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PREFACE

Enzymes were discovered in the second half of the nineteenth century, since then
have been extensively used in several industrial processes. Enzymes from
microorganisms are extremely efficient and highly specific biocatalysts. Biocatalytic
potential of microorganisms have been employed for centuries to produce bread, wine,
vinegar and other common products. Microbial catalysts (biocatalysts) are enzymes
contribute to many reactions and widely used in food and industrial products. An enzyme
is a protein that catalyzes a specific reaction. The action of enzymes depends on their
ability to bind the substrate at a domain of enzyme molecule called “active site.”
Enzymes are more specific macromolecular biological catalysts that accelerate or
catalyze chemical reactions. Some enzymes are not, however, reactive on their own, and
often need cofactors. Chemically, enzymes like any catalyst, are not consumed in
chemical reactions, nor do alter the equilibrium of a reaction. Enzyme activity can be
affected by other molecules such as inhibitors and activators. Inhibitors are molecules
that decrease enzyme activity, while activators are molecules that increase the enzyme
activity. Many drugs and poisons are enzyme inhibitors. Microbial enzymes are known to
play a crucial role as metabolic catalysts, leading to their use in various applications and
industrial fields. With the advancement in biotechnology over last three decades,
especially in the area of genetics and protein engineering, enzymes have found their way
into many new industrial processes.

Global market for industrial enzymes was estimated about$4.2 billion in 2014 and
expected to develop at a compound annual growth rate (CAGR) of approximately
7%over the period from 2015 to 2020 to reach nearly $6.2billion.Over 500 industrial
products are being made using enzymes. Microorganisms have served and continue to
serve as one of the largest and useful sources of many enzymes. In the biocatalytic
processes, natural catalysts, such as protein enzymes, perform chemical transformations
on organic compounds. Microbial catalysts are environmentally friendly, greatly cost-
effective, and consume lower energy. There is an increasing demand to replace some
traditional chemical processes with biotechnological processes involving microorganisms
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or their enzymes such as pectinases, xylanases, cellulases, mannanase, a-galactosidase,
laccases and ligninases, which not only provide an economically viable alternative but
are also more environmentally friendly. Uses of microbial enzymes in foods,
pharmaceuticals, textile, paper, leather, and other industries are numerous and increased
rapidly. Supplementary enzymes are added to the dough to ensure high bread quality in
the form of a uniform crumb structure and better volume. Special enzymes can also
increase the shelf life of bread by preserving its freshness longer. Enzymes have
contributed greatly to the development and improvement of modern household and
industrial detergents, the largest application area for enzymes today. Moreover, one of the
prime roles of enzymes is to improve the quality of leather.

Over the past century, there has been a tremendous increase in awareness of the
effects of pollution. Enzymes can minimize the impact of wastes on the environment.
Replacement of some traditional chemical processes with biotechnological processes
involving microorganisms and enzymes is an advantage and challenge. All types of living
organisms, where metabolic reactions occur, produce enzymes. A wide range of sources
is used for production of commercial enzymes. Out of the total enzymes being used
industrially, over half are extracted from fungi and yeast, one third are obtained from
bacterial systems, and the remaining from animal (8%) and plant (4%) sources.
Microorganisms are generally preferred than plant and animal as sources of industrial
enzymes because their production cost is low, the enzyme content is more predictable and
controllable, and more so because of the easy availability of raw materials with constant
composition for their cultivation.

The current book consists of 14 different chapters. All the chapters discuss microbial
catalysts with respect to the enzymes, their function, and its benefits for human kind in
general and to biotechnology as a subject of which ENZYMOLOGY is an integral part.
Through this book we wish to bridge the gap between various literature that exists on
enzymes, which is either too high on the caliber of written technical language or too low
to be of scientific interest. Therefore, experts across the globe were invited to contribute
in this comprehensive collection making it unique to be understandable, lucid, and easy
to increase our understanding of ENZYMOLOGY.

Collection of articles included in this book can be a useful material for Research
Students, Post Graduate Students, Lecturers, Professors, and Academicians related to
Microbiology, Biotechnology, Biochemistry, Environmental Sciences, Fermentation
Technology, Health Professionals, Agricultural Sciences, Applied Microbiologists and
many more alike.

Shadia M Abdel Aziz S. Chandra Nayak
Neelam Garg Vivek Kumar Bajpai
Abhinav Aeron

Chaitnaya Kumar Jha 28 March 2019
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Chapter 1

BIOPROSPECTING FOR MICROBIAL TYROSINASES

Greta Faccio®, Michael Richter and Linda Thony-Meyer
Empa, Swiss Federal Laboratories for Materials Science and Technology -
Laboratory for Biomaterials, St. Gallen, Switzerland

ABSTRACT

In microbes, tyrosinase is involved in the first reaction of the biosynthetic pathway
leading to the formation of the dark pigment melanin by hydroxylating and oxidizing L-
tyrosine. However, tyrosinase activity is not limited to small phenolic compounds but
also includes proteins carrying exposed tyrosyl side chains that are crosslinked with other
proteins or substrates. Traditionally, tyrosinase-producing strains have been isolated
based on the intense dark colour of the organism due to melanin production. Nowadays,
novel tyrosinases can be identified by searching the sequenced genomes, and produced
using the tools of molecular biology. Intracellular or secreted, with varying degrees of
stability, and working under different conditions, many microbial tyrosinases have been
characterised. This chapter provides an overview on microbial tyrosinases and how their
natural activity towards phenolic compounds can find application in different fields.

1. INTRODUCTION

Within living organisms, enzymes are the proteins accelerating most of the basic
chemical reactions necessary for life. Enzymes have also developed during evolution as a
response to external selection pressure in order to improve the fitness of the organism.

The ability of some microbes to produce melanin has been achieved during evolution,
as it is not strictly necessary for microbial growth. In humans, the adaptive production of
melanin is very apparent as it is responsible for the darkening of the skin after exposure

* Corresponding Author’s E-mail: greta.faccio@gmail.com.
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2 Greta Faccio, Michael Richter and Linda Thony-Meyer

to sunlight. Similarly in some microbes, the production of melanin results in the
formation of dark colonies such as the ones commonly seen on tomatoes, apples and
shower curtains [1]. Melanin production seems to be a clear response of adaptation as
microbes growing in areas under intense solar irradiation and radioactive areas, as for
example the surrounding of Chernobyl, produce more melanin than microbes living in
less exposed areas [2, 3].

The presence of melanin increases the resistance to enzymatic lysis and to extreme
heat and cold temperatures. Melanin is also involved in the pathogenicity of many
bacteria and fungi. Melanin is a high-molecular weight polymer with exceptional
features. It is insoluble in water and organic solvents, resistant to degradation by
concentrated acids and to bleaching by oxidizing agents such as hydrogen peroxide. In
addition, melanin is a radioprotector and a bioabsorber as it can absorb, and thus
neutralise, toxic metals, e.g., copper, zinc, iron, aluminium [1].

The first step in the biosynthesis of melanin is catalysed by the multicopper enzyme
tyrosinase (EC 1.14.18.1). Tyrosinases are ubiquitous, i.e., synthesized by organisms of
all kingdoms of life, and participate in the secondary metabolism of both prokaryotic and
eukaryotic organisms. Tyrosinases oxidise mono- and di-phenolic compounds to the
corresponding ortho-quinones and reduce one molecule of oxygen to water (Figure 1).

Dopaquinone, the product of the tyrosinase-catalysed reaction is converted non-
enzymatically to dopachrome and further polymerized to the dark-brownish eumelanin.
Instead the reaction of the oxidised gquinone with a thiol-containing compound such as
cysteine or glutathione leads to the production of the pinkish pheomelanin that is
common, for example, in freckles and red-hair people [4].

Based on their substrate specificity for phenolic compounds, tyrosinases are
sometimes associated with laccases (EC 11.10.3.2) and catechol oxidases (EC 1.10.3.1)
and collectively named polyphenol oxidases. Tyrosinases and catechol oxidases share
high similarity in their primary and tertiary structure and are easily distinguishable from
laccases on this basis. Differently from tyrosinases, laccases oxidise a wide range of
aromatic and non-aromatic molecules and their reaction proceeds through the formation
of radicals. Moreover, unlike tyrosinases, catechol oxidases do not oxidise mono-
phenolic compounds.

2. DISCOVERY OF NOVEL TYROSINASES

The presence of tyrosinase activity can be visually detected with ease. Strains
producing tyrosinases can easily be identified by growing the microbe in the presence of
L-tyrosine and observing the formation of a dark colour in the presence of oxygen. As an
example, the Gram-positive bacterium Bacillus megaterium is a producer of tyrosinase
that was identified by growing the bacterium on solid medium containing 0.1% L-
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Bioprospecting for Microbial Tyrosinases 3

tyrosine and detecting a black-brown colour forming around the colonies [5]. This visual
screening can be easily applied to isolate novel producers from environmental samples
and to discriminate among strains producing different amounts of tyrosinase, e.g., to
screen for better producers after mutagenesis [6]. Results obtained in solid medium need
confirmation by cultivation in liquid medium and the addition of copper or possible
inducers such as L-tyrosine or methionine. Even harsh conditions such as heat or osmotic
stress, can sometimes trigger an increased tyrosinase production [7]. This screening
approach has, however, some limitations as only microbial strains that can be cultivated
in laboratory conditions can be analysed.

Novel tyrosinases can also be identified by genomic and metagenomic approaches.
This strategy allows the identification of candidate proteins also from species that cannot
be cultivated in laboratory conditions and it constitutes a very powerful tool. Tyrosinases
have a characteristic, conserved amino acid sequence around their active site (see below)
and this can be used to retrieve genes coding for potential tyrosinases. For example, the
use of degenerated oligonucleotides for the characteristic sequence motifs of tyrosinases
can be used to amplify genes coding for tyrosinases from complex environmental
samples. Moreover, bioinformatic tools can be used to search the available sequenced
genomes for genes coding for proteins carrying the tyrosinase-specific sequence motif
(entry IPR002227 at the Interpro database http://www.ebi.ac.uk/interpro and entry Pfam
PF00264 at the Sanger Institute http://pfam.sanger.ac.uk). Providing the necessary
computational capacities, whole genomes can been searched for novel tyrosinases in
minutes. This way, genes coding for tyrosinases have been identified in the genomes of
not only bacteria but also fungi and archaea. It is important to remember, that tyrosinases
and the other members of the so-called type-3 copper protein family share high structural
similarity, and thus the use of the mentioned tyrosinase-specific sequence motif can
retrieve also catechol oxidases. These can be distinguished only by experimentally
defining the substrate specificity of the enzyme. To give an idea of the number of
tyrosinases identified and studied to date, more than 20 enzymes have been characterised
only from bacteria and 8245 annotated tyrosinases are stored at the NCBI Database
(http://wvww.ncbi.nlm.nih.gov) as of April 2013.

OH OH (o]
%0, HO A o
\ — = — = Melanin
H,0
R R R

Figure 1. Oxidation of phenolic compounds by tyrosinases to o-quinones (arrows) that further react not-
enzymatically (dashed arrows) to produce melanin.
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4 Greta Faccio, Michael Richter and Linda Thony-Meyer

3. STRUCTURAL AND MOLECULAR PROPERTIES
OF MICROBIAL TYROSINASES

Known tyrosinases are either monomeric or multimeric and have very different sizes.
Microbial tyrosinases comprise a central catalytic domain with conserved sequence
motifs and often a C-terminal domain of different length and amino acid composition.
Tyrosinases can also carry an N-terminal signal sequence and be secreted by the
organism (Figure 2). Tyrosinases with a C-terminal domain have been identified in both
bacteria and fungi. A truncated 35-40 kDa active form can often be distinguished from
the 60 kDa precursor that, when isolated, is less active and retains the C-terminal domain.
This is the case for fungal tyrosinases such as the ones from Agaricus bisporus,
Trichoderma reesei and has been shown in vitro for the Verrucomicrobium spinosum
tyrosinase (Figure 2) [8, 9, 10]. Activation of the precursor protein is generally achieved
by proteolytic digestion in order to remove the ~20 kDa portion of the protein that covers
the active site and prevents access of the substrate. Cleavage takes place in a protease-
sensitive linker region located between the active core of the enzyme and the regulatory
C-terminal domain. Additionally, activation can be obtained in vitro by loosening the
structure of the precursor, for example by the addition of denaturants or detergents.
Shorter tyrosinase sequences lacking the C-terminal domain and most of the linker region
are found mainly in streptomycetes, where their production in a functional form requires
the presence of a second helper protein. The helper or “caddie” protein is made of less
than 200 amino acids and it has been found necessary for the correct folding and
incorporation of the copper cofactors. This is the case for the tyrosinase from
Streptomyces castaneoglobisporus and Streptomyces antibioticus (for review see 8).

Microbial tyrosinase can be intracellular or secreted in both bacteria and fungi. As an
example, the tyrosinase from S. antibioticus and as well as the one from T. reesei are
secreted, whereas the enzymes from Bacillus megaterium and A. bisporus are
intracellular. Secreted enzymes are generally thought to have higher stability features and
be more robust if compared to the intracellular enzymes that have evolved to work under
the controlled cellular conditions and thus might be less useful for application in
industrial processes.

Tyrosinases belong to the type-3 copper proteins together with catechol oxidases and
the oxygen-binding proteins hemocyanins that are found in molluscs and insects.
Similarly to these other proteins, the active site alternates between three oxidative states
by interacting either with molecular oxygen or the phenolic substrate. When the enzyme
is in the oxy state, oxygen is bridged as peroxide ion between the two copper ions and the
enzyme can react with the monophenolic substrate and convert to the met form.
Tyrosinase in the met form turns into the deoxy form by oxidising diphenolic compounds.
The oxy state is restored when the deoxy form binds oxygen. Alternation between these
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Bioprospecting for Microbial Tyrosinases 5

forms can be monitored by UV-Vis spectroscopy as the met-form weakly absorbs at 330—
350 nm, and the oxy-form strongly at 345-350 nm and weakly at 600 nm [11].

The active site of tyrosinase harbours two copper ions, each of them held in place by
a triad of histidine residues (Figure 3). These histidine residues are highly conserved
among tyrosinases from different organisms and they recur in the conserved pattern H—
Xn—H-X8-H for the first copper binding region (CuA) and H-X3-H-Xn-H, where Xn is a
stretch of n not defined amino acids, for the second copper binding region (CuB). For
example, this motif is H-X15-27-H-X8-H and H-X3-H-X20-23-H for the selected
tyrosinases reported in Figure 2. Some tyrosinases are post-translationally modified, i.e.,
the second histidine of the first copper binding region is autocatalytically bound to a
nearby conserved cysteine residue via a thioether bond. This is found in the tyrosinases
from A. bisporus and Neurospora crassa, in the structurally similar haemocyanin from
Octopus dofloeini and in the catechol oxidase from the sweet potato Ipomoea batatas.
This covalent bond is autocatalytically formed during protein folding and it is thought to
confer structural rigidity to the active site [12]. However, it is absent in the available
structure of bacterial tyrosinases. Analysis of the three-dimensional structures that have
been solved for tyrosinases revealed additional conserved residues such as an N-terminal
conserved arginine and the C-terminal tyrosine-motif Y/F-X-Y that, located at the ends of
the active core domain, were found to interact in the three-dimensional structure bringing
together the carboxy- and amino terminus of the molecule and conferring stability [13].

i
Streptomyces castaneoglobisporus | Core | L Helper j
f

Bacteria

Bacillus megaterium | Core |

f
S
Verrucomicrobium spinosum s Core C-term
f
S

Trichodermareesei S Core C-term
Fungi 4

Agaricus bisporus | Core C-term |
Archea Candidatus Nitrosopumilus sp. AR2 | Core | C-term |

200 aa

f

Figure 2. Diversity of domain organisation of representative microbial tyrosinases. Signal sequences
(SS) are indicated by a grey box and the core regions are defined as the region between the signal
sequence and the conserved tyrosine motif (pointed by an arrow). Protein sequences can be found at
NCBI (http://www.ncbi.nIm.nih.gov/) under the accession numbers AAP33665.1 for the tyrosinase
from Streptomyces castaneoglobisporus and AAP33666.1 for its helper protein (dashed box) ,
ACC86108.1 for the tyrosinase from Bacillus megaterium, ZP_02925214.1 for the tyrosinase from
Verrucomicrobium spinosum DSM 4136, CAL90884.1 for the tyrosinase from Trichoderma reesei,
Q00024.1 for the tyrosinase from Agaricus bisporus and AFS81917.1 for the uncharacterised tyrosinase
from Candidatus Nitrosopumilus sp. AR2.
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6 Greta Faccio, Michael Richter and Linda Thény-Meyer

Figure 3. Three-dimensional structures of the tyrosinases from (A) Streptomyces castaneoglobisporus
(PDB ID: 2HK), (B) Agaricus bisporus (PDB ID: 2Y9W), and (C) Bacillus megaterium (PDB ID:
3NMB8). Tyrosinase form S. castaneoglobisporus co-crystallised with the helper protein ORF378 and
the tyrosinase from A. bisporus with a lectin-like protein orf239342. The catalytic tyrosinase domain is
in orange and accessory proteins in blue. The histidines interacting with the copper ions (red spheres)
are shown as sticks. The figure was prepared with the software Pymol (The PyMOL Molecular
Graphics System, Version 1.2r3pre, Schrédinger, LLC).

No three-dimensional structure of a tyrosinase precursor with the C-terminal domain
is yet available. The three-dimensional structures of tyrosinases show the active enzyme
alone, as in the case of the enzyme from Bacillus megaterium [14] or in association with
the helper protein ORF378 as for the tyrosinase from S. castaneoglobisporus [15]
(Matoba et al. 2006). The active core of the tyrosinase from A. bisporus co-crystallised
with a 150 amino acid long protein (orf239342) showing a typical lectin-like fold [16]. In
all cases, the active core of tyrosinases is mainly composed of alpha-helical elements and
short beta-strands. Long beta-sheets are found in helper proteins (Figure 3), in the lectin-
like protein interacting with the tyrosinase from A. bisporus, and are predicted to be
found in the C-terminal domains. Similarly, mollusc hemocyanins are composed of a
copper-binding alpha-helical domain and a beta-rich domain that covers the entrance to
the active site such that the protein acquires polyphenol oxidase activity once this latter
domain is removed [17].

4. BIOCHEMICAL CHARACTERISTICS AND PRODUCTION
OF MICROBIAL TYROSINASES

High stability to temperature and pH, high catalytic efficiency, high specificity, and
good production levels are some of the desired features of industrial enzymes. The large
number of microbial tyrosinases that has been studied offers a wide range of enzymes
with different optimal working conditions and production levels (for a selection
see Table 1).
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Table 1. Biochemical properties of some characterised microbial tyrosinases

Organism _Three-
MW Substrates and | dimensional
(NCBI KD feat truct Reference
identifier?) (kDa) eatures structure
(PDB 1DP)

Agaricus bisporus | 43 (active small phenolic 2y9w, 2y9x | [16, 18; 19]
(C7FF04.1) form) and protein,

isolated from

fruiting bodies,

commercially

available
Trichoderma 43 (active small phenolic no [9, 20]
reesei form) and protein, over-
(CAL90884.1) expressed in the

native host (1 g/l

in bioreactor)
Bacillus 31 active in organic 3npy [5, 14]
megaterium solvents,
(ACCB86108.1) overexpressed in

E. coli
Verrucomicrobium | 57 small phenolic no [21, 22, 23]
spinosum (precursor) | and protein,
(ZP_02925214.1) | 37 (active overexpressed in

form) E.coli(3g/lin
bioreactor)

a http://www.ncbi.nIm.nih.gov/, b http://www.rcsb.org.

Tyrosinases working at acidic, neutral and basic pH conditions have been reported [7,
24]. Tyrosinase from N. crassa, for example, has maximum activity at pH 5, tyrosinase
from B. megaterium, V. spinosum and R. etli are most active at pH 7 whereas the
tyrosinases isolated from Thermomicrobium roseum and Bacillus thuringiensis have pH
optima of pH 9-9.5. Concerning temperature conditions, the tyrosinase from S.
castaneoglobisporus has an optimum temperature of 40°C and the enzymes from R. etli
and B. megaterium of 50°C. The fungal tyrosinase from the white-rot fungus Pycnoporus
sanguineus is active in a pH range of 6-7, between 30 and 70°C, and it is stable up to
60°C [6]. Tyrosinases from A. bisporus and T. reesei have optimum pH ranges of 6-7 and
9 and are stable up to 40 and 30°C [25], respectively. Remarkably, the tyrosinases
isolated from T. roseum and B. thuringiensis show maximum activity at high temperature
(optimum of 70-75°C).

Tyrosinases oxidise monophenolic compounds such as L-tyrosine, di-phenolic
compounds such as L-DOPA, which is usually the model substrate in activity
measurements, and poly-phenolic compounds such as pyrogallol and catechins.
Moreover, microbial tyrosinases are active on small peptides and proteins without a rigid
secondary structure, such as caseins from milk. When tyrosinase oxidises the phenolic
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8 Greta Faccio, Michael Richter and Linda Thony-Meyer

groups of a tyrosine residue, this can non-enzymatically react with other nucleophilic
groups such as amines and introduce novel covalent bonds between the proteins: this is
the basis for the crosslinking activity of tyrosinases [26]. Proteins that are easily
crosslinked by tyrosinase are milk caseins, e.g., alpha and beta casein, as they lack
defined elements of secondary structure. The crosslinking activity of tyrosinase is usually
analysed by visualising the higher-molecular weight covalent aggregates formed by SDS
PAGE or size-exclusion chromatography (Figure 4).

The ability of tyrosinases to oxidise proteins is not surprising as in higher organisms
this enzyme is involved in the maturation of the phenolic proteins that constitute natural
glues such as the ones produced by mussels and marine worms. These proteins have an
intrinsically unstructured fold and are rich in tyrosine residues, which tyrosinase converts
to DOPA (L-dihydroxyphenylalanine), and the protein can eventually contain up to 25
mol% DOPA [27]. It is important to notice that catechol is not only an intermediate of the
crosslinking reaction but it can also directly chelate metals and contribute to the
attachment to surfaces [28]. In enzymes and globular proteins in general, tyrosine as a
hydrophobic amino acid tends to be buried inside the molecule and is inaccessible to
tyrosinase. Therefore, the use of tyrosinase to crosslink any protein of choice is limited
by the exposure of tyrosine residues in unstructured, accessible regions of the protein.

100 kDa

55 kDa
40 kDa
35 kDa
25 kDa

Figure 4. Crosslinking of bovine B-casein (lane 1 native form, lane 2 after crosslinking) with the
tyrosinase from Verrucomicrobium spinosum, visible as a protein band at 37 kDa. The crosslinked
product is indicated by an arrow 4.
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The production of tyrosinases, as mentioned above, can require a proteolytic step for
activation. This does not constitute an issue when a naturally producing strain is used or
the enzyme is produced in the native host. When the precursor tyrosinase is
overexpressed in a heterologous host, the proteolytic processing might not take place and
the enzyme be produced in an inactive form, requiring activation during the downstream
process. The direct production of the enzyme in a recombinant form lacking the
C-terminal domain constitutes an alternative solution. However, the C-terminal is
currently considered to be responsible for keeping the enzyme in an inactive form that is
harmless for the cell and that is proteolitically activated during or after secretion. The
production of tyrosinase in an active truncated form might affect the fitness of the culture
and compromise the production level. Highest productivity levels have been reached in
the production of the precursor form of the bacterial tyrosinase from V. spinosum (3 g/l in
bioreactor) intracellularly in E. coli and of the tyrosinase from T. reesei (1 g/l in
bioreactor) that was secreted in the active form by the native host upon overexpression
[29] Ren et al. 2013;9].

5. APPLICATIONS OF MICROBIAL TYROSINASES

Tyrosinases have been tested in processes where the oxidation of small phenolics or
phenolic-containing polymers is required. The interest for this family of enzymes is
reflected in the number of enzymes that have been subjected to patent applications, e.g.,
the tyrosinases from V. spinosum, R. etli, S. antibioticus and Pseudomonas sp.
DSM13540 [7]. Potential applications span over different fields such as cosmetics, dye
production, and medicine and this section will focus on some applications including food
engineering and wastewater treatment (Figure 5).

This section will deal with few of the most promising applications and further
information about the minor fields can be found in the specific publications and review
articles [7, 8, 30].

Although most studies have been developed using the commercial fungal enzyme
from common mushroom, all microbial tyrosinases constitute good alternatives and may
provide with their different stability features, catalytic efficiency and wider/narrower
substrate specificities, the possibility to perform the process of interest under alternative
conditions.

A direct application of tyrosinase is in the development of biosensors for the
detection of phenolic compounds in complex mixtures, not only wastewaters but also
food products such as wine, tea and fruit juices. For this purpose, tyrosinases, and phenol
oxidases in general, have been immobilised to different solid materials such as silica gels,
nylon, chitosan, montmorillonite and graphite. Biosensors developed with the tyrosinase

Complimentary Contributor Copy



10 Greta Faccio, Michael Richter and Linda Thény-Meyer

from common mushroom and Streptomyces antibioticus allowed the detection of
nanomolar amounts of phenols [7, 31, 32, 33 and references therein].

Bioremediation
/ \\
Chemical q
synthesis Dye production

TYROSINASE

Free form Immobilised form
in crude or purified form 1o a solid support or as CLEAs

Medical .
app]icaﬁons

Figure 5. Overview of the different fields in which tyrosinase, as free or immobilised enzyme, can
find application.

The immobilisation of industrial enzymes is a convenient way to recycle these
catalysts and allows their use for several processes. This can be achieved by crosslinking
the enzyme to a solid support such a bead, or by assembly into high-molecular weight
covalent multimers in the presence of a crosslinking agent, also called cross-linked
enzyme aggregates (CLEAS). Tyrosinase itself has been immobilised on different
substrates, including multi-walled carbon nanotubes, chitosan, chitosan-clay composites,
hydrogel beads, thermoresponsive materials, and zeolite. Such immobilization often leads
to an improved thermal stability while preserving the catalytic activity. Due to the ease to
detect its activity, tyrosinase has also been used as a model enzyme to assess the best
conditions to be used for the immobilisation of other enzymes of interest. CLEAs are
often produced by using chemical crosslinkers such as glutaraldehyde. CLEAs of
tyrosinase have been applied for the removal of phenolic pollutants from wastewater, for
example. On the other hand, tyrosinase has also been the crosslinking agent in the
production of CLEAs. Since well-structured proteins such as enzymes are generally not
the best substrates for crosslinking with tyrosinase, tyrosinase-catalysed CLEAs
production usually takes advantage of the addition of mono- or di-phenolic compounds
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that are oxidised by tyrosinase and function either as mediators or as ‘bridging agents’,
bringing together the molecules of substrate enzyme. In this way, tyrosinase form
V. spinosum, for example, could produce CLEAs of Candida antarctica lipase in the
presence of phenol. The possibility of engineering proteins by molecular biology can be
exploited to introduce additional residues, such as tyrosine or tyrosine-rich peptides, to
provide novel sites of attack for cross-linking with tyrosinase. This is how attachment of
a reactive dye, Cy5-hydrazide, to proteins carrying the hemagglutinin tag Tyr-Pro-Tyr-
Asp-Val-Pro-Asp-Tyr-Ala by mushroom tyrosinase was possible [34].

In a similar fashion, the action of tyrosinase has also been tested for the grafting of
biomaterials and textile fibres to introduce antimicrobial and antioxidant properties. For
example, sericin peptides and gallates have been immobilised to chitosan [35, 36].

Enzymes can also provide an alternative to traditional chemical synthesis reaction
and the hydroxylation-oxidation reaction catalysed by tyrosinase has been successfully
linked to a Diels—Alder reaction and a subsequent allylation of the intermediary formed
bicyclic diketones in a domino reaction [37].

The use of tyrosinase in the production of dyes and melanin has extensively been
studied and proposed. Melanin might find application, for example, in the cosmetic
industry and in the cell culture sectors as photoprotectant. In cosmetics, the application of
tyrosinase has been limited to the production of a tanning effect. Most of the research has
focused in the identification of natural inhibitors for human tyrosinase, in order to attain
bleached skin [38]. However, the production of synthetic melanin in an enzyme-free
process based on the reaction of tyrosine with hydrogen peroxide might constitute a more
cost-efficient alternative.

The crosslinking activity of tyrosinase has been successfully used to improve the
rheological properties of protein-based foods. In multi-phase dynamic systems such as
gels, the introduction of novel covalent bonds within and between proteins can
significantly affect rigidity and mobility, thus affecting the overall elastic and viscous
properties of the system. Tyrosinases have been tested successfully as a cross-linking
agent in milk, meat and cereal products [39]. As an example, the texture of milk gels
could be improved by the addition of tyrosinase. In meat products, the water-holding
capacity of low-meat chicken breast homogenates was improved by the addition of
tyrosinase. In wheat bread, tyrosinase softened the bread crumb and increased the volume
of breads. Similarly, it increased the firmness of the dough and the specific volume of the
gluten-free oat bread. In food, the addition of tyrosinase can also lead to improve the
colour of the product. For example, the oxidation of the phenolic constituents to melanin
confers a dark colour to tea. A promising field for tyrosinase application is the
development of hydrogels and glues gelling in aqueous solutions, thus providing the
possibility of in-situ gelling in humid conditions. Polymeric molecules are generally
functionalised to carry phenolic moieties that once oxidised by tyrosinase, initiate the
crosslinking reaction and the transition from sol to gel. These glues could be applied, for

Complimentary Contributor Copy



12 Greta Faccio, Michael Richter and Linda Thony-Meyer

example, to wound treatment, tissue engineering and tissue reconstruction. A limitation to
this could be that proteins naturally cured by the action of tyrosinase to form glue, for
example, mussel glue, are difficult to be produced recombinantly in good amounts [40].
However, tyrosinase was shown able to modify chitosan, a natural biopolymer that could
gel when incubated with tyrosinase and phenolic compounds such as dopamine [41, 42].
Moreover, mushroom tyrosinase could oxidise tyrosine residues from collagen and, when
catechins were present, this resulted in protein precipitation and the formation of a gel
with higher denaturation temperature and tensile strength [43]. The use of tyrosinase was
successful for the production of a hydrogel from chondroitin sulphate in the presence of
tyramine and showed potential for application in the development of drug release systems
and tissue engineering [44].

CONCLUSION

The microbial world is a rich source of enzymes. Among these, various tyrosinases
able to perform under different conditions have been reported. Moreover, good
production levels have also been recently achieved. Due to the ability to oxidise small
phenolics and large unstructured phenolic substrates such as some proteins, tyrosinases
have been suggested for application in many fields, of which biosensor development,
food engineering and grafting of materials, immobilisation of enzymes might be the most
promising ones for microbial tyrosinases.
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ABSTRACT

Enzyme catalyzes different biochemical reactions/interconversions which are the
basis of life sustainability. Enzymes are biomolecules which accelerate the metabolic
processes with high specificity and efficiency which increases the rate of the reaction by
100 million to 10 billion times faster than normal rate of reaction. New scientific
inventions such as recombinant technology and protein engineering have evolved
enzymes as important molecules that have been widely used in different industrial and
therapeutical purposes. Microbial enzymes have acquired much attention with rapid
development in enzyme technology and they are preferred due to their economic
feasibility, high vyields, consistency, ease of product modification and optimization,
continuous supply without seasonal fluctuation, wide range of inexpensive media,
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stability and greater specific catalytic activity. These play a major role in diagnosis,
treatment, biochemical investigation and monitoring of various diseases. Microbial
enzymes because of their catalytic property have great importance in development of
industrial bioprocesses. Current applications are focused on many different markets
including pulp and paper, leather, detergents and textiles, pharmaceuticals, chemical,
food and beverages, biofuels, animal feed and personal care among others. Today there is
need of new, improved, versatile, novel enzyme for sustainable and economically
competitive production processes. Diversity in microbes and modern molecular
techniques such as metagenomics and genomics are being used to discover new microbial
catalysts whose catalytic propertyes can be improved/modified by different strategies
based on rational, semi-rational and randon directed evolutionary methods.

Keywords: microbial enzymes and proteins, food, nutrition

1. INTRODUCTION

The predominant group of life on earth is represented by microorganisms and the
proteins of microbial source constitute the main catalytic entities which underlies in
major biochemical reactions/transformations. New technological developments have led
to the comprehensive extraction, separation and identification of microbial proteins [1].
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Figure 1. Microbial catalysis cycle.
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Microbial enzymes play a crucial role as metabolic catalysts, making them important
molecules in various industrial applications (Figure 1). Microbial enzymes gained
attention due to their high substrate specificity and stability under varied conditions. With
rapid development in biotechnological field these have gained large attention as
microbial enzymes are considered as potential biocatalysts for a wide range of reactions.
Microbial enzymes have versatility, substrate specificity, regioselectivity,
chemoselectivity, enentioselectivity and catalyzes at ambient temperatures and pressures.
Nowadays these have been widely used to prepare range of commercial products for
pharmaceutical industry (eg: 6-aminopenicillanic acid), food and nutrition (eg: glucose
and fructose syrups, L-lysine and niacinamide), as well as specialty and commodity
chemicals (eg: acrylamide and acrylic acid). Microcial biocatalysts can use: (a) soluable
or immobilized enzymes (b) whole cell catalysts that are not metabolically active but
which still maintain one or more desirable enzyme activities or (c) direct fermentation to
produce an intermediate or final product. These examples indicate the wide range of
applications by microbial enzymes. The limitations of the naturally occurring microbial
enzymes can be trounce by designing specific enzymes for each type of processes [2, 3].

Enzymes of natural origin have been widely used in manufacture of products such as
linen, leather and indigo. These enzymes mainly derived from microorganisms or
enzymes present in added preparations such as calves rumen or papaya fruit.
Development of fermentation processes was aimed the production of enzymes by use of
particularly selected strains, by which it is possible to produce purified, well
characterized enzymes on a large scale. This development allowed the introduction of
enzymes into industrial products and processes such as detergent, textiles and starch
industries. The recombinant DNA technology has further improved the production
processes and helped to produce enzymes commercially in large quantities. Furthermore,
the developments in biotechnology, such as protein engineering and directed evolution,
further revolutionized the commercialization of industrially important enzymes. This
advance in biotechnology is providing different kinds of enzymes displaying new
activities, adaptability to new conditions leading to their increase use in industrial
purposes [4].

Majority of the currently used industrial enzymes are hydrolytic in action, these being
used for degradation of various natural substances. Proteases remain the dominant
enzyme type, because of their extensive use in detergent and dairy industries.
Carbohydrases primarily amylases and cellulases represent the second largest group of
enzyme used in starch, textile, detergent and baking industries. Microbial enzymes
display regional stereospecificity, property which can be expoited for asymmetric
synthesis and recemic resolution. Chiral selectivity of enzymes has been employed in
synthesis of enantiomerically pure pharmaceuticals, agrochemicals, chemical feedstock
and food additives.
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2. ENZYMATIC BIOCATALYSIS

Microbial enzymes have been widely used in brewing and food industries for long
time. These are finding new applications in industrial chemistry [5]. Biocatalysis involves
the applications of microbial cells, cell extracts, purified enzymes, immobilized cells or
immobilized enzymes as catalysts in many chemicals reactions/interactions [6, 7].

3. TECHNICAL APPLICATIONS

Enzymes are very important for industrial and pharmaceutical processes [8]. The
total market for industrial enzymes have reached $3.3 billion in 2010 and it is estimated
to reach a value of 4.4 billion by 2015 [9]. Enzymes are widely in bulk quantities in
detergent, textile, pulp, paper and biofuel industries. Usage for leather and bioethanol is
responsible for the highest sales figures. These enzymes had revenues of nearly $1.2
billion in 2011 which is expected to reach $1.5 billion in 2015 and $1.7 billion in 2016.
The highest sales are expected to be in biofuels marker [10]. Food and beverages
enzymes expected to account for $1.3 billion by 2015.

The use of enzymes as detergent additives represents a major application of industrial
enzymes. Proteases, lipases, amylases, oxidases, peroxidases and cellulases are added to
detergents where they catalyze the breakdown of chemical bonds on addition of water. To
be suitable, they must be active under thermophilic (600 C and alkolophilic pH 9-11)
conditions, as well as in the presence of the various components of washing powders.

Proteases constitute over 60% of the global market for enzymes, these are used to
produce pharmaceuticals, foods, detergents, leather, silk and agrochemical products.
Especially, in laundry detergents, they account for approximately 25% of the total
worldwide sales of enzymes. Novo industry (now Novozymes) introduced the first
detergent containing a bacterial protease (Biotex) in 1956. It contained an alcalase
produced by Bacillus licheniformis. In 1994, Novo Nordisk introduced Lipolase, the first
commercial recombinant lipase for use in a detergent, by cloning the Humicola
lanuginose lipase into the A. oryzae genome. In 1995, Genencor International introduced
two bacterial lipases, one from Pseudomonas mendocina (Lumafast), and another from
Pseudomonas alcaligenes (Lipomax). An enzyme added recently to detergents is
Mannaway, a Bacillus mannanase which removes food stains containing guar gum [11].

In the textile industry, enzymes are used to develop cleaner processes and reduce the
use of raw materials and production of waste. The application of cellulases for denim
finishing and laccases for decolorization of textile effluents and textile bleaching are the
most recent commercial advances [12]. An alternative enzymatic process in the
manufacturing of cotton has been recently developed based on a pectate lyase [13]. The
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process is performed at much lower temperatures and uses less water than the classical
method.

Lipases, xylanases and laccases are another group of enzymes being used largely in
removing pitch (hydrophobic components of wood, mainly triglycerides and waxes) in
pulp industry [14]. A lipase from Candida rugosa is being used by Nippon Paper
Industries to remove up to 90% of these compounds [15]. The use of enzymes as
alternatives to chemicals in leather processing has proved successful in improving leather
quality and in reducing environmental pollution. Alkaline lipases from Bacillus strains,
which grow under highly alkaline conditions, in combination with other alkaline or
neutral proteases, are currently being used in this industry.

Laccases oxidize phenolic and non-phenolic lignin-related compounds as well as
environmental pollutants [16]. They are used to detoxify industrial effluents from the
paper and pulp, textile, and petrochemical industries, as a medical diagnostic tool, for
bioremediation of herbicides, pesticides, and explosives in soil, as a cleaning agent for
water purification systems, as a catalyst in drug manufacture and as cosmetic ingredients.

Lipases play a major role in the fermentative steps during manufacturing of sausage,
measure changes in long-chain fatty acid liberated during ripening and to modify the food
flavour by synthesis of esters of short-chain fatty acids and alcohols (flavour and
fragrance). Previously, lipases of different microbial sources were used for refining rice
flavour, modifying soybean milk, and for enhancing the aroma and speed up the
fermentation of apple wine [17]. By adding lipases the fat is removed while processing
meat and fish, and this process is called biolipolysis.

Cellulases have been widely used in textile industries as these have gained additional
consideration in the enzyme market owing to their ability in the degradation of
lignocellulosic feedstocks. But the cost of cellulases is the key issue in achieving low
price conversion of lignocellulosic biomass into biofuels and other products [18-20].
Filamentous fungi can produce native cellulases at levels greater than 100 g/L [21].

Cellulose hydrolyzing enzymes includes (1) endoglucanases, which break down
cellulose chains in a random manner; (2) cellobiohydrolases, which liberate glucose
dimers from both ends of cellulose chains; and (3) beta-glucosidases, which produce
glucose from oligomer chains. Hypocrea jecorina (Trichoderma reesei) is the main
industrial source of cellulases and hemicellulases used to depolymerize plant biomass to
simple sugars [22, 23]. The overall action of T. reesei on cellulosic biomass is limited by
its low content of beta-glucosidase. The result is accumulation of cellobiose which limits
further breakdown. The expression of the beta-glucosidase gene from Pericona sp in T.
reesei resulted in an increased level of beta-glucosidase, thus increasing overall cellulase
activity and action on biomass residues [24]. Cellulases are formed adaptively, and
several positive (XYR1, ACE2, HAP2/3/5) and negative (ACE1, CRE1) components
involved in this regulation are now known [25]. In addition, its complete genome
sequence has been published [26], thus making the organism susceptible to targeted
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improvement by metabolic engineering. It has recently been reported that the extreme
thermophilic bacterium Caldicelluloseruptor bescil produces a cellulase/hemicellulase
system twice as active as that from T. reesei [27].

Another important group of enzymes are glucosidases used to synthesize glycosides
as slow release aroma compounds. Volatile flavours evaporate during storage leading to
decrease in the right concentration at the moment of consumption, but if they are present
in a bound, non-volatile form, they can be liberated upon heating, thus optimizing
organoleptic characteristics of the consumed product. Glucosides are adequate derivatives
as slow release flavours, due to their very low vapour pressures and the possibility of
obtaining them as natural compounds.

3.1. Enzymes in the Feed Industry

Feed enzymes form the major global market in enzyme industry [28]. Feed enzymes
increases digestibility of nutrients leading to greater efficiency in feed utilization. They
can also degrade unacceptable components in feed, which are otherwise harmful or of
little or no value [29]. Commercially available feed enzymes are phytases, proteases, a-
galactosidases, glucanases, xylanases, a-amylases, and polygalacturonases, mainly used
for swine and poultry [30]. Recent developments developed of heat stable enzymes,
improved specific activity, some new non-starch polysaccharide-degrading enzymes, and
rapid, economical and reliable assays for measuring enzyme activity have always been
the focus and have been intensified recently. But, the use of the enzymes as feed
additives is restricted in many counties by local regulatory authorizes [31] and
applications vary from county to country.

3.2. Enzymes in Food Processing

Enzymes used in food processing can be divided into food additives and processing
aids. Most food enzymes are considered as processing aids, with only a few used as
additives, such as lysozyme and invertase. The processing aids are used during the
manufacturing process of foodstuffs, and do not have a technological function in the final
food.

Lipases are commonly used in the production of variety of products ranging from
fruit juices, baked foods and vegetable fermentations to dairy enrichment. Fats, oils and
related compounds are the main targets of lipases in food technology. Controlled lipase
concentration, pH, temperature and emulsion content has to be maintained for the
maximum production of flavor and fragrances. The lipase mediation of carbohydrate
esters of fatty acids offers a potential market for use as emulsifiers in foods,
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pharmaceuticals and cosmetics. There are three recombinant fungal lipases currently used
in the food industry, one from Rhizomucor miehi, one from Thermomyces lanuginosus
and another from Fusarium oxysporum; all being produced in A. oryzae [32, 33].

Proteases is majorly used in dairy industry for the manufacture of cheese. Calf rennin
had been preferred in cheese making due to its high specificity, but microbial proteases
produced by GRAS microorganisms like Mucor miehei, Bacillus subtilis, Mucor pusillus
Lindt and Endothia parasitica are gradually replacing it. The primary function of these
enzymes in cheese making is to hydrolyze the specific peptide bond (Phel05-Met106)
that generates para-k-casein and macropeptides [34]. Production of calf rennin
(chymosin) in recombinant A. niger var awamori amounted to about 1 g/L after
nitrosoguanidine mutagenesis and selection for 2-deoxyglucose resistance [35].

Other enzymes in the food industry include invertase from Kluyveromyces fragilis,
Saccharomyces carlsbergensis and S. cerevisiae for candy and jam manufacture, f-
galactosidase (lactase) from Kluyveromyces lactis, K. fragilis or Candida
pseudotropicalis for hydrolysis of lactose from milk or whey, and galactosidase from S.
carlsbergensis for crystallization of beet sugar. All these materials are expected to be
safe, under the guidance of good manufacturing practice (GMP).

3.3. Enzymes in Chemical and Pharmaceutical Processes

Application of microbial enzymes in the chemical industry depends mainly on cost
competitiveness with the existing and well-established chemical methods [36]. Lower
energy demand, increased product titer, increased catalyst efficiency, less catalyst waste
and by products, as well as lower volumes of wastewater streams, are the main
advantages that biotechnological processes have as compared to well-established
chemical processes. Phenol, pyruvate, pyridoxal phosphate and ammonium chloride are
converted to L-tyrosine using a thermostable and chemostable tyrosine phenol lyase
obtained from Symbiobacterium toebii. The titer produced was 130 g/L after 30 h with
continuous feeding of substrate. Enzymes are useful for preparing beta-lactam antibiotics
such as semi-synthetic penicillins and cephalosporins [37, 38]. Beta-lactams constitute
60%—65% of the total antibiotic market.

Preparation/synthesis of complex chiral pharmaceutical intermediates efficiently and
economically is one the most important application in biocatalysis. Esterases, lipases,
proteases and ketoreductases are widely applied in the preparation of chiral alcohols,
carboxylic acids, amines or epoxides, among others [39]. The inherent inefficiency of
kinetic resolution (maximum 50% vyield) can be overcome by novel asymmetric reactions
catalyzed by improved microbial enzymes which can provide a 100% yield [40].
Asymmetric reduction of tetrahydrothiophene-3-one with a wild-type reductase gave the
desired alcohol ((R)-tetrahydrothiophene-3-ol), a key component in sulopenem, a potent
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antibacterial developed by Pfizer, but only in 80%-90% ee (enantiomeric excess). A
combination of random mutagenesis, gene shuffling and ProSAR analysis was used to
improve the enantio-selectivity of a ketoreductase towards tetrahydrothiophene-3-one.
The best variant increased enantio-selectivity from 63% ee to 99% ee [41].

Atorvastatin, the active ingredient of Lipitor, a cholesterol-lowering drug that had
global sales of US$12 billion in 2010, can be produced enzymatically. The process is
based on three enzymatic activities: a ketone reductase, a glucose dehydrogenase and a
halohydryn dehalogenase [42].

Kinetic resolution of racemic amines is a common method used in the synthesis of
chiral amines. Acylation of a primary amine moiety by a lipase is used by BASF for the
resolution of chiral primary amines in a multi-thousand ton scale [43]. Recently,
asymmetric synthesis from the corresponding chiral ketones, using transaminases, is
gaining attention. Some (R)-selective transaminases have been recently discovered using
in silico strategies for a sequence-based prediction of substrate specificity and enantio-
preference [44]. Optically pure (S)-amines were obtained using a recombinant w-
transaminase with 99% ee and 97% yield [45]. These enantiopure amines may find used
as inhibitors of monoamine oxidase in the treatment of neurological disorders such as
Parkinson’s and Alzheimer’s diseases.

Effective enzymatic process using enzyme evolution was developed by the
biotechnology company Codexis, in cooperation with Pfizer, to produce 2-methyl
pentanol, an important intermediate for manufacture of pharmaceuticals and liquid
crystals [46]. Recently, protein engineering expanded the substrate range of
transaminases to ketones. In a work developed by Merck and Codexis, the chemical
manufacture of sitagliptin, the active ingredient in Januvia which is a leading drug for
type 2 diabetes, was replaced by a new biocatalytic process. Several rounds of directed
evolution were applied to create an engineered amine transaminase with a 40,000-fold
increase in activity [47]. Such a process not only reduced total waste (by 19%), but also
increased overall yield (by 13%) and productivity (by 53%). Codexis scientists also
developed enzymatic processes for the production of montelukast (Singulair) and
silopenem. They also developed an improved LovD enzyme (an acyltransferase) for
improved conversion of the cholesterol-lowering agent, lovastatin, to simvastatin [48].

Optically active carboxylic acids usually synthesized through different enzymatic
routes catalyzed by lipases, nitrilases or hydroxynitrile lyases. The synthesis of 2-
arylpropanoic acids (e.g., ketoprofen, ibuprofen and naproxen) is mainly achieved
through the kinetic resolution of racemic substrates by lipases from Candida antarctica or
Pseudomonas sp. A process using a novel substrate, (R, S)-N-profenylazoles, instead of
their correspondent esters, proved to be more efficient. (R)-o-chloromandelic acid is a
key intermediate for manufacture of Clopidogrel, a platelet aggregation inhibitor, with
global sales of $10 billion per year. The asymmetric reduction of methyl o-
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chlorobenzoylformate with a versatile recombinant carbonyl reductase from S. cerevisiae
expressed in E. coli yielded (R)-o-chloromandelate.

Microbial enzymes applications in several industrial bioconversions has been
broadened by the use of organic solvents replacing water [49, 50], an important
development in enzyme engineering. Many chemicals and polymers are insoluble in
water and its presence leads to undesirable by-products and degradation of common
organic reagents. Although switching from water to an organic solvent as the reaction
medium might suggest that the enzyme would be denatured, many crystalline or
lyophilized enzymes are actually stable and retain their activities in such anhydrous
environments. Yeast lipases have been used to catalyze butanolysis in anhydrous solvents
to obtain enantiopure 2-chloro- and 2-bromo-propionic acids that are used for the
synthesis of herbicides and pharmaceuticals [51]. Lipase is also used in stereoselective
step, carried out in acetonitrile, for the acetylation of a symmetrical diol during the
synthesis of an antifungal agent [52].

There are many advantages of employing enzymes in organic, as opposed to aqueous,
media [53], including higher substrate solubility, reversal of hydrolytic reactions, and
modified enzyme specificity, which result in new enzyme activities. On the other hand,
enzymes usually show lower catalytic activities in organic than in agueous solution.

3.4. Enzymes in Therapeutic Applications

Therapeutic enzymes have a wide range of uses such as oncolytics, thrombolytics or
anticoagulants, as replacements for metabolic deficiencies and some serve as anti-
inflammatory agents (Figure 2) . The list of enzymes which have the potential to become
important therapeutic agents and its microbial sources are shown in Table 1 and Table 2
respectively. A number of factors severely decrease the potential utility of microbial
enzymes in the medical field due to large molecular size of biological catalyst which
prevents their distribution within somatic cells, and another reason is the response of
immune system of the host cell after injecting the foreign enzyme protein.

As compared to the industrial use of enzymes, therapeutically useful enzymes are
required in relatively less amounts, but the degree of purity and specificity should be
generally high. The kinetics of these enzymes is low Km and high Vmax so that it is
maximally efficient even at low concentrations of enzymes and substrates. The sources of
such enzymes should be selected with great care to prevent any possibility of undesirable
contamination by incompatible material and also to enable ready purification.
Therapeutic enzymes are usually marketed as lyophilised pure preparations with
biocompatible buffering salts and mannitol diluent. The cost of these enzymes is high but
comparable to those of therapeutic agents or treatments. As an example, urokinase is

Complimentary Contributor Copy



26 Shivaiah Nagaraju, Vinod Gubbiveeranna, Venkataramana Mudili et al.

derived from human urine and used to dissolve blood clots. Major application of
therapeutic enzymes is in the treatment of cancer and various other diseases.

Genetic Disorder
(Fabry, MPS-I, Pompe, MPS-VI

(SCID, CF, PKU) Infectious diseases |
Clotting

Anti-protozoa
Pro-coagulant

Anti-fungi
\_ Anti-bacterial

| Anti-coagulant )

Therapeutic enzymes from
microbial source

Cancer
Pro-drug activator

(o —————————m=Dn\
‘ Extracellular matrix
related aspects

._Anti-neoplastic enzymes |

h - Inflammation
Pro-inflammation
Anti-inflammation

. Enzymes in inflammatory pathways )

Figure 2. Application of therapeutic enzymes in different disorders and diseases.

Table. 1. Some important enzymes and their therapeutic importance

Enzymes Reaction Use Sources
Asparaginase L-Asparagine H20 — L-aspartate + Leukaemia E. coli
NH3
Collagenase Collagen hydrolysis Skin ulcers C. perfringens
Glutaminase L-Glutamine H20 —L-glutamate + NHz | Leukaemia E. coli SFL-1
Lysozyme Bacterial cell wall hydrolysis Antibiotic Homo sapiens
Ribonuclease RNA hydrolysis Antiviral Yeast Bacteriophages
Streptokinase Plasminogen — plasmin Blood clots Streptococci sp.
Trypsin Protein hydrolysis Inflammation Homosapiensand other
vertebrates
Uricase Urate + O2— allantoin Gout A. flavus
Urokinase plasminogen — plasmin Blood clots Bacillus subtilis
B-Lactamase B-Lactam ring hydrolysis Antibiotic resistance Citrobacterfreundii,
Serratiamarcescens
Klebsiella pneumonia
Penicillin Binding the rings of benzylppenicillin Penicillin Penicillium sp.
acylase (penicillin G) production/broad
and phenoxymethylpenicillin spectrum antibiotic
(penicillin V) production
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Various enzymes of higher quality and purity are now in clinical trials. Proteolytic
enzymes of plant and bacterial origin have been studied for the removal of dead skin of
burns. Debrase gel dressing, containing a mixture of several enzymes extracted from
pineapple, received clearance in 2002 from the US FDA for a Phase Il clinical trial for
the treatment of partial-thickness and full-thickness burns. A proteolytic enzyme
(VibrilaseTM) obtained from Vibrio proteolyticus is found to be effective against
denatured proteins such as those found in burned skin. The regeneration of injured spinal
cord have been demonstrated using chondroitinases, where this enzyme acts by removing
the glial scar and thereby accumulating chondroitin sulfate that stops axon growth [54].
Hyaluronidase has also been found to be a similar hydrolytic activity on chondroitin
sulphate and may help in the regeneration of damaged nerve tissue [55].

Table. 2. List of some of the enzymes found in different species

Source Enzyme Microorganism

Fungal Amylase Aspergillus oryzae
Glucosidases Aspergillus flavus
Proteases Aspergillus niger
Pectinases Aspergillus niger
Glucose oxidase Penicilliumnotatum
Catalase Aspergillus niger

Bacterial Amylase Bacillus subtilis
Protease
penicillinase

Yeast Invertase Saccharomyces cerevisiae
Lactase Saccharomyces fragilis

The cell wall of various pathogenic organisms, including fungi, protozoa, and
helminths is made up of chitin and is a good target for antimicrobials [56]. The lytic
enzyme derived from bacteriophage is used to target the cell walls of Streptococcus
pneumonia, Bacillus anthracis, and Clostridium perfringens [57]. The application of lytic
bacteriophages can be used for the treatment of several infections and could be useful
against new drug-resistant bacterial strains.

Cancer research has good instances of the use of microbial enzymes in the
therapeutics. Recent studies have proved that arginine-degrading enzyme (PEGylated
arginine deaminase) can inhibit human melanoma and hepatocellular carcinomas [58].
Another PEGylated enzyme, Oncasparl (pegaspargase), has shown good results for the
treatment of children newly diagnosed with acute lymphoblastic leukemia and are already
in use in the clinic.
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Table 3. A broad spectrum of idea about using the application
of enzymes in different areas

Types of industries

Enzymes

Use

Alcohol/beverage

Amylase, glucanases, proteases,
beta-glucanases, arabinoxylans,
amyloglucosidase, pullulanases and
acetolactate decarboxylase

Degradation of starch and polycarbonated
into simple sugar. Also for degrading
complex proteins into sugars thus to increase
the fermentation efficiency. Production of
low calorie beer

Fruit drinks

Cellulases, pectinases

Clarify fruit juice

Baby food

Trypsin

Predigest baby foods

Food processing

Amylase, protease and lactases

Degradation of starch and complex proteins,
softening of meat

Dairy Rennin, lipases and lactases Hydrolyzing protein, cheese production
(Roquefort cheese) and glucose production
from lactose

Detergent Protease, amylase, cellulases and To remove protein after staining, remove

mannanase insoluble starch in dish washing, removing
oils and fats and to increase the effectiveness
of detergents

Textile Amylase, pectinase, cellulases and To remove starch size, glue between the

mannanase

fiber core and the waxes, fabric finishing in
denims, degrading residual hydrogen
peroxide after the bleaching of cotton, wool
treatment and the degumming of raw silk
also known as biopolishing

Paper and pulp

Amylases, xylanases, cellulases,
hemicellulose, ligninases and esterase

Degrade starch to lower viscosity, aiding
sizing, deinking and coating paper.
Xylanases reduce bleach required for
decolorizing; cellulases and hemicellulose
smooth fibers, enhance water drainage and
promote ink removal; lipases reduce pitch
and lignin-degrading enzymes remove lignin
to softer paper, for esterification

Animal feedstock Phytase Increase total phosphorous content for
growth, increase in phytic acid need
Rubber Catalase Generate oxygen from peroxide to convert

latex into foam rubber

Oil and petroleum

Vellulases, ligninases and mannanase

Formation of ethanol, forming gel breaker in
oil drilling

Biopolymer/plastic

Laccases, peroxidases, lipases and
transglutaminases

Forming cross-links in biopolymers to
produce materials in situ by means of
polymerization processes

Pharmaceutical

Nitrile hydratase,

D-amino acid oxidase, glutaric acid
acylase, penicillin acylase,
penicillin G acylase, ammonia lyase
and humulin

Producing water soluble intermediates,
semisynthetic antibiotics, intermediate for
aspartame and biosynthetic human insulin

Molecular biology

Restriction enzymes,
DNA ligase and polymerases

Used to manipulate DNA in genetic
engineering, essential for restriction of
digestion and polymerase chain reaction,
also important in forensic science
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CONCLUSION

Enzymes have been the part of human civilization and extensively used in ancient
brewing and other uses. With the new scientific discoveries and inventions the scientists
have studies the efficiency and specificity of enzymes leading to their wide range of
applications in industries and day to day activities. Today different types of enzymes are
being manufactured and used in industries like food, dairy, detergent, and chemical as
well as for their important lifesaving therapeutically used medicines.

Various new technologies have been developed and are still developing to
manufacture both bulk and added value products utilizing enzymes as biocatalysts, in
order to meet needs such as food (e.g., bread, cheese, beer, and vinegar), fine chemicals
(e.g., amino acids, vitamins), agricultural (growth hormones), and pharmaceuticals
(insulin). Enzymes are also used to provide services, as in washing and environmental
processes (especially clean-up processes) or for analytical and diagnostic purposes. The
goal of these approaches is to design innovative products and processes that are not only
competitive but also meet criteria of sustainability and economic viability.

Extensive research is being conducted to produce enzymes from microbes. Since then
many microorganisms and their enzymes with unique function have also been discovered
by means of extensive screening, and now they are commonly used in different industrial
and medical fields. Development of these medically important enzymes has been at least
as extensive as those for industrial applications thus reflecting the magnitude of the
potential rewards of this sector in the near future.
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ABSTRACT

Ureases (urea amidohydrolases; EC 3.5.1.5) are nickel-dependent enzymes that
catalyze the hydrolysis of urea into 2 mole of ammonia and 1 mole of carbon dioxide.
Urease activity tends to increase the pH of surrounding environment as it produces
ammonia, a basic molecule. These enzymes are widespread in nature, being synthesized
by plants, fungi and bacteria, but not by animals. Plant and fungal ureases are hexamer of
single type of ~90 kDa subunit with about 840 amino acids whereas, bacterial ureases are
multimers of two or three polypeptide chains that correspond to the single chain of the
plant/fungal urease. Urease from the bacterium Klebsiella aerogenes was the first to have
its tridimensional structure solved by crystallography in the year 1995. Since then ureases
from several bacterial strains have been studied. First application of urease enzyme was
to detect Helicobacter pylori in stomach and it was restricted to be used as a diagnostic
tool to detect the presence of pathogens in gastrointestinal or urinary tract as these
pathogens produce urease. Later, Urease conductometric biosensors were innovated for
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Complimentary Contributor Copy



36 Dweipayan Goswami, Janki Thakker and Pinakin Dhandhukia

detection of heavy-metal ions which consisted of interdigitated gold electrodes and
enzyme membranes were used for a quantitative estimation of heavy-metal ions in
polluted water. The most astonishing use of urease producing microbes is been made in
the process called Microbially induced calcium carbonate precipitation (MICP). Under
natural conditions, the precipitation of carbonates occurs very slowly over long
geological times. In order to produce large amounts of carbonates rapidly, microbes could
employ with the ability to create conditions for precipitation of carbonates in shorter
times. Urea hydrolysis by ureolytic bacteria in presence CaCl, aids this process by
creating alkaline environment where high amounts of carbonates precipitate briefly
describe this process. Bacterial strains that are been reported to achieve efficient
carbonate precipitation are Bacillus pasteurii, Pseudomona ssp., Variovorax sp.,
Leuconostoc mesenteroides, Micrococcus sp., Bacillus subtilis, Deleya halophila,
Halomonas eurihalina and Myxococcus xanthus. The use of MICP has gained importance
due to its wvarious applications that includes removal of heavy metals and
radionucleotides, removal of calcium from wastewater and biodegradation of pollutants,
atmospheric CO; sequestration, remediation of building materials, in cement industry to
produce self-healing cement preparations, sealing cracks restoration of monuments;
preparing eco-friendly bricks where soil used is bio-calcified, modifying the properties of
soil thus, bacterial carbonates produced by the action of urease are serving many
interdisciplinary fields.

Keywords: self healing concrete, bioaugmentation, urolysis, calcium precipitation

1. INTRODUCTION
1.1. Enzyme

Enzymes are the natural biocatalysts which aids the biochemical reaction to occur
spontaneously. All enzymes are proteins which possess catalytic ability. Starting
molecule on which enzyme acts is known as substrate and the molecule produced after
the action of enzyme is known as product [1]. Enzymes are found in all the living
organisms and they carry out biochemical reactions in the cell of the living organism [2].
Enzymes are highly specific in their action on substrates and often many different
enzymes are required to bring about, by concerted action, the sequence of metabolic
reactions performed by the living cell. Enzymes occur in every living cell, hence in all
microorganisms. Each single strain of organism produces a large number of enzymes,
hydrolyzing, oxidizing or reducing, and metabolic in nature [3].

The enzymes are been used since many centuries by humans long before the nature
or function of enzymes was understood [4]. In brewing enzymes were used for
conversion of starch from barley malt, for bating of hides in leather making, are examples
of ancient use of enzymes. Action of enzymes responsible for bringing out such
biochemical reaction started being familiar in this century. After such understanding,
crude preparations from certain animal tissues such as pancreas and stomach mucosa, or
from plant tissues such as malt and papaya fruit, were prepared which found applications
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in the textile, leather, brewing, and other industries [2]. Once the mechanics enzyme
action became known, efforts were made to search more readily available sources of
enzymes, less expensive enzyme with better efficiency and develop low cost enzyme
preparations. It became evident that certain microorganisms produce enzymes similar in
action to the amylases of malt and pancreas, or to the proteases of the pancreas and
papaya fruit. This led to the development of processes for producing such microbial
enzymes on a commercial scale [5]. Some microbial enzymes that gained tremendous
importance on commercial scale are: Amylases, Proteases and Penicillinase which are
produced by bacteria [6]; Amylases, Glucosidases, Proteases, Pectinases, Glucose
oxidase and Catalase from fungi [7] whereas, Invertase and Lactase from yeast [8].
Bacterial urease initially used to detect Helicobacter pylori in stomach and it was
restricted to be used as a diagnostic tool to detect the presence of pathogens in
gastrointestinal or urinary tract as these pathogens produce urease [9]. Later, Urease
conductometric biosensors were innovated for detection of heavy-metal ions which
consisted of interdigitated gold electrodes and enzyme membranes were used for a
quantitative estimation of heavy-metal ions in polluted water [10]. Most recent
application of bacterial urease is made in the process known as ‘Microbially induced
calcium carbonate precipitation’ (MICP). Thus, the remaining part of the chapter will
focus on the microbial ureases and their role in MICP [11].

1.2. Urease

Urease (E.C. EC 3.5.1.5) belong to the superfamily of amidohydrolases. All the
enzymes which act on amide bolds to hydrolyze them belong to the superfamily of
amidohydrolases. Urease acts on the amide bold of urea to catalyze the production of
ammonia and carbamate. The latter compound spontaneously decomposes to yield
another molecule of ammonia and carbonic acid. Thus, urea is also known as urea
amidohydrolase. Chemical reaction followed by urease is as follows:

NH, — CO — NH, + H,0 - NH; + H,CO,

In solution, the released carbonic acid and the two molecules of ammonia remain in
equilibrium with their deprotonated and protonated forms, respectively. Thus as a result
of such reaction there is an increase in pH which is described as follows:

H,CO; = HY + HCO3

2NH; + 2H,0 = 2NH} + 20H™
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In the history of science, coincidently urea was the first molecule to be synthesized
[12] while urease from jack bean was the first enzyme crystallized [13]. Moreover, urease
was the first enzyme to contain nickel [14, 15].

The application of urease was initially proposed by Mobley and Hausinger [16]
where they hypnotized (1) urease to serve as a virulence factor in human and animal
infections of the urinary and gastrointestinal tracts (2) urease to recycle nitrogenous
wastes in the rumens of domestic livestock and (3) urease to play a role in environmental
transformations of nitrogenous compounds, including urea based fertilizers.

Urease is a metalloenzyme that requires nickel (Ni) for its function. Urease from
Helicobacter pylori is been studied the most and considered as a model urease enzyme.
Urease enzyme is encoded by the gene cluster of seven genes designated ureABIEFGH.
This gene cluster is of 6.13 kb located on the chromosome of H. pylori urease are located
as a single 6.13-kb gene cluster on the chromosome of the bacterium [17, 18] (Figure 1).
All the genes in the cluster is transcribed in the same direction [19, 20]. All of the genes
except urel share homology with urease genes of other species, including Bacillus sp.
TB-90 [21], Klebsiella aerogenes [22, 23], Proteus mirabilis [24-26]; , Ureaplasma
urealyticum [27, 28], Yersinia enterocolitica [29, 30], and the jack bean [31].

All of these seven genes can be classified as structural genes and accessory genes.
The first two genes of the urease gene cluster i.e., ureAand ureB encodes for structural
subunits of urease enzyme. Their gene products UreA and UreB are suspected to have
molecular weight 26.5 kDa and 60.0 kD are respectively. Three copies of each
subunitUreA and UreB assembles to form an inactive apoenzyme. Whereas, urel, ureE,
ureF, ureG, and ureHare accessory genes of urease gene cluster. Proteins produced by
expression of these accessory genes interact with the apoenzyme and deliver nickel ions
to the active site in an energy-dependent process. There is no firm evidence for the
presence of regulatory gene in urease gene cluster, however ureR of P. mirabilis is
thought to activate urease and unlike other genes of urease gene cluster it is transcribed in
opposite direction to the rest of the genes, similar function is to be said for ureD gene of
Bacillus sp. strain TB-90. Gene urel is unique to H. pylori, the remaining accessory genes
encode proteins that share homology with gene products of the urease gene clusters of
other bacterial species.

