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1 Introduction

Enzymes are biological macromolecules (typically proteins), produced by living
organisms that accelerate the rate of chemical reactions required for life without
permanent alteration to themselves. Enzymes are highly specific, incredibly efficient
and operate under mild conditions of temperature and pH. Enzymes are substantial
for the sustainability of life in all life forms. They are very efficient catalysts for
biochemical reactions and can be obtained from various sources such as animals,
plants, and microorganisms.

However, the enzymes derived from the microbial origin are more active and
stable than plant and animal enzymes. Moreover, they are considered as potentially
interesting candidates for industrial uses because of the ease of culturing substantial
quantities in a short span of time by fermentation on incredibly diverse, easy to
produce, a wide range of inexpensive and readily available carbon and nitrogen
sources.

Microbes represent an important source of the biocatalysts to bring about specific
biochemical reactions. Microorganisms are of great importance and proven to be a
suitable and leading source of enzymes (Demain and Adrio 2008). History of
microbial enzymes reveal that since ancient times, these enzymes have been exploited
by humans to production of food products such as cheese making, brewing of beer,
bread baking, winemaking and vinegar production etc. (Kirk et al. 2002).

More recently, with the advent of metagenomics and low-cost high-throughput
sequencing technologies, it has become possible to characterize the variety of micro-
bial species from nature. In addition, recombinant DNA techniques, have made it
possible to develop highly efficient expression systems that can lead to further
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enhancement of catalytic properties of enzymes. Microbial enzymes in food applica-
tions have not only expanded the food industry but also produced economic assets.

Enzymes tremendously contribute to industrial processes by lowering the energy
consumption and maximizing efficiency and yield contributing to its sustainability
profile. Microbial sources, enzymes are perceived as natural, nontoxic food compo-
nents and are preferred by consumers over chemical counterparts used in food-
processing.

2 History of Enzyme Technology

Enzymes have been exploited by humans knowingly or unknowingly since prehis-
toric times. Food processing using biological sources is historically a well-established
approach. The ability of the yeast to produce alcoholic beverages from barley was
known to the Babylonians and Sumerians before 6000 BC.

The use of chymosin and calve’s stomach enzymes for producing cheese has been
elucidated in Homer’s Greek epic poems as early as 800 BC. Though for centuries
enzymes produced by yeast have been used by mankind to produce wine from
fermented grape juice, they were technically termed as ‘enzymes’ only in the eigh-
teenth century.

In the nineteenth century later in 1862, Louis Pasteur studied and discovered the
role of yeast in the fermentation of sugar to alcohol. His observation led to the
conclusion that this fermentation was catalyzed by ‘ferments’, which was functioning
within the yeast cells.

The history of modern enzyme technology or industrial production of enzymes for
use in food processing started in 1874, when Danish pharmacist, Christian D. A.
Hansen developed the first conventional sample of rennet from calve’s stomach
(Nielsen et al. 1994). Furthermore, the enzyme rennet produced from an animal is a
well-set standard even today and is still used in cheese manufacturing. However, at
present high-value recombinant chymosin is produced using a microbial source that
contains the bovine prochymosin gene introduced through recombinant DNA tech-
nology. Apparently this was the first enzyme preparation of relatively high purity
which was approved for use in food by the US Food and Drug Administration (FDA)
using Bovine chymosin expressed in Escherichia coli K-12 (Flamm 1991). In 1878,
German physiologist Wilhelm Friedrich Kuhne from University of Heidelberg
(1837–1900) introduced the term enzyme from Greek term ‘ενζυμoν’ which literally
mean ‘in leaven’ or ‘in yeast’. During the twentieth century, enzyme was recognised
as protein, but the emergence of advanced scientific techniques, witnessed the
development in industrial production of enzymes. The enzyme urease is noteworthy
in the history of enzymology as it was purified and crystallized by James B. Sumner of
Cornell University In 1926. Use of enzymes in fruit juice clarification started in 1930,
followed by production of invert sugar syrup in the starch industry in the 1960s.
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3 Chemical Nature of Enzymes or Enzyme Classification

Enzymes are natural globular proteins that speed up chemical reactions, and this
process is called catalysis. In enzymatic reactions, the molecules upon which
enzymes may act are referred to as substrates. Initially, the substrate (S) interacts
with the enzyme by binding to the active site of the enzyme (E + S) to form an
enzyme-substrate (ES) complex; then the enzyme converts the substrates into dif-
ferent molecules called products.

Enzymes demonstrate extreme specificity for their substrates and therefore cata-
lyze only one or a few types of reactions from among many possibilities. Enzymes
facilitate chemical reactions by lowering the activation energy for a reaction (Fig. 1).

