Shevis @) Springer

Biomass estimation

Separation of biomass, which is essential for the kinetic
studies, is a big challenge in SSF. Glucosamine estimation,
ergosterol estimation, protein (kjeldahl) estimation, DNA
estimation, dry weight changes and CO, evolution are indi-
rect biomass estimation methods used in SSF (Rodriguez-
Fernandez et al. 2011; Ruiz et al. 2012). Recently, digital
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image processing has been developed for biomass estima-
tion in SSF. In recent times, estimation of oxygen intake
and carbon dioxide evolution rate are considered to be most
accurate for the determination of the growth of microorgan-
ism (Singhania et al. 2009).

Application of enzyme in fruit juice
clarification

Pectinolytic enzymes are one of the upcoming enzymes of
fruit industries. Fruit juices are naturally cloudy mainly due
to the presence of pectin polysaccharides (Sharma et al.
2017). The high concentration of pectin leads to colloid
formation in the juice, which leads to create problem in the
processing of clear fruit juices. The role of acidic pectinases
in bringing down the cloudiness and bitterness of fruit juices
is well established (Kashyap et al. 2001; Jayani et al. 2005).
In an unripe fruit, pectin is bound to cellulose micro fibrils
in the cell wall. Such pectin is insoluble and hence confers
rigidity to cell walls. However, during ripening the structure
of pectin is altered by naturally occurring enzymes in the
fruits. As a result of this, the pectin becomes more soluble
and softens the plant tissues (Caffall and Mohnen 2009).
Therefore, pectin degrading enzymes have been used to
clarify following important fruit juices:

Apple juice Pectinolytic enzymes produced by Asper-
gillus sp. have been widely used for purification of apple
juice. Amin et al. (2016) reported 73.78% reduction in tur-
bidity of apple juice by exo-polygalacturonase produced by
P. notatum. Yuan et al. (2011) also used polygalacturonase
of Penicillium sp. and reported 4.5% reduction in viscos-
ity and 71.8% increased the light transmission. Apple juice
clarification by polygalacturonase produced by Aspergil-
lus sp. has been reported in recent literature (Mahmoodi
et al. 2017; Dey et al. 2014; Kant et al. 2013; Sandri et al.
2015). Mahmoodi et al. (2017) reported 7.2% reduction in
apple juice viscosity by A. niger pectinase. Dey et al. (2014)
treated apple juice with polygalacturonase produced by A.
awamori Nakazawa and reported 38% reduction in viscos-
ity and 93% increase in transmission at 660 nm when it
was incubated at 50 °C for 2 h. Apple juice treated with
polygalacturonase produced by A. niger showed the maxi-
mum clarification by increase in % transmission from 2.5
to 20.4 upon overnight incubation (Kant et al. 2013). A 90%
decrease in apple juice turbidity has been reported by San-
dri et al. (2015) using A. niger pectinase enzyme extract.
Yang et al. (2011) also treated apple juice with Bispora sp.
pectinase and reported 84% increase in transmittance and
reduction in viscosity by 7.7%. Baron et al. (2006) studied
effect of high pressure on apple juice clarification by pec-
tin methylesterase. Rajdeo et al. (2016) reported apple juice
clarification with immobilized pectinase. The properties of

apple juice treated with immobilized enzyme were similar
to those of that treated with free pectinase.

Orange and mosambi juice Citrus fruits viz. oranges,
lemon, and grapefruit contain the highest reported concen-
trations of pectin in their tissues (Galant et al. 2014). In com-
mercially prepared citrus juices, pectin accounts for approxi-
mately one-third of the insoluble material that is found
within the juice cloud (Baker and Bruemmer 1969). Pectin
from orange is only partially methylated because of the large
amounts of pectin methylesterase which remove methoxyl
group from pectin (Kashyap et al. 2001; Maran et al. 2013).
In the presence of calcium ions, insoluble calcium pectate
is formed in orange juice leading to the undesirable pre-
cipitation of haze particles. Tounsi et al. (2016) reported
citrus fruit juice clarification using polygalacturonase of
Penicillium occitanis. Anand et al. (2017) reported orange
juice clarification using exo-polygalacturonase produced by
A. niger. Diaz et al. (2013) reported 95% clarification in
orange juice on addition of mixture of pectinase, xylanase
and CMCase produced in tray reactor by A. awamori. Rai
et al. (2004) have obtained 89% clarified mosambi juice by
a pectinase of Aspergillus niger using enzyme protein con-
centration 0.004 g/1 for 99 min, at temperature of 42 °C.