On the basis of nucleotide sequence of the urease genes of H. pylori and other
bacteria, it is certain that all ureases share a common ancestral gene. Despite the fact that
ureases are composed of multiple copies of one (jack bean), two (all helicobacters), or
three (all other bacterial species) distinct subunits, the amino acid sequences are well
conserved. For example, UreA of H. pylori shares 48% and 42% amino acid sequence
identity with the corresponding N-terminal sequences of the jack bean urease subunit and
the combined sequences of UreA and UreB of P. mirabilis, respectively [24, 25, 31]. The
entire sequence of the structural subunits of H. pylori shares 58% identity with the urease
of K. aerogenes [19, 23]. P. mirabilis, K. aerogenes, Bacillus sp. TB-90, Y. enterocolitica
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possess three structural genes ureU, ureB and ureC in contrast to H. pylori which
contains only two structural genes, ureA and ureB. P. mirabilis, K. aerogenes, Bacillus
sp. TB-90, Y. enterocolitica possess three structural genes ureU, ureB and ureC in
contrast to H. pylori which contains only two structural genes, ureA and ureB.

ureA ureB urel ureE ureF ureG ureH
oo oo
A B Nit2 Ni+2
T g
=\
(Ao ) A /B

Figure 1. Model for synthesis of a catalytically active urease in H. pylorias described by Mobley (2001)
with modification. Gene ureA and ureB produce proteins that form the structural subunit of urease
enzyme which is an apoenzyme. This structural subunit gets activated only after receiving nickel ions.
Gene urel do not code for structural or accessory proteins. Whereas, ureE, ureF, ureG and ureH
produce accessory proteins which aids in the process of delivering nickel ions to apoenzyme, where by
active enzyme is formed.

Urease from plant Jack bean ure
Canavalia ensiformis 90.77
kD
P irabili ureR ureD ureA  ureB ureC ureE urel’ ureGG
b UL LTS 34.0 31.0 1o 122 61.0 179 230 23.4
kD kD kD kD kD kD kD kD
IR, LR ureld ureA ure3 ureC itreE urel’ ureGG
* & 29.8 M1 117 60.3 17.6 26.2 21.9
kD kD kD kD kD kD kD
v Liti ureA ureB ureC ureE ureF ureG ureD
- enterocolitica 1.1 17.9 61.0 29.8 25.0 24.1 36.4
kD kD KD kD kD kD kD
4 \
T ireA ureB L urel | ureE ureF ureG ureH
H. pylori Pens 60.3 —575 19.5 28.6 21.7 29.6
kD kD kD kD kD kD kD
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Figure 2. Description of urease gene cluster organization in various bacteria as described by Mobley

et al. [33]. The genetic organization of urease gene clusters is depicted for the five bacterial species and
for urease from Jack bean is described. The relative positions of each gene are assigned as predicted by
the nucleotide sequence and rely on the same scale. Gene ureR of P. mirabilis is identified as a
regulatory gene in the urea-inducible urease. Structural genes encode the subunit polypeptides that form
the enzyme itself. Accessory genes encode polypeptides that play a role in the assembly of the nickel
metallocenter. Gene ureL genes of H. pylori and Bacillus sp. TB-90 have no known function. ureH of
Bacillus sp. strain TB-90 appears to be involved with nickel transport.
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Mobley et al. [33] vividly described the organization of the urease genes of the five
species (P. mirabilis, K. aerogenes, Bacillus sp. TB-90, Y. enterocolitica and H. pylori)
for which the entire nucleotide sequence (Figure 2) They suggested that, there appears to
be significant diversity with respect to the organization of genes among different
microorganisms at first sight. Still, there are some general themes. (1) Urea inducible
gene clusters begin with the ureR regulatory gene, which is transcribed in the direction
opposite to that of the rest of the gene cluster. (2) Structural subunit genes are always
aligned the same way, from smallest subunit to largest subunit. (3) Accessory genes
ureEFG are always contiguous. (4) Gene ureD and its Helicobacter homolog ureH can
either precede structural gene urea or follow ureG. From the data available, the minimal
requirements for synthesis of a catalytically active urease appear to include the structural
subunit genes and four accessory genes (i.e., seven genes in total for the common three-
subunit urease systems). Using P. mirabilis or K. aerogenes as examples, ureABC are
required for assembly of the catalytically inactive apoenzyme and ureDEFG are required
in-vivo for assembly of the nickel metallocenter, the completion of which results in active
enzyme. Additional genes such as ureL of H. pylori or ureH of Bacillus sp. strain TB-90
play specialized functions that are not required for the expression of active ureases of all
species. Two ORFs, designated ureC and ureD, were originally assigned to the H. pylori
urease gene cluster but lack of significant function and the lack of homologs in other
species, dropped these two putative genes from our current model of the H. pylori urease
gene cluster.

Subunit UreB is found to be the active site of the enzyme, where amino acid residues
found throughout the primary structure are brought into proximity in the tertiary structure
[34]. Amino acid numbering of UreB subunit specific for H. pylori [18], residues His-
136, His-138, Lys-219, His-248, His-274, and Asp-362 come in direct contact with the
two nickel ions, urea, or a water molecule at the active site. In addition, His-322 exists
near the active site, acts as a general base in the catalysis. The mechanism by which urea
is hydrolysis by urease follows the scheme which was initially described by Zerner's
group for the jack bean urease [15, 16, 32]. Briefly, urea binds in O-coordination to one
nickel ion aided by His-221. As an active base, His-322 activates a water molecule bound
to the other nickel ion. Attack by the metal-coordinated hydroxide on the substrate carbon
atom results in a tetrahedral intermediate that bridges the two nickel sites, a proton is
transferred to the intermediate with accompanying ammonia release, and water displaces
the carbamate to complete the cycle.

Later, new stains were determined to possess similar urease gene cluster. Whole
genome sequence of Pseudomonas aeruginosa PAOL submitted by Nouwens et al. [35]
suggested the presence of urease gene cluster in the chromosomal DNA from the locus
5462763 bp to 5489011 bp. Data suggested that urease gene cluster possessed 7 genes
namely ureABCGFED. The arrangement of genes in the urease cluster is found to be
similar to K. aerogenes.

Complimentary Contributor Copy



Urease Producing Microbes to Aid Bio-Calcification 41

. 843 bp/ 303bp/ 306bp/ 1701bp/ 504bp/ 672bp/ 615bp/
Pseudomonas aeruginosa 280 aa 1002a 101 aa 566 aa 167 aa 223 aa 204 2a
PAO1 ureD ureA ureB ureC ureE ureF ureG
- . 30.759 10.98  10.98 60.611 18.81 24.636 21,991
(Map position: 87.22to 87.61 centisomes) kD kD kD kD kD kD kD

Figure 3. Organization of urease gene cluster in Pseudomonas aeruginosa PAOL. The arrangement and
the size of the genes in the cluster is similar to K. aerogenes as described in Figure 1.

Not all strains of Pseudomonas possess ability to produce urease [36]. To identify the
presence of urease coding genes in the genomic DNA of the strains belonging to
Pseudomonas genus, we have designed primers which can be used to amplify these genes
confirm their presence [37]. To identify ureA, the primers are UreA FP- 5’-
GCGAGAAAGACAAGCTGCTG-3” and UreA_RP- 5’-GCCCTCCATCACCTGCTC-
3’where the expected product size is 200 bp. For ureB primers are UreB_FP- 5’-
GATATCGAACTCAACGCCGG-3’ and UreB_RP-5’-ATTTCCACCAGCTCCACCTC-
3’ where the expected product size is 218 bp. For ureC primers are UreC_FP- 5’-
GTTCAGCATGATCAGCTCCG-3* and UreC_RP- 5’-TGTGGATCAGGTCGGTCT
TC-3* where the expected product size is 524 bp. For ureD primers are UreD_FP-5’-
CGAACTGGAAACCCGTATCC-3* and UreD_RP 5’- CCAGAGTTCGATCAGCC
AGG-3” where the expected product size is 394 bp. For ureE primers are UreE_FP 5°-
CGAAGAACTCCACCTGACCT-3’ and UreE_RP 5’-ATGGTGCGAGTGGTGGTG-3’
where the expected product size is 400 bp. For ureF primers are UreF_FP 5°-
ATACAGCTATTCCCAGGGCC-3* and UreF_RP 5°- CAGGGTTTTCATCAGCACC
G-3” where the expected product size is 445 bp. For ureG primers are UreG_FP 5’-
GGACGCCTCGATCAACCT-3’ and UreG_RP 5°- GATGATTTCGTCCAGCCCCT-3’
where the expected product size is 346 bp. We designed these primes and detected the
presence of urease gene cluster in Pseudomonas aeruginosa stain BG, strain also showed
induction of these genes in presence of urea and the maximum urease activity detected
was 17.92 + 1.79 unit min™t mI* [37]. Over the period of time several new strains are
detected with an ability to produce urease enzyme and continuous effort is been made to
exploit these urease producing strains in agriculture, detection of infections of the urinary
and gastrointestinal tracts, recycling nitrogenous wastes in soil, etc. Thus, after having
understood the basics of microbial ureases we will focus on the role of these microbes in
the process of MICP.

1.3. Outline to MICP

Microbially induced CaCOs precipitation is also known as biocalcification, this
process is omnipresent and plays an important cementation role in natural systems
including soils, sediments, and minerals [38, 39]. Microbes that are heterotrophic in
nature, obtain carbon from organic compounds by biotransformation of organic nitrogen
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compounds using urea hydrolysis and aids biocalcification as a secondary process. Other
microbial process such as oxidation of organic compounds under denitrifying, sulfate
reducing and methanogenes is also aids biocalcification [40, 41]. Furthermore,
chemosynthetic and photosynthetic autotrophs viz. the organisms that can use CO; as
their carbon source are also capable to induce precipitation of carbonates during their
CO2 removal from bicarbonate-containing solutions when there is an adequate supply of
Ca?* or other appropriate cations [42]. Thus any of these microbial process where soluble
Ca?" is been converted to insoluble CaCOQs is termed as MICP or biocalcification.

1.3.1. Role of Ureolytic Bacteria in MICP

Among the different mechanisms of MICP, urea hydrolysis (or ureolysis) assisted
biocalcification is most efficient out of all the processes known.

MICP induced by the hydrolysis of urea by urease producing microbes involves
following 4 reactions:

Reaction 1. NH, — CO — NH, + H,0 — NH; + NH,COOH
Reaction 2. NH,COOH + H,0 = NH; + H,CO;

Reaction 3. H,C0; = H* + HCO3

Reaction 4. NH; + H,0 = NH} + OH~

Reaction 5. Ca*™? + HCO; = CaCO; + H,0

Urea is initially hydrolyzed to carbamate and ammonia in reaction 1 [16].
Spontaneously carbamate is hydrolyzed to give carbonic acid and ammonia (Reaction 2),
which themselves undergo hydrolysis according to Reactions 1 and 4, with equilibrium
constants of pK1 6.3 and pKa 9.3, respectively. Thus, these values suggests that there
will be a net increase in pH of reaction mixture. Under alkaline conditions solubilized
calcium, will gets precipitated of CaCOj3 (Reaction 5).

MICP is thus an complex process when it is naturally occurring in soil under non-
controlled conditions which is adroitly balanced by four parameters: (1) dissolved
inorganic carbon (DIC), (2) pH, (3) abundance of nucleation sites, and (4) calcium
concentration. The first three parameters are directly affected by urea-hydrolyzing
(ureolytic) microbial activity, as described in Reactions 1 to 4, and by bacterial cell
abundance (with the bacteria providing nucleation sites) [43].

When the process of MICP is applied in soil, two major approaches implemented: (1)
At a site of MICP is to be performed, a specific ureolytic bacterial strain is added
together with urea, nutrients and calcium and this process of MICP is known as
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bioaugmentation; and (2) Another process of MICP is biostimulation, where indigenous
ureolytic bacteria are first provided nutrition for their growth and once their biomass in
built up they are provided with a substrate designed to stimulate CaCOs; precipitation.
Success rate of In situ bioaugmentation is low, because the strain of bacterial culture
introduced in the soil often fail to survive as the indigenous flora of soil provide
competition for nutrient uptake and at times the introduced bacterial strain fail to survive
[44]. In contrast, Biostimulation, encourages the growth of native soil microfauna capable
to produce urease through the manipulation of specific growth conditions. The only
possible a possible drawback of this method is that if the initial soil concentration of
ureolytic bacteria is low then it might limit the rate of ureolytic MICP at the treated site
[45].

1.3.2. Bacterial Surface Assists MICP

It is hypothesized that process of microbial MICP starts on the surface of bacterial
cell wall. At neutral pH, there are several negatively charged domains on the surface of
bacterial cell wall which acts as a locus for the binding of charged metal ions, favoring
heterogenous nucleation [41]. The process of MICP initiates as carbonate precipitates
develop on the external surface of bacterial cells by successive stratification [43-45] and
slowly bacterial cell gets embedded in growing carbonate crystals around them [46].
Possible biochemical reactions occurring on the cell surface of ureolytic bacteria in the
process of MICP are as follows:

Ca*? + Cell - Cell — Ca*?
Cl™ + NH; + HCO; — NH,Cl + CO3*?
Cell — Ca*® + C03% - Cell — CaC04

Despite of research done on microbial MICP, the actual role of the bacterial
precipitation of CaCOs, remains a matter of debate. According to Dhami et al. [47] some
authors believe this precipitation to be an unwanted and accidental by-product of the
metabolism while others think that it is a specific process with ecological benefits for the
precipitating organisms [48].

1.3.3. Approach to Gauge MICP

As the end product of MICP is CaCOs in its insoluble form, the most simple and the
efficient way is to perform Scanning electron microscopy of the sample in which MICP is
performed [47, 48]. Another approach is to perform X-ray diffraction (XRD) as the
diffraction pattern CaCQOs is specific and if the sample to be analyzed for XRD contains
characteristic diffraction pattern of CaCOs, then it confirms its presence [49]. SEM
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analysis of MICP studies have suggested that CaCOs is been precipitated by bacteria in
different phases [50]. Calcium carbonate forms three anhydrous polymorphs viz. calcite,
aragonite and vaterite, two hydrated crystalline phases viz. monohydro -calcite
(CaCO3-H20) and ikaite (CaCOs-6H20), and various amorphous phases (ACC) with
differences in short range order and degree of hydration [51, 52] (Figure 4). Despite of
several polymorphs of CaCOs, vaterite and calcite are the most common polymorphs
produced during MICP [53], mineralization of monohydrocalcite [54] and aragonite [46]
have also been reported.

Figure 4. Various polymorphs of CaCOs (http://www.ruhr-uni-bochum.de/sediment/forschung.html,
http://www.ruhr-uni-bochum.de/sediment/pictures/CaCO3_web1.jpg).

The process of MICP can be easily carried out in vitro, when ureolytic bacteria is
allowed to grow in medium containing urea and a source of calcium, generally CaCl.is
used for this purpose. One of the simplest study of MICP is described by Sarda et al. [49],
where they have used an ureolytic strain, Bacillus pasteurii NCIM 2477 to carry MICP
on the surface of fired brick. Simple procedure was employed where Bacillus pasteurii
NCIM 2477 was allowed to grow in the medium fortified with urea and CaCl,. Fired
brick was kept in this medium for 4 weeks. After incubation, brick was removed from the
growth medium and its surface was scraped and analyzed for deposition using XRD.
Result of such analysis suggested that the scraped surface of brick contained CaCOs.
They also achieved MICP on the surface of fired bricks using other strains
Brevibacterium ammoniagenes ATCC 6871 and Bacillus lentus 2466-NCIB 8773 which
were also possessing urease activity.

Similarly, we achieved MICP in shake flask conditions using Pseudomonas
aeruginosa strain BG (KC87466) which possessed maximum of 17.92 + 1.79 unit
min® ml? urease activity [37]. To achieve MICP we performed a simple experiment
where P. aeruginosa strain BG was allowed to grow in the half strength nutrient broth
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supplemented fortified with CaCl, (1% wi/v) as a soluble source of calcium and
5 ml of 40% Urea in 100 ml broth. Allowing the strain to grow for one week under
optimum growth conditions (27 + 2°C under shake flask condition), the CaCO3 formed
and bacterial biomass was harvested by centrifugation and dried at 100°C overnight and
analyzed for XRD analysis and SEM analysis.

X1,0888 18mm 15kV X2, 708 Sam JSM-5618

Figure 5. The SEM image suggesting formation of calcite polymorph of CaCO;by the process of MICP
using Pseudomonas aeruginosa strain BG.
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Figure 6. (a) Characteristic diffraction pattern of pure CaCOsis seen with a peak at 29° under 2-Theta

scale (b) is the diffraction pattern of sample in which MICP is performed, characteristic peak at 29°
under 2-Theta scale of CaCO; is also observed confirming its presence.
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Here, our results supports the findings of Gonzalez-Mufiozetal [53] who claimed that
vaterite and calcite are the most common polymorphs produced during MICP. The XRD
analysis of same sample was carried out to detect the presence of CaCOs; formed by
P. aeruginosa strain BG.

XRD analysis of the sample also suggests the presence of CaCO; produced by MICP
(Figure 6). Thus, any strain capable of hydrolyzing urea can be tested for MICP using
SEM and XRD analysis.

1.4. Application of MICP

The use of MICP in preparing microbial concrete has become the most fascinating
application in civil engineering. MICP is used in enhancing durability of cementitious
materials for enhanced strength, to repair of limestone monuments, for sealing cracks in
concrete structures, etc. The ultimate goal for the use of MICP is to provide low cost and
durable roads, high strength buildings with more bearing capacity, long lasting river
banks, erosion prevention of loose sands and low cost durable housing [47, 48]. Other
than using MICP in civil engineering, it has shown potential to be used in other
interdisciplinary fields such as, removal of heavy metals and radionuclides,removal of
calcium from wastewater, biodegradation of pollutants and atmospheric CO;
sequestration [47].

1.4.1. MICP to Enhance Compressive Strength of Concrete

Compressive strength, permeability and corrosion the some of the properties to be
examined for determining the quality of concrete. However, the primary test to determine
quality of concrete is to check its compressive strength [47]. Achal and colleagues [55-
58] has described the role of MICP in enhancing the compressive strength of cement,
where urease producing Bacillus sp. CT-5 was used induce MICP in Ordinary Portland
Cement under the presence of CaCl, and Urea. This treatment showed to enhance
compressive strength by 36% in concrete. Further, the treated cement was analyzed for
SEM imaging, were precipitated CaCOs; was visualized confirms MICP to have been
induced by Bacillus sp. CT-5. To determine the role of urease producing strain vs. urease
non-producing strain in MICP, Ghosh et al. [59] studied the positive potential urease
producing of Shewanella on compressive strength of mortar specimens and reported an
increase of 17% and 25% after 7 and 28 days. But when mortar was treated with urease
non-producing strain, Escherichia coli no noticeable increase was recorded. This
concluded that urease producing microorganism plays the prime role in improvement of
compressive strength of cement. Urease producing strain, Sporosarcina pasteurii
enhanced compressive strength of cement by 17% is reported by [55-58]. Jonkers and
Schlangen [60] reported the enhancement in the compressive strength of concrete up to
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10 % by two urease producing strains, Bacillus pseudofirmus and Bacillus cohnii. More
recent studies with the treatment of cement by Arthrobacter crystallopoietes showed
enhancement in its compressive strength by 22% which was the higher compared to
Sporosarcina soli, Bacillus massiliensis and Lysinibacillus fusiformis used along with
[61]. As discussed earlier permeability and corrosion are other parameter to gauge quality
of cement, Ramakrishnan et al. [62] showed increase in resistance of concrete toward
alkali, freeze thaw attack, drying shrinkage and reduction in permeability upon
application of bacterial cells. Achal et al. [58] treated mortar cubes with Bacillus sp.CT-5
and reported reduction in water absorption by six folds as compared to untreated
specimens. Thus, research cited since late 90’s till date suggests that several microbes
with urease producing ability has been shown to induce MICP in cement which
ultimately aids in enhancing the compressive strength of concrete.

1.4.2. MICP to Overhaul Cracks in Concrete

There are few reports that claim the use of MICP in the repair of cracks in the old
concrete structures. Ramachandran et al. [63] proposed the use of MICP in concrete crack
remediation. Specimens were filled with bacteria, nutrients and sand. There was an
increase in compressive strength and stiffness values as compared to those without cells.
Process of MICP was more prominently observed on the surface of the cracks due to
better availability of air as the bacterial biomass grew more dominantly in presence of
oxygen. Also, the pH of the concrete is highly basic which negatively affects the growth
of bacteria, to overcome such constraints polyurethanes were used as vehicle for
immobilization of calcifying enzymes and whole cells because of its mechanically strong
and biochemically inert nature [47]. Further studies for the use of bacteria by their
encapsulation in polyurethanes were performed by Bang et al. [64], investigation reported
positive potential of microbiologically enhanced crack remediation by polyurethane
immobilized bacterial cells. The study was also designed to understand the effect of
immobilized bacterial cells on strength of concrete cubes by varying the concentration of
immobilized cells per crack where, the highest compressive strength was obtained with
cubes remediated with 5 X 10° immobilized cells per crack for 7 days while after that,
increase in strength was found to be marginal. For confirmation of MICP occurring in the
cracks, SEM imaging and its analysis was also followed by them. Further, in 2008 there
was a report for the use of urease producing B. sphaericus in the process of MICP for the
repair of cracks in concrete [65]. Later, Qian et al. [66] also reported that compressive
strength of treated specimens could be restored to 84% upon treatment of bacterial
calcite. Thus, since 2000’s the research to exploit MICP in various civil engineering
applications have been tried and tested which has shown fruitful results.
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1.4.3. Removal of Heavy Metals and Radionucleotides

The use of MICP to remove heavy metals and radionucleotides from groundwater has
vividly been described by Reddy et al. [48]. To give brief account, groundwater gets
contaminated with heavy metals and radionucleotides due to their improper disposal. The
previously known method to pump out and treat have been found ineffective. To this
constrain, MICP act as a boon. Briefly, MICP causes precipitation of radionuclide and
contaminant metals into calcite as competitive co-precipitation reaction in which suitable
divalent cations are incorporated into the calcite lattice [47, 48]. Following is an example
of strontium precipitation by microbes:

N0gr+2 + OH™ 4+ HCO; - SrC03 1 + H,0

These cations and radionuclides merge into the calcite structure by substitution of
calcium ions in the microenvironment of the mineral precipitate. This forms insoluble
strontium-carbonate minerals [67, 68]. Warren et al. [69] reported 95% capturing of the
total strontium in solid phase by MICP using S. pasteurii. Lately, Achal et al. [57]
reported positive potential in remediation of Arsenic contaminated sites by Sporosarcina
ginsengisoli CR 5 and bioremediation of copper by Kocuria flava CR1.

1.4.4. Repossession of Environmental Carbon Dioxide

Human activities such as excessive use of fossil fuels, developing electricity from
coal etc., is causing an increase in the concentrations of carbon dioxide (CO.). The only
natural way to recycle this CO; is by their uptake by plants, but the rate by which CO; is
formed, is not met by plant uptake. The possible solution to this problem is by MICP
where atmospheric CO- solubilized in water, which is then precipitated in carbonate
minerals. To describe few examples, Dupraz et al. [70] used S. pasteurii to transform CO,
to solid carbonate in artificial groundwater and termed this process as mineral trapping.
Jansson and Northen [71] used cyanobacteria for point-source carbon capture and
sequestration where the cyanobacteria utilize solar energy through photosynthesis to
convert carbon dioxide to calcium carbonate [72].

CONCLUSION AND FUTURE PERSPECTIVES

There are several microbes which possess ability to produce ureases. Research on the
strains producing ureases started back in 1960’s but their use in the process of MICP is
quiet recent. Despite of several strains capable to produce urease, none of them have
gained title of model organism to study MICP. The process of MICP have shown several
desirable applications as mentioned above but none of them are been used on large and
industrial scale. Process of MICP has still to be studied in depth under in situ conditions
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for several applications such as removal of heavy metals and radionucleotides from
groundwater. In the process of development biocement, MICP has shown great promise,
yet the research has not come up with a defined urease producing strain, nor is specific
process for using MICP in cement industry has developed. Thus, the use of urease
producing strains in MICP is well understood and studied but effort has to be made in
using MICP on the larger scale.
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ABSTRACT

Microbial fuel cell (MFC) or modified MFC is a promising technology for organic
waste treatment and sustainable bioelectricity production. In this system, microorganisms
are used as biocatalysts to transform chemical energy or light energy into electricity. It is
considered as a prominent source of bioenergy in the present crisis of conventional fuel
sources. MFC has great potential as a source of renewable energy, wastewater treatment
process, heavy metals removal and biosensor for oxygen and pollutants. Different
microbial catalysts and engineering approaches have been examined to exploit the
maximum effectiveness of the MFC. In this work, the recent development, applications
and prospects of MFC from different aspects have been discussed briefly.

1. INTRODUCTION

The concerns of global fossil fuel depletion, uprising cost and environmental
pollution from fossil fuel combustion are driving the search for carbon-neutral, non-
edible feedstocks, renewable energy alternatives, the security and diversification of

* Corresponding Author’s E-mail: mizanur.rahman@du.ac.bd.
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energy supply. In these circumstances, global production of biomass and biofuel is
growing rapidly. There are many scenarios that predict a high potential for biomass in the
future and many studies have been performed in recent decades to estimate the future
demand and supply of bioenergy. In recent years, one of the most advancement in
bioenergy utilization is the development of fuel cells which are considered as an
alternative energy technology and implemented in full-scale in numerous field of
industries [1]. Fuel cells usually convert the chemical energy of fuel into electricity
through chemical reactions. They are distinguished according to the types of electrolyte
and catalyst used. Among different types, microbial fuel cells (MFCs) have garnered
rapid increase in application as they are unique in their ability to utilize electrochemically
active microorganisms as biocatalysts for converting the chemical energy of feedstock
directly into electricity, when compared to enzymes or inorganic compounds or
molecules [2]. Microorganisms are used in MFCs to generate electricity while
accomplishing the biodegradation of organic matters or wastes. Microbes in the anodic
chamber of an MFC oxidize the substrates and generate electrons and protons in the
process while, carbon dioxide is produced as a by-product. However, there is no net
carbon emission because the carbon dioxide in the renewable biomass originally comes
from the atmosphere into the added substrates and generates electrons and protons in the
process.

In recent years, this concept of energy generation from biomass using the microbial
metabolism has drawn special attraction of the researchers, which has led to dramatic
raise in developments, and modifications of MFCs. Many recent reviews have discussed
on this prospective field of energy generation. Logan et al. provided a review of the
different materials and methods used to construct MFCs and techniques used to analyze
system performance [3]. They also recommended the evidence that should be included in
MFC studies and the most convenient ways to present the results. Some reviews
highlighted recent advances in MFC research and summarized the application of MFC in
energy production in last 100 years [4]. Other reviews focused on engineering designs
and studies of biological aspects of MFCs to improve interactions of anode and
microorganisms [5-13]. The main limiting factors of MFC operation and remedial
suggestions have been discussed in some articles [14, 15]. Applications of MFC in
wastewater treatment, biorecovery and their environmental aspects have been discussed
in a handful numbers of reviews [16-28].

This book chapter will examine most recent design of the MFC’s, their current uses,
potential future applications and the limitations to implement those applications. It will
also suggest some probable scopes of improvement in design of MFCs and will
recommend their potential applications for future.
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2. FUEL CELL

A fuel cell is a device that converts the chemical energy of fuel into electricity
through a chemical reaction of oxygen or another oxidizing agent with hydrogen or
hydrocarbons, where the oxygen and a hydrogen-rich fuel combine to form water [29]. It
is like a battery where the energy is released electro-catalytically instead of being
combusted. Both batteries and fuel cells convert potential energy into electrical energy
and also into heat energy as a byproduct. Traditional battery stores chemical potential
energy within it and is discarded once the energy is depleted or an external supply of
electricity is used to drive the electrochemical reaction in the reverse direction. In
contrast, a fuel cell can run indefinitely using external supply of chemical energy, as long
as it is supplied with a source of hydrogen and a source of oxygen (usually air). In
addition, it can be made highly energy efficient, especially if the heat produced by the
reaction is also harnessed for space heating, driving refrigeration cycles etc.

2.1. History

There is some ambiguity regarding who discovered the principle of fuel cells.
According to the Department of Energy of the United States, German chemist Christian
Friedrich Schonbein, first conducted scientific research on the phenomenon of fuel cell in
1838 [1]. It is asserted that Sir William Robert Grove introduced the concept of hydrogen
fuel cell before Friedrich Schénbein could come with his discovery [30]. Grove
discovered that a constant current could be found to flow between the electrodes by
immersing two platinum electrodes on one end in a solution of sulphuric acid and the
other two ends separately sealed in containers of oxygen and hydrogen. Later on, in 1893,
Friedrich Wilhelm Ostwald, considered the founder of the chemistry-physics,
experimentally determined the interconnection of various components of a fuel cell such
as electrodes, electrolyte, oxidizing and reducing agents, anions and cations [31]. The
first fuel cell with practical applications was developed by William W. Jacques in 1896,
and in 1900, where zirconium was first used as solid electrolyte [32]. The leading
researchers of the late nineteenth and early twentieth century in the field of fuel cells built
the first molten carbonate fuel cell in 1921 [33].

In the early sixties, attention was focused on the catalyst platinum and acid
electrolyte fuel cell in two different ways. One of them allowed working at high
temperatures (150-200°C) [34, 35]. It was reported that using an electrolyte composed of
a mixture of lithium carbonate, sodium and/or potassium, impregnated on magnesia
sintered porous disk, operating temperature could be reached up to 650°C. A fuel cell was
made of conducting ceramic oxide impregnated with zirconia which was reported to work
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at an operating temperature of 1000°C [36]. Present manufacturers are working on
various applications of fuel cell [37].

2.2. Working Principle of Fuel Cells

Fuel cells generate electricity and heat by electrochemical reaction between oxygen
and hydrogen to form the water, which, is actually the reverse electrolysis reaction. The
different types of fuel cells operate with the same basic principle but the fuel cell designs
vary in the chemical characteristics of the electrolyte [29, 38]. The following reaction
shows the electrochemical reaction and Figure 1 depicts the operating principle of a fuel
cell.

2H; + O—» 2H,0 + Energy

Electrical Circuit

u ‘j‘
Cathod H* Anode

| @&/
|

Fuel ( 'H’z‘} Polymer Electrolyte Membrane —_ Air

H+ H+ H+ v \ ,_-‘

l

H,0
Exhaust

H+

Figure 1. Operating principle of a fuel cell (modified figure from Mekhilef et al. [29]).

Anode, cathode, electrolyte and the external circuit are the four main parts of a fuel
cell. Hydrogen is oxidized into protons at the cathode and oxygen is reduced to oxides at
the cathode and reacts to form water. Either protons or oxide ions are transported through
electron-insulating electrolyte depending on its type, while electrons travel through an

Complimentary Contributor Copy



Recent Developments of Microbial Fuel Cell as Sustainable Bio-Energy Sources 61

external circuit to deliver electric power [39]. The reactions happening at the anode and

cathode are shown below.

Anode: 2H, —»
Cathode: O, + 4e~+ 4H* — 2H,0

2.3. Types of Fuel Cell

4H" + 4e”

Table 1. Various features of different types of fuel cells

Type Proton Direct Solid oxide Alkaline fuel Molten Phosphoric
exchange methanol fuel cell cell (AFC) carbonate acid fuel cell
membrane fuel | fuel cell (SOFC) fuel cell (PAFC)
cell (PEMFC) | (DMFC) (MCFC)

Electrolyte or | Hydrogen and Methanol Metallic oxide | Potassium Molten Liquid

Reagents oxygen or air solid ceramic | hydroxide carbonate phosphoric

salt mixture | acid

Operating 60-100°C 50-120°C Around 60-90°C, even | Around 150-220°C

Temperature 1000°C at 23-70°C 600°C

Electrical 40-50% 30-40% 70-80%in 60%, reaches Around 60% | 40-50%,

Efficiency combined above 80% in reaches about

cycle combined cycle 85% in
combined
cycle

Application Transportation, | Portable In large scale | To supply Natural gas | Onsite
portable and energy power drinking water | and coal stationary
stationary purposes generation and electric based power | applications
applications systems power to the plants,

having shuttle industrial
capacity of missions, and military
hundreds of transportation applications
megawatts

Advantage/ Cheaper to Low Long start up | Easily poisoned | Long time is | High initial

Disadvantages | manufacture, temperature | and cooling with carbon required to cost
Longer lifetime | operation, down times, dioxide, reach to
and Long Mechanical Purified air or operating
Require lifetime and | and chemical | pure oxygenis | temperature
minimum Rapid compatibility | required which | and
maintenance refueling issues increases generating

system operating cost | power

Fuel cells are generally classified based on the nature of the electrolytes. Each type
requires particular materials, fuel and operational characteristics, offering advantages to
particular applications. This makes fuel cells a very versatile technology. They are
classified according to the choice of fuel and electrolyte into 6 major groups as follows
[29]:
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e Proton exchange membrane fuel cell (PEMFC)
o Direct methanol fuel cell (DMFC)

o Solid oxide fuel cell (SOFC)

o Alkaline fuel cell (AFC)

e Molten carbonate fuel cell (MCFC)

e Phosphoric acid fuel cell (PAFC)

Various features of the above mentioned fuel cells such as, electrolyte or reagents
required for running the cells, their operating temperature and efficiency, different
applications and advantages—disadvantages of these fuel cells are discussed briefly in the
Table 1.

2.4. Applications

The use of fuel cells is categorized into three broad areas: power for transportation,
portable power generation and stationary power generation. Most of the vehicle
manufacturers are currently using fuel cell vehicles for research, development or testing
since it reduces CO, emissions which would become zero if the hydrogen is produced
from renewable sources [40, 41]. Reduced fuel consumption, increased energy efficiency
and less pollution are the main reasons for considering the use of fuel cells for mining
trains and ships [42]. Portable fuel cells are those which are designed to be moved
conveniently. Stationary fuel cells are units which provide electricity and heat as well,
but cannot be moved. This fuel cell system is an independent system of the grid to
generate electricity in remote or isolated areas or connected to the grid to provide
additional electrical power to the plant [43-45].The overall efficiency of the system
increases up to 80-95%. Other applications for stationary fuel cells are in landfills and
wastewater plants [46].

3. MICROBIAL FUEL CELL AND ENERGY PRODUCTION

The fuel cell industry has faced and continues to face challenges as it comes through
a period of recession and transition from R&D to commercialization. Furthermore, since
many western countries seek to balance their economy towards high value manufacturing
and green technologies, scientists and researchers have shown huge interest on biological
fuel cells to enter a period of sustained growth. These fuel cells, generally known as
Microbial Fuel Cell (MFC), have operational and functional advantages over the
technologies that are currently used for generating energy from organic matter and
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conventional fuel cell, which are as follows — First, the direct conversion of substrate
energy to electricity facilitates high conversion efficiency.

e Second, MFCs do not require extra energy input for aeration in the cathode, since
it operates on general biochemical reaction, based on the function of microbial
communities. This distinguishes them from all current bioenergy processes
resulting in lower operation and maintenance costs.

e Third, MFC does not require any gas treatment because the off gases of MFC are
mainly carbon dioxide which does not have any useful energy content.
Furthermore, the redox products are usually CO, and H,O, which are not
considered contaminants.

e Fourth, MFCs can have a huge range of resources as their fuel as they do not
need to be high quality. Wastes, mostly full of degradable organic compounds,
can be used as fuel in MFCs.

o Fifth, MFCs have the potential for extensive application in the areas lacking
electrical infrastructures and also to expand the diversity of fuels to meet up the
energy requirements.

Although this MFC is still far from being commercialization, the opportunities for
growth are very promising in the near future. The success of certain application segments
in recent years has consolidated particular technologies into a standard reference design
for MFCs. This has led MFCs to increasingly being developed as remarkable energy
solutions having the capacity of serving several different market segments.

3.1. History of Microbial Fuel Cell

The technology of electrical current extraction from the metabolic processes of living
microbes to use in external circuits has been in development for more than a century and
the resulting devices are termed microbial fuel cells (MFCs) [12]. They have several
potential advantages over more prominent sustainable energy technologies such as solar
or wind power. Moreover, they can directly convert organic waste into electricity without
pollution or inefficient intermediate steps involving mechanical generators [47].

Microbial fuel cells (MFCs), also known as, bioelectrochemical systems (BESS),
were first described about 100 years ago. The first MFC, being inspired by the findings of
other biologists in the late nineteenth and early twentieth century, was devised by Potter
and has undergone substantial research and development [48]. The phenomenon of
microbial induced electrode reduction was discovered in 1910. The first true MFC was
constructed by Cohen and later modified by Davis and Yarbrough [49, 50]. The
phenomena of microbial respiration with a solid electron acceptor respiration donor were

Complimentary Contributor Copy



64 Taslim Ur Rashid, Khandoker S. Salem, Md. Minhajul Islam et al.

further studied during 1960 which was followed by the study of use of electron transport
mediators as a way to enhance power output [4, 51, 52]. Since then, the interest in
electrogenic respiration in reactor systems dimmed. During the middle of the 1990s MFC
regained more attention and the new interest was due to the potential use of MFC for
clean, sustainable and renewable energy production in combination with the potential of a
new wastewater treatment system. Even more and more potential applications have been
established till now which is depicted in the Figure 2.

1800 1911 2000 2011
W. Nicholson and A. M. Porter discovered Eukaryotes (microlage) and Development of submersible
Carlisle describe the microbial induced yeast emerged as good MFC sensor to monitor microbial
electrolysis of water electrode reduction choice for MFC use activity and BOD
1960
1?33 ibe th K. Lewis studied microbial Photsszrunathesis
Fh. w. O.stv;ra o eskribe t ? respiration with a solid MEC was
L eoretlcz} p:e ollrmanceo electron acceptor respiration developed
hel e donor
U v v N
I .
D [} i) 4
1896 1993 2009
W. Jacgues develop R. Allen and H. Bennetto MFC evolved as
the first fuel cell with used electron transport sustainable system
practical use mediator to enhance power for CO,
output of MFC sequestration
1838 1931 2005 2013
Sir W. Grove creates the B. Cohen first Utilization of waste water Development of Plugflow microbial fuel
first gas battery constructed true for power generation cell (PF-MFC) and Complete mixing
microbial fuel cell using MFC microbial fuel cell {CM-MFC)

Figure 2. Historical review of microbial fuel cell.

3.2. Working Principle of Microbial Fuel Cell

An MFC is distinguished from other conventional fuel cells by the mechanism of
chemical reactions. At least one of the two reactions is catalyzed by a biological
component in MFCs [53]. Generally, the reaction takes place in anode, where organic
carbon or another electron donor is oxidized by microorganisms and a solid state electron
acceptor (i.e., the electrode) is subsequently reduced. Figure 3 shows an overview of a
MFC.

Microorganisms are used as catalysts in these unique devices to transform chemical
energy directly into electricity and thus generate combustionless, pollution free
bioelectricity directly from the organic matter in biomass. Energy stored in organic
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matter is converted to electrical energy through enzymatic reactions by microorganisms
which are associated with the normal living processes of bacteria.

In a typical MFC configuration as shown in Figure 3, the microorganisms are situated
in anodic compartment and use the biomass for growth to produce electrons and protons
[12, 54]. The electrons are directly expelled by some microorganisms or transported to an
electrode using redox mediators for reducing the substrate. The protons or H* ions are
diffused through the electrolyte to the cathode and is oxidized to water.

Proton exhange membrane (PEM)
1
Substrate (fuel) . .
e I «———— A
— 1 —
light
{:?If\f\/\p 1 Hz0
1
1
1
Effluents (waste) 1 02
|| y
-— , 1,
4 H+ H+
7 L 1
/ P i
I

S
NADH—— NAD* +{2¢))+{H) 4

Figure 3. The working principle of a microbial fuel cell. Bacteria in anode compartment obtains
electron from an electron donor (glucose or light in the case of photosynthetic organisms) and transfers
to the anode electrode. Protons, produced in excess during electron production, flow through the proton
exchange membrane (PEM) into the cathode chamber. The electrons flow from the anode to the
cathode through an external resistance (or load) and react with the final electron acceptor (oxygen) and
protons [12].

The cathode can be placed in a separate chamber (i.e., double chambered MFCs) or
in the same chamber (i.e., single chambered MFCs). In a single chambered MFC, the
need for the cathodic chamber is eliminated by exposing the cathode directly to the air
where the only byproduct released is carbon dioxide, which can be fixed by plants for
photosynthesis.

The driving force of a typical MFC using glucose as substrate can be expressed
through the redox reaction taking place at each electrode as follows:

CsH1206 + 6H,0 —» 6CO; + 24H" + 24e-
60, + 24H* + 246 —> 12H,0
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There are three different concepts of MFCs which accommodates all the processes
where a few processes can be placed in one or more concepts.

MFCs are required to run under predefined conditions for optimum growth and living
conditions of the used microorganisms. Thus, the following factors affect the MFC's
efficiency —

e Electrode material

e pH buffer and electrolyte

e Proton exchange system and

e Operating conditions in both the anodic chamber and the cathodic chamber

MFCs are usually operated at ambient temperature and atmospheric pressure. The pH
conditions are kept neutral or slightly acidic. MFCs harness electrons from these systems
in three main operational modes which are:

e Mediated electron transfer (MET)
o Direct electron transfer (DET) and
e Product mode

Photosynthetic MFCs use photosynthesis as the electron source and can also be
operated in the same modes.

4. TYPES OF MICROBIAL FUEL CELL

4.1. Mediator Microbial Fuel Cell

Most of the microbial cells are electrochemically inactive. Thus, electron transfer
from microbial cells to the electrode is facilitated by mediators. Thionine, methyl
viologen, methyl blue, humic acid, neutral red etc. have been extensively used as
mediator in MFCs [55]. Most of the mediators are expensive and toxic.

4.2. Mediator Free Microbial Fuel Cell

Mediator free microbial fuel cell is a more recent area of research and they use
electrochemically active bacteria to transfer electrons to the electrode and thus, do not
require a mediator. Shewanella putrefaciens [56], Aeromonas [57] and a few others are
well known as electrochemically active bacteria. Some bacteria, having pili on their
external membranes, can transfer their electron via these pili. For optimum efficiency, the
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factors such as the strain of bacteria used in the system of ion-exchange membrane, and
system conditions (temperature, pH, etc.) are required to be controlled properly.

Mediator free MFCs can run on wastewater and also derive energy directly from
certain plants like, reed sweetgrass, cordgrass, rice, tomatoes, lupines and algae [58]. The
latter is known as a plant microbial fuel cell. The power thus derived from living plants
(in situ-energy production) can provide additional ecological advantages.

4.3. Soil Based Microbial Fuel Cell

Soil based microbial fuel cells follow the same basic MFC principles, where the soil
acts as the nutrient rich anodic media, the inoculum and proton exchange membrane
(PEM). The anode is placed at a certain depth into the soil. The cathode rests on top the
soil with contact of oxygen in the air above it. Soils are naturally packed with a diverse
consortium of microbes, which includes electrogenic microbes needed for MFCs, and are
full of complex sugars and other nutrients. Moreover, the aerobic microbes present in the
soil act as an oxygen filter, much like the expensive PEM materials used in MFC
systems, which decrease the redox potential of the soil with greater depth. For these
natural facilities soil based MFCs are becoming popular day by day.

4.4. Phototrophic Bio-Film Microbial Fuel Cell

Phototrophic bio-film MFCs (PBMFCs) are the ones which use anode having a
phototrophic  bio-film holding photosynthetic microorganism like chlorophyta,
cyanophyta etc. These microorganisms could carry out photosynthesis and thus, act as
both organic metabolite producers and electron donors. Though PBMFCs yield one of the
highest power densities, difficulties have been faced in increasing their power density and
long term performance to make it cost effective MFC [59]. The PBMFCs using purely
oxygenic photosynthetic material at the anode is also known as biological photovoltaic
systems [60]. PBMFCs convert sunlight into electricity by the metabolic reaction of
MFC. Several photosynthetic organisms like blue green algae, green algae and few higher
algae have been used directly or along with MFC to generate bioelectricity.
Photosynthetic cyanobacterial species like Anabaena [61], Synochocystis and some other
microalgae are being used in outdoor bioreactors [62]. The photosynthetic chlorella algae
are used with heterotrophic bacteria to get a synergistic effect on reaction to generate
electricity [63-65].

Microalgae and several species of marine algae have also been investigated as
artificial redox mediator for power generation in MFC with mediator like HNQ (hydroxy
1, 4 napthaquinone) to transport the electron from microorganism to the anode [66].
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Similarly, power generation can be achieved by growing Saccharomyces for glucose
oxidation and blue green algae for electron generation in micro-machined MFC and
photosynthetic electrochemical cells respectively [67]. Most of these studies observed an
increase in power generation during dark phases as, the oxygen production by algae,
limits power production during light phases.

5. ENGINEERING DESIGN AND BIOLOGICAL ASPECTS

MFCs although, have not yet exceeded the laboratory being a very promising
technology, a wide variety of materials have been investigated for electrode purposes.
However, the most commonly used material, for both the anode and cathode, is modified
carbon. Materials used for the construction of the system are usually nonconductive glass
reactor flasks or plastic frames. The following sections will give detail descriptions of
different materials and methods of working of MFCs.

5.1. Electrode Materials

Electrode materials for MFCs require a high specific surface area to create a high
volumetric current density. The surface areas are generally determined by means of N
gas adsorption, but in case of three-dimensional electrodes, the surface available is
determined by biological interaction. Different types of carbon and stainless steel have
mostly been used for both anode and cathode electrodes where the carbon materials are
frequently applied as granular, felt, cloth, brushes and solid blocks [68-71]. Carbon is
generally inert and various attempts have been made to increase the low catalytic activity
of carbon electrodes. The use and effectiveness of catalysts on an electrode depend on the
catalyst loading, stability and the operating conditions of the electrode compartment [72,
73]. The use of undefined streams along with a microbial catalyst leads to clogging of the
chemical coating on the electrode. This fouling on electrode can be removed by treating
the activated carbon felt with ethylenediamine and nitric acid. These increase the power
density by 25% and 58%, respectively, which is due to modified surface characteristics of
the original material and decrease the start-up time of the bio-anode [74]. Tungsten
carbide modified anodes in combination with a pyrolyzed iron (1) phthalocyanine-
modified cathode also improve both anodic and cathodic reactions which is remarkable
since tungsten is cheaper than platinum [75, 76]. A graphite anode doped with Mn* and a
graphite cathode doped with Fe** atoms increase the power density by 1000-fold in
comparison to woven graphite control electrodes [77]. The modification of the cathode
with either a soluble iron chelated compound or a fixed iron complex was investigated
[78]. Iron-EDTA coated on the cathode can be a sustainable alternative. However, the
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highest power and current densities are found using non-sustainable hexacyanoferrate
iron complex. Unmodified carbon and stainless steel felt are also suitable materials
although operational parameters such as salinity and bio-film have strong impact on its
performance [73]. Granular graphite can also efficiently catalyze the oxygen reduction
reaction without any biological catalyst [79]. A range of carbon materials including
unmodified carbon cloth, paper and sponge, unmodified graphite, and reticulated vitreous
carbon (RVC) are used for application as a cathode in marine sediment fuel cells.
Researchers also developed modified materials such as, carbon paper coated with Fe and
Fe-Co tetra methoxy phenyl porphyrin (TMPP), platinized carbon and platinized titanium
electrodes [80]. Cathode catalyzed with Fe-CoTMPP resulted higher power output when
compared with unmodified carbon sponge. Thus, the choice of material is very crucial
since performance vary from material to material [81].

In recent years research has been focused on finding materials for efficient hydrogen
gas generation at the cathode. Metal based electrodes such as stainless steel, nickel, and
platinum coated with NiOy catalyst showed good performance. However, that long term
stability of the catalyst needs improvement [82].

Recent advances in nanofabrication provide a unigue opportunity to use nanoparticles
and carbon nanotubes as efficient materials for electrodes in MFCs [73]. Nickel powders,
palladium nanoparticles and nanostructured manganese oxide have been used for
hydrogen production in an MFC [82-85]. Using graphite disks with gold and palladium
nanoparticles, the current density can be improved by 20-fold when compared with a
plain graphite anode [86].

5.2. Membrane

Membrane is an important part of MFC as it is in a chemical fuel cell; however
membrane-less MFC also showed promising results and can be a reasonable alternative
[87, 88]. The main purposes of a membrane are —

i. To separate reactants in order to prevent internal short circuiting and
ii. To provide a mean of internal charge balancing between the anode and cathode
reactions

Membranes, used in MFCs, include dialysis membranes, cation exchange membranes
(CEMs), proton-exchange membranes (PEMSs) and anion-exchange membranes (AEMS);
and among these AEMs is found to be the best choice for decreasing internal resistance
and increasing internal charge transport [89, 90]. Moreover, non-ion-exchange separators
like cloth, filtration membranes, bipolar plates and baked are also used [91-94]. The use
of any kind of membrane has the drawback that it promotes a pH gradient between the
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two compartments, which interferes with transport of OH™ and H* ions and leads to a
voltage loss.

5.3. Configurations and Design

Most MFCs are designed like conventional fuel cells, i.e., a membrane separating
two flat electrode compartments. Design parameters are adjusted from the traditional
design which includes electrode spacing, flow patterns, reactor volumes and electrode
surface areas. The original H-type fuel cells are generally used for studies of
physiological parameters of the biocatalyst and not for optimizing output [95].

Moreover, tubular up flow designs have been developed to deal with high internal
resistances to charge transfer [96, 97]. Some research has been focused on miniaturizing
a MFC. It is based on the concept that smaller MFCs have lower internal resistance and
when electrically connected can deliver larger volumetric power outputs [89, 98].
Miniaturization also makes systems easier to set up and has been studied in detail [99-
103]. Most of these works has so far been focused on the anode compartment.
Conductive electrode material coated on a membrane, i.e., membrane electrode assembly
(MEA) is mostly used in small milliliter scale fuel cells. This has led to a one chamber
design that contains the anode compartment while the cathode electrode is open to the air
[104, 105].

Large scale MFCs, mostly stacked systems, have also been studied to evaluate
performance efficiencies [106]. Owing to the biological nature, the phenomenon of stack
reversal can occur and leads to a decrease in usable output [107, 108]. To date, MFCs
with sizes up to 20 L have been characterized [6, 109-112].

5.4. Microbial Catalysts

Microorganisms are used as catalyst in microbial electro-catalysis reactions occurring
at electrodes. They are engaged in extracellular electron transfer (EET), a process of
electrons transport in and out of the cell, and can catalyze both oxidation and reduction
reactions [113, 114]. They are able to lower the over potentials (lower energy loss) at
both anodes and cathodes giving an increased performance of the system which confirms
the catalytic properties of microorganisms [115, 116]. Nevertheless, since part of the
substrate or electron donor is consumed for growth, they cannot be considered as true
catalysts. Till date, most research has been done on biological anodes, as cathodes are
mainly abiotic and of minor interest. In the last few years, it has been realized that the
bio-cathode still is one of the weakest points of this technology which has led to an
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exorbitant increase in the scope of both chemical and biological possible electrode
materials and cathode reactions.

5.4.1. Anode Reactions

In bio-anodes, microorganisms oxidize organic or inorganic electron donors and
simultaneously liberate electrons and protons. The electrons travel through the internal
electron transport chain of the microorganisms and are deposited on the anode. The
energy levels of the electrons deposited on the electrode depend on the terminal electron
transfer molecules.

Two strategies are used in bio-anodes for energy conservation by microorganisms:
Shewanella spp. uses substrate level phosphorylation whereas; Geobacter spp. uses
oxidative phosphorylation for energy conservation. Electrons pass through a cascade of
cytochromes, quinones and other electron transfer molecules from the electron donor
through the inner cell membrane and periplasmic space and reach a terminal electron
transfer molecule in the outer cell membrane [117, 118]. This is the case for Gram-
negative microorganisms. However, the exact electron transfer mechanisms have not yet
been elucidated for Gram-positive bacteria.

5.4.1.1. Electron Donors
A large variety of substrates that can be handled by bio-anodes have been reported

and different types of wastewaters have been found suitable to drive electron donating
reactions [16]. Moreover, sulfide containing inorganic waste streams, in addition to
organic electron donors, can be applied as a substrate for the anode [119]. More recently,
even sunlight has been reported as an energy source for MFCs which requires
photosynthetically active plants or microorganisms having additional advantage that CO,
is fixed from the atmosphere [59].

Attention should be paid to the type of substrate used and the loading rate since they
not only influence the composition of the microbial community, but also influence the
performance, which includes power density and coulombic efficiency [70, 120].

5.4.1.2. Biocatalyst for Anode
The term biocatalyst relates to the microorganisms which play a catalytic role in the

liberation and transportation of electrons conserved in the substrate to the electrode. But,
they cannot be considered as true catalysts because part of the substrate is consumed for
growth and maintenance purposes.

Substantial research has been carried out to establish the key players in bioanode
processes, i.e., electrochemically active microorganisms capable of respiring with
insoluble materials which is known as electricigens or anode respiring bacteria (ARB). In
addition to Geobacter and Shewanella spp., frequently used in bioanodes, a broad
spectrum of microorganisms comprising both Gram-positive and Gram-negative bacteria
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are found to live in anode bio-films and respiring with electrodes [103, 121-123]. The
thickness of bio-films on anodes typically ranges from 10-50 um and even thicker bio-
films have been reported [124]. But the bacteria densities within bio-films are difficult to
quantify due to the amorphous nature of the various electrodes materials.

5.4.1.3. Electron Transfer Mechanisms
One of the most interesting aspects of the biocatalysts is the mechanism of electron

transport to the anode by the microorganisms. Several electron transfer mechanisms
either directly or indirectly can take place. Furthermore, all of these mechanisms occur
simultaneously within the microbial community to maximize the use of the substrate
present for microbial benefit. Further analysis revealed that the Gram-negative bacteria
have much stronger electron transfer capacities than the Gram-positive bacteria and
therefore, all the proposed transfer mechanisms are based on the studies with Gram-
negative isolates, frequently been found in microbial community of MFCs [125-127].

5.4.1.3.1. Direct Electron Transfer Mechanisms

Direct electron transfer (ET) is the transfer of electrons to the electrode without the
need for a mobile component which can diffuse to and from the cell for electron transport
[113]. Physical contact between the bacterial cell membrane and the electrode surface
makes this happen. Direct ET is based on pure culture of metal reducing Gram-negative
bacteria such as Geobacter sulfurreducens and Shewanella oneidensis which involve at
least a series of periplasmatic and outer membrane complexes [95, 128]. Cytochromes,
among all complexes play a pivotal role, for example OmcS and OmcZ, regarding
Geobacter spp., are the most important electron transferring cytochromes in the final
electron transfer step [129-131]. Additionally, appendages of the cell wall, pili, also
seemed to be involved in the transport of electrons [132] and have also been proposed as
possible electron transport mechanisms between different microorganisms [133] and as a
means for oxic metabolism in anoxic sediments [134]. Direct electron transport
eliminates diffusion limitations inherent in indirect transport to certain extent and
simplifies solid liquid separations as the biocatalyst is immobilized in the reactor [113].

5.4.1.3.2. Indirect Electron Transfer Mechanisms

Indirect electron transfer (ET) uses electron transports which physically transfer
electrons from the cell to the electrode [113]. Commonly applied mediators include
humic substances such as anthraquinone 2, 6-disulfonate (AQDS) which can be
expensive, toxic and prone to wash-out of the system [114], [135]. Some
microorganisms, in addition to artificial redox mediators, are able to produce their own
mediators such as secondary metabolites like phenazines and flavins [103, 126, 136].
Besides, primary metabolites like sulfur species and hydrogen gas can also convey
electrons toward electrodes [137, 138]. Overall, mediators can increase the active range
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of the electrode beyond the bio-film into the bulk liquid by enhancing the electrical
interconnectivity between electrochemically active microorganisms and electrode and
care should be taken when applying them artificially.

5.4.2. Cathode Reactions

In cathodes, the electrons and protons come from anodic oxidation reaction and are
used to carry out reduction reactions. These reactions can be either purely chemical or
biologically catalyzed. Typical chemical cathode reactions are oxygen [139] and proton
reduction [140] to water and hydrogen gas, respectively. Hexacyanoferrate is a chemical
electron acceptor commonly used in cathodes to investigate bio-anode processes without
the need of paying much attention to the cathode. However, its application is limited by
replenishment and possible toxic effects.

In addition to chemical cathodes, biocathodes have also been developed. Since they
fit much better with the sustainable nature of MFCs than chemical cathodes, an
increasing interest in the development of biologically driven cathode reactions has been
demonstrated in recent years. The biological aspects of electrochemical systems,
biocathodes and their electron transfer mechanisms are discussed further.

5.4.2.1. Biocatalysts for Cathode
Microorganisms play a pivotal role in catalyzing reduction reactions in biocathodes.

Although the Gram-positive bacteria are able to play role in the electron transfer, most of
the electrochemically active bacteria in biocathodes have been found to be Gram-
negative. This indicates that, there are potentially wide capability of bacteria to catalyze
electrode reactions.[141, 142].

5.4.2.2. Electron Transfer Mechanisms
However, numerous reports are available on microbial aided electron transfer

towards bioanodes, only little information is available on the reverse process. In
particular, the microbial electron uptake from cathode by microorganisms requires in-
depth investigation.

Recent biocathode studies have shown that by changing the environmental and
operating conditions electrochemically active bioanodes may be turned into biocathodes
and hence some known anodic ET mechanisms were re-investigated and their potential
role was evaluated in cathodic ET mechanisms [142],[143, 144]. It was concluded that
both direct and indirect mechanisms take place in cathode and are very similar to the
processes at the bioanode and differ in the sense that the redox active components operate
at higher redox potentials.

Additionally, it has not yet been established that biocatalyzed electron transfer yields
energy for electrochemically active microorganisms by a respiratory process [17, 142].
For instance, it is shown that biological oxygen reduction at the cathode can occur
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without active involvement of the bacterium [145]. Nevertheless, an electron transfer
mechanism with the generation of a proton in the microorganisms present in denitrifying
biocathodes has been speculated [146].

5.4.2.2.1. Direct Electron Transfer Mechanisms

Cytochromes play an important role in direct cathodic ET similarly as they do in
direct anodic ET mechanisms which has already been discussed. However, these
compounds were found to cover a broad redox active range and were investigated
successfully for their involvement in electron transfer [17, 142]. Furthermore, it has
become apparent that hydrogenase containing microorganisms are also capable of
accepting electrons directly from polarized electrodes [142].

5.4.2.2.2. Indirect Electron Transfer Mechanisms

During indirect cathodic electron transfer (ET), artificial or naturally produced
mediators, as reported in indirect anodic ET studies, can be applied which results in the
similar advantages and possible negative effects to the cathode side [114]. However, it is
found that manganese oxides wash out slowly due to their solid nature. This advantage
has led manganese oxides to be applied for transportation of electrons for oxygen
reduction.

5.4.2.2.3. Electron Acceptors

A large variety of possible reactions have been established in MFC operating modes
for biocathodes. The possible specific reduction reactions that can take place in
biocathodes have been studied which indicates that these biocathodes show potential for
use in a wide range of applications [17, 142].

5.4.3. Pure Cultures and Mixed Microbial Communities

To establish biological anodes or cathodes both mixed and pure cultures can be used.
Mixed culture electrodes are found to be more robust and resilient and a higher power
output has been observed comparing with pure culture systems. This may be due to either
synergistic effects or the presence of a more productive exoelectrotroph in the mixed
culture biofilms or even may be due to pH effects and underdeveloped bio-films of the
pure cultures [147].

Pure cultures used in MFCs are ideal for studying fundamental aspects or for the
catalysis of species specific reactions and can stimulate microbial communities to use
electric current [114]. Furthermore, pure isolates can be used for high quality cathodic
processes for specific generation of products [113].
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5.4.4. Photosynthetic Biocatalysts

The concept of using photosynthetic microorganisms or plants in combination with
an MFC existed for several years. The phenomenon of direct involvement of
photosynthetic bacteria, i.e., direct electron transport with electrodes has already been
suggested. For example, the Cyanobacterium Synechocystis sp. (PCC 6803) has been
reported to possess potentially conductive nano-wires which could be involved in direct
electron transfer with electrodes [128]. Bicarbonate reduction with light in a photo
biocathode strongly indicated direct electron transport. Since these autotrophic
microorganisms did not generate oxygen, electrocatalysts were absent and flushing of the
cathode to wash out soluble mediators did not affect the current production [148]. Further
research with pure photosynthetic bacterial culture is required to substantiate the direct
involvement with electrodes.

5.4.5. Biological Limitations

Applying microorganisms in a technology is associated with some biological
limitations. Proper physical parameters like pH (around neutral) and temperature
(15-30°C) should be maintained for good microbial metabolism. However, some bacteria
are able to function under slightly different conditions such as, the microbial reductive
dechlorination of perchlorate was found to be the highest at pH 8.5 [149]. In addition,
shear forces also influence the biofilm thickness and density as well as the power output
and is an important physical parameter [150]. The flux of substrates and products within
the biofilm are affected by biofilm thickness, structure, composition, and density. The
products within the biofilm result in large overpotentials and negatively impact the
performance of the system. Thicker anodic biofilms are observed to produce higher
power, whereas, reverse effect has been observed in cathodic biofilms [94].

There are also some intrinsic limitations associated with the microbial metabolism
like, their growth rate, uptake rate of nutrients and electron transfer capacities, even if
they are not limited by their environment. As a result, cathodic communities encounter
harsh conditions as they have to invest energy for CO. fixation in autotrophic
microorganisms and have to take up electrons from the cathode at a high potential.

6. OPERATIONAL PARAMETERS AFFECTING
THE MICROBIAL FUEL CELL

6.1. Thermodynamics and the Electromotive Force

Electricity is generated in MFC when the overall reaction is thermodynamically
favorable. The maximal work that can be derived from the reaction can be expressed in
terms of Gibbs free energy in units of Joules (J) and calculated as
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AG: = AG+ RTIn(IT) (1)

where, AG; (J) is the Gibbs free energy for the specific conditions, AG°(J) is the Gibbs
free energy under standard conditions, R is the universal gas constant, T (K) is the
absolute temperature and IT (unit less) is the reaction quotient calculated as the activities
of the products divided by those of the reactants [151].

For MFC calculations, the reaction is evaluated in terms of the overall cell
electromotive force (emf), Eems (V). It is defined as the potential difference between the
cathode and anode and is related to the work, W (J), produced by the cell and is given by
the following Eq. 2

W = Eemf Q = - AGr (2)

where, Q = nF is the charge transferred in the reaction, expressed in Coulomb (C), n is
the number of electrons per reaction mol and F is Faraday’s constant. Combining these
two equations, we have

E.i=_ AGH/nF ®)

at standard conditions the reactions can be written as
Eoemf: - AGrolnF (4)

Here, E%m is the standard cell emf. Therefore, in terms of the potentials the overall
reaction can be expressed as

Eemt= E%mf— RTIn(IT)/nF ®)

The Eq. 5 is positive for a favorable reaction and produces an emf value for the
reaction. This emf provides an upper limit for the cell voltage and due to various potential
losses, the actual potential derived from the MFC will be lower.

6.2. Standard Electrode Potentials

The reactions occurring in the MFC can be written as separate reactions occurring at
the anode and the cathode, i.e., as half-cell reactions and are expressed as a reduction
potential. The standard potentials are reported relative to the normal hydrogen electrode
(NHE) having a potential of zero at standard conditions. Eq. 5 is used to express the
theoretical anode and cathode potential, Ea, and Eca, respectively, under specific
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conditions, where the activities of the different species assumed to be equal to their
concentrations. The cell emf is calculated as

Eemf = Ecat — Ean (6)

Here although an oxidation reaction is occurring, but the minus sign is given
according to the definition of the anode potential as reduction reaction. Eq. 6 represents
that different cell voltages and different levels of power output can be obtained using the
same anode in a system with different cathode conditions. Therefore, the power produced
by an MFC depends on the choice of the cathode.

6.3. Open Circuit Voltage (OCV)

The open circuit voltage (OCV) is the cell voltage measured after some time in the
absence of current and the cell emf is a thermodynamic value that does not consider
internal losses. Though, theoretically, the OCV should approach the cell emf, in practice
the OCV is substantially lower than the cell emf. This is due to various potential losses
like energy loss occurring at the cathode. This energy loss is often referred to the
difference between the potential under equilibrium conditions and the actual potential,
i.e., over potential. The size and nature of energy losses is identified by application of
thermodynamic calculations.

6.4. Identifying Factors that Decrease Cell VVoltage

Due to number of losses, the measured MFC voltage is considerably lower than the
theoretically achievable maximum MFC voltage. The maximum MFC voltage achieved
in an open circuit is 0.80V, which remains below 0.62V during current generation [96,
152]. This difference, i.e., overvoltage is the sum of the overpotentials of electrodes and
the ohmic loss of the system

Ecell = Eems — (zna+ | ZT]C | + |RQ)

Where, >na. and |ch| are the overpotentials of the anode and the cathode
respectively and IRq is the sum of all ohmic losses. The ohmic losses are proportional to
the generated current (I) and ohmic resistance of the system (Rg). The overpotentials of
the electrodes are generally current dependent and can be classified as follows: (i)
activation losses, (ii) bacterial metabolic losses and (iii) mass transport or concentration
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losses. In MFCs, the measured cell voltage is generally a linear function of current and
can be represented as

Ecent = OCV — IRint (7)

Where, IRin is the sum of all internal losses of the MFC. They are proportional to the
generated current (1) and internal resistance of the system (Rin). The overpotentials of
electrodes occurring under open circuit conditions are given by OCV, while the current
dependent overpotentials of the electrodes and ohmic losses of the system are included in
the value of IRix. MFC systems show a maximum power output when the internal and
external resistances are equal to each other [153]. The performance of MFC can be
evaluated in terms of both overpotentials and ohmic losses or in terms of OCV and
internal losses.

6.4.1. Ohmic Losses

The ohmic losses, also known as ohmic polarization in an MFC, include the
resistance to the flow of electrons through the electrodes and interconnections. In
addition, the resistance to the flow of ions through the cation exchanges membrane CEM
(if present) and the anodic and cathodic electrolytes are also responsible for ohmic losses
[154]. These losses can be reduced by using a membrane having low resistivity,
minimizing the electrode spacing, checking thoroughly all contacts and increasing
solution conductivity to the maximum which the bacteria can tolerate.

6.4.2. Activation Losses

The activation losses, i.e., activation polarization occur during the electron transfer
from or to a compound reacting at the electrode surface due to the activation energy
needed for an oxidation or reduction reaction. This compound can be present as the final
electron acceptor reacting at the cathode, or at the bacterial surface as a mediator in the
solution. Activation losses often strongly increase low currents and when current density
increases the losses show a steady increase. Activation losses can be lowered by
increasing the electrode surface area, operating temperature, improving electrode
catalysis and by establishing an enriched bio-film on the electrode(s).