Enzymes are remarkably efficient and highly specific biological catalysts pro-
duced by a cell that are responsible for carrying out various metabolic processes
essential to sustain life (Chapman-Smith and Cronan 1999). Generally, majority of
enzymes behave as proteins, although a few important enzymes are catalytic RNA
molecules. The latter are known as ribozymes composed of RNA molecules.
Enzyme’s specificity usually arises from the three-dimensional structure of the
enzyme active site. Similar to all other proteins, enzymes are made up of one or
more long chain of amino acids linked together by peptide bonds. Each enzyme has a
unique sequence of amino acids that causes it to fold into a characteristic shape.
Many enzymes require several cofactors (or coenzymes) that is necessary for the
enzyme to function properly (Nelson and Cox 2004). These can be metal ions (such
as Mn2+, Mg2+, Fe2+, Cu2+) or organic molecules (such as FAD, NAD, haem, biotin,
or coenzyme A). Most of the enzymes are involved in the conversion of substrate

Fig. 1 A schematic diagram showing effect of biocatalyst on free energy changes in a chemical
reaction
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molecule into a product molecule. Enzymes have a high degree of specificity for
their substrates, and they accelerate chemical reactions tremendously. Enzymes are
classified on the basis of type of chemical reactions they catalyze and the substrate
they act upon. According to the enzyme commission (EC) the enzymes are grouped
into six main categories. Examples of enzyme types and some of their applications in
the food industry are summarized in Table 1.

Table 1 Industrial microbial enzymes, enzyme classes, types of reactions and their role in food
processing industries

S. no. Class Reactions Industrial enzymes Role

1 Oxidoreductases Oxidation reactions
involve the transfer
of electrons or
hydrogen or oxygen
atoms from one
molecule to another.

Catalases, Dehydro-
genases, Glucose oxi-
dases, Laccases,
Lipoxygenases
oxygenases,
peroxidases

Cheese processing,
Dough strengthen-
ing, Clarification of
juices, flavor
enhancer

2 Transferases Catalyze the transfer
of groups of atoms
among molecules.

Fructosyltransferases,
Glucosyltransferases,
Transglutaminase
transketolases,
acyltransferases,
transaminases

Synthesis of fruc-
tose oligomers,
Laminated dough
strength, dough
processing, meat
processing

3 Hydrolases Hydrolytic cleavage
of bonds

Amylases, Proteases,
Peptidases,
Pectinases, Phytases,
Pullulanase, amylases,
Galactosidases,
Glucanases,
Glucoamylases,
Invertases, Lactases,
Cellulase, Xylanases,
acylases, lipases

Starch liquefaction
and saccharifica-
tion, Lactose
hydrolysis, Mash
treatment, dough
conditioning,
cheese ripening,
extraction and clari-
fication of fruit
juices

4 Lyases Non-hydrolytic
cleavage by addition
or elimination
reactions

Pectate lyases,
acetolactate
decarboxylases,
hydratases,
dehydratases, fuma-
rase, arginosuccinase

Cell wall degrada-
tion, fruit softening,
Beer maturation

5 Isomerases Transfer of group
from one position to
another within the
same molecule

Glucose isomerases High-fructose corn
syrup production

6 Ligases Join molecules
together with cova-
lent bonds followed
by input of energy in
the form of ATP or
similar triphosphates

Not used at present
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4 Microbial Enzymes

Microbial enzymes are those enzymes which are derived from microbial sources and
are produced through fermentation of the desired microorganisms. Enzymes, partic-
ularly of microbial origin, are the worthiest source of commercial enzymes and
acquiring much attention with rapid advances in enzyme technology. Microbial
enzymes can be obtained from a wide variety of sources such as algae, fungi, yeasts
and bacteria, and their properties differ markedly from their source. The microbial
source is preferred over plants and animals for the production of enzymes mainly
because of the following points:

1. They are comparatively more stable than corresponding enzymes derived from
plant or animals.

2. Large-scale production of enzymes can be achieved in short duration of time due
to shorter generation times of microbes as compared to other sources.

3. Enzymes from microbial source can be obtained at desired and regular intervals
irrespective of seasonal fluctuations.

4. Enzyme contents obtained from the microbial source are more predictable and
controllable.

5. Wide range of inexpensive media can be arranged and utilized to acquire
microbial enzyme.

6. Ease of process modification and optimization.
7. Microbial sources have better scope for genetic manipulations for achieving a

high yield of the end product as compared to rest.
8. Extraction process and purification of microbial enzymes is quite easier and cost

effective.
9. Several enzymes can be efficiently produced in spatial and temporal constraints

using diverse environmental conditions.
10. Process development is often more environmentally friendly.

Innumerable strains of bacteria, yeasts and molds are commonly used as sources
of enzymes for food processing.

5 Strategies to Improve Properties of Microbial Enzymes

The growing demand for the microbial enzyme in food processing industries has led
industrialists and researchers to search for new and improved biocatalysts. The
majority of currently used microbial enzymes in the food processing industry are
derived from recombinant microorganisms. In the 1900s, classic genetics and protein
biochemistry were flourishing. However, it got a major boost with the advances in
molecular biology and protein engineering which have been leveraged to achieve
substantial stabilization and customization of enzymes. There are several different
ways by which enzymes can be modified to achieve an improvized end product. Two
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strategies which are generally applied in protein engineering are (1) rational protein
design and (2) directed evolution. Rational design by site-directed mutagenesis
(SDM) is an efficient approach to improve enzyme when the structure, function
and catalytic mechanism of the protein of interest are well-known (Fig. 2). In
contrast, the directed evolution approach requires only minimal knowledge of its
structure and function. It requires only repeated cycles of random mutagenesis
and/or gene recombination followed by high throughput screening or selection for
positive mutants (Tang and Zhao 2009).

Various recombinant expression systems can be used to produce large scale
production of proteins such as E. coli, Bacillus subtilis, S. cerevisiae, Hansenula
polymorpha, Pichia pastoris and species of Aspergillus and Trichoderma. There are
some examples where successful implementation of site-directed mutagenesis
method has elevated the overall thermostability of α-amylase after removal of
asparagine residues (Declerck et al. 2000). Manipulation of the calcium-binding
site of α-amylase such as His-77 to Glu resulted in a four-fold increase in enzyme’s
half-life (Ghollasi et al. 2013). Likewise, substitution of arginine with proline has
resulted in increase in thermostability of the enzyme (Igarashi et al. 1999), or doubly
intramolecularly cross-linked lysozyme showed an increase in thermal stability
(Ueda et al. 2000). Several enzymes from bacteria and fungi have been engineered
to improve their properties to suit their particular applications. Several commercial
enzymes for food technology are now derived from particularly selected or genet-
ically modified microorganisms grown in industrial scale fermenters. Table 2 depicts

Fig. 2 A schematic diagram illustrating the protein engineering process
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Table 2 Some examples of microbial technologies and strategies undertaken to improve the
performance of microbial enzymes in food processing industries

Enzyme Role
Targeted
improvement Strategies applied Reference

α-Amylase Starch
liquefaction

Specific activity
increased by
20 times

Error-prone PCR
achieved random
mutagenesis
Directed evolution

Wong et al.
(2004)

Specific activity
and pH-activity
profile

Random
mutagenesis

Bessler et al.
(2003)

Increased
thermostability

Directed evolution Wang et al.
(2006)

Baking pH-activity
profile

Protein engineering
through site-directed
mutagenesis

Danielsen and
Lundqvist
(2008)

α-Glucosidase Hydrolysis of
glycosidic
linkages

Thermostability Random mutagene-
sis using the stan-
dard error-prone
PCR

Zhou et al.
(2015)

β-Galactosidase Lactose
hydrolysis

Increase in the
yields of
Galacto-
oligosaccharides
(GOS)

Site-directed
mutagenesis

Wu et al.
(2013)

L-arabinose
isomerase

Tagatose
production

pH-activity
profile

Protein engineering
through directed
evolution

Oh et al.
(2006)

Glucoamylase Starch
saccharification

Substrate speci-
ficity, thermosta-
bility and pH
optimum

Protein engineering
through site-directed
mutagenesis

Allen et al.
(2003)

Starch
liquefaction

Thermostable Directed evolution
and site-directed
mutagenesis

McDaniel
et al. (2008)

Lactase Lactose
hydrolysis

Thermostability Immobilization Dwevedi and
Kayastha
(2009)

Pullulanase Starch
debranching

Activity Protein engineering
through directed
evolution

England et al.
(2013)

Thermostability
and Catalytic
Efficiency

Site-directed muta-
genesis based on a
structure-guided
consensus approach

Duan et al.
(2013)

Phytase Animal feed pH-activity
profile

Protein engineering
through site-directed
mutagenesis

Tomschy et al.
(2002)

Thermostability Directed evolution
was applied to create
thermostable
phytases

Kim and Lei
(2008)

(continued)
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the representative examples of how genetically modified enzyme could be used in
food processing.

These classic examples demonstrate how advances in biotechnology, enzyme
engineering, and biocatalyst design have emerged as powerful tools for process
improvement and product recovery in the food and beverage industries, apart from
their other industrial applications.

6 Sources of Microbial Enzymes

Many enzymes frommicrobial sources such as bacteria, yeasts, and fungi are globally
studied and currently being used in various commercial food processing industries.
About 80% of all commercial enzymes are derived from fungi and bacteria, and these
enzymes are used in food and pharmaceutical applications (Table 3). Furthermore, a
limited number of genera i.e., Aspergillus oryzae, Aspergillus niger, Penicillium,
Saccharomyces, Lactobacilli and Bacillus subtilis are well established, safe, benefi-
cial and best-known microbial sources for enzymes.

7 Global Demand for Microbial Enzymes

Demand for new enzymes is ever increasing owing to the rising awareness of health
and nutritional benefits of food enzymes among the consumers all around the world.
This has led to the rising acceptance of food enzymes in various food processing

Table 2 (continued)

Enzyme Role
Targeted
improvement Strategies applied Reference

Xylose
isomerase

Isomerization/
epimerization of
tetroses, pen-
toses and
hexoses

pH-activity
profile

Protein engineering
through directed
evolution.

Cha and Batt
(1998)

Substrate speci-
ficity; three-fold
increase in cata-
lytic efficiency

Site-directed
mutagenesis

Karimäki et al.
(2004)

Glucose
isomerisation

Thermostability;
five-fold higher
activity at 60 �C

Protein engineering
using directed
evolution.

Rubin-Pitel
and Zhao
(2006),
Sriprapundh
et al. (2003)

Source: Adapted from (Fernandes 2010)
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industries. Food enzymes are essential food additives which transform complex
molecules into simpler ones in our diet.

The global food and beverage enzymes market is categorized into carbohydrase,
lipase, protease, and others. Carbohydrases, which acquire a major share in industries
is further categorized into cellulase, amylase, lactase, invertases, inulinases, galacto-
sidases, glucosidases, fructosyltransferases, pectinases, and glucosyltransferases
(Husain 2016). Carbohydrases, which have diverse applications in the food and
beverage industry, dominate the world food enzyme market and acquire a major
share in industries, accounting for almost 70% of this market followed by proteases
and lipases (Husain 2017a, b, c).

Food processing industry is currently the leading consumer of industrial enzymes.
Furthermore, microbial enzymes are presently among the well-established products
in biotechnology and account for 90% of the worldwide market. According to a
recent report, the worldwide food and beverage enzymes market is valued at $1200
million in 2011, $1355.8 million in 2012, and is expected to reach $2306.4 million in

Table 3 Microbial enzyme sources used in food processing industries

S. No Microbial source Enzymes

Bacterial enzymes

Bacillus
amyloliquefaciens

α-Amylase

Bacillus licheniformis α-Amylase, pullulanase

Bacillus subtilis α-Acetolactate, decarboxylase, α amylase maltogenic amy-
lase, pullulanase, glucanase, maltase

Bacillus
acidopullulyticus

α-Amylase

Bacillus lentus Mannanase

Escherichia coli Chymosin

Fungal enzymes

Aspergillus niger Phytase, chymosin, lipase, protease, catalase

Aspergillus oryzae Esterase, lipase, aspartic proteinase, glucose oxidase, laccase,
lipase

Fusarium venenatum Xylanase

Kluyveromyces
marxianus var. lactis

Chymosin

Pseudomonas
fluorescens

α-Amylase

Penicillium notatum Glucose oxidase

Trichoderma reesei Pectin lyase

Trichoderma
longibrachiatum

Protease, xylanase

Yeast

Saccharomyces
cerevisiae

Invertase

Saccharomyces fragilis Lactase

candida Lipase
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2018 (World Enzymes. Freedonia Group: Cleveland, OH, USA, 2011; Food Enzymes
Market: Global Trends and Forecasts to 2018). The demand for food enzymes is
expected to reach over $2940 million by 2021, at a CAGR of 7.4% from 2016 to
2021 (https://www.marketsandmarkets.com/Market-Reports/food-enzymes-market-
800.html). Furthermore, food and beverage applications will remain the largest indus-
trial enzymes market in the near future 2021. There is a significantly large number of
companies which are involved in enzyme manufacturing, but major producers are
located mainly in North America, Europe, Latin America and the Asia Pacific. Micro-
bial enzymes account for 90% of the global market, and their producers are located
mainly in Europe and Asia. In terms of region, North America dominated the global
food enzymes market, due to the developed food and beverage industry in the region. It
is followed by Europe and Asia-Pacific. The top three dominant global enzyme pro-
ducers are Novozymes (Denmark), DuPont (USA) and DSM (The Netherlands), which
account for more than 70% of the global enzymes business.

Novozymes is the sole company that has focused much on microbes and enzymes
for food processing industries. Today, it holds a dominant share of 48% of the
enzyme market and turned out to be the world’s largest enzyme company (https://
report2016.novozymes.com/our-business/trends).

The other leading companies in food processing industries are Associated British
Foods plc (U.K.), Chr. Hansen (Denmark), Connell Bros. (U.S.), Dyadic Interna-
tional, Inc. (U.S.), Enmex (India), Advanced Enzymes (India), Puratos Group
(Belgium), Kerry Group (Ireland), Amano Enzyme Inc. (Japan), Advanced Enzymes
Technologies (India), Amano Enzyme (Japan), Biocatalysts (U.K.), Biocon (India),
Fonterra Co-Op Group Ltd. (U.S.), Fytozimus Biotech (India), Genencor Interna-
tional Inc. (India) and Sternenzym (China).

8 Microbial Enzymes in Food Processing

Food processing industry is one of the leading andmost important sectors in the world
in terms of production, growth, consumption, and trade. Microbial enzymes are used
widely in the food processing industry to improve nutritive value, antioxidant
capacity, ripening fruit, developing flavour, appearance, texture strengthening, ten-
derization and flavor development and nutritive value of processed foods. Every year
nearly 30–40% of the food (including fruits and vegetables) is wasted due to various
reason in countries like USA, South Africa and India (Sridevi and Ramanujam 2012;
Oelofse and Nahman 2013; Gunders 2012). Processing of food using microbial
enzyme can assure that our food is safe, prevent spoilage and waste and increase its
nutritional value. Consequently, microbial enzymes have found extensive applica-
tions in the production and processing of various types of food products. Almost 75%
of all industrial enzymes that are widely used in food processing industries are
hydrolytic enzymes (e.g., proteases, carbohydrases, lipases, nucleases). Carbohy-
drases, proteases and lipases dominate the enzyme market, accounting for more than
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70% of all enzyme sales. An overview of applications of microbial enzymes in food
processing industry are summarised in Table 4.

Enzyme action produces several effects in foods such as clarification, coagulation,
color and flavor generation, decolorisation, improved yields, liquefaction, sacchari-
fication, tenderization, texture strengthening, maceration and viscosity reduction.

8.1 Microbial Enzymes in Starch Processing

Starch is the most common and main polysaccharide reserve produced by all green
plants. It is most abundant biomolecule on earth after cellulose. Also, it is the main
component of many agricultural products and formsmore than 65% of the drymass in
corn (maize), cereal (wheat, rice) and potato. Starch is primarily composed of two
major components i.e., amylose (typically 20–30%) and amylopectin (70–80%) both
of which contain α-D-glucopyranosyl units. In amylose 300–3000 glucose units are
linked by β-1,4-glycosidic bonds, whereas in amylopectin about one residue in every
twenty carbohydrate units are joined by β-1,6-linkages forming branch points
(Qureshi and Blaschek 2005; Husain 2017a). It is usually formed by 2000–200,000
glucose units.

Starch is a highly functional natural polymer which possesses many unique
properties and is used chemically or enzymatically to process a wide range of
derivatives such as starch hydrolysates, glucose syrups, maltodextrin, cyclodextrins,
fructose, glucose, and isoglucose.

The enzymatic conversion of the starch comprises of three necessary steps:
liquefaction, saccharification, and isomerization. In starch processing industry
α-amylase (1,4-α-D-glucan-glucanohydrolase, EC. 3.2.1.1) is one of the main
enzymes used in starch liquefaction process during starch hydrolysis, where starch
is converted into fructose and glucose syrups.

The second step in the process issaccharification where glucoamylase (Glucan
1,4-α-glucoamylase, EC. 3.2.1.1) hydrolysis starch entirely to glucose along with,
maltose and isomaltose. A pullulanase (pullulan 6-glucanohydrolase, EC. 3.2.1.41) is
an important de-branching enzyme, which is widely used to hydrolyze the α-1,6
glucosidic linkages in starch and aid in saccharification (Hii et al. 2012). Isomerization
is the last step in the process where glucose isomerase, (D-xylose ketol-isomerase
EC. 5.3.1.5) catalyzes the reversible isomerization of D-glucose to D-fructose. Amy-
lolytic enzymes have been widely produced by fermentation using a great variety of
microbial strains, mainly from bacteria (Bacillus licheniformis, Bacillus flavothermus,
Bacillus stearothermophilus, Bacillus subtilis, and Bacillus amyloliquefaciens) and
fungi (Aspergillus niger, Aspergillus phoenicis, Aspergillus awamori, Penicillium
chrysogenum, Penicillium notatum) (Prakash and Jaiswal 2010; Singh et al. 2016b;
Husain 2016).

Currently, large quantities of microbial amylases from bacterial and fungal
sources are commercially available for industrial applications due to their economic
feasibility, consistency, rapid growth, less space requirement for production, ease of
control of process optimization and modification (Ellaiah et al. 2002).
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Table 4 Application of microbial enzymes in different food processing Industry

Industry Enzyme Function/benefits Microorganisms

Dairy Acid proteinase Milk coagulation Aspergillus sp., Rhizopus
oryzae, Pleoticusmuelleri,
Penicillium citrinum

Aminopeptidase Faster cheese ripening,
debittering

Lactobacillus
sp. Pseudozymahubeiensis,
Bacillus licheniformis

Catalase Cheese processing Aspergillus niger,
Lactococcus species

Lactase
(β-galactosidase)

Lactose-reduced milk and
whey products

Escherichia coli,
Kluveromycessp.

Lipase Faster cheese ripening,
flavorcustomized cheese

Aspergillus niger,
A. oryzae,
Propionibacterium
freudenreichii

Neutral proteinase Faster cheese ripening,
de-bittering

Bacillus subtilis, A. oryzae

Protease degrade protein and enables
aging of cheese

Aspergillus niger

Transglutaminase Protein cross-linking Streptomyces sp.

Baking Amylase Flour adjustment, bread
softness

Aspergillus sp., Bacillus sp.

Glucose oxidase Dough strengthening Aspergillus niger, Penicil-
lium chrysogenum

Lipase Dough stability and
conditioning

Aspergillus niger

Maltogenic
α-amylase

Enhance the shelf life of
bread

Bacillus
stearothermophilus

Oxidoreductases Giving increased gluten
strength

Bacillus subtilis,
Zymomonasmobilis

Pentosanase Loaf volume increment of
bread

Tricodermareesei
Humicolainsolens

Proteases Dough conditioner, enhance
dough extensibility

Aspergillus niger

Transglutaminase Laminated dough strength Streptoverticillium sp.,
streptomyces sp.

Xylanase Dough conditioning Aspergillus niger

Beverages Aminopeptidases Protein breakdown during
mashing

Lactobacillus brevis,
L. plantarum

Amyloglucosidases Increasing glucose content Aspergillus niger

Cellulase Fruit liquefaction Aspergillus niger,
Trichoderma atroviride

Glucose oxidase Oxygen removal from beer Aspergillus niger

Limoninase Debittering Aspergillus niger, A. oryzae

Naringinase Debittering Aspergillus niger

Pectinase Depectinisation Aspergillus oryzae,
Penicillumfuniculosum

(continued)
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Table 4 (continued)

Industry Enzyme Function/benefits Microorganisms

Protease Restrict haze formation Aspergillus niger

Pullulanase Starch saccharification Bacillus sp., Klebsiella sp.

Tannase Tea processing Aspergillus niger

α-Amylase Starch hydrolysis Bacillus, Aspergillus

β-Amylase Starch hydrolysis Bacillus, Streptomyces,
Rhizopus

β-Glucanase Restrict haze formation,
improving wort separation

Bacillus subtilis, Aspergil-
lus spp.

Juice
industry

Amylases Breaking down starch into
glucose

Aspergillus spp. Bacillus
spp. Microbacterium

Cellulases Pectin hydrolysis Aspergillus niger
Trichoderma spp.

Glucoamylases Clarifying cloudy juice Imperiale

Hemicellulose Lowering viscosity and
maintenance of texture

Aspergillus spp. Bacillus
subtilis

Laccase Increasing the susceptibility
of browning during storage

Pseudomonas putida,
Bacillus sp., Auerobasidium
pullulans

Pectinases Degrading pectins and
increasing overall juice
production

Aspergillus spp., Penicil-
lium funiculosum

Starch
processing

α-Amylases Starch hydrolysis Aspergillus spp. Bacillus
spp. Microbacterium

Amylopullulanases Starch hydrolysis Bacillus sp.,
Staphylothermusmarinus

Glucoamylases Starch hydrolysis Aspergillus niger, Rhizopus
species

Glucose isomerases Catalysing isomerisation of
glucose to fructose

Streptomyces flavogriseus

Glycosyltransferases Increasing the number of
branched points to obtain
modified starch with
improved functional proper-
ties such as higher solubility,
lower viscosity, and reduced
retrogradation

Streptococcus thermophilus

Isoamylases Starch hydrolysis Pseudomonas
amyloderamosa,
Lipmyceskononenkoae

Neopullulanases Starch hydrolysis Aspergillus spp., Bacillus
stearothermophilus

Pullulanases Improvement of saccharifi-
cation of starch

Bacillus spp. Klebsiella spp

β-amylases Starch hydrolysis Bacillus, Streptomyces,
Rhizopus

(continued)
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After completion of the process in the starch-processing industries, the syrups and
starch derivatives, which comprise of diverse compositions and physical properties,
can be used in a wide variety of food and beverage industries. On the basis of type, the
market is sectioned into glucose syrup, maltodextrin, cyclodextrin, hydrolysates, and
spray-dried starch. Among the types of starch derivatives, glucose syrup acquires the
largest market. However, the maltrodextrin sector is growing at the highest com-
pound annual growth rate CAGR of 7.0%.

The global starch derivatives market is one of the burgeoning industries and is
projected to grow at a rate of 6.2% from 2014 to 2019 to reach $58.2 billion by 2019.
(http://www.marketsandmarkets.com/Market-Reports/starch-derivatives-market-
116279237.html).

Globally, the United States dominates the starch industry with 51% of world
production. Starch market at industrial level is expected to reach USD 106.73 Billion
by 2023, witnessing growth at a CAGR of over 6%, in value terms owing to the
rising popularity of ready-to-use convenience foods among the working population
who do not have time to cook their meals.

Table 4 (continued)

Industry Enzyme Function/benefits Microorganisms

Meat and
fish
processing

Acid proteases Improve the flavouring,
nutritional and functional
properties of proteins

Aspergillus sp.

Elastase Tenderize meat Aspergillus fumigatus,
Pseudomonas aeruginosa

Glucose oxidase Preservation of seafood Aspergillus niger, Penicil-
lium amagasakiense

Glutaminase Enhance flavor of the meat Streptomyces sp., Pseudo-
monas fluorescens

Lipase Hydrolyze triglycerides;
Improves flavor in sausages.

Aspergillus niger

Proteases Removal of scales and skin
from fish, production of fish
sauce

Aspergillus niger, Bacillus
licheniformis

Transglutaminase Improves the structural prop-
erties of the processed or
cooked meat, meat mince
formation

Streptoverticillium sp.,
streptomyces sp.

Tyrosinase Cross-link meat protein
enhances the functional
properties of enzymes

Bacillus megaterium, Rhi-
zopus oryzae, Trichoderma
reesei

Urease Removal of off-odor and
fishy taste

Streptococcus
thermophilus, Aspergillus
niger

Source: Adapted from (Singh et al. 2016a)
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8.2 Enzymes in the Bakery Industry

Microbial enzymes can effectively amend gluten network and are hence useful for
modulating flour and dough rheology in addition to flavor enhancement of the baked
products. Enzymes lipoxygenases carry out the oxidation of fatty acids and are
utilized for bleaching of fat-soluble flour pigments and provide elasticity in the
dough (Miguel et al. 2013). They have been obtained from fungus Ascomycota
incertaesedis such as Gaeumannomyces, Pyricularia, Geotrichumcandidum. The
fungal lipoxygenasemay be fromGaeummanomyces graminis,Fusarium oxysporum
or F. proliferatum, or Penicillium sp. (Borch et al. 2006). Microbial proteases
(Bacillus sp.), α-amylases (Aspergillus sp.), xylanases (Bacillus, Aeromonas,
Cephalosporoim, Aspergillus niger) and lipases (Acinetobacter, Aermonas, Bacillus,
Candida, Penicillium, Pseudomonas sp.) are widely used to enhance the homogene-
ity, softness, colour, longer freshness and crunch to the bakery products (Singh et al.
2016c; Ahmed et al. 2014; Goswami and Rawat 2015; Andualema and Gessesse
2012). The enzymes glucose oxidase and asparaginase often inhibit off flavors in end
products due to chemical reactions (e.g. Maillard reaction). Microbial phytases
(Thermomyces lanuginosus, Talaromyces thermophilus and Sporotrichum thermo-
phile) cause oxidation of phenol groups and reduce the phytate content and stickiness,
thereby increasing dough strength, stability and volume of bread (Dahiya 2016).
Transglutaminases (Streptoverticillium sp. and Physarumpolycephalum) along with
laccases (S. lavendulae, S. cyaneus, Marinomonas mediterranea, Phanerochaete
chrysosporium, Theiophora terrestris, Lenzites, betulina) are used to obtain gluten-
free bread and increase the shelf life of the products (Kieliszek and Misiewicz 2014).

8.3 Enzymes in Fish and Sea Food Processing

Both endogenous and added enzymes play a fundamental role in the development of
products and processes encompassing seafood and meat processing industries. The
paradigm of research has progressed from traditional screening methods to innova-
tive/improved molecular and metagenomics approaches in conjunction with regula-
tory formulations. Though plenty of plants and mammalian sources of enzymes
exist, still microbes remain the preferred source due to ease of cultivation and
manipulation (Anbu et al. 2015). Proteases like papain, pepsin, trypsin, subtilisin,
bacillolysin, ficin have been widely used for descaling/deskinning, peeling, tender-
ization, ripening etc. to minimize mechanical damage and to increase shelf-life and
yield of the products (Ghaly et al. 2013; Faisal et al. 2015; Fernandes 2016; Husain
2018). Fungi belonging to genus Penicillin, Mucor, Fusurium, Thermomyces,
Aspergillus, Rhizopus, Humicola, Trichoderma and Thermoascus remain a powerful
source to deliver proteases (Singh et al. 2016c). On the other hand, meat tenderizing
enzymes like subtilisin and neutral proteases are produced by bacteria Bacillus
subtilis, B. licheniformis, B. alcalophilus, B. lentus, etc. Both crude enzymatic
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preparations (e.g. pepsin, trypsin, chymotrypsin, thermolysin) from Bacillus subtilis,
Geobacillus stereothermophilus, B. thermoproteolyticus, T. thalophilus and com-
mercial formulations (e.g., Alcalase derived from submerged fermentation of
B. licheniformis, Flavorzyme—a peptidase preparation from Aspergillus oryzae,
Nutrase from Bacillus amyloliquefaciens, etc.) are used for manufacturing the
products involving protein hydrolysis e.g. fish protein hydrolysate (FPH) and fish
sauce. Transglutaminases are another important group of enzymes isolated from
Streptoverticillium sp., Streptomyces sp. and are used for formulations of fish meat
mince, texture modification, the formation of collagen and gelatin bonds and min-
imization of drip after thawing (Zheng et al. 2001; Suresh et al. 2015). Lipases find a
great application in this industry for the preparation of ω-3-poly-unsaturated fatty
acids (ω-PUFAs) and for isolation of fats and oils from seafood by-products
(Chaurasia et al. 2016; Guerrand 2018). Most of the industrial microbial lipases
are derived from fungi (Aspergillus, Candida, Geotrichum) and bacteria (Bacillus,
Pseudomonas, Chromobacterium, etc.) (Aravindan et al. 2007).

8.4 Enzymes in Meat Industry

Microbial enzymes are routinely used in meat industries in numerous production
processes. Faced with the new market trends, production of nutritionally enhanced
meat foods is being focused upon by reformulation of raw materials and products
and advanced technological processes. For the breakdown of proteins in muscle and
hydrolyze myofibrillar and connective tissue proteins of meat and meat products
several proteolytic enzymes are utilized. Proteases from both fungal (e.g., Aspergil-
lus oryzae) and bacterial (e.g., Bacillus subtilis) sources are used for meat tenderi-
zation (Arihara 2006). Bacterial proteases like subtilisin and neutral proteases find
major applications in the meat industry because of their relative specific activity and
low inactivation temperature. Enzymes like alkaline elastase are obtained from the
alkalophilic Bacillus sp., are routinely used for collagen, elastin, and myofibrillar
hydrolysis (Avendano et al. 2016). Transglutaminase is another enzyme of microbial
origin produced by Streptoverticilliummobarence which in addition to processing
also enhances the nutritional value by adding essential amino acids (Maróstica and
Pastore 2010). It also aids in binding, texture maintenance, and improvement,
emulsification, homogenization of meat and meat products. Together proteases and
thermolysin (EC 3.4.24.27) are used to for the ripening of dry sausages (Avendano
et al. 2016).

8.5 Enzymes in the Dairy Industry

Microbial enzymes are extensively used for three major applications in dairy indus-
tries like cheese production, product ripening, shelf-life extension and function
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alteration. Flavor development and ripening in cheese are met by controlled hydrolysis
of triglycerides. Microbial community structure and hence enzyme secreted by them
play an important role for developing different cheese types. Rhizomucorpusilus,
R. meihi, Endothiaparasitica, Aspergillus oryzae, Irpexlactis are the sources of
rennet-like proteinases used for cheese manufacture. Milk clotting protease has been
isolated from R. pusilus (Neelakantan et al. 1999). Mucor miehei rennet, and
Cryphonectriaparasitica rennet is also being widely used in dairy industries. For
flavor development in dairy products, lipolysis (enzymatic hydrolysis of triglycerides
to fatty acids) of the milk fat is essential. Lipases isolated from Propionibacterium sp.
contribute to the development of Swiss-type cheese. Esterases produced by
L. helveticus, L. delbrueckiisubsp. Bulgaricus, L. delbrueckiisubsp. Lactis, L. casei,
L. paracasei, and L. plantarum are lipolytic in nature are widely used in dairy
industries for enhancing the cheese flavor (Neelakantan et al. 1999; McSweeny and
Sousa 2000; Raveendran and Parameswaran 2018). Enzymes isolated from Micro-
coccus and Pediococcus also show weak lipolytic activity. Psychrotrophic bacteria
(e.g., Pseudomonas florescens) also contribute to lipolysis in cheese made from milk.
Studies reveal that K- and β-caseins were most susceptible to proteolysis while the
α-casein was less affected enzymes secreted by psychrotrophs (Shammet et al. 1992).
E. faecium, E. durans produce biogenic amines like tyramine used for cheddar cheese
production and development (Rea et al. 2004). Lipases are also used for the production
of different types of cheese like Camembert cheese using lipase from Penicillium
camemberti and cheddar cheese using Aspergillus niger or A. oryzae (Aravindan et al.
2007). Lipase catalysis also prolongs the shelf life of dairy products. Antimicrobial
enzymes like bacteriolysins are used to control microbial contamination, improving
safety and shelf life of dairy products. Another class of enzymes, i.e., catalases
(apparently from the genus Bacillus) are also used for the treatment of milk to remove
H2O2 before cheese production (Tarhan 1995). Galactosidase produced from yeast
Kluyveromyces lactis, K. fragilis is generally used for the hydrolysis of lactose in the
milk of whey (Hussein et al. 1989).

8.6 Enzymes in the Vegetable and Fruit Juice Industry

Fruits and vegetables contain approximately 50–70% water creating a turgor pres-
sure and juices are prepared from them by mechanically squeezing or mashing them
with little or no application of heat or solvents. Enzymes are used in these industries
for (1) maceration (2) treatment of extracted fruit/vegetable juice (3) obtaining better
clarification by reducing viscosity (4) increasing product stability (5) colour and
flavor enhancement. The cell walls of plant tissues comprise of a methoxylated
galacturonic acid polymer called pectin which is present as a complex macromolec-
ular structure and provides integrity and rigidity. Pectinolytic enzymes like
protopectinases, lyases and pectin esterases are used for hydrolysis of pectin or
dissolution of protopectin (Kumar and Suneetha 2016). Most of these enzymes have
been isolated from fungi like Aspergillus niger, Penicillium oxalium, etc. For
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clarification of orange, papaya, pear, peach, plum, apricot, apple and blueberry juices
pectinase enzyme from Rhizopus oryzae, pectin methylesterase from Aspergillus
tubigensis, pectinase from Aspergillus niger, purified polygalacturonase from Asper-
gillus awamori and some strains of Bacillus Ar1.2, Ega16, Ega22 and VIT sun-2 are
utilized for reducing viscosity and increasing stabilization (Kumar 2015; Garg et al.
2016; Kumar and Suneetha 2016).

9 Conclusion

Role of enzymes is indispensable in our daily lives being the most proficient catalysts
with high specificity and stability. Globally these micro-machines, primarily made up
of proteins; have been the major research focus and increasing efforts are made for
their discovery, engineering and production for industrial applications. Their role is
tremendous in competitive and cost-effective processes in food and beverage indus-
tries. They have been greatly exploited in the development of innovative bioprocesses
and for speeding-up production processes. A vast diversity in the types and actions of
enzymes enable them to serve as efficient biological catalysts for innumerable
chemical reactions ensuring highest market profitability, yet least logistic load on
user and environment.
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