Passion Fruit Juice This juice has commercial impor-
tance due to its pleasant unique aroma and flavor and high
nutritional values (Cheok et al. 2016). Brazil is the largest
producer of passion fruit in the world and about 50% of the
production is used in the juice processing industry (Canteri
et al. 2012). Jiraratananon and Chanachai (1996) observed
a viscosity reduction of 18% with enzymatic treatment of
passion fruit juice with pectinase. Domingues et al. (2012)
reported passion fruit juice clarification using chitosan
treatment. The juice is centrifuged at 4000 rpm followed by
coagulation/flocculation process with chitosan at 300 ppm
and at pH 6.

Banana Juice The turbidity of banana juice is caused
mainly by the polysaccharides in the juice such as pec-
tin and starch. It is a major challenge to process banana
after its harvesting (Mohapatra et al. (2011). Pectin makes
the clarification process difficult because of its fibre such
as molecular structure. Cheng et al. (2017) used acidic
endo-polygalacturonase produced by Penicillium oxalicum
CZ1028 for banana juice clarification at 45 °C for 1 h.
Cheng et al. (2017) reported 31.76% reduction in viscos-
ity and 6% increase in transmission at 660 nm. Barman
et al. (2014) reported banana juice clarification by pec-
tinase produced by A. niger. The optimum results (0.10
OD at 660 nm) were obtained when raw banana juice was
incubated for 60 min with 2% concentration of partially
purified pectinase. Sagu et al. (2013) optimized conditions
for banana juice clarification using commercial pectinase
and reported 33 °C and 108 min for best results. Lee et al.
(2006) employed response surface methodology to clarify
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banana juice in which optimum conditions for clarification
are found to be 0.084% enzyme concentration, incubation
temperature of 43.2 °C and incubation time of 80 min.

Lemon juice Maktouf et al. (2014) have reported lemon
juice clarification using Penicillium occitanis pectinase.
The optimum treatment conditions reported were 600 U/1
enzyme concentration, 45 min and 30 °C. Under optimized
conditions, 77% reduction of viscosity and 47% reduction
in turbidity is reported.

Mango juice Pectinase from A. foetidus has been
reported for mango juice clarification (Kumar et al. 2012).
Mango juice was treated with 20 ml of crude enzyme
preparation (specific activity 228 IU/ml). The maximum
mango juice clarification (92.5%) was obtained at tempera-
ture of 40 °C and 150 min incubation time. Cheng et al.
(2017) used acidic endo-polygalacturonase produced by
Penicillium oxalicum CZ1028 for mango juice clarification
at 45 °C for 1 h and reported 5% increase in transmission
at 660 nm.

Pineapple juice Pectin methylesterase produced by A.
tubingensis in SSF has been reported for pineapple juice
clarification (Patidar et al. 2016). It was found that increase
in amount of enzyme from 10 to 100 U increased the juice
clarification from 3.1 to 19.5% and decreased the pH from
4.3 to 3.0 at 30 °C. Tochi et al. (2009) reported pineap-
ple juice clarification by commercially available A. niger
pectinase (Sigma- Aldrich) which showed reduction in tur-
bidity from 1.5 to 0.8 at 35 °C. de Carvalho et al. (2008)
reported 5% change in pineapple juice sugar content due
to the addition of pectinase and cellulase followed by cross
flow micro- and ultra-filtration to maintain the nutritional
quality of pineapple juice.

Blue berry juice Taking into consideration the high nutri-
tional potential, blueberry juice has been clarified by Sandri
et al. (2015). Pectinase of A. niger produced in SSF has been
used for the clarification of blueberry juices.

Guava juice South Africa, India and Hawaii are major
producers of Guava (Kashyap et al. 2001). Kant et al. (2013)
reported guava juice clarification using A. niger polygalac-
turonase. In this study, addition of enzyme increased the
sugar content and % transmission at 650 nm, whereas the pH
of the juice decreased. The % transmission at 650 nm and
mg % sugar content increased from 1.7 to 20.4 and 1.9-4.8,
respectively.

Date syrup Dates are important products in the hot desert
regions of the world and are marketed globally as a high-
value fruit. It always plays an important part in the economic
and social lives of the people of these regions (Abbes et al.
2011). The commercial quality of date syrup increases on
addition of pectinase. The use of pectinase and cellulase
enzyme (50U/5U) gave the highest recovery of total solu-
ble solids and the lowest turbidity compared with control
sample.

Pielase clla)l auan .
KACST 3.015lq rogle Ll @ Springer

Papaya juice Cheng et al. (2017) used acidic endo-polyg-
alacturonase produced by Penicillium oxalicum CZ1028
for banana juice clarification at 45 °C for 1 h. Cheng
et al. (2017) reported 78.36% reduction in viscosity and
43.3% increase in transmission at 660 nm. Tu et al. (2013)
reported reduction in viscosity of papaya juice by 17.6%, and
increased its transmittance by 59.1% when papaya juice was
treated with Achaetomium sp. polygalacturonase. Tu et al.
(2013) also reported higher efficiency with a synergy degree
of more than 1.25, when juice was treated with commercial
pectin methylesterase and polygalacturonase produced by
Achaetomium sp.

Grape juice Li et al. (2017) used combination of two
polygalacturonase (exo- and endo-) produced by Talaro-
myces leycettanus in ratio of 1:4 for grape juice clarifica-
tion and reported 140% pectin-degrading efficiency with
light transmittance improvement from 14 to 82%. Sreenath
and Santhanam (1992) reported 25% reduction in viscos-
ity when white grape juice was treated with commercial A.
niger pectinase.

Bitter gourd juice (Karela Juice) Bitter gourd exhibits
significant anti-diabetic activity. Bitter gourd is tropical
medicinal plant which belongs to the Cucurbitaceae fam-
ily. Its fruit bitter melon or karela has a distinct bitter taste
(Deshaware et al. 2017). The optimum conditions, i.e., pec-
tinase concentration (10.2 ml/kg), incubation time (140 min)
and temperature (48.8 °C) resulted in juice yield of 82%,
o—amylase and a-glucosidase inhibition activity of 23 and
59%, respectively.

Challenges and future aspects in fruit juice
clarification

The main parameters to be considered in any enzymatic
reaction for clarification are pH, temperature, amount of
enzyme, treatment time, and presence of inhibitors. The
enzymatic treatment conditions depend heavily on the type
of raw material employed and optimum conditions for each
fruit juice which have to be determined experimentally
(Sharma et al. 2017; Garcia 2018). Apart from process con-
ditions, there are some other factors that pose challenges
in the production of fruit juices and affect the global juice
market. One of the main challenges is associated with the
constant supply of fruits, as most of the fruits are seasonal
and this affects continuous supply of fruits (Rajauria and
Tiwari 2018).

Few more aspects can be considered for future in fruit
juice industry. The eradication of food borne pathogens and
spoilage microorganisms may be searched for. The preven-
tion of fruit juice contamination and newer presentation
methods may be studied. The use of ozone as microbial
agent against bacteria, fungi, parasites and viruses growing
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over fruits may also be tried in future to enhance the shelf
life of fruits. The effects of SCCD (Supercritical Carbon-
dioxide Technology) may also be investigated for enhanc-
ing fruit juice characteristics such as pH, acid content, total
soluble solids and bioactive compounds.

Conclusion

Pectinolytic enzymes have been extensively used in vari-
ous fruit processing industries. The enzymes are mostly
produced by SSF and to some extent SmF using numerous
microorganisms isolated from decaying fruit waste and soil.
The different techniques of SSF, assay methods and differ-
ent applications of these enzymes particularly in fruit juice
have been discussed in the review. Several bioreactors such
as tray, packed bed and drum bioreactor have been described
for the efficient production of polygalacturonase and pec-
tin methylesrase, their scale up and control of production
parameters have been discussed. A lot of scope exists in the
upgradation of the process parameters in production as well
as its application in fruit juice clarification. Many authors
have mentioned the use of enzymes obtained from different
microbial sources, and also used different solid substrate
for production. However, recent studies depict that the most
widely used production media uses wheat bran which can
be easily replaced by fruits wastes such as papaya peel for
more efficient production.
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