6.4.3. Bacterial Metabolic Losses

Bacteria transport electrons from a substrate at a low potential through the electron
transport chain to the final electron acceptor at a higher potential and generate metabolic
energy. In an MFC, the anodic potential determines the energy gain for the bacteria.
Metabolic energy gain for the bacteria increases with the increase in the difference
between the redox potential of the substrate and the anode potential, but the MFC voltage
changes inversely. Therefore, the potential of the anode should be kept as low (negative)
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as possible to get maximum MFC voltage. On the other hand, electron transport will be
inhibited if anode potential becomes too low and may provide greater energy for the
microorganisms by fermentation of the substrate.

6.4.4. Concentration Losses

The rate of mass transport of a species to or from the electrode limits current
production is responsible for concentration losses (concentration polarization) [154]. It
may occur mainly at high current densities which limit mass transfer of chemical species
by diffusion to the electrode surface. A limited discharge of oxidized species from the
electrode surface or a limited supply of reduced species toward the electrode causes
concentration losses at the anode. This increases the ratio between oxidized and reduced
species at the electrode surface and increases in the electrode potential. At the cathode
side, a drop in cathode potential is observed. Diffusional gradients may also arise in the
bulk liquid in poorly mixed systems and limit the substrate flux to the bio-film, which is
another type of concentration loss. The onset of concentration losses can be determined
by recording polarization curves.

7. POTENTIAL APPLICATION OF MICROBIAL
FUEL CELL TECHNOLOGY

7.1. Current Research Practices

Microbial Fuel Cell (MFC) has been used in numerous fields and it has been
becoming a prominent sector of researcher’s attraction since availability of common
energy sources became limited. Applications of microbial fuel cell are summarized by
Franks et al. in their recent review [155]. It should be noted that many of these envisaged
applications are not currently feasible and require significant improvements if they are to
become viable technologies [122, 156, 157]. One of the most active areas of MFC
research is the production of power from wastewaters combined with the oxidation of
organic or inorganic compounds. The use of an anode as a final electron acceptor by
microorganism has led to the possibility of a wide range of applications. Studies have
demonstrated that any bacteria degradable compound can be converted into electricity
[16]. The range of compounds include, but by no means limited to, acetate [158, 159],
glucose [160], starch [161], cellulose [162], wheat straw [163], pyridine [164], phenol
[165], p-nitrophenol [166] and complex solutions such as domestic waste [104, 167],
brewery waste [168], land file leachate [169], chocolate industry waste [170], mixed fatty
[171] and petroleum contaminates [172]. Within these systems, less biomass is generally
produced than their equivalent aerobic processes and without the need for an energy
intensive aeration process, less energy is required [173]. MFCs for the large scale
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treatment of wastewaters still face problems of scale up from laboratory experiments and
slow rates of substrate degradation. Recent developments of such prominent applications
of MFC have been discussed below.

7.2. Renewable Energy Generation or Power Generation

MFCs are capable of converting the chemical energy stored in the chemical
compounds in a biomass to electrical energy with the help of microorganisms like
bacteria. Carnot cycle with a limited thermal efficiency is avoided and a much higher
conversion efficiency can be achieved (>70%) just like conventional chemical fuel cells
as the chemical energy from the oxidization of fuel molecules is converted directly into
electricity instead of heat. Chaudhury and Lovley reported that R. ferrireducens could
generate electricity with yield as high as 80% [174]. Higher electron recovery such as,
electricity up to 89% was also reported [175]. An extremely high Coulombic efficiency
of 97% was reported during the oxidation of formate with the catalysis of Pt black [176].
However, MFC power generation is still considered very low and that means the rate of
electron abstraction is very low [177, 178]. One feasible way to solve this problem is to
store the electricity in rechargeable devices and then distribute the electricity to end-users
[179]. Broad demands and high operational sustainability can be satisfied by microbial-
cathode MFCs, or cathodes using only bacterial catalysts (biocathodes) which have
gained considerable attention in recent years [17]. These versatile biocathodes allow to
use not only oxygen but also contaminants as possible electron acceptors, allowing
nutrient removal and bioremediation in conjunction with electricity generation.

A simple and low-cost modification was developed to improve the power generation
performance of inexpensive semicoke electrode in microbial fuel cells (MFCs) [180].
After carbonization and activation with water vapor at 800-850°C, the MFC with the
activated coke (modified semicoke) anode produced a maximum power density of 74
Wm, 17 Wm™3, and 681 mWm™ (normalized to anodic liquid volume, total reactor
volume, and projected membrane surface area, respectively), which was 124% higher
than MFCs using a semicoke anode (33 Wm™, 8 Wm™, and 304 mWm™) and 211%
increase can be achieved when they were used as biocathode materials. Another group of
researchers developed cost-effective activated carbon (AC) material for the development
of gas-diffusion cathode employed in membraneless single chamber microbial fuel cells
(SCMFCs) treating different feeding solutions [181]. The electrocatalytic activity of AC
cathodes was monitored in synthetic wastewater containing phosphate buffer saline
solution and sodium acetate (PBS and NaOAc) and compared with several types of
wastewaters (e.g., fresh urine (FU), hydrolyzed urine (HU), wastewater and sodium
acetate (WW + NaOAc) and raw wastewater (WW)). The results showed that the urine
fed SCMFCs generated 3 times higher power densities than those with raw WW and 25%
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higher than those with WW + NaOAc, most likely due to the high amount of electrons
generated from organic substances.

Schroder et al. reported a microbial fuel cell that continuously generates a current
output more than one order of magnitude larger than the known microbial fuel cells (up
to 1.5 mAcm?) (Figure 4) [138]. The novel fuel cell concept uses polymer-modified
catalytically active anodes which shuttle electrons from the bacterial suspension to the
anode.

Table 2. Mean current densities at differently modified pyrolytic carbon

Electrode modification Current density [mA~1cm?]
Polyaniline 0.29
platinum black 0.84
platinum black + polyaniline overlay 1.45

The electrode was placed in a stirred anaerobic culture of Escherichia coli K12 in a standard glucose medium
(Cglucose=0.55 mmolL-1). The potential applied to the electrode was 0.2 V.

8
(R)—
[
(v —
: Anode E(Zathode
Fermentation Vessel Pump I

Figure 4. Schematic drawing of the novel microbial fuel cell (Redrawn from Schréder et al. [138]).

The conductive polymer has a protective function as well as directly contributes to
the current flow. Table 2 shows different current densities obtained by using three
different types of polymers. At purely polyaniline-modified carbon electrodes, current
densities of 0.29 mAcm2 can be achieved. This result means that whereas the platinum
black accesses the oxidation of metabolites, the conductive polymer layer fulfils a
multitude of tasks. Consisting of molecular units similar to the conventionally used redox
mediators, the polymers form a redox active biocompatible layer that takes the function
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of the dissolved mediators, thus banishing these artificial compounds from the bacterial
medium. Because of their reversible redox behavior and electronic conductivity, the
polymers are also involved in the oxidation of excreted metabolites.

In near future, MFCs will have to compete with more mature renewable-energy
technologies, such as wind, hydro and solar power. The operating costs needed for
electricity production with MFCs will probably be too great if the substrate for the MFC
iS grown as a crop in a manner similar to that for ethanol production from corn. Platinum
(Pt) is the most commonly used catalyst on the cathode, but its high cost prohibits its use
for commercial MFC applications. Hao et al. examined various cathode catalysts
prepared from metal porphyrines and phthalocyanines for their oxygen reduction activity
in neutral pH media [182]. Iron phthalocyanine supported on KJB (FePc-KJB) carbon
demonstrated higher activity towards oxygen reduction than Pt in neutral media. Effects
of platinum loadings on the cathodic reactions in Single Chamber Microbial Fuel Cells
(SCMFCs) were investigated and a cost-effective MFC operational protocols were
developed [183]. The power generation of SCMFCs was examined with different Pt
loadings (0.005-1 mgPt/cm?) on cathodes. The results showed that the power generation
of the SCMFCs with 0.5-1 mg Pt/cm? were the highest in the tests, decreased 10-15% at
0.01-0.25 mg Pt/cm?, and decreased further 10-15% at 0.005 mg Pt/cm? whereas the
SCMFCs with Pt-free cathode (graphite) had the lowest power generation. Another
important feature of the study was that the SCMFCs (with 0.5-1 mg Pt/cm? at cathode)
fed with combination of wastewater and sodium acetate (NaOAc) gave the highest power
generation (786 mW/m?) comparing with wastewater only.

Renewable energy production from waste biomass is likely to be a more viable route
for near-term energy recovery. Great interest exists in using wood based materials for
renewable energy production. Steam explosion is currently the most cost-effective
treatment process for the production of soluble sugars from solid lignocellulosic
materials, such as agricultural residues and hardwoods [184]. The use of a neutral
hydrolysate, produced by steam explosion of corn stover in an MFC, has recently shown
to be feasible, producing as much as 933 mW/m? in MFC [185]. A single chamber air
cathode mediator-less microbial fuel cells was reported which utilized mixed
monosaccharides found in the hydrolysates of lignocellulosic biomass to generate power
energy [186]. The different monosaccharide utilization rates ranging from 212 mg L™ h!
to 389 mg L' h' indicate the presence of preferential utilization of different
monosaccharides where three volatile fatty acids (VFAS), including acetic, propionic and
butyric acids were detected as the main intermediates, which were generated mainly
through a fermentation process. Pant et al. used a large number of substrates as feed
where the major substrates were various kinds of artificial and real wastewaters and
lignocellulosic biomass to get power energy [16]. Although the current and power yields
were relatively low, they expected large amount of electric current from these systems
through providing a sustainable way of directly converting lignocellulosic biomass or
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wastewaters to useful energy. The effect of different substrates (e.g., acetate, glucose, or
butyrate) on the performance and microbial community of two-chamber microbial fuel
cells (MFCs) was investigated by Zhang et al [187]. They suggested that the type of
substrate fed to MFC is a very important parameter for reactor performance and
microbial community, and significantly affected power generation in MFCs. Thus, MFC
technologies appear to be technically feasible for energy recovery from this and other
waste biomass materials.

Oh et al. investigated the effects of different sludge pretreatment methods (ultrasonic
vs. combined heat/alkali) with varied sources of municipal sewage sludge (primary
sludge (PS), secondary excess sludge (ES), anaerobic digestion sludge (ADS)) on
electricity generation in microbial fuel cells (MFCs). Introduction of ultrasonically
pretreated sludge (PS, ES, ADS) to MFCs generated maximum power densities of 13.59,
9.78 and 12.67 mW/m? and soluble COD (SCOD) removal efficiencies of 87%, 90% and
57%, respectively which shows better results than sludge pretreated by combined
heat/alkali (0.04 N NaOH at 120°C for 1 h). Higher SCOD by sludge pretreatment
enhanced performance of the MFCs and the electricity generation was linearly
proportional to the SCOD removal, especially for ES [188]. Zhao et al. mentioned that
the thermodynamics and the Kinetics of the electrocatalytic oxygen reduction are severely
affected by the physical and chemical environment in the microbial fuel cells [72]. The
neutral pH in combination with low buffer capacities and low ionic concentrations
strongly affect the cathode performance and limit the fuel cell power output.

Cheng et al. showed that the cathode surface area is always important for increasing
power [189]. Doubling the cathode size can increase power by 62% with domestic
wastewater, but doubling the anode size increases power by 12%. Cathode’s specific
surface area is the most critical factor for scaling-up MFCs to obtain high power
densities. They systematically varied substrate concentration using acetate, and
conductivity, and then examined the effects on power using different cathode specific
surface areas and also examined trends in cathode sizes using the acetate and wastewater
solutions based on the available data, combined with results from others. The 250-mL
MFC (1 g/L acetate in 100 mM PBS) was used to investigate the effect cathode area on
power density (using LSV). The power increased by a factor of 5, or from 15 to 78 W/m?,
when the cathode surface area was increased from 24 to 96 cm? by increasing the number
of cathodes from 1 to 4 [189].

MFCs are especially suitable for powering small telemetry systems and wireless
sensors that have only low power requirements to transmit signals such as temperature to
receivers in remote [190, 191]. MFCs themselves can serve as distributed power systems
for local uses, especially in underdeveloped regions of the world. Locally supplied
biomass can be used to provide renewable power for local consumption. Applications of
MFCs in a spaceship are also possible since they can supply electricity while degrading
wastes generated onboard. Some scientists envision that in the future a miniature MFC
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can be implanted in a human body to power an implantable medical device with the
nutrients supplied by the human [192]. The MFC technology is particularly favored for
sustainable long-term power applications only after potential health and safety issues
brought by the microorganisms in the MFC are thoroughly solved. MFCs are viewed by
some researchers as a perfect energy supply candidate for Gastrobots by self-feeding the
biomass collected by themselves [193]. Realistic energetically autonomous robots would
probably be equipped with MFCs that utilize different fuels like sugar, fruit, dead insects,
grass and weed. Capacitors were used in their biologically inspired robots named EcoBot
| to accumulate the energy generated by the MFCs and worked in a pulsed manner
whereas robot EcoBot-11 solely powers itself by MFCs to perform some behavior
including motion, sensing, computing and communication [194-196]. Zhiyong et al.
tested binary culture of C. cellulolyticum and G. sulfurreducens in MFCs for in situ
electricity production directly by converting cellulose into electricity without enzymatic
pretreatment or an exogenous catalyst [2]. This coculture achieved maximum power
densities of 143 mW/m? (anode area) and 59.2 mW/m? from 1 g/L carboxymethyl
cellulose (CMC) and MN301 cellulose, respectively. In this defined system, C.
cellulolyticum fermented cellulose mainly into acetate, ethanol, hydrogen, and carbon
dioxide, and G. sulfurreducens transferred electrons from some of these fermentation
products to the anode via anaerobic respiration. In scanning electron micrographs, the
binary culture showed tight microcolony structures, while the mixed culture from
activated sludge showed heterogeneous cell morphologies and a looser biofilm structure.
Lower magnification images showed that the coculture biofilm had patchy coverage of
the anode, while the mixed culture formed a more uniform biofilm over the surface of the
graphite plate.

7.3. Biohydrogen

The architecture and operation of MFCs can be readily modified to produce hydrogen
instead of electricity. Under normal operating conditions, protons released by the anodic
reaction migrate to the cathode and combine with oxygen to form water. A bio-
electrochemically assisted microbial reactor (BEAMR) is established where oxygen is
removed from the cathode and a small additional voltage is applied to the circuit,
hydrogen gas is evolved from the cathode [197-199]. Another option of biohydrogen
production is simply the bacterial electrolysis of organic because the protons and
electrons are derived from the organic matter and not water [140]. In biohydrogen
production using MFCs, oxygen is no longer needed in the cathodic chamber. Thus, MFC
efficiency improved because oxygen leak to the anodic chamber is no longer an issue.
Another advantage is that hydrogen can be accumulated and stored for later usage to
overcome the inherent low power feature of the MFCs. Therefore, MFCs provide a
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renewable hydrogen source that can contribute to the overall hydrogen demand in a
hydrogen economy [200].

Research has shown that the process works with domestic wastewater, but H.
recoveries in current reactor designs are still too low to make H, production with
BEAMR likely to be as viable as electricity production [199]. Hydrogen generation from
the protons and the electrons produced by the metabolism of microbes in an MFC is
thermodynamically unfavorable. Liu et al. applied an external potential to increase the
cathode potential in a MFC circuit and thus overcame the thermodynamic barrier [197].
In this mode, protons and electrons produced by the anodic reaction are combined at the
cathode to form hydrogen. The energy comes from the biomass oxidation process in the
anodic chamber is utilized to provide the required external potential for an MFC which is
theoretically 110 mV, much lower than the 1210 mV required for direct electrolysis of
water at neutral pH. MFCs can potentially produce about 8-9 mol Hz/mol glucose
compared to the typical 4 mol Ha/mol glucose achieved in conventional fermentation
[197]. Bacteria produce an anode working potential of ~ —0.3 V. The protons and
electrons that are produced at the anode can combine at the cathode to produce H, with
only an additional total potential of 0.11 V. In practice, however, 0.25V or more must be
put into the circuit to make H., because of overpotential at the cathode [140, 197, 198].

An integrated hydrogen gas production process from cellulose consisting of a dark
fermentation reactor and microbial fuel cells (MFCs) as power sources for a microbial
electrolysis cell (MEC) was investigated by Wang et al. [201]. The method described a
single integrated process, with fermentation and MECs linked together for hydrogen
production and fermentation of effluent used in both MFCs and MECs so that power
generated in the MFCs could be used to power an MEC. The advantage of this combined
fermentation and MFC-MEC system was the production of hydrogen at higher yields
than fermentation alone, without the need for an exogenous electrical power input. In
order to test the system with a renewable substrate, cellulose was used as the starting
substrate. One to three MFCs were used to power the MEC in order to examine the effect
of different applied voltages on MEC performance. A maximum of 0.43 V using
fermentation effluent as a feed, achieving a hydrogen production rate from the MEC of
0.48 m® Ho/m®/d (based on the MEC volume), and a yield of 33.2 mmol Hx/)g COD
removed in the MEC. The overall hydrogen production for the integrated system
(fermentation, MFC and MEC) was increased by 41% compared with fermentation alone
to 14.3 mmol H./g cellulose, with a total hydrogen production rate of 0.24 m3 H./m?/d
and an overall energy recovery efficiency of 23% (based on cellulose removed) without
the need for any external electrical energy input.
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7.4. Wastewater Treatment

Energy recovery at a wastewater treatment plant could lead not only to a sustainable
system based on energy requirements but also to production of a net excess of energy.
The MFCs were considered to be used for treating waste water early in 1991 [202].
Electricity generation will not justify MFC operation, but the BOD removal with this
more sustainable technology is attractive [203]. Municipal wastewater contains a
multitude of organic compounds that can fuel MFCs. An MFC would be used in a
treatment system as a replacement for the existing energy-demanding bioreactor (such as
an activated sludge system), resulting in a net energy-producing system. The amount of
power generated by MFCs in the wastewater treatment process can potentially halve the
electricity needed in a conventional treatment process that consumes a lot of electric
power in aerating activated sludge and they yield 50-90% less solids to be disposed of
[200]. MFCs can enhance the growth of bio-electrochemically active microbes during
wastewater treatment thus they have good operational stabilities. Continuous flow and
single-compartment MFCs and membrane-less MFCs are favored for wastewater
treatment due to concerns in scale-up [204-206]. Sanitary wastes, food processing
wastewater, swine wastewater, biodiesel waste and corn stover are all great biomass
sources for MFCs because they are rich in organic matters [104, 207-209]. Up to 80% of
the COD can be removed in some cases [104, 208] and a coulombic efficiency as high as
80% has been reported [210]. Furthermore, organic molecules such as acetate,
propionate, and butyrate can be thoroughly broken down to CO; and H.O. A hybrid
incorporating both electrophiles and anodophiles are especially suitable for wastewater
treatment because more organics can be biodegraded by a variety of organics. MFCs
using certain microbes have a special ability to remove sulfides as required in wastewater
treatment [119]. An MFC system could even be useful for individual homes or other
small applications, although power production would probably be too low to warrant
recovery of electricity. Septic tanks are typically used for single- to multiple-house
applications, but they are inefficient systems for removing BOD or nutrients. An MFC-
based system, however, might provide the opportunity for better removal of BOD, COD
and even nutrients [8, 208]. MFC applications may be particularly useful in areas where
septic tanks cannot be used because of the need for high BOD removal. Such applications
are currently carried out by small aerobic systems that consume energy, often in remote
areas with little power available to run them.

Energy recovery wastewater was found to depend significantly on the operational
conditions (flow mode, temperature, organic loading rate, and HRT) as well as the reactor
[211]. Temperature was an important parameter for treatment efficiency and power
generation. The highest power density of 422 mW/m? (12.8 W/m?®) was achieved under
continuous flow and mesophilic conditions, at an organic loading rate of 54 g COD/L-d,
achieving 25.8% COD removal. The results demonstrate that the main advantages of
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using temperature-phased, in-series MFC configurations for domestic wastewater
treatment are power savings, low solids production, and higher treatment efficiency.

Khan et al. conducted several investigations to enhance the current and voltage
generation of Membrane-Less Microbial Fuel Cell (ML-MFC) in different operating
conditions, such as direct effluent of food-processing industries, adding drainage sludge
concentration, aeration in cathode compartment, increasing the electrode area [212]. In
addition, COD removing capability of the ML-MFC was also studied. The study
documented a maximum power density of 7.11874 mW/m? with the current density of
97.34 mA/m?. COD removal was observed 47% to 74% in all experiments. Sevda et al.
presented a novel method for simultaneous bioelectricity generation and wastewater
treatment by operating an air—cathode MFC with membrane-electrode assembly over
three batch cycles (total of 160 days) and results indicated that molasses mixed sewage
wastewater (high strength wastewater) containing 9978 mg/L of chemical oxygen
demand (COD) could be used as substrate to produce bioelectricity with this system [27].
Three different compositions of wastewater were used as substrate. The original
wastewater, half-diluted wastewater and centrifuged wastewater were used as substrate in
MFCs. Maximum voltage output of 762 mV and maximal power density of 382.5
mW/m? (5.06 W/m?®) were obtained with the original wastewater by the 14" day of
operation.

Hazardous Hg?* can be removed from industrial waste effluent as an electron
acceptor of a microbial fuel cell (MFC) [213]. A maximum power density of 433.1
mW/m? was achieved from 100 mg/L Hg?* at pH 2 during this removal process. The
higher the concentration of Hg?* in the effluent the higher the power density obtained.
Still now wastewater treatment in MFC is hindered by the prohibitive cost of cathode
material, especially when platinum is used to catalyze oxygen reduction. Recycled scrap
metals could be used efficiently as cathode material in a specially-designed MFC [214].
In terms of cost and long term stability, Inconel 718 was the preferred choice. Operating
the MFC in full-loop mode option allowed reaching 99.7% acetate removal while
generating a maximum power of 36 W m™ at an acetate concentration of 2535 mg L.
Under these conditions, the energy produced by the system averaged 0.1 kWh m™ of
wastewater treated. A tubular air-cathode microbial fuel cell (MFC) stack with high
scalability and low material cost was constructed by Zhuang et al [215]. They studied the
ability of simultaneous real wastewater treatment and bioelectricity generation under
continuous flow mode and found two organic loading rates (ORLS) tested (1.2 and 4.9 kg
COD/md d), five non-Pt MFCs connected in series and parallel circuit modes treating
swine wastewater can enable an increase of the voltage and the current. A novel
microbial fuel cell (MFC) and membrane bioreactor (MBR) integrated system, which
combines the advantages of both the systems, was proposed for simultaneous wastewater
treatment and energy recovery [216]. The system favored a better utilization of the
oxygen in the aeration tank of MBR by the MFC biocathode, and enabled a high effluent
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quality. Continuous and stable electricity generation, with the average current of 1.9 £ 0.4
mA, was achieved with a maximum power density of 6.0 W m=. Another new hybrid,
air-biocathode microbial fuel cell-membrane bioreactor (MFC-MBR) system was
developed to achieve combined advantages of wastewater treatment and ultrafiltration to
produce water for direct reclamation [25]. This biocathode system could remove 97% of
the soluble chemical oxygen demand, 97% NHs—N, and 91% of total bacteria (based on
flow cytometry).

7.5. Biosensor and Bioelectronics

A potential application of the MFC technology is to use it as a sensor for pollutant
analysis and in situ process monitoring and control [164, 217-227].The proportional
correlation between the coulombic yield of MFCs and the strength of the wastewater
makes MFCs possible to act as biological oxygen demand (BOD) sensors [228]. Chang et
al. and Kim et al. showed a good linear relationship between the coulombic yield and the
strength of the wastewater in a quite wide BOD concentration range which is the accurate
method to measure the BOD value of a liquid [226, 228]. However, a high BOD
concentration requires a long response time because the coulombic yield can be
calculated only after the BOD has been depleted unless a dilution mechanism is in place.
Several attempts have been taken to improve the dynamic responses in MFCs [229]. A
submersible microbial fuel cell (SUMFC) type sensor has been developed for in situ
monitoring of microbial activity and biochemical oxygen demand (BOD) in groundwater
[217]. The microbial activity and BOD content of contaminated groundwater could be
successfully detected in less than 3.1 h by using biofilm-colonized anode which was fitted
well with the one measured by the standard methods, with deviations ranging from 15%
to 22% and 6% to 16%, respectively. A low BOD sensor monitoring mode can be applied
to real-time BOD determinations for either surface water, secondary effluents or diluted
high BOD wastewater samples [230]. Excellent operational stability and good
reproducibility and accuracy of MFC-type of BOD sensors made them advantageous over
other types of BOD sensor. An MFC-type BOD sensor constructed with the microbes
enriched with MFC can be kept operational for over 5 years without extra maintenance,
far longer in service lifespan than other types of BOD sensors reported in the literature
[228].

A novel silicon-based MFC is used to detect toxic matters in industrial effluent. This
device is capable of detecting the variation on the current produced by the cell when toxic
compounds are present in the medium [218]. A proton exchange membrane placed
between two micro-fabricated silicon plates is used to act as current collectors. The
device has been tested as a toxicity sensor by setting it at a fixed current while monitoring
changes in the output power. A drop in the power production is observed when a toxic
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compound is added to the anode compartment. The compact design of the device makes
it suitable for its incorporation into measurement equipment either as an individual device
or as an array of sensors for high throughput processing. Stein et al. investigated the
influence of the magnitude of the external resistance on the sensitivity and recovery time
of the MFC-based biosensor to detect toxicity and monitor quality of drinking water
[231]. They concluded that a low resistance resulted in a large change in signal and a
more sensitive sensor, while a high resistance resulted in a shorter recovery time. The
recovery times of the sensors under both anode potential control and current control were
found to be longer than when an external resistor was used. This type of biosensor should
be operated at controlled anode potential, controlled pH and saturated substrate
concentrations to reach a stable baseline current under nontoxic conditions [219].
Currently available models for describing polarization curves of MFC based biosensors,
cannot describe the effect of the presence of toxic components. A bioelectrochemical
model combined with enzyme inhibition kinetics, that describes the polarization curve of
an MFC-based biosensor, was modified to describe four types of toxicity [232].
Simulations the four modified models were performed to predict the overpotential that
gave the most sensitive sensor. A stable and sensitive sensor has been established by
controlling the overpotential. These simulations were based on data and parameter values
from experimental results under non-toxic conditions. The parameter values from
experimental results, controlling the overpotential at 250 mV leads to a sensor that is
most sensitive to components that influence the whole bacterial metabolism or that
influence the substrate affinity constant.

The sensitivity of biosensor to detect nickel in drinking water was investigated [222].
There was no delay in the response of the sensor and the sensitivity was 0.0027 A/m?/mg
Ni/l at an anode potential of —0.4 V. The effect of four types of ion exchange membranes
(cation exchange, anion exchange, monovalent cation exchange and bipolar membranes)
on the sensitivity was not significant.

The toxicity shocks (sudden change in toxins concentration) of acute-toxic heavy
metal (chromium), low-toxic metal (iron), common nutrient (nitrate), and organic
contaminant (sodium acetate) in wastewater were examined in a novel self-sustained
single chamber batch-mode cube microbial fuel cell (CMFC) biosensor [220]. The results
showed that the CMFC was able to distinguish shocks of toxins from non-toxins based on
voltage signal changes. A (MFC)-based biosensor was recently developed for the
detection of toxic components in water [221]. In this biosensor, substrate consumption
rate and metabolic activity of bacteria are directly related to the electric current. Analysis
shows that a weighted least squares method is necessary to secure a good fit at the
overpotentials where current is most sensitive to changes in kinetic parameters. A
protocol for on-line detection of toxicity and for detection of the type of kinetic inhibition
is provided by the team.
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Figure 5. Scheme of anaerobic biodegradation system integrated with MFC based sensor (modified
drawing from Liu et al. [238])

Systems based on the microorganism as sensors for quantifying the biological oxygen
demand in sewage [227-229, 233, 234] which can readily be expanded to detect other
compounds those act as electron donors for electricity production, such as hydrogen
[235] or aromatic contaminants [236]. A BOD biosensor, based on the microbial fuel cell
principle, was tested for online and in situ monitoring of biodegradable organic content of
domestic wastewater and a stable current density 282 + 23 mA/m? was obtained with
domestic wastewater containing a BODs of 317 £ 15 mg O./L at 22 + 2°C, 1.53 £ 0.04
mS/cm and pH 6.9 + 0.1 [223]. The current generation from the BOD biosensor was
dependent on the measurement conditions such as temperature, conductivity and pH.
Thus, a correction factor should be applied to the measurements done under different
environmental conditions from the one used in the calibration. Three important organic
pollutants: aldicarb, dimethyl-methylphosphonate (DMMP), and bisphenol-A (BPA) can
be detected by artificial neural network (ANN) processing with microbial fuel cell
(MFC)-based biosensor [225]. MFCs can also possibly be used to power sensor devices,
particularly in river and deep-water environments where it is difficult to routinely access
the system to replace batteries. Sediment fuel cells are being developed to monitor
environmental systems such as creeks, rivers, and the ocean [177, 237]. Power for these
devices can be provided by organic matter in the sediments although power densities
obtained in sediment fuel cells is very low because of both the low organic matter
concentrations and their high intrinsic internal resistance. Systems developed to date are
limited to producing less than 30 mW/m? [177]. However, the low power density can be
offset by energy storage systems that release data in bursts to central sensors [191]. MFC
based biosensor array can also be capable of measuring individual acetate, propionate and
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butyrate concentrations with sensitivity down to 5 mg I"* and up to 40 mg I* to monitor
bioproceses such as an aerobic digestion [224] A biofilm based wall-jet MFC biosensor
has been developed with a character of being portable, short hydraulic retention time
(HRT) for sample flow through and convenient for continuous operation which can be
used to monitor anaerobic digestion (AD) (Figure 5) [238]. It was an upflow anaerobic
fixed-bed (UAFB) reactor fed with OECD wastewater, which was equipped with data
acquisition hardware, data record and analysis software and sensor units for real time on-
line monitoring, containing electrical signal via MFC based sensor, biogas signal via in-
house developed gas flow meter and proton signal via commercial available pH meter.
This research suggest that the MFC signal can reflect the dynamic variation of AD and
can potentially be a valuable tool for monitoring and control of bioprocess.

7.6. Biorecovery

An MFC can be modified in interesting and useful ways, and this can lead to new
types of fuel-cell-based technologies. One such application is the modification of the
basic two-electrode system for bioremediation. The MFC is not used to produce
electricity; instead, power can be put into the system to drive desired reactions to remove
or degrade chemicals, such as converting soluble U(V1) to insoluble U(1V)[239]. Bacteria
are not only able to donate electrons to an electrode but can also accept electrons from the
cathode. Fe(ll) in acid mine drainage (AMD) reacts with dissolved oxygen to produce
iron oxide precipitates, resulting in further acidification, discoloration of stream beds, and
sludge deposits in receiving waters. It is possible to use AMD types of soluble iron
solutions, an important contributor to surface water pollution, in microbial fuel cell-based
technologies to create spherical nano-particles of iron oxide (ferrihydrite) that are
transformed to goethite(a-FeOOH) upon drying as well as to generate electricity [240].
Particle diameters were controlled to be in the range of 120-700 nm by varying the
conditions in the fuel cell, such as current density. These results provided a method to
produce iron oxide particles that can be used in pigments and other products. Gregory et
al. were able to precipitate uranium directly onto a cathode because of bacterial reduction
[239]. Nitrate can also be converted to nitrite when electrodes are used as electron donors
[141]. Electrolytic cultivation has been used to extend the growth rates of suspensions of
iron-oxidizing bacteria in the laboratory [241]. In a recent work, a microbial fuel cell
system has been integrated with supported liquid membrane (SLM) technology to
simultaneously treat organic- and heavy metal containing wastewaters for simultaneous
removal of organic and zinc contamination in parallel effluent streams [242]. The
MFC/SLM combination produces a synergistic effect which enhances the power
performance of the MFC significantly. The change in the substrate removal efficiency
and coulombic efficiency (CE) compared to the controls is small. The system
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demonstrates that within 72 h, 93 + 4% of the zinc ions are removed from the feed phase,
hence the Zn* removal rate is not significantly affected and is comparable to the SLM
control (96 + 1%), while MFC power output is significantly increased.

7.7. Desalination

Most of the water desalination techniques (reverse osmosis, ultrafiltration, ion
exchange, electrodialysis etc) are cost effective [243]. An integrated desalination with
wastewater treatment and electricity production in a microbial desalination cell (MDC)
was studied by utilizing the mutual benefits among the above functions [244]. When
using wastewater as the sole substrate, the power output from the MDC (8.01 W/m?3) was
four times higher than a control MFC without desalination function. In addition, the
MDC removed 66% of the salts and improved COD removal by 52% and coulombic
efficiency by 131%. Desalination in MDCs improved wastewater characteristics by
increasing the conductivity by 2.5 times and stabilizing anolyte pH, which therefore
reduced system resistance and maintained microbial activity.

A recirculation microbial desalination cell (rMDC) was designed and operated to
allow recirculation of an solutions between the anode and cathode chambers [245]. This
recirculation avoided pH imbalances that could inhibit bacterial metabolism. The salt
solution (20 g/L NaCl) was reduced in salinity by 34 + 1% (50 mM) and 37 £ 2%(25
mM) with recirculation (rMDC), and by 39 + 1% (50 mM) and 25 + 3% (25 mM) without
recirculation (MDC) as well as generating maximum power density of 931 + 29 m\W/m?
with a 50 mM phosphate buffer solution (PBS) and 776 + 30 mW/m? with 25 mM PBS.
A continuously operated microbial desalination cells (MDCs) has been developed for the
purpose of salt removal [246]. A high charge transfer efficiency of 98.6% or 81% was
achieved at hydraulic retention time (HRT) 1 or 4 d. These results demonstrated the
potential of the MDC as either a sole desalination process or a pre-desalination reactor for
downstream desalination processes. Another new technology (CDI-MFC) that combined
capacitive deionization (CDI) and microbial fuel cell (MFC) was developed to treat low-
concentration salt water with NaCl concentration of 60 mg/L [247]. The water
desalination rate was 35.6 mg/(L h), meanwhile the charge efficiency was 21.8%. Water
desalination was accomplished in a three-chamber MFC with two membranes (an AEM
placed adjacent to the anode and a CEM positioned next to the cathode). When current
was produced by bacteria at the anode, ionic species in the middle chamber were
transferred into the two electrode chambers, thereby desalinating the water in the middle
chamber [16]. This new method of desalination was able to remove 90% of the salt
content without pressurizing or use of an external power source.
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8. CURRENT DIRECTIONS OF MICROBIAL FUEL CELL RESEARCH

The current worldwide energy crisis requires concerted efforts from researchers to
search for all possible energy solutions. MFCs can potentially be an attractive part of
bioenergy because they can utilize low-grade organic carbons in wastewater [248]. But
this technology has to compete with the mature methanogenic anaerobic digestion
technology that has seen wide commercial applications because they can utilize the same
biomass in many cases for energy productions [249]. The power density output of an
MFC does not reach that of a chemical fuel cell because the latter uses energy intensive
fuels such as hydrogen and methanol, while MFCs typically use low grade organic matter
in wastewater. So in term of energy generation MFC should be a prominent sector. The
fuel in an MFC is often a rather dilute biomass (as in wastewater treatment) in the anodic
chamber that has a limited energy (reflected by its BOD). Another limitation is the
inherent naturally low catalytic rate of the microbes. Even at their fastest growth rate
microbes are relatively slow transformers. Although coulombic efficiency over 90% has
been achieved in some cases, it has little effect on the crucial problem of low reaction
rate. Although some basic knowledge has been gained in MFC research, there is still a lot
to be learned in the scale up of MFC for large-scale applications.

By using MFCs for wastewater treatment, a significant energy saving may be
achieved. A major disadvantage of MFCs is their reliance on biofilms for mediator-less
electron transport, while anaerobic digesters such as up-flow anaerobic sludge blanket
reactors eliminate this need by efficiently reusing the microbial consortium without cell
immobilization [250]. New developments in MFC research have found more uses of
MFCs in the form of MECs for production of biomaterials apart from biohydrogen. The
various MFC reactor types and operating conditions reviewed in this work were aimed at
enhancing MFC performance while lowering costs. Super-bug biofilm consortia,
engineered through mutation or genetic engineering, increase the possibilities of practical
MFC deployment beyond powering small sensors. It is likely that any practical
deployment of MFCs for locally distributed power generation or wastewater treatment
will be membrane-less, because a membrane poses a major mass transfer resistance and a
significant cost factor in reactor design and maintenance. Despite the major advances
made in the past decade, MFCs and MECs still face considerable challenges for large-
scale real-world applications.

MFCs are capable of converting biomass and with low substrate concentrations, both
of which are problematic for methanogenic digesters [250]. To improve the power
density output, new anodophilic microbes that vastly improve the electron transport rate
from the biofilm covering an anode to the anode are much needed [251]. Mutagenesis
and even recombinant DNA technology can conceivably be used in the future to obtain
some “super bugs” for MFCs. Microbes may be used as a pure culture or a mixed culture
forming a synergistic microbial consortium to offer better performance. One type of
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bacterium in a consortium may provide electron mediators that are used by another type
of bacterium to transport electrons more efficiently to an anode [252]. It is possible in the
future that an optimized microbial consortium can be obtained to operate an MFC
without extraneous mediators or biofilms while achieving superior mass transfer and
electron transfer rates. As aforementioned, MFCs can potentially be used for different
applications. When used in wastewater treatment, a large surface area is needed for
biofilm to build up on the anode. A breakthrough is needed in creating inexpensive
electrodes that resist fouling. It is unrealistic to expect that the power density output from
an MFC to match that of conventional chemical fuel cell such as a hydrogen-powered
fuel cell.

9. ENVIRONMENTAL ASPECTS

The production of different types of products and processes such as dyes, explosives,
pesticides, paper printing, color photography, pharmaceuticals, cosmetics, and leather
goods are not readily degradable under natural conditions and are typically not removed
from wastewater by conventional physicochemical methods, such as adsorption,
coagulation—flocculation, and especially advanced oxidation as they are energy and cost
intensive. MFC technology can be considered as a reliable alternative to these processes.
It has been demonstrated that microorganisms can degrade many types of toxic and
refractory compounds, such as phenols, indoles, azo dyes, and halogenated compounds,
and generate electricity simultaneously [53]. Different investigations found positive
results to degrade furfural and acid orange [211], azo dye [253], nitrobenzene [254],
antibiotic (ceftriaxone) [255], 1,2-dichloroethane [256], Biogenic palladium nanoparticles
[84].

MFC is also used to remove heavy metals, toxic metals, salts and different organic
matters from waste effluent and contributes to mitigate the environment pollution [213,
240, 242, 244, 246]. Heavy metals that can be removed by MFC include- copper, nickel,
cobalt, zinc, uranium and mercury from mining and metallurgical wastewaters [213, 239,
257-259]. Moreover MFCs can be used potentially to mitigate greenhouse gas [260].

Most of the BOD and COD present in the effluent can be efficiently removed by
MFC while generating useful electricity or other energies (most of them has been
discussed in section 7.4). Generally, for wastewater treatment, COD removal is the prime
parameter of importance. This COD removal can be expressed as columbic efficiency.
However, the added value of the produced power can be as important in terms of
economic feasibility. This implies that the resistance over the microbial fuel cell cannot
be too high, neither too low.
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10. LIMITATIONS OF MICROBIAL FUEL CELLS

Microbial fuel cells (MFCs) are a promising technology for sustainable production of
alternative energy and waste treatment. But low power output hinders its broad use. The
performance of microbial fuel cells is severely affected by limitations based on
irreversible reactions and processes in the anode and the cathode compartments [261].
The three major irreversibilities that affect MFC performance are- activation losses,
ohmic losses, and mass transport losses. These losses are defined as the voltage required
to compensate for the current lost due to electrochemical reactions, charge transport, and
mass transfer processes that take place in both the anode and cathode compartments
[262]. Poor kinetics of oxygen reduction at neutral pH and low temperatures hinder the
improvement of MFC performance [204, 263]. Another limitation of the MFC system is
the reduction of molecular oxygen by the cathode. Various metals have typically been
used to catalyze the cathodic reaction but reduction of oxygen at the cathode is currently
an important limiting factor in a MFC [76, 139]. To reduce these cathodic limitations
researchers have increased the cathode to anode ratio [264] and used biological catalysts
[112]. Moreover, Pt which is an effective cathode in MFC may concern with
environmental aspects.

Applying microorganisms in a technology brings some biological limitations also.
First, proper physical parameters such as pH (around neutral) and temperature (15—30°C)
need to be maintained for good microbial metabolism although some bacteria are able to
function under slightly different conditions. For instance, the microbial reductive
dechlorination of perchlorate was the highest at pH 8.5 [149]. Shear forces also seem to
be an important physical parameter as they influence the biofilm thickness and density,
and also the power output [150]. Biofilm thickness, structure, composition, and density
affect the flux of substrates and products within the biofilm. The latter can result in large
overpotentials, which have a negative impact on the performance of the system. In the
case of bioanodes, higher power production was observed from thicker anodic biofilms
[159]. Strikingly, the reverse effect has been observed in cathodic biofilms [94]. Finally,
even if the microorganisms are not limited by their environment, there are some intrinsic
limitations associated with the microbial metabolism such as their growth rate, uptake
rate of nutrients, and electron transfer capacities. Certainly, cathodic communities seem
to encounter harsh conditions as they have to invest energy for CO; fixation in their
biomass (autotrophic microorganisms), and have to be able to take up electrons from the
cathode at a high potential.

11. PROSPECTS FOR TECHNOLOGY IMPROVEMENT AND INNOVATION

Researchers in this field have overcome many of the limitations for real-life
applications but, there are many others that are still to be overcome. Improving the
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stability of the biocatalyst, overpotential at cathode surface, chemical and mechanical
stability of the electrode materials are some of the challenges that should be given
emphasize in future research. Current state of the art and the rate of development in
power output and energy production warrants a thorough rethinking of the applied value
and niches for MFC systems in practice. Therefore, it is argued that the energy concept is
beyond the reach of current possibilities. Notwithstanding the great advances that have
been made in the past and will be made in the coming decades in MFC and extracellular
electron transport research, the current research should be guided along two distinct
paths. On the one hand, there is the need for more fundamental knowledge which can be
gained by an in-depth study of the mechanisms and catalysts involved and warranted the
use of small (ml) scale and defined reactor setups. Bioelectrochemical systems should be
developed and integrated in sustainable green technology, i.e., that not necessarily
produces hard currency but renders less tangible benefits in terms of improved
environmental quality [4].

The MFCs, currently in existence, are exciting systems for studying microbial
communities and improving the understanding of how bacteria transfer electrons to solid
substrates. Harnessing that power in an economical manner, however, remains a greater
challenge. It is generally considered that the first applications of MFCs will be as power
sources for monitoring devices in the environment and for water treatment [265]. Several
tests of large systems have already shown sufficient power production by sediment MFCs
for long-term, unattended power sources for data-collecting devices [115, 177, 237].The
replacement of electricity-consuming wastewater-treatment bioreactors with electricity-
producing MFC-based systems shows great promise because of the high cost of operating
existing systems. The cost of the materials for construction of MFCs has been brought up
in numerous articles but an overall economic analysis is premature at this stage because
the designs and choice of materials continue to rapidly improve. Expensive materials
(e.g., Pt and Au), although not feasible in large-scale, may give useful insight into
reaction mechanisms. The suitability of less expensive materials has not been
unequivocally examined [261]. So, there are scope to study intensively to minimize the
cost of the MFC’s materials. Using MFCs as the treatment reactor makes good economic
sense because the total infrastructure needed for power generation does not have to pay
for itself on the electricity produced alone only the cost of replacing the existing reactor
with an MFC. Accomplishing treatment at a lower overall cost by producing a valuable
product (i.e., electricity) saves money and, therefore, makes the process more
economical. Renewable electricity production using MFC-based technologies seems
further off in the future but, with advances, MFCs might become practical as a method
for producing a mobile fuel from renewable biomass sources. Ethanol is currently made
from refined sugar, which limits its usefulness and economic potential, although it is
hoped that one day cellulosic materials could be used for ethanol production [266,
267].With further development, MFCs or modified MFCs could become practical
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methods for hydrogen production from the same materials envisioned for ethanol
production (sugar and cellulosic wastes) and from other biodegradable materials. Either
the electricity produced by MFCs can be used for the electrolysis of water or, more
efficiently, hydrogen could be produced directly from biomass sources using the BEAMR
process. Any material that produces electricity in the MFC process can be used to
produce hydrogen in the BEAMR process, although hydrogen yields cannot yet be
reliably predicted and must be measured. Taken together, these biotechnology-based
MFC approaches hold great promise as methods for renewable energy production. New
methods can be developed to extract heavy metals more efficiently from hazardous
effluents. Development in biorecovery sector may add extra dimension in potential use of
MFCs.

CONCLUSION

MFCs are a promising technology for the production of electricity from organic
material and wastes. Currently limited applications are possible because of low MFC
power output. But if we consider the energy balance and compare the energy production
and consumption in an MFC, it might open the door to a new method for renewable and
sustainable energy production. This is based on the assumption that electric energy is the
only energy produced in an MFC; in fact, when MFCs treat high-strength wastes,
hydrogen, methane etc. can be produced and should be included in the energy production,
and if other energy contents such as algal biomass are coproduced, they should be
included, as well. Wastewater treatment or bioremediation are some current applications
of MFCs which may be much more promising than the electrical production of the MFC
itself. Moreover, if the two major problems, i.e., proton accumulation within the biofilm
and over potential at the cathode in power generation from MFC are addressed properly
and remedial actions can be developed then it will open the door on a new world of
exploration and insight into complex microbial communities and the evolution of life.
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ABSTRACT

Enzymes are biocatalysts produced by all living cells to bring about specific
biochemical reactions as a part of metabolic processes occurring within the cells. The
potential of microorganisms for use as biocatalysts has drawn a great deal of attention in
a variety of industrial processes. Pectinases are a complex and diverse group of enzymes
involved in the degradation of pectic substances by the hydrolysis of pectin, a structural
polysaccharide usually present in the primary cell wall and middle lamella in the tissues
of higher plants. They are known to be produced from a wide variety of microorganisms
including bacteria, fungi and actinomycetes. Protopectinases, esterases and
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depolymerases are the most widely studied groups of pectinases and each of these finds a
significant importance in the biotechnological industry. Microbial pectinases have wide
applications in several industries including pulp, textile, food, fruit and juice, etc. proving
to be the future enzymes of the commercial sector. The present chapter focuses on the
structure, classification, production techniques and applications of microbial pectinase.

Keywords: enzymes, biocatalysts, pectinase

1. INTRODUCTION

Enzymes are biocatalysts which play a key role in all stages of metabolic processes
and biochemical reactions. The potential of microorganisms for use as biocatalysts has
drawn a great deal of attention in a variety of industrial processes. The biocatalytic uses
of enzymes have grown immensely in recent years since they have a high degree
specificity/selectivity and can catalyze a wide array of reactions. Microbial enzymes are
obtained from different microorganisms and are rapidly gaining popularity in the
commercial sector for its widespread applications as organic catalysts in numerous
processes on an industrial scale. Several microorganisms including bacteria, fungi and
actinomycetes, have been studied for the biosynthesis of different enzymes for use in the
commercial production of valuable products (Vermelho et al., 2012). The microbial
world has shown to be very heterogeneous in its ability to synthesize different types of
pectolytic enzymes with different mechanisms of action and biochemical properties
(Torres et al., 2005; Gummadi & Panda, 2003).

Pectic enzymes are produced by both prokaryotic and eukaryotic microorganisms,
which primarily synthesize alkaline and acid pectinases respectively. They have been
reported in Bacillus spp., Clostridium spp., Pseudomonas spp., Aspergillus spp., Monilla
laxa, Fusarium spp., Verticillium spp., Penicillium spp., Sclerotinia libertiana,
Coniothyrium diplodiella, Thermomyces lanuginosus, Polyporus squamosus (Jayani et
al., 2005). Furthermore, the production of these enzymes has also been described in yeast
(Theuil et al., 2011).

The filamentous fungi such as Aspergillus niger, A. awamori, Penicillium restrictum,
T. viride, M. piriformis are used in both submerged as well as solid state fermentation for
production of various industrially important products such as citric acid, ethanol, etc. The
Food and Drugs Administration (FDA) has approved A. niger, A. oryzae, P. expansum,
for use in food industry as they are Generally Regarded as Safe (GRAS) and hence are
employed in food industry. Apart from fungi, bacteria such as Bacillus licheniformis,
Aeromonascavi, Lactobacillus sp., Saccharomyces, Candida and Streptomycetes are also
employed in the production of pectinases. (Saranraj and Stella. 2013)

Pectinases are a complex and diverse group of enzymes involved in the degradation
of pectic substances. Pectin and other pectic substances are complex polysaccharides that
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contribute firmness and structure to plant tissues as a part of the middle lamella. The
diverse forms of pectic substances in plant cells may probably account for the existence
of various forms of pectinolytic enzymes.

Pectinases are classified according to their mode of secretion as extracellular and
intracellular pectinases. An extracellular enzyme is secreted outside the cell into the
medium in which that cell is living. Extracellular enzymes usually convert large substrate
molecules (i.e., food for the cell or organism) into smaller molecules that can then be
more easily transported into the cell, whereas an intracellular enzyme operates within the
cell membrane. Both intracellular and extracellular pectinases are classified based on the
mode of their action on the galacturonan part of pectin molecules (Singhania et al., 2009).

Pectinases play a significant role in plants as they help in cell wall extension and
softening of some plant tissues during maturation and storage (Triparthi et al., 2014).
Spoilage of fruits and vegetables by rotting, plant pathogenicity, symbiosis and
decomposition of plant deposits are some of the manifestations of pectinolytic enzymes
(Raghuwanshi et al., 2013). The microbial pectinase accounts approxiamately for 25% of
total global enzyme sales (Nirmaladevi et al., 2014). Most commercial preparations of
pectinases are produced from Aspergillus niger (Jayani et al., 2005).

Pectin is known to contain neutral sugars which are present in side chains. The most
common side chain sugars are xylose, galactose and arabinose. Pectins function as an
adhesive which holds the other cell wall polysaccharides like cellulose and hemicellulose
(i.e., xyloglugan or glucuronarabinoxylan) and proteins such as hydroxyproline-rich
glycoprotein extension, together. In plants, pectins are present in all stages of
development. The composition depends not only on the species but also on tissue, stage
of growth, maturity and growth conditions. Pectins are heterogeneous with respect to
both chemical structure and molecular weight (Shembekar et al., 2009).

Pectinases can be produced by both Submerged Fermentation (SmF) and Solid State
Fermentation (SSF). SmF involves cultivation of microorganisms on liquid broth which
requires high volumes of water, continuous agitation and generates lot of effluents. SSF
utilizes solid substrates for the growth of microorganisms and subsequent product
formation with total absence or limited use of water, generally under aerobic conditions
(Binod et al., 2008).

Generally, substrates used for SSF include grains such as rice, corn, root, tubers and
legumes. Apart from these, peels from fruit and vegetable industry waste are also being
used.

Pectins are widely used in textile, food industry (Bakery and Dairy) and have
demonstrated their commercial utilization as texturizing, thickening, emulsifyinh,
stabilising and clarifying agents. (Liu et al., 2012).

It is also studied for its potential in drug delivery in the pharmaceutical industry
(Khule et al., 2012). Pectin is used in making biodegradable films (Raghuwanshi et al.,
2013). Despite these applications, pectins are similar to cellulose and hemicelluloses, in
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converting common waste materials to soluble sugars, ethanol (Turner et al., 2007), and
biogas (Hutnan et al., 2000).

2. STRUCTURE OF PECTIN

Pectin is a major component of the primary cell wall of all the terrestrial plants. It is a
complex heterogenous structural polysaccharide comprising of a glycan matrix rich in
galacturonic acid. Pectin is crosslinked with cellulosolic and hemicellulosolic fibers of
the cell wall with side chains consisting of L-rhamnose, arabinose, galactose and xylose.
Pectic substances are complex colloidal acid polysaccharides with a backbone of
galacturonic acid residues linked by (1 * 4) linkages. The hydroxyl groups on C2 and C3
may be acetylated. The carboxyl groups of galacturonic acid are partially esterified by
methyl groups or they may be completely or partially neutralized by sodium, potassium
or ammonium ions (Pasha et al., 2013).

Based on the biochemical studies, the pectinases are comprised of members
dominated by a chain of 1,4-linked alpha-D-galactosyluronic acid residues (GalA). There
are three types of pectic domains, which include homogalacturonan,
rhamnogalacturonan-1, and rhamnogalacturonan-11 (Abbott et al., 2007).

Homogalacturonan (HG) is composed of a linear chain of 1,4-linked alpha-D-
galactosyluronic acid residues. Demethyl-esterification at the C-6 carboxyl results in
large assemblies of homogalacuronan within the cell wall matrix, allowing calcium cross-
linkages to form.

Rhamnogalacturonan-1 (RG-I) are regions where galacturonic acid units are replaced
with the disaccharide repeat [(1—2)-a-L-rhamnose-(1—4)- a-D-galacturonic acid]n. This
replacement causes steric hindrance or a “kink™ in the linear backbone and allows the
bonding of various sugar side chains, including D-galactose, L-arabinose, and D-xylose.

Rhamnogalacturonan-1l (RG-1I) is a branched pectic domain containing a
homogalacturonan backbone with various complex side chains bonded to the GalA
residues (O’Neill et al. 2004). These three polysaccharide domains form covalent
linkages throughout the primary cell wall matrix and middle lamellae, and provide
considerable potential for structural modulation by a wide range of pectinase enzymes.
This matrix forms a crystalline structure that allows it to trap water and other molecules,
giving pectin its gelling properties. It has been traditionally assumed that the structure of
pectin was primarily composed of a HG backbone interspersed with RG-I and RG-II
regions (Figure 1). Pectic regions with high densities of rhamnose are considered “hairy”
regions due to their highly branched configuration, while those with less branching are
termed “smooth” regions (Figure 2) (Pérez et al. 2000). Most of pectic-polymers are
comprised of smooth homogalacturonan and ramified hairy regions. Smooth regions
consist of a linear homogalacturonan backbone, while hairy regions consist of
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rhamnogalacturonan backbone with side-branches of varying length (Aguilar et al.,
2008). However, recent alternative structures have been proposed, placing RG-I at the
backbone with long side chains of HG, further branching into RG-11 (Willats et al. 2006).
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Source: Willats et al., 2006.

Figure 1. The basic structure of pectin. Schematic representations of the conventional (A) Recently
proposed alternative (B) Structures of pectin. The polymers shown here are intended only to illustrate
the some of the major domains found in most pectins rather than definitive structures.

Hairy pectin

Figure 2. Structure depicting smooth and hairy pectin.

Complimentary Contributor Copy



122 F. Uzma, L. Thimmappa Ramachandrappa, V. Mudili et al.

2.1. Classification

Pectic enzymes have two classes namely, pectin, esterases and pectin depolymerases.
Pectin esterase has the ability to de-esterify pectin by the removal of methoxy residues.
Pectin depolymerases readily split the main chain and are further classified as
polygalacturonase (PG) and pectinlyases (PL) (Haidar and Fazaelipoor, 2010).

Based on its mode of action and substrate preference, these enzymes are classified
into three types:

I. Protopectinases: degrade the insoluble protopectin and give rise to highly
polymerized soluble pectin.

Il. Depolymerases: catalyze the hydrolytic cleavage of the a-(1- 4)-glycosidic bonds
in the D-galacturonic acid moieties of the pectic substances

I1l. Esterases: catalyze the de-esterification of pectin by the removal of methoxy
esters (Table 1)

2.2. Protopectinases

Protopectinases catalyse the solubilisation of protopectin. They catalyse the reaction
which converts the insoluble protopectin to soluble pectin.
Two types of PPases have been recognised based on their reaction mechanisms:

(i) A-type PPases which react with the polygalacturonic acid region of protopectin
(if) B-type PPases which react on the polysaccharide chains that may connect the
polygalacturonic acid chain and cell wall constituents (Jayani et al., 2005).

2.3. Depolymerases

Depolymerases act on pectic substances by two different mechanisms:

(i) The depolymerases catalyze the hydrolytic cleavage with the introduction of
water across the oxygen bridge by hydrolysis.

(ii) The glycosidic bond is broken down via a trans-elimination lysis by
depolymerases which does not involve the participation of water molecules.

Polygalacturonase(PG) and polymethylgalacturonase(PMG) breakdown pectate and

pectin, respectively by the mechanism of hydrolysis. However, polygalacturonate lyase
and polymethylgalacturonate lyase breakdown pectate and pectin by B elimination.
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Depending upon the pattern of action, i.e., random or terminal, these enzymes are termed
as Endo or Exo enzymes, respectively (Figure 3)

2.4. Polygalacturonases (PG)

Polygalacturonase catalyzes hydrolysis of o-1,4-glycosidic linkages in
polygalacturonic acid producing D-galacturonate. Both groups of hydrolase enzymes
(PMG and PG) can act in an endo- or exo- mode. Endo-PG (EC 3.2.1.15) and Endo-PMG
catalyze random cleavage of substrate. Exo-PG (EC 3.2.1.67) and Exo-PMG catalyze
hydrolytic cleavage at substrate non reducing end producing monogalacturonate or
digalacturonate in some cases (Kashyap et al., 2001). Hydrolases are produced mainly by
fungi, being more active on acid or neutral medium at temperatures between 40°C and
60°C (Pedrolli et al., 2009).

2.5. Pectate Lyases (PGL)

Pectate lyase cleaves glycosidic linkages preferentially on polygalacturonic acid
forming unsaturated product (A-4,5-D-galacturonate) through transelimination reaction.
PGL has an absolute requirement of Ca?* ions. Hence, it is strongly inhibited by chelating
agents as EDTA (Jayani et al., 2005). Pectate lyases are classified as endo-PGL (EC
4.2.2.2) which acts towards substrate in a random way and exo-PGL (EC 4.2.2.9) that
catalyze the substrate cleavage from nonreducing end chain (Pedrolli et al., 2009).

2.6. Pectin Lyases (PL)

Pectin lyase catalyzes the random cleavage of pectin, preferentially high esterified
pectin, producing unsaturated methyloligogalacturonates through transelimination of
glycosidic linkages. PLs do not have an absolute requirement of Ca?" but they are
stimulated by this and other cations (Jayani et al., 2005). Most described pectin lyases are
endo-PLs (EC 4.2.2.10) (Sinitsyna et al., 2007). Van Alebeek and co-workers (2002)
conducted a detailed study of the action mode of pectin lyase A from Aspergillus niger
which produces mono, di, tri and tetragalacturonates, besides unsaturated di, tri and
tetragalacturonates from methyloligogalacturonates. Unsaturated monogalacturonates are
not identified in the reaction products during any assay. Both lyase groups are classified
into polysaccharides lyase family 1.

Complete degradation of pectin substrate requires enzymes that cleave the
rhamnogalacturonan chain.

Complimentary Contributor Copy



124 F. Uzma, L. Thimmappa Ramachandrappa, V. Mudili et al.

3. RHAMNOGALACTURONAN RHAMNOHYDROLASES
(RG RHAMNOHYDROLASE)

RG rhamnohydrolase, rhamnogalacturonan a-Lrhamnopyranohydrolase or a-L-
rhamnosidase (EC 3.2.1.40) catalyzes hydrolytic cleavage of the rhamnogalacturonan
chain at nonreducing end producing rhamnose. These enzymes are classified into
different glycosyl-hydrolase families (Pedrolli et al., 2009).

3.1. Rhamnogalcturonan Galacturonohydrolases
(RG Galacturonohydrolase)

RG galacturonohydrolase (EC 3.2.1) catalyzes hydrolytic cleavage of the
rhamnogalacturonan chain at nonreducing end producing monogalacturonate. It is
classified into glycosyl-hydrolase family (Pedrolli et al., 2009).

3.2. Rhamnogalacturonan Hydrolases (RG Hydrolases)

RG hydrolase randomly hydrolyses the rhamnogalacturonan chain producing
oligogalacturonates (Pedrolli et al., 2009).

3.3. Rhamnogalacturonan Lyases (RG Lyases)

RG lyase (EC 4.2.2.-) catalyzes the random transelimination of the rhamnose-
galcturonate linkage from rhamnogalacturonan chain, producing an unsaturated
galacturonate at nonreducing end of one oligomer and a second oligomer containing a
rhamnose as a reducing end residue These enzymes are classified into polysaccharides-
lyase family (Pedrolli et al., 2009).

3.4. Rhamnogalacturonan Acetylesterases (RG Acetylesterases)

Rhamnogalacturonan acetylesterase (EC 3.1.1) catalyzes hydrolytic cleavage of
acetyl groups from rhamnogalacturonan chain. It is classified into carbohydrate esterase
family (Pedrolli et al., 2009).
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4. XYLOGALACTURONAN HYDROLASE

Xylogalacturonase (EC 3.2.1) catalyzes hydrolytic cleavage of glycosidic linkages
between two galacturonate residues in xylose-substituted rhamnogalacturonan chain,
producing xylose-galacturonate dimmers. These enzymes are classified into glycosyl-
hydrolase family (Pedrolli et al., 2009).

5. PECTIN ESTERASE

Pectin esterase (PE, E.C. 3.1.1.11), is a carboxylic acid esterase and belongs to the
hydrolase group of enzymes and catalyzes the deesterification of methyl ester linkages of
galacturonan backbone of pectic substances to release acidic pectins and methanol. The
resulting pectin is then acted upon by polygalacturonases and lyases. The mode of action
of PE varies depending on its origin. Fungal PEs reacts differently from plant PEs.
Fungal PEs act by a multi-chain mechanism, removing the methyl groups at random
whereas plants PEs tend to act either at the non-reducing end or next to a free carboxyl
group, and proceed along the molecule by a single chain mechanism. The reaction
catalyzed by PE can be represented as follows (Jayani et al., 2005).

Figure 3. Mode of action of pectinases: (a) R = H for PG and CH3 for PMG; (b) PE; and (c) R = H for
PGL and CH3 for PL. The arrow indicates the place where the pectinase reacts with the pectic
substances. PMG, polymethylgalacturonases; PG, polygalacturonases (EC 3.2.1.15); PE, pectinesterase
(EC 3.1.1.11); PL, pectin lyase (EC-4.2.2.10), Source: Pedrolli et al., 2009.
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Table 1. Classification of pectinolytic enzymes

Enzyme E.C. No. Modified EC systematic name AC“"F‘ Action Primary substrate Product
mechanism pattern
Esterase
1. Pectin methyl esterase 31111 Hydrolysis Random Pectin Pectic acid + methanol
Depolymerizing enzymes
(a) Hydrolases 321 Poly-(1-4)-a-D-galactosiduronate Hydrolysis Random Protopectin Pectin

1. Protopectinases 321 glycanohydrolase Hydrolysis Random Pectic acid Oligogalacturonates

2. Endopolygalacturonase 3.2.1.82 67 Poly-(1-4)-a-D-galactosiduronate | Hydrolysis Terminal Pectic acid Monogalacturonates

3. Exopolygalacturonase 4222 glycanohydrolase Hydrolysis Penultimate | Pectic acid Digalacturonates

4. Exopolygalacturonan- 4229 Poly-(1-4)-a-D-galactosiduronate Hydrolysis bonds Trigalacturonate Monogalacturonates
digalacturono hydrolase 4.2.2.6 digalacturonohydrolase Hydrolysis Terminal D4:5(Galacturonate)n | Unsaturated

5. Oligogalacturonate 42.2.10 Poly-(1-4)-a-D-galactosiduronate Hydrolysis Terminal Highly esterified monogalacturonates
hydrolase lyase Hydrolysis Random pectin & saturated (n-1)

6. D4:5 Unsaturated Poly-(1-4)-a-D-galactosiduronate Trans-elimination | Terminal Highly esterified Oligomethylgalacturonates
oligogalacturonate exolyase Trans-elimination | Random pectin Oligogalacturonates
hydrolases Oligo-D-galactosiduronate lyase Trans-elimination | Penultimate | Pectic acid Unsaturated oligogalacturonates

7. Endopolymethyl- Poly(methyl galactosiduronate) Trans-elimination | bond Pectic acid Unsaturated digalacturonates
galacturonases lyase Trans-elimination | Terminal Unsaturated Unsaturated

8. Endopolymethyl- Random digalacturonates monogalacturonates
galacturonase Terminal Unsaturated poly- Unsaturated

Lyases

1. Endopolygalacturonase
lyase

2. Exopolygalacturonase lyase

3. Oligo-D-galactosiduronate
lyase

4. Endopolymethyl-D-
galactosiduronate Lyase

5. xopolymethyl-D-
galactosiduronate

(methyl-
digalacturonates)
Unsaturated poly-
(methyl-
digalacturonates)

methyloligogalacturonates
Unsaturated
methylmonogalacturonates

Source: Jayani et al., 2005.
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The PE reaction is represented below:

PE
Pectin + nH,0 — Pectate + C,H;OH

PE activity is implicated in cell wall metabolism including cell growth, fruit ripening,
abscission, senescence and pathogenesis. PE has been reported in plant pathogenic
bacteria and fungi such as Rhodotorula sp., Phytophthora infestans, Erwinia
chrysanthemi  B341, Saccharomyces cerevisiae, Lachnospira pectinoschiza,
Pseudomonas solanacearum, Aspergillus niger, Lactobacillus lactis subsp. Cremoris,
Penicillium frequentans , E. chrysanthemi 3604 , Penicillium occitanis and A. japonicus
(Hasunama et al., 2003; Jayani et al., 2005).

6. ROLE OF PGASES IN PLANT PATHOGENESIS

Polygalacturonases play an important role in virulence of some fungi and bacteria.
Most of the pathogenic microorganisms such as Aspergillus flavus, Alternaria citri,
Claviceps purpurea, Agrobacterium tumefaciens and Ralstonia solanacearum produce a
large variety of plant cell wall enzymes and polygalacturonases that are known to play an
important role in phytopathogenicity (Kars et al., 2005). The pectic substances are rich in
methyl-esterified galacturonic acid. The distribution of esterified residues and the
esterification level in the pectin molecule changes according to the plant life cycle and
between different species. The ability of some phytopathogenic microorganisms to
produce a variety of pectinolytic enzymes that differ in their substrate specifity provides
them with more efficacy in cell wall pectin degradation and facilitates in plant infection
(Pedrolli et al., 2009). The pathogenic microorganisms attack plant by virtue of the pectic
substances as they are most accessible than the other fibres in plant tissue (Hoondal et al.,
2002).

Endo-PGases are widely distributed among fungi, bacteria and have been reported in
Aureobasidium pullulans, Rhizoctonia solani Kuhn, Fusarium moniliforme, Neurospora
crassa, Rhizopus stolonifer, Aspergillus sps, Thermomyces lanuginosus and
Peacilomyces clavisporus. Endo- PGases have also been cloned and genetically studied
in a large number of microbial species (Fernandez-Gonzélez et al., 2004). In contrast,
exo-PGases occur less frequently. They have been reported in Agrobacterium
tumefaciens, Bacteroides thetaiotamicron, E. chrysanthemi, Alternaria mali, Fusarium
oxysporum, Ralstonia solanacearum, Bacillus sp, very few strains of Bacillus sps.
produce both pectate lyase (PL) and polygalacturonase (PGL) (Soriano et al., 2005).
Previously, Pectate lyase (PL) activity has been detected in supernatants of
phytopathogenic bacteria and has been described as the most important cause of soft rot

Complimentary Contributor Copy



128 F. Uzma, L. Thimmappa Ramachandrappa, V. Mudili et al.

disease. Pectin lyase and pectin methyl esterase are also cited as pectinolytic enzymes
produced by microorganisms. P. marginalis has been described as bacteria producing PL,
PNL and small amounts of PME (Koboyashi et al., 2001).

7. PECTIC SUBSTANCES

Pectic substances are polysaccharides of high molecular weight, with a negative
charge, appearing mostly in the middle lamella and the primary cell wall of higher plants,
found in the form of calcium pectate and magnesium pectate. They are formed by a
central chain containing a variable amount although in high proportion of galacturonic
acid residues linked through o (1- 4) glycosidic bonds partially esterified with methyl
groups (Figure 4). This molecule is known as pectin, while the demethylated molecule is
known as polygalacturonic acid or pectic acid. Two types of pectins- Homogalacturonic
pectins(HG), consisting of D-galacturonic acids and Rhamnogalacturonic pectins in
which the galacturonic acid chains are discontinued by rhamnose residues joined together
by a(1-2) bond with side chains of galactose and arabinose. The D-galacturonic acid
residues of both types of pectins may be esterified with methanol and pectins are further
categorised as high methoxyl or low methoxyl depending on the degree of methylation
(Ferndndez-Gonzalez et al., 2004).

Several L-rhamnopyranosyl residues may be attached to the main chain through its
C-1 and C-2 atoms. In addition, galacturonate residue may be acetylated at the C-2 and
C-3 positions, and side chains of residues of neutral sugars may be linked to the
galacturonic acid or to the C-4 of the rhamnose residue in the main chain (Mohnen, 2008;
Caffall & Mohnen, 2009).

Pectic substances tend to form a gel structure when portions of HG are cross-linked
forming a three dimensional crystalline network in which water and solutes are trapped
(Figure 5). Various factors determine gelling properties including temperature, pectin
type, esterification degree, acetylation degree, pH, sugar and other solutes, and mainly
the interaction between calcium ions and pectin unesterified carboxyl groups.

In high-ester pectins, the junction zones are formed by the cross-linking of HG by
hydrogen bridges and hydrophobic forces between methoxyl groups, both promoted by
high sugar concentration and low pH. Two antiparallel pectin chains can be condensed in
the cell wall by cross-linking with Ca?* ions to form ‘junction zones’ or the multiple
‘eggbox’. In some species, pectins may be cross-linked to other pectins or non-cellulosic
polysaccharides by ester linkages with dihydroxycinnamic acids such as diferulic acid
(Shembekar et al., 2009). Pectic polysaccharides have been used as bioactive food
ingredients and as detoxifying agents. It is an adequade infant food supplement
(Gummadi et al., 2003).
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Source: Vincken et al., 2003.

Figure 5. Interaction through insertion of Ca2+ ions between the unesterified carboxyl groups of the

galacturonosyl residues of two HG chains.
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In unripe fruit, pectin is found as a water insoluble pectic substance, the protopectin,
bounded to cellulose microfibrils conferring rigidity on cell walls. During ripening the
fruit enzymes alter the pectin structure by breaking the pectin backbone or side chains,
resulting in a more soluble molecule (Kashyap et al., 2001).

Pectic substances are mainly classified into the following four types:

Protopectin: is the water insoluble pectic substance present in intact tissue.
Protopectin on restricted hydrolysis yields pectin or pectic acids.

Pectic acid: is the soluble polymer of galacturonans that contains negligible
amount of methoxyl groups. Normal or acid salts of pectic acid are called
pectates.

Pectinic acids: is the polygalacturonan chain that contains > 0 and < 75%
methylated galacturonate units. Normal or acid salts of pectinic acid are referred
to as pectinates.

. Pectin (Polymethyl galacturonate): is the polymeric material in which, at least,

75% of the carboxyl groups of the galacturonate units are esterified with
methanol. It confers rigidity on cell wall when it is bound to cellulose in the cell
wall (Figure 6)

Pectic substances represent between 0.5 - 4% of fresh weight plant material (Jayani et
al., 2005) (Table 2). In addition to their role as cementing and lubricating agents in the
cell walls of higher plants, they are responsible for the texture of fruits and vegetables
during growth, maturation and their storage ( Mohnen 2008; Caffall & Mohnen, 2009).

Furthermore, pectic substances are involved in the phytopathogenicity between plant
hosts and their pathogens (Kashyap et al., 2001). This indicates that the pectic substances
are present in various forms in plant cells and this is the probable reason for the existence
of various forms of pectinolytic enzymes.

COOH

O
COOCH3

10 0
0 1--
0-
H
OH 4n

Figure 6. Structure of pectin molecule.

Pectic substances are commonly amorphous with a degree of polymerization.
Compared with young actively growing tissues, lignified tissues have a low content of
pectic substances. The content of the pectic substances is very low in higher plants. They
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are mainly found in fruits and vegetables, constitute a large part of some algal biomass
(up to 30%) and occur in low concentration in forestry or agricultural residues.
Polysaccharides from cell walls of ripe pears were reported to contain 11.5% pectic
substances, 16.1% lignin, 21.4% glucosan, 3.5% galactan, 1.1% mannan, 21% xylan and
10% arabinan. Contrary to the proteins, lipids and nucleic acids, pectic substances do not
have a defined molecular weight. The relative molecular masses of pectic substances
range from 25 to 360 kDa.

Table 2. Composition of pectin in different fruits and vegetables

Fruit/vegetable Pectic substance (%)
Apple 05-16
Banana 07-12
Peaches 0.1-0.9
Strawberries 0.6-0.7
Cherries 0.2-05
Peas 09-14
Carrots 6.9 —-18.6
Orange pulp 12.4-28.0
Potatoes 18-33
Tomatoes 24-46
Sugar beet 10.0-30.0

8. ROLE OF MICROBES IN PECTINASE PRODUCTION

Enzymes are the biocatalysts that regulate many chemical changes in living tissues
(Prathyusha and Suneetha, 2011). Pectinases constitute a group of at least seven enzymes
that catalyse the breakdown of pectin. Pectolysis is one of the most important processes
for plant as it plays a role in cell elongation and growth as well as fruit ripening.
Microbial pectinases are important in plant pathogenesis, symbiosis, decomposition of
plant deposits (Lang and Dornenberg, 2000). The microorganisms that abundantly
produce pectinolytic enzymes are saprophytic fungi which include species of Mucor,
Aspergillus, Paecilomyces, Rhizopus, etc. (Gummadi and Panda 2003; Guimaraes et al.,
2008). Thus, by breaking down pectin polymer for nutritional purposes, microbial
pectolytic enzymes play an important role in nature (Yadav et al., 2009). These enzymes
are inducible, produced only when needed and they contribute to the natural carbon cycle
(Hoondal et al., 2002).

Several studies on microbial enzymes have depicted the production of multiple
pectinase forms which differ on molecular mass and kinetic properties which in turn
improves the ability of the microorganism to adapt to different environmental changes
(Naidu and Panda 2003; Kars et al., 2005).
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9. METHODS OF PECTINASE PRODUCTION

Microbial enzymes are commercially produced either through submerged
Fermentation (SmF) or Solid Substrate Fermentation (SSF) techniques. The SmF
techniques for enzyme production are generally conducted in stirred tank reactors under
aerobic conditions using batch or fed batch systems. SmF is cultivation of
microorganisms on liquid broth which requires high volumes of water, continuous
agitation and generates lot of effluents. High capital investment, energy costs and the
need for infrastructural requirements in large scale production make the application of
SmF techniques in enzyme production more impractical. On the contrary, SSF
incorporates microbial growth and product formation on or within particles of a solid
substrate under aerobic conditions, in the absence or near absence of free water (Aguilar
et al., 2008)

Generally, pectinases are produced by SmF and SSF systems (Kaur et al., 2004;
Martin et al., 2010) Studies have been conducted on comparative production of
pectinases by SmF and SSF processes (Mienda et al., 2011).

10. SUBMERGED FERMENTATION

Submerged fermentation is the cultivation of microorganisms in liquid nutrient broth.
This involves growing carefully selected micro organisms in vessels containing desired
nutrients and agitated. As the microorganisms break down the nutrients, they release the
enzymes into broth. With the expansion of large-scale fermentation technologies, the
production of microbial enzymes accounts for a noteworthy proportion of the
biotechnology industrial output. Fermentation takes place in large vessels (fermenter)
with volumes of up to 1,000 cubic metres. Submerged fermentation is a well developed
system and has the advantages of better opportunities for process control, analysis and
aims to increase fermentation yield through the use of optimized medium (Martin et al.,
2010) (Table 3). SmF is used to produce a wide variety of microbial bioactive
metabolites. Pectinolytic enzymes on a large scale are produced from Aspergillus and
Penicillium sps. For the industrial production of pectinolytic enzymes, it is important to
optimise the cultural conditions to yield better production on inexpensive carbon sources
(Saranraj and Naidu, 2014). The price of commercially available enzymes that are
produced mostly by SmF is too high for applications (Fawzi et al., 2003).

Batch-fed and continuous fermentation processes are common types of Submerged
Fermentation. In the batch-fed process, sterilised nutrients are supplemented to the
fermenter during microbial growth. In the continuous process, sterilised liquid nutrients
are fed into the fermenter at the same flow rate as the fermentation broth leaving the
system. This will attain a steady-state production. Parameters like temperature, pH,
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oxygen consumption and carbon dioxide formation are automatically controlled to
optimise the fermentation process (Renge et al., 2012)

Table 3. Advantages and disadvantages of SMF process

Advantages Disadvantages
o Measure of process parameters is easier than with | e High costs due to the expensive media
solid-state fermentation. o Large reactors are needed and the behaviour of the
o Bacterial and yeast cells are evenly distributed organism cannot be predicted at times.
throughout the medium. e There is also a risk of contamination
o There is a high water content which is ideal for
bacteria.

Post production, removal of insoluble products, e.g., microbial cells is normally done
by centrifugation. Since most industrial enzymes are extracellular secreted by cells into
the external environment, they persist in the fermented broth after the biomass is
removed. The enzymes in the remaining broth are then concentrated by evaporation,
membrane filtration or crystallization depending on their intended application. Pure
enzyme preparations are prepared by gel or ion exchange chromatography. Applications
where commercial enzyme products are needed, the crude powder enzymes are made into
granules for convenient use or liquid formulations are preferred because they are easier to
handle (Singhania et al., 2009).

11. SOLID STATE FERMENTATION (SSF)

Solid state fermentation (SSF) is generally defined as the growth of microorganisms
on solid materials in the absence of free water. It has tremendous potential for the
production of enzymes. Studies on the production of enzymes by SSF are increasing
because of the potential advantages such as simplicity, high productivity and
concentrated products over submerged fermentations (Table 4) (Mienda et al., 2011).

Substrates that are employed in the production of enzyme should be solid, as solid
substrate can encourage good growth of microbes. Substrates provide all needed nutrients
to the microorganisms for their growth. Generally agro-industrial wastes are employed
for the pectinase production (Pandey et al., 2009). Production of enzymes from agro
wastes is very essential as they contain large amounts of cellulose, hemicellulose and
pectin, which could serve as inducers for the production of cellulase, xylanase, and
pectinases, respectively (Gholifar et al., 2010).

Microorganisms are widely accepted as the best sources for the production of
enzymes from agro wastes. Bacteria and fungi are known to produce wide array of
industrial enzymes. (Sumantha et al., 2005). Pectinase production has been reported from
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bacteria including actinomycetes (Phutela et al., 2005), yeast and fungi (Niturea et al.,
2008).

Fungi produce several extracellular enzymes that result in the decomposition of
organic matter with the pectinolytic enzymes being one among them. Fungal pectinases
break down the middle lamella in plants so that it can extract nutrients from the plant.

Various substrates that are presently being used for pectinase production include
sugarcane bagasse, wheat bran, rice bran, wheat straw, rice straw, sorghum stems, saw
dust, corn cobs, sun flower heads, coconut coir pith, banana waste, tea waste, sugar beet
pulp, apple pomace, orange peel, soya bean pulp powder, lemon peel, coffee pulp, wheat
husk, wheat bran, soya bran, banana peel, pineapple peels, etc. (Okafer et al., 2010;
Durairajan and SivaSankari 2014)

According to Patil and Chaudhari (2010), it was found that orange bagasse as the best
substrate for PG production by Penicillium sp. Similar studies were also carried out by
Silva et al., (2002) where orange bagasse and wheat bran gave higher yields of PG when
inoculated with culture P. viridicatum RFC3. Orange bagasse used in the study was
obtained after the extraction of juice from fruit processing industries in high quantities

Table 4. Advantages and disadvantages of the SSF process

Advantages

Disadvantages

The culture media are simple. Some substrates can be
used directly as a solid media or enriched with
nutrients

The used microorganisms are limited those that grow in
reduced levels of humidity

The product of interest is concentrated, that which
facilitates its purification

The determination of parameters such as humidity, pH, free
oxygen and dioxide of carbon, constitute a problem due to
the lack of monitoring devices

The used inoculum is the natural flora of the
substrates, spores or cells

The scale up of SSF processes has not been worked out to
the industrial level.

The low humidity content and the great inoculums
used in a SSF reduce vastly the possibility of a
microbial contamination

Static condition is mostly preferred as agitation most often
proved to be very difficult.

The quantity of waste generated is smaller than the
SmF

Difficulties are usually encountered in biomass
determination.

The enzymes are low sensitive to catabolic repression
or induction

There is possibility of contamination with unwanted fungal
species.

The main advantage of SSF over SmF is the higher
concentration of products and less effluent generation

Aeration may be difficult sometimes due to high solid
concentrations

Source: Mienda et al., 2011.

The effect of carbon and nitrogen sources on the productivity of pectinases has been
studied (Almeida et al., 2003; Patil and Dayanand, 2006a). Other factors like particle
size, moisture levels, concentration of nutrients, pH, temperature, nature of solvent, etc. is
also taken into consideration during pilot scale production (Martin et al., 2004). Thermal
stability plays an important role especially when dealing with enzymes, which in turn is a
function of the exposure time (Martin et al., 2010). A comparative account of Smf and
SSF has been listed in Table 5.
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There is a need to highlight recent developments on several aspects related to
pectinase production due to their wide applications. The pectinolytic enzymes from
microbes have generally focused on the induction of enzyme production under various
conditions, fermentation process, various substrate purification and characterization and
use of this enzyme for different industrial processes. In order to use enzyme from the
isolates for commercial application, it must have desirable biochemical and
physiochemical characteristics combined with low cost of production.

Table 5. Comparison between liquid and solid substrate fermentations

Factor SmF SSF

Substrates SmF utilizes free flowing liquid SSF utilizes solid substrates, like bran,
substrates, such as molasses and bagasse, and paper

broths. Pulp

The substrates are utilized quite The substrates are utilized very slowly
rapidly and need to be constantly and steadily, so the same substrate can
supplemented with nutrients. be used for long fermentation periods.
Heat sterilisation and aseptic Vapour treatment, non sterile

Control Conditions

Water High volumes of water Limited consumption of water, low

Utilization of substrates

Aseptic conditions

consumed and effluents discarded

effluent

Metabolic Heating

Easy control of temperature

Low heat transfer capacity
Easy aeration and high
surface exchange air/substrate

pH control Easy pH control Buffered solid substrates
Mechanical agitation Good homogenization Static conditions preferred
Scale up Industrial equipments Available Need for Engineering & New
Inoculation Easy inoculation Spore inoculation

Contamination

Risk of contamination

Risk of contamination for low rate
growth fungi

Energetic consideration

High energy consuming

Low energy consuming

Volume of Equipment

High volumes and high cost

Low volumes &low costs of
Equipments

Effluent & pollution

High volumes of polluting effluents

No effluents, less pollution

Concentration of Products

30-80g/1

100/300g/1

Source: Maghsoodi and Yaghmaei, 2010.

12. APPLICATION OF PECTINOLYTIC ENZYMES

The applications of microbial pectinases in industries are vast. Pectins have
numerous and important applications in the food and pharmaceutical industries. In the
food sector, it is primarily used as a gelling agent, replacing sugars and fats in low-calorie
food and as nutritional fiber (Gummadi et al., 2003). The pharmaceutical industry offers
them as preparations to reduce cholesterol or to act as a lubricant in the intestines thus
promoting normal peristaltic movement without causing irritation. In addition, these
polysaccharides are used as drug delivery systems, which can also reduce the toxicity of
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these and make their activity longer lasting without altering their therapeutic effects
(Morris et al., 2010).

12.1. Textile Processing and Bioscouring of Cotton Fibers

Bioscouring is a novel process for removal of non-cellulosic material present on the
surface of the cotton. Raw cotton contains about 90% of cellulose and various
noncellulosics such as waxes, pectins, proteins, fats, lignin-containinig impurities and
colouring matter. Pectinases have been used in conjunction with amylases, lipases,
cellulases and hemicellulases to remove sizing agents from cotton in a safe and
ecofriendly manner (Hoondal et al., 2002). The pectin content of cotton fibre can be
decreased by about 30% in the pectinase treatment. Removal of pectin results in lower
amounts of waxes on the cotton surface and improves the water absorbency of the fabric.
The enzymatic treatment has no effect on the tensile strength of the fabric (Agrawal et al.,
2008)

12.2. Extraction of Fruit Juices

Pectic enzymes are used in the fruit juice industries and wine making often come
from fungal sources. Pectinases (acidic) are widely used in extraction, clarification, and
removal of pectin in fruit juices and in winemaking, are often produced by Aspergillus
niger. Pectins contribute to fruit juice viscosity and turbidity. A mixture of pectinases and
amylases are used to clarify fruit juices by decreasing the filtration time upto 50%.
Pectinases have been used to increase the pressing efficiency of the fruits for juice
extraction along with other enzymes such as cellulases, arabinases and xylanases (Gailing
et al., 2000). The crushing of pectin-rich fruits results in high viscosity juice which
remains with the fruit pulp in a gelatinous structure, thereby hindering the juice extraction
process. The addition of Pectinase to the extraction process improves the fruit juice yield
by decreasing the juice viscosity, thereby improving the juice concentration capacity
(Jayani et al., 2005).

Pectinases used in fruit juice industries are commonly employed for producing
sparkling clear juices wherein enzymes are added in order to increase the juice yield
during pressing and straining of the juice and to remove suspended matter to give
sparkling clear juices (free of haze). Apples, pear, strawberry, raspberry, blackberry, pear,
grape juice and wine are few examples where pectic enzymes are used to produce haze
free juices. Pectin enzymes containing high levels of polygalacturonase activity are added
to fruit juices such as oranges, guava, apricot, papaya, pineapple and banana to stabilize
the cloud of citrus juices, purees and nectars. Pectinases are used to soften the peel of
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citrus fruits for removal by vacuum infusion technique which can be widely used for the
production of canned products. The exploitation of pectinases, mainly exo-PG have been
well established in variety of fruit juice and wine processing industries to increase the
juice vyield, clarification, promoting antioxidant formation and juice concentrate
production. The addition of such exogenous enzyme also allows more specific
degradation which is necessary to give a characteristic smooth texture, colour and
increases level of reducing sugar (Pasha et al., 2013).

12.3. Retting of Plant Fibres

Retting and Pectinolytic enzymes are involved in the retting and degumming of jute,
flax, and coir from coconut husks. Retting is a fermentation process in which certain
bacteria (e.g., Clostridium, Bacillus) and certain fungi (e.g., Aspergillus, Penicillium)
decompose the pectin of the bark and release fiber (Hoondal et al., 2002).

12.4. Degumming of Fiber Crops

Bast fibers are the soft fibers formed in groups outside the xylem, phloem or
pericycle, e.g., Ramie and sun hemp. Ramie fibers are an excellent natural textile, but
decorticated ramie fibers contain 20 = 35% ramie gum consisting of pectin and
hemicelluloses making it essential to degum the fibres for textile manufacturing
(Kashyap et al., 2001). In a classical degumming process, this gum is removed by
treatment of decorticated fibers with hot alkaline solution (12 + 20% NaOH solution)
with or without application of pressure. In addition to the high consumption of energy,
this treatment is polluting, toxic and non-biodegradable. Biotechnological degumming
using pectinases along with xylanases presents an eco-friendly and economic alternative
for the production of degummed fibres (Kapoor and Kuhad., 2002). Pectinolytic enzymes
from actinomycetes have demonstrated good correlation between the pectate lyase
activity and the degumming effects, resulting in good separation of the fiber (Kashyap et
al., 2001).

12.5. Pretreatment of Pectic Waste Waters

The wastewater from the citrus-processing industry contains pectinaceous materials
that are barely decomposed by microbes during the activated-sludge treatment (Pasha et
al., 2013). The treatment of waste water from citrus processing industries containing
pectic substances include various procedures which include physical dewatering, spray
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irrigation, chemical coagulation, direct activated sludge treatment and chemical
hydrolysis resulting in the formation of methane (Hoondal et al., 2002). These have
several disadvantages, such as the high cost of treatment and longer treatment times in
addition to environmental pollution from the use of chemicals. Thus, an alternative, cost
effective, and environmentally friendly method is the use of pectinases from bacteria,
which selectively remove pectic substances from the waste water. The pretreatment of
pectic wastewater from vegetable/food processing industries with alkaline pectinase and
alkalophilic pectinolytic microbes facilitates removal of pertinacious material and renders
it suitable for decomposition by activated sludge treatment (Raghuvanshi et al., 2013).

12.6. Paper and Pulp Industry

The use of microbial enzymes for paper making has substantially increased over the
years. The alkaline peroxide bleaching of mechanical pulp solubilizes acidic
polysaccharides (pectins) which are interfering substances during paper making process.
Pectinases can depolymerize polymers of galacturonic acid, and consequently lower the
cationic demand of pectin solutions and the filtrates obtained from peroxide bleaching
(Pedrolli et al., 2009).

12.7. Coffee and Tea Fermentation

Pectinase treatment destroys the foam forming property of instant tea powders and
aides in tea fermentation. Mucilaginous coat from coffee beans during Coffee
fermentation are removed by the addition of pectinases. Pectinases are sometimes added
to remove the pulpy bean layer consisting of pectic substances (Jayani et al., 2005;
Raghuwanshi et al., 2013)

12.8. Animal Feed

Pectinases are used for the production of animal feeds. Intensive research in to the
use of varies enzymes in animal and poultry feeds started in the early 1980s. The first
commercial success was addition of B-glucanase in to barley-based feed diets. Usually a
feed enzyme preparation is a multi enzyme cocktail containing glutanases, xylanases,
proteinases, pectinase and amylases. Enzyme addition reduces the feed viscosity, which
increases absorption of nutrients, liberates nutrients, either by hydrolysis of non-
biodegradable fibers or by liberating nutrients blocked by these fibers, and reduces the
amount of faeces (Jayani et al., 2005).
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12.9. Oil Extraction

Citrus oil such as lemon oil can be extracted with pectinase as this enzyme destroys
the emulsifying properties of pectin that interfere with the collection of oils from citrus
peel extracts. Plant cell wall degrading enzyme preparation has begun to be used in olive
oil preparation. The enzyme is added during the process of grinding of olives which aids
in easy removal of oil and is accomplished by subsequent separation procedures
(Raghuwanshi et al., 2013).

12.10. Improvement of Chromaticity and Stability of Red Wines

Pectinases improve the colour, turbidity and enhanced stability of red wines when
added to macerated fruits before the addition of yeast during wine making when
compared to non- enzyme treated wines (control).

These wines also showed greater stability as compared to the control (Jayani et al.,
2005). The addition of pectolytic enzymes leads to increased levels of methanol in wine
(Raghuwanshi et al., 2013) due to the activity of pectin methyl esterase. The maximum
concentration of methanol in wine is regulated as it is toxic. Therefore, pectin methyl
esterase activity should be at low concentrations in commercial mixtures. The functions
of pectic enzymes in the winemaking process are to maximize juice yield, facilitate
filtration and intensify the flavour and colour of wine so obtained (Sieiro et al., 2003).

12.11. Purification of Plant Viruses

In cases where the virus particle is restricted to phloem, alkaline pectinases are used
to obtain pure viral preparations if the virus particle is restricted to the phloem tissue.
(Jayani et al., 2005)

CONCLUSION

Industrial uses of enzymes have greatly increased during the past few years.
Continued and increased usage of presently available enzymes with novel applications
and further development of newer enzymes systems in various industries are of foremost
importance in the evergrowing commercial sector. Pectinases are the enzymes that
hydrolyze pectic substances and have been used to increase yields and clarity of fruit
juices and wine. Most of the studies have concentrated with the screening, isolation,
production, purification, characterization and applications of pectinolytic enzymes in

Complimentary Contributor Copy



140 F. Uzma, L. Thimmappa Ramachandrappa, V. Mudili et al.

increasing the fruit juice yield and its clarification. Newer applications of pectinolytic
enzymes in other industries such as textiles, paper and pulp, oil, animal feed, etc. are
being investigated. Much research is underway by various enzyme manufacturers to find
new and improved sources of pectinase for better yield and stability. Screening a large
number of microorganisms for pectinolytic enzymes combined with protein engineering,
direct evolution and metagenome approaches can lead to development of novel strains.
The study on genetic machinery on enzyme system used by microbes for complete
breakdown of pectin is the most important tool for developing an economical and
ecofriendly approach. Future studies on pectic enzymes should be devoted to the
understanding of the regulatory mechanism of the enzyme secretion at the molecular
level and generation of recombinant strains with higher activity.
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ABSTRACT

In this chapter the activity of microbial enzyme in daily life to industrial production
are discussed. Since the dawn of mankind, enzymes have been used in cheese production
and indirectly via yeasts and bacteria in food manufacturing. Owing to improved
production technologies, engineered enzyme properties and new applications based
industrial enzyme business is steadily growing. The major part of enzymes is produced
with GRAS-status. Usually the production organism and often also the individual enzyme
have been genetically engineered for maximal productivity and optimized enzyme
properties. Isolated enzymes have found several applications in food, starch, detergents,
textile, pulp, paper, lather and fine chemical industry. Enzymes are used in production of
chirally pure amino acids and rare sugars. They are also used in production of fructose
and penicillin derivatives as well as several other chemicals. Enzymes are now
considered as a part of a rapidly growing biocatalyst industry also involving genetically
enhanced living cells as chemical production factories.

* Corresponding Author’s E-mail: mizanur.rahman@du.ac.bd.
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1. INTRODUCTION

Most of the reactions in living organisms are catalyzed by protein molecules called
enzymes. Enzymes are complex protein molecules. They are produced by living
organisms to catalyze the biochemical reactions required for life. Although enzymes are
formed within living cells, they can continue to function in vitro (in the test-tube) and
their ability to perform very specific chemical transformations is making them
increasingly useful in industrial processes. Enzymes can rightly be called the catalytic
machinery of living systems [1, 2].

Man has indirectly used enzymes almost since the beginning of human history.
Enzymes are responsible for the biocatalytic fermentation of sugar to ethanol by yeasts, a
reaction that forms the bases of beer and wine manufacturing.

Enzymes oxidize ethanol to acetic acid. This reaction has been used in vinegar
production for thousands of years. Similar microbial enzymetic reactions of acid forming
bacteria and yeasts are responsible for aroma forming activities in bread production and
in preserving activities in sauerkraut preparation[3]. The fermentative activity of
microorganisms was discovered only in 18th century and finally proved by the French
scientist Louis Pasteur. The study of enzymes is a fairly recent activity. Over the century
the research on microorganisms lead the further improvement and exciting discovery of
specific enzymes for applications in foods, animal feeds, pulp, paper, lather, detergents
and fine chemicals production [4].

This chapter concentrates on the selection and production of industrially suitable
enzymes in large scale and their applications in technical industrial production and fine
chemical industries as well as pharmaceuticals manufacturing. The use of
microorganisms as biocatalysts in chemical production is, however, an interesting and
growing field. The techniques of genetic, protein and pathway engineering are making
chemical production by living cells an interesting green alternative to replace traditional
chemical processes.

2. HISTORY OF ENZYME TECHNOLOGY

Enzyme technology may be rather a new arena of scientific exploration but the
application of enzyme has been around since down of mankind. Man has indirectly used
enzymes almost since the beginning of human history in the production of beer, wine,
cheese, vinegar and yoghurt. The secret knowledge of alcoholic brews production from
barley was known to Egyptians, Sumerians and Babylonians peoples [1]. The Greek epic
poems “The Iliad” and “The Odyssey” written around 700 BC, both refer the uses of calfs
and kids stomachs (sources of rennet) for the production of cheese and the early Christian
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and Sanskrit writings describe fermented dairy products. Since 800 BC, sour dough bread
had been produced in Europe.

The first purified chemical to be produced by biotechnology was ethanol, which was
being manufactured to fortify wines and beers by the 14th century. The biocatalytic
activity of enzyme was employed for fermentation of sugar to ethanol by yeasts, a
reaction that forms the bases of beer and wine manufacturing. Throughout the centuries,
nobody understood the underlying chemistry or even that living organisms were
involved. The fermentative activity of microorganisms was discovered only in 18th
century and finally proved by the French scientist Louis Pasteur. He discovered that yeast
converts the sugars to ethanol. In 1878 German physiologist William Kihne named the
agents responsible for catalyzing the reactions “Enzymes”. The term “Enzyme” comes
from Latin word, which literally mean “in yeast”. Eduard Buchner after a series of
experiments at the University of Berlin by 1897 proved that, yeast extract could convert
glucose to ethanol and CO; without the need for any living organisms. Such reactions
were called unorganized ferments and named the enzyme “Zymase”. The first application
of cell free enzymes was the use of rennin isolated from calf or lamb stomach in cheese
making. Rennin is an aspartic protease which coagulates milk protein and has been used
for hundreds of years by cheese makers. R6hm in Germany prepared the first commercial
trypsin enzyme in 1914 [5, 6]. This enzyme isolated from animals degraded proteins and
was used as a detergent. It proved to be so powerful compared to traditional washing
powders. The real breakthrough of enzymes occurred with the introduction of microbial
proteases into washing powders. The first commercial bacterial Bacillus protease was
marketed in 1959 and became big business when Novozymes in Denmark started to
manufacture it and major detergent manufactures started to use it around 1965.

In food industry, besides cheese manufacturing enzymes were used already in 1930
in fruit juice manufacturing. These enzymes clarify juice. They are called pectinases,
which contain numerous different enzyme activities. The major usage of microbial
enzymes in food industry started in 1960s in starch industry [7]. The traditional acid
hydrolysis of starch was completely replaced by alpha-amylases and glucoamylases,
which could convert starch with over 95%, yield to glucose. Starch industry became the
second largest user of enzymes after detergent industry.

3. ENzYMES CLASSIFICATION

The sequence information of a growing number of organisms opens the possibility to
characterize all the enzymes of an organism on a genomic level. More than 2000 different
enzyme activities have been isolated and characterized till now. The smallest known
organism, Mycoplasma genitalium, contains 470 genes of which 145 are related to gene
replication and transcription. Baker’s yeast has 7000 genes coding for about 3000
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enzymes. Thousands of different variants of the natural enzymes are known till now. The
number of reported 3-dimensional enzyme structures is rapidly increasing [8, 9]. In the
year 2000 the structure of about 1300 different proteins were known. The enzymes are
classified into six major categories (Table 1) based on the nature of the chemical
reactions they catalyze.

Table 1. Enzyme classes and types of reactions

Enzyme
Commission
number

Class of enzyme

Reaction profile

EC1

Oxidoreductases

Oxidation reactions involve the transfer of electrons from one
molecule to another. In biological systems we usually see the
removal of hydrogen from the substrate. Typical enzymes in this
class are called dehydrogenases. For example, alcohol
dehydrogenase catalyzes reactions of the type R—-CH, OH —» A
R-CHO + H, A, where A is an acceptor molecule. If A is
oxygen, the relevant enzymes are called oxidases or laccases; if
A is hydrogen peroxide, the relevant enzymes are called
peroxidases.

EC2

Transferases

This class of enzymes catalyzes the transfer of groups of atoms
from one molecule to another. Aminotransferases or
transaminases promote the transfer of an amino group from an
amino acid to an alpha-oxoacid.

EC3

Hydrolases

Hydrolases catalyze hydrolysis, the cleavage of substrates by
water. The reactions include the cleavage of peptide bonds in
proteins, glycosidic bonds in carbohydrates, and ester bonds in
lipids. In general, larger molecules are broken down to smaller
fragments by hydrolases.

EC4

Lyases

Lyases catalyze the addition of groups to double bonds or the
formation of double bonds through the removal of groups. Thus
bonds are cleaved using a principle different from hydrolysis.
Pectatelyases, for example, split the glycosidic linkages by beta-
elimination.

EC5

Isomerases

Isomerases catalyze the transfer of groups from one position to
another in the same molecule. In other words, these enzymes
change the structure of a substrate by rearranging its atoms.

EC6

Ligases

Ligases join molecules to gether with covalent bonds. These
enzymes participate in biosynthetic reactions where new groups
of bonds are formed. Such reactions require the input of energy
in the form of cofactors such as ATP.

A limited fraction of all the known enzymes are commercially available and even
smaller amount is used in large quantities. More than 75% of industrial enzymes are
hydrolases. Protein-degrading enzymes constitute about 40% of all enzyme sales.
Proteinases have found new applications but their use in detergents is the major market.
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More than fifty commercial industrial enzymes are available and their number increases
steadily. Some enzymes with potential applications in industries are listed in Table 2.

Table 2. A selection of enzymes used in industrial processes

Class Industrial enzymes
Oxidoreductases Catalases

Glucose oxidases
Laccases
Transferases Fructosyl transferases
Glucosyl transferases
Hydrolases Amylases

Cellulases

Lipases

Mannanases
Pectinases

Phytases

Proteases
Pullulanases
Xylanases

Lyases Pectatelyases
Alpha-acetolactate
Decarboxylases
Isomerases Glucose isomerases
Epimerases

Mutases

Lyases
Topoisomerases
Ligases Argininosuccinate
Glutathione synthase

4. GLOBAL MARKET

Modern industries have begun to explore the advantages of enzymes.
Microorganisms used in the past have now been replaced by purified enzymes.

Table 3. The estimated value of the worldwide use of industrial enzymes

2002 2003 2004 2009
Technical enzymes 978.2 1009.2 1040.0 1222.0
Food enzyme 701.0 720.0 740.0 863.0
Animal feed enzyme 210.8 215.6 220.0 267.0
Total 1890.0 1945.0 2000.0 2352.0
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This has led to the growing market for industrial enzymes. In Table 3, F Hasan et
al[10] showed the estimated value of the worldwide use of industrial enzymes and the
market segmentation. The technical industries, dominated by the detergent, starch, textile,
paper, fuel and alcohol industries, accounts for the major consumption of industrial
enzymes.

5. ENzYME PRODUCTION

Other than plant and animal source most of the enzymes are, however, produced by
microorganisms by submerged cultures in large reactors called fermenters. The enzyme
production process can be divided into following phases: a) enzyme selection, b)
selection of a production strain, c) construction of an overproducing strain by genetic
engineering, d) optimization of culture medium and production conditions, e)
optimization of recovery process (and purification if needed) and f) formulation of a
stable enzyme product.

5.1. Selection of Microbial Production Strains

Criteria used in the selection of an industrial enzyme include specificity, reaction
rate, pH and temperature, optima and stability, effect of inhibitors and affinity to
substrates. Enzymes used in paper industry should not contain cellulose-degrading
activity as a side activity, because this activity would damage the cellulose fibers.
Enzymes used in animal feed industry must be thermo tolerant to survive in the hot
extrusion process used in animal feed manufacturing. The same enzymes must have
maximal activity at the body temperature of the animal. Enzymes used in industrial
applications must usually be tolerant against various heavy metals and have no need for
cofactors [1, 11]. They should be maximally active already in the presence of low
substrate concentration, so that the desired reaction proceeds to completion in a realistic
time frame.

In choosing the production strain several aspects have to be considered. Ideally the
enzyme is secreted from the cell. This makes the recovery and purification process much
simpler compared to production of intracellular enzymes, which must be purified from
thousands of different cell proteins and other components. Secondly, the production host
should have a GRAS-status, which means that it is Generally Regarded as Safe. This is
especially important when the enzyme produced by the organism is used in food
processes [12]. Thirdly, the organism should be able to produce high amount of the
desired enzyme in a reasonable time frame. The industrial strains typically produce over
50-g/1 extracellular enzyme proteins. Most of the industrial enzymes are produced by a
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relatively few microbial hosts like Aspergillus and Trichoderma fungi, Streptomyces
fungi imperfecti and Bacillus bacteria. Yeasts are not good producer of extracellular
enzymes and are rarely used for this purpose. Most of the industrially used
microorganisms have been genetically modified to overproduce the desired activity and
not to produce undesired side activities.

5.2. Enzyme Production by Microbial Fermentation

Once the biological production of organism has been genetically engineered to
overproduce the desired products, a production process has to be developed. The
optimization of a fermentation process includes media composition, cultivation type and
process conditions. This is a demanding task and often involves as much effort as the
intracellular engineering of the cell. The bioprocess engineer asks questions like: is the
organism in question safe or are extra precautions needed, what kind of nutrients the
organism needs and what is their optimal/ economical concentration, how the nutrients
should be sterilized, what kind of a reactor is needed (mass transfer, aeration, cooling,
foam control, sampling), what needs to be measured and how is the process controlled,
how is the organism cultivated (batch, fed-batch or continuous cultivation), what are the
optimal growth conditions, what is the specific growth and product formation rate, what
is the yield and volumetric productivity, how to maximize cell concentration in the
reactor, is the product secreted out from the cells, how to degrade the cell if the product is
intracellular, does some of the raw materials or products inhibit the organism and finally,
how to recover, purify and preserve the product. A typical enzyme production scheme is
shown in Figure 1.

ENZYME PRODUCTION FLOW SHEET

Water

Fermentation section f 5as out
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Heat starilizaticn
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Figure 1. A typical enzyme production scheme. Large volume industrial enzymes are usually not
purified. Their recovery is often finalized by an ultrafiltration step. Specialty enzymes need more
purification.
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The large volume industrial enzymes are produced in 50 — 500 m? fermenters. The
extracellular enzymes are often recovered after cell removal (by vacuum drum filtration,
separators or microfiltration) by ultrafiltration. If needed the purification is carried out by
ion exchange or gel filtration. The final product is either a concentrated liquid with
necessary preservatives like salts or polyols or alternatively granulated to a non-dusty dry
product. Enzymes are proteins, which like any protein can cause and have caused in the
past allergic reactions. Therefore protective measures are necessary in their production
and application.

Table 4. Large scale enzyme applications (adapted from www.novozymes.com)

Baking industry

Alpha-amylase
Glucose oxidase

Industry Enzyme Effect
Amylases Remove starch based stains
Proteinase Protein degradation
Detergent .
Lipase Fat removal
Cellulose Color brightening
Textile Cellulase Microfib_ril removal
Laccase Color brightening
Pulp and paper Xylanase Biobleaching . .
Lipases Reduces ‘pitch’ which causes paper to stick to rollers
Food industry
Pectinase Juice clarification,
Fruit juice Cellulase, Juice extraction
Xylanase
Xylanase Dough conditioning

Loaf volume; shelf-life
Dough quality

Rennin Protein coagulation
— Lactase Lactose hydrolysis
Dairy industry Glucanase Filter aid
Papain Haze control
. Xylanase Fiber solubility
Animal feed Phytase Release of phosphate

Leather Industry

Proteinase (trypsin).
Proteases
Lipases

Bating treatment of leather
Hydrolysis of non-collagenous constituents.
Grease removal

6. ENZYME TECHNOLOGY

The field of enzyme technology deals with the application approach of an enzyme in
practical processes. Enzymes accelerate different chemical reactions with high specificity
and are not permanently modified by their participation in reactions. The simplest way to
use enzymes is to add them into a process stream, where they catalyze the desired
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reaction and are gradually inactivated during the process. This happens in many bulk
enzyme applications like liquefaction of starch with amylases, bleaching of cellulose pulp
with xylanases or use of enzymes in animal feed. In these applications the price of the
enzymes must be kept low to make their use economical. Extracellularly produced bulk
enzyme concentrates cost only US$ 10-20/kg protein.

But enzymes are costlier than chemical catalysts, in general, and cost effectiveness of
enzyme based processes could be reached by the repeated use of enzymes. Since enzymes
remain in solution with products, it is not possible to recover them easily from the
reaction mixture. Immobilization of enzyme on solid support is an alternative approach to
reuse the stock. The largest application of an immobilized enzyme is the conversion of
glucose syrup to high fructose syrup for food applications. In the early applications the
glucose isomerase enzyme containing cells were permeabilised and immobilized on a
solid support. The enzyme containing support material was packed into a column through
which the glucose solution was passed. Finnish Sugar Company developed in early 80s
an alternative method where the intracellular glucose isomerase from Streptomyces
rubiginosus was purified by crystallization and the pure enzyme was bound to an anion
exchange resin, which can be regenerated with fresh enzyme after the previous one is
inactivated. Another way to immobilize enzymes is to use ultrafiltration membranes in
the reactor system. The large enzyme molecules cannot pass the membrane but the small
molecular reaction products can. Therefore enzymes are retained in a reaction system and
the products leave the system continuously. This method has been used in production of
chirally pure amino acids from racemic mixtures of amino acid derivatives. Enzymes
have also been immobilized on membranes for analytical purposes. The best-known
example is glucose oxidase, which is used to measure glucose concentrations in
biological samples. Many different laboratory methods for enzyme immobilization based
on chemical reaction, entrapment, specific binding or absorption have been developed
[13, 14].

A novel approach to use enzymes was introduced by Finnish Sugar Company in the
late 80s. It was based on the use of cross-linked crystalline glucose isomerase. Enzyme
crystals contain usually 30-80% free water and the enzyme is active even in the cross-
linked insoluble form. The dimensions of an enzyme reactor, packed with this kind of a
material, are considerably smaller compared to traditional immobilized systems because
the carrier matrix can be completely omitted. The concept, originally developed in
Finland, was later applied to other enzymes by Altus Ltd in USA, which has developed
novel applications for the CLECs, which is the trademar for Cross-Linked Enzyme
Crystals. These applications include chiral separations, controlled release of chemicals,
specific separations and recently even cofactor entrapment into the crystal structure. All
this is possible because an enzyme crystal contains water, pores, active center,
hydrophobic areas and ionic properties.
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7. INDUSTRIAL APPLICATIONS

Enzymes have long been used as alternatives to chemicals to improve the efficiency
and cost-effectiveness of a wide range of industrial systems and processes. They are
currently used in basic and applied arenas of research as well as in a wide range of
product design and manufacturing processes, such as those pertaining to the food,
beverage, pharmaceutical, detergent, leather processing, and peptide synthesis. They are
widely distributed in nature and play a vital role in life processes. Table 5 summarizes
major large-scale enzyme applications. Each of them is discussed in the text in some
detail. Industrial Enzymology is recommended as a good resource text for those who
need a more comprehensive treatment of an individual subject.

7.1. Food Industry

Food and beverage enzymes constitute the largest segment of industrial enzymes with
revenues of nearly $5.1 billion in 2011 which is expected to grow to $7 billion by 2017,
at a composed annual growth rate of 6.3% [15]. In terms of government regulation,
enzymes used in food can be divided into food additives and processing aids. Most food
enzymes are considered as processing aids, with only a few used as additives, such as
lysozyme and invertase [16]. The processing aids are used during the manufacturing
process of foodstuffs, and do not have a technological function in the final food. All these
materials are expected to be safe, under the guidance of good manufacturing practice
(GMP). The key issue in evaluating safety of enzyme preparations is the safety
assessment of the production strain. Only about nine recombinant microorganisms are
considered, generally recognized As Safe (GRAS) based on FDA regulations. These are
from a relatively small number of bacterial and fungal species primarily A. oryzae, A.
niger, B. subtilisand B. licheniformis for food enzyme production from a security point of
view [17].

7.1.1. Baking Industry

The a-amylases have been used in the baking industry widely. These enzymes are
generally added to the dough of bread in order to degrade the starch into smaller dextrins,
which are further fermented by the yeast. The a-amylase enhances the fermentation rate
and the reduction of the viscosity of dough, which results in improvements in the volume
and texture of the product [18]. The baking industry uses amylases to delay the staling of
bread and other baked products [19]. Proteases are used on a large commercial scale in
the production of bread, baked goods, crackers and waffles [20]. These enzymes can be
added to reduce mixing time, to decrease dough consistency, to assure dough uniformity,
to regulate gluten strength in bread, to control bread texture and to improve flavor. In
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addition, proteases have largely replaced bisulfite, which was previously used to control
consistency through reduction of gluten protein disulfide bonds, while proteolysis breaks
down peptide bonds. In both cases, the final effect is a similar weakening of the gluten
network [21]. Xylanases combined with amylases, lipases and many oxidoreductases to
attain specific effects on the rheological properties of dough and organoleptic properties
of bread. Both xylanases and proteases enzymes have also been used to improve the
quality of biscuits, cakes and other baked products [6]. Glucose oxidase has been used
successfully to remove residual glucose and oxygen in foods and beverages aiming to
increase their shelf life. The hydrogen peroxide generated by this enzyme presents
antimicrobial properties, and is easily removed by catalase utilization.

7.1.2. Fruit Juice

Juices extracted from ripe fruit contain a significant amount of pectin that imparts a
cloudy appearance. Pectins are colloidal in nature, making solutions viscous and holding
other materials in suspension. Pectinesterase removes methyl groups from the pectin
molecules exposing carboxyl groups, which in the presence of bi- or multivalent cations,
such as calcium, form insoluble salts which can readily be removed. At the same time,
polygalacturonase, a type of pectolitic enzyme, degrades macromolecular pectin, causing
reduction in viscosity and destroying the protective colloidal action so that suspended
materials will settle out [1]. It results in a crystal clear juice. Cellulase is another enzyme
that is used in production of fruit juice. Cellulose exists in fruit pulp in high amount
which is not digestible by human but using cellulase enzymes this can be hydrolyzed into
monosaccharide such as glucose which is easily digestible. Xylanase can be also used as
juice clarifying agent along with pectinase [22].

7.1.3. Dairy Industry

In dairy industries some enzymes are required for the production of cheeses, yogurt
and other dairy products, while others are required for improving texture or flavor. The
major application of proteases in the dairy industry is for the manufacture of cheese. Calf
rennin had been preferred in cheese making due to its high specificity, but microbial
proteases produced by GRAS microorganisms like Mucormiehei, Bacillus subtilis,
Mucorpusillus Lindt and Endothiaparasiticaare gradually replacing it. These four
recombinant proteases have been approved by FDA for cheese production [7]. The
primary function of these enzymes in cheese making is to hydrolyze the specific peptide
bond (Phel05-Met106) that generates para-k-casein and macropeptides [23] resulting in
the formation of a cheese curd. Production of calf rennin (chymosin) in recombinant A.
nigervarawamori amounted to about 1 g/L after nitrosoguanidine mutagenesis and
selection for 2-deoxyglucose resistance [24]. Further improvement was done by para
sexual recombination resulting in a strain producing 1.5 g/L from parents producing 1.2
g/L [25]. Lactose in milk is not tolerable to 70% of the global adult population. Lactase
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enzyme is used in dairy industries for preventing crystallization of lactose in dairy
products by converting it into glucose and galactose [1]. Unpasteurized milk contains
lipoprotein lipases which contribute to a piquant flavor in aged cheese by breaking down
milk fat to free acids. Lipases enzymes serve important roles in human practices as
ancient as yogurt and cheese fermentation. However, lipases are also being exploited as
cheap and versatile catalysts to degrade lipids in more modern applications. External
lipase may be used during production to enhance flavor by synthesis of esters of short
chain fatty acids and alcohols, which are known flavor and fragrance compounds [26].

7.1.4. Confectioneries

Soft candy cookies and other treats made with sugar have short life because sugar
sucrose in the product begins to crystallize soon after the confection is produces. An
enzyme named as invertase converts this sucrose into two type of monosaccharaides,
glucose and fructose, and thus prevent the formation of sugar crystals [1].

7.1.5. Manufacture of Sweet Syrup

An extremely important use for fungal amylases is in conversion of partially acid
hydrolyzed starch to sweet syrups. Acid hydrolysis is a random action, whereas enzymic
hydrolysis is a patterned one. By proper control of the type and proportion of enzymes
used (a-amylase, amyloglucosidase, maltase) syrups of almost any desired proportions of
glucose, maltose, and dextrins may be produced.

7.1.6. Manufacture of Soy Products

Soybeans serve as a rich source of food, due to their high content of good-quality
protein. Proteases have been used from ancient times to prepare soy sauce and other soy
products[23]. The alkaline and neutral proteases of fungal origin play an important role in
the processing of soy sauce. Proteolytic modification of soy proteins helps to improve
their functional properties. Treatment of soy proteins with alcalase at pH 8 results in
soluble hydrolysates with high solubility, good protein yield, and low bitterness. The
hydrolysate is used in protein-fortified soft drinks and in the formulation of dietetic feeds.

7.1.7. Debittering of Protein Hydrolysates

Protein hydrolysates have several applications, e.g., as constituents of dietetic and
health products, in infant formulae [18] and clinical nutrition supplements, and as
flavoring agents. The bitter taste of protein hydrolysates is a major barrier to their use in
food and health care products. The intensity of the bitterness is proportional to the
number of hydrophobic amino acids in the hydrolysate. The presence of a proline residue
in the center of the peptide also contributes to the bitterness. The peptidases that can
cleave hydrophobic amino acids and proline are valuable in debittering protein
hydrolysates. Aminopeptidases from lactic acid bacteria are available under the trade

Complimentary Contributor Copy



Microbial Enzyme 159

name Debitrase. Carboxypeptidase A has a high specificity for hydrophobic amino acids
and hence has a great potential for debittering. A careful combination of an endoprotease
for the primary hydrolysis and an aminopeptidase for the secondary hydrolysis is required
for the production of a functional hydrolysate with reduced bitterness.

7.1.8. Meat Tenderizing

Myofibrillar proteins and connective tissue protein cause tenderer of some meat
slices. Protease enzymes are used like papin and bromelain to tenderize tougher cuts of
meat for many year [27]. But due to very fine line between tender and mushy, the process
is difficult to control and more specific proteases have been used to make this tenderizing
process more vigorous [28].

7.2. Animal Feed

The use of enzymes in animal feed is of great importance. Consistent increase in the
price of feed ingredients becomes a major constraint in most of the developing countries.
As a consequence cheaper and nonconventional feed ingredients are used which contain
higher percentage of non-starch polysaccharides along with starch which possess
chemical cross linking among them therefore, are not well digested by poultry [29, 30].
Developments of heat-stable enzymes, improved specific activity, some new non-starch
polysaccharide-degrading enzymes, and rapid, economical and reliable assays for
measuring enzyme activity have always been the main concern and have been intensified
recently [12].

The global market for feed enzymes is a promising segment in the enzyme industry
[31].The use of enzymes as feed additives is restricted in many countries by local
regulatory authorities and its applications may therefore vary from country to country
[12].

Commercial enzymes used in the animal feed industry are produced by microbial
fermentation. Feed enzymes are produced by a batch fermentation process, starting with a
seed culture and growth media [32]. After the completion of fermentation, the enzyme
protein is separated from the fermentation residues and source organism. Although the
source organisms are, in many cases, similar among enzyme products, the types and
activity of enzymes produced can vary widely depending on the strain selected, the
growth of substrate and culture conditions used [33-35]. Compared to the fermentation
extract, these enzyme products are relatively concentrated and purified, possessing
specific, controlled enzyme activities. They do not contain live cells. Enzyme products
for animal diets are of fungal (mostly Trichoderma longibrachiatum, Aspergillusniger, A.
oryzae) and bacterial (mostly Bacillus spp.) origin [36].
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The use of exogenous fiber-degrading enzyme additives for ruminants was first
examined in the 1960s, as reviewed by Beauchemin and Rode (1996) [37]. Several
fibrolytic enzyme products evaluated as feed additives in animal diets were originally
developed as silage additives [11].

Benefits of using feed enzymes to poultry diets include [5, 38-57]

Reduction in digesta viscosity,

Enhanced digestion and absorption of nutrients especially fat and protein,
Improved Apparent Metabolizable Energy (AME) value of the diet,

Increased feed intake, weight gain, and feed-grain ratio,

Reduced beak impaction and vent plugging,

Decreased size of gastrointestinal tract,

Altered population of microorganisms in gastrointestinal tract, reduced water
intake,

Reduced water content of excreta,

Reduced production of ammonia from excreta,

Reduced output of excreta, including reduced N and P

Degrade unacceptable components in feed, which are otherwise harmful or of
little or no value

@ ho a0 o

oo

7.2.1. Different Feed Enzymes

Feed enzymes commercially available are phytases, proteases, a-galactosidases,
glucanases, xylanases, a-amylases, and poly-galacturonases, mainly used for swine and
poultry [58]. The protein is abundantly available as a by-product from keratinous wastes,
representing a valuable source of proteins and amino acids which is useful for animal
feeds [59]. Animal feed grains contains phosphoruos which is bound to phytic acid.
Animals need phosphorous for bone growth and other necessary biochemical processes.
A specific enzyme, phytase releases the bound phosphorous, making it digestable to the
chicken or hog [60, 61]. Addition of xylanase into a rye-based diet of broiler chickens
results in reduced intensity of viscosity, thus improving both weight gain of chicks and
their feed conversion efficiency [62, 63].

7.2.2. Direct-Fed Microbials and Enzymes

Research in the area of bacterial DFM (Direct-fed microbials) was mainly centered
around the concept of feeding beneficial organisms to stressed animals with the general
assumption that they will decrease or prevent intestinal establishment of pathogenic
microorganisms [64]. Lack of organism specificity, proper dose, survival and the
difficulty in defining when animals are the reasons for these findings [65].

Many microorganisms are used in DFM formulations. Some of the most common
microbes used include Lactobacillus acidophilus, L. casei, Enterococcus diacetylactis,
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and Bacillus subtilis. The most common bacterial organisms in DFM products for
ruminants’ diets are lactobacilli. These organisms have little effect on ruminal
fermentation [66] and the suggested mode of action from these organisms appears to be
in the lower gut. Saccharomyces cerevisiae (SC, a yeast) and fungal fermentation extracts
from Aspergillusoryzae(AQO) plays an important role in animal feeds [67, 68].

7.3. Enzymes in Production of Fine Chemicals

Successful application of enzymatic processes in the chemical industry depends
mainly on cost competitiveness with the existing and well-established chemical methods
[69]. Lower energy demand, increased product titer, increased catalyst efficiency, less
catalyst waste and byproducts, as well as lower volumes of wastewater streams, are the
main advantages that biotechnological processes have as compared to well-established
chemical processes. There are estimated to be only around 150 biocatalytic processes
currently applied in industry [70]. However, new scientific developments in genomics, as
well as in protein engineering, facilitate the tailoring of enzyme properties to increase that
number significantly [8, 71]. Detail procedures for production of chemicals by enzyme
are given in next section.

7.3.1. Chiral Compounds

Biocatalysts can be used in production and biotransformation of single enantiomers
of chiral compounds. Preparation of chiral medicines, i.e., the synthesis of complex chiral
pharmaceutical intermediates, is one of the most important applications in biocatalysis.
Esterases, lipases, proteases and ketoreductases are widely applied in the preparation of
carboxylic acids, chiral alcohols, amines or epoxides [4, 72, 73]. Kinetic resolution of
racemic amines is a much known method used in the synthesis of chiral amines.
Acylation of a primary amine moiety by a lipase [74-78] is used by BASF for the
resolution of chiral primary amines in a large scale [79].

7.3.2. 4-Hydroxybenzoic Acid

Phenol carboxylase can be used to produce 4-hydroxybenzoic acid in an enzymatic
process. A biological carboxylation route gives higher yields and lower waste generation
[80].

7.3.3. Beta-Lactam Antibiotics

Enzymes are useful for preparation of beta-lactam antibiotics such as semi-synthetic
penicillins and cephalosporins. Beta-lactam antibiotics constitute 60%-65% of the total
antibiotic market. Semi-synthetic penicillins and cephalosporins are derived from 6-
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aminopenicillanic acid (6-APA) and 7-aminocephalosporanic acid (7-ACA), respectively
[74-78, 81].

7.3.4. Asymmetric Synthesis

Novel asymmetric reactions catalyzed by improved microbial enzymes provide a
100% vyield [82]. Asymmetric reduction of tetrahydrothiophene-3-one with a wild-type
reductase gave the desired alcohol ((R)-tetrahydrothiophene-3-ol) which is a key
component in sulopenem, a potent antibacterial developed by Pfizer, but only in 80%—
90% enantiomeric excess [83]. Recently, asymmetric synthesis from the corresponding
chiral ketones, using transaminases becomes important [73]. Some (R)-selective
transaminases have been recently developed using in silico strategies for a sequence-
based prediction of substrate specificity and enantio-preference [84].

7.3.5. Enzymatic Oligosaccharide Synthesis

Recently isomalto-oligosaccharides, a new class of sugars are being produced using
glucosyltransferases. They have potential commercial applications in food industry as
non-digestible carbohydrate bulking agent. They are also used to suppress tooth decay
associated with consumption of conventional carbohydrates and prevent baked goods
going stale [85].

7.3.6 Production of Acrylamide

In 1985, Mitsubishi Rayon Co., Ltd. commenced production of acrylonitrile from
acrylamide using immobilized bacterial enzyme nitrile hydratase [86]. This process is
low cost, highly qualified and environmentally friendly [87]. About 100,000 tons of
acrylamide is produced by this process annually [86]. Pseudomonas chlororaphfs B23
[88] and Rhodococcussp. N-774 [88-91] are used as efficient catalysts for the production
of acrylamide. The recovery of unreacted acrylonitrile is not necessary in the biochemical
process because the conversion of the latter is more than 99.99% [92, 93].

7.3.7. Production of 2-Methyl Pentanol

An effective enzymatic process using enzyme evolution was developed by the
biotechnology company Codexis, in cooperation with Pfizer, to produce 2-methyl
pentanol which is an important intermediate for manufacture of pharmaceuticals and
liquid crystals [94].

7.3.8. Production of Optically Active Carboxylic Acids

Optically active carboxylic acids can be synthesized through different enzymatic
routes catalyzed by lipases, nitrilases or hydroxynitrilelyases. Recent advances have
improved the efficiency of these procedures. 2-arylpropanoic acids (e.g., ketoprofen,
ibuprofen and naproxen) are synthesized mainly through the kinetic resolution of racemic
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substrates by lipases from Candida antarcticaor Pseudomonas sp. Using (R,S)-N-
profenylazoles, instead of their correspondent esters, proved to be more efficient [95].

7.3.9. Production of Formaldehyde and Formic Acid

A methanol oxidation system with alcohol oxidase and catalase from methylotrophic
yeasts can be used for the production of formaldehyde from methanol [13, 96].
Formaldehyde dismutase from Pseudomonas putfda catalyzes the dismutation of various
aldehydes (including formaldehyde) which leads to the formation of equimolar amounts
of the corresponding alcohols and acids [97].

7.3.10. Benzene-1,2,3-Triol

Benzene-1,2,3-triol is polyphenol used in industry. It is industrially produced by
autoclaving 3,4,5-trihydroxybenzoic acid obtained from tannins, under strong acidic
conditions. A bacterial strain Cftrobactersp. showed an inducible trihydroxybenzoic acid
decarboxylase activity in producing benzene- 1,2,3-triol from trihydroxybenzoic acid
[98].

7.3.11. Indigo

Indigo is a blue pigment used as a dye in textile industry. Indigo production occurred
naturally only in plants. The chemical process was developed by Bayer which involves
quite difficult and relatively severe procedures. Ensley et. al., (1983) discovered that
expression of the Pseudomonas naphthalene dioxygenase system in Escherichia coli can
synthesize indigo [99]. The naphthalene dioxygenase system catalyzes the oxidation of
indole to produce indigo. Indole is produced from tryptophan in E. coli by the action of
tryptophanase enzyme. Such combinations of microbial reactions lead to the development
of useful applications in the chemical industry [100].

7.3.12. Production of Propene Oxide

The Cetus process was the first enzymatic process for the production of propene
oxide [101]. In this process, propene halohydrinis synthesized from propene, where
Caldariornycesfurnago -chloroperoxidase is used in the presence of hydrogen peroxide
[102]. Halohydrinis are further converted to propene oxide using Flavobucterfurn-
halohydrinepoxidase [103].

7.3.13. Acrylic Acid and Products of Nitriles

R. rhodochrous K22 and Alcallgenesfaecalls JIM3 produce novel nitrilases. They act
on aliphatic nitriles [104] and arylacetonitriles respectively [100, 105]. Stalker et al.
(1987) reported that Klebsfellaozaernaenitrilase possesses high specificity for bromoxynil
as a substrate [106]. Using Breubacterfum R3 12 amidase, a continuous immobilized cell
reactor was designed to produce acrylic acid via hydrolysis of acrylamide [107]. The
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enzymatic hydrolysis of a dinitrile, for instance, may give rise to five different products,
i.e., monoamide, mononitrile, monoacid mononitrile, diamide, monoamide monoacid,
and diacids, whereas acid- or base-catalyzed hydrolysis gives only diamide and diacid.
Many other useful compounds may be derived from a nitrile in connection with other or
enzymatic reactions [108].

7.3.14. Production of Ethanol

Some bacteria, such as E. coli, Klebsiella, Erwinia, Lactobacillus, Bacillus, and
Clostridis utilize mixed sugars but produce no or only a limited quantity of ethanol. Some
microorganisms have been genetically engineered to over produce ethanol from mixed
sugar substrates. Various recombinant strains, e.g., E. coli K011, E. coli SL40, E. coli
FBR3, Zymomonas CP4 (Pzb4), and Saccharomyces 1400 (PInh32) are selected for the
fermentation of mixed sugar substrates [109].

7.3.15. Cyclohexanol to Adipic Acid

Cyclohexanone and cyclohexanol are metabolised through a series of sequential
oxidation reactions involving several enzymes. A large humber of microorganisms can
oxidize cyclohexanol to adipic acid efficiently [110].

7.4. Textile Industry

Using enzymes in textile industries has a long tradition. The current application of
enzymes in textile industries involves mainly hydrolases and now some extent in
oxidoreductase [111]. The enzymatic desizing of cotton with a-amylases is state-of-the-
art since many decades [112]. Moreover, cellulases, pectinases, hemicellulases, lipases
and catalases are used in different cotton pre-treatment and finishing processes [113].
Other natural fibers are also treated with enzymes. Examples are the enzymatic
degumming of silk with sericinases [114], the felt-free-finishing of wool with proteases
[115], the softening of jute with cellulases and xylanases [116], fading of denim with
cellulase [111]. Enzymes not only enhance the quality of finishing products but also it
influences the development of environmentally friendly technologies. The use of
enzymes in the chemical processes of the textile industries can save 70,000-90,000 liters
of water for every ton of knitwear produces. With approximately 9 million tons of
knitwear being produced annually, the world can save 630 billion liters of water every
year if all knitwear produced using enzymes [3].

7.4.1. Desizing
Desizing means removing starch from fabrics which was used in sizing operation.
Before the discovery of amylases for desizing, process used to be carried out by treating
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the fabric with acid, alkali or oxidizing agents at high temperatures. The chemical
treatment was not totally effective in removing the starch, leading to imperfections in
dyeing, and also resulted in a degradation of the cotton fiber destroying the natural, soft
feel of the cotton [117]. In the textile industry amylases are used to remove starch-based
size for improved and uniform wet processing. Amylase is a hydrolytic enzyme which
catalyzes the breakdown of dietary starch to short chain sugars, dextrin and maltose. The
advantage of these enzymes is that they are specific for starch, removing it without
damaging to the support fabric [111]. An amylase enzyme can be used for desizing
processes at low-temperature (30-60°C) and optimum pH is 5,5-6,5 [118]. Use of
amylases has decreased the use of harsh chemicals hence results low environmental
pollution, discharge of waste chemicals. It also improved the safety of workplace for
workers [119].

7.4.2. Scouring

Untreated cotton contains various noncellulosic impurities, such as waxes, pectins,
hemicelluloses and mineral salts, present in the cuticle and primary cell wall of the fiber.
Before cotton yarn or fabric can be dyed, it needs to be pretreated to remove materials
that inhibit dye binding. This step is called scouring. Enzymatic or bioscouring, leaves
the cellulose structure almost intact, preventing cellulose weight and strength loss.
Several types of enzyme, including pectinases, cellulases, proteases, and lipases/
cutinases, alone or combined have been studied for cotton bioscouring, with pectinases
being the most effective. In this pectinase destroy the cotton cuticle structure by digesting
the pectin and removing the connection between the cuticle and the body of cotton fiber
whereas cellulase can destroy cuticle structure by digesting the primary wall cellulose
immediately under the cuticle of cotton. Biological Oxygen Demand (BOD) and
Chemical Oxygen Demand (COD) of enzymatic scouring process are 20-45 % as
compared to alkaline scouring (100 %). Total Dissolved Solid (TDS) of enzymatic
scouring process is 20-50% as compared to alkaline scouring (100%). Handle is very soft
in enzymatic scouring compared to harsh feel in alkaline scouring process. Enzymatic
scouring makes it possible to effectively scour fabric without negatively affecting the
fabric or the environment. It also minimises health risks hence operators are not exposed
to aggressive chemicals [111, 120]. Fabric is softer and fluffier than conventional
scouring, ideal for terry towel/ knitted goods [119].

7.4.3. Bleaching

The purpose of cotton bleaching is to decolourise natural pigments and to confer a
pure white appearance to the fiber. The most common industrial bleaching agent is
hydrogen peroxide. Conventional preparation of cotton requires high amounts of alkaline
chemicals and consequently, huge quantities of rinse water are generated. However,
radical reactions of bleaching agents with the fiber can lead to a decrease in the degree of
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polymerisation and, thus, to severe damage. Therefore, replacement of hydrogen peroxide
by an enzymatic bleaching system would not only lead to better product quality due to
less fibre damage but also to substantial savings on washing water needed for the removal
of hydrogen peroxide. An alternative to this process is to use a combination of suitable
enzyme systems. Amyloglucosidases, pectinases, and glucose oxidases are selected that
are compatible concerning their active pH and temperature range [111]. Tzanov et al.
(2003) reported for the first time the enhancement of the bleaching effect achieved on
cotton fabrics using laccases in low concentrations. In addition, the short time of the
enzymatic pre-treatment sufficient to enhance fabric whiteness makes this bio-process
suitable for continuous operations. Also, Pereira et al. (2005) showed that a laccase from
a newly isolated strain of T. hirsutawas responsible for whiteness improvement of cotton
most likely due to oxidation of flavonoids. More recently, Basto et al. (2006) proposed a
combined ultrasound-laccase treatment for cotton bleaching. They found that the supply
of low ultrasound energy (7W) enhanced the bleaching efficiency of laccase on cotton
fabrics. Enzymes break down hydrogen peroxide liquor into water and less reactive
gaseous oxygen resulting cleaner waste water and reduction of energy and time [111].

7.4.4. Biopolishing

Biopolishing is a finishing process that improves fabric quality by mainly reducing
fuzziness and pilling property of cellulosic fibre. It was first adopted by the Danish Firm,
Novo Nordisk for the finishing treatment of cellulosic fabrics with cellulose enzymes
[119]. The objective of the process is elimination of micro fibrils of cotton [111].
Cellulaseshydrolyse the microfibrils (hairs or fuzz) protruding from the surface of yarn
because they are most susceptible to enzymatic attack. This weakens the microfibrils,
which tend to break off from the main body of the fibre and leave a smoother yarn
surface. It results in softer feeling, cleaner surface, slight improvement in absorbency
[119].

7.4.5. Enzymetic Treatment of Denim

Denim is heavy grade cotton. Dye is mainly adsorbed on the surface of the fiber that
is why fading can be done without considerable loss of strength. In traditional process
sodium hypochlorite or potassium permanganate was used called as pumice stones.
Fading was done by the abrasive action of pumice stone. But this pumice stone causes
large amount of back-stanning, considerable wears and tear of machine also required in
very large amount. Cellulase enzyme is used in denim washing. It works by loosening the
indigo dye on the denim. A small dose of enzyme can replace several kilograms of
pumice stones. The use of less pumice stones results in less damage to garment, machine
and less pumice dust in the laundry environment [111].
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7.4.6. Degumming of Silk

Silk degumming process is a fundamental finishing process for silk yarn and silk
fabric. The objective of degumming is remove the substrate such as silk gum (sericin),
wax and some impurities from silk fibers. The principle of degumming process is
breaking the peptide linkage of amino acid in sericin structure into a small molecule,
which is soluble in water. The methods used for the degumming are the hydrolysis
reaction performed by acid and alkali, but these methods are not eco-friendly and same
time they have a big problem on the surface of silk. The thermostable protease basically
forms Geo-bacillus genus has been used for the enzymatic degumming of silk which are
quite resistant to various chemicals and temperature [121].

7.5. Pulp and Paper

The technology for pulp manufacture is highly diverse, and numerous opportunities
exist for the application of microbial enzymes. Historically, enzymes have found some
uses in the paper industry, but these have been mainly confined to areas such as
modifications of raw starch. However, a wide range of applications in the pulp and paper
industry have now been identified. The use of enzymes in the pulp and paper industry has
grown rapidly since the mid-1980s. While many applications of enzymes in the pulp and
paper industry are still in the research and development stage, several applications have
found their way into the mills in an unprecedented short period of time.

7.5.1. Prebleaching of Pulp

Currently the most important application of enzymes is the prebleaching of kraft
pulp[9], where lignin is separated from pulp to improve the property and quality of paper.
Xylanase in pre-bleaching, which would lower the amount of chlorine compounds used
by this process up to 30%, so that a 15-20% reduction in organo-chlorines in the
effluents could be achieved. The utilization of xylanases could lead to the replacement of
5-7 kg of chlorine dioxide per ton of Kraft pulp [122]. The enzyme used for the purpose
of bio-bleaching of wood pulp should be active in the conditions of alkaline pH, high
temperature and free from cellulosic activity. Beside bleaching, it provides brightness and
improve viscosity of the pulp [19, 123]. This is probably caused by the selective removal
of xylan, as determined by the pentosan values. Xylan, with lower DP than cellulose, can
be expected to lower the average viscosity of kraft hemicellulose [9].

7.5.2. Pitch Control

Pitch control is an important aspect in pulp and paper manufacture, and the first
example where microbial biotechnology provided successful solutions in this industrial
sector [124]. Lipophilic extractives causes’ so-called pitch deposits along with pulp and
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paper manufacturing processes. This lipophilic extractives includes Pitch, that is
composed of triglycerides, fatty acids, resin acids, sterols, glycerol esters of fatty acids,
other fats, and waxes [9, 124]. Lipase treatments have been shown to reduce pulp
triglycerides successfully, by converting triglycerides into fatty acids which is more
soluble in water and does not deposit as much. But in addition to triglycerides other
compounds such as free and esterified sterols, resin acids, fatty alcohols, alkanes, etc. are
also responsible of pitch problems as mentioned before. Sterol esterase which hydrolyze
fatty acid esters of sterols, have also been suggested for pitch control. In addition it is
found that, lipase also catalyze the hydrolysis of sterol esters. Enzymatic pitch control
helps to reduce pitch-related problems to a satisfactory level. At the same time, it also
offers other advantages, such as ecofriendly and nontoxic technology, improved pulp and
paper quality, reduction in bleaching chemical consumption, reduction of effluent load,
and space and cost saving in a mill wood yard by using unseasoned logs. By reducing the
outside storage time of logs, this method reduces wood discoloration, wood yield loss,
and the natural wood degradation which occurs over longer storage time [9].

7.5.3. Paper Sizing

The use of amylases in the pulp and paper industry is for the modification of starch of
coated paper, i.e., for the production of low-viscosity, high molecular weight starch. The
coating treatment serves to make the surface of paper sufficiently smooth and strong, to
improve the writing quality of the paper. In this application, the viscosity of the natural
starch is too high for paper sizing and this can be altered by partially degrading the
polymer with amylases in a batch or continuous processes. Starch is a good sizing agent
for the finishing of paper, improving the quality and erasebility, besides being a good
coating for the paper [125, 126]. The size enhances the stiffness and strength in paper
[125].

7.5.4. Deinking

Deinking is another place where microbial enzymes show its usefulness. In this
process inks and stickies attach to fibers at surface of the fibers and stuck to microfibrils.
Many patent applications have been filed or granted concerning the use of enzymes in
deinking. Several patents specify the use of cellulases, particularly alkaline cellulases, for
deinking. Few patents claim that esterases can be used, while others specify the use of
lipases or pectinases. One patent application employs laccase from white rot fungi. Most
of the published literature on deinking deals with cellulases and hemicelluase [9]. Among
them esterases help to breakdown ink particles and also break ester bonds in polymers
used in toners and adhesives. It improves paper cleanliness, causes less deposits and can
be used as substitute for talc or solvent based dispersant.
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7.5.5. Elimination of Slime

Slime is the generic name for deposits of microbial origin in a paper mill. It is
impractical to run a paper mill as a sterile system. As a result, vast arrays of microbes
contaminate the mills, and many of the resulting slime compounds have not been
characterized. In some cases, however, specific slime compounds have been
characterized, and efficient strategies for their removal can be used. One such case is with
levan, which is a &-2,6-linked polymer of fructose that forms a slime film. This
compound is secreted by several species of Bacillus and Pseudomonas bacteria that can
grow in the recirculated water around the paper machine, especially for fine paper, where
the level of inhibiting compounds is low. The enzyme levan hydrolase can hydrolyze this
polymer to low-molecular-weight polymers that are water soluble, thereby cleaning the
slime out of the system. The enzyme is effective at pH 4-8 and runs best at pH 5.0.

7.5.6. Shives Removal

Shives are small bundles of fibers that have not been separated into individual fibers
during the pulping process. They appear as splinters that are darker than the pulp. Shivex,
can be used to increase the efficiency of shive removal by bleaching. Shivex is a
multicomponent mixture of proteins, some of which are xylanases, but the degree of
shive removal by the enzyme is not directly related to the enzyme’s xylanase activity or
bleach boosting effectiveness by treating brownstock with shivex mills can increase shive
removal in subsequent bleaching upto 55% [9].

7.5.7. Debarking of Wood

Removal of the bark is one of the most important steps in all processing of wood.
This step consumes substantial amounts of energy. Extensive debarking is needed for
high-quality mechanical and chemical pulp, because even small amounts of bark residues
cause darkening of the product. Pectinases are found to be key enzymes in the process.
One of the major difficulties with enzymatic debarking is the poor infiltration of enzymes
in the cambium of whole logs [127].

7.6. Enzyme in Therapeutic Applications

Therapeutic enzymes have a wide variety of specific uses such as oncolytics,
thrombolytics, or anticoagulants and as replacements for metabolic deficiencies.
Proteolytic enzymes serve as good anti-inflammatory agents. The list of enzymes which
have the potential to become important therapeutic agents and its microbial sources are
shown in Table 5.
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Table 5. Some important enzymes and their therapeutic importance [126-135]
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Enzyme Reaction Use Sources
Asparaginase L-Asparagine H,0—L- Leukaemia E. coli
aspartate + NH,
Collagenase Collagen hydrolysis Skin ulcers C. perfringens
Glutaminase L-Glutamine H.O—L- Leukaemia E. coli SFL-1
glutamate + NHs
Lysozyme Bacterial cell wall hydrolysis | Antibiotic Homo sapiens
Ribonuclease RNA hydrolysis Antiviral Yeast and bacteriophages
Streptokinase Plasminogen—plasmin Blood clots Streptococci sp.
Trypsin Protein hydrolysis Inflammation Homosapiens and other
vertebrates
Uricase Urate + Oz —allantoin Gout A. flavus
Urokinase Plasminogen—plasmin Blood clots Bacillus subtilis
B-Lactamase B-Lactam ring hydrolysis Antibiotic Citrobacterfreundii,
resistance Serratiamarcescens,and
Klebsiella pneumonia
Penicillin Binding the rings of Penicillin Penicillium sp.
acylase benzylpenicillin production/broad
(penicillin G) and spectrum
phenoxymethylpenicillin antibiotic
(penicillin V) production

As compared to the industrial use of enzymes, therapeutically useful enzymes are
required in relatively less amounts, but the degree of purity and specificity should be
generally high. The cost of these enzymes is high but comparable to those of therapeutic
agents or treatments. One of the major applications of therapeutic enzymes is in the
treatment of cancer and various other diseases are discussed here. A higher than normal
concentration of amylases may predict one of several medical conditions, including acute
inflammation of the pancreas, perforated peptic ulcer, strangulation ileus, torsion of an
ovarian cyst, macroamylasemia, and mumps. In other body fluids also amylase can be
measured, including urine and peritoneal fluid. In various human body fluids the level o-
amylase activity is of clinical importance, for example, in diabetes, pancreatitis, and
cancer research [128].

7.6.1. Treatment of Damaged Tissue

A large number of proteolytic enzymes of plant and bacterial origin have been
studied for the removal of dead skin of burns. Various enzymes of higher quality and
purity are now in clinical trials. Debrase gel dressing, containing a mixture of several
enzymes extracted from pineapple, received clearance in 2002 from the US FDA for a
Phase Il clinical trial for the treatment of partial-thickness and full-thickness burns. A
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proteolytic enzyme (Vibrilase TM) obtained from Vibrio proteolyticus is found to be
effective against denatured proteins such as those found in burned skin. The regeneration
of injured spinal cord have been demonstrated using chondroitinases, where this enzyme
acts by removing the glial scar and thereby accumulating chondroitin sulfate that stops
axon growth [129].

7.6.2. Treatment of Cancer

The cancer research has some good instances of the use of enzyme therapeutics.
Recent studies have proved that arginine-degrading enzyme (PEGylated arginine
deaminase) can inhibit human melanoma and hepatocellular carcinomas [130]. Currently,
another PEGylatedengyme, Oncasparl (pegaspargase), has shown good results for the
treatment of children newly diagnosed with acute lymphoblastic leukemia and are already
in use in the clinic. The normal cells are able to synthesize asparagine but the cancerous
cells cannot and thus, die in the presence of asparagine degrading enzyme. Asparaginase
and PEG-asparaginase are effective adjuncts for standard chemotherapy. Another
important feature of oncogenesis is proliferation. It has been proved that the removal of
chondroitin sulfate proteoglycans by chondroitinase AC and, to a lesser extent, by
chondroitinase B, stops tumor growth, metastasis and neovascularization [131].

The further application of enzymes as therapeutic agents in cancer is described by
antibody-directed enzyme prodrug therapy (ADEPT). A monoclonal antibody carries an
enzyme specific to cancer cells, where the enzyme activates a prodrug and destroys
cancer cells but not normal cells. This approach is being utilized for the discovery and
development of cancer therapeutics based on tumor-targeted enzymes that activate
prodrugs. The targeted enzyme prodrug therapy (TEPT) platform, involving enzymes
with antibody-like targeting domains, can also be used in this effort [132].

7.6.3. Treatment of Infectious Diseases

Lysozymeisa is naturally occurring antibacterial agent. It used in many foods and
consumer products, as it is able to breakdown carbohydrate chains in bacterial cell wall.
Lysozyme has also been found to have activity against HIV, as RNase A and urinary
RNaseU present selectively degrade viral RNA [133] showing possibilities for the
treatment of HIV infection. Chitinases is another naturally occurring antimicrobial agent.
The cell wall of various pathogenic organisms, including fungi, protozoa, and helminths
is made up of chitin and is a good target for antimicrobials [134]. The lytic enzyme
derived from bacteriophage is used to target the cell walls of Streptococcus pneumonia,
Bacillus anthracis, and Clostridium perfringens [135]. The application of lytic
bacteriophages can be used for the treatment of several infections and could be useful
against new drug-resistant bacterial strains.
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7.7. Detergents

Detergents were the first large scale application for microbial enzymes. Bacterial
proteinases are still the most important detergent enzymes. Some products have been
genetically engineered to be more stable in the hostile environment of washing machines
with several different chemicals present [19]. These hostile agents include anionic
detergents, oxidising agents and high pH. Late 80s lipid degrading enzymes were
introduced in powder and liquid detergents. Lipases decompose fats into more water-
soluble compounds by hydrolysing the ester bonds between the glycerol backbone and
fatty acid. The most important lipase in the market was originally obtained from
Humicola lanuginose. It is produced in large scale by Aspergillusoryzae host after
cloning the Humicola gene into this organism[18].

Amylases are used in detergents to remove starch based stains. Amylase hydrolyzes
gelatinised starch, which tends to stick on textile fibers and bind other stain components.
Cellulases have been part of detergents since early 90s. Cellulase is actually an enzyme
complex capable of degrading crystalline cellulose to glucose. In textile washing
cellulases remove cellulose microfibrils, which are formed during washing and the use of
cotton based cloths. This can be seen as colour brightening and softening of the material.
Alkaline cellulases are produced by Bacillus strains and neutral and acidic cellulases by
Trichoderma and Humicola fungi [34].

7.8. Leather

Leather industry uses proteolytic and lipolytic enzymes in leather processing. The use
of these enzymes is associated with the structure of animal skin as a raw material.
Enzymes are used to remove unwanted parts from skin. Proteases are used for selective
hydrolysis of non-collagenous constituents of the skin and to remove nonfibrillar proteins
such as albumins and globulins. Currently, microbial alkaline proteases are used to ensure
faster absorption of water and to reduce time required for soaking. The use of proteases
as alternatives to hazardous chemicals such as sodium sulphide has proved successful in
improving leather quality and in reducing environmental pollution. Alkaline proteases
with hydrated lime and sodium chloride are used for dehairing, resulting in significant
reduction in wastewater [3]. Trypsin in combination with other proteases of Bacillus and
Aspergillus origin is used for bating. The selection of the enzyme depends on its
specificity for matrix proteins such as elastin and keratin and the amount of enzyme
depends on the 15 type of leather (soft or hard) desired to be produced. Usage of enzymes
for dehairing and bating not only prevents pollution problems but is also effective in
saving energy. Novo Nordisk manufactures three different proteases viz. Aquaderm TM,
NUE, and Pyrase for use in soaking, dehairing and bating respectively.
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In dehairing and dewooling phases enzymes are used to assist the alkaline chemical
process. This results in a more environmentally friendly process and improves the quality
of the leather (cleaner and stronger surface, softer leather, less spots). The used enzymes
are typically alkaline bacterial proteases. Lipases are used in this phase or in bating phase
to specifically remove grease [3]. The use of lipases is a fairly new development in
leather industry.

The next phase is bating which aims at deliming and deswelling of collagen. In this
phase the protein is partly degraded to make the leather soft and easier to dye. Pancreatic
trypsins were originally used but they are being partly replaced by bacterial and fungal
enzymes.

8. FUTURE PROSPECT OF INDUSTRIAL ENZYMOLOGY

Microorganisms provide an impressive amount of catalysts with a wide range of
applications across several industries such as, food, animal feed, technical industries, fine
chemicals and pharma. There are many factors influencing the growing interest in
biocatalysis which include enzyme promiscuity, robust computational methods combined
with directed evolution and screening technologies to improve enzyme properties to meet
process prospects, the application of one-pot multistep reactions using multifunctional
catalysts and the de novo design and selection of catalytic proteins catalyzing any desired
chemical reaction. The unique properties of enzymes such as high specificity, fast action
and biodegradability allow enzyme-assisted processes in industry to run under milder
reaction conditions, with improved yields and reduce waste generation. However,
naturally occurring enzymes are often not suitable for such biocatalytic processes without
further tailoring or redesign of the enzyme itself in order to fine tune substrate specificity
activity or other key catalytic properties.

Recent advances in genomics, metagenomics, proteomics, efficient expression
systems and emerging recombinant DNA techniques have facilitated the discovery of
new microbial enzymes from nature (through genome and metagenome) or by creating
(or evolving) enzymes with improved catalytic properties. The ongoing progress and
interest in enzymes provides further success in areas of industrial biocatalysis. The next
years should see a lot of exciting developments in the area of bio-transformations. Many
future investigations will use combinations of engineered and de novo designed enzymes
coupled with chemistry to generate more (and most likely new) chemicals and materials
from cheaper (and renewable) resources, which will consequently contribute to
establishing a bio-based economy and achieving low carbon green growth.
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CONCLUSION

Since the ancient human civilization, enzymes are being known to mankind. But
since the 18th century it has been technically known to us as enzymes. Many scientists
had tried to study the use of enzymes, and from their pioneer work, we have come to
know about its power and utility in our daily life. Enzymes industry is one among the
major industries of the world, and there exists a great market for further improvement in
this field. To date different types of enzymes are being manufactured by many giant
companies and being sold for their important role in different industries like food, dairy,
detergent, and chemical as well as for their important lifesaving therapeutically
application. Due to advancement of modern biotechnology and protein engineering a new
area of enzyme engineering, has evolved which mainly deals with the purification and
stability of these important enzymes.
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ABSTRACT

Enzymes play a crucial role as metabolic catalysts, leading to their great importance
in the development of industrial bioprocesses. Current applications focuses on many
different markets including cleaning (detergents), textiles, starch processing, brewing,
leather, baking, paper, food products, animal feeds, cosmetics and personal care. The use
of enzyme technology is attractive because enzymes are highly efficient to specific, and
work under mild conditions. The use of enzymes results in reduce the process time,
energy, water, and also improved product quality and potential process integration. The
chapter covers the most important applications of microbial enzymes in various industrial
processes.
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1. INTRODUCTION

Enzymes are the bio-catalysts playing an important role in all stages of metabolism
and biochemical reactions. Certain enzymes are of special interest and utilized as organic
catalysts in numerous processes an industrial scale. Microbial enzymes are superior
enzymes obtained from different microorganisms, especially for the industrial usage on
commercial scales. The enzymes were discovered from microorganisms in the 20%
century. The studies on their isolation, characterization of properties, production on
bench-scale to pilot-scale and their application in bio-industry have continuously
progressed, and the knowledge has regularly been updated. Many enzymes from
microbial sources are already used in various commercial processes. Selected
microorganisms including bacteria, fungi and yeasts have been globally studied for the
bio-synthesis of economically viable preparations of various enzymes for commercial
applications.

Microbial enzymes are widely used in industrial processes based on potential
productivity, chemical stability, environmental protection, plasticity and vast availability
[1, 2]. Bacillus species like Bacillus subtilis, Bacillus amyloliquefaciens and Bacillus
licheniformis are used as bacterial workhorses in industrial microbial cultivations for the
production of a variety of enzymes and fine biochemicals. A large quantity (20 - 25¢/L)
of extracellular enzymes has been produced by the various Bacillus strains which has
been placed among the most significant industrial enzyme producers. The fungal origins
like Aspergillus, Conidiobolus, Mucor, Paecilomyces, Penicillium, Rhizopus are used in
industrial microbial cultivations for the production of a variety of enzymes which are
advantageous due to the ease of cell removal during downstream processing. In recent
years, the potential use of microorganisms as biotechnological sources of industrially
relevant enzymes has stimulated interest in the exploration of extracellular enzymatic
activity in several microorganisms [3].

Industrially important enzymes have traditionally been obtained from submerged
fermentation (SmF) because of the ease to handling and great control of environmental
factors such as temperature and pH. Solid-state fermentation (SSF) constitutes an
interesting alternative since the metabolites produced are concentrated and the
purification procedures are less costly [4]. SSF is preferred to SmF because of the simple
technique, low capital investment, lower levels of catabolite repression end product
inhibition, low waste water output, better product recovery, and high quality production
[5, 6, 7]. On dry basis, agricultural substrates like corn, wheat, sorghum, coffee pulp
waste and other cereals and grains contain around 60 — 75% (by mass) starch,
hydrolysable to glucose, with a significant mass increase, which offers a good resource in
many fermentation processes. With the advent of biotechnological innovations, mainly in
the area of enzyme and fermentation technology, many new areas have been opened for
their utilization as raw materials for the production of value added fine products [6].
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2. HISTORY OF ENZYME TECHNOLOGY

The history of enzyme technology began in 1874 when the Danish chemist Christain
Hansen produced the first specimen of rennet by extracting dried claves with saline
solution, which was the first enzyme used for industrial purposes. The significant event
had been preceded by a lengthy evolution. The digestion of meat by the secretions and
conversion of starch to sugar by plant extracts and saliva were known. The fermentative
activity of microorganisms was discovered in 18" century by the French scientist Louis
Pasteur. In 1878 German physiologist Wilhelm Kuhne (1837-1900) coined the term
enzyme from Latin word, which literally mean “in yeast”. In 1897 Eduard Buchner began
to study the ability of yeast extracts that lacked any living yeast cells to ferment sugar. In
a series of experiments at the University of Berlin, he found that the sugar was fermented
even when there is no living yeast cells in the mixture. He named the enzyme that
brought about the fermentation of sucrose “zymase”.

The first application of the cell free enzymes used the rennin aspartic protease
isolated from calf or lamb stomach in cheese making. The first commercial enzyme
(trypsin) was prepared by Rohm in Germany in 1914; isolated from animals and used in
the detergents to degrade proteins. Introduction of microbial proteases in washing powder
have made a real breakthrough in the detergent industries. The first commercial bacterial
Bacillus protease was marked in1959 and was a big commercial success when
Novozymes in Denmark started to manufacture it in 1965.

In 1930 enzymes were used in fruit juice manufacturing for clarification of juices.
The major usage started in 1960s in starch industries. The traditional acid hydrolysis of
starch was completely replaced by a-amylases and glucoamylases, which could convert
starch with over 95%, yield to glucose. Starch industries became the second largest user
of enzymes next to detergent industry [8, 9, 10, 11].

The use of enzymes is beneficent in higher product quality, low manufacturing cost,
less waste and reduced energy consumption. More traditional chemical treatments
produced undesirable side effects and more waste disposal problems. The degree to
which a desired technical effect is achieved by an enzyme can be controlled through
various means, dose, temperature, and time. As the enzymes are catalysts, the amount
added to accomplish a reaction is relatively small. Enzymes used in food processing are
generally destroyed during subsequent processing steps and not present in the final food
product.

3. ENzYMES IN GLOBAL MARKET

The global market of industrial enzymes is estimated at $3.3 billion in 2010. This
market reached $4.4 billion in 2015, a compound annual growth rate (CAGR) of 6% over
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the 5-year forecast period. Technical enzymes valued in 2010 was $1 billion. This sector
increased to 6.6% compound annual growth rate (CAGR) and reached $1.5 billion in
2015. The highest sales of technical enzymes occurred in the leather market, followed by
the bio-ethanol market. The food and beverage enzymes segment is reached about $1.3
billion in 2015, from a value of $975 million in 2010, rising at a compound annual
growth rate (CAGR) of 5.1%. Within the food and beverage enzymes segment, the milk
and dairy market had the highest sales, with $401.8 million in 2009.

The global industrial enzymes market is very competitive with Novozymes being the
largest role in the industry, followed by DSM, and DuPont (after it acquired a majority
stake in Danisco and its Genencor division), among others. The companies mainly
compete on the basis of product quality, performance, use of intellectual property rights,
and the ability to innovate, among other such factors. North America and Europe are the
largest consumers of industrial enzymes although the Asia Pacific region will undergo a
rapid increase in enzyme demand in China, Japan and India, reflecting the size and
strength of these country’s economies.

4. INDUSTRIAL ENZYMES APPLICATIONS

Enzymes are applied in various fields, including technology, food manufacturing,
animal nutrition, cosmetics, medicine, and as tools for research and development. Almost
4000 enzymes are known, and out of these, approximately 200 microbial original types
are used commercially. However, only 20 enzymes are produced on truly industrial scale.
With the improved understanding of the enzyme production biochemistry, fermentation
processes, and recovery methods, an increasing number of industrial enzymes can be
foreseeable. The world enzyme demand is satisfied by about 12 major producers and 400
minor suppliers. Nearly 75% of the total enzymes are produced by three top enzyme
companies, i.e., Denmark-based Novozymes, US-based DuPont (through the May 2011
acquisition of Denmark-based Danisco) and Switzerland-based Roche. The market is
highly competitive, and has small profit margins and is technologically intensive.

The use of enzymes to produce goods for human consumption date back at least 2000
years, when microorganisms were used in processes such as leavening bread and
saccharification of rice in koji production [12]. The mechanism of the enzymes was
unknown until 1877, when Moritz Traube proposed that “protein-like materials catalyze
fermentation and other chemical reactions.” Later, the historic demonstration by Buchner
in 1897 showed that alcoholic fermentation could be carried out using cell-free yeast
extract, and appeared to be the first application of biocatalysis. The word ‘zymase’ was
coined to describe this cellfree extract [13, 14], which was the initial recognition of what
is now called an ‘enzyme’. There are currently around 5500 known enzymes [15],
classified based on the type of reaction they catalyze (oxidoreductases, transferases,
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hydrolases, lyases, isomerases, and ligases). Specific enzyme names refer to the
substance on which they act. An enzyme that acts on cellulose, for example, is known as
cellulase, and an enzyme that acts on protein is named protease, etc. [16].

Enzymes for industrial use are produced by growing bacteria and fungi in submerged
orSSF. When submerged being the primary fermentation mode, the unit operations in
enzyme production involve fermentation followed by cell disruption and filtration. The
crude enzyme is further purified by precipitation followed by centrifugation and vacuum
drying or lyophilization, collectively known as “downstream processing” [14].

4.1. Amylase

Amylases are a group of hydrolases that can specifically cleave the a-1,4-glycosidic
bonds in starch. Two important groups of amylases are glucoamylase and a-amylase.
Glucoamylase (exo-1,4-a-D-glucan glucanohydrolase, E.C. 3.2.1.3) hydrolyzes single
glucose units from the nonreducing ends of amylose and amylopectin in a stepwise
manner [17]. Whereas a-amylases (endo-1,4-a-D-glucan glucohydrolase, E.C. 3.2.1.1)
are extracellular enzymes that randomly cleave the 1,4-a-D-glucosidic linkages between
adjacent glucose units inside the linear amylose chain [17, 18, 19].

B Technical enzymes
Bl Food and beverage enzymes
1400 4 B Others

—

o

o

=
1
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2008 2009 2010 2015

Figure 1. Global industrial enzyme market 2008-2015 ($millions).
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Table 1. gives the representative examples of enzyme applications
in various industries

Amyloglucosidase
Glucose-isomerase

Industry Enzyme Applications
Cleaning (Detergent) Amylase Starch stain removal
Protease Protein stain removal
Lipase Lipid stain removal
Cellulase Cleaning, color clarification, anti-redeposition (cotton)
Mannanase Mannanan stain removal (reappearing stains)
Textile Cellulase Denim finishing, cotton softening
Amylase De-sizing
Pectate lyase Scouring
Catalase Bleach termination
Laccase Bleaching
Peroxidase Excess dye removal
Starch and fuel Amylase Starch liquefaction and saccharification

Saccharification
Cyclodextrin production

Phospholipase
Glucose oxidase
Lipoxygenase

Xylanase Viscosity reduction (fuel and starch)
Protease Protease (yeast nutrition — fuel)
Leather Protease Unhearing, bating
Lipase De-pickling
Baking Amylase Bread softness and volume, flour adjustment
Xylanase Dough conditioning
Lipase Dough stability and conditioning (in situ emulsifier)

Dough stability and conditioning (in situ emulsifier)
Dough strengthening
Dough strengthening, bread whitening

Pectin methyl esterase
Pectinase
Transglutaminase

Protease Biscuits, cookies
Transglutaminase Laminated dough strengths
Pulp and paper Lipase Pitch control, contaminant control
Protease Biofilm removal
Amylase Starch-coating, de-inking, drainage improvement
Xylanase Bleach boosting
Cellulase De-inking, drainage improvement, fiber modification
Food (including dairy) Protease Milk clotting, infant formulas (low allergenic), flavor
Lipase Cheese flavor
Lactase Lactose removal (milk)

Firming fruit-based products
Fruit-based products
Modify visco-elastic properties

Animal feed Phytase Phytate digestibility — phosphorus release
Xylanase Digestibility
Glucanase Digestibility
Beverage Pectinase De-pectinization, mashing
Amylase Juice treatment, low calorie beer
Glucanase Acetolactate decarboxylase Maturation (beer) Mashing
Laccase Clarification (juice), flavor (beer), cork stopper treatment

Personal care

Amyloglucosidase
Glucose oxidase
Peroxidase

Antimicrobial (combined with glucose oxidase)
Bleaching, antimicrobial
Antimicrobial

pharmaceutical

Lipase, amylase and
protease

Treatment of pancreatic insufficiency

Fine chemicals

Lipase

Amino-butanoic acid production

Amylases constitute a class of industrial enzymes representing approximately 30% of
the world enzyme production [20, 21]. They have diverse applications in a wide variety
of industries such as food, fermentation, textile, paper, detergent and sugar industries. It
can be used in the fields related with biotechnology such as: removing environmental
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pollutant, conversion of starch to desired substrate by many microorganisms, infiltration
of waste containing starch and production of biochemical material with helping starch
substrate. With the advent of new frontiers in biotechnology, the spectrum of amylase
application has expanded into many other fields, clinically, medicinally and analytically.
Interestingly, the first enzyme produced industrially was an amylase from a fungal source
in 1894, which was used as a pharmaceutical aid for the treatment of digestive disorders.
Although amylases can be derived from several sources, including plants, animals and
microorganisms. The microbial amylases have almost completely replaced chemical
hydrolysis of starch in starch processing industry [22]. Microbial enzymes generally meet
industrial demands [23, 24].

4.2. Proteases

Proteases are enzymes which catalyze the hydrolysis of peptide bonds. Proteases are
essential constituents of all life forms on earth including prokaryotes, fungi, plants, and
animals. Proteases are highly exploited enzymes in food, Ileather, detergent,
pharmaceutical, diagnostics, waste management, and silver recovery. Proteases (serine
protease, cysteine protease, aspartic proteases and metalloprotease) constitute one of the
most important groups of industrial enzymes, accounting for about 60% of the total
enzyme market. Among the various protease, bacterial proteases are the most significant,
compared with animal and fungal proteases and among bacteria, Bacillus sp. are specific
producers of extracellular proteases [25]. These enzymes have wide industrial
application, including the pharmaceutical industry, leather industry, and manufacture of
protein hydrolysates, food industry and waste processing industry [26].

4.3. Cellulase

Bioconversion of cellulose containing raw materials is an important problem of
current biotechnology due to the increasing demand for energy, food, and chemicals.
Cellulases are enzymes which hydrolyze the B-1,4- glycosidic linkage of cellulose and
synthesized by microorganisms during their growth on cellulosic materials [27]. The
complete enzymatic hydrolysis of cellulosic materials needs different types of cellulase;
namely endoglucanase, (1,4-D-glucan-4-glucanohydrolase; EC 3.2.1.4),
exocellobiohydrolase (1, 4-D-glucan glucohydrolase; EC 3.2.1.74) and glucosidase (D-
glucoside glucohydrolase; EC 3.2.1.21).

Enzymatic process to hydrolyze cellulosic materials could be accomplished through a
complex reaction of these various enzymes. Two significant attributes of these enzyme-
based bioconversion technologies are reaction conditions and the production cost of the
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related enzyme system. There has been many research works focused on obtaining new
microorganisms producing celluloytic enzymes with higher 105 specific activities and
greater efficiency worldwide [28]. Enzymes produced by marine microorganisms can
provide numerous advantages over traditional enzymes due to the wide range of
environments [29].

4.4. Lipases

Lipases have emerged as one of the leading biocatalysts with proven potential for
contributing to the multibillion dollar underexploited lipid technology bio-industry and
have been used in in-situ lipid metabolism and ex-situ multifaceted industrial applications
[30]. Lipases are triacylglycerol acyl hydrolases (EC 3.1.1.3) that catalyze the hydrolysis
of triacylglycerol to glycerol and fatty acids. They often express other activities such as
phospholipase, lysophospholipase, cholesterol esterase, cutinase, amidase and other
esterase type of activities [31]. Microbial lipases have gained special industrial attention
due to their ability towards extremes of temperature, pH, and organic solvents, and
chemo-, region-, and enantioselectivity. Lipases are ubiquitous in nature and are
produced by several plants, animals, and microorganisms [32]. Some important lipase-
producing bacterial genera are Bacillus, Pseudomonas and Burkholderia [33] and fungal
genera include [34] Aspergillus, Penicillium, Rhizopus, Candida. Although considerable
progress has been made over the recent years towards the developing cost-effective
systems for lipases, the high cost of production of this enzyme remains the major
challenge associated with large-scale industrial applications.

4.5. Pectinase

Pectinase are a group of enzymes which contribute the breakdown of pectin. It is a
structural polysaccharide found in primary cell wall and middle lamina of fruits and
vegetables. Pectolysis is one of the most important processes for plant, as it plays a role
in cell elongation and growth as well as fruit ripening. Microbial pectolysis is important
in plant pathogenesis, symbiosis and decomposition of plant deposits [35]. The main
source of the microorganisms that produce pectinolytic enzymes are yeast, bacteria and
large varieties of fungi and particularly Aspergillus sp. endopolygalacturonase production
was first reported in 1951 using Saccharomyces fragilis [36].
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4.6. Laccase

Laccase is an enzyme that has potential ability of oxidation. It belongs to those
enzymes, which have innate properties of reactive radical production, and its utilization
in many fields has been ignored because of its unavailability in the commercial field.
There are diverse sources of laccase producing organisms like bacteria, fungi, and plants.
Laccases use oxygen and produce water as by-product. They can degrade a range of
compounds including phenolic and non-phenolic compounds. They also have ability to
detoxify a range of environmental pollutants. Their property to act on a range of
substrates and also to detoxify a range of pollutants have made them to be usable for
several purposes in many industries including paper, pulp, textile and petrochemical
industries.

4.7. Mannanase

Mannanase enzyme is important in paper industry including bioleaching pulp [37]
waste bioconversion of biomass to fermentable sugars [38], increasing the quality of feed
quality [39] and reduces viscosity of coffee extracts [40]. Endo-B-1,4- mannanases
(EC.3.2.1.78) randomly hydrolyze the main chain of hetero mannans, the major softwood
hemicellulose [41]. Mannanases have been tested in several industrial processes, such as
extraction of vegetable oils from leguminous seeds, viscosity reduction of extracts during
the manufacture of instant coffee and manufacture of oligosaccharide [42, 43] as well as
applications in the textile industry [41]. In paper industry, mannanases have synergistic
action in the bio-bleaching of the wood pulp, significantly reducing the amount of
chemicals used [44].

5. ENZYMES IN DETERGENT INDUSTRIES

Detergent industries are the primary consumers of enzymes, in terms of both volume
and value. The use of enzymes in detergents formulations enhances the detergents ability
to remove tough stains and making the detergent environmentally safe [45]. Amylases are
the second type of enzymes used in the formulation of enzymatic detergent, and 90% of
all liquid detergents contain these enzymes. As colored stains, their removal is of interest
in both detergent and dishwashing contexts. Removal of starch from surfaces is also
important in providing a whiteness benefit since it is known that starch can be an
attractant for many types of particulate soils. The suitability of any hydrolytic enzymes
for inclusion in detergent formulation is dependent on its stability and compatibility with
detergent components.

Complimentary Contributor Copy



192 K. Selvam, B. Senthilkumar, A. Sengottaiyan et al.

Alkaline proteases have contributed greatly to the development and improvement of
modern household and industrial detergents. They are effective at the moderate
temperature and pH values that characterize modern laundering conditions in industrial
and institutional cleaning [46]. Of these, alkaline protease finds a major application as
detergent additives because of their ability to hydrolyze and remove proteinacious stains
like blood, egg, gravy, milk, etc. in high pH conditions [47].

Cellulases, in particular EG 11l and CBH |, are commonly used in detergents for
cleaning textiles several reports [48, 49] disclose that EG Il variants, in particular from
Trichoderma reesei are suitable for the use in detergents. Trichoderma viride and
Trichoderma harzianum are also industrially utilized natural sources of cellulases, like
Aspergillus niger. Cellulase preparations, mainly from species of Humicola (Humicola
insolens and Humicola griseathermoidea) that are active under mild alkaline conditions
and at elevated temperatures, are commonly added in washing powders, and in
detergents.

A tremendous increase in the significance of the biotechnological applications of
lipases since the last two decades display amazing versatility in catalytic behavior. The
latest trend in detergent industry is towards lower wash temperatures which not only save
energy, but also help to maintain the texture and quality of fabrics [50].

6. ENZYMES IN TEXTILE INDUSTRIES

In textile industry, strength of the textile is improved by warping the starch paste to
textile weaving. It also prevents the loss of string by friction, cutting and generation of
static electricity on the string by giving softness to the surface of string due to laid down
warp. After weaving the cloth, the starch is removed and the cloth goes to scouring and
dyeing. The starch on cloth is usually removed by application of a-amylase. The o-
amylases remove selectively the size [51]. Amylase from Bacillus strain was employed in
textile industries for quite a long time [52].

Cellulases has become the third largest group of enzymes used in the industry since
their introduction a decade ago [53]. They are used in the bio-stoning of denim garments
for producing softness and the faded look of denim garments replacing the use of pumice
stones which were traditionally employed in the industry [54, 55]. They act on the
cellulose fiber to release the indigo dye used for coloring the fabric producing the faded
look of denim. Humicola insolens cellulase is most commonly employed in the equally
good cellulases are utilized for digesting off the small fiber ends protruding from the
fabric resulting in a better finish cellulases, used in softening defibrillation, and in
processes for providing localized variation in the color density of fibers.

Textile processing has benefited greatly in both environmental and product quality
aspects through the use of enzymes. Prior to weaving of yarn in to fabric, the warps yarns
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are coated with a sizing agent to lubricate and protect the yarn from abrasion during
weaving.

The main sizing agent used for cotton fabrics has been starch because of its excellent
film-forming capacity, availability, and reality low cast. Before the fabric is dyed, the
sizing agent is applied and the natural non-cellulosic materials present in the cotton is
removed. Before the discovery of amylase enzymes, the only way to remove the starch-
based sizing was extended treatment with casting soda at high temperature. The chemical
treatment was not effective in removing the starch and also resulted in a degradation of
the cotton fiber resulting in distraction of the natural soft feel or “hand’ of the cotton the
use enzyme such as pectinase in conjugation with amylases, lipases, cellulases, and other
hemicellulolytic enzymes. The removal sizing agents has decreased the use of harsh
chemicals in textile industry, resulting in a lower discharge of waste chemicals to the
environment, improving both the safety of working conditions for textile workers and the
quality of the fabric. Laccases-mediator system finds potential application in enzymatic
modification of dye bleaching in the textile and dyes industries [56].

Threads of raw silk must be degummed to remove sericin, a proteinaceous substance
that covers the silk fiber. Traditionally, degumming is performed in an alkaline solution
containing soap. It also has other disadvantages of high energy consumption, time
consumption and also loss in luster of silk due to the amounts of water used in this
process [57].

7. ENZYMES IN STARCH AND FUEL INDUSTRIES

The major market for a-amylases is the starch industry, which is used for starch
hydrolysis in the starch liquefaction process that converts starch into fructose and glucose
syrups. The enzymatic conversion of all starch includes: gelatinization, which involves
the dissolution of starch granules, thereby forming a viscous suspension; liquefaction,
which involves partial hydrolysis and loss in viscosity; and saccharification, involving the
production of glucose and maltose via further hydrolysis. This process requires the use of
a highly thermostable o-amylase for starch liquefaction, which acts at temperature
between 70 - 100°C depending upon the temperature [58]. Initially, the a-amylase of
Bacillus amyloliquefaciens was used but it has been replaced by the a-amylase of
Bacillus stearothermophilus or Bacillus licheniformis [59]. The enzymes from the
Bacillus species are of special interest for large-scale biotechnological processes due to
their remarkable thermostability and because efficient expression systems are available
for these enzymes [60].

Ethanol is the most utilized liquid biofuel for the bioethanol production and starch is
the most used substrate due to its low price and easy availability of raw material in most
of the. In this production, starch has to be solubilized and then submitted to two
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enzymatic steps in order to obtain fermentable sugars [61]. The conventional process for
the bioconversion of starch into ethanol involves saccharification, where starch is
converted into sugar using an amylolytic microorganism or enzymes such as
glucoamylase and a-amylase, followed by fermentation, where sugar is converted into
ethanol using an ethanol fermenting microorganism such as yeast Saccharomyces
cerevisiae [62]. A potential application of cellulase is the conversion of cellulosic
materials to glucose and other fermentable sugars, which in turn can be, used as microbial
substrates for the production of single cell proteins or a variety of fermentation products
like ethanol [63].

8. ENZYMES IN LEATHER INDUSTRY

Soaking, dehairing of hides and skins and bating have been traditionally being carried
out by using different chemicals which poses a high tannery waste pollution threat.
Hence, proteases with a pH optimum around 9-10 are widely used in soaking to facilitate
the water uptake of the hides or skin. Alkaline proteases with elastolytic and keratinolytic
activity are used for dehairing and bating process to obtain a desired grain, softness and
tightness of leather in a short time. Alkaline proteases with keratinolytic activity have
been reported for remarkable dehairing properties [64, 65, 66]. A novel protease showing
keratinolytic activity from Bacillus subtilis have been studied as a potential for replacing
sodium sulfide in the dehairing process of leather industry [667]. Verma et al. [68]
showed the use of protease from Thermoactinomyces sp. RM4 for dehairing goat hides.

9. ENZYME IN BACKING INDUSTRIES

With the development of modern biotechnology, the food industry has undergone
great changes. There are many reports about the genetic engineering enzymes that have
been used safely in the food industry. Amylases are extensively employed in the
processed-food industry such as baking, brewing, preparation of digestive aids,
production of cakes, fruit juices and starch syrups [69].

In the bread-making process laccases affix bread and enhance dough-enhancement
additives to the bread dough, which results in improved freshness of the bread texture,
flavour and the improved machinability [70].

Lipases have immense application in food industry such as in cheese ripening, flavor
development and EMC technology [71]. Lipases are used ex-situ to produce flavors, and
to modify the structure by inter- or transesterification, in order to obtain products of
increased nutritional value, or suitable for parental feeding [72]. Lipases have also been
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used for addition in food to modify flavor by synthesis of esters of short chain fatty acids
and alcohols, which are known flavor and fragrance compounds [73].

10. ENZYME IN PULP AND PAPER

The use of a-amylases in the pulp and paper industry is the modification of starch for
coated paper, i.e., for the production of low-viscosity, high molecular weight starch. The
coating treatment serves to make the surface of paper sufficiently smooth and strong, to
improve the writing quality of the paper. In this application, the viscosity of the natural
starch is too high for paper sizing and this can be altered by partially degrading the
polymer with a-amylases in a batch or continuous processes [74].

Cellulases and hemicellulases have been employed for biomechanical pulping for
modification of the coarse mechanical pulp and hand sheet strength properties de-inking
of recycled fibers improved drainage and run ability of paper mills. Cellulases are
employed in the removing of inks coating and toners from paper bio characterization of
pulp fibers is another application where microbial cellulases are employed. Cellulases are
also used in preparation of easily biodegradable cardboard. The enzyme is employed in
the manufacture of soft paper including paper towels and sanitary paper and preparations
containing cellulases are used to remove adhered paper [75].

The pulp and paper industry processes huge quantities of lignocellulosic biomass
every year. The technology for pulp manufacture is highly diverse, and numerous
opportunities exist for the application of microbial enzymes. Historically, enzymes have
found some uses in the paper industry, but these have been mainly confined to areas such
as modifications of raw starch. The enzymatic pitch control method using lipases have
been in use in a large-scale paper-making process as a routine operation since early
1990s. ‘Pitch’ or the hydrophobic components of wood (mainly triglycerides and waxes),
causes severe problems in pulp and paper manufacture. Lipases are used to remove the
pitch from the pulp produced for paper making [76]. Nippon Paper Industries, Japan,
have developed a pitch control method that uses the Candida rugosa fungal lipase to
hydrolyze up to 90% of the wood triglycerides.

The advancement of biotechnology and increased reliance of paper and pulp
industries on the use of microorganisms and their enzyme for biobleaching and paper
making, and the use of enzyme other than xylanases and ligninases, such as mannanase,
pectinases is increasing in the paper and pulp industries in many countries [77, 78].
During paper making pectinase can depolymerize polymers of galacturonic acids, and
subsequently lower the cationic demand of pectin solutions and the filtrate from peroxide
bleaching [79, 80]. An overall bleach-boosting of eucalyptus Kraft pulp was obtained
when alkaline pectinase from Streptomyces sp. QG- 11-3 was used in combination with
xylanase from the same organism for biobleaching [81]. The ability of polygalacturonic
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acid to complex cationic polymers depends strongly on the degree of polymerization.
Pectinases depolymerise polygalacturonic acids and consequently decrease the cationic
demand in the filtrate from peroxide bleaching of thermo mechanical pulp [80].

11. ENzYMES IN ANIMAL FEED

Alkaline proteases are widely used for production of protein hydrolysates for more
than 40 years. Hydrolysates can be used as additives to food and mixed feed to improve
their nutritional value. In medicine, they are administered to patients with digestive
disorders and food allergies [82].

In food industry, cellulases are used in extraction and clarification of fruit and
vegetable juices. Production of fruit nectars and purees and in the extraction of olive oil.
Glucanases are added to improve the malting of barley in beer manufacturing and in wine
industry. Better maceration and color extraction is achieved by use of exogenous
hemicellulases and glucanases. Cellulases are also used in carotenoid extraction in the
production of food coloring agents. Enzyme preparations containing hemicellulase and
pectinase in addition to cellulases are used to improve the nutritive quality of forages
[83]. Improvements in feed digestibility and animal performance are reported with the
use of cellulases in feed processing describes the feed additive use of Trichoderma
cellulases in improving the feed conversion ratio and increasing the digestibility of a
cereal-based feed.

In the field of biotechnology there are many industrial applications that result in
biotech products that are used every-day at home. Some of these food science
applications utilize enzymes to produce or make improvements in the quality of different
foods. Lipases have immense application in food industry such as in cheese ripening,
flavor development and EMC technology [71]. Lipases are used ex situ to produce
flavors, and to modify the structure by inter- or transesterification, in order to obtain
products of increased nutritional value, or suitable for parental feeding [72]. Lipases is
used for food processing to modify flavor by synthesis of esters of short chain fatty acids
and alcohols, which are known as flavor and fragrance compounds [65].

Intensive research use varies enzymes in animal and poultry feeds in early 1980s.
The first commercial success was addition of a-glucanase in barley-based feed diets.
Usually a feed enzyme preparation is a multi enzyme cocktail containing glutanases,
xylanases, proteinases, pectinases and amylases. Enzyme addition reduces viscosity
which increases absorption of nutrients, librates nutrients either by hydrolysis of non
degradable fibers, or by librating nutrients blocking by these fibers, and reduces the
amount of faces.
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12. ENZYMES IN MEDICINAL USES

Alpha-amylases is potentially useful in the pharmaceutical and fine chemicals
industries if enzymes with suitable properties could be prepared [84]. Interestingly, the
first enzyme produced industrially was an amylase from a fungal source in 1894, which
was used as a pharmaceutical aid for the treatment of digestive disorders [85].

The use of immobilized alkaline protease from Bacillus subtilis possessing
therapeutic properties has been studied for development of soft gel-based medicinal
formulas, ointment compositions, gauze, non-woven tissues, and new bandage materials
[86]. Oral administration of proteases from Aspergillus oryzae has been used as a
diagnostic aid to correct certain lytic enzyme deficiency syndromes [87].

Lipases isolated from the wax moth (Galleria mellonella) were found to have a
bacteriocidal action on Mycobacterium tuberculosis H37Rv. This preliminary study may
be regarded as part of global unselected screening of biological and other materials for
detecting new promising sources of drugs [88]. Lipase from Candida rugosa has been
used to synthesize lovastatin, a drug that lower serum cholesterol level. The asymmetric
hydrolysis of 3-phenylglycidic acid ester which is a key intermediate in the synthesis of
diltiazem hydrochloride, a widely used coronary vasodilator, was carried out with S.
mmcescens lipase [89].

Laccases have been used for the synthesis of several products of pharmaceutical
industry [90]. The first chemical of the pharmaceutical importance has been prepared
using laccase enzyme is actinocin which was prepared from 4-methyl-3-
hydroxyanthranilic acid. This compound has anticancer capability and works by blocking
the transcription of DNA from the tumor cell [91].

13. ENzYMES IN CHEMICAL INDUSTRY

A high stability in the presence of organic solvents is a feature which is highly
desired in applications involving biocatalysis in non-aqueous medium for peptide
synthesis. Alkaline proteases from Aspergillus flavus, Bacillus pseudofirmus SVBL,
Pseudomonas aeruginosa PseA has shown promising results for potential of peptide
synthesis due to their organic solvent stability [92, 93, 94].

14. ENzYMES IN WASTE MANAGEMENT

Wastes from poultry processing industry and leather industry are recalcitrant
commonly known proteolytic enzymes due to presence of keratin-rich wastes whose
polypeptide is densely packed and strongly stabilized by several hydrogen bonds and
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hydrophobic interactions in addition to several disulfide bonds [95]. Chemical and
mechanical hydrolysis of keratin wastes is successful but they have several disadvantages
of being energy intensive, polluting and leading to loss of essential amino acids. Hence,
enzymatic degradation using alkaline proteases with keratinolytic activity is an attractive
method [95, 96]. Bacillus species is the most widely reported bacterial source of
keratinases for feather degradation [97, 98, 99, 100, 101]. Other reported bacterial
sources of Kkeratinases are Pseudomonas sp. MS21, Microbacterium sp.,
Chryseobacterium sp. and Streptomyces sp. [102, 103, 104, 105].

Environmentally, the treatment of wastewater from citrus processing industries
containing pectic substances is carried out in multiple steps, including physical
dewatering, chemical coagulation, direct activated sludge treatment and chemical
hydrolysis, which lead to formation of methane. These have several disadvantages, such
as the high cost of treatment and longer treatment times in addition to environmental
pollution from the use of chemicals. Thus, an alternative, cost-effective, and
environmentally friendly method is the use of pectinases from bacteria, which selectively
remove pectic substances from the wastewater. The pretreatment of pectic wastewater
from vegetable food processing industries with alkaline pectinase and alkalophilic
pectinolytic microbes facilitates removal of pertinacious material and renders it suitable
for decomposition by activated sludge treatment [106, 107]. An extracellular endo-
pectate lyase from an alkalophilic soil isolate, Bacillus sp. GIR 621, is used effectively to
remove pectic substances from industrial waste water [107].

Employment of lipases in bioremediation processes is a new aspect in lipase
biotechnology. The wastes of lipid- processing factories and restaurants can be cleaned
by the help of lipases from different origins. In this sector, lipases could be used by either
ex-situ or in-situ [108]. Due to the rapid development observed in industries,
environmental pollution became more and more critical. Lipase producing strains play a
key role in the enzymological remediation of polluted soils [109].

15. ENzYMES AS DIAGNOSTIC TOOLS

Lipases are also important drug targets or marker enzymes in the medical sector.
They can be used as diagnostic tools and their presence or increasing levels can indicate
certain infection or disease. Lipases are used in the enzymatic determination of serum
triglycerides to generate glycerol which is subsequently determined by enzyme linked
colorimetric reactions. The level of lipases in blood serum can be used as a diagnostic
tool for detecting conditions such as acute pancreatitis and pancreatic injury [110]. Acute
pancreatitis usually occurs as a result of alcohol abuse or bile duct obstruction. Serum
trypsin level, ultrasonography, computed tomography, and endoscopic retrograde
cholangiopancreatography are the most accurate laboratory indicators for pancreatitis.
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Serum amylase and lipase levels are still used to confirm the diagnosis of acute
pancreatitis [111]. Diagnosis of chronic pancreatitis and revealing the presence of
exocrine pancreatic insufficiency has also been determined by measuring serum amylase,
pancreatic isoamylase, lipase, trypsinogen and elastase [112]. Lipase of pathogenic
bacteria such as Propionibacterium acnes [113], Corynebacterium acnes and
Staphylococcus aureus [114] has also been found to have an influence on skin rashes in
acne patients.

CONCLUSION

This chapter describes the historical perception of enzymes and their applications in
the various sector was explained. Further, its express the various enzymes and their
applications in cleaning (detergents), textiles, starch processing, brewing, leather, baking,
paper, food products, animal feeds, cosmetics and personal care have been emphasized.
This chapter also gives more valuable information about enzymes its bi-products in the
global market. This will provide a valuable message for researchers and industrialist to
understand the significance of specific enzyme scale-up process and the value of enzymes
utilization in sectors of healthcare and environment.

REFERENCES

[1]  Burhan, Arikan., Nisa, Unaldi., Gokhan, Coral., Omer, Colak., Ashabil, Aygan. &
Osman, Gulnaz. (2003). “Enzymatic properties of a novel thermophilic, alkaline
and chelator resistant amylase from an alkalophilic Bacillus sp. Isolate ANT-6.”
Process Biochemistry, 38, 1397-403.

[2] Mishra, S. & Behera, N. (2008). “Amylase activity of starch degrading bacteria is
isolated from soil receiving kitchen wastes.” African Journal of Biotechnology, 7,
3326-331.

[3] Charles, P., Devanathan, V., Anbu, P., Ponnuswamy, M. N., Kalaichelvan, P. T. &
Hur, B. (2008). ‘“Purification, characterization and crystallization of an
extracellular alkaline protease from Aspergillus nidulans HA-10.” Journal of Basic
Microbiology, 48, 347-52.

[4] Ashok, Pandey., Poonam, Nigam., Carlos, R. Soccol., Vanete, T. Soccol., Dalel,
Singh. & Radjiskumar, Mohan. (2000). “Advances in microbial amylases.”
Biotechnology and Applied Biochemistry, 31, 135-52.

[5] Selvankumar, T., Govarthanan, M. & Govindaraju, M. (2011). “Endoglucanase
production by Bacillus amyloliquefaciens using coffee pulp as substrate in solid

Complimentary Contributor Copy



200

[6]

[7]

[8]

[9]

[10]

[11]

[12]

[13]

[14]

[15]
[16]

[17]

[18]

K. Selvam, B. Senthilkumar, A. Sengottaiyan et al.

state fermentation.” International Journal of Pharma and Bio Sciences, 2, B-355-
62.

Govarthanan, M., Park, S. H., Kim, J. W., Lee, K. J., Cho, M., Kamala-Kannan, S.
& Oh, B. T. (2014). “Statistical optimization of alkaline protease production from
brackish environment Bacillus sp. SKK11 by SSF using horse gram husk.”
Preparative Biochemistry and Biotechnology, 44, 119.

Selvam, K., Govarthanan, M., Kamala-Kannan, S., Govindharaju, M.,
Senthilkumar, B., Selvankumar, T. & Sengottaiyan, A. (2014). “Process
optimization of cellulase production from alkali-treated coffee pulp and pineapple
waste using Acinetobacter sp. TSK-MASC.” RSC Advances, 4, 13045.

Pandey, A. (1995). “Glucoamylase research: an overview.” Starch/Strack, 47, 439-
45.

Pandey, A., Nigam, P., Soccol, C. R., Singh, D., Soccol, V. T. & Mohan, R.
(2000). “Advances in microbial amylases.” Biotechnology and applied
biochemistry, 31, 135-52.

Pandey, A., Soccol, C. R. & Mitchel, D. A. (2000). “New developments in Solid
state fermentation: | bioprocess and products.” Process Biochemistry, 35, 173-79.
Sivaramakrisnan, S., Gangadhran, D., Nampoothiri, K. M., Soccol, C. R. &
Pandey, A. (2006). “Alpha amylase from microbial source- an overview on recent
developments” Food technology and biotechnology, 44, 173-84.

Demain, A. L. & Fang, A. (2000). “The natural functions of secondary
metabolites.” In: Scheper, T., Fiechter, A. (Eds.), History of Modern
Biotechnology. Springer-Verlag, Berlin.

Bornscheuer, U. T. & Buchholz, K. (2005). “Highlights in biocatalysis e historical
landmarks and current trends.” Engineering in Life Sciences, 4, 309-23.

Soetaert, W. & Vandamme, E. J. (2010). “The scope and impact of industrial
biotechnology. In: Soetaert, W., Vandamme, E.J. (Eds.), Industrial Biotechnology.
WILEYVCH Verlag GmbH and Co, Weinheim, 1-16.

BRENDA. (2012). Institute of Biochemistry and Bioinformatics at the Technical,
University of Braunschweig. Germany. www.brenda-enzymes.org.

IUB. (1961). International Union of Biochemistry e Report of the Commission on
Enzymes. Pergamon Press, Oxford.

Anto, Hema., Trivedi, U. B. & Patel, K. C. (2006). “Glucoamylase production by
solid-state fermentation using rice flake manufacturing waste products as
substrate.” Bioresource Technology, 97(10), 1161-66.

Castro, Aline Machado de., Carvalho, Daniele Fernandes., Freire, Denise Maria
Guimaraes. & Castilho, Leda dos Reis. (2010). Economic analysis of the
production of amylases and other hydrolases by Aspergillus awamori in solid-state
fermentation of babassu cake. Enzyme Research. doi:10.4061/2010/576872.

Complimentary Contributor Copy


http://www.brenda-enzymes.org/

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

Industrial Applications of Microbial Enzymes 201

Pandey, A., Webb, C., Soccol, C. R. & Larroche, C. (2005). Enzyme Technology,
New Delhi, Asiatech publishers, Inc., 197.

Calik, P. & Ozdamar, T. H. (2001). “Carbon sources affect metabolic capacities of
Bacillus species for the production of industrial enzymes theoretical analyses for
serine and neutral proteases and alpha-amylase.” Biochemical Engineering
Journal, 8, 61-81.

Selvam, K., Govarthanan, M., Senthilkumar, B., Senbagam, D., Selvankumar, T.,
KamalaKannan, S. & Sudhakar, C. (2016a). “Optimization of protease production
from surface modified coffee pulp waste and corncobs using Bacillus sp. by SSF”.
3 Biotech, 6(2), 167.

Sumitani, J., Nagae, H., Kawaguchi, T. & Arai, M. (1998). “Bacillus animal type
alpha-amylase: Cloning and sequencing of the gene, and comparison of the
deduced amino acid sequence with that of other amylases.” Journal of
Fermentation and Bioengineering, 85, 428-32.

Ibrahim, C. D. (2008). “Development of applications of industrial enzymes from
Malaysian indigenous microbial sources.” Bioresource Technology, 99, 4572-582.
Veille, C. & Zeikus, G. J. (2001). “Hyperthermophilic enzymes: sources, use, and
molecular mechanisms for thermostability.” Microbiology and Molecular Biology
Reviews, 65, 1-43.

Ramakrishna, D. P. N., Gopi, R. N. & Raja Gopal, S. V. (2012). “Solid state
fermentation of alkaline protease by Bacillus subtilis KHS-1 (MTCC No-10110)
using different agro-industrial residues.” International Journal of Pharmacy and
Pharmaceutical Sciences, 4(1), 512-17.

Selvam, K., Selvankumar, T., Radhika, R., Srinivasan, P., Sudhakar, C.,
Senthilkumar, B. & Govarthanan, M. (2016b). “Enhanced production of amylase
from Bacillus sp. using groundnut shell and cassava waste as a substrate under
process optimization: Waste to wealth approach”. Biocatalysis and Agricultural
Biotechnology, 7, 250-56.

Lee, S. M. & Koo, Y. M. (2001). “Pilot-scale production of cellulose using
Trichoderma reesei Rut C-30 in fed-batch mode.” Journal of Microbiology and
Biotechnology, 11, 229-33.

Johnvesly, B., Virupakshi, S., Patil, G. N., Ramalingam, N. & Naik, G. R. (2002).
“Cellulase-free  thermostable alkaline xylanase from thermophillic and
alkalophillic Bacillus sp. JB-99.” Journal of Microbiology and Biotechnology, 12,
153-56.

Rasmussnen, R. S. & Morrissey, M. T. (2007). “Marine biotechnology for
production of food ingredients.” Advances in Food and Nutrition Research, 52,
237-92.

Complimentary Contributor Copy


https://app.dimensions.ai/discover/publication?and_facet_source_title=jour.1047231
https://app.dimensions.ai/discover/publication?and_facet_source_title=jour.1047231

202

[30]

[31]
[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

K. Selvam, B. Senthilkumar, A. Sengottaiyan et al.

Sharma, C. K. & Kanwar, S. S. (2012). “Purification of a Novel Thermophilic
Lipase from Bacillus licheniformis MTCC-10498.” Research Journal of Biological
Sciences Introduction, 1(3), 43-48.

Svendsen, A. (2000). “Review: Lipase protein engineering.” Biochemia et
Biophysica Acta, 1543, 223-38.

Thakur, S. (2012). “Lipases, its sources, properties and applications: A review.”
International Journal of Scientific and Engineering Research, 3(7), 1-29.

Gupta, R., Gupta, N. & Rathi, P. (2004). “Bacterial lipases: An overview of
production, purification and biochemical properties.” Applied Microbiology and
Biotechnology, 64, 763-81.

Singh, A. K. & Mukhopadhyay, M. (2012). “Overview of fungal lipase: A
review.” Applied Biochemistry and Biotechnology, 166, 486-20.

Lang, C. & Dornenburg, H. (2000). “Perspectives in the biological function and
the technological application of polygalacturonases.” Applid Microbialogy and
Biotechnology, 53, 366-75.

Luh, B. S. & Pha, H. J. (1951). “Studies on polygalacturonase of certain yeast.”
Archives of Biochemistry and Biophysics, 33, 213-27.

Jahwarhar, 1. A., Noraini, S. & Wan, M. W. Y. (2012). “Screening and
optimization of medium composition for mannanase production by Aspergillus
terreus SUK-1 in solid state fermentation using statistical experimental methods.”
Research Journal of Microbiology, 7(5), 242-55.

Chandrakant, Priya. & Bisaria, V. S. (1998). “Simultaneous bioconversion of
cellulose and hemicellulose to ethanol.” Critical Reviews in Biotechnology, 18,
295-31.

Marini, A. M., Yatim, A. M., Babji, A. S., Annuar, B. O. & Noraini, S. (2006).
“Evaluation of nutrient contents and amino acid profiling of various types of
PKC.” Journal of Science and Technology, 2, 135-41.

Hagglund, P., Eriksson, T., Collen, A., Nerinckx, W., Claeyssens, M. & Stalbrand,
H. A. (2003). “Cellulose binding module of the Trichoderma reesei -mannanase
Man5A increases the mannan-hydrolysis of complex substrates.” Journal of
Biotechnology, 101, 37-48.

Mabrouk, M. E. M. & El Ahwany, A. M. D. (2008). “Production of - mannanase
by Bacillus amylolequifaciens 10A1 cultured on potato peels.” African Journal of
Biotechnology, 7(8), 1123-128.

Phothichitto, K., Nitisinprasert, S. & Keawsompong, S. (2006). “Isolation,
screening and identification of mannanase producing microorganisms.” Kasetsart
Journal (Natural Science), 40, 26-38.

Sanchez, O. J. & Cardona, C. A. (2008). “Trends in biotechnological production of
fuel ethanol from different feedstocks.” Bioresource Technology, 99, 5270-295.

Complimentary Contributor Copy



[44]

[45]

[46]

[47]

[48]

[49]

[50]

[51]

[52]

[53]

[54]
[55]

[56]

[57]

Industrial Applications of Microbial Enzymes 203

Ninawe, S. & Kuhad, R. C. (2006). “Bleaching of wheat straw-rich soda pulp with
xylanase from a thermoalkalophilic Streptomyces cyaneus SN32.” Bioresource
Technology, 94, 2291- 295.

Hmidet, N., Bayoudh, A., Berrin, J. G., Kanoun, S., Juge, N. & Nasri, M. (2008).
“Purification and biochemical characterization of a novel alpha-amylase from
Bacillus licheniformis. NH1: cloning, nucleotide sequence and expression of amyN
gene in Escherichia coli.” Process Biochemistry, 43, 499-10.

Ito, S., Kobayashi, T., Ara, K., Ozaki, K., Kawai, S. & Hatada, Y. (1998).
“Alkaline detergent enzymes from alkaliphiles: enzymatic properties, genetics, and
structures.” Extremophiles, 2(3), 185-90.

Saeki, K., Ozaki, K., Kobayashi, T. & Ito, S. (2007). “Detergent alkaline proteases:
enzymatic properties, genes, and crystal structures.” Journal of Bioscience and
Bioengineering, 103(6), 501-08.

Flower, T. EGIII-like Cellulase composition. DNA encoding such EGIII
Compositions and methods for obtaining same, Int Pat WO 2000/014208 A1, 16
March.

Clarkson, K. A., Weiss, G. L. & Larenas, E. A. (2000). “Detergent compositions
containing substantially pure EGIIlI Cellulase” Eur Pat EP 0 586 375 Bl (to
Genencore International Inc USA), 15 March.

Divya, Bajpai. &Tyagi, V. K. (2007). “Laundry detergents: An overview.” Journal
of Oleo Science, 56, 327-40.

Feitkenhauer, Heiko. (2003). “Anaerobic digestion of desizing wastewater:
influence of pretreatment and anionic surfactant on degradation and intermediate
accumulation.” Enzyme and Microbial Technology, 33, 250-58.

Hag, 1., Ali, S., Javed, M. M., Hameed, U., Saleem, A. & Adnanf-Qadeer, M. A.
(2010). “Production of alpha amylase from a randomly induced mutant strain of
Bacillus amyloligefaciens and its application as a desizer in textile industry.”
Pakistan Journal of Botany, 42(1), 473- 84.

Xia, L. & Cen, P. (1999). “Cellulaes production by solid state fermentation on
liginocellulosic waste from the xylose industry.” Process Biochemistry, 34, 909-
12.

Bhat, M. K. (2000). “Cellulase and related enzymes in biotechnology.”
Biotechnology Advances, 18, 355-83.

Olson, L. A. (1990). “Treatment of denim with cellulase to produce a stone washed
appearance.” US Pat. 4912056 (to Ecolab Inc, USA), 27 March.

Kunamneni, A., Ghazi, I., Camarero, S., Ballesteros, A., Plou, F. J. & Alcalde, M.
(2008). “Decolorization of synthetic dyes by laccase immobilized on epoxy-
activated carriers.” Process Biochemistry, 43(2), 169-78.

Gulrajani, M. L., Agarwal, R. & Chand, S. (2000). “Degumming of silk with
fungal protease.” Indian Journal of Fibre and Textile Research, 25(2), 138-142.

Complimentary Contributor Copy



204

[58]

[59]

[60]

[61]

[62]
[63]

[64]

[65]

[66]

[67]

[68]

[69]

[70]

K. Selvam, B. Senthilkumar, A. Sengottaiyan et al.

Regulapati, R., Malav, P. N. & Gummadi, S. N. (2007). “Production of
thermostable alpha-amylase by solid state fermentation- A review.” American
Journal of Food Technology, 2(1), 1-11.

Ogasahara, K., Imanishi, A. & Isemura, T. (1970). “Studies on thermophilic
aamylase from Bacillus stearothermophilus.” 1. Some general and physico-
chemical properties of thermophilic a-amylase. Journal of Biochemistry, 67, 65-75.
Prakash, O. & Jaiswal, N. (2010). “alpha-Amylase: An ldeal Representative of
Thermostable Enzymes.” Applied Biochemistry and Biotechnology, 162(7), 2123-
4,

Moraes, L. M. P., Filho, S. A. & Ulhoa, C. J. (1999). Purification and some
properties of an a- amylase glucoamylase fusion protein from Saccharomyces
cerevisiae. World Journal of Microbiology and Biotechnology, 15, 561-64.

Oner, E. T. (2006). “Optimization of ethanol production from starch by an
amylolytic nuclear petite Saccharomyces cerevisiae strain.” Yeast, 23, 849-56.
Martin, J. W. (1978). Method of removing paper adhered to a surface, US Pat
4092175 (William Zinnsser & Co, Inc., USA), 30 May.

Giongo, J., Lucas, F., Casarin, F., Heeb, P. & Brandelli, A. (2007). “Keratinolytic
proteases of Bacillus species isolated from the Amazon basin showing remarkable
dehairing activity.” World Journal of Microbiology and Biotechnology, 23(3), 375-
82.

Macedo, A. J., da Silva, W. O. B., Gava, R., Driemerier, D., Henriques, J. A. P. &
Termignoni, C. (2005). “Novel keratinase from Bacillus subtilis S14 exhibiting
remarkable dehairing capabilites.” Applied and Environmental Microbiology,
71(1), 594-96.

Riffel, A., Ortolan, S. & Brandelli, A. (2003). “De-hairing activity of extracellular
proteases produced by keratinolytic bacteria.” Journal of Chemical Technology
and Biotechnology, 78(8), 855-59.

Arunachalam, C. & Sarita, K. (2009). “Protease enzyme: an eco-friendly
alternative for leather industry.” Indian Journal of Science and Technology, 2(12),
29-32.

Verma, A., Pal, H. S., Singh, R. & Agarwal, S. (2011). “Potential of alkaline
protease isolated from Thermoactinomyces sp. RM4 as an alternative to
conventional chemicals in leather industry dehairing process.” International
Journal of Agriculture, Environment and Biotechnology, 2(4), 173-78

Zeman, N. & McCrea, J. (1985). “Alpha-amylase Production Using a Recombinant
DNA Organism.” Cereal food world, 30, 777-80.

Minussi, R. C., Pastore, G. M. & Duran, N. (2002). “Potential applications of
laccase in the food industry.” Trends in Food Science and Technology, 13, 205-16.

Complimentary Contributor Copy



[71]

[72]

[73]

[74]

[75]

[76]
[77]
[78]

[79]

[80]

[81]

[82]

[83]
[84]
[85]

[86]

Industrial Applications of Microbial Enzymes 205

Saxena, R. K., Ghosh, P. K., Gupta, R., Davidson, W. S., Bradoo, S. & Gulati, R.
(1999). “Microbial lipases: Potential biocatalysts for the future industry.” Current
Science, 77(1), 101-15.

Reetz, M. T. (2002). “Lipases as practical biocatalysts” Current Opinion in
Chemical Biology, 6(2), 145-50.

Macedo, G. A., Lozano, M. M. S. & Pastore, G. M. (2003). “Enzymatic synthesis
of short chain citronellyl esters by a new lipase from Rhizopus sp.” Electronic
Journal of Biotechnology, 6(1), 72-75.

Fryer, P. J. & Asteriadou, K. A. (2009). “Prototype cleaning map: a classification
of industrial cleaning processes.” Trends in Food Science and Technology, 20,
255-62.

Pere, J., Paavilainen, L., Siika-Aho, M., Cheng, Z. & Viikari, L. (1996). “Potential
use of enzymes in drainage control of nonwood pulps.” in Proc 3™ Int Non-wood
Fibre Pulping and Paper Making Conf, vol 2, (Beijing, China), 421-30.

Jaeger, K. E. & Reetz, T. M. (1998). “Microbial lipases from versatile tools for
biotechnology. Trends in Biotechnology, 16, 396-403.

Bajpai, Pratima. (1999). “Application of enzymes in the pulp and paper industry.”
Biotechnolpgy Progress, 15, 147- 57.

Kirk, T. K. & Jefferies, T. W. (1996). “Role of microbial enzymes in pulp and
paper processing.” American chemical society, Washington D.C., pp. 1-4.

Reid, J. & Ricard, M. (2000). “Pectinase in paper making: Solving retention
problems in mechanical pulps bleached with hydrogen peroxide.” Enzyme and
Microbial Technology, 26, 115-23.

Viikari, L., Tenkanen, M. & Suranakki, A. (2001). “Biotechnology in the pulp and
paper industry.” Journal of Biotechnology, 50, 523-40.

Beg, Q. K., Kapoor, M., Tiwari, R. P. & Hoondal, G. S. (2001). “Bleach-boosting
of eucalyptus kraft pulp using compination of xylanase and pectinase from
Streptomyces sp.QG-11-3.” Research bulletin of the Panjab University Science,
51, 71-78.

Neklyudov, A., Ivankin, A. & Berdutina, A. (2000). “Properties and uses of
protein hydrolysates (Review).” Applied Biochemistry and Microbiology, 36(5),
452-59.

Cinar, Inci. (2005). “Effects of cellulase and pectinase concentrations on the colour
yield of enzyme extracted plant carotenoids.” Process Biochemistry, 40, 945-49.
Fogarty, W. M. & Kelly, C. T. (1980). “In Economic Microbiology, Microbial
Enzymes and Bioconversions. Academic Press, 115-70.

Pandey, A., Nigam, P. R., Sccol, C. T., Soccol, V., Singh, D. & Mohan, R. (2000).
Advances in microbial amylases. Journal of Biotechnology, 31, 135-52.
Davidenko, T. I. (1999). “Immobilization of alkaline protease on polysaccharides
of microbial origin.” Pharmaceutical Chemistry Journal, 33(9), 487-89.

Complimentary Contributor Copy



206

[87]

[88]

[89]

[90]

[91]

[92]

[93]

[94]

[95]

[96]

[97]

[98]

[99]

K. Selvam, B. Senthilkumar, A. Sengottaiyan et al.

Rao, M. B., Tanksale, A. M., Ghatge, M. S. & Deshpande, V. V. (1998).
“Molecular and biotechnological aspects of microbial proteases.” Microbiology
and Molecular Biology Reviews, 62(3), 597-35.

Annenkov, G. A., Klepikov, N. N., Martynova, L. P. & Puzanov, V. A. (2004).
“Wide range of the use of natural lipases and esterases to inhibit Mycobacterium
tuberculosis.” Problemy tuberkuleza i boleznei legkikh, 6, 52-56.

Matsumae, H., Furui, M. & Shibatani, T. (1993). “Lipase-catalyzed asymmetric
hydrolysis of 3-phenylglycidic acid ester, the key intermediate in the synthesis of
diltiazem hydrochloride.” Journal of Fermentation and Bioengineering, 75, 93-98.
Arora, Daljit Singh. & Sharma, Rakesh Kumar. (2010). “Ligninolytic Fungal
Laccases and Their Biotechnological Applications.” Applied Biochemistry and
Biotechnology, 160, 1760-88.

Burton, Stephanie G. (2003). “Laccases and phenol oxidases in organic synthesis.”
Current Organic Chemistry, 7, 1317-331.

Yadav, S. K., Bisht, D. Shikha. & Darmwal, N. S. (2011). “Oxidant and solvent
stable alkaline protease from Aspergillus flavus and its characterization.” African
Journal of Biotechnology, 10(43), 8630-640

Anush, Gupta. & Khare, Sunil. (2007). “Enhanced production and characterization
of a solvent stable protease from solvent tolerant Pseudomonas aeruginosa PseA.”
Enzyme and Microbial Technology, 42(1), 11-16.

Sen, S., Dasu, V. V., Dutt, K. & Mandal, B. (2011). “Characterization of a novel
surfactant and organic solvent stable high-alkaline protease from new Bacillus
pseudofirmus SVB1.” Research Journal of Microbiology, 6(11), 769-83.

Ramnani, P., Singh, R. & Gupta, R. (2005). “Keratinolytic potential of Bacillus
licheniformis RG1.: structural and biochemical mechanism of feather degradation.”
Canadian Journal of Microbiology, 51(3), 191-96.

Selvam, K., Senbagam, D., Sudhakar, C., Senthilkumar, B., Selvankumar, T.,
Govarthanan, M., Sengottaiyan, A. & Palanisamy, S. (2018). “Molecular modeling
and docking of protease from Bacillus sp. for the keratin degradation”.
Biocatalysis and Agricultural Biotechnology, 13, 95-104.

Ni, H., Chen, Q., Chen, F., Fu, M., Dong, Y. & Cail, H. (2011). “Improved
keratinase production for feather degradation by Bacillus licheniformis
ZJUEL31410 in submerged cultivation.” African Journal of Biotechnology,
10(37), 7236-244.

Kojima, M., Kanai, M., Tominaga, M., Kitazume, S., Inoue, A. & Horikoshi, K.
(2006). “Isolation and characterization of a feather-degrading enzyme from
Bacillus pseudofirmus FA30-01.” Extremophiles, 10(3), 229-35.

Cortezi, Mariana., Contiero, Jonas., Lima, Cristian J. B. de., Lovaglio Roberta, B.
& Monti, Rubens. (2008). “Characterization of a feather degrading by Bacillus

Complimentary Contributor Copy



Industrial Applications of Microbial Enzymes 207

amyloliguefaciens protease: A new strain.” World Journal of Agricultural
Sciences, 4 (5), 648-56.

[100] Govarthanan, M., Selvankumar, T. & Arunprakash, S. (2011). Production of
keratinolytic enzyme by a newly isolated feather degrading Bacillus sp. from chick
feather waste. International Journal of Pharma and Bio Sciences, 2(3), 259-265.

[101] Govarthanan, M., Selvankumar, T., Selvam, K., Sudhakar, C. & Vincent
Aroulmoji, Kamala-Kannan, S. (2015). “Response surface methodology based
optimization of keratinase production from alkali-treated feather waste and horn
waste using Bacillus sp. MG-MASC-BT”. Journal of Industrial and Engineering
Chemistry, 27, 25-30.

[102] Tork, S., Aly, M. M. & Nawar, L. (2010). “Biochemical and molecular
characterization of a new local keratinase producing Pseudomomanas sp., MS21.”
Asian Journal of Biotechnology, 2(1), 1-13

[103] Thys, R. C. S. & Brandelli, A. (2006). “Purification and properties of a
keratinolytic metalloprotease from Microbacterium sp.” Journal of Applied
Microbiology, 101(6), 1259-268.

[104] Brandelli, Adriano. & Riffel, Alessandro. (2005). “Production of an extracellular
keratinase from Chryseobacterium sp. growing on raw feathers.” Electronic
Journal of Biotechnology, 8(1), 35-42.

[105] Tapia, D. M. T. & Simoes, M. L. G. (2008). “Production and partial
characterization of keratinase produced by a microorganism isolated from poultry
processing plant wastewater.” African Journal of Biotechnology, 7(3), 296-300.

[106] Horikoshi, K. (1990). Enzymes from alkalophiles. In: Fogarty WM, Kelly CT
(eds) Microbial enzymes and biotechnology, 2nd edn. Elsevier, Ireland., 275-95.

[107] Tanabe, H., Kobayashi, Y. & Akamatsu, T. (1988). “Pretreatment of pectic waste
water in pectate lyase from an alkalophilic Bacillus species.” Agricultural and
Biological Chemistry, 52, 1853-856.

[108] Pandey, A., Benjamin, S., Soccol, C. R., Nigam, P., Krieger, N. & Soccol, V. T.
(1999). “The realm of microbial lipases in biotechnology” Applied Biochemistry
and Biotechnology, 29(2), 119- 31.

[109] Lin, J. F., Lin, Q., Li, J., Fei, Z. A,, Li, X. R., Xu, H., Qiao, D. R. & Cao, Y.
(2012). “Bacterial diversity of lipase-producing strains in different soils in
southwest of China and characteristics of lipase,” African journal of microbiology
research, 6(16), 3797-806.

[110] Lott, J. A. & Lu, C. J. (1991). “Lipase isoforms and amylase isoenzymes-assays
and application in the diagnosis of acute pancreatitis.” Clinical Chemistry, 37,
361-68.

[111] Munoz, A. & Katerndahl, D. A. (2000). “Diagnosis and management of acute
pancreatitis.” American Family Physician, 62, 164—74.

Complimentary Contributor Copy


https://app.dimensions.ai/discover/publication?and_facet_source_title=jour.1346392
https://app.dimensions.ai/discover/publication?and_facet_source_title=jour.1346392

208 K. Selvam, B. Senthilkumar, A. Sengottaiyan et al.

[112] Pezzilli, R., Talamini, G. & Gullo, L. (2000). “Behaviour of serum pancreatic
enzymes in chronic pancreatitis.” Digestive and Liver Disease, 32(3), 233-37.

[113] Higaki, S., Kitagawa, T., Kagoura, M., Morohashi, M. & Yamagishi, T. (2000).
“Correlation between Propionibacterium acnes biotypes, lipase activity and rash
degree in acne patients.” The Journal of Dermatology, 27, 519-22.

[114] Simons, J. W. F. A., Adams, H., Cox, R. C., Dekker, N., Gotz, F., Slotboom, A. J.
& Verheij, H. M. (1996). “The lipase from Staphylococcus aureus: Expression in
Escherichia coli, large-scale purification and comparison of substrate specificity to
Staphylococcus hyicus lipase.” European Journal of Biochemistry, 242, 760-69.

Complimentary Contributor Copy



In: Microbial Catalysts. Vol. 2 ISBN: 978-1-53616-088-8
Editors: Shadia M. Abdel-Aziz et al. © 2019 Nova Science Publishers, Inc.

Chapter 8

PHYTASES: POTENTIAL BIOTECHNOLOGICAL
APPLICATIONS AND FUTURE CHALLENGES

Shadia M. Abdel-Aziz!, Khalid T. Biobaku?*, EI-Sayed E. Mostafa?,

Ismail A. Odetokun®” and Abhinav Aeron*

!Microbial Chemistry Department, National Research Centre, Dokki, Giza, Egypt
Department of Veterinary Pharmacology and Toxicology,
University of llorin, Nigeria
3Department of Veterinary Public Health and Preventive Medicine,
University of llorin, Nigeria
“*Department of Biotechnology, School of Engineering and Technology,
Sharda University, Greater Noida, Uttar Pradesh, India

ABSTRACT

Phytases, a group of enzymes are capable of releasing phosphate from phytates.
These enzymes are wide-spread in nature, occurring in microorganisms, plants as well as
in some animal tissues. To date, many phytases have been reported from bacteria belong
to enterobactericeae such as Bacillus spp., E. coli, Enterobacter, Klebsiella spp., Erwinia
caratovore, and Yesinia intermedia. Phytases have been widely used in animal feed to
improve phosphorus nutrition and reduce phosphorus pollution in animal waste.
Unfortunately, phytates are not hydrolyzed in the monogastric gut, and the phytate-
associated phosphates remain unabsorbed, requiring the exogenous addition of phosphate
to avoid phosphorus deficiency. Furthermore, phytates are a strong chelator of cations
and bind minerals such as Ca?*, Zn?* and Fe?* making them unavailable for absorption in
the intestine of the monogastric animals. In addition, phytates are known to form
complexes with proteins under both acidic and alkaline pH conditions. These interactions
are found to affect the protein structure, thus decreasing enzymatic activity, protein

* Corresponding Authors’ Emails: odetokun.ia@unilorin.edu.ng; ismail23us@gmail.com.
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solubility, and proteolytic digestibility. So far, phytases have been mainly, if not solely,
used as a feed supplement in diets for animals and poultry, and to some extent for fish.
The inclusion of phytases in animal feed is attractive and attracts more attention.

Keywords: phytate, phytase, animal feed, human nutrition, development strategies

1. INTRODUCTION

Phosphorus (P) is a macronutrient for plant nutrition and plays important roles in the
biosynthesis of nucleic acids, cell membranes, and regulation of many enzymes. Plants
store organic P in the form of phytate (salts of phytic acid), carrying 6 phosphate groups.
However, this bound P, present in seed grain as phytate, is generally unavailable to
human and mono-gastric animals (chicken, swine, fish, etc.) due to either absence or
insufficient secretion of intrinsic phytase activity. Phosphorus is also a vital element for
animal nutrition; considering growth of bones and tissues (80% P is found in bones and
teeth). Phytate, being chelates metal ions, reduces energy uptake and behaves as an
antinutrient. Phytates, existing in a metal-complex form, are insoluble, difficult for
human to be hydrolyzed during digestion, and thus are nutritionally less available for
absorption [3]. The antinutrient behavior of phytate complex has been considered as a
threat in human diet due to the presence of phytic acid which is known as a strong
chelator of divalent minerals such as Ca2+, Mg2+, Zn2+ and Fe2+.

Phytic acid, known as inositol hexakisphosphate [IP6], inositol polyphosphate, or
phytate, has a great affinity for binding with proteins, amino acids, and/or multivalent
cations or minerals in foods. Reduction of phytic acid in phytates can be achieved
through enzymatic reaction by phytases, which are widely produced in nature by bacteria,
fungi, yeast, plants, and animals. These groups of enzymes are capable of releasing
phosphate from phytate. Phytases have been intensively studied due to the great interest
in such enzymes for reducing phytate content and increasing the available P for animal
feed and human foods. A number of studies have already shown that addition of phytate-
degrading enzymes enhances phosphate utilization from phytate [4, 5, 6]. The phytate P
is generally unavailable to monogastric animals (chicken, swine, fish, and human) due to
either absence or insufficient secretion of enzymes essential for phytate hydrolysis in
digestive tract [2]. Consequently, P remains unabsorbed in the digestive tract and gets
excreted with faeces, leading to the environmental pollution. Microbial phytases have
been applied mainly for animal feed, and human foodstuffs in order to improve food
processing, phosphorus nutrition and bioavailability. Although commercial production of
phytases has focused on the fungus Aspergillus, studies have suggested bacterial phytases
to be an alternative to the fungal enzymes because of their higher substrate specificity,
greater resistance to proteolysis, and better catalytic efficiency [7].
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Grain products, a daily-bread products, are the basis for nutrition and the main source
of fibres and minerals such as iron, calcium, magnesium, selenium, zinc, as well as folic
acid, iodine, and B vitamins group. As indicated, phytic acid form phytate complex with
minerals that are insoluble at physiological pH, therefore, minerals and phosphate
become unavailable for absorption in the human intestine. This especially creates a
problem in production of wheat baked goods. The human body suffers specific metabolic
disorders that cause various diseases due to the lack of minerals in the daily diet and
insufficient intake from grain products [8]. When assessing the potential nutritional
problems, the search for new biotechnological tools to improve daily intake of minerals
from grain products is relevant. This chapter summarizes the importance and applications
of phytases in food and feed, potential biotechnological applications of phytases, and
strategies used for the development of new and effective phytases with improved
properties.

2. PHYTATES

Phytate is the principal storage form of P, and a variety of minerals in plants is
representing approximately 75-80% of the total P in plant seeds [9]. Phytate can exist in
a metal-free form or in metal-phytate complex at acidic and neutral pH values [10].
Phytate content of some plant-derived foods are represented in Table 1.

Table 1. Phytate content in some plant or plant-derived foods [11]

Food wPhytate (mg/g) | Food wPhytate (mg/g)
Cereal-based Legume-based

Whole wheat bread 3.2-7.3 Chickpea (cooked) 29-11.7
Whole rye bread 1.9-4.3 Cowpea (cooked) 3.9-13.2
Unleavened wheat bread 10.6-3.2 Black beans (cooked) 8.5-17.3
Maize bread 4.3-8.3 White beans (cooked) 9.6-13.9
unleavened wheat bread 12.2-19.3 Faba beans (cooked) 8.2-14.2
Oat bran 7.3-21 Soybeans 9.2-16.7
Oat flakes 8.4-12.1 Tofu 8.9-17.8
Oat porridge 6.9-10.2 Green peas (cooked) 1.8-115
Maize 9.8-21.3 Peanuts 9.2-19.7
Cornflakes 0.4-15 Others

Wild rice (cooked) 12.7-21.6 Sesame seeds (toasted) 39.3-57.2
Sorghum 5.9-11.8 Soy protein concentrate 11.2-23.4
Wild rice (cooked) 12.7-21.6 Amaranth grain 10.6-15.1
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2.1. Phytate as an Antinutrient

Phytate behaves in a broad pH range as a highly negatively charged ion and has
therefore a tremendous affinity for food components with positive charge(s), such as
minerals, trace elements and proteins. These interactions have nutritional consequences
and affect the yield and quality of food ingredients such as starch, corn steep liquor or
plant protein isolates [11]. The major concern about presence of phytate in human diet is
its negative effect on mineral uptake such as zinc, iron, calcium, magnesium, manganese
and copper. Formation of insoluble mineral-phytate complexes at physiological pH
values is a major reason for the poor mineral bioavailability, because these complexes are
essentially non-absorbable from the human gastrointestinal tract. Furthermore, the small
intestine in human has only a very limited capability to hydrolyze phytate due to the lack
of endogenous phytate-degrading enzymes and the limited microbial population in the
upper part of the digestive tract [11]. An overview of the negative interactions of phytate
with other nutrients is represented in Table 2 [10].

2.2. Enzymatic Hydrolysis of Phytate

Enzymatic hydrolysis of phytate occurs by the sequential release of orthophosphate
groups from the inositol ring of phytic acid to produce free inorganic P along with a
series of intermediate myo-inositol phosphates. Phytase not only releases P from plant-
based diets but also makes calcium, magnesium, protein and lipid available. Thus, by
releasing the bound P in feed ingredients of vegetable origin, phytase makes more P
available for bone growth, and protects the environment against P pollution [11].

Table 2. Negative interaction of phytate and nutrients in food [10]

Nutrients Mode of action

Protein Formation of nonspecific phytate—protein complex, not readily
hydrolyzed by proteolytic enzymes [12].

Carbohydrate Formation of phytate-carbohydrate complex making the carbohydrate

less degradable. Inhibition of amylase activity by complexing with
Ca?* ion [13].

Lipid Formation of lipophytin complexes may lead to metallic soaps in gut
lumen, resulting in lower lipid availability [14].

Mineral ions (zinc, iron, calcium, Formation of insoluble phytate—mineral complexes decreases mineral

magnesium, manganese and copper) availability [15].
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3. PHYTASES
3.1. Definition

A phytase (myo-inositol hexakisphosphate phosphohydrolase) is a type of
phosphatase enzyme that catalyzes the hydrolysis of phytic acid (myo-inositol
hexakisphosphate) and releases the usable form of phosphorus (Figure 1). While phytases
have been found to occur in animals, plants, fungi, and bacteria, they are most commonly
detected and characterized from fungi [16]. Phytate-degrading enzymes have a great
interest for reducing the phytate content in animal feed and foods for human
consumption.

IP-6 O
O/f\\ - ﬁ Myo-inositol
O\N Phytase/H,0 |_JI]:|
* 6 PO4

Phytate: myo-inositol hexakisphosphate

Figure 1. Releasing of available phosphorus (6PO,) from Phytate (IP-6) by phytase.

3.2. Classification

Phytases have been classified as: a) 3-phytases (EC 3.1.3.8) and 6-phytases (EC
3.1.3.26) based on the position of first phosphate hydrolyzed. The 3-phytases initiates
dephosphorylation of phytic acid at the 3 position of phytic acid, and 6-phytases at
position 6. The 3-phytases are the largest group of phytases which are generally found in
bacteria and fungi. Plant phytases acts preferentially at the C6 carbon and are 6-phytase
[5]; b) classification as acid phytases and alkaline phytases on the basis of pH optimum;
c) classification as histidine acid phosphatase (HAP), Beta-Propeller phytase (BPP),
cysteine phosphatase (CPH) and purple acid phosphatase (PAP), on the basis of catalytic
property [16]. Most bacterial, fungal, and plant phytases belong to the HAPs which can
initiate hydrolysis of phytic acid on either the C3 or the C6 position of the inositol ring
and produce myo-inositol monophosphate as the final product [5].

3.3. Occurrence and Environmental Protection

Phytates are occurring in some animal tissues and plants such as barley, maize, rice,
wheat, soybean as well as spelt, rape seed, and lily [17]. Concern about the impact of P in
the environment has greatly increased over the past decade. Over application of P-
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containing materials (whether inorganic P-based fertilizers or organic residues such as
crop residues, manures, composts, and municipal bio-solids) can result in high levels of
extractable soil inorganic phosphate [18]. If these soils are close to surface water such as
streams, lakes, and rivers, P can enter the water (either as soluble P in runoff water or as
P absorbed by eroded soil particles), thereby increasing P availability in these water
bodies [19]. Excess of P can potentially lead to eutrophication in water columns.
Excessive richness of nutrients in a lake or other body of water, frequently due to runoff
from the land, causes a dense growth of plant life and death of animal life from lack of
oxygen. Animal management has an important role in reducing P losses in the
environment. This could be achieved by using technologies to increase the bioavailability
of P in manures and excreta to produce an organic fertilizer with large amounts of
available P [18].

3.4. Milestones in Phytase Commercialization

History and milestones of phytase commercialization was reported [4]. It was not
until 1962, that first efforts were done to make phytase as a commercial product. In 1968,
Sheih and Ware isolated Aspergillus ficuum, which produced the highest yield of phytase
with two pH optima, 5.5 and 2.5, and deposited it as NRRL 3135 [20]. Through 1968 to
1991, gene cloning and overexpression of phyA from A. niger NRRL 3135, along with
amyloglucosidase promoter, resulted in 52-fold improvement of phytase yield. In 1996,
after receiving approval from several countries, the Food and Drug Administration has
approved the use of phytase in foods as GRAS (generally recognized as safe). Phytase is
being marketed as food additive in the United States since January 1996 as Natuphos [4].
Overexpression of phytases from Trichoderma reesei (marketed as Finase-F), and
Aspergillus oryzae IFO 4177 (marketed as Bio-Feed phytase by DSM) was achieved in
1997 [4]. Up to now, several organisms have been screened for production of phytase
with higher catalytic properties.

4. SOURCES OF PHYTASES

Phytases occur widely among plants, animals, and microorganisms. In the last 20
years, research has indicated that several strains of bacteria, yeast, and fungi can produce
high yield of phytases with applications at the industrial scale. Phytase was purified and
expressed in a wide range of hosts using various biochemical methods. Depending on the
source and/or expression host, phytases can exhibit different biophysical and biochemical
properties [2]. Some microbial sources for phytase production are represented in Table, 3

[2].
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4.1. Fungal Phytases

One of the first systematic studies on fungal phytase was reported by Shieh and
Ware, where various microorganisms where tested for extracellular phytase production
and a strain of A. niger known as Aspergillus ficuum NRRL 3135 was identified as the
most efficient [20]. This strain exhibited highest phytase activity without sporulation
which is a prerequisite in large scale production. An acid phosphatase, referred to as phy-
B phytase, has been noted for the pH optimum 2.5 [21]. Two pH optima, at 2.5 and 5.0-
5.5, was observed for the A. niger NRRL 3135 phytase, phy-A [22]. The genus
Aspergillus (A. niger in particular) continues to be preferred for production of phytase
[2]. Fungal phytase are reported from different strains; over 200 fungal isolates belonging
to genera Aspergillus, Mucor, Penicillium and Rhizopus have been tested for phytase
production. The most active fungi for phytase production were identified as A. niger, A.
oryzae, A. amstelodami, A. candidus, A. flavus and A. repen [5].

4.2. Bacterial Phytases

Phytases have been detected in several types of bacteria, such as bacilli,
enterobacteria, anaerobic ruminal bacteria, and Pseudomonas [23, 24]. After 1980s,
several bacterial strains (wild or genetically modified) were applied for phytase synthesis
and were found to hydrolyze phytate such as Lactobacillus amylovorus, Escherichia coli,
B. subtilis, Bacillus amyloliquefaciens and Klebsiella spp. [25]. Phytases belonging to the
Enterobactericeae have been reported for bacteria such as E. coli, Enterobacter,
Klebsiella spp., Erwinia caratovore, and Yesinia intermedia [11]. In general, phytases
from bacteria have a pH optimum between neutral and alkaline, and have temperature
optima from 40 up to 70°C [26, 27, 28]. Within bacterial phytases, an enzyme with high
thermal stability (Bacillus phytase) or high proteolytic stability (E. coli phytase) does
exist, and such bacterial phytases will be developed for their favorable properties as feed
additives [2, 29].

4.3. Yeast Phytases

Yeasts are ideal candidates for phytase and phosphatase research due to their
nonpathogenic and GRAS status; however, they have not been utilized to their full
potential. To date, only few studies have been published on yeast phytase, such as S.
cerevisiae, Saccharomyces castellii and Arxula adeninivorans [5, 30]. Among humerous
yeast species, Pichia spartinae and Pichia rhodanensis exhibited the highest levels of
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extracellular phytase with optimal temperatures at 75-80°C and 70-75°C, and optimum
pH at 3.6-5.5 and 4.5-5.0, respectively [31].

Phytase can be produced by microorganisms using submerged fermentation (SmF) or
solid-state fermentation (SSF). Submerged fermentation has largely been employed as a
production technology for commercial phytases. In recent years, however, the SSF has
gained significant interest for production of phytase, especially from fungi. The type of
strain, culture conditions, nature of the substrate, and availability of the nutrients are
critical factors affecting the yield and should be considered when selecting a particular
production technique [10]. For example, some fungi in SmF are exposed to
hydrodynamic forces but in SSF the surface of the solid particles acts as the matrix for
the culture. Varied substrates, such as wheat bran, full-fat soybean flour, canola meal,
cane molasses, and oil cakes when used, the higher titers of enzyme production,
extracellular nature of enzyme, and low protease production are observed [32]. Several
studies have compared phytase productivity in different fermentation systems. In such
comparisons, important aspects such as medium composition, the strain morphology,
phytase production, growth patterns, as well as the enzymatic productivity, culture
conditions, and type of strain were studied to explain how the fermentation system can
affect the strain physiology and productivity [10, 26]. There is a complex relationship
between the morphology of some fungi, transport phenomena, viscosity of the cultivation
broth, and related productivity. The morphological characteristics vary between the freely
dispersed mycelia and the distinct pellets of aggregated biomass with every growth form
having a distinct influence on broth rheology [10]. Hence, the advantages and
disadvantages for mycelial or pellet cultivation need to be balanced out carefully. Fungal
morphology is often a bottleneck of productivity in industrial production due to the
inadequate understanding of the morphogenesis of filamentous microorganisms [33].
Better understanding of the molecular and cell biology of microorganisms as well as the
relevant approaches in biochemical engineering are of significant importance to obtain an
optimized production process.

Table 3. Sources of microorganisms reported for phytase production

Source Strains Reference

Fungi Aspergillus terreus, Aspergillus oryzae AK9, Aspergillus niger, | [34], [35], [36], [37]
Aspergillus fumigatus, Aspergillus ficuum NTG-23, [38], [39], [40], [41],
Penicillium oxalicum PJ3, Penicillium minioluteum, Mucor [42], [43]

racemosus, Mucor hiemalis, Rhizopus oryzae Saccharomyces
cerevisiae, Pichia anomala,

Yeast Pichia spartinae, Pichia rhodanensis, Debaryomyces castellii, | [30], [44], [45], [31],
Kodamaea ohmeri, Hansenula fabianii [46], [47], [48]

Bacteria B. amyloliquefaciens, US573, Bacillus licheniformis, Bacillus [49], [50], [24], [51],
subtilis, Bacillus subtilis B.S.46, Bacillus cereus, Escherichia [52], [53], [54], [55],
coli, Serratia plymothica [56], [57]
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4.4. Plant Phytases

Many plant seeds contain significant amounts of phytic acid that is degraded during
germination by one or more phytases. Seeds contain both constitutive phytase activity
and phytases that are synthesized again during germination; however, the last mechanism
is not well understood [2]. Activity of phytase has been well reported from Arabidopsis
thaliana AtPAP15 [58], Glycine max GmPhy [59], and Medicago truncatula MtPHY1
[60]. The optimum temperature and pH measured for most plant phytases ranges from 45
to 60°C and from 4.0 to 7.2 pH, respectively. Alkaline phytases with unique catalytic
properties have been identified in plants. Purified alkaline phytase from pollen grains of
Lilium longiflorum is reported [61]. Unique properties of such alkaline phytase render it
to be potentially useful as a feed and food supplement [2].

4.5. Animal Phytases

Investigations of animal phytases are limited. Existence of the first animal phytase
was demonstrated in the blood and liver of calves in 1908 by McCollum and Hart. Since
then, argument has persisted regarding the existence of phytases in the digestive tract of
animals (especially monogastric animals). Other investigators failed to find phytase in the
extracts of intestine, pancreas, kidney, bone, liver and blood of several species of animals
[62]. Preliminary studies on activity of phytase produced by rumen microorganisms were
initiated by Raun et al. [63], and undertaken again by Yanke et al. [64]. They further
examined presence of phytase activity in species of obligatory anaerobic ruminal bacteria
and concluded that the most highly active strain was Selenomonas ruminantium.
Schlemmer et al., have outlining the complete system of phytate degradation in the gut of
human and the enzymes involved [65]. In this study, pigs were used as a model for
human, and it was concluded that negligent amounts of endogenous phytase activity were
found in stomach chyme and small intestine. Intestinal bacteria with endogenous phytase
activity were discovered in several species of fish. Huang et al., have screened the
intestinal contents of grass carp and found that phytate-degrading isolates, are belonged
to Pseudomonas, Bacillus, and Shewanella species [66].

5. STRATEGIES APPLIED FOR IMPROVING PHYTASE PRODUCTION
The levels of phytases produced by naturally occurring microorganisms are too low

to be considered as economically viable. Improvement in phytase production could be
achieved through biotechnological development of strains to attain high and economical
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production. Strategies employed for improvement and economic production of phytases
by microorganisms are discussed below [10].

5.1. Classical Mutagenesis

A phytase that has the desirable characteristics for application in animal feed industry
should be: a) cheap; b) active in the stomach and efficient as a catalyst; c) thermostable
during animal feed processing and storage; d) resistant to proteases; e) easily processed
by the feed manufacturer for its suitability as an animal feed additive [67, 68]. Genetic
manipulation techniques such as site directed mutagenesis could be employed for further
improvement of these properties [69]. Strain improvement by mutagenesis and selection
is a highly developed technique, and plays a central role in the commercial development
of microbial fermentation processes. Mutagenic procedures can be carried out in terms of
type of mutagen and dose to obtain mutant types, which may be screened for improved
phytase, such as in A. niger, using physical and chemical mutagenesis [70]. The structure
of phytase and its genetic manipulation, before designing an ideal enzyme is, however,
very important. The specific activity of the heat-stable A. fumigatus phytase, pH
stabilility of A. niger PhyA phytase, and thermostability of E. coli AppA phytase have
been improved using mutagenesis approach [69, 71, 72, 73].

5.2. Genetic Improvement

Genetic modification technique can be used efficiently to reduce phytic acid content
in cereals by cloning the genes of phytase, and by creating transgenic plant with modified
genome encoding for phytase [5]. Although phytases are widely distributed in nature, the
economic production in wild-type microorganisms is so far not viable. Hence, cloning
and expression of phytase genes in suitable host organisms are necessary to reach higher
productivities. Because cost-effective production of phytase is a major limiting factor for
its application, different heterologous expression systems have been evaluated in plants,
bacteria, and fungi, including yeast [10]. Phytase genes from A. niger, A. terreus, A.
fumigatus, E. nidulans, and M. thermophila have all been expressed and secreted as
active enzymes. However, some fungi systems secrete active phytases but along with
high level of undesired proteases. This requires further purification or inhibition of
proteolysis that adds to the production cost [10].

5.3. Protoplast Fusion

Protoplast fusion has significant potential for strain improvement, enhancing phytase
production, and has been applied for various industrially important microorganisms.
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Protoplast fusion may be used to produce intergeneric hybrids, and is an important tool
because it can overcome the limitations of conventional mating systems in gene
manipulation. However, it is still an emerging area in phytase research with only few
reports of interspecific protoplast fusion between two auxotrophic mutants, A. niger CFR
335 ala, and A. ficuum SGAO01 [10].

5.4. Directed Evolution

Engineering of enzymes using directed evolution is a successful strategy, especially
in improving their thermostability and catalytic properties. This involves the construction
of a mutant library through random mutagenesis or in vitro recombination techniques,
followed by the selection of mutants with a desired characteristic using a high through-
put screening technique. The desirable mutants are selected and identified by directional
selection methods with excluding the mutants of non-interest [10].

5.5. Response Surface Methodology

Response surface methodology is an advantaged strategy because it involves the
systematic, efficient and simultaneous interaction of variables. Optimization of culture
conditions is important for maximizing production and yield, with minimizing the costs.
Effect of culture conditions, particularly inoculum age, media composition (wheat bran
and full-fat soybean flour) and duration of solid-state fermentation (SSF) on phytase
production has extensively been studied with fungi [10]. However, low productivity and
difficulties associated with operating and up-scaling of SSF conditions were observed.
Phytase production using yeast cultures has generally been carried out in SmF systems.
The strains used include Schwanniomyces castellii, Pichia, Arxula adeninivorans and
Candida kruzei. Galactose and glucose were the preferred carbon sources. Production of
extracellular phytase by lactic acid bacteria of the genera Lactobacillus and Streptococcus
was evaluated by 19 strains which exhibited enzyme activity in submerged fermentation
medium using glucose and inorganic phosphate [74]. By optimization of recombinant
phytase expression in shake flask culture, P. pastoris was found to be a suitable host for
high-level expression of phytase, and it can possess high potential for industrial
applications [75]. Response surface methodology was applied to study the interaction
effects of assay conditions to obtain optimum value for maximizing phytase activity by
Bacillus subtilis B.S.46. The optimization resulted in 137% increase in phytase activity
under optimum condition [76].
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6. PHYTASE MANUFACTURE AND MARKET TREND

Many enzymes have emerged as a big-feed supplements. Feed enzymes such as
protease, xylanase, phytase, amylase, cellulase, lipase, and p-glucanase are growing fast
in the animal-nutrition market. However, only about 6% of manufactured animal feed
contains enzymes, against 80 - 90% of vitamins, which is considered the largest animal
nutrition category [10]. Phytase with desirable characteristics for application in the
animal feed industry can be called an “ideal phytase” which should satisfy the following
points: a) be effective in releasing phytate P in the digestive tract; b) be stable to
proteases (trypsin and pepsin); c) resist inactivation by heat during feed pelleting and
storage; and d) achieved by low-cost production, high yield, and purity by a relatively
inexpensive system [10]. It is well known that a single phytase may never be ideal for all
feeds and foods, i.e., phytase with different desired features are not present within a
single phytase [10]. For example, the stomach pH in finishing pigs is much more acidic
than that of the weaning pigs [77]. Thus, phytase with optimum pH close to 3.0 will
perform better in the finishing pigs. For poultry, an enzyme would be beneficial if it is
active over a broad pH range from acidic (stomach) to neutral (crop) [78]. Phytases used
for aquaculture applications require a lower temperature than those used for swine or
poultry. Therefore, the choice of an organism for production and development of
phytases is dependent upon the target application using directed protein engineering [10].

Table 4. Examples for commercial-phytase products [79, 80]

Company Country Trademark Donor Production
microorganism® microorganism
Roal Finland Fianase Aspergillus awamori Trichoderma reesei
Finnfeeds Finland Avezyme Aspergillus awamori Trichoderma reesei
International
Novozymes Denmark Ronozyme Aspergillus oryzae Aspergillus oryzae
AB enzymes Germany Fianase Aspergillus awamori | Trichoderma reesei
BASF Germany Natuphos Aspergillus niger Aspergillus niger
AB Enzymes Germany Quantum Escherichia coli Pichia pastoris”
AB Vista Germany Quantum Blue Escherichia coli Trichoderma reesei
DSM USA BioFeed Peniophora lycii Aspergillus oryzae
Genencor USA Rovabio Penicillium Penicillium
International simplicissimum funiculosum
Alltech USA Allzyme phytase Aspergillus niger Aspergillus oryzae
Danisco Animal | Europe, Africa Phyzyme Escherichia coli Schizosaccharomyces
Nutrition USA, and Asia | XP pombe
Huvepharma Europe, Africa OptiPhos Escherichia coli Pichia pastoris”
and Asia
Fermic Mexico Phyzyme Aspergillus oryzae Aspergillus oryzae

T The donor microorganism refers to the microoorganism from which the gene encoding the phytase was derived.
“Now renamed as Komagaetella pastoris [80].
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Several companies produce accessible P to animals, and release other associated
nutrients, making animals generally more efficient at digesting their feed. This leads to
less excretion of undigested phosphate, which as a result, helps to reduce water pollution
and to be friendly for environment. Additionally, phytase-production markets ensure a
very fast and efficient release of phytate P and other valuable nutrients, considering cost
savings through a more nutritive diet [79, 80, 81]. Examples of commercial-phytase
products are represented in Table 4.

7. BIOTECHNOLOGICAL APPLICATIONS OF PHYTASES

Due to the anti-nutritional effect of phytate, phytases are routinely added to the
livestock feed to release phosphate from the plant molecule, phytate. Use of phytase
reduces the addition of inorganic phosphate to diets and decreases the anti-nutritional
effects of phytate [80]. The importance of phytases as potential biotechnological tools has
been recognized in various fields. High dietary P bioavailability reduces the need for
supplemental inorganic P such as mono- and di- calcium-phosphate. Furthermore,
inorganic phosphate is a non-renewable resource, and it has been estimated that the
easily-accessible phosphate on earth will be depleted in the next 50 years. Thus,
employment of microbial phytase is an effective tool for natural resource management of
P on a global scale. Organic P hydrolysis by microbial phytases has been extensively
considered in a variety of biotechnological applications, including environmental
protection, animal, and human nutrition [80, 82]. Because of the potential value of
phytases in improving the efficiency of P use, rapid development in biotechnology of
heterologous gene expression was observed, with large amounts of phytases at relatively
low cost.

7.1. Phytases as Animal Feed

In animal nutrition, P plays a key metabolic role with more physiological functions
than any other mineral. These functions include P as a major constituent of nucleic acids
and cell membranes, major constituent of the structural components of skeletal tissues
(80% P found in the bones and teeth). It is directly involved in cell biology such as: a) all
energy-producing cellular reactions; b) maintenance of osmotic pressure; c) protein
synthesis and transport of fatty acids; d) amino acid exchange; e) efficiency of feed
utilization, growth, and cell differentiation; f) appetite control, and efficiency of feed
utilization and fertility [1, 2, 83].

Diets with low P content can be considerably improved by the use of P feed
supplement in the form of compound feed or as separate mineral supplements. P
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supplements are manufactured in many chemical and physical forms to suit different
feeding and handling practices [2].

During the past two decades, there has been significant increase in use of phytases as
a feed additive in poultry, fish, lambs, and pig diets. In numerous studies, the efficacy of
microbial phytases to release phytate-bound P has been demonstrated in various animals
[82, 84, 85]. Phytases are also found to enhance the utilization of different minerals.
Phytases from different sources have been evaluated individually and in combination for
their efficacy as feed additives in poultry. Use of both bacterial and fungal phytases
together as feed additive would be another promising alternative in improving the P
utilization and alleviation of mineral deficiency due to their synergistic activities
throughout the gastrointestinal tract of the animals. Ruminants have the ability to utilize
phytate P, partially as a result of the phytase activity of the ruminal microflora. However,
monogastric animals, such as swine, fish, and poultry, show negligible or no phytase
activity in the digestive tract, and thus, large amounts of P are discharged into the
environment where they pose serious P pollution problems [86].

More than 25 years ago, several companies were established to market a phytase for
standard feed and help animal (poultry, turkey, and pigs) for better utilization of P and
other important nutrients such as proteins and calcium (Raga 2016). Phytases have been
marketed as an animal feed enzyme in the US since 1996 [10]. In recent years,
considerable efforts have been achieved to improve the nutritive value of animal feedstuff
through supplementation with exogenous enzymes. The global market for feed enzymes
is a promising segment in the enzyme industry. The main characteristics that define the
best phytase supplements should include: a) high stability; b) high catalytic activity in the
gut; c) effective in releasing phytate phosphate in the digestive tract; and d) high
industrial production levels. Further, the enzyme should display high levels of activity at
the gut pH (with the pH changing throughout the digestive system). The enzyme should
be stable during manufacture processes and formulation, where the activity can be lost
through thermal denaturation during feed pellet production. In addition, the enzyme may
be exposed to high temperatures, during storage and transportation and through
degradation by proteases and the acidic conditions encountered in the gut [80].
Requirement for stability at high temperatures during pelleting coupled with optimal
activity at the lower temperatures in the gut presents is a major challenge. This
phenomenon is often observed in enzymes from thermophilic microorganisms that are
stable at very high temperatures but have relatively low or non-existent activities at gut
temperature [80].

7.2. Phytases in Aquaculture

Utilization of dietary phosphates, which critically affects fish growth, is a major
concern in aquaculture as well as in the aquatic environment. An efficient utilization of
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feed, leading to optimum fish growth, serves as a benchmark of successful aquaculture
worldwide [87]. Studies using phytase as a feed additive in aquaculture have established
that phytase supplementation could enhance the bioavailability of P, nitrogen, and other
minerals, thereby decreasing P load in aquatic environment [88, 89]. Bacterial phytase
could potentially be used as feed supplement to boost cellular immune response of fish
and could be employed as a health management strategy in culture systems [90]. Thus,
these may have significant impact on the development of feed supplements and health
management in aquaculture systems.

7.3. Phytases in Plant Growth Promotion

Phosphorus is one of the most abundant elements on earth. It exists in soil either in
dissolved or solid form, which is dominant. In solid form, P is classified as inorganic P (P
bound to Al, Fe, Ca, Mg etc. as complex salts) and organic P (P bound to organic
material such as dead and living plant material and microorganisms, soil organic matter,
etc.). Mineral soil contains 33-90% of total P in inorganic form. The typical range for
total P content of agricultural soils is estimated between 0.2 to 2.0 g/kg [2]. Dissolved P
is typically less than 0.1% of the total soil P and usually exists as orthophosphate ions,
inorganic polyphosphates and organic P. Extracellular phytase activities have been
reported under phosphate stress conditions in diverse plant species, namely, tobacco,
barley, tomato, alfalfa [10]. The ability of plants to use phosphorus from soil is improved
by inoculating the soil with microorganisms possessing the ability to release phytase.

The novel Enterobacter cancerogenus MSAZ2, a plant growth promoting gamma-
proteobacterium, was isolated from the rhizosphere of Jatropha curcas (a potentially
important biofuel feed stock plant). This strain is the first plant growth promoting
bacterium produces ACC deaminase enzyme and promotes plant growth with Jatropha
curcas [91]. On other side, the effect of fungal phytase on plant growth at pot and tray
level was studied, compared with commercial fertilizers pertaining to chemical and
physiological parameter and as soil amendment. It was found that, phytase was efficient
in reducing the phytic acid content of soil by about 30% while simultaneously increasing
the phytate phosphate availability by 1.18-fold [92].

7.4. Phytases for Human Nutrition

Phytase is already used as a supplement in diets for monogastric animals to improve
phosphate utilization from phytate, the major storage form of phosphate in plant seeds. In
recent years, this class of enzymes has also found interesting for use in processing and
manufacturing of food for human consumption [95]. Different strategies could be applied
to optimize phytate degradation during food processing and digestion, in the human
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alimentary tract, such as: a) adjustment of more favorable conditions during food
processing for the phytases naturally occurring in the raw material; b) addition of isolated
phytases to the production process; c) use of raw material with a high intrinsic phytate-
degrading activity either naturally present or introduced by genetic engineering; and d)
use of recombinant food-grade microorganisms as carriers for phytate-degrading activity
in the human gastrointestinal tract [95]. Furthermore, phytases may find application in
production of functional foods or food supplements with health benefits. Technological
improvements are expected to occur due to phytate degradation during processing as
shown for bread making, production of plant protein isolates, corn wet milling, and the
fractionation of cereal bran [95]. Phytases are added in foods to improve the public health
and decrease malnutrition. The limited bioavailability of cereals mineral content, due to
the relatively low mineral levels and presence of phytic acid, offers challenges in
nutrition point of view [96]. Antinutritional factors reduce the bioavailability of cereals
mineral content to 5-15%. The FDA (The Food and Drug Administration) has approved
the use of phytase in food as GRAS “generally recognized as safe.”

8. CURRENT CHALLENGES AND FUTURE PERSPECTIVES

Recent trends in the market have clearly shown phytase as an important enzyme and
feed supplement. Due to the serious concerns about environmental pollution, 22 countries
have adopted the use of phyA, produced from A. niger NRRL 3135, as a feed additive. At
present, phytase constitutes about 20% of the total enzyme use in the livestock or allied
sector, which is expected to increase many fold in the future due to increasing productive
research leads. Industrial production of phytase currently utilizes the soil fungus
Aspergillus, on which considerable research has been conducted [2]. Studies focused on
microbial production of phytase, downstream processing, and application-oriented
research will help in developing an integrated technological solution to phytase
production [10]. Such studies present new insights in the biological and engineering
facets of phytase-producing microbes, and reveal a new era in phytase biotechnology.
The new era in phytase biotechnology may target the following purposes: a) retaining the
activity of phytases during storage and use which is the core aim of a viable process; b)
technique such as immobilization that will help in solving the problem of stabilizing
phytase formulations; ¢) Downstream processing as an essential aspect of phytase
bioprocessing; d) Rapid and economic methods such as liquid-liquid extraction are
forthcoming promising alternatives; and e) Development of efficient, scalable and
economical process for phytase bio-separation to overcome the techno-economic
limitations of conventional downstream processes [10]. Possible roles of microbes
present in soil in P management is important. Beneficial P solubilizing bacteria in the
rhizosphere converted P to the plant in an accessible form mainly by means of organic
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acid production. In this regard, a few studies on addition of phytase or phytase-producing
microbes to the soil revealed increased P uptake by plants. Further studies with specified
target for maintaining soil P level and decreasing application of fertilizer might be highly
promising considering environmental P pollution and increasing cost of fertilizers [10,
97, 98].

Despite of the so many beneficial effects reported so far, the actual usefulness of such
enzymes are limited due to: a) high variation in activity of phytase production; b) lack of
farmer awareness regarding the use of phytase; c) cost factor and low enzyme production;
d) nonexistence of a single phytase with applicability in all kind of feeds or applications;
e) low storage stability and narrow pH and substrate specificity; and f) dose response
variation and high processing temperature susceptibility [2]. Therefore, development of
novel ideal phytase with required industrial properties is desirable. Production of canola
seeds with improved phytase activity has paved the way for future research to develop
transgenic soybean, cotton, sunflower and other grain and cereal plants which have
potential uses in fish feed [2]. These plants with improved phytase production from roots
might have better P utilization efficiency.

The worldwide interest on phytases has led to the development of recombinant
microbial phytase producers and plant bioreactors. The in vitro manipulations in
microbial phytases and recombinant DNA technology have generated phytases with
improved properties. Phytases have been explored for their utility as a food and feed
additive, however, other applications, such as in soil amendment and environmental
protection are yet to be adequately explored. A phytase with all desirable characteristics,
such as, thermostability, acid stability, protease insensitivity, adequate activity at animal
body temperature, and high specific activity in a single phytase is also still a challenge.
To achieve better P management with reduced environmental pollution, the following
recommendations are reported: a) regulation for optimum P concentration is required for
determining actual P concentration and the dose of fertilizer to be applied; b) farmers
should be familiar, through awareness campaigns, with the use of manure products, its
proper use, disposal and related P content, the methodology and advantages in the use of
phytases as a new approach; ¢) cost monitoring of phytase- supplemented animal feed is
required for its maximum utilization and reach to the farmers; and d) development of
biofertilizers that aid in better P solubility and its availability to plants will certainly be
useful in the long-term control of P pollution [2].

CONCLUSION

Controlled degradation of phytate, by phytase during food processing and/or food
digestion in the human stomach and upper small intestine, results in an improvement of
the bioavailability of essential minerals such as iron and zinc. This is seen as a way to
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reduce the risk of mineral deficiency, especially in vulnerable groups such as child-
bearing women, strictly vegetarians and inhabitants of developing countries. Phytases not
only supply numerous amounts of P in diet, but its use is also ecofriendly. Given the
importance of P in bone formation and consequently growth, addition of phytase can be
expected to provide additional benefits. Phytases are produced and marketed by many
countries worldwide, there is however, no one ideal phytase which can fulfill all
requirements. Thus, genetic engineering of microorganisms with improved thermo-
stability, pH optimum, and substrate specificity should be performed. Furthermore,
research aiming at improving food texture and digestibility at a cost-effective level
should be continued. The use of phytase in human food and animal feed will seize the
antinutritional effects of phytate and phytic acid, decrease environmental pollution, and
increase availability of P, starch, protein, amino acids, and calcium. Moreover, use of
phytase in animal feed abolish the surplus addition of inorganic phosphate in animal feed.
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ABSTRACT

Melanocytes are the cells responsible for skin color. These cells are located at the
bottom of the epidermis and are able to inject pigment into the surrounding skin cells in
packets known as melanosomes. The melanocytes do this when signaled by an enzyme
called Tyrosinase. This enzyme is switched “on” through a variety of stimulatory factors.
Melanin is one of the most important pigments which exist ubiquitously from
microorganisms, plants and animals. It is secreted by melanocyte cells and determines the
color of skin and hair in mammalian. It protects the skin from photo-carcinogenesis by
absorbing UV sunlight and removing reactive oxygen species. Excessive level of melanin
pigmentation causes various dermatological disorders including hyperpigmentation such
as aged lentigo, melasma, freckles, age spots and sites of actinic damage which can give
rise to aesthetic problems. Inhibitors of the enzyme tyrosinase can be used to prevent or
treat melanin hyperpigmentation disorders. Therefore, tyrosinase has increasingly
become important in cosmetic and medical products. Great advances have been made in
understanding the cellular and biochemical mechanisms in pigment biology and the
processes underlying skin pigmentation for developing various skin lightening agents to
reduce skin hyper-pigmentation. Natural product companies are formulating creams and
serums that contain mild natural lighteners.

* Corresponding Author’s E-mail: abdelaziz.sm@gmail.com.
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1. INTRODUCTION

The skin has many different types of skin cells. Cells responsible for skin color are
melanocytes (skin cells that produce the dark pigment). These cells are located at the
bottom of the epidermis and are able to inject pigment into the surrounding skin cells in
packets known as melanosomes. Melanocytes do this when signaled by an enzyme called
“Tyrosinase” (EC 1.14.18.1). This enzyme is switched “on” through a variety of
stimulatory factors [1]. These stimulating factors are; UV radiation for the sun, burns or
injury, irritation from acids, oral and topical medications such as birth control pills or
antibiotics [2]. A tan is a normal reaction to the sun, and over two to three days a tan
develops. The sun stimulates the skin to produce tyrosinase for protecting the deeper
layers of skin, the dermis. As a result, the enzyme signals the melanocytes to inject
melanosomes into the surrounding cells [3]. This is the body’s way of protecting the
deeper layers of skin. For people with hyper-pigmentation though, the skin has become
dysfunctional and does not dissipate the pigment normally. For these people, any slight
stimulation can lead to big pigmentation problems. The basal layer sometimes can’t stop
producing melanin in certain areas and keeps overproducing melanin. Sometimes
melanin can be deposited into the dermis, through trauma or excessive inflammation, and
is not possible to improve with skin care regimes [3, 4].

Skin pigmentation is more common in women than men, this might be because of
hormones or because many women spend their holidays sunbathing. As one gets older,
chances of having skin pigmentation tend to increase. However, it is also possible for the
younger in the form of melisma, and this means that there may not be any age limit to
those who can end up with this skin condition. Skin pigmentation is originally caused by
the UV rays from the sun. Normally, the skin’s natural protection is able to resist the UV
rays, but with aging, immunity of the body will reduce. This will make it possible for the
years of accumulated sun exposure to take its toll on the skin [5]. When this happens, the
sun will cause some genetic mutation of the genes that are responsible for formation of
the skin pigment; melanin. This genetic mutation can also occur on skins of individuals
that are naturally having light skin due to reduction in melanin content on such skins. The
genetic mutation experienced in such individuals can be passed across to their offspring
and the offspring too will end up with skin pigmentation. In individuals with light skin,
the genetic situation responsible for reduced melanin will prevail in their children and
this will make it possible for the offspring to have the skin condition during their lifetime.
Thus, in some cases, skin pigmentation is hereditary [5]. Skin whitening, in all
application forms, is a significant trend. Many studies for treatment of pigmentation
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disorders and tyrosinase inhibition have been reported [1, 2, 6, 7, 8]. Hyper-pigmentation
disorders are commonly encountered in dermatology clinics. Botanical and natural
ingredients have gained popularity as alternative depigmenting products. Clinical studies
evaluating the use of different natural products in treating hyper-pigmentation [9].
Various processes, in the complex mechanism of skin pigmentation, can be regulated
individually or concomitantly to alter complexion coloration and thus relieve skin
complexion diseases. This chapter will discuss skin pigmentation disorders, tyrosinase
inhibitors, and regulation of processes that control skin complexion coloration.

2. PIGMENTATION

Pigmentation is the coloring of a person’s skin, which will appear normal in color
with health. In the case of illness or injury, skin may change color, becoming darker
(hyper-pigmentation) or lighter (hypo-pigmentation). Melanin, the natural color in our
skin, is synthesized by melanocytes. Melanin is formed through a series of oxidative
reactions involving the amino acid tyrosine in presence of the enzyme tyrosinase [6].

2.1. Melanin

Melanin is a heterogeneous, insoluble non-protein polymer composed of subunits that
are products of enzymatically modified tyrosine. Melanin plays a crucial role in the
absorption of free radicals generated within the cytoplasm and in shielding the host from
various types of ionizing radiations, including UV light [12]. Melanin is secreted by
melanocyte cells, and determines the color of skin and hair in mammalians [11].
Melanogenesis is a process to synthesize melanin. Upon exposure of the skin to UV
irradiation, melanogenesis is initiated with the first step of tyrosine oxidation through
tyrosinase [6, 9, 10]. Up to 10% of skin cells in the basal layer of the epidermis produce
melanin. Skin whitening agents often inhibit the activity of tyrosinase by competitive or
non-competitive inhibition of its catalytic activity, by inhibiting its maturation, or by
accelerating its degradation [6].

Melanin protects the skin from photo-carcinogenesis by absorbing UV sunlight and
removing reactive oxygen species [6, 13, 14]. The modifications in melanin biosynthesis
occur in many disease states. The excessive level of melanin pigmentation causes various
dermatological disorders including hyper-pigmentations such as senile lentigo, melasma,
post-inflammatory melanoderma, freckles, ephelide, age spots, and sites of actinic
damage which can give rise to esthetic problems [15, 16]. Hyper-pigmentation usually
becomes a big problem as people age because darker spots will start to be seen on the
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face, arms and body. In addition, hormonal changes such as pregnancy and drugs
manipulating hormone levels may cause hyper-pigmentation.

2.2. Pigmentation Disorders

Pigmentation disorders is a general term includes hyper-pigmentary disorders
(darkening of the skin) and hypo-pigmentary disorders (decrease in the normal skin
color). The most common disorders being melasma (hyper-pigmentary) and vitiligo
(hypo-pigmentary). All forms of skin hyper-pigmentation essentially involve the same
mechanism. However, various factors can provoke melanocytes to go into overdrive, and
these different root causes are what distinguish the different types of brown spots.
Melasma, freckles, and age spots are just different names for the different characteristics
of skin hyper-pigmentation [17]. Common causes of skin hyper-pigmentation include: a)
Sun exposure which is the main cause of chronic hyper-pigmentation due to naturally
production of pigments; b) Biological effects and hormonal changes, e.g., pregnancy and
aging, can alter the body and lead to skin dysfunction. Melasma (pregnancy mask) is a
common development for women after pregnancy; c) Botched skin treatments: certain
medications like birth control pills and oral antibiotics can stimulate discoloration of the
skin. Sensitivity of skins to medications varies with aging, where the skin becomes more
sensitive; and 4) Heredity: Dark skinned individuals simply have more melanocytes in
the basal layer of the skin [5, 18]. Melanocyte cells are also very reactive to any
stimulation source like sun exposure, sensitizing topical preparations, or skin injury.

Many underlying conditions are responsible for skin changes and pigmentation
disorders, where the most recognized cause is sun. Numerous medications, especially
hormones, have been implicated in skin discoloration disorders [19]. These drugs can
sensitize the skin to the sun. Enhancement of melanocyte stimulating hormone by some
medications like birth control pills or even pregnancy can be another cause. Finally,
hormonal therapy by itself can have a direct impact on skin coloration. In these situations,
the medication either stimulates more melanin to be produced, or suppresses the process
that decreases melanin production. The result is increased discoloration regardless of the
skin type or color [20]. When this occurs in patients that already have some natural
increased color or freckles, the risk of skin discoloration increases that much more.
Freckles (and some skin spots) are genetically programmed into the skin and many times
are not even visible to the eye until some process makes them darken. Examples for skin
discoloration are discussed below.

2.2.1. Melasma
An example of hyper-pigmentation is melasma (also known as chloasma). This
condition is characterized by tan or brown patches, most commonly on the face (Figure
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1A). Melasma can occur in pregnant women and is often called the “mask of preghancy”.
Melasma frequently goes away after pregnancy. It is thought to affect 5-6 million women
in the USA, 50 to 75% of pregnant women in the USA and 80% of pregnant women in
Mexico [21]. It is considered a chronic disease that can sometimes appear before
pregnancy, disappear a few months after giving birth, reappear in subsequent pregnancies
or last for several years. Pigmentation usually affects the face and mainly the cheeks,
forehead and upper lips. Melasma may become permanent if not treated early. The
disease is generally treated with a combination of active ingredients for topical
application; the most efficient being a triple combination drug, which must be used every
day, while applying a broad-spectrum sunscreen several times a day [21].

Figure 1. Examples for skin discoloration: (A), melasma; (B), vitiligo; (C), brown spots; and (D),
freckles (Wikipedia).

2.2.2. Vitiligo

Vitiligo, an example of hypo-pigmentation, is a chronic skin disease characterized by
portions of the skin losing their pigment (Figure 1B). It occurs when skin pigment cells
die or are unable to function. It may appear anytime from shortly after birth to old age
and affects 1.3% of the population [22, 23]. The onset can be precipitated by specific life
events (physical injury, sunburn, emotional injury, illness, pregnancy). Both sexes are
affected equally. Lesions are uniformly milky-white, round, oval or linear in shape, vary
in size and appear anywhere on the body, but mainly in areas of repeated trauma,
pressure or friction (elbows, knees, fingers and toes). Genetic, immunologic,
environmental and stress factors are thought to be involved [22]. Vitiligo is a difficult
disease to treat. When it is of limited extent, topical treatments can be used; but when a
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large surface of the body is affected, ultraviolet light (UV) therapy is recommended,
alone or in combination with topical treatments [21].

2.2.3. Brown Spots

Brown spots on the face are essentially sun damage. It may appear as freckles in
young ages, but they get larger and often darker as one got older (Figure 1C). The first
thing to do about brown spots and age spots on the face or hands is to prevent more of
them by applying sunscreen daily [20]. Bear in mind that continued sun exposure will
stimulate the growth of brown spots, so that the bleaching creams will not protect against
the regrowth of brown spots or the development of new ones.

2.2.4. Freckles

Freckles are small, brown flat dots (Figure 1D), caused by both genes and much more
sun exposure. On the upside, these are pretty easy to treat because they’re closer to the
surface of the dermis. Freckles can be easily treated with lasers, peels, and some skin care
products [19]. As a person ages, they generally fade away. “Sunburn freckles” are
another variety often seen in some people, and these appear larger and darker than
standard freckles, with a medium-brown color. The edges are irregular, but the pigment is
even throughout the area.

2.2.5. Age Spots

Age spots (also known as liver spots) are small, flat pigmented spots which look
similar to freckles. However, unlike freckles, age spots generally don’t fade without
treatment. Liver spots are more common in older people, looks like large freckles (Figure
2). These are most often seen on sun-exposed skin after age 40, usually on the face,
shoulders, neck, ear, or back of the hands [20]. Like freckles, age spots are primarily
caused by sun exposure, but poor nutrition and abnormal liver function are said to worsen
the problem.

Figure 2. A 10 mm liver spot on the forearm of a 66-year old woman (Wikipedia). Liver spots form
after years of exposure to the sun.
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2.2.6. Albinism

Albinism is a congenital disorder characterized by the complete or partial absence of
pigment in the skin, hair and eyes due to absence or defect of tyrosinase. Albinism is a
genetic deficiency of melanin pigment production, i.e., Albinos have an abnormal gene
that restricts the body from producing melanin. Albinism is a rare inherited disorder
caused by the absence of the main enzyme that produces melanin; tyrosinase [24].
Production is rarely totally absent but perhaps 1-10% of normal, which results in a
complete lack of pigmentation in skin, hair, or eyes. Approximately one in 17,000 people
have one of the types of albinism [24]. There is no cure for albinism. People with
albinism should use a sunscreen at all times because they are much more likely to get sun
damage and skin cancer. This disorder is most common among whites. Symptoms of
albinism include visual problems that are an important feature of albinism [25]. Melanin
is reduced or absent where it is normally present in the eye, skin, hair and brain, and this
causes maldevelopment of neural pathways related to vision [26]. Severe nystagmus,
photophobia, strabismus, and reduced visual acuity are common features [26]. Albinos
have red eyes but the color of the iris varies from a dull grey to blue and even brown. A
brown iris is common in ethnic groups with darker pigmentation. Under certain lighting
conditions, there is a reddish or violet hue reflected through the iris from the retina and
the eyes appear red (similar to the red eye in flash photography).

3. TYROSINASE INHIBITORS

Tyrosinase is a bifunctional copper-containing enzyme that catalyzes both the
hydroxylation of tyrosine into o-diphenols (monophenolase activity) and the oxidation of
o-diphenols into o-quinones (diphenolase activity) [27]. This o-quinone can then be
transformed into melanin pigments through a series of enzymatic and non-enzymatic
reaction [28, 29, 30]. There are two types of melanin pigments that can be produced by
the melanocytes (Figure 3), namely, “eumelanin” (black or brown) and “pheomelanin”
(yellow or red). In melanosomes, tyrosinase catalyzes the transformation of substrates
like tyrosine into activated melanin precursors such as indole-5,6-quinone (red spheres,
Figure 3). The precursors are oriented by amyloid fibrils for polymerization into melanin
[28]. In mammals, mixtures of both types are typically found [31].

Tyrosinase is known to be a key enzyme for melanin biosynthesis. Copper ions in the
active site of the enzyme is essential for its inhibition and the ability of diminishing the
human melanin synthesis. Tyrosinase inhibitors, therefore, can be clinically useful for the
treatment of some dermatological disorders associated with melanin hyper-pigmentation
[6, 32]. They also find uses in cosmetics for whitening and depigmentation after sunburn
[27, 33]. An effective skin lightening treatment combines several of tyrosinase inhibitor
ingredients as they tend to work well together to produce the desired results [34, 35]. The
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U.S. Food, Drugs and Cosmetic Act, defines cosmetics by their intended use to be
rubbed, poured, sprinkled, or sprayed on, introduced into, or otherwise applied to the
human body for cleansing, beautifying, promoting attractiveness, or altering the
appearance [36]. It is important to understand that cosmetics do not alter the structure or
function of the skin [37]. Cosmetics can be divided into two broad groups: Make-up and
Skin care products. Cosmeceuticals are topical cosmetic-pharmaceutical hybrids that
enhance the beauty through constituents provide additional health-related benefit. They
are applied topically as cosmetics, but contain ingredients that influence the skin’s
biological function [38]. Cosmeceuticals are, in fact, a bridge between personal-care
products and pharmaceuticals and are commonly used for hyper- pigmentation [38].
Pigmentary disorders are the third most common dermatologic disorder and cause
significant psychosocial impairment [39, 40]. These disorders are generally difficult to
treat, hence, the need for skin lightening agents includes cosmeceuticals. These agents
selectively target hyperplastic melanocytes and inhibit key regulatory steps in melanin
synthesis. With the recent safety concern regarding use of hydroquinone, the need for
alternative natural, safe and efficacious skin lightening agents is becoming all the more
necessary. Cosmeceuticals include tyrosinase inhibitors such as phenolic compounds
(hydroguanine and its derivatives) or natural skin-treatment agents. Tyrosinase inhibitors
(Phenolic and Non-phenolic compounds) are discussed below.

Os_CH, O

B L
0 Z
Clndol 5,6- qumone
H,

(o
Trosne =
Amyloid fibrils iy

Yellow/Red

Figure 3. Production of different pigments by melanosomes. In melanosomes, tyrosinase catalyzes the
transformation of substrates like tyrosine into activated melanin precursors such as indole-5,6-quinone
(red spheres). The precursors are oriented by amyloid fibrils for polymerization into melanin [29, Zaidi
etal. 2014].
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3.1. Phenolic Compounds

3.1.1. Hydroquinone

Hydroquinone is a dihydric phenol with two important derivatives viz., monobenzyl
and monomethyl ether of hydroguinone. Hydroquinone competitively inhibits melanin
synthesis by inhibiting sulfhydryl groups and acting as a substrate for tyrosinase [41].
Melanosomes and melanocytes are damaged by the semi-quinone free radicals released
during the above reaction [41, 42]. Hydroquinone is considered the gold standard for the
treatment of hyper-pigmentation. It is commonly used at concentrations of 2-4%. Clinical
studies report that well to excellent responses induced by 2% hydroquinone. Higher
concentrations are effective but can cause irritation; hydroquinone can cause DNA
damage. This carcinogenic effect has raised concerns regarding its use. Hence, the
International Agency for Research on Cancer has placed hydroquinone as not classifiable
as to its carcinogenicity in humans [40, 43]. Due to the side-effect and safety profile,
hydroquinone is not used as a component of cosmeceuticals available in the market for
the treatment of hyper-pigmentation [44].

3.1.2. Mequinol

Mequinol (4-hydroxyanisole, hydroquinone monomethyl ether), is a derivative of
hydroquinone. Its mechanism of action is unclear. It acts as a substrate for tyrosinase,
thereby inhibiting the formation of melanin precursors [45]. Combination of mequinol at
a concentration of 2% with 0.01% tretinoin can cause erythema, burning, pruritus,
desquamation, skin irritation, halo hypo-pigmentation [46]. Combination with sunscreens
can reduce the incidence of adverse effects [47].

3.1.3. N-Acetyl-4-S-Cysteaminylphenol

N-acetyl-4-S-cysteaminylphenol is a phenolic agent that inhibits tyrosinase activity
by acting as an alternative substrate. It is more stable and causes less irritation than
hydroquinone. Clinical response is evident after 2-4 weeks. Various studies using 4% of
N-acetyl-4-S-cysteaminylphenol have found marked improvement in patients with
melisma [41].

3.2. Non-Phenolic Compounds

3.2.1. Kojic Acid

Kojic acid is derived from Koji (a Japanese mushroom). Kojic acid (5-hydroxy-2
hydroxymethyl-4-pyrone) lightens the skin by inhibiting tyrosinase which in turn reduces
the amount of melanin produced. Kojic acid is one of the most popular natural
ingredients found in skin lightening products. However, Kojic acid has the potential to
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induce skin sensitization according to the Scientific Committee on Consumer Products
and Safety (one of the independent scientific committees managed by the Directorate-
General for Health and Consumer Protection of the European Commission, European
Union) [48].

3.2.2. Mulberry

Morus, a genus of flowering plants in the family Moraceae, comprises 10-16 species
of deciduoustrees commonly known as mulberries. The closely related genus
Broussonetia is also commonly known as mulberry, notably the Paper Mulberry,
Broussonetia papyrifera [49]. This skin lightening ingredient is extracted from the roots
of the paper mulberry plant. Mulberry is said to be more effective than hydrogquinone and
kojic acid in the sense, that significantly lower concentrations are needed to have the
same effect as higher concentrations of kojic acid and hydroquinone.

3.2.3. Arbutin

Arbutin is a glycosylated hydroquinone extracted from the bearberry plant in the
genus Arctostaphylos. It inhibits tyrosinase and thus prevents the formation of melanin.
Arbutin is therefore used as a skin-lightening agent. Arbutin is found in wheat, and is
concentrated in pear skins. It is also found in Bergenia crassifolia [50]. The Alpha-
arbutin has a stronger effect than Beta-arbutin and is also commonly found in skin
lightening products as a safer alternative to hydroquinone [51]. Beta arbutin (Bearberry
Extract) is derived from the leaves of bearberry, cranberry and blueberry plants. It works
in a similar way to kojic acid, in that it inhibits the production of tyrosinase to restrict the
amount of pigment produced. Although naturally derived, it can cause skin irritation in
some people with sensitive skin.

3.2.4. Glutathione

Glutathione is a powerful antioxidant that has several health benefits including
boosting the immune system and cleansing the liver. It is naturally occurring in the body
and is a part of the natural defense system. Glutathione is supporting skin whitening by
the direction of melanin production towards the light and easy soluble pheomelanin
(Melanin, the end-product of complex multistep transformations of I-tyrosine, is
polymorphous and multifunctional biopolymer, represented by eumelanin, pheomelanin,
neuromelanin, and mixed melanin pigment) [52]. It is commonly found in skin lightening
pills but can also be used topically.

3.2.5. Licorice Root

Licorice, or Liquorice is the root of Glycyrrhiza glabra from which a sweet flavor
can be extracted [53]. The licorice plant is a legume native to southern Europe, India, and
parts of Asia. It is not botanically related to anise, star anise, or fennel, which are sources
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of similar flavoring compounds. Licorice is commonly used in the skin lightening
industry. Licorice also works to inhibit the enzyme tyrosinase to limit the amount of
pigment produced. It has additionally anti-inflammatory properties and is particularly
effective at fading sun tan.

3.2.6. Papaya

Papaya is a tropical fruit shaped like an elongated melon, with edible orange flesh
and small black seeds. The papain enzyme found in papaya works to gently exfoliate
dead skin cells and reveal new, brighter skin cells beneath. Orange and green papaya are
both effective but green papaya contains more of the papain enzyme [54]. This ingredient
is most often found in soaps and sometimes in skin lightening creams too.

3.2.7. Vitamin A

Vitamin A is a group of unsaturated nutritional organic compounds, that include
retinol, retinal, retinoic acid, and several provitamin A carotenoids, among which beta-
carotene is the most important [55]. Vitamin A, also known as retinol, increases the rate
at which skin cells are renewed.

3.2.8. Vitamin B3

Vitamin B3, also known as nicotinamide, has antioxidant and anti-inflammatory
properties. A study has done on pigmented reconstructed epidermis showed that
niacinamide interferes with the interaction between keratinocytes and melanocytes,
thereby inhibiting melanogenesis [56]. Niacinamide is effective topical skin lightener that
works by disrupting the transfer of melanosome from the melanocyte to the keratinocyte.
It also modulates the protease-activated receptor (PAR-2) that is involved in the transfer
of melanosomes from melanocytes to surrounding keratinocytes. Clinical trials using 2%
niacinamide have shown that it significantly reduces the total area of hyper-pigmentation
and increases skin lightness after 4 weeks of treatment. Daily use of niacinamide with
sunscreen was effective in reducing hyper-pigmentation and in increasing lightness of
basal skin color compared with sunscreen alone [56]. Vitamin B3 is found in some skin
whitening products and sunscreens.

3.2.9. Vitamin C

Vitamin C or L-ascorbic acid, or simply ascorbate (the anion of ascorbic acid), is an
essential nutrient for humans and certain other animal species. Vitamin C refers to a
number of vitamers that have vitamin C activity in animals, including ascorbic acid and
its salts, and some oxidized forms of the molecule like dehydroascorbic acid [57].
Vitamin C suppresses the production of pigment in the skin. Magnesium Ascorbyl
Phosphate is a derivative of Vitamin C and this is the form of the ingredient that is
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commonly found in skin whitening products. Vitamin C can also protect the skin from
ultraviolet rays.

3.3. Mechanisms of Melanogenesis Inhibition

Controlling pigmentation via the regulation of tyrosinase activity is an important
approach. The enzyme could be regulated by: a) transcription of its messenger RNA; b)
its maturation via glycosylation; c) its trafficking to melanosomes; d) modulation of its
catalytic activity and/or stability. [58, 59]. Mechanisms of melanogenesis inhibition are
discussed below.

3.3.1. Inhibition of Tyrosinase mRNA Transcription

Melanin synthesis is directly regulated by the enzymatic function of tyrosinase and
thus by transcription of its encoding gene [59]. Microphthalmia associated transcription
plays a role in the development, survival, and function of certain cell types. To carry out
this role, the protein attaches to specific areas of DNA and helps control the activity of
particular genes [60]. Microphthalmia-associated transcription factor helps for controlling
the development and function of melanocytes. Within these cells, this protein also
controls production of the pigment melanin, which contributes to hair, eye, and skin
color. This protein is the master regulator of melanogenesis-related gene expression [61,
62].

3.3.2. Aberrant Tyrosinase Maturation
Aberration of tyrosinase glycosylation in the endoplasmic reticulum or Golgi inhibits
its folding and maturation [63, 64].

3.3.3. Inhibition of Tyrosinase Catalytic Activity

Numerous reports have described the inhibition of tyrosinase activity, many of them
used mushroom tyrosinase as a model. Tyrosinase is a multi-copper enzyme which is
widely distributed in different organisms and plays an important role in the
melanogenesis and enzymatic browning. Therefore, its inhibitors can be attractive in
cosmetics and medicinal industries as depigmentation agents and also in food and
agriculture industries as anti-browning compounds [65, 66]. Inhibitors of tyrosinase
function can be divided into two groups, competitive inhibitors and non-competitive
inhibitors. Early studies revealed that hydroquinone and azelaic acid are competitive
inhibitors of tyrosinase activity as well having cytotoxic effects on melanocytes [67],
both being potent therapies for hyper-pigmentary disorders [68]. Tyrosinase activity
depends on the binding and function of two copper atoms at the active site which is
facilitated by a copper transporter [69]. Therefore, chelating copper inhibits the activity
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of purified or recombinant tyrosinase. Another non-competitive method of inhibiting
tyrosinase activity is the reduction of its phosphorylation. Therefore, inhibiting tyrosinase
phosphorylation reduces tyrosinase activity in cultured melanocytes as well as lightening
pigmentation in the skin and hair.

3.3.4. Acceleration of Tyrosinase Degradation

The synthesis and the degradation of tyrosinase are tightly coupled to its function,
and are influential parameters that regulate melanin synthesis. Degradation of tyrosinase
could be altered by environmental factors surrounding melanocytic cells. Studies of
tyrosinase degradation have revealed that a variety of intrinsic factors in the epidermis
have a potency to regulate tyrosinase degradation [59]. Linoleic acid is an unsaturated
fatty acid, and is a major component of biological cell membranes. Topical application of
linoleic acid has been shown to decrease UV-induced hyper-pigmentation of the skin.
Fatty acids can regulate tyrosinase degradation in contrasting manners [59].

4. MICROBIAL TYROSINASES

Tyrosinase is essential for many living organisms to carry out various functions,
including melanin biosynthesis as a defense against the harmful effects of UV light. In
plants, it is required for the biosynthesis of phenolic polymers such as lignin, flavinoids,
and tannins [70]. Tyrosinases also play an important role in regulation of the oxidation-
reduction potential of cell respiration and in wound healing in plants [71]. Due to the
ability of tyrosinases to react with phenols, these enzymes have been proposed for uses in
a variety of biotechnological, biosensor and biocatalysis applications [72, 73]. For
example, tyrosinases can be applied in: a) detoxification of phenol-containing waste-
water and contaminant soils [74]; b) synthesis of L-3,4-dihydroxyphenylalanin which is
known as one of the preferred drugs for the treatment of Parkinsons disease [75, 76, 29];
or ¢) as additives in food processes due to their cross-linking abilities [77]. Commercial
production of bacterial tyrosinases is extensively reported. Production of tyrosinase from
the common mushroom Agaricus bisporus is widely reported because of its commercial
availability. However, the use of tyrosinase from this source is problematic as the enzyme
exhibits relatively low solvent and temperature stability, as compared to some bacterial
tyrosinases [78]. Almost all reported tyrosinases produced by bacterial and fungal strains,
yield also other polyphenol oxidases such as peroxidase and laccase. Presence of
polyphenol oxidases along with tyrosinase imposes serious problems for commercial
usage. All these enzymes can use tyrosine as substrate but produce different products,
resulting in reduced yield as well as increased cost for the downstream process. Effects of
various key cultivation parameters for large-scale production of microbial tyrosinase are
reported recently [79, 80, 81].
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4.1. Sources of Tyrosinase

Tyrosinase activities are widely distributed in all domains of life from
microorganisms to mammals. Tyrosinases have been purified, and their properties and
functions have been extensively studied. They are found in whole cells, tissues from
mushrooms, fruits, and vegetables and are mainly involved in the biosynthesis of melanin
and other polyphenolic compounds [29].

4.1.1. Fungus as a Source of Tyrosinase

Different fungal strains of Agaricus bisporus have been investigated for isolation of
tyrosinase [82, 83]. Other strains like Neurospora crassa, Amanita muscaria, Lentinula
edodes, Aspergillus oryzae, Portabella mushrooms, Pycnoporus sanguineus, and
Lentinula boryana are also studied for tyrosinase production [29].

4.1.2. Bacteria as a Source of Tyrosinase

Streptomyces tyrosinases are the most thoroughly characterized enzymes of bacterial
origin [79, 84]. Bacterial tyrosinase is involved in the melanin production and is normally
extracellular in origin. The enzyme has been reported in other species such as Rhizobium,
Symbiobacter iumthermophilum, Pseudomonas maltophilia, Sinorhizobium meliloti,
Marinomonas mediterranea, Thermomicrobium roseum, Bacillus thuringiensis,
Pseudomonas putida [85], Streptomyces castaneoglobisporus, Ralstonia solanacearum,
and Verrucomicrobium spinosum [79]. Tyrosinases are produced by marine bacteria as
well [30, 33].

4.2. Pharmaceutical and Industrial Applications

Microbial tyrosinases are extensively utilized as promising enzymes for
pharmaceutical, food bioprocessing, and environmental industry [29, 86]. Tyrosinases are
used as a potential prodrug for treating melanoma where patients were successfully
treated via tyrosinase activity [87, 88]. Methods for the recombinant production of
bacterial tyrosinase, which utilized for the formation of biomaterials such as cross-linked
proteins and melanin, are reported [70, 89]. Application of tyrosinase in cell culture has
implicated the wide acceptance of its catalytic property, as it helps nerve cells to grow.
The process includes stamping of the tyrosinase onto plastic surfaces, which causes in
situ formation of thin films of melanin. It may be useful in prevention of bacterial
contamination, as melanin has a bacteriostatic effect [29].

Tyrosinases are fundamental enzymes involved in several biological functions and
defense mechanism (especially in melanogenesis). Control of tyrosinase activity is very
important during melanoma. Un-controlling of tyrosinase results in increased melanin
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synthesis, causing hyper-pigmentation. Several polyphenols, including flavonoids,
substrate analogues, free radical scavengers, and copper chelators have been known to
inhibit tyrosinase [90]. Henceforth, the medical and cosmetic industries are focusing
research on tyrosinase inhibitors to treat skin disorders [91]. Abnormal melanin can result
from the changes anywhere in the pathway of synthesis either due to abnormal tyrosinase
or due to the defects caused by the transfer of melanosomes to keratinocytes [92, 93].
Gelatin/chitosan blend was used as protein-polysaccharide matrix. Microbial
transglutaminase and tyrosinase were employed as biological modifiers, where thermal
stability, the stability in aqueous medium, and tensile strength of the modified material
have been improved due to the combined effects of two enzymes that microbial
transglutaminase can cross-link gelatin and tyrosinase can catalyze gelatin-chitosan
conjugation [86, 94].

5. TREATMENT STRATEGIES FOR PIGMENTATION DISORDERS

Learning more about skin diseases and pigmentary disorders may increase the chance
of an effective treatment. Although treatment of these disorders remains difficult, there is
an increasing number of therapeutic options that could lead to an improvement in the
cosmetic appearance of skin for patients. Most of the existing literature on safety and
efficacy of these treatments consists of case reports and cohort studies; there is a lack of
larger randomized controlled trials [95]. However, safe and predictable treatment options
for skin discoloration are ranging from the simplest option sun avoidance to advanced
techniques such as laser treatment are reported [95]. Numerous types of laser treatments
are available to help for treating a variety of skin conditions. Laser treatment, or
phototherapy, is most commonly used in patients with skin disorders, irritation, or other
conditions related to an immunologic deficiency that increases the growth rate of skin
cells. As a result, patients experience symptoms such as skin redness and irritation due to
thick scaly patches that cover parts of their body [96, 97].

In response to years of sun exposure, skin tries to protect itself by producing an
overabundance of melanin, the pigmented cells in the skin [98]. This hyper-pigmentation
IS most noticeable on face and hands, but it is also common on any other skin that is
exposed to the sun. It can be triggered by inflammation, such as acne, or hormonal
fluctuation, but most often by unprotected sun exposure. Although pigmentation
disorders can affect all skin types, individuals with darker skin, including Asians, blacks,
Latinos, and American Indians, are more susceptible [95].

Properties of effective natural ingredients for lightening age spots include the ability
to: a) inhibit or block tyrosinase caused by sun exposure, plus a great powerful anti-
inflammatory properties; b) help diminish skin discolorations, brighten skin, and improve
elasticity as well as deliver powerful antioxidant protection; c) protect the skin against

Complimentary Contributor Copy



250 Shadia M. Abdel-Aziz, Hoda A. Hamed, D. Sukmawati et al.

damage caused by free radicals; and d) treat allergic inflammation of the skin [98].
Vitamin C has been tested extensively and proven to inhibit the production of melanin.
Skin lightening ingredients act as direct inhibitors of tyrosinase to reduce melanin
production [99]. In addition to reducing production of melanin in the skin, some of the
natural products contain also titanium dioxide, a mineral whitening pigment that helps
lighten skin by absorbing the UV rays, thus preventing the sun from darkening the skin.
Vitamin C is required for collagen synthesis, which declines in aging skin. Therefore,
topical application of vitamin C in a skin-penetrating cream or serum can improve
collagen production. Skin lightening products often perform best when used in
combination with exfoliation of the outer, pigmented layer of dead skin cells. The skin
renews itself every 28 days, gradually giving a lighter, more even skin tone in four to
eight weeks [98]. In case of discontinue use of skin lighteners, the skin may return to its
original color after a few weeks. Standardization of skin-depigmenting agents in either
their efficacy or their safety is essential for skin health [100]. While it is clear that great
progress has been made in the study of skin lightening, it is even more apparent that there
is a great deal of work still left to be done [100].

6. SAFETY OF COSMETIC AGENTS

Mass-market cosmetic companies were touting for skin bleaching products with
hydroquinone as a quick fix for hyper-pigmentation [98]. With hydroguinone, fast and
effective results to whiten skin were obtained. However, drawback of the fast effect was
the high cytotoxicity of hydroguinone and its huge irritation potential. The Food and
Drug Administration reported that hydroquinone poses too many health risks, including
irritation, toxicity, and allergic reactions [98]. Therefore, natural product companies are
formulating creams and serums that contain mild natural lighteners [9, 101]. New active
ingredients with a much-improved toxicology profile have been developed instead. They
often provide the whitening effect in a reversible way, demonstrating that the biology of
melanin production will only be suppressed during treatment but not destroyed [102].
Various processes in the complex mechanism of skin pigmentation include direct
inhibition of tyrosinase enzymes, regulation of melanocyte homeostasis, alteration of
facultative pigmentation, and down-regulation of melanosomes [103]. These processes
can be regulated to alter complexion coloration and thus relieve skin complexion diseases
[98]. Great advances have been made in understanding the cellular and biochemical
mechanisms in pigment biology and the processes underlying skin pigmentation [104,
105]. This has led to the development of various skin lightening agents to reduce skin
hyper-pigmentation. Natural extracts from plants demonstrate that skin whitening
nowadays can be achieved by safe ingredients instead of toxicological drawbacks with
extra benefits [9]. Topical agents in conjunction with or followed by procedural

Complimentary Contributor Copy



Skin Pigmentation Disorders 251

approaches such as light therapy and lasers can be employed and have shown promising
results in treating skin discoloration.

CONCLUSION

Skin pigmentation disorders or abnormalities, and skin whitening have been
extensively examined during the last decades. A number of different pathways were
evaluated to achieve a reduction in skin color formation. Skin pigmentary abnormalities,
seen as aesthetically unfavorable, have led to the development of cosmetic and
therapeutic treatment modalities of varying efficacy. Tyrosinase catalyzes melanin
biosynthesis in human skin and the epidermal hyper-pigmentation results in various
dermatological disorders, such as melasma, freckles and age spots. Therefore, safe and
effective tyrosinase inhibitors have become important for their potential applications in
preventing pigmentation disorders and other melanin-related health problems in human
skin. Pigmentation disorders, direct inhibition of tyrosinase, and the regulation of
processes that control skin complexion coloration are extensively reported. Internet
consumers became much better informed and aware of potential risks to avoid side
effects of skin pigmentation disorders.
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ABSTRACT

Pectinase is a collective term that refers to a group of enzymes that degrade pectic
substances in the cell wall of higher plants. The pectinase enzyme is broadly classified
into two types on the basis of their mode of action: Esterase and Depolymerases. Pectin
esterase catalyses the de-esterification of the methoxyl group of pectin, forming pectic
acid. While, depolymerases act on pectic substances either by hydrolysis or by trans-
elimination lysis. Pectinases hold a leading position among the commercially produced
industrial enzymes. Pectinolytic enzymes are naturally produced by many organisms like
bacteria, fungi, yeasts, insects, nematodes, protozoan and plants. This chapter discusses
types of naturally occurring pectic substances, pectinolytic enzymes, their classification,
properties, production and their applications in different industrial sectors.

Keywords: pectin, pectic substances, pectinases, pectinolytic enzymes, pectin esterase

1. INTRODUCTION

Pectinases constitute a heterogeneous group of related enzymes which hydrolyses the
pectic substances, found in higher plants. They are significantly used in different

* Corresponding Author’s E-mail: richasoniricha@gmail.com.
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industries like fruits and juice processing, wine processing, tea and coffee processing,
textile processing, paper industry and processing of animal feed [1]. Pectinases enzymes
are present in higher plants as well as in mocroorganisms [2]. In plants, they assist cell
wall extension [3] and softening of tissues during maturation [4]. They are also
responsible for decomposition and recycling of waste plant materials to maintain
ecological balance [1]. Plant pathogenicity and spoilage of fruits and vegetables by
rotting are some other major manifestations of pectinolytic enzymes [2].

Microorganisms are the primary source of industrial enzymes as 50 percent originate
from fungi and yeast, 35 percent from bacteria, while the remaining 15 percent are of
plant and animal origin [5]. Pectinases are being produced by different microorganisms
[6] and microbial pectinases account for 25 percent of the global food enzymes sales [1].

This chapter deals with the substrate i.e pectic substances, pectinolytic enzymes, their
types and different method of production. It also concentrates on applications of these
enzymes in industrial sector.

2. PECTIC SUBSTANCES

Pectic substances and celluloses are the most abundant carbohydrates present in
plants. Pectic substances like pectin, protopectin and pectic acids, present in cell wall and
middle lamella. These contribute firmness and structure to plant tissues (Table 1) and are
largely responsible for the structural integrity and cohesion [7]. Pectic substances are un-
branched polygalacturonides, that is, polymer of galactouronic acid composed of a-1, 4-
linked D-galacturonic acid. D-galacturonic acid units are linked together by a-1, 4-
glycosidic linkages and the carbonyl side groups are 60-90 percent esterified with
methanol. Neutral monosaccharides, such as galactose, rhamnose, arabinose and xylose
are also present in pectic substances. The rhamnose units can be inserted into the main
uronide chain and often side chains of arabinan, galactan or arabinogalactan are linked to
rhamnose. It indicates that various forms of pectic substances are present in plant cells
and for this reason pectinases exist in various forms [8].

Pectic substances can be divided broadly into two groups: one is pectic acid, a
polymer of galacturonic acid, and the other is pectin, a polymer of galacturonic acid
whose carboxyl groups are methyl-esterified [9]. Pectin was discovered by Louis Nicolas
Vauquelin, a French pharmacist, in 1790 and then characterized by Henri Braconnot,
another French Chemist, in 1825 [10].
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Table 1. Pectic substances in different plants [1]

Plant Tissue Pectic substance (%0)
Apple Fresh 0.5-1.6
Banana Fresh 0.7-1.2
Peaches Fresh 0.1-0.9
Strawberries Fresh 0.6-0.7
Cherries Fresh 0.2-0.5
Peas Fresh 0.9-14
Carrort Dry matter 6.9-18.6
Orange pulp Dry matter 12.4-28.0
Potatoes Dry matter 1.8-3.3
Tomatoes Dry matter 2.4-4.6
Sugar beet pulp Dry matter 10.0-30.0

3. STRUCTURE AND CLASSIFICATION OF PECTIC SUBSTANCES

Chemically, pectic substances are complex colloidal acid polysaccharides, with a
backbone of galacturonic acid residues linked by a -1, 4 linkage. The side chains of the
pectin molecule consist of L-rhamnose, arabinose, galactose and xylose. The carboxyl
groups of galacturonic acid are partially esterified by methyl groups and partially or
completely neutralized by sodium, potassium or ammonium ions. Based on the type of
modifications of the backbone chain, pectic substances are classified by the American
Chemical Society into pectin, protopectin, pectic acid, pectinic acid [11].

HoH

Figure 1: Primary structure of pectic substances [1].

Pectin is a polysaccharide found in the cell wall of plant cell. It is a jelly-like matrix
which helps cement plant cells together and in which other cell wall components, such as
cellulose fibrils, is embedded. Pectin is present in the plate (middle lamella) that is the
first part of the wall to be formed during cytokinesis, following cell division [12]. As a
part of the plant structure, pectin is a complex mixture of block of homogalacturonic acid
called ‘smooth regions” mixed with blocks of homogalacturonic acid containing many
neutral sugars including rhamnose, galactose, arabinose and glucose called ‘hairy
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regions’ [13]. Pectin is known to contain neutral sugars which are present in side chains.
The most common side chain sugars are xylose, galactose and arabinose [14]. In some
species, pectins may be cross-linked to other pectins or non-cellulosic polysaccharides by
ester linkages with dihydroxycinnamic acids such as diferulic acid. In plants, pectins are
present in all stages of development. The composition depends not only on the species
but also on tissue, stage of growth, maturity and growth conditions. Pectins are
heterogeneous with respect to both chemical structure and molecular weight [11].

3.1. Proto-Pectin

Proto-pectin is water-insoluble pectic substances found in plant tissues [15]. Proto-
pectin is the precursor and gives pectin or pectinic acid upon restricted hydrolysis. It is
present in immature plant material.

3.2. Pectic Acids

Pectic acids are galacturonans with no methoxyl groups. Normal or acid salts of
pectic acid are called pectates. These are found in overripe plant material.

Pectin function in plants

Immature Protopectin Firm

'

Pectinic acid

\

Pectin

v

Overripe Pectic acid Mushy

3.3. Pectinic Acids

Pectinic acid has the unique property of forming a gel with sugar and is present in
mature plant material. Pectinic acids are the galacturonans with different amounts of
methoxyl groups. Pectinates are normal or acid salts of pectinic acids [15].

4. PECTINOLYTIC ENZYMES

Pectinolytic enzymes or pectinases is a collective term for heterogeneous group of
related enzymes that hydrolyses pectic substances.
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Pectinases are a big group of enzymes that break down pectin a polysaccharide found
in plant cell walls into simpler molecules like galacturonic acids. Pectic enzymes are
widely distributed in nature and are produced by bacteria, yeast, fungi and plants. In
plants, pectic enzymes are very important since they play a role in elongation and cellular
growth as well as in fruit ripening. Pectolytic activity of microorganisms plays a
significant role, firstly, in the pathogenesis of plants since these enzymes are the first to
attack the tissue. In addition, they are also involved in the process of symbiosis and decay
of vegetable residues [16]. Thus, by breaking down pectin polymer for nutritional
purposes, microbial pectolytic enzymes play an important role in nature. These enzymes
are inducible, produced only when needed and they contribute to the natural carbon cycle
[17].

They can be extracted from fungi such as Aspergillus niger. The fungus produces
these enzymes to break down the middle lamella in plants so that it can extract nutrients
from the plant tissues and insert fungal hyphae. If pectinase is boiled it is denatured
(unfolded) making it harder to connect with the pectin at the active site, and produce as
much juice.

Pectinases are also used for retting. Addition of chelating agents or pre-treatment of
the plant material with acid enhances the effect of the enzyme.

5. CLASSIFICATION

Different types of pectic enzymes vary in how they degrade pectin. Pectinase
enzymes can be broadly classified into two groups as follows (Table 2, Figure 2).

Pectinases

l

Esterases Depolymerases

Act on pectin

1. Pectin methyl esterase

(EC31.1.11)
2. Pectin acetyl esterase
(EC3.1.16) ',
Act on petin l \lAcl on poygelecturosic acid l Act on shamnogalactironan
1. Polymethylgalacturonase hydrolysis 1. Polygalactoronase (PG)hydrolysis 1 R " (RG)hydeoly
Endo PG (EC 32.1.15) v
2. Pectin lyase (PL) transelmanation Exo PG1 (EC 3.2.1.67) 2. Rhamanogalacturonan lvase (RGL
Endo PL (EC4.2.2.10) Exo PG1 (EC 3.2.1.82) § }ykm(im)mn
2. Pectate lyase (PGL) ransebmunation
Endo PGL (EC4.22.2)
Exo PGL(EC4229)

Figure 2. Classification of different pectinases based on their reaction with different pectin
substances [35].
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Table 2. Classification of pectinolytic enzymes [43]

Enzyme Action Primary Substrate Product
mechanism

Esterase Hydrolysis | Pectin Pectic acid and methanol

1.Pectin methyl estrase

Depolymerizing enzymes Hydrolysis | Protopectin Pectin

a. Hydrolases

1. Protopectinases

2. Endopolygalacturonase Hydrolysis | Pectic acid Oligogalacturonates

3. Exopolygalacturonase Hydrolysis | Pectic acid Monogalacturonates

4. Exopolygalacturonan- Hydrolysis | Pectic acid Digalacturonates

digalacturonohydrolase

5. Oligogalacturonate hydrolase Hydrolysis | Trigalacturonate Monogalacturonates

6. A 4:5 Unsaturated Hydrolysis | A4:5(Galacturonate)n Unsaturated monogalacturonates

oligogalacturonatehydrolases & saturated (n-1)

7. Endopolymethyl-galacturonases Hydrolysis | Highly esterified pectin Oligomethylgalacturonates

8. Endopolymethyl-galacturonases Hydrolysis | Highly esterified pectin Oligogalacturonates

b. Lyases Trans- Random Pectic acid Unsaturated oligogalacturonates

1. Endopolygalacturonase lyase elimination

2. Exopolygalacturonase lyase Trans- Pectic acid Unsaturated digalacturonates
elimination

3. Oligo-D-galactosiduronate lyase Trans- Unsaturated digalacturonates | Unsaturated monogalacturonates
elimination

4. Endopolymethyl-D-galactosiduronate | Trans- Unsaturated poly-(methyl- Unsaturated

lyase elimination | D-digalacturonates) methyloligogalacturonates

5. Exopolymethyl-D-galactosiduronate | Trans- Unsaturated poly-(methyl- Unsaturated

lyase elimination | D-digalacturonates) methylmonogalacturonates

5.1. Esterases

These enzymes catalyse the de-esterification of pectin by the removal of methoxy
esters. Pectin methyl esterase or pectinesterase (PE) (EC 3.1.1.11) catalyzes de-
esterification of the methoxyl group of pectin forming pectic acid and methanol. The
enzyme acts preferentially on a methyl ester group of galacturonate unit next to a non-
esterified galacturonate unit. It acts before polygalacturonases and pectate lyases which
need non-esterified substrates [11].

PE works differently according to its origin [18] like fungal PEs remove the methyl
groups at random. Whereas plant PEs tends to act either at the non-reducing end or next
to a free carboxyl group and proceed along the molecule. The reaction catalyzed by PE
can be represented as follows [19]:

PE

Pectin + nH>O — Pectate + nCoHsOH
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The presence of PE is reported in plants, plant pathogenic bacteria and fungi [20]. PE
is produced by Phytophthora infestans [19], Erwinia chrysanthemi [21], Saccharomyces
cerevisiae [22], Pseudomonas solanacearum [23], Aspergillus niger [24], Penicillium
frequentans [25], Penicillium occitanis [26] and others. Among plants they are reported
in, viz., Carica papaya [27], Lycopersicon esculentum [28], Prunus malus [29], Vitis
vinifera [30], Pouteria sapota [31] and Malpighia glabra [32].

PE activity can be measured by gel diffusion assay and pH level [33, 34]. The
molecular weights of most PEs are in the range of 35-50 kDa [1]. The active range of pH
for PEs is from 4.0 to 8.0 where fungal PEs has a lower pH optimum than that of
bacterial origin. Optimum temperature range for maximal activity for majority of PEs is
40-50°C [32].

5.2. Depolymerases

These enzymes act on pectic substances either by hydrolysis or by trans-elimination
lysis.

5.3. Hydrolyases

These enzymes catalyze the hydrolytic cleavage with the introduction of water across
the oxygen bridge. Polygalacturonase and polymethylgalacturonase breakdown pectate
and pectin, respectively by the mechanism of hydrolysis. Depending upon the pattern of
action, i.e., random or terminal, these are termed as Endo or Exo enzymes, respectively.
Different hydrolases enzymes are as follows:

5.4. Protopectinases

Protopectinases (PPase) degrade the insoluble protopectin and give rise to highly
polymerized soluble pectin. These were named by Briton et al. [36]. Protopectinase
catalyzes the following reaction:

PPase
Protopectin + H2O —*®Pectin
(Insoluble) (Soluble)

The activity of PPase can be assayed by measuring pectin after the reaction of
protopectin and the carbazole-sulphuric acid [37]. One unit of PPase activity is defined as
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the enzyme that liberates pectin corresponding to 1 mmol of D-galacturonic acid per
millilitre of reaction mixture under assay conditions.
On the basis of reaction mechanism two types of PPases have been reported [38, 39].

5.4.1. A-Type PPases

These react with polygalacturonic acid region of protopectin inner site and found in
the culture filtrates of yeast. They have been isolated from Kluyveromyces fragilis
IFO0288, Galactomyces reesei L. and Trichosporon penicillatum SNO3 and are referred
to as PPase-F, -L and -S, respectively [2]. These three A-type PPases have similar
molecular weight (30 kDa) and are similar in biological properties but differ in chemical
properties like PPase-F is an acidic protein whereas PPase-L and -S are basic in nature.

5.4.2. B-Type PPases

These react on the outer site, i.e., on the polysaccharide chains that may connect the
polygalacturonic acid chain and cell wall constituents. They have been reported in
Bacillus subtilis IFO 12113 [40], B. subtilis IFO3134 [41] and Trametes sp. and are
referred to as PPase-B, -C and -T, respectively.

5.5. Polygalacturonases

Polygalacturonases (PGases) are the most comprehensively studied enzyme. They
catalyse the hydrolytic cleavage of the polygalacturonic acid chain. Endo-PGases are
present in fungi, yeast, bacteria [42] as well as in higher plants [41]. In plants, they are
involved in plant-fungal interactions [43]. Among microorganisms, these are reported in
Aureobasidium pullulans, Rhizoctonia solani Kuhn [44], Fusarium moniliforme [45],
Neurospora crassa [46], Rhizopus stolonifer [47], Aspergillus sp. [48], Thermomyces
lanuginosus [49] and Peacilomyces clavisporus [50].

Exo-PGases occur less frequently and reported in Erwinia carotovora [51],
Agrobacterium tumefaciens [52], Bacteroides thetaiotamicron [53], E. chrysanthemi [54],
Alternaria mali [55], Fusarium oxysporum [56], Ralstonia solanacearum [57] and
Bacillus sp. [54].

The activity of PGase is determined by measuring the rate of increase in number of
reducing groups; and the decrease in viscosity of the substrate solution [58]. One unit of
enzyme activity is defined as the enzyme that releases 1 mmol/ min galacturonic acid
under standard assay conditions. For viscosity, the unit of enzyme activity is mostly
selected as the amount of enzyme required for attaining a certain decrease of viscosity per
unit time.
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Among the PGases obtained from different microbial sources, most have the optimal
pH range of 3.5-5.5 and optimal temperature range of 30-50°C. But PGases reported
from Bacillus licheniformis and Fusarium oxysporum worked on basic pH (11.0) [1].

5.6. Lyases

Pectate lyase cleaves glycosidic linkages preferentially on polygalacturonic acid
forming unsaturated product (4, 5-D-galacturonate) through trans-elimination reaction.
Pectate lyase has an absolute requirement of Ca?* ions. Hence it is strongly inhibited by
chelating agents as EDTA. Pectate lyases are classified as endo- (EC 4.2.2.2) that acts
towards substrate in a random way, and exo- (EC 4.2.2.9) that catalyze the substrate
cleavage from non-reducing end [7].

COOR O COOR OH
o O= —HO oH
— +
OoH HO
COOR
OH OH COOR
(a)
PMG/PG

Figure 3. Mode of action of pectinases: (a) R = H for PG and CH3 for PMG; (b) PE; and (c) R = Hfor
PGL and CH3 for PL. The arrow indicates the place where the pectinase reacts with the pectic
substances. PMG, polymethylgalacturonases; PG, polygalacturonases (EC 3.2.1.15); PE, pectinesterase
(EC 3.1.1.11); PL, pectin lyase (EC-4.2.2.10) [72].

On the basis of the pattern of action and the substrate, lyases can be classified into
following type:
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e Endopolygalacturonate lyase (EndoPGL)

o Exopolygalacturonate lyase (ExoPGL)

o Endopolymethylgalacturonate lyase (EndoPMGL)
e Exopolymethylgalacturonate lyase (ExoPMGL)

The reactions catalyzed by lyases can be illustrated as follows:

PGL
Polygalactouronase — A4:5 unsaturated galactouronates
PMGL
Polymethylgalactouronate —— unsaturated methyloligogalactouronates

Many bacteria and fungi produce PGLs like different species of Colletotrichum such
as C. lindemuthionum [59], C. magna [60] and C. gloeosporioides [61], Bacteroides
thetaiotaomicron [62], Erwinia carotovora [63] Pseudomonas syringae [64].

As compared to PGLs, there are limited reports on the production of PMGLs and
these are produced by Aspergillus japonicus [65], Penicillium paxilli [66], Pythium
splendens [67], Pichia pinus [68] and Thermoascus auratniacus [69].

The activity of lyases can be measured by measuring the increase in absorbance at
235 nm due to formation of the A4,5 double bonds produced at the non-reducing ends of
the unsaturated products [70]. One unit of enzyme activity is defined as the amount of
enzyme that releases 1 mmol of unsaturated product per minute under assay conditions
[71].

6. PRODUCTION OF PECTINOLYTIC ENZYMES

Pectinase production occupies about 10 percent of the overall manufacturing of
enzyme preparations. The main sources for the pectinolytic complex enzymes are yeast,
bacteria and a large variety of filamentous fungi, for which the most relevant one are
Aspergillus.

Novozymes (Denmark), Novartis (Switzerland), Roche (Germany) and Biocon
(India) are some important commercial producers of pectinases [8].

7. MICROBIAL PECTINASE
Most of the industrial enzymes are obtained from microorganisms. 50 percent of

enzyme are obtained from fungi and yeast, 35 percent from bacteria and 15 percent are
obtained from plant origin [17]. Microbes are variously abled to syntehsize different
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types of pectolytic enzymes wich have different mechanisms of action and biochemical
properties [8].

The microbial production of pectinases became prominent for many decades. Many
microorganisms, viz., bacteria, yeast and fungi could produce pectinases. Evidence
showed that pectinases are inducible and they can be produced from different carbon
sources [8]. Several studies on microbial enzymes have shown the production of multiple
pectinase forms which differ on molecular mass and kinetic properties. There are many
studies that have been conducted related to the characterization of different microbial
pectic enzymes concerning their mechanisms of action and biochemical properties. The
optimal pH that these enzymes may act range 3.5-11 while the optimal temperatures vary
between 40-75°C.

Aspergillus niger pectinases are most widely used in industries because this strain
posses GRAS (Generally Regarded as Safe) status so that metabolites produced by this
strain can be safely used. This fungal strain produces various pectinases including
polymethylgalacturonase (PMG), polygalacturonase (PG) and pectinesterase (PE) [8].

Members of actinomycetes [73] and yeast [74] have been used in pectinase
production. Presence of inducer in the culture medium elevated the level of extra-
cellularly induced enzymes [75].

Microbiologically derived pectinases find more uses due to their advantage over plant
and animal derived pectinases. The reasons being cheap production, easier gene
manipulations, faster product recovery, and further microbial enzymes are usually free of
harmful substances [76].

There are two fermentation techniques for pectinases production.

1. Solid State Fermentation (SSF)
2. Submerged fermentation (SmF).

In solid state fermentation microbes are grown on moist solid substrate (innert carrier
or insoluble substrate) that can be used as carbon source. Various susbstrates with
different capacity for liquid retention can be used according to the requirement [17].
Whereas, in submerged fermentation microbes with the nutrients are submerged in water.
SmF is used to produce 90 percent of all industrial enzymes. Enzymes produced by
submerged fermentation are too expensive for agro-biotechnological applications [25].
Therefore, use of high yielding strains, optimal fermentation conditions and cheap raw
materials as a carbon source can reduce the cost of enzyme production for subsequent
applications in industrial processes [43]. SSF is beneficial than SmF on various
parameters such as growth rate, productivity or volume activity [77]. Different
advantages of SSF are:
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Low water demand

High concentration of the end product
Catabolite repression

Utilisation of solid substrate

Lower sterility demands

Solid support for microorganism

Simulation of the natural environment
Fermentation of water-insoluble solid substrates
Mixed culture of microorganisms

High-volume productivity

Low energy demand for heating

Easy aeration

Utilisation of otherwise unusable carbon sources
No anti-foam chemicals

8. CONDITIONS OF OPTIMUM PRODUCTION

As with all enzymes, pectinases have an optimum temperature and pH at which they
are most active. Several substances have been used to induce pectolytic enzymes
sometimes it is pectin itself. Different complex media like wheat bran, beet sugar, ground
nut meal and citrus fruit peels have also been used by different researchers [78]. Table 3
shows the optimal fermentation conditions for pectinase production by various micro
organisms. Various studies related to the characterization of microbial pectic enzymes
concerning their mechanisms of action and biochemical properties have been concluded
that the optimal pHs for action range between 3.5-11 and the optimum temperatures vary
between 40-75°C [8, 11]. Most commercial pectinase might typically be activated at 45
to 55°C and work well at a pH of 3.0 to 6.5.

9. PECINASE AND HUMAN NUTRITION: HUMAN GUT FLORA,
PECTINASES AND DIETARY FIBER

Bacteria that colonize the mammalian intestine collectively possess a far larger
repertoire of degradative enzymes and metabolic capabilities than their hosts [80]. The
gastrointestinal microbiota is influenced by a number of factors including genetics, host
physiology (age of the host, disease, stress, etc.) and environmental factors such as living
conditions and use of medications [81].
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Table 3. Fermentation conditions for pectinase productionby various microorganisms [79]

S. No. Microorganism Substrate Fermentation

Type Temp. pH
1 Aspergillus niger A138 Sucrose SmF 32 4.5
2 Aspergillus niger 3T5B8 Wheat bran SSF 32 —
3 Bacillus sp. DT7 Pectin SmF 37 7.2
4 Penicillium veridicatum RFC3 Orange bagasse, Wheat bran SSF 30 —
5 Bacillus sp. DT7 Wheat bran SSF 37 -
6 Aspergillus fumigates Wheat bran SSF 50 —
7 Aspergillus niger Sunflower head SSF 30 5.0
8 Aspergillus fumigatus MTCC 870 Wheat flour SmF 30 5.0
9 Penicillium chrysogenum Sucrose SmF 35 6.5
10 Aspergillus heteromorphus Orange peel SmF 30 4.5
11 Thermomucor indicae-seudaticae Wheat bran, Orange bagasse SSF 45 —
12 Penicillium sp. Pectin SSF 35 6.0
13 Fomes sclerodermeus Soy and Wheat bran SSF 28 —
14 Bacillus subtilis Pectin SmF 50 7.0
15 Bacillus sp. AD 1 Pectin SmF 37 7.0
16 Aspergillus niger Pectin SmF 37 5.5
17 Aspergillus sojae M3 Orange peel SSF 22 —
18 Aspergillus flavus Orange peel SSF 40 5.5
19 Penicillium atrovenetum Orange peel SSF 40 5.0
20 Aspergillus oryzae Orange peel SSF 35 5.5
21 Bacillus subtilis Date syrup SmF 45 8.0
22 Pseudozyma sp. SPJ Citrus peel SSF 32 7.0
23 Mixed culture of Aspergillus fumigatus, Pineapple residue SSF 35 5.0

Aspergillus sydowii

24 Aspergillus niger Sour oranges peel SSF 30 5.0
25 Streptomyces sp. Pectin SmF 30 8.5
26 Penicillium citrinum Sugar beet pulp SSF 30 5.5
27 Erwinia carotovora Pectin SmF 35 5.2
28 Bacillus firmus Pectin SmF 50 7.0
29 Aspergillus niger Date pomace SmF - 6.18
30 Rhizomucor pusillus Pectin SSF 45 5.0
31 Rhodotorula glutinis MP-10 Citrus pectin SmF 30 55
32 Aspergillus sojae Wheat bran SSF 37 6.0
33 Aspergillus niger HFD5A-1 Citrus pectin SmF 30 45
34 Trichoderma viridi Orange peel SSF 30 5.5
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It is well known that pectin (which is consumed mostly in the form of fruits and
vegetables but also as hydrocolloid in “functional foods,” jellies, milk products, etc.) is
fermented in the large intestine to short chain fatty acid (SCFA) and gases.
Decomposition of the polysaccharide pectin occurs during the following main steps: (i)
macromolecular pectin, (ii) (unsaturated) oligoGalA, (iii) monogalacturonic acid (or its
rearrangement products), and (iv) SCFA (and gases). The rate of enzymatic reactions is
influenced by synergistic effects of bacteria and molecular parameters of the substrate
(Pectin), such as the degree of esterification.

Recently, there has been increasing evidence that fermentable dietary fibers modulate
various properties of the immune system as prebiotics, including those of the gut-
associated lymphoid tissues. These fermentable prebiotic fibers potentially mediate
immune changes through the colon bacteria [82]. Preparation of functional food
ingredients by debranching and depolymerization of guar galactomannan using
pectinases has also been suggested by Shobha et al. [83]. Pectin, which is not degraded in
the human gut has application as a dietary fiber, increases the viscosity in the intestinal
tract, which leads to reduced cholesterol absorption. In recent years, pectin methyl
esterase (PME) modified pectin to obtain superior gelling agents, which are gaining
attention as functional foods. The process involves enzymatically demethylating pectin
and cross linking with added Ca?* atoms to obtain modified pectins with various gelling
and emulsion stabilizing properties. High-viscosity pectin is thought to lower cholesterol
levels by raising the excretion of fecal bile acids and neutral sterols. It may also interfere
with the formation of micelles and/or lower the diffusion rate of bile acid and cholesterol-
containing micelles through the bolus, consequently diminishing the uptake of cholesterol
and bile acids. Demethylated pectin has the ability to associate ions because of a high
content of negative charges. Thus, it can behave as a weak cation exchange resin and,
depending on the pH conditions, chelate toxic ions or make available minerals in the gut.
It has been shown that demethylated pectins are more rapidly fermented by intestinal
bacteria, forming short-chain fatty acids, acetate, propionate, and butyrate. These, apart
from protecting the bowel against inflammatory diseases, also modulate the release of gut
hormones that control insulin release and appetite [84]. Thus, pectin modified with
pectinases find application as functional ingredients in different food products for
probiotic applications [85].

10. COMMERCIAL APPLICATIONS OF PECTINASES

Pectinases were some of the first enzymes to be used in homes. Commercial
application of pectinases was first observed in 1930 for the preparation of wines and fruit
juices [7].
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In 1960s, when the knowledge of chemical nature of plant tissues became apparent,
scientists began to use a greater range of enzymes more efficiently [86]. Over the years,
pectinases have been used in several conventional industrial processes, such as textile,
plant fiber, tea, coffee processing oil extraction, treatment of industrial wastewater
containing pectinacious material. They have also been reported to work on purification of
viruses and in making of paper but are yet to be commercialized [12]. As a result,
pectinases became one of the important upcoming enzymes of the commercial sector
especially for fruit juice industry as a prerequisite for obtaining well clarified and stable
juices with higher yields [86].

Table 4. Commercial applications of pectinases [76]

Area Application
Juice industry Juice clarification
Textile industry They are capable of depolymerising the pectin breaking it into low molecular water soluble

oligomers improving absorbency and whiteness of textile material andavoiding fiber damage
Pulp and paper industry | Effective in biobleaching of mixed hard wood and bamboo kraft pulp,

Wine industry Improve wine characeristics of colour and turbidity, improvement of chromaticity and
Stability of red wines
Coffee and tea Fermentation by breaking pectins present in tea Leaves

fermentation

Oil extraction By avoiding emulsification formation

Pectinolytic enzymes can be applied in various industrial sectors wherever the
degradation of pectin is favourable for a particular process. Pectinases can be divided into
two groups based on the optimum activity pH of these enzymes: acidic and alkaline [87].
Fruit juice clarification/extraction, wine processing, saccharification of biomass, isolation
of protoplasts requires acid pectinase whereas alkaline pectinases are important for
retting and degumming of plant fibers as an ecofriendly alternative to the traditional
chemical processes. Textile industry and paper and pulp industry require alkaline
pectinases. Table 4 shows various industrial applications of commercial pectinases.

10.1. Processing of Animal Feed

Pectinolytic enzymes have a significant role in maintaining ecological balance by
causing decomposition and recycling of plant materials [87]. Pectinases are used as
additives in animal feeds, mainly for poultry and ruminants, as it helps in improving
digestibility and nutritional value [88]. Pectinases are also used for the saccharification of
pectin-rich agricultural residues, with the resulting sugars being used for the production
of ethanol or platform chemicals [89].
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Enzymes have been used for decades to improve the utilization of swine and poultry
diets [90]. Usage of pectinases for ruminant’s feed production can reduce the feed
viscosity, which increases absorption of nutrients and liberates nutrients. By hydrolysis of
non-biodegradable fibers or by liberating nutrients blocked by these fibers and reduces
the amount of faeces [43]. In addition Jacob et al. [87] reported that the reducing sugar
level was increasing gradually for banana fiber treatment with polygalacturonase
indicating the effectiveness of the treatment and it was evident that the cells were
separated after treatment as a result of pectin hydrolysis. This may be reflecting the
importance of use pectinases as a fiber degrading enzymes in animal feed production.
The mechanism by which exogenous fibrolytic enzymes improves feed by rumen
microorganisms is still unknown and several potential modes of action have been
proposed. These include: a) Increase in microbial colonization of feed particles. b)
Enhancing attachment and improving access to the cell wall matrix by ruminal
microorganisms and by doing so, accelerate the rate of digestion. ¢) Enhancing the
hydrolytic capacity of the rumen due to added enzyme activities and synergy with rumen
microbial enzymes [43].

10.2. Uses in Bio Refineries

Biomass is a plentiful resource, as it includes wood and its residues, agricultural
crops and their corresponding residues, food waste, municipal solid waste as well as
algae and microalgae [91]. Pectinases are also being used in bio refineries for
hydrolyzing pectin present in pectin-rich agro-industrial wastes [88]. These wastes are
processed into simple sugars so that they could be converted into bioethanol or used as
fermentable sugars [92].

10.3. Extraction of Juice from Soft Fruits

Fruits are mainly water (75-90%), most located in vacuole causing turgor to the fruit
tissue, and fruit juice is prepared by mechanically squeezing or macerating fresh fruits
without the application of heat or solvents. Juices are products for direct consumption and
are obtained by the extraction of cellular juice from fruit; this operation can be done by
pressing or by diffusion [93].

Juices can be easily expressed from fruits like lemons, oranges, tomatoes, pineapple
etc. But tropical fruits are usually too pulpy and pectinaceous to yield juice by simple
pressing or centrifugation [76]. In soft fruits like guava, banana, papaya, mangoes etc.,
mechanical crushing results into highly viscous fruit puree from which it is difficult to
extract juice directly by pressing. Mechanical crushing of the tissues gives juice that
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remains bound to the pulp to form a jellified mass. The pectin divides itself between the
liquid phase and the pulp particles, causing an increase in the viscosity of the juice and
facilitating water retention [94]. Thus, in order to improve yield of juice with high
aromatic quality in a short processing time, to increase its nutritional quality and to
reduce the amount of waste, there is a need to degrade the pectin. For this reason,
addition of pectinolytic enzyme preparations to the fruit pulp prior to pressing is a
prerequisite for obtaining a satisfactory juice yield [95].

Pectinases play a crucial role to reduce the viscosity, increase the yield and
clarification of juice by liquification of pulps, and removal of the peels and in maceration
of vegetables to produce various products like pastes and purées [79]. Pectinases in
combination with other enzymes, viz., cellulases, arabinases and xylanases, have been
used to increase the pressing efficiency of the fruits for juice extraction [96].

The largest industrial application of pectinases is in fruit juice extraction and
clarification. A mixture of pectinases and amylases is used to clarify fruit juices. It
decreases filtration time up to 50 percent [97].

10.4. Wine Production

Enzymes play a pivotal role in the wine making process; many of these enzymes
originate from the grape itself. Since the endogenous enzymes of grapes, yeasts and other
microorganisms present are often neither efficient nor sufficient to effectively catalyse,
commercial enzyme preparations are widely used as supplements [98]. The most widely
used enzymes available for commercial use in winemaking are:

e Pectinases, glucanases, xylanases and proteases: pectinases, glucanases,
xylanases and proteases are used for improving the clarification and processing
of wine

e Glycosidase: to release of varietal aromas from precursor compounds

e Urease: For reduction in ethyl carbamate formation

e Glucose oxidase: For eduction in alcohol levels

Pectinases have also been used in wine production since 1960s. The pectic enzymes
play an important role in braking down grape pulp and skin cells and are able to split
those chains and saccharide bonds between the chains. Pectinases are used predominantly
on red varieties. Pectinase functions by breaking down the cell walls of red grape skins,
thereby extracting anthocyanins (red color in red grapes) and tannin. This then helps to
improve the overall color intensity, as well as the color stability of a wine, by allowing
the anthocyanins to bind with tannin, as well as its structure. An additional benefit of
pectinase treatment is that particles settle more quickly [99].
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10.5. Tea and Coffee Production

Pectinases play an important role in coffee and tea fermentation. Fermentation of
coffee using pectinolytic microorganisms is done to remove the mucilage coat from the
coffee beans. Pectic enzymes are sometimes added to remove the pulpy layer of the bean,
three-fourths of which consists of pectic substances. Cellulases and hemicellulases
present in the enzyme preparation aid the digestion of the mucilage. A diluted
commercial enzyme preparation is sprayed on to the beans at a dose of 2-10 g per ton at
15-20°C. The fermentation stage of coffee processing is accelerated and reduced from 80
hours to about 20 hours by enzyme treatment. Since large-scale treatment of coffee with
commercial pectinases is costly and uneconomical, inoculated waste mucilage is used as
a source of microbial pectic enzymes. The fermentation liquid is washed, filtered and
then sprayed on to the beans [11].

10.6. Extraction of Vegetable Oil

Enzymes involved in the breakdown of plant cell wall polyssaccharides can be used
to extract vegetable oils, coconut germ, palm, sunflower seed, rape seed olives and kernel
oils which are traditionally produced by extraction with organic solvents, such as the
potentially carcinogen hexane. By degrading cell wall components like pectin enzymes
promote the oil liberation [7]. It is known that the addition of cell-wall-degrading enzyme
preparations during the mechanical extraction of olive oil can improve the release of
phenolic compounds in oil. In a study conducted by Vierhus et al. [100] on effect of
enzyme treatment during mechanical extraction of olive oil on phenolic compounds and
polysaccharides, researchers revealed that the use of pectinase changed part of the cell
wall structure. Addition of pectinase also reduces the complexion of the phenolic
compounds with the polysaccharides, thus it further improve the concentration of free
phenols in the pastes and their release in the oil and vegetation water during processing.
Also, the addition of pectolytic enzymes resulted in weakening and disruption of the cell
wall, thus facilitating the release of phenolic compounds from the fruit.

10.7. Textile Industry

Pectinolytic enzymes have been applied to the retting and degumming of jute, sunn
hemp, flax, ramie and coconut fibers for textile application. Retting is a fermentation
process in which certain bacteria (e.g., Clostridium, Bacillus) and certain fungi (e.g.,
Aspergillus, Penicillium) decompose the pectin of the bark and release fiber.
Commercially, retting is done by one of the two basic forms. In dew retting (an aerobic
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process) plant straw is thinly spread on the ground and exposed to the action of the fungi
and aerobic bacteria for 2-10 weeks. Species of Cladosporium, Penicillium, Aspergillus
and Rhodotorula have been isolated from dew-retted plants. Dew retting may produce
fiber of a lower quality than the alternative anaerobic process. Anaerobic retting is
achieved by submerging straw sheaves in water pits, concrete tanks or in running fresh
water. Tank and other stagnant retts rapidly become depleted of dissolved oxygen
encouraging the development of an anaerobic flora. Species of Clostridium especially
Clostridium butyricum and C. felsineum are considered as the major retting agents [11].
Kapoor and co- workers [101] had run three treatments on ramie and sunn hemp bast
fibers: enzymic, chemical and chemical associated with enzymic treatment. Of the three
treatments, the third one was the most promising for degumming. The scanning electron
microscopic studies revealed a complete removal of non-cellulosic gummy material from
the surface of ramie and sunn hemp fibres [7].

10.8. Recycling of Paper

Pulp and paper mills are beginning to use enzymes to solve problems in their
manufacturing processes. Paper making is essentially a continuous filtration process in
which a dilute suspension of fibers, fiber fragments (fines), and inorganic filler particles,
such as clay or CaCOs, is formed into sheets [11].

During papermaking, alkaline peroxide bleaching of mechanical pulps solubilizes
acidic polysaccharides which are troublesome interfering substances. Some of these
acidic polysaccharides are pectins, or polygalacturonic acids. The ability of
polygalacturonic acids to complex cationic polymers (cationic demand) depends strongly
on their degree of polymerization, so monomers, dimers, and trimers of galacturonic acid
did not cause measurable cationic demand, but hexamers and longer chains had high
cationic demand. Pectinases can depolymerize polymers of galacturonic acid, and
consequently lower the cationic demand of pectin solutions and the filtrates from
peroxide bleaching [7].

10.9. Waste Water Treatment

The wastewater from the citrus-processing industry contains pectinaceous materials
that are barely decomposed by microbes during the activated-sludge treatment. This
waste water can be treated by using an alkalophillic microorganism. Alkalophilic Bacillus
sp. (GIR 621) produces an extracellular endopectate lyase in alkaline media at pH 10.0.
Treatment with this strain has proved to be useful in removing pectic substances from the
wastewater [102].

Complimentary Contributor Copy



278 Richa Soni, Kshipra Kapil (née Soni) and N. K. Jain

Treatment of wastewater from citrus processing industries by conventional methods
such as physical dewatering, spray irrigation, chemical coagulation, direct activated
sludge treatment and chemical hydrolysis followed by methane fermentation possess
some drawbacks such as low efficiency due to chemical resistance of the pectic
substances, high treatment cost, long treatment periods and complexity of the process
[16]. A soft-rot pathogen, Erwinia carotovora (FERM P-7576), which secrets endo-
pectate lyase, has been reported to be useful in the pretreatment of pertinacious
wastewater [102]. Pre treatment of these wastewaters with pectinolytic enzymes
facilitates removal of pectinaceous material and renders it suitable for decomposition by
activated sludge treatment [16].

CONCLUSION AND FUTURE PERSPECTIVES

Enzymes are extremely effective biological catalysts which perform all synthetic and
degradative reactions in living organisms. The enzymes are favoured to chemicals in
commercial endeavour mostly because of their high catalytic power, specific mode of
action, stereo specificity, environmentally friendly nature and reduced energy demand.
Pectinolytic enzymes are classified on the basis of their catalytic activity to pectin or its
derivatives. Microbial pectinases are the leading enzyme of the industrial sector. There
are a lot of industrial processes to which pectinases can be applied to improve the quality
and the yield of final products. These enzymes are eco-friendly tool of nature that are
being used extensively in various industries. Over the years pectinases have been used in
several conventional industrial processes. Some of the established applications of
pectinolytic enzymes are in fruit and vegetable processing industry, wine industry, paper
industry for bleaching of pulp and waste paper recycling; fermentation of tea—coffee,
processing of animal feed; extraction of vegetable oil and scouring of plant fibres.

The industry currently uses pectinases from mesophilic or thermophilic
microorganisms but recently, there has been is a new trend in the food industry to adopt
low-temperature processing and therefore, psychrophilic pectinases derived from cold-
adapted microorganisms have been isolated and characterized in many recent studies.
Many species of pectinase producing bacterial have also been found in the huam gut
flora. Recent perspectives on the use of pectin and its derivatives as dietary fibers suggest
enzymatic synthesis of the right oligomers from pectin for use in human nutrition.
Purification and characterization of these enzymes can lead to a better understanding of
its contribution in these processes.
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ABSTRACT

Industrial use of microbial enzymes has increased greatly in 21 century and
continuously increases due to their significant potential. These microbial enzymes have
gained global recognition for their widespread use in various sectors of industries.
Naringinase, a multienzyme complex, possesses a-L-rhamnosidase and B-glucosidase
active centers. Naringinase has debittering properties and have applied commercially for
its ability to breakdown the compound naringin in citrus juices which confers a bitter
taste. Firstly, rhamnosidase breaks naringin into prunin and rhamnose, followed by
breaking prunin into glucose and naringenin by glucosidase. Naringinase had gained a
great attention in recent years due to its numerous applications and safety. Hydrolytic
activities of naringinase include production of rhamnose, prunin, and debittering of citrus
fruit juices. Fungal naringinases have been extensively studied during the past decade and
used industrially in large amounts. These enzymes improved the trend of usage as organic
based feed additives which create a new ground in organic agriculture. This decreases the
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usage of synthetic chemicals in animal and could have an appreciable impact on the
national gross domestic product if adopted in agro-allied industry. Further research
should be directed towards biomolecular engineering to get strains with high specificity
and action directed for high safety degree.

Keywords: naringinase, a-L-rhamnosidase, debittering, feed additives, microbial
enzymes

1. INTRODUCTION

Enzymes are one of the most important biomolecules that have a wide range of
industrial applications. Industrial uses of microbial enzymes have increased greatly in 21%
century and continuously increase as enzymes have significant potential for many
industries. Enzymes had potential applications in various industrial sectors include
pharmaceuticals, food, feed, beverages as well as paper and pulp, detergents, and leather
processing [1, 2]. Microbial enzymes have significant importance in waste management,
and consequently have a green biotechnology and environmentally-friendly features.
Enzymes are currently among the well-established products in biotechnology. The global
enzymes market was valued at $7,082 million in 2017, and is projected to reach $10,519
million in 2024, registering a CAGR (compound annual growth rate) of 5.7% from 2018
to 2024 [3]. Enzymes are biological molecules, proteinaceous in nature with the
exception of catalytic RNA molecules (ribozymes), and act as catalyst to support almost
all of the chemical reactions required to sustain life [4]. Enzymes are highly specific and
accelerate the rate of particular biochemical reaction by lowering the activation energy
without undergoing any permanent change in them, and therefore, are vital biomolecules
that support life [5].

Microbial enzymes have gained recognition globally for their widespread use in
diverse sectors of industries, e.g., food, agriculture, chemicals, medicine, and energy.
Enzymes of safe organic origin such as naringinase are rapidly gaining the world’s
interest because of reduced process time, intake of low energy input, cost effective,
nontoxic and eco-friendly characteristics [6, 7, 8]. Naringinase is a debittering enzyme
used for commercial production of citrus juices. It breaks down the compound naringin
that gives citrus juices its bitter taste [8]. Naringinase is a hydrolytic enzyme containing
both a-L-rhamnosidase and B-glucosidase activities. Firstly, o-L-rhamnosidase
hydrolyzes naringin into rhamnose and prunin (4,5,7-trihydroxy flavanone-7-glucoside),
the prunin is then simultaneously converted into glucose and naringenin (4,5,7-trinydroxy
flavanone) by the B-glucosidase activity [9, 10]. The enzyme code number of the
naringinase and rhamnosidase are the same (EC 3.2.1.40).

Naringin and limonin are two bitter components of some citrus products such as
grapefruit juice. Naringin could be removed by hydrolysis with immobilized naringinase
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and limonin might be removed by adsorption with cellulose monoacetate gel beads or
cellulose triacetate gel beads [11]. Naringinases are applied in production of glycopeptide
antibiotic, deglycosylation of flavonoids, and gellan depolymerization [12, 13]. The
products of hydrolysis (rhamnose, prunin, and naringenin) showed biological activities
and are considered as precursors for synthesis of substances applied in pharmaceutics,
cosmetics, and food technology [14]. Recent reviews on the status of naringinases are
somewhat scarce [15, 16, 17, 18]. This chapter has focused on applications of microbial
naringinase in juice industry and its potential applications in biotechnology.

2. NARINGIN AND NARINGENIN

Naringin and naringenin are antioxidant constituents of many citrus fruits which are
very beneficial in the cells of humans and animals by mopping up reactive oxygen,
nitrogen oxygen species, and other radicals to prevent cell death. Naringenin is a
metabolite of naringin [19]. Naringin is metabolized to the aglycone naringenin (has no
bitter taste) by naringinase present in the gut, in humans. Both compounds are naturally
found in high concentrations in grapefruits, citrus fruits, tomatoes, and grapes.
Naringenin is the predominant flavanone in grapefruit while naringin is the major
flavonoid glycoside in grapefruit, conferring the fruit its bitter taste. Naringin has two
more sugar molecules attached to it, while naringenin does not possess these sugar
molecules. Plants store their energy as sugars so by attaching sugars to molecules such as
naringin. Solubility of naringin and naringenin in different solvents increases with an
increase of temperature. Comparative studies on the solubility phenomena of naringin
and naringenin in different solvents are less studied and often very scarce.

Several biological activities have been ascribed to the phytochemical naringenin,
among them antioxidant, antitumor, antiviral, antibacterial, anti-inflammatory,
antiadipogenic and cardioprotective effects. Nonetheless, most of the data reported have
been obtained from in vitro or in vivo studies. Although some clinical studies have also
been performed, the main focus is on naringenin bioavailability and cardioprotective
action. In addition, these studies were done in compromised patients (i.e.,
hypercholesterolemic and overweight), whereas the effect on healthy volunteers is still
debatable. In fact, naringenin ability to improve endothelial function has been well-
established. Indeed, the currently available data are very promising, but further research
on pharmacokinetic and pharmacodynamic aspects is encouraged to improve both
available production and delivery methods and to achieve feasible naringenin-based
clinical formulations [20, 21].

Use of natural antioxidants can play a vital role to extend the shelf life. Both in vivo
and in vitro studies have recognized the worth of naringenin for several preclinical
models of neurodegenerative disorders, cardiovascular diseases, o0steoporosis,
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atherosclerosis, rheumatological disorders, and diabetes mellitus [22]. Moreover,
naringenin plays a chief role in lowering cholesterol, triglycerides and improvements in
immune functions and anti-oxidant status, as reported in human and different animal
model studies. This flavonoid has faced limited research and usage in the poultry
production industry, although it has many promising biological effects [22].
Nevertheless, few some studies have been carried out on citrus bioflavonoids and/or
various citrus fruits for their possible applications in poultry. Naringin could boost
humoral and mucosal immunity in animal and poultry.

2.1. Debittering of Naringin

Naringin must be removed or reduced from the processed juice products. The active
principals responsible for bitterness in orange and grapefruit are flavonoids (naringin)
and limonoids (limonin). This bitter taste could be decreased by naringinase which made
more wholesome and acceptable in taste, especially naringinases that produced by
microorganisms. Nowadays, microbial naringinase has completely replaced the chemical
methods due to cost effective production and economically viable process [10]. Studies
on the filamentous fungi, like Penicillium sp., Aspergillus sp., and Rhizopus sp., have
confirmed the ability of these fungi to produce naringinase when grown on a bitter
compound like naringin as a substrate [21].

2.2. Flavonoid Naringin

Recently, it is reported that citrus flavonoid naringin is a promising nutritional
supplement that showed beneficial health implications in humans, animals and poultry
[22]. Flavonoids are ubiquitous plant metabolites, that constitute an important group of
natural compounds with various biologic activities and have been the subject of great
interest for scientific research [22]. Citrus flavonoids have been established as an
important sub-class of flavonoids. Citrus flavanones like naringin play an important role
as anti-inflammatory, ant-oxidative, anti-apoptotic, antidepressant, hypolipidemic,
immunoregulatory, hepatoprotective, wound healing, anti-diabetic and antihyperglycemic
agent [22, 23]. Naringin plays a critical role in lowering triglycerides, cholesterol,
improve immune functions, and anti-oxidative status. Naringin could be considered as a
natural anti-oxidant due to being a strong scavenger of free radicals and preventing lipid
peroxidation. It constitutes a major category of nature-derived bioactive compounds, has
potent anti-oxidant and anti-inflammatory effects that render it as a promising dietary
supplement in animal and poultry feeds. Naringin citrus flavonoid could be used as a
natural feed additive to improve health and has potential to lower medicinal cost in
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animal and poultry industry. Overall biological activities of naringin are represented in
Table 1.

3. NARINGINASE

Naringinase has been reported in the literature since 1938, initially in isolates from
celery seeds and later in grapefruit leaves [24, 25]. In 1955, one of the first reports
focused on naringinase production from molds was published by Kishi [26]. In this study,
an estimated number of 96 strains were explored, and Aspergillus niger was established
as the best producer of naringinase [26]. Subsequently, the enzyme has been isolated
from several strains including bacteria [27], yeast [28, 29], and fungi [16, 30, 31, 32].
Citrus fruit juice has potential consumer demand due to its nutritional value and taste.
Naringin is one of the bitter components that found in citrus fruits. During extraction of
juice from the citrus fruits, naringin will impart the bitterness taste to the juice. Therefore,
alteration of naringin into bitter-free component is an important step to achieve consumer
acceptance of citrus juice [33]. On other side, citrus peel is considered as waste in the
food industry, which has naringin as a principle component. Technology of exploiting
citrus pulp with peel have potential application in food industry, pharmaceutical industry,
debittering of citrus juice as well as production of citrus peel concentrate, production of
antibiotics, anti-inflammatory and antiviral component from citrus peel [33]. Among the
several methods employed, the enzymatic degradation was found to be a cost-effective
method. Naringinase expresses activity on a-L-rhamnosidase and -D-glucosidase.

Many natural glycosides, including naringin, rutin, quercitrin, hesperidin, diosgene,
and ter-phenyl glycosides, containing terminal a-rhamnose and B-glucose can act as
substrates of naringinase [15]. Naringinase, entrapped in alginate beads, was used in the
debittering of grapefruit (Citrus aurantium) juice. Bitterness was reduced and resulted in
84% naringin hydrolysis [43]. The fenugreek seeds (Trigonella foenum graecum) upon
enzymatic hydrolysis by naringinase produced sapogenins and diosgenin, precursors of
clinically useful steroid drugs [15]. a-L-Rhamnosidase expressed by naringinase can be
used in preparation of many drugs and drug precursors. o-L-rhamnosidase hydrolyzes the
diosgene (a saponin) to produce a-L-rhamnose and diosgenin which is used in synthesis
of clinically useful steroid drugs analogues such as progesterone [44].

Microorganism are the main sources of naringinase, although these enzymes have
also been found in liver tissues of the marine gastropod Turbo cornutus, pig, and plant
sources such as celery seeds and grapefruit leaves [16]. Processes based on microbial
naringinases are, however, feasible for industrially practicable [16, 29, 31, 33].
Naringinase is produced by many microorganisms, mainly filamentous fungi
(Aspergillus, Circinella, Eurotium, Fusarium, Penicillium, Rhizopus, and Trichoderma)
[31, 32, 33, 45]. Microorganisms as a source for naringinase are represented in Table 2.
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Naringin

Effect

Reference

Feed additive:

For rats, animals,
rabbits. For production
of healthier chicken
meat in poultry
industry.

Supplementation of naringin had significantly decreased the
detrimental effect of the higher levels of liver enzymes in the
plasma. Induced hepatotoxicity, significantly decreased the lipid
peroxidation and restored the activities of anti-oxidative
enzymatic indices like glutathione peroxidase, glutathione S-
transferase, and catalase in the liver. Naringin has the ability to
prevent the upsurge in hepatic biomarkers of enzyme activities
and decreased the hepatic fibrosis and lipid deposition in the
high-fat-diet and high- carbohydrate-fed, in obese rats. Both
naringin and naringenin are strong free radical scavengers and
have the potential as lipid peroxidation inhibitors in vivo.
Dietary uptake of naringin had significantly alleviated
antioxidant enzymes including catalase and peroxidase in
diabetic rats. A research in rats, combined naringin treatment and
vitamin C, had significantly play a vital role in treating diabetes
related disorders.

Naringin improves the wound healing process as they have anti-
inflammatory, antimicrobial, anti-oxidant and many astringent
properties. The mode of action of naringin in wound healing
process is probably due to its’ radical scavenging and anti-
oxidant effects.

[34, 35, 36, 37,
38, 39, 40]

Human Supplement:

Treatment of
hypertension, obesity,
and inflammations

Naringin can play an essential role in plasma cholesterol
lowering, regulation of the anti-oxidant capacity in
hypercholesterolemic subjects. Reduces plasma cholesterol by
about 14% and LDL concentration by about 17%. Could be
beneficial for inflammatory changes alleviation in the adipose
tissue. Effective in cases of metabolic syndrome, diabetes and
obesity associated with the inflammatory responses. Mitigates
hypertension and reduce inflammations in a high
carbohydrate/high fat ration fed rats.

[23, 41, 42]

Table 2. Microorganisms as a source for naringinase

Source

Microorganism

References

Bacteria

Pseudomonas paucimobilis, Clostridium stercorarium,
Sphingomonas paucimobilis, Penicillum ulaiense,
Lactobacillus plantarum, Lactobacillus acidophillus,
Staphylococcus xylosus

Bacillus methylotrophicus, Bacillus amyloliquefaciens 11568

[47], [48], [49],
[50], [51], [52],
[53], [17], [27]

Yeast Cryptococcus laurentii, Clavispora lusitaniae, Clavispora [54], [55], [29]
lusitaniae
Fungi Penicillium decumbens, Aspergillus kawachii, Penicillium [56], [57], [50],

ulaiense, Aspergillus sojae, Rhizophus stolonifer, Aspergillus
flavus, Aspergillus oryzae 11250, Cryptococcus albidus

[58], [30], [45]
[31], [32]

4. BIOTECHNOLOGICAL APPLICATIONS OF NARINGINASE

An advantage of enzyme technology is that it presents an alternative to chemical
processes, reducing both energy and material consumption, and thus minimizing the
generation of waste. In this context, naringinases have been demonstrated to have
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applications in industrial uses. These applications are mainly based on the hydrolytic
activity of naringinase [16]. Biotechnological applications of naringinase, with respect to
the food and pharmaceutical industry are reported [16]. In food additives manufacture,
rhamnosidase could be used in preparation of sweeteners [59].

Large amounts of citrus peel (rich in glycosylated poly-phenolic compounds) are
generated as a byproduct of the juice processing industry. Hydrolysis of naringin
extracted from citrus peel waste was potentially performed using the recombinant a-L-
rhamnosidase in manufacture of rhamnose. Recombinant a-L-rhamnosidase has proved
to possess industrial applicability as being an interesting candidate for the production of
rhamnose and prunin from citrus peel waste [29]. The rhamnosidases from L. plantarum
have been shown to convert flavonoid rutinosides (such as rutin from tomato) into well-
absorbed glucosides. Such activity implies that probiotic lactobacilli when present in gut
microflora may enhance flavonoid bioavailability [52]. Recently, it is reported that citrus
flavonoid naringin is a promising nutritional supplement that showed beneficial health
applications in humans, animals and poultry [22].

The flavonoid prunin, prepared using naringinase, possesses anti-inflammatory and
antiviral activity against DNA/RNA viruses [60]. Pure prunin in high yield was obtained
from naringin when immobilized naringinase pretreated with alkaline buffer. The
flavonoid prunin possesses anti-inflammatory activity and may be used as sweetening
agent in diabetes therapy [60]. Plant flavonoids may be useful for the treatment of
cardiovascular disease as well as associated conditions such as obesity, hepatic steatosis,
and type 2 diabetes [61]. Flavonoid naringenin-7-O-glucoside is a potential therapeutic
agent for treating or preventing cardiomyopathy associated with doxorubicin [62, 63].

5. FURTHER PROSPECTS AND CHALLENGES

There is a great intense interest towards the application of naringinase in the biotech
industry. However, more studies on fermentation processes on an industrial scale should
be carried out to secure cost-effective availability of naringinases [16]. There is a
scientific need to crystallize naringinase to obtain structural variation and complete
hydrolysis of its natural substrate, naringin. Directed evolution may result in mutants with
remarkable/unexpected changes that eventually lead to increased enzyme activity [64].
Thus, optimization of fermentation conditions and enzyme engineering will allow
development of improved naringinases. The enzymatic debittering technology is regarded
as the most promising method with the advantages of high specificity and efficiency, and
a convenient method for removing the bitterness. Bio-enzymatic debittering by limonin
dehydrogenase and naringinase can become the main direction of citrus juices debittering
and enhance the flavor and aroma in citrus juices which could be stored for 30 days [29].
This technology can redress the problem by exploiting the ability of yeast species to

Complimentary Contributor Copy



294 Shadia M. Abdel-Aziz, Khalid T. Biobaku, Ismail A. Odetokun et al.

produce low alcoholic naturally carbonated beverage from nutritive fruits thus making
the fruit available throughout the year in the form of beverage [29]. The beverage offers
advantages include: a) devoid of any chemical preservatives; b) minimally processed
with high nutritive value; c) long shelf life; d) availability of new formulations and
blends; e) tangy taste, effervescent, and antimicrobial due to carbonation [29]. The search
for enzymes that have potential application in acidic environment, especially the
debittering of acidic juices of diverse citrus species, should be essential. So, it will be
important and attractive to summarize what the current market of the industrial enzyme
is, and what the difficulties are? Moreover, demonstration of bottlenecks in the enzyme
production and novel strategies to overcome the barriers are challenges [65].

CONCLUSION

Naringinase is an important enzyme and has potential application in food and
pharmaceutical industries. Naringinases that show better stability in acidic pH and low
temperatures are highly preferred for industrial and biotechnological applications.
Therefore, search for enzymes have potential application in acidic environment,
especially the debittering of acidic juices of diverse citrus species, should be essential. In
addition, when enzymes are applied at low temperature, there would be no loss of
nutritional and sensory qualities of juice. The debittering enzymes can offer advantages
such as cost effectiveness, single step hydrolysis, short incubation, preservation of
flavour, retention of color, vitamins and organoleptic components of juice. On other
hand, naringin, a major flavanone glycoside mainly found in grapefruits and citrus
family, had been reported to possess different promising pharmacological characteristics.
These include: anti-inflammatory, antimicrobial, antimutagenic, anti-oxidant, cholesterol
lowering, hepatoprotective, cardioprotective,  antiatherogenic, antiulcer and
neuroprotective effects. It could boost humoral and mucosal immunity in animal and
poultry.
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ABSTRACT

Heating of foods causes formation of a toxicant like acrylamide in processed foods.
The main concern regarding possible health effects of acrylamide in foods is its
carcinogenicity and genotoxicity (DNA-damaging effects). Acrylamide, a byproduct of
the Maillard reaction, arises worldwide concern for the safety measures of various food
products. Maillard reaction occurs at high temperatures above 120°C and low moisture
conditions. This reaction affects the development of flavor and color. Presently research
is mainly focused on minimizing or completely removal of acrylamide formation in
processed foods by using asparaginase. Pretreatment with asparaginase is a promising
technique for preventing acrylamide formation by direct conversion of the precursor
asparagine to aspartic acid and ammonia, while maintaining sensory quality of foods.
Main acrylamide-containing food groups are cereal-based products and potato-based
products. The major limiting factors responsible for formation of acrylamide in potato
and cereal products are reducing sugars (glucose and fructose) and the free amino acid
asparagine. Asparaginase from microbial sources has been reported as a method to
effectively reduce formation of acrylamide in processed foods. Considering its properties
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for processed foods, asparaginase has important chemotherapeutic effects for treatment of
lymphoma diseases, particularly, for acute lymphoblastic leukemia and other diseases.

Keywords: acrylamide, asparaginase, microbial asparaginases, toxicity, food safety

1. INTRODUCTION

Foods are naturally processed in heat for enhancing the quality, promoting safety,
and improving the sensory characteristic properties of foodstuff. However, heating of
foods may also lead to the formation of a toxicant like acrylamide which is naturally
occurring as contaminant in processed foods [1]. These include potato chips, French fries,
cereal, and bakery products where acrylamide is formed via the Maillard reaction
process. This reaction is a non-enzymatic browning reaction responsible for the golden
color, desirable aroma, and tasty flavor of foods [1]. The free amino acid asparagine and
the reducing sugars, fructose and glucose, have been identified as the main precursors for
acrylamide formation in fried potato products, during the Maillard reaction. Fried potato
products are rich in such main precursors and are responsible for the dietary exposure to
acrylamide [2]. Extensive studies on animals have provided evidence that exposure to
acrylamide causes cellular damage in both the nervous and reproductive systems,
produces tumors in certain hormonally responsive tissues that is responsible for
cumulative neurotoxicity [3]. A carcinogen in rodents and a suspected carcinogen in
human can cause gene mutation and DNA damage [2-6].

Acrylamide presents at quite high levels in many food products consumed daily, thus
it is essential to evaluate the “margin of exposure” for acrylamide. This value represents
the ratio between a particular point on the dose—response curve, leading to tumors in
experimental animals and the human intake [7]. The value of margin of exposure gives an
indication about the possible extent of the risk. The higher the margin of exposure, the
lower the risk of exposure to the component concerned. Daily exposure and intake of
acrylamide varies globally depending upon local eating and cooking habits. Fried and
baked potato products, biscuits, crisp bread, and coffee are among the foods accounting
for the most significant proportion of dietary exposure, either because of high acrylamide
content or because of a high daily intake [7, 8, 9]. Addition of the enzyme asparaginase,
from microbial sources, has been reported as a method to effectively reduce formation of
acrylamide in processed foods. Acrylamide reduction was occurred without affecting the
shelf life and sensorial properties of French fries [7]. Another important aspect to
consider is that implementation of such treatment requires modifications on the industrial
lines and additional investments besides the costs of enzyme [9]. Baking conditions may
dramatically affect acrylamide levels of the products. The correlation between Maillard
browning and acrylamide formation has been demonstrated; a more intensive frying
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operation (temperature and time) produces more acrylamide [9]. On other hand, frying at
lower temperatures (below 140°C) results in increased frying time and may enhance fat
uptake.

Enzymes are proteins that catalyze biochemical reactions and a cornerstone of
metabolism. Enzymes have a key role and focus in many manufacturing processes since
dates back millennia. Similar to chemo-catalysts, enzymes speed up the rate of reactions
without altering the thermodynamics [10]. Unlike chemo-catalysts, enzymes display high
chemo- and regioselectivity, therefore minimizing the risk of side-reactions, reduce
formation of by-products, and do easily downstream processing. Additionally, enzymes
can be produced in large-scale fermentations, operate under mild temperature, and
atmospheric pressure [11]. Moreover, enzymes are biodegradable, a feature makes
enzyme-based processes to be considered eco-friendly. L-asparaginase is among the
enzymes that can be obtained from different microorganisms [10]. This amidohydrolase
acts on L-asparagine and produce L-aspartate and ammonia, and has an acknowledged
chemotherapeutic application in acute lymphoblastic leukemia and tumors [10, 12].
Moreover, L-asparaginase is of interest in food industry as it reduces acrylamide
formation [10]. In this regard, the present chapter is focused on technological strategies
for application of asparaginase to reduce acrylamide levels in foods. Potential effect of
the enzyme in medicine and therapy is also referred to herein.

2. HISTORICAL BACKGROUND

Importance for the development of L-asparaginase as a potential antineoplastic agent
was made by “Clementi” in 1922, revealing presence of high activity of L-asparaginase
in the serum of guinea pig [13]. Discovery and development of asparaginase as an anti-
cancer drug began in 1953, when scientists first observed that lymphomas in rat and mice
regressed after treatment with guinea pig serum_[14]. Until 1961, it was found out that it
IS not the serum itself which provoke the tumor regression, but rather the enzyme
asparaginase [15, 16]. After comparing different kinds of asparaginases, it was reported
that asparaginases derived from Escherichia coli and Erwinia chrysanthemi turned out to
have the best anti-cancer ability. E. coli has thereby become the main source of
asparaginase due to the ease of production in large amounts. Since extraction of this
enzyme from the guinea pig serum in sufficient amounts was difficult, other sources like
microorganisms were looked into. Since 1964, purification of L-asparaginase from E. coli
was reported and its tumoricidal activity similar to that of guinea pig sera was
demonstrated [17, 18]. These findings provided a practical base for large-scale
production of the enzyme for pre-clinical and clinical studies. It was not until 1967,
efficacy of L-asparaginase in humans with leukemia was reported for the first time [19].
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In 1994, the International Agency for Research on Cancer classified acrylamide as a
potential carcinogen to humans based on its carcinogenicity in rodents. This classification
was endorsed by the WHO (World Health Organization) consultation. In 2002, The
Swedish National Food Administration reported relevant amounts of acrylamide in
several carbohydrate rich foods when baked at high temperatures (> 120°C) upon frying,
baking, and roasting. Toxicological studies demonstrated the carcinogenicity of
acrylamide in animals and thus indicated potential health risks for humans. Mechanism of
acrylamide formation in foods, risks associated for consumer, and possible strategies to
lower acrylamide levels in foodstuffs were greater understanded. The Confederation of
the European Food and Drink Industries established a Technical Acrylamide Expert
Group in 2003 and created the ‘Acrylamide Toolbox’ [20]. This toolbox represents a
regularly updated and robust medium for the categorization and summarization of
formation and mitigation of acrylamide in various foods [20]. In January 2011, the
European Commission published a recommendation regarding the acrylamide limits in
several food categories. As of 2012, several research results have been published in
approximately 850 papers. Use of L-asparaginase in treatment of leukemia and other
lymphoproliferative disorders has expanded immensely [7, 20]. Studies have recently
explored its administration for 20-30 weeks as consolidation treatment for lymphoid
malignancies [10]. For these reasons L-asparaginase has established itself to be an
indispensable component in modern procedures of combination chemotherapy.

3. ACRYLAMIDE FORMATION IN FOOD

Heating of foods is an important process for maintaining the quality and safety of
foodstuff, but formation of acrylamide takes start in low moisture conditions and high
temperatures. Acrylamide (CsHsNO), also known as 2-propenamide, is found in cooked
foods, fried. and particularly baked starchy products [9]. Formation of acrylamide
increases drastically towards the end of frying process due to: a) temperatures higher than
170-180°C; b) the higher content range of carbohydrates in foods (50-4000 pg Kg?); and
c) a range of 5-50 ug Kg! in protein-rich foods [21, 22, 23]. Maillard reaction is typically
occurred at temperatures above 120-165°C (280 to 330 °F), and is responsible for
significant color, flavor, and acrylamide developments. At higher temperatures,
caramelization becomes more pronounced. Water content, temperature, and pH have
been identified as critical parameters for acrylamide formation, i.e., low water content
and high temperature favor formation, and low pH reduces acrylamide formation [9].
Seared steaks, pan-fried dumplings, cookies, biscuits, breads as well as toasted
marshmallows and many other foods, undergo the Maillard reaction. This reaction was
named after French chemist Louis-Camille Maillard, who first described it in 1912, while
attempting to reproduce biological protein synthesis [21].
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Acrylamide exists in two forms: monomer and polymer. Polyacrylamide polymer
finds many uses as a coagulant in waste water treatment, clarifying drinking water,
grouting agents for the construction of dam foundations and tunnels, and as
electrophoresis gels [24]. However, food scientists worldwide have been concerned about
presence of acrylamide in food, because of its toxicity. Acrylamide is also an industrial
chemical used in manufacture of polyacrylamides.

4. OCCURRENCE OF ACRYLAMIDE

Acrylamide is present in a wide range of processed foods, and found at very low
levels in animal-based food products like meat and fish. It is not found in foods that are
not fried or baked such as boiling or microwaving [24]. Exposure to this process
contaminant is a public health concern and a priority for the National Food Safety
Authorities. Food and Drug Administration in 2016 reported that: a) highest
concentrations of acrylamide (>100 pg/kg) were found in sweet and savory biscuits;
potatoes-based products, and other snacks (not potato based); and b) lowest amounts of
acrylamide (<10 pg/kg) were measured in takeaway fish-based meals, coffee and cocoa,
branded food drinks, canned or jarred tomatoes, white unsliced bread, canned or jarred
beans, mushrooms, cereal products, spreads and dressings as well as canned or frozen
fruit, pears and pineapples [1].

Dietary intake of acrylamide is different in countries within individual food types,
and variations in raw materials or processing conditions can contribute also to differences
in the levels observed [25]. Acrylamide is likely to cause a small, but measurable, tumor
incidence (called “neoplastic” effect) or other potential adverse effects such as
neurological, pre- and post-natal development, and male reproduction [26].

5. PRODUCTION OF L-ASPARAGINASE

Asparaginase (L-asparagine amidohydrolase, EC 3.5.1.1) catalyzes the hydrolysis of
amide group in the side chain of asparagine to produce aspartic acid and ammonium.
Asparaginases present in mammals and broadly distributed among living organisms,
including birds, animals, and plants [9]. Microorganisms are considered, however, the
mainly source for L-asparagine synthesis. L-asparaginases can be produced from
bacteria, fungi, and yeast either by solid-state fermentation (SSF) or by submerged
fermentation (SmF). Solid-state fermentation is preferred over SmF as it is cost effective,
eco-friendly and it delivers high yield of enzyme [10, 27, 28, 29]. In SSF process,
agricultural and industrial wastes are utilized as solid substrates, and the contamination
level is substantially reduced through low moisture content. Chemistry and applications
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of L-asparaginase and various methods available for its production are reported in details,
especially advantages and limitations of SSF and SmF processes [10, 11, 27, 29].
Submerged fermentation is widely reported for production of L-asparaginase from
bacteria.

The relevance of asparaginase is not only limited as an anti-cancer agent, it also
possesses a wide range of medical applications include antimicrobial property, treatment
of infectious diseases, autoimmune diseases, canine and feline cancer. There is a huge
market demand for asparaginase due to its wide range of applications. Industry is,
therefore, still search for better-producing microbial sources. For industrial production of
L-asparaginase, many factors need to be taken into account aiming to the higher yield and
economic viability [27, 28, 30]. Several microorganisms are presented as L-asparaginase
producers, however, E. coli and E. chrysanthemi are the current main bacteria for
industrial-scale production in pharmaceutical area, while the fungus Aspergillus oryzae is
the most used in food industry [22, 28, 30]. Different methods for downstream processes
are reported such as centrifugation, filtration, liquid—liquid extraction, chromatography
and protein precipitation. Regarding industrial production, protein precipitation is an
advantageous technique due to features such as ease scale up, with simple equipment
requirements, low costs, and possibility to use large number of precipitants. Additionally,
the precipitant agent can be recycled in the final process, reducing the environmental
impact associated to its disposal. Actually, precipitation and chromatography are the most
steps in downstream process and it is usually combined with traditional techniques to
enhance biomolecules purification and process yield [27, 28].

6. APPLICATIONS OF L-ASPARAGINASE

L-Asparaginase is able to reduce the amount of acrylamide in carbohydrate-rich fried
and baked foods by deamination of asparagine. Implementing an asparaginase treatment
into a range of food products is not a simple undertaking, since for each product the food
matrix or components may influence enzyme action and reactivity [27]. Furthermore, the
range of food products in which acrylamide formation might be remediated by
asparaginase treatment varies greatly from dough-based products to intact vegetable or
cereal products. The rate of enzymatic hydrolysis of asparagine is dependent upon
physical process parameters, such as temperature, pH, water activity and time, as well as
interactions among these parameters [27]. In addition, content of the precursors (free
asparagine and reducing sugars) varies greatly in the affected food products, which will
influence acrylamide formation and means that the reaction-limiting factor differs from a
product to another.
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6.1. Pharmaceutical Industry

Considering its properties, L-asparaginase has important chemotherapeutic effects for
treatment of lymphoproliferative and lymphoma diseases. Particularly, L-asparaginase
presents large importance in chemotherapeutic protocols for acute lymphoblastic
leukemia [27]. Cancer cells, mainly lymphatic cells, require high amount of asparagine
for fast and malignant growth. In this way, cancer cells require the amino acid from diet
(blood serum) as well as amino acids produced by themselves. However, leukemic
lymphoblasts and some other tumor cells do not have or present low quantity of L-
asparagine synthetase used for L-asparagine syntheses. Thus, these malignant cells are
dependent of asparagine from blood serum for their proliferation and survival [27]. L-
asparaginase hydrolyzes asparagine from blood serum, leading tumor cells to death by
lacking of an essential factor for protein synthetases (p53-dependent apoptosis).
However, healthy cells are not affected, because they are able to produce asparagine
using L-asparagine synthetase present in enough quantities [27].

6.2. Food Processing

Acrylamide, also known as 2-propenamide, acrylic amide, ethylene carboxamide,
propenamide, propanoic acid amide, monomer of acrylamide, is presenting 71.08 g/mol
of molecular mass [31]. Several studies show that L-asparagine is the main amino acid
responsible for acrylamide production in fried and baked foods when reducing sugars are
condensed with a carbonyl source. This phenomenon does not occur in boiled foods [22].
For L-asparagine reduction, several options have been investigated such as: a) selection
of vegetal species with lower level of L-asparagine in their composition; b) deletion of
important enzymes for L-asparagine biosynthesis control by suppression of specific
genes; ¢) acid hydrolysis of L-asparagine leading formation of aspartic acid and
ammonia; and d) acetylation process of L-asparagine to form N-acetyl-L-asparagine,
preventing the formation of acrylamide from intermediate N-glycosides [31]. Use of the
enzyme L-asparaginase before frying or baking food process could reduce more than
99% acrylamide level in the processed final product because the enzyme reduces more
than 88% of L-asparagine concentration from the initial feedstock [32].

7. TOXICITY OF L-ASPARAGINASE

L-asparaginase has a distinct toxicity profile, which ranges from acute
hypersensitivity and hyperglycemia to hepatocellular dysfunction and pancreatitis.
Toxicity of asparaginase fall under two main categories: a) those pertaining to
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immunological sensitization (hypersensitivity) to a foreign protein; and b) is related to
inhibition of protein synthesis [33]. There is a similarity in the frequency of toxicity with
all commercially available asparaginase preparations. Unlike other chemotherapeutic
agents of multi-agent treatment protocols, L-asparaginase causes little bone marrow
depression and usually does not affect the gastrointestinal or oral mucosa or hair follicles
[33]. Side effects of L-asparaginase can be minimized or prevented. In this regard,
attempts have been made to reduce the potential immunogenicity of the enzyme while
preserving its activity and prolonging its half-life period, so as to avoid the need for
frequent intra muscular injections [10, 33]. Chemical modification, to some extent,
appears to meet these requirements. In the mid-1970s, attempts were achieved to
chemically modify L-asparaginase by adopting various methods to identify a form that is
less immunogenic and retain good antitumor activity [33].

Although L-asparaginase is found to be very prominent in medical fields, its use is
limited by serious side effects. The most relevant are (occur in 30% or more of patients):
a) loss of appetite, nausea, vomiting, and Abdominal cramping; b) diabetes, leucopenia,
hemorrhage, and some hypersensitivity reactions; c) edema, skin rash, swelling of face;
allergic reactions and anaphylactic shock usually occur due to its dual substrate
specificity towards asparagine and glutamine; d) dysfunction of liver and pancreas, fever,
and central nervous system toxicity; and e) excessive fatigue or sleepiness, depression,
and seizure [10, 34]. Other side effects of L-asparaginase include development of
neutralizing antibodies (referred to as silent antibodies) and premature inactivation. The
latter are countered by frequent injections and can further potentiate the side effects.
These limitations prompt the need for serologically different L-asparaginases with
enhanced therapeutic potential and suitable immunological features [10]. A summary of
toxicities and side effects of L-asparaginase therapy are given in Table 1.

Table 1. Toxicity profile of L-asparaginase therapy

System Complications

Immune Hypersensitivity

Anaphylaxis, urticaria, hypotension, hypotension, bronchospasm, serum sickness (rashes,
joint stiffness, and fever).

Liver Immunesuppression

Pancreas Hypoalbuminemia, elevations in transaminase and alkaline phosphatase, lipoprotein
Central nervous abnormalities, decrease in serum cholesterol.

system Pancreatitis, acute hemorrhagic pancreatitis, decreased serum insulin, diabetic ketosis.
Coagulation Mild depression, confusion and hallucinations.

Hypofibrinogenemia, decrease in plasminogen, increase in prothrombin time (a protein
present in blood plasma that is converted into active thrombin during coagulation).
Others Parotitis, comma, seizure, skin rash, swelling of face, lethargy (periods of weakness and a
lack of energy).

* Source: modified from Reference [33] (Umesh et al. 2007).
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8. MODE OF ACTION

Unlike conventional cancer therapy, L-asparaginase therapy is highly preferential.
However, usage of L-asparaginase as a remedial agent is restricted by the main following
reasons: a) its premature inactivation; b) the more rapid plasma clearance and shorter
duration of drug effect, and thus frequent injections are required to maintain a therapeutic
level; and c) the number of side effects like allergies, development of immune responses,
and anaphylactic shock that might be serious and life-threatening [35].

8.1. L-Asparaginases as Drugs

The amino acid asparagine is normally found in the body and involved in biological
processes that are essential for cells to maintain life. The rationale behind usage of
asparaginase as a drug is because the acute lymphoblastic leukemia cells and some
suspected tumor cells are unable to synthesize asparagine, whereas normal cells are able
to make their own asparagine [35, 36]. Thus, leukemic cells require high amounts of
asparagine and depend on circulating asparagine. Becaue asparaginase catalyzes the
conversion of L-asparagine to aspartic acid and ammonia, this deprives the leukemic cell
of circulating asparagine, leading to cell death [36]. Asparaginase produces its anti-
cancer effects by “breaking down” asparagine. Therefore, depletion of asparagine by
asparaginase kills cancer cells, while healthy cells are not as affected [35].

L-asparaginase is widely used for treatment of haemopoietic diseases such as acute
lymphoblastic leukemia in children that results from the monoclonal proliferation and
expansion of lymphoid blasts in the bone marrows, blood, and other organs [37]. Acute
lymphoblastic leukemia, correspond to the most common childhood acute leukemia,
contributing to approximately 80% of childhood leukemias and 20% of adult leukemias
[37]. The antineoplastic activity results from depletion of the circulating pool of L-
asparagine by L-asparaginase which, in turn, inhibits protein synthesis, followed by
apoptosis in susceptible leukemic cells, and subsequent death of the tumor cells
[35, 38, 39].

Several studies are performed concerning pharmacokinetics of L-asparaginase.
Pharmacokinetic of a drug is the branch of pharmacology concerned with the movement
of drugs within the body, including the processes of absorption, distribution, localization
in tissues, biotransformation, metabolism, and excretion. Pharmacokinetics of any drug
greatly depends on the route of administration (i.m. or i.v., i.e., intramuscular or
intravenous) and the type of preparations used [33].
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8.2. L-Asparaginases in Food Processing

In food processing, asparaginase can aid by addion before baking or frying the food,
where asparagine is converted into aspartic acid and ammonium. As a result, asparagine
cannot take part in the Maillard reaction, thereby formation of acrylamide is significantly
reduced. Complete acrylamide removal is probably not possible due to other minor
asparagine-independent formation pathways [9]. As a food processing aid, asparaginase
can effectively reduce the level of acrylamide up to 90-99% in a range of starchy foods
without changing the taste and appearance of the end product [32, 40].

9. STRATEGIES FOR ACRYLAMIDE REDUCTION

Several strategies may be considered for removal or reducing the formation of
acrylamide in food products. Due to the high number of affected product categories and
differences in acrylamide levels in these products, a range of methods and strategies have
been developed [8, 9]. For reduction of acrylamide concentration in foods, two different
technological strategies can be performed: a) mitigation strategies: aimed to prevent
acrylamide formation during the heating process; or b) removal intervention: aimed to
move away the already formed acrylamide from the finished product [20]. Most
published papers deal with acrylamide mitigation strategies. These can be regarded both
as agronomical and technological approaches. Mitigation strategies include selection of
crop varieties with low reducing sugars and/or asparagine, post-harvesting interventions,
and control of storage conditions [41].

9.1. Mitigation Strategies

9.1.1. Technological Strategies Based on Physical Approach

The physical approaches to minimize the content of toxic molecule in foods include:
a) reduction of the thermal impact; b) acrylamide removal by means of low pressure
treatments; and c¢) decomposition of acrylamide by degradation. Acrylamide formation is
dramatically influenced by the heating temperature, time, modality of heat transfer during
processing [42,43]. Thus, a key factor controlling acrylamide formation is represented by
process parameters leading to the generation of a moderate thermal input [42]. This can
be achieved by applying prolonged heating at lower temperatures; or by higher
temperatures at the early stages of heating [44]. In addition, the water content is a limit
factor for acrylamide formation. In fact, as long as the water evaporates (temperature
does not exceed 100°C), no acrylamide is detected in the food.
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Instead of preventing its formation, acrylamide can be removed, transformed or
degraded. Acrylamide can be removed from a finished food product as vapor by
exploiting its physical and chemical properties [45, 46]. Depending on the food product,
significant acrylamide removal was achieved only in foods previously hydrated at high
water activity values.

9.1.2. Technological Strategies Based on a Chemical Approach

Chemical approach strategies are relevant to the use of chemicals or ingredients to
mitigate acrylamide formation. Such strategies include both soaking or blanching pre-
treatments in additive solutions [20]. Organic acids (citric, acetic, L-lactic acid), free
amino acids, and protein-based ingredients, as well as calcium and sodium ions resulted
to effectively reduce acrylamide formation in the final product. Worthy mention,
however, is that although quite effective, these ingredients may produce undesired effects
and negatively may influence the products acceptability. For instance: a) organic acids
may be responsible for sour taste; b) sulfur-containing amino acids may produce
undesired off-flavours during heating; and ¢) mono and divalent cations, such as Na+ and
Ca2+, may be responsible for the failure of dough to rise and a bitter aftertaste.
Substitution of ammonium carbonate or bicarbonate with the corresponding sodium salt
may lead to finished products often unacceptable for consumption [8, 47, 48, 49].

To overcome these negative effects on food sensory quality, a combination of
treatments can be used. For instance, the combined use of glycine or soy protein
hydrolysate with citric acid not only has an effect in acrylamide reduction but also a
better flavor profile was achieved than by applying individually treatments [5].
Furthermore, sensory analysis of potato crisps blanched in water enriched with a
combination of several additives, such acetic acid and glycine or L-lysine, showed that a
reduction in acrylamide formation was possible while maintaining the expected product
quality for the consumer [50].

9.1.3. Technological Strategies Based on a Biotechnological Approach

Biotechnological strategies for minimizing acrylamide formation showed also limited
impact on the sensory properties of a final product. The biotechnological approaches for
acrylamide reduction are represented by fermentation, operated by yeast or lactic acid
bacteria, and pre-treatments by means of the enzyme asparaginase. Fermentation allows
extensive acrylamide reduction (up to 80%) to be achieved, depending on the food type,
composition, and the microbial strain [8, 20, 49]. Mitigation of acrylamide formation
using asparaginases from various microbial sources is represented in Table 2.

A greater acrylamide reduction (up to 94%) can be obtained by combining the
fermentation process with physical (blanching) or chemical (amino acid addition)
interventions [20]. Asparaginase pre-treatment of raw potatoes and dough has been
claimed to effectively reduce acrylamide levels without altering the appearance or taste of

Complimentary Contributor Copy



312 Shadia M. Abdel-Aziz, Ram Prasad, Moataza M. Saad et al.

the final product [20]. Commercial enzymes based on cloning of Aspergillus oryzae and
Aspergillus niger have received the generally recognized as safe (GRAS) status from the
US Food and Drug Administration (FDA). Studies have shown that asparaginase
effectiveness is influenced by many variables such as: a) enzyme dose, reaction time, and
enzyme-substrate contact; b) water content of the reaction environment; and c)
temperature and pH at which the reaction occurs as well as the different processing
conditions [20].

Table 2. Mitigation of acrylamide formation using asparaginases
from various microbial sources

Food Enzyme source Enzyme Processing condition Acrylamide Ref.
Quantity reduction
Gingerbread E. coli 4U/kg Various time/temperature | 55% [51]
combinations
Potato E. coli 0.2-1U/g 180°C, 20 min 50-90% [52]
French fries A. oryzae 10000 ASNU/L |175°C, 3 min 67% [53]
Fried dough model | A. oryzae 100,500,1000 U | 180 or 200°C; 4,6/8min | 90% [54]
system
Potato chips A. oryzae 10000 ASNU/L | 170°C, 5min 90% [55]
Potato B. licheniformis 30 IU/mL 175 °C, 15 min 80% [56]
Cookies A. oryzae 500U/kg 205°C,11 or 15 min 23-75% [57]
Wheat-oat bread | A. niger 500U 220,230 and 250°C;10,30 | 90% [58]
and 40 min
Potato crisp B. subtilis 0-40U 170°C;90s 80% [59]
French fries Thermococcus zilligii | 0-20U 175°C:5min 80% [60]
Potato chips B. subtilis KDPS1 500ul 170°C:6min 90-95% [61]
Potato chips & Fusarium culmorum | 300U 170-180°C,90s 94% & 86% [62]
Sweet bread

*Source: Adapted from reference [1] (Sharma and Shubhi 2016).

9.2. Removal Intervention

Preventive strategies of acrylamide in foodstuff are aimed to minimize acrylamide
formation during the heating process. Whereas the removal intervention strategies are
aimed to remove or decompose already formed molecules in the finished product [40]. A
huge number of interventions for removal or minimizing acrylamide levels in food have
been suggested. Their efficacy depends on different variables such as food type,
ingredients, interactions among food components or ingredients and process conditions
[1]. Moreover, to find practical application, these interventions should satisfy process
prerequisites such as: a) low cost; b) feasibility and compatibility with the existing
industrial processc); and c) low impact on sensory and nutritional properties of food [20].
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Overall, when implementing an acrylamide mitigation strategy on industrial level,
many factors should be considered. Such factors include: a) seasonal variability of the
raw material; b) raw material characteristics (before and after blanching); and c) dip tank
parameters (temperature, pH, and duration) while maintaining the expected product
quality for consumer [7, 24]. Other considerations such as feasibility, legislation, cost,
effluent treatment, safety and comfort of the employees, ability to control dosage, etc. are
equally relevant when considering the implementation of any change to an industrial
process [24].

Cultivar selection, fertilization, and climatological conditions may have an impact on
reducing sugar contents of the raw material. Long-term potato storage may also influence
the levels of reducing sugars due to senescent sweetening [7]. It is known that storage
temperatures below 8°C may induce low temperature sweetening; ideal storage
temperature is about 8°C [7]. On other hand, during the winter season, potato storage at
optimal temperatures may be difficult. These factors may lead to great variability in the
raw material between different seasons and even within the same storage season [7].

Asparaginase treatment can be successfully applied for acrylamide reduction in a
range of cereal-based recipes without changing taste and appearance of the final product.
Thus, possible strategies of acrylamide reduction may include selection of raw materials,
changing product composition without affecting the taste or sensory quality, pre-
treatment procedures, and optimized processing conditions. Among which, pretreatment
with asparaginase enzyme is most effective. Strategies developed so far to mitigate
acrylamide formation are performed on lab conditions, which may not be suitable for
commercial process [1, 10, 11, 43]. Further work to introduce new potential
asparaginases with benefits for commercially food processing still remains a major
challenge to avoid acrylamide formation in food.

CONCLUSION

Asparaginase is an important enzyme applied in pharmaceutical and food industries.
However, its use requires specific properties to be safely used for human. In foods,
asparaginase helps to reduce acrylamide concentrations, maintaining their nutritional and
sensory properties. As a therapeutic agent, efficient action of asparaginase is required to
reduce adverse effects such as hypersensitivity and immune inactivation. Recent
technological advances have enable detailed pharmacokinetic and pharmacodynamic
studies of various asparaginase preparations which have a significant impact on efficacy
and in designing the optimum dosing schedule for clinical applications. There is still a
need for further studies to achieve sufficient enzyme—substrate contact and approval
results enable introduction of new asparaginase with potential commercially benefits for
food processing and therapy fields.
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CHITINASE AS PROGNOSTIC MARKER:
A MAJOR THRUST AREA OF RESEARCH
FROM MEDICAL ASPECTS

Sneha C. Jha and Hasmukh A. Modi
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Gujarat University, Ahmedabad, Gujarat, India

ABSTRACT

Mammalian chitinase belongs to Family 18 of Glycosyl Hydrolase which catalyzes
breakdown of chitin into either its oligomers through transglycosylation or to monomer
through series of reaction. In the present natural environment, chitin acts asthe second
most important polysaccharide found mostly in fungi, bacteria, crustaceans, insects as
well as parasitic nematodes but is absent in mammals. Stimulation of strong T-helper
type -1 response occurs in mammals when exposed to antigens containing chitin or chitin
like proteins from surrounding environment. This leads to induction of mammalian
chitinase at sites of inflammation. Mammalian chitinase is categorized as True enzyme
and chitinase like protein. True enzyme such as acidic mammalian chitinase (AMCase)
and chitotriosidase (CHIT1) is involved in hydrolysis of chitin depicting chitinase
activity while that of chitinase like protein is involved only in binding process and not
showing any activity. Major cells producing mammalian chitinase as well as chitinase
like proteins are neutrophils, epithelial cells, synovial cells, macrophages, chondrocytes
and tumour forming cells. Enzymatically active chitinase have specific pathway which
links in association with various disorders. Chitotriosidase acts as an indicator for
macrophage-driven inflammatory processes in various organs. Chitotriosidase remains to
be the biomarkers for various diagnostic approach and evaluation several disorders while
acidic mammalian chitinase is induced in T-helper type 2 reaction which deals with host
defence against parasites and failure to control it may lead to chronic as well severe
diseased condition. Here, in this review, potential role of chitotriosidase as well as acidic
mammalian chitinase is discussed with its mechanisms which could improve further in
diagnosis as well as in therapeutics in various diseased conditions.
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1. INTRODUCTION

In living organisms, polysaccharides are backbone for the formation of structural
component. Chitin is present as a structural component in outer shells of crustaceans,
cellwall of fungi, exoskeleton of arthropods and protozoan cysts but is absent in
mammalian cells. The evolutionarily conserved Glycoside Hydrolase family 18 (GH 18)
consists of various enzymes such as chitinases (EC3.2.1.14), lysozyme (EC3.2.1.17),
endo-B-N-acetylglucosaminidase (EC3.2.1.96); peptidoglycan hydrolase with endo-f3-N-
acetylglucosaminidase specificity (EC3.2.1.-); Nod factor hydrolase (EC3.2.1.-) [1]. The
important function of this group is to carry hydrolysis of glycoside bond present between
two or more carbohydrate moiety or between a carbohydrate and non-carbohydrate
moiety. Davies and Henrissat suggested the pattern of hydrolysis of glycosidic bond is
generally carried out by amino acids which are present on enzyme [2]. The function of
chitinase is to hydrolyse chitin which is present mostly in pathogens as their structural
constituent. It has mainly three functions: remodeling process, digestion purpose for
lower organisms and secretion of enzyme during pathogenesis occurring in humans.
Chitinase also plays vital role in innate as well as adaptive immunity [3]. Nowadays,
scientists are working in fields of medicinal aspect, so that new immune properties and
functions of mammalian chitinase can be known. Chitinase can activate receptors which
are specific for particular inflammation and get involved in different signaling pathways
which are responsible for diseased conditions.

2. STRUCTURAL OUTLINE OF MAMMALIAN CHITINASE

Mammalian chitinase was categorized under two categoriesbased on the presence of
enzymatic activities: acidic mammalian chitinase (AMCase) and chitotriosidase (CHIT1)
as well as chitinase like protein (CLP) such as chitinase3-like 2 (YKL39) and chitinase 3-
like 1(YKL40or HC-go39). Presence of chitin binding cleft subjected with six cysteine
residues in case of mammalian chitinase, helped in binding of chitin and thus showing
enzymatic activity [4] while CLP donot have such cleft but still can bind with chitin [5].
Although, chitin was not found to be present in mammals, two enzymatically active
chitinases, acidic mammalian AMCase and CHIT1 were expressed in various human
cells as well as in mice [6, 7]. The first scientist [8] who discoveredchitotriosidase
(CHIT1) in serum samples of patients suffering from Gaucher’s disease which was
structurally homologous in structure with chitinase was found in lower organisms. Hence,
this became first enzyme to be purified as well as cloned with respect to chitinase [9, 10].
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Acidic mammalian chitinase (AMCase) was considered as a compensatory enzyme and
was optimally active enzyme in acidic range. This enzyme was required for functioning
of CHIT1 enzyme [11].

AMCase and CHIT1 share sequence similarity with bacterial chitinase belonging to
GH 18 family. Gene that express CHIT1 in human cells is found on chromosome 1q 31
and 1932 as described by [12] consisting of 13 exons and lengths about 30 - 1055
basepairs [95] whereas another most active AMCase gene is located on chromosome
1p13[11]. Recently, there are few reports which link between expression of mammalian
chitinases with inflammation. CHIT1 is expressed mostly in phagocytic cells depicting its
role in various disorders such as Gaucher’s disease, chronic obstructive pulmonary
disease (COPD), Alzheimer’s disease and bronchoalveolar lavage fluid of smokers [8, 13,
14, 15]. AMCase is expressed mostly in gastrointestinal tract, in lung, and conjunctiva
(Figure 1). It is induced in epithelial cells as well as macrophages during process of
pathogenesis and plays a significant role in the allergen-specific T-helper type 2 (Th2) -
mediated diseases and anti-parasite responses occurring in asthma.

Figure 1. Types of mammalian chitinase: Chitotriosidase and Acidic mammalian chitinase
and disorders occurring due to its enhanced level.

3. MECHANISM OF HYDROLYSIS PATTERN OF PATHOGEN
AND SIGNALING PATHWAY

There are different pattern of hydrolysis of pathogen containing chitin as their
structural moiety. Studies were reported by [16, 17] emphasizing direct interactions
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between chitin containing pathogen and specific receptors which caused inmmunological
changes leading to activation of macrophages as well as natural killer cells (NK cells).
Expression of different cytokines (IL-12, tumour necrosis factor TNF-a and IL-18)
occurred due to activation of macrophages and production of gamma — interferon (INF-y)
mainly occurred due to NK cells. Another group of scientists Reese and his co-workers
[18] studied direct administration of chitin beads into lungs of mice. Enhanced transcript
of IL-4 was obtained which was expressed due to green fluroscence protein (GFP).
Results of in-vivo experiment described that eosinophils and basophils were recruited in
lungs due to exposure of chitin. These findings describe that chitin containing pathogen
can give rise to allergic type-2 inflammation. As reported the size of chitin containing
pathogens either in polymeric or fragmented form is important in causing effect on
immune cell functioning [19]. They described that large polymers are generally inert and
do not cause inflammation directly. In contrary to this, they described that smaller
molecules or fragments have capacity to produce anti-inflammatory or pro-inflammatory
cytokines (IL-10).

itin containing pathogen (polymer
longchain) L — e ——
* Ahc;;%e'sﬁ_‘d_) Secretes cytokines
IL-18, IL-23,I1L-17,
12, Arginase-1,

2, TNF-a, LTB4

AMCase )

Secretion
of IL-10

Activates
macrophag
Dimers/monomers

!

‘ Lowers inflammationand ‘
secretion of cytokines

Figure 2. Size dependent pathway for chitin containing pathogen - Modified pathway adapted
from [19].

Recognition of chitin containing pathogen (Figure 3) by epithelial cells stimulates
production of IL-17, recruitment of eosinophils as well as secretion of TNF-a at site of
inflammation which ultimately leads to expression of chitinase [17,18]. Stimulation of

chitinase activity is caused when chitin containing pathogen is recognized by TLR-2 site
or chitin-specific receptor site. As a result of it, prolactin stimulates macrophages

Complimentary Contributor Copy



Chitinase as Prognostic Marker 323

directing it towards expression of chitinase through NF-«B pathway [20, 21, 22, 23]. NF-
kB pathway is one of the most important pathway which is involved in recognization of
fungal components [24, 25]. Activated macrophage leads into production of eosinophils,
basophils, neutrophils and NK cells. In accordance, IL-4, IL-5, IL-13, TGF-B,
Histamines, Alarmins are secreted by eosinophils and basophils causing enhanced
chitinase activity against fungal cell component. NK cells is mainly involved in secretion
of IFN-y which leads to activation of macrophages and upregulateschitinase activity [16,
25, 26, 27, 28]. TNF-a, LPS and PMA secreted due to inflammation caused by chitin
containing pathogen enhances chitinase expression. Secretion of IL-10 is mediated via by
dectin-1 pathway and mainly responsible when chitin is hydrolysed into smaller
fragments (di/mono saccharide) is helps in feedback control of local inflammatory
response generated due to entry of pathogen [17] as described in Figure 2.

e,

TLR-2 receptor ‘ Alternative

mediated specific

pathway receptors for compounds | | "eCePtOrs
chitin

Prolactin

Secreti o
S o Via Dectin-1 pathway

Figure 3. Signalling pathways which enhance chitinase expression when triggered by chitin containing
pathogen — Modified pathway adapted from [25].

Abbrevations: TLR-2: Toll like receptor-2, NK cells: Natural killer cells, IL: Interleukin, TNF-a:
Tumour necrosis factor — alpha, IFN-y: Interferon — gamma, TGF-B:Transforming growth factor beta,
LPS: lipopolysaccharide, PMA: phorbol 12-myristate 13-acetate, NF-«xB, nuclear factor kappa-light-
chain-enhancer of activated B cells.
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4. CHITOTRIOSIDASE (CHIT1) AND ITS POTENTIAL RELEVANCE
IN DISEASED CONDITIONS

CHIT1 is a vital enzyme to legalize the inclination to infection from those organisms
which contains chitin as structural components [29]. Studies on recombinant technology
by Wiesner and co-workers [30] provide an insight towards use of recombinant CHIT1 in
inhibition towards hyphal growth of fungi which defines its role in the host defense
mechanism against the attack of chitin-containing pathogens also known as alloalergens
which acts as an adjuvant by invigorating the production of cytokines and
chemokines[23]. An increased amount of CHIT1 was found in response to assorted pro-
inflammatory signals in a complementary trend in case of neutrophils and macrophages
[31]. The important inducer of CHIT1 in neutrophils is TLR signaling whereas in case of
macrophage, NOD-2 signaling induces it [32]. Boot and his co-workers [12] reported
that, if a defect occurs in CHIT1 gene, it may generate an abnormally spliced mRNA
with an in-frame deletion of 87 nucleotides and encoding an enzymatically inactive
protein which lacks an internal stretch of 29 amino acids. They reported mutation in
CHIT1 gene relating it with high occurrence in different Caucasian populations while that
in Africans, people residing in endemic areas where malarial parasites were dominant,
CHIT1 mutations prevalence was comparatively lesser. Maintenance of wild-type CHIT1
gene in sub-Saharan regions proves its efficiency of having innate immunity against
malarial infection [31]. Studies reported [34] suggested that mutant allele in individuals
exhibiting higher susceptibility towards chitin-containing pathogens such as Candida
albicans, Plasmodium falciparum malaria, Wuchereriabancrofti filarial and
Cryptococcus neoformanswhereas studies reported by [35] reveals that overexpression of
CHIT1 in Kupffer cells is involved in tissue remodeling process. Another
scientist[36]explainedthe role of CHIT1 produced by macrophages augments formation
of atherosclerotic plaques and ultimately leading to thrombosis. Differentiation and
maturation of of macrophages may cause damage to host tissues which may be associated
with series of chronic inflammatory diseases [37]. CHIT1 is known to be active towards
IL-13-driven alveolar fibrosis by enhancing transforming growth factor beta (TGF-p) and
mitogen-activated protein kinase signaling in mice [38].

4.1. Gaucher’s Disease

One of the major prognostic marker for patients suffering from Gaucher disease (GD)
is CHIT1 which secreted by abnormal lipid-laden macrophages in their tissues [5].
Gaucher disease is genetic disorder which is caused by recessively inherited deficiency in
activity of lysosomal hydrolase - glucocerebrosidase, and is marked by accumulation of
glucosylceramide (glucocerebroside) in the lysosomes of macrophages [6]. This process
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is limited till tissue macrophages whichget converted into large swollen lipid-
ladenGaucher cells. In-vitro studies revealed that production of CHIT1 by monocyte-
derived macrophages occurs after approximately 7 days of culturing [39] as well as it is
stalwartly stimulated by GM-CSF [34]. Some of the pathological implications of the
accumulation of lipid-laden macrophages include bone lesions, hepatosplenomegaly, and
less frequently neurological abnormalities. Hence, CHIT1 is considered as one of the
easily identifiable biomarker for the GD. Hollak and his co-workers [8] reported average
activity of chitotriosidase in plasma samples of patients suffering from GD which was
more than 600 times higher in comparison to that of control. This was monitored by
determining hydrolytic activity of CHIT1 towards fluorogenicchitooligosacharide
substrates. Till date, there is no method available for assessment of individual
contribution of each isoforms of CHIT1 depicting total activity but advances in proteomic
study demonstrated possibility for quantitative imaging of isoforms of CHIT1.

Gaucher's disease is classified into three major types on the basis of symptoms of
central nervous system such asType |, Type Il and Type Il showing non-
neuropathic,neuronopathic/acute and neuropathic/chronic symptoms respectively.
Amongst them, Type | is the most prevalent and is diagnosed by measurement of B-
glucosidase activity in leukocytes and fibroblasts or inchorionic villi and cultured
amniocytes (generally used in prenatal diagnosis incase of lamb cells) as reported by [37,
40, 41, 42, 43]. GD1 is differentiated by glucocerebroside laden macrophages, known as
Gauchercells, which are surrounded by inflammatory phagocytes [44]. As reported by
[45], Gaucher cells can be classified as a disparity of alternatively activated macrophages
expressing CD68, C14, HLA class Il, CD163, CCL18, and IL-1-receptor antagonist, but
not expressing CD11b, CD40, and proinflamatory cytokines such as TNFa and MCPL1.
As a result of storage of glucocerebroside, proinflammatory activation of macrophages
occurs with successiveballooning, decreased phagocytic activity, and destruction of
viscera (e.g., spleen, liver, kidneys, lungs, brain, bone, and bone marrow). Thus, Gaucher
cells secrete biomarkers into theblood which could be used in diagnosing Gaucher's
disease, assessment of disease severity, andmonitoring the efficacy of enzyme
replacement therapy (ERT) [46, 47]. ERT works best during first six months and after
first year by decreasing CHIT1 activity. This may be due to the change taking place
either during activation process or differentiation ofmacrophages and their precursors,
rather than a decrease in Gaucher cell burden [48, 49].Stablity in level of CHIT1 may be
achieved approximately two years afterstarting ERT.The continual high levels of CHIT1
could indicate that ERT isunable to treat and exclude some Gaucher cells in affected
regions. In addition, after ERTcessation, macrophages became laden with
glucocerebrosides again, indicating increasedsynthesis of CHIT1 and recurrence of
Gaucher's disease.
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4.2. Cancer

CHIT1 act as bio-marker for lung cancer as it could be differentiated from normal
inflammation occurring in lungs. Recently, reports emphasize that the serum CHIT1
activity was useful parameter and can be useful in differentiation between the patients
suffering from lungcancer and with inflammatory exudates [50]. They found that there
was slightly higher CHIT1activities in patients with lung cancer as compared to patients
with lung inflammation or with normal individuals. But, they also found that treatment
with corticosteroid decreased these levelssignificantly. This finding indicates that for
differentiation between inflammation and lung cancer, as well as progression of disease,
CHIT1 activity can be utilized [50, 51]. Prostatecancer is the most commonly diagnosed
non-skin cancer and also the second highest cause of death in men. Hence, monitoring for
prostate cancer at an early phase is importantfor disease treatment. Comparision study for
CHIT1 as a marker to be associated for screening between benign prostatichyperplasia
and primary prostate cancer revealed that CHIT1 activity was significantly higher in
benign prostatic cancer patientsas compared to that of primary prostate cancer. Another
finding described that in primary prostatic cancerpatients, practically high CHIT1
activities were found only in patients having high Gleason scores,which has been most
widely used diagnostic method for prostate cancer. Hence, there exists a correlation
between Gleason scores and CHIT1 activity indicating the importance ofmacrophage
involvement in cancer progression.

4.3. Atherosclerosis

Atherosclerosis is one of the inflammatory diseases which are characterized by
excessive deposition oflipids and fibrous matrix in the arterial wall. The mechanism
which occurs for cause of this disease during initial stage of atherosclerosis
involvesactivation of endothelial cells, thus facilitating monocyte infiltration inside
vessel. After differentiation of monocytes into macrophages, these cells collect lipids from
the circulatory system, remain in the vessel wall, and become lipid-loaded foam cells.
Secretion of certain growth factors as well as cytokines by macrophages and activated
endothelial cells leads to activation of macrophages. This lipid-loaded cells can be
characterized as a sign of atherosclerosis as there occurs overloading of lipids mainly
cholesterol and cholesterol esters [52], resulting in thickening of arterial wall, narrowing
space in vessel which leads in increased susceptibility to thrombosis [53, 54]. Elevated
levels of CHIT1 in patient serum with atherosclerosis thus confirm relationship between
CHIT1 expression and lipid-laden macrophages inside human atherosclerotic vessel
walls. This elevation in serum CHIT1 activity occurs mainly due to presence of activated
macrophages. High serum CHIT1 activity was also found to be dependent on age of
patients [55]. This occurs due to accumulation of lipid-loaded macrophages specifically
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found in the supra-aortic and coronary vessels which signals in activation of macrophages
[55, 39]. Studies were reported depicting higher CHIT1 activity in patients with
atherothrombotic strokeand ischemic heart disease as compared with healthy individuals
(control). Comparision of CHIT1 activity in between above two subjects revealed that
subjects with atherothrombotic stroke have higher CHIT1 activity due to extended
progression of disease while lower CHIT1 activity was noted for ischemic heart disease
having limitation to only coronary vessels [56]. Ever since macrophages are found in all
stage ofatherosclerosis and their number and also activity increased depends on the
severity of that stage,so, CHIT1 activity in macrophages has been recognizeed as one of
the biomarkers foratherosclerotic plaque formation [57].

4.4. Sarcoidosis

Sarcoidosis is a multisystem granulomatous disease of unknown origin however, it
has been suggested that fungi may be the causative agent in sarcoidosis [58,59].The
formation of these granulomatous indicates deficiency in cellular immune processing
after exposure to certain chemical or infectious agent [60].The pathology is differentiated
by non-necrotizing granulomas that results due to accumulation of proliferating
mononuclear phagocytes and T lymphocytes mainly affecting the lungs [61].The most
commonly affected organ is lungs, including hilar and mediastinal lymph nodes, but
disease can be progressed further to various other body organs such as to eyes, skin, liver,
peripheral lymph nodes, Kidneys, joints, muscles, and thecentral nervous system. There
are clinically different forms of Sarcoidosis such as acute, subacute, or chronic [62, 63]
depending on disease progression.Higher serum as well as bronchoalveolar lavage
CHIT1 activity was found in patients with active sarcoidosis and corresponding CHIT1
activity was found to raise in later stageof progression of sarcoidosis (stages 3 and 4)
compared to early stages (stages 0 and 1) [64].Considering chronic sarcoidosis, which
occurs due to slow progression of disease and almost constant involvement of organ such
as lungs, takes place. Occurrence of severe hypoxemia and pulmonary hypertension may
take place in case of advanced progression of lung fibrosