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Abstract

Lipases are defined as ‘esterases’ of carboxylic acid
because of their explicitness for carboxylic acid ester
bonds. In general, these enzymes can be of bacterial,
fungal and plant (seeds) origin with catalytic property
variations. Extensive use of lipases in industries is due
to the exhibition of stereo, regio and substrate
specificity and thermostability. This review provides a
gist of lipase applications and from the synthesized gist
it was evident that lipases are extensively used in dairy
and flavour industries. Emphasis was laid on
applications of thermostable lipases especially in food
industry which provided novel strategies as a substitute
for chemical flavours in food industry. Synthetic
chemical flavours usually improve the food taste but
they show certain devastating effects if they are not
within acceptable daily intakes.

In order to beat the chemical flavour toxicity, an
attempt is made here to tackle these issues with
thermostable lipases produced flavours with evidence
of some research in this direction. Finally, this review
aims at providing the need to research more natural
lipases and standardize their usage in food industry.

Keywords: Lipase, thermostability, food industry, catalysis,
chemical flavours.

Introduction

An enzyme is a high molecular weight biological molecule
made up of one or more polypeptide chains and functions as
a biological catalyst, mediating several biochemical
reactions with specific substrates. Enzymes are naturally
present and can also be synthesized. Some naturally
occurring and commonly encountered enzymes are Lactase,
Amylase, Invertase, Cellulase, Proteases and Lipases'.
Among all these enzymes, lipases have been broadly used in
several industries such as detergents, food, dairy, flavouring
and textiles before mid-1980? and also the global industrial
enzyme market is expected to rise at a CAGR of 6.83%
during 2019-2024. Food industry dominates the enzyme
market with maximum share of 37%3.

Lipases are otherwise called esterases of carboxylic acid
because of their explicitness for carboxylic acid ester bonds.
Lipases are numbered by Enzyme Commission as (3.1.1).
Lipases catalyze a wide array of biological reactions such as
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lipolysis, esterification, transesterification and amidation®.
Few commonly used industrial reactions using lipases are:
Lipolysis is the breakdown of fats and oils into free fatty
acids and glycerol, while esterification is a reaction
procedure between an alcohol and an acid®”’.
Transesterification defines the exchange of acid and ester
groups: if the exchange happens between two esters, it is
called inter-esterification and alcoholysis if displacement of
alcohol from an ester by another alcohol is effected®.

Classification of lipases: In general, lipases are segregated
based on their specificity into 3 types:

1. Substrate specific: Lipases are specific towards a
substrate for the desired product. For instance, biodiesel was
produced by using Pichia pastoris expressed immobilized
lipase from R. oryzae (1, 3-specific)®.

2. Regioselective: These lipases are sub divided into 3 types:
A) Non-specific: Lipases which are not substrate specific,
they catalyze hydrolysis of triacylglycerols into free fatty
acids and glycerol into mono and diacylglycerolst-14,
Structured lipids with high purity were obtained using canola
oil in the presence of caprylic acid with lipase (C. antarctica)
catalyzed acidolysis®®.

B) Specific: Lipases involve catalysis of triacylglycerols at
C1 and C3 positions producing 2-monoacylglycerols and 1,
3 or 2-3 diacylglycerols®. For instance, fatty acids with long
chains were synthesized in the presence of caprylic acid with
immobilized lipase (1, 3-specific) catalyzed acidolysis of
walnut oil*’.

C) Specific or selective type fatty acids: Lipases catalyze
hydrolysis of long chain fatty acids having esters with
double bonds on C-9°. For the synthesis of short chain esters,
lipases with strongest specificities found in Aspergillus niger
and Candida lipolytica were used*®,.

3. Enantioselective: They extraordinarily hydrolyze from
the prochiral predecessor. One of the racemate isomers over
the other and these lipases can separate enantiomers in a
racemic blend?S. For instance, pharmaceutical products were
produced by the lipase catalyzed transesterification of
secondary alcohols®®.

Generally, lipases are omnipresent in nature®® and can be of
animal, microbial and vegetable origin with catalytic
property variations?. Majority of the microbial lipases are
extracellular and gotten from fungi, yeast and bacteria. On
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further research, it has been disclosed that microbial lipases
can likewise be acquired through fermentation of farming
and dairy wastes??23,

Sources of Lipases

Bacterial sources: Bacterial lipases are extracellular or
intracellular or membrane bound?. Bacteria are potential
possibility for production and discover potential uses in
biotechnology. Species of Bacillus such as Bacillus pumilus,
Bacillus subtilis, Bacillus coagulans are common lipase
producing bacteria?®. For instance, by solid state
fermentation for 28 hr at 70°C, lipase L2 was extracted from
Bacillus strain L2 from hot spring perak?®. From the
petroleum contaminated soil bacterium, lipase (Biopetro-4)
was extracted after 120 hr of fermentation and the maximum
lipase activity obtained was 1,675 U/mL?%.

Fungal Sources: Fungal lipases are most beneficial than
bacterial sources due to low extraction methods and batch
fermentation?®, Of them, Rhizopus sps., Aspergillus sps.,
Rhizomucor sps, are the most prominent ones for lipase
production?. These lipases can catalyze a wide range of
reactions such as alcoholysis, hydrolysis, esterification and
saponification?®%, For instance, Streptomyces griseus
exhibited lipase activity of 51.9 U/mL3%. Fifty-nine fungal
strains producing lipase were isolated from Brazilian soils:
among them Colletotrichum gloeosporioides was identified
as a potential lipase strain producing 27, 700 U/L%2.

Plant Sources: Although bacteria and fungi are the most
common sources for lipases, these are encountered with
production of novel lipases known as ‘seed lipases’ with
potential benefits'®. In plants, lipases are located in tissues
with better concentrations of triacylglycerols like the reserve
tissues of developing seedlings’. Consortium of plant lipases
is available from seed sources such as bean, sunflower,
canola, Barbados nut, lupin, linseed, coconut, almond,
black-cumin, oar barley, sesame and wheat®. The activity of
lipases increases during germination due to the lipase
catalyzed conversion of triacylglycerols to soluble sugars®3.

The plant lipases are active within the physical parameters
viz. pH 4-9, temperature 20°C - 38°C with reported
activation of these lipases in the presence of zinc and
calcium and inhibition in the presence of Tween 80 and
EDTA®*. In the production of several pharmaceutical,
detergent, food and cosmetic goods, lipase extracted from
palm fruit mesocarp is discovered to be efficient®®. Plant
lipases seem to be effective due to their improved stability,
low cost, easy acceptability and downstream processing*.

Lipase Structure: Lipases generally weigh about 19-60
kDa®¢ and the structure consists of a/B hydrolase fold and a
catalytic triad. The general topology of canonical a/f
hydrolase fold is based upon eight B folds (B1 to B8) with
antiparallel B2 strand. The a-helices which are stuffed on the
two sides of P sheets are linked to (B3 to B8) strands and the
catalytic triad consists of amino acids such as Histidine,
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Serine, Aspartate or Glutamic acid®’. The enzyme structures
can be accessed from protein data bank.

Applications of Lipase in Food Industry: One of the most
important reasons for extensive use of lipases was exhibition
of stereo, regio and substrate specificity. Lipase catalyzes
not only hydrolytic reactions but also synthetic reactions
such as alcoholysis, acidolysis and esterification. They
catalyze a consortium of enantio, regio and chemoselective
biotransformations?. Lipases find promising applications in
food industry for cheese ripening, vegetable and tea
processing and also esterification reactions®3, Lipases are
also used in the synthesis of flavour and ripening
compounds. In dairy industry, lipases are mainly used to
develop flavoured cheese, butter, sweets, milk and
chocolates*.

The major applications of lipases from microbial, fungi and
plants are reviewed and the synthesized gist is given in table
1. From the tabulated information, it is evident that lipases
are extensively used in dairy and flavour industries.

Synthetic chemical flavours Vs. Lipase produced
flavours: Food additives are compounds which are added by
food industries to food in order to enhance flavour, taste,
texture, consistency, freshness and wholesomeness®5-6°.
Flavour enhancers are the largest class of food additives as
they usually improve the food taste or to give a specific taste.
The chemical compounds responsible for flavours are
alcohols, esters, ketones, aldehydes. These compounds are
synthesized easily and replaced for natural flavours™. Food
additives should be added in permissible limit
concentrations and regulated quantities. They show some
devastating effects on consumer if they are not within
acceptable daily intakes (ADI’s)%,

The flavouring agents which are commonly used in food
industries taken from literature are depicted in table 2. The
flavouring agents which show toxic effects as reported by
Occupational Safety and Health Administration (OSHA)
and Food and Drug Administration (FDA) are provided in
table 3.

As the tables 2 and 3 reflect the type of flavours produced
with chemical additives and their toxic effects, an attempt is
made here to tackle these issues by lipase produced flavours
with the evidence of some research in this direction. The
lipase catalyzed ester synthesis for flavours was studied by
Garlapati and Banerjee.?? Their studies reflect the flavours
which are biologically synthesized with characteristics such
as orange (octyl acetate) and pineapple (methyl butyrate)
that serve as natural flavouring ingredients. This was
achieved by transesterification reactions under solvent free
conditions by immobilized Rhizopus oryzae NRRL 3562
lipase.

In general, chemical ester synthesis involves use of solvents
for  transesterification reactions which lead to
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immunogenicity and toxicity reactions in consumers but this
research stamps on it and says esters can also be synthesised
without solvents which are steps for green technology.
Brault and his research team® demonstrated short chain ester
molecules producing isoamyl acetate (banana fragrance)
with transesterification and esterification reaction in organic
media by using LiplAF5-2 lipase expressed in E.coli
recombinant system and the biocatalyst showed the highest
activity at 40°C.

Ghazani and his team®* synthesized cocoa butter equivalents
which is a chocolate fat mimetic using inter-esterification
reaction at 65°C in continuous bed reactor and batch system
for 4 hours by using Lipozyme RM IM (Lipase) from
Rhizomucor miehei. De Luca et al® stated that in general,
the hydrolytic activities of lipases which have come from
lactic acid bacteria, play an important role during ripening of
cheese. By adding exogenous lipase (Thermophilic esterase
EST2) from Alyciclobacillus acidocaldarius, cheese flavour
intensified by reducing the ripening time and also by
releasing short chain fatty acids. The mixed flavour of
orange and strawberry can be achieved by using raw
materials as solid waste from coconut oil industry.

Lipase from Mucor miehei was purified by ammonium
sulphate precipitation and this crude lipase was immobilized
on polyurethane foam and esterification reactions were
carried out in the presence of citronellol and free fatty acid
at 400°C at various reaction times.
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Finally, the orange and strawberry flavours indicate the
esterification results®. The different natural flavours such as
citronellyl acetate (lemon flavour), geranyl acetate (rose),
isoamyl acetate (banana), can be produced by using
immobilized lipase B from C. antarctica. The flavour
synthesis can be obtained by lipase catalyzed esterification
reaction under free solvent system for 72 hours at 200 RPM
at 30°CY".

The banana flavour producing compound isoamyl acetate
was synthesized by lipase catalyzed hydrolytic reactions.
The lipase (Type Il esterase) was isolated from B.
licheniformis S-86, which is tolerant towards organic
solvents. The enzyme retained 100% activity at alkaline pH
of 10-11 and showed moderate thermostability at 50°C for
one hour (half-life)®.

In biocatalysis, thermostability is an important property and
occupies a prominent role which acts as a key for lipase
selectivity for a particular application. Lipases which are
extracted from thermo tolerant bacteria possess unique
features such as chemical inactivation resistance and solvent
tolerance®1%, Protein Data Bank (PDB) was used as search
engine to extract thermo-stable lipases alone from plant,
fungal, bacterial sources and the results are presented in table
4. We have found 12 bacterial lipases, 1 fungal lipase and
null hit results for plant lipases.

Table 1
Summarization of some recent works on lipases in food industry
Source Function/Purpose Type of Product / Application Industry
Immobilized microbial lipases Hydrolysis or alcoholysis of fish | Production of PUFA’s & omega | Qil*
oils 3 fatty acids
Microbial Transesterification of palm Margarine formulation-trans Food
stearin and palm olein blends free fat dressing*®
Microbial Esterification Enhance flavour in bakery Bakery*
products
Microbial Interesterification of different Cocoa butter equivalents Natural oils*
edible oils
Microbial Egg yolk emusification Dressings Food
dressing*®
Microbial Tras or interesterification Flavour development and Dairy*°
cheese ripening
Microbial Transesterification of menhaden, | Polyunsaturated fatty acids Qil®
borage & tuna oils (PUFAS)
Microbial Modification of fatty acid chain Enhance cheese flavours Flavour*’
lengths
Microbial (Acetinobacter sp.) Mediated synthesis Ester ethyl caprylate-fruity Flavour &
flowery fragnance/flavour Fragnance®
(peach, apple, pineapple)
enhancing compounds
Microbial (Amycolatopsis Synthesis Flavoured compound (ester Flavour*®
mediterranei) isoamyl acetate), especially
banana flavour
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Microbial (Burkholderia multivorans) | Synthesis Ethyl butyrate esters and food Flavour &
fragrances Fragrance®

Microbial (Highly region & fatty acid | Inter-esterification New oils and fats Qil®

specific

Microbial (Rhodotorulla Transesterification Palm oil Oil*!

mucilagenosa)

Microbial (Streptomyces sp.) Transesterification Vegetable oils with methanol Qil®?

Microbial (Synthetic resin bound Transesterification Corn and soybean oils with Qil®3

truncated C.antarctica lipase ethanol

Microbial phospholipase (Lecitase Hydrolysis of phopholipids Degumming Qil*

Nova)

Microbial Phospholipases Environmental friendly process Phospholipids of vegetable oils | Oil*®
(Degumming)

Microbial Phospholipases Degradation of wheat lipids Traditional emulsifiers Bakery*

Microbial phospholipases Hydrolysis of phospholipids Degumming Qil*

Microbial sausage lipases Measurement of long chain fatty | Fermentation steps Dairy®®

acids

Fungal (Aspergillus niger & oryzae) Lipolysis Cheese manufacturing Dairy®’

Fungal (Aspergillus oryzae) Processing Improve shelf life of bakery Bakery®®
products

Fungal (Rizomucor miehei) Dehydration & fermentation To increase the quality of black | Tea

tea by reducing total lipid
content

processing®®

Fungal (Sn-1,3 Rhizomucor miehei) Acidolysis of tripalmitin, Human milk fat substitutes Dairy*
butterfat, palm oil
Fungal (Sn-1,3 Rhizomucor miehei) Acidolysis between lard and Commercial product Betapol Dairy*®
soybean fatty acids
Immobilized fungal lipase (Penicillium | Hydrolysis of sardine oils Production of eicosapentanoic Qil*
sp.) acid & docosahexanoic acid-
(PUFA’s)
Plant (C.rugosa lipase)-CRL Hydrolysis of glyceride fraction | Enrichment of omega 3 PUFA’s | Qil®
of salmon oil
Plant (Carica Papaya Lipase)-CPL Low calorie long & short Infant formulae Dairy*
triacylglycerol 45synthesis
Plant (Castor bean lipase) Esterification of fatty acids & Production of triacyl glycerols Dairy®®
glycerols of interest
Plant (CPL self-immobilized in papaya | Synthesis Human milk fat substitute Dairy®°
latex)
Plant (CPL) Interesterification of palm oils Cocoa butter equivalent, Food
chocolates dressing®*
Plant (Nigella sativa) Transesterification & enrichment | Borage oil with gamma linoleic | Qil®
fatty acid
Plant (Papaya lipase) Transesterification of tripalmitin | Human resembling milk fat Dairy®?
with fatty acids of rapeseed oil
papaya latex
Plant (Papaya lipase) Interesterification reactions of Structured triacylglycerols Dairy*
ethyl esters with tripalmitin
Barley seed (Hordeum vulgare Esterification Synthesis of low molecular Flavour®*
L.),Maize seed (Zea mays L.),Linseed weight esters
(Linum usitatissimum),Rapeseed
(Brassica napus L.)
Castor bean seed (Phaseolus vilgaris) | Esterification Synthesis of structured lipids Edible and
industrial®®
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Some commonly used flavours in food products’.

Chemical Agent

Type of Flavour

Product of Application

Isoamyl Acetate Banana Confectionary, baked goods, chewing gums
Pear

Benzaldehyde Almond Chocolates, baked goods, fizzy drinks

Methyl Anthranilate Concord grapes Soft drinks, confectionaries

Limonene Orange Mask the bitter taste of alkaloids, food &
beverages

Allyl Hexanoate Pineapple Confectionary and soft drinks

Ethyl Maltol Aroma reminiscent of caramelised sugar E-liquids

Vanillin Sweet and pleasant aroma Ice creams & chocolates

Table 3

Health hazards associated with some commonly used food additives

Flavouring Agent

Product of Application

Health Hazards

Diacetyl

Butter, cheese, caramel and butterscotch
flavours

Obstructive
obliterans’2 76

lung disease and bronchiolitis

2,3 Pentanedione Reformulated liquid buttermilk flavouring | Injures upper respiratory tract and airway
epithelium toxicity in rodents’’-80

Acetoin Microwave popcorn manufacturing plants | Irritation to respiratory tract, skin, mucus

and artificial butter flavouring membranes and eyes’>81.82

Furfural Butter flavourings Tissue changes in small blood vessels and lungs in
rodents®384

Acetic acid Microwave popcorn manufacturing plants | Skin, eyes and respiratory tract irritation’®

Acetaldehyde Microwave popcorn manufacturing plants | ENT irritation6:83.85

Benzophenone Synthetic flavouring agent and adjuvants in | Renal tubular tumors (male rats) & hepatocellular

foods

tumors (male mice)®#7

Ethyl Acrylate

Synthetic flavouring agent and adjuvants in
foods

Fore stomach tumors in rodents8é:87

Methyl Eugenol

Synthetic flavouring agent and adjuvants in
foods

Liver tumors and  glandular  stomach

neuroendocrine neoplasms in rodents®®:88

Myrcene Synthetic flavouring agent and adjuvants in | Renal tubular tumors in F344/N rodents and
foods hepatocellular tumors in B6C3F1 mice?6:89
Pulegone Synthetic flavouring agent and adjuvants in | Urinary bladder papilloma & carcinoma in F344/N
foods female rodents and liver neoplasms in B6C3F1 male
mice®-%
Pyridine Synthetic flavouring agent and adjuvants in | Renal tumors in male rats F3344/N and liver tumors

foods

in B6C3F1 mice86:91

Mase et al'®® reported Lipase (39-A) from Cryptococcus
flavescens used in cheese flavouring. The yeast strain (39-
A) was isolated from the digestive juice of N. ventricosa, an
endangered plant species. By ammonium sulphate
precipitation and chromatographic techniques, lipase from
strain 39-A was purified. The fermentation was carried out
in a 3L fermenter tank containing 2L of medium and 40 ml
of strain 39-A culture. The optimal conditions for the
fermentation were reported to be temperature 25°C at 300
RPM. After 72 hours of cultivation, the cells were
centrifuged and crude lipase solution was obtained and
concentrated by filtration and ultrafiltration nearly with
100% recovery.
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Finally, this lipase 39-A is demonstrated to have the ability
to replace pre-gastric esterase in dairy industry!®t. As
animals are the sources for pre-gastric esterase, their large
scale use would cause a great devastation to animal diversity,
husbandry and finally leading to ethical issues. Therefore, to
intercept these issues, lipase strain 39-A from plant source
(Nepenthes ventricosa) is definitely a powerful tool. Using
rDNA technology, we can produce more number of lipases
(with the characteristics of 39-A) which act as a future
perspective and promising research in the field of
biotechnology, bioreactor engineering and enzyme
engineering.
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Table 4
Thermo-stable lipases of high potential in food industry and their characteristics
Lipase Source Mol. Wt Chains & Residue | PDB ID
(Da) Sequence Count

Length
Thermophilic Carboxyl | Alicyclobacillus acidocaldarius 34887.00 A & 310 310 1EVQ
esterase EST-2
D196N  Mutant  of | Bacillus sp. (Strain H-257) 178104.83 | A,B,C,D,E,F 1620 4KEG6
Monoglyceride Lipase & 270
Monoacylglycerol Bacillus sp. (Strain H-257) 55041.50 A, B & 250 500 4LHE
Lipase
Monoacylglyceride Bacillus sp. (Strain H-257) complex | 29850.99 A &270 270 3RLI
Lipase with PMSF
Monoacylglyceride Bacillus sp. (Strain H-257) in complex | 60024.38 A, B &270 540 4KE7
Lipase with 1-myristoyl glycerol analogue
D196N  Mutant  of | Bacillus sp. (Strain H-257) in space | 18019391 | A,B,C,D,E, F 1620 4KEA
Monoacylglyceride group P212121 & 270
Lipase
Monoacylglyceride Bacillus sp. (Strain H-257) with 1- | 118927.38 | A,B,C, D & 268 1072 4KE9
Lipase stearyol glycerol analogue
Monoacylglyceride Bacillus sp. (Strain H-257) with | 119688.28 | A,B,C,D & 270 1080 4KES8
Lipase monopalmitoyl glycerol analogue
Monoacylglycerol Bacillus sp. (Strain H257) 29678.79 A & 270 270 3RM3
Lipses
Thermostable Bacterial | Geobacillus stearothermophilus 8631.46 A, B & 388 776 113
Lipase
Thermoalkalophilic Geobacillus thermocatenulatus 45034.00 A & 389 389 2W22
Lipase
Fungal Lipase Thermomyces langinosus 58684.97 A, B & 269 538 4EA6
Lipoate-Protein Lipase | Thermoplasma acidophilium 30549.19 A & 262 262 2ARS

Conclusion

Thermostable lipases find enormous applications in the
arena of food industry due to their versatile nature.
Nowadays, usage of synthetic chemical flavours in food is
on the rise. To combat the ill effects of synthetic flavours,
the usage of natural flavours produced by lipases in food
industries should increase and thereby keep away the
possible health hazards in consumers. Using lipases, a
consortium of flavours is produced under solvent free
conditions which is an emerging trend towards building
blocks of green technology. Still the debate is continuing on
sources of lipase viz. plant, animal, fungi, microbial for the
best benefits to mankind.

Currently, extensive research is witnessed with fungi and
bacteria while little work with animals and plants is evident
from submissions in protein data bank. Hence, there is
impending need for researchers to focus on plant lipases due
their bioavailability in nature, improved stability, low cost,
easy acceptability and downstream processing. These plant
lipases would act as replacement for animal lipases which
are extracted and used as pre-gastric esterases in food
flavouring. Procurement of lipases from animal sources may
warrant ethical issues and may trigger immunogenicity and
toxicity reactions in human beings. Lipases can be
engineered with the desired characteristics using rDNA

146

technology protein engineering and plant bioreactors which
act as promising tools in the area of biotechnology and
bioreactor engineering. Finally, thermostability is the key
deciding factor for the specific application of lipase. Lipases
which exhibit more thermostability are the most potent.
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Abstract

Background: Lipases are serine hydrolases that degrade triglycerides, an attribute that treasures wide applications
in biodiesel production, detergent, chemical industries, etc. The most sought after the application is in the high
quality and economical production of biodiesel under mild reaction conditions and simplified product separation. For
the said application, fungal lipases are ideal catalysts that could effectively catalyze esterification and transesterification
reactions with their specific ability to release fatty acids from 1, 3 positions of acylglycerols.

Results: In the present work, to facilitate bulk synthesis, lipase production using Aspergillus niger MTCC 872 was studied
by solid-state fermentation (SSF). The chosen fungal strain was evaluated for lipase production using a mixture of agro-
industrial substrates viz. rice husk, cottonseed cake, and red gram husk in various combinations at flask level. Tri-substrate
mixture (rice husk, cottonseed cake, and red gram husk) combined in the ratio of 2:1:1 has shown the maximum lipase
activity 28.19 U/gds at optimum cultivation conditions of temperature 40 °C, moisture content 75% (v/w), pH 6.0 and
initial spore concentration of 5.4 million spores per mL. Further studies were performed for scale-up of lipase from flask
level to lab scale using tray fermenter. Lipase activity was found to be 24.38 U/gds and 21.62 U/gds for 100 g and 1000 g
substrate respectively.

Conclusion: This is the first report on the production of lipase from Aspergillus niger MTCC 872 using tri-substrate mixture
of rice husk (RH), cottonseed cake (CSC), and red gram husk (RGH). Moreover, comparison between individual, binary, and
tri-substrate mixture was carried out for which the highest lipase activity was observed for tri-substrate mixture. In
addition, comparable results were found when scale-up was performed using tray fermenter. Thus, the current work
signifies usage of agro-industrial residues as substrates for enzyme production by solid-state fermentation process as an

effective alternative to submerged fermentation for industrial applications.

Keywords: Lipase, Solid-state fermentation (SSF), Agro-residues, Solid tri-substrate

Introduction

Over the recent years, lipases have emerged as one of the
prominent biocatalysts and accounts nearly 10% of the
enzyme market (Salihu et al. 2016). Fossil fuels are run-
ning out of reserves due to enormous usage in vehicular
applications. Therefore, there is an imperative need to
produce eco-friendly and clean energy alternatives like
biodiesel in an economical and environmentally sustain-
able method. For this, lipases are extremely important as
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they hydrolyze acylglycerol into fatty acid and gly-
cerol, and effect esterification and transesterification
reactions (Stamenkovi¢ et al. 2011; Christopher et al
2014; Selvakumar and Sivashanmugam 2017). In general,
lipases are triacylglycerol acyl hydrolases (EC 3.1.1.3), clas-
sified as serine hydrolases that catalyze triglycerides into
diglycerides, monoglycerides, and fatty acids (Kanmani
et al. 2015).

Lipases have proven potential for contributing to the
multibillion-dollar market share in bio-industry and are
being used in the processing of medicines (digestive
enzymes), detergents (cleaning agent), food additives
(flavor modifying enzymes), paper (control of pitch),
cosmetics (exclusion of lipids), leather (elimination of fat

© The Author(s). 2019 Open Access This article is distributed under the terms of the Creative Commons Attribution 4.0
International License (http://creativecommons.org/licenses/by/4.0/), which permits unrestricted use, distribution, and
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from animal skin), wastewater (decomposition and oil
removal), biodiesel production (transesterification re-
action), etc. (Aravindan et al. 2007; Joseph et al. 2008;
Andualema and Gessesse 2012; Selvakumar and
Sivashanmugam 2017). Lipases are also used in the
degradation of fatty wastes and biodegradation of poly-
mers (Gombert et al. 1999; Sharma et al. 2001; Kanmani
et al. 2015). Due to their distinctive huge catalytic po-
tential, lipase is considered as one of the most crucial
industrial enzymes (Saxena et al. 1999; Andualema and
Gessesse 2012).

Lipases occur widely in plants, animals, and various
microorganisms (Gilham and Lehner 2005; Show et al.
2015). In comparison to enzymes derived from animals
and plants, enzymes originated from microbes are the
better sources as they provide high stability and offer
ease of cultivation. Microbial lipases which are used for
commercial applications act as catalysts for a wide range
of hydrolytic and synthetic reactions (Andualema and
Gessesse 2012). Kynclova et al. (1995) screened various
hydrolytic enzymes to meet the special demands. Among
the screened microorganisms, fungal lipases turned out
to be the best source for lipase as they are thermally
stable with high turnover number and are presently
receiving attention due to the easy recovery of extra-
cellular enzymes (Kynclova et al. 1995; Mahadik et al.
2002; Salihu et al. 2013; Fleuri et al. 2014).

Industrially, lipases have been produced using sub-
merged fermentation (SmF). Problems associated with
this process include high cost of equipment, media, and
higher probability of contamination. The traditional and
emerging field of solid-state fermentation (SSF) has
enabled the better production of a wide range of
enzymes and metabolites which require less energy than
SmF (Pandey 2003; Viniegra-Gonzélez et al. 2003; Ashok
et al. 2017). The credibility of solid-state fermentation
(SSF) for production of enzyme has gained importance
in developing countries (Singhania et al. 2009). SSF tech-
nology has been refined over the years and is currently
the best method of obtaining fungal spores on the
non-soluble matrix that acts as a natural habitat for fila-
mentous fungi (Holker et al. 2004; Colla et al. 2015). SSF
also offers other advantages including resistance to con-
tamination and ease of product extraction, and provides
a better opportunity for the biosynthesis of low-volume-
high-cost products. This is achieved by using low cost
accessible agro-industrial residues as solid substrates,
which provide both anchorage and nutrient source to
microbial cells (Krishna 2005; Ashok et al. 2017). These
agricultural residues are being generated in huge quan-
tities in developing countries and problems associated
with their disposal is also an important environmental
concern. Thus, utilizing these residues as nutrient source
for enzyme production will reduce overall production
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cost (Salihu et al. 2013). Hence, the selection of an
appropriate substrate is an essential step during the
production of enzymes in SSF. Various agro-industrial
residues such as wheat bran, soybean cake, rice husk,
gingelly oil cake, olive oil cake, sugar cane bagasse,
babassu oil cake, and sheanut cake were studied (Salihu
et al. 2013, 2016; Fleuri et al. 2014).

In the present study, we first explored the possibility of
using a mixture of agro-industrial residues for the better
production of Lipase using Aspergillus niger MTCC 872. In
the next stage, physical parameters such as temperature,
pH, moisture content, and initial spore concentration were
optimized using one variable at a time method. The
procedure adopted here for evaluating physical parameters
was to evaluate the effect of individual factor and incorpo-
rate optimized level in the next factor optimization. In
addition, optimized results were transferred to tray
bioreactor at the laboratory scale and the efficacy of
the strain for lipase production was evaluated.

Materials and methods

Microorganism

Aspergillus niger MTCC 872 was obtained from Microbial
Type Culture Collection Centre and Gene Bank, Institute
of Microbial Technology, Chandigarh, India. Obtained
fungal strain was revived and grown on potato dextrose
slant at 30°C for 96 h and stored at 4 °C. Fungal spores
were harvested with distilled water and obtained spore
concentration was determined using Neubauer chamber.

Solid substrates and chemicals

Rice husk (RH), cottonseed cake (CSC), and red gram
husks (RGH) were procured from the local market in
Hyderabad, India. Other media components used in the
experiment were obtained from Hi-media (Mumbai,
India). All the chemicals were of analytical reagent grade.

Solid-state fermentation and extraction of the enzyme
Rice husk, cottonseed cake, and red gram husk were
tested in various combinations (individual, combination
of two and mixture of all the three substrates) by fixing
the total weight to 5g for lipase production. Five grams
of substrate mixture was taken in a 250-mL Erlenmeyer
flask and supplemented with 0.05M potassium phos-
phate buffer (K,HPO, and KH,PO,) to maintain an ini-
tial moisture content and pH. The flasks were sterilized
by autoclaving at 121°C (15 psi) for 15 min. After cool-
ing, 4% (v/w) inoculum of the fungal strain Aspergillus
niger MTCC 872 was added to the solid substrate. The
flask was incubated at a temperature of 30°C for 96 h
(Edwinoliver et al. 2010; Dayanandan et al. 2012).

Solid substrate with fungal biomass was withdrawn at
regular intervals under sterile conditions. In order to get
a fully representative sample, the fermented mixture was
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mixed thoroughly to get the uniformity. 0.5g of moldy
substrate was mixed with 10 mL of solution containing
1% (w/v) NaCl and 1% Triton X-100 (w/v). This mixture
was ground using mortar and pestle. The resulting solu-
tion was then filtered using Whatman No. 1 filter paper.
The residue left in the filter paper was dried at 70 °C for
24 h to obtain the dry solid weight. The filtrate was then
centrifuged at 10,000 rpm for 10 min. The resultant
supernatant was used as an enzyme source for Lipase
assay represented in Fig. 1. All the analysis was done in
triplicates. In order to evaluate optimized parameters,
the effect of individual parameters was evaluated.

Scale-up to 1 kg capacity

The flask level studies were scaled up to 100g of an
optimized solid mixture containing rice husk, cottonseed
cake, and red gram husk and were transferred to a 1-L
Erlenmeyer flask, which provided sufficient surface area
for the growth of microorganism on the solid substrates.
The mixture was moistened with buffer and sterilized at
121 °C for 15 min. After cooling the substrates to room
temperature, the inoculum was added and incubated for
96 h. Likewise, further scale-up in a tray bioreactor was
performed using a steel tray of dimensions: length, 45.2
cm; breadth, 42.7 cm; and height, 2.5 cm. One kilogram
of solid tri-substrate mixture was moistened (75% v/w)
with buffer of pH6.0 and sterilized. Solid mixture was
distributed on trays and once cooled, the inoculum was
added and mixed inside laminar airflow chamber and
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kept for fermentation at 40 °C. Sampling was performed
in tray bioreactor after complete manual mixing of all
the substrate-biomass mixture. Samples were collected
at every 24 h interval and analyzed for lipase activity
(Doriya and Devarai 2018).

Lipase assay

Lipase activity was determined using the modified titri-
metric method (Arzoglou et al. 1994). The reaction
mixture containing 5 mL of olive oil emulsion substrate,
20 mL of 0.1 M potassium phosphate buffer, and 1 mL of
enzyme extract was mixed and incubated in a rotary
shaker at a temperature of 30°C at 130 rpm for 30 min.
This reaction mixture was then quenched using 15 mL
acetone-ethanol (1,1) mixture. The amount of fatty acids
released was titrated against 0.05N NaOH until the
solution turned into pink color. Blank assays were
conducted adding the enzyme just before titration. One
unit (U) of lipase activity is defined as the amount of
enzyme which produces 1 umol of fatty acids per minute
under the assay conditions. In general, enzyme activity
can be expressed in terms of units per milliliter or units
per gram dry substrate.

AxC
Lipase activity (U /L) = % * 10°

Where A=mL of NaOH consumed per minute;
U = pmoles of fatty acids released per minute.

Cotton Seed Cake

Aspergillus niger
MTCC 872

. Pretreatment

Rice Husk | | Red Gram Husk ]

S g tri-substrate

Crude Enzyme

Filtration

oensqns-1 3 001

I

IQ)UQULIJ
Kam are)s prjos
densqus-1m 8 0001

Fig. 1 Graphical abstract of lipase production using solid-state fermentation with Aspergillus niger MTCC 872
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C = concentration of NaOH in mmoles/L; V=en-
zyme sample volume in pL; 10° converts sample vol-
ume to liters.

U/mL = pmoles of fatty acids released per minute per
mL of crude enzyme; U/gds = umoles of fatty acids re-
leased per minute per gram of dry solid substrate from
which enzyme has been extracted.

Results

Effect of solid substrate

In the current work, the effect of three different agricul-
tural residues, rice husk, cottonseed cake, and red gram
husk, were evaluated using solid-state fermentation. Ef-
fect of individual solid substrate on lipase activity is rep-
resented in Fig. 2a. Highest lipase activity of 7.17 U/gds
was observed for RGH after 24 h, and the lowest activity
of 4.2U/gds was observed using RH. Effect of binary
mixture with equal ratio is shown in Fig. 2b. Maximum
lipase activity for RGH:RH binary mixture was observed
as 9.89U/gds after 72h of fermentation. SSF process
was also studied using ternary substrate mixture
(RH:CSC:RGH) by varying proportions of the compo-
nents. SSF was carried out at 30 °C with an initial mois-
ture content of 60% for 72 h. As represented in Fig. 2c,
lipase activity ranged from 6.26 U/gds to 12.93 U/gds
using ternary mixture in different ratios for the pro-
duction of lipase using Aspergillus niger MTCC 872.
Maximum lipase activity of 12.93 U/gds was obtained for
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the substrate ratio 2:1:1 (RH:CSC:RGH) and minimum
lipase activity of 6.26 U/gds for the substrate ratio 1:1:2
after 24 h of fermentation.

Effect of temperature

Effect of temperature was studied using fermentation
with optimized substrate concentration by incubating at
different temperatures ranging from 30°C to 45°C.
Optimal lipase activity of 13.07 U/gds was found using
mixed substrate 2:1:1 at 40°C at 48h as shown in
Fig. 3a.

Effect of pH

SSF was carried out using previously optimized tri-substrate
mixture with composition 2:1:1 (RH:CSC:RGH) at 40 °C and
moisture content at this stage was maintained at 60%.
During the pre-treatment, pH of tri-substrate mixture
is varied from 5.5 to 8 with an increment of 0.5.
Influence of pH was investigated by measuring lipase
activity as shown in Fig. 3b. Maximum lipase activity
of 25.12U/gds was observed at pH6. On further
increasing in the pH, decline in lipase activity, ie., at
pH 7.5 lipase activity of 7.14 U/gds was observed.

Effect of moisture content

To evaluate the impact of moisture content on lipase
production, experiments were conducted using the
aforementioned optimum conditions for tri-substrate

¢ Mixture of three solid substrates

14'1”'Ri-1”'1'{G'H”l'l' 14 LN B B B B B N N
12 —a—csc @ 2T ®) ]
10 |- 4 E0f A .
2 5[ 1 2.1 ]
ERd! ] 28] -
Z 6 1 EsF ]
g o1 * I ]
2 4T 1 241 ]
2,L 1 & .[//—® RGHCSC—@—CSC:RH ]
5 2[ ] 92 —A— RGH:RH ]

O.l.l.l.l.l.l.l.l. Onl.l.l.l.l.l.l.l.

0 12 24 36 48 60 72 84 96 108 0 12 24 36 48 60 72 84 96 108
Time (h) Time (h)
14T T T "1 ]
_12r (©
10 g s
2 L ]
z 8 y ]
z sk ]
3 3 ——2:2:1 —e—1:2:1 .
9 4 B —A—2:1:1 v 1:2:2 7]
& Sk 4 1:1:1 212
- —— 112 1
0 | IR T S TR U 1
0 12 24 36 48 60 72 84
Time (h)

Fig. 2 Lipase activity (U/gds) with different solid substrates (RH, RGH, and CSC) compositions. a Individual substrates. b Mixture of two substrates.
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mixture. Lipase activity was obtained by varying moisture
content from 55% to 80% (v/w) using phosphate buffer
solution (pH 6) prior to fermentation as represented in
Fig. 3c. Maximum lipase activity of 28.19 U/gds was ob-
served at 75% moisture content after 24 h fermentation.
Increase in lipase activity was observed with increase in
moisture content from 55 to 75% (v/w). On further in-
crement, decrease in lipase activity was observed.

Effect of spore concentration

To study the effect of initial cell concentration, experi-
ments were conducted with aforementioned optimized
parameters. Lipase activity was determined for solid
tri-substrate inoculated with 4% (v/w) of Aspergillus
niger MTCC 872 suspension consisting of 5.4, 10.8, 16.2,
and 21.6 million spores per mL and shown in Fig. 3d.
Highest lipase activity was 28.19 U/gds observed at cell
concentration of 10.8 million spores per mL after 24 h.

Scale-up using tray bioreactor

Experiments were carried out in a tray bioreactor under
the condition in which 100g and 1000 g of optimized
substrate mixture was fermented using previously opti-
mized cultivation conditions. After 48 h of fermentation,
the lipase activity was found to be 24.38 U/gds and
21.62 U/gds for 100 g and 1000 g substrate respectively
as shown in Fig. 4. Lipase activity using different solid

substrate at optimized conditions from Aspergillus
species are shown in Table 1.

Discussion

SSF involves the growth and metabolism of the micro-
organisms on the moist solid substrate without any free-
flowing water. Three different agricultural by-products rice
husk, cottonseed cake, and red gram husk were evaluated
for lipase activity with individual, binary mixture in equal
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Table 1 Comparison of various works on lipase production
S. no. Microorganism Substrate Optimum conditions Lipase activity (U/gds) Reference
1. Aspergillus niger (O-4) Wheat bran, 35°C, pH-6 4282+ 1.65 (Colla et al. 2015)
rice husk
2. Aspergillus niger Shea butter cake 30°C, 168 h, pH—-7.0 3.35 (Salihu et al. 2013)
3. Aspergillus niger Rice bran 30.3°C, pH-6.87 12153 (Hosseinpour et al. 2012)
4. Aspergillus niger Wheat bran, Coconut 30°C, 72 h, pH-7.0, MC 60% 7457 £ 11 (Edwinoliver et al. 2010)
MTCC 2594 oil cake and Wheat
rawa
5. Aspergillus niger Gingelly oil cake 30°C,120 h, pH-7.0, MC 60% 586 (Damaso et al. 2008)
MTCC 2594
6. Aspergillus niger J-1 Olive oil and Glucose 30°C, 168 h, pH—-7.0 9.14 (Falony et al. 2006)
7. Aspergillus niger Wheat bran 45°C, pH-2.5 630 (Mahadik et al. 2002)
NCIM 1207
8. Aspergillus niger Rice husk, cotton seed 40°C, pH—6, MC 70% 27.2 (59) 24.38 (100 g) Current work
MTCC 872 cake and red gram husk 21.62 (1000 g)

ratios and tri-substrate mixture in different ratios re-
presented in Fig. 2a, b, and c, respectively. Nutrient sources
(primarily carbon and nitrogen) and surface area are the
two major factors that support fungal growth on the solid
substrate. Highest lipase activity was observed for RGH
and nearly similar activity for CSC after 24 h, whereas RH
has shown lowest activity. Figure 2b represents binary
mixture of substrates with equal ratio and maximum lipase
activity was observed for RGH:RH after 72 h of fermen-
tation. At the same time, comparable activity was observed
for the mixture of RGH and CSC. Mixture of RGH:RH
shows growth in the activity till 48 h and then retaining its
activity till 72h with a small increment. In case of
RGH:CSC, rapid growth in activity was observed from 48 h
to 72 h. Mixture of CSC:RH has shown notable growth for
24 h, thereafter gradual decline in the activity was observed.
Binary mixtures taken in equal ratios have shown higher
activity when compared with individual substrate. Similar
results were observed when SSF was conducted with diffe-
rent combinations of rice bran, sugar cane bagasse,
and wheat bran. Maximum lipase activity with mixed
substrate of sugarcane bagasse and wheat bran was
observed whereas for individual substrate the activity
was found to be lower (Babu and Rao 2007). In the
next stage of present work, SSF process was studied
using ternary substrate mixture in the ratio of
RH:CSC:RGH. Fermentation was carried out at 30°C
with an initial moisture content of 60% for 72 h. Fig-
ure 2c shows lipase activity for ternary mixture taken
in different ratios using Aspergillus niger MTCC 872,
representing the significance of selected solid sub-
strates and their mixture composition. Maximum
lipase activity was obtained for the substrate ratio
2:1:1 (RH:CSC:RGH) after 24 h of fermentation. With
2:2:1 and 1:2:1 tri-substrate mixtures, lipase activity
was found to be similar. Lowest lipase activity was
observed with tri-substrate composition of 1:1:2. Of

largely, it was observed that the variation in the ratio
of substrate mixture would influence the lipase acti-
vity. The above

results suggest that RGH and CSC are the primary
nutrient source whereas RH plays a key role in providing
sufficient surface area to promote fungal growth. To
date, several studies were conducted to optimize fermen-
tation conditions for lipase production using individual
substrate, but very few have evaluated effect of different
combinations of substrate during.

In the present work, ternary mixture has given ma-
ximum activity when compared to binary and individual
substrate. This observation was in line with study con-
ducted by Edwinoliver et al. (2010), wherein mixture of
different substrates improved the growth and enzyme
production, as it is difficult to acquire all essential nutri-
ents from single substrate (Edwinoliver et al. 2010). In
another study, high glutaminase activity was observed
using a mixed substrate than single substrate (Sathish
et al. 2008). Further physical parameters were optimized
for this mixture composition and translated to a tray
bioreactor for scale-up studies. Figure 3a represents the
effect of temperature on the lipase activity. Optimized
substrate concentration was incubated at different tem-
peratures ranging from 30 °C to 45 °C with an increment
of 5°C. At 30°C, lipase activity increased for 24 h there-
after sudden drop in the activity was observed. Enzyme
activity increased with increase in temperature till 40 °C.
Further increase in temperature led to decrease in bio-
synthetic activity. Similar results were observed where
Aspergillus niger strain was optimally active in the
temperature range of 40°C to 60 °C during lipase pro-
duction (Falony et al. 2006). Optimal lipase activity was
found using mixed substrate 2:1:1 at 40°C and 48h as
shown in Fig. 3a. This is in line with the study con-
ducted by Kamini et al. (1998) where Aspergillus niger
strains have been reported to be active between 40°C
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and 55 °C. Effect of pH is essential during SSF as change
in pH could impact microbial growth and lipase activity.
The influence of pH was investigated by varying the pH
of potassium phosphate buffer ranging from 5.5 to 8.
The pH affects stability of enzymes by changing the elec-
trostatic interactions of their protein structure, causing
changes in the amino acids ionization status, which
defines the secondary and tertiary structures of protein
and therefore its activity and stability (Eerappa et al.
2008). Optimum pH was determined by measuring
lipase activity under fermentation conditions of 40°C
and moisture content 60% using optimized substrate
mixture represented in Fig. 3b. Initially, lipase activity
increased with increase in the pH and maximum lipase
activity was observed at pH 6. On further increasing the
pH, decrement in the lipase activity was observed.
Another study reported that Aspergillus niger possesses
good pH stability (pH 4—0-10.0) during lipase produc-
tion (Kamini et al. 1998). Higher pH ranging from 7.5 to
8.0 did not show significant effect on lipase production
by Aspergillus niger MTCC 872. Optimum moisture
content and water activity are extremely important for
growth of microbes during solid-state fermentation.
Numerous fungi grow in low-moisture environment and
hence they are quite adaptable to SSF technique when
compared to bacteria. In the current work, lipase pro-
duction was affected by moisture content variation as
shown in Fig. 3c. Maximum lipase activity was observed
at 75% moisture content after 24 h fermentation. Most
of the reports suggest that maximum lipase activity is
obtained at moisture content ranging from 60 to 80%.
Also, higher moisture content would lower the substrate
porosity thereby affecting fungal growth. At moisture
level of 55 to 75%, lipase activity increased. Low mois-
ture level would result in minimal growth due to a
reduction in nutrient diffusion and low substrate
swelling (Baysal et al. 2003). In contrast, 50% of moisture
was optimal for protease and lipase production from
Pseudomonas aeruginosa using Jatropha seed cake as a
substrate (Mahanta et al. 2008). In another study, max-
imum lipase production from Aspergillus niger was
observed at 71% moisture content using wheat bran as
substrate (Mahadik et al. 2002). Hence, initial moisture
content during the SSF technique would influence the
substrate medium thereby affecting the microbial growth
and substrate decomposition. Maximum lipase activity
was obtained with optimized parameters for substrate
ratio, temperature, pH, and moisture content of 2:1:1
(RH:CSC:RGH), 40°C, pH6, and 75% respectively.
Further experiments were conducted to study the effect
of initial cell concentration shown in Fig. 3d. At lower
cell concentration of 5.4 million spores per mL, slow
growth was observed since most of the nutrients were
utilized for increasing cell concentration. Highest lipase
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activity was observed at cell concentration of 10.8 mil-
lion spores per mL after 24 h. On further increasing the
initial cell concentration decrease in lipase activity was
observed, this might be due to rapid depletion of nutri-
ent sources in the media to sustain the overall cell con-
centration. Scale-up of lipase production using 100 g and
1000 g substrate mixture resulted in 89.33% and 79.48%
of the enzyme activity at flask level. Similar results were
obtained, when scale-up was carried out for mixture of
wheat bran and gingelly oil cake for which lipase activity
of 95% and 84% of flask level for 100g and 1000g
respectively was observed (Mala et al. 2007). In another
study using wheat bran, coconut oil cake, and wheat
rawa, lipase activity for 100 g and 3 x 1000 g was found
to be 96% and 83% of the flask level lipase activity using
Aspergillus niger MTCC 2594 (Edwinoliver et al. 2010).

Conclusion

Based on the current study, it can be concluded that
Aspergillus niger MTCC 872 is an acidic lipase producer
using substrate mixture composed of rice husk, cotton
seed cake, and red gram husk which is easily available
across the Indian markets. From the results, it can be
perceived that CSC and RGH are the key nutrient com-
ponent and RH provides sufficient surface area for fun-
gal growth. The optimum conditions for substrate ratio,
temperature, moisture content, and pH are found to be
2:1:1, 40°C, 75% and 6.0 respectively. They also play
a crucial role in lipase production. Lipase activity in
tray bioreactor was found to be slightly lower, in
comparison to SSF conducted in flasks. In conclusion,
Aspergillus niger MTCC 872 strain and the solid sub-
strates used in the present work are promising sources of
lipase production.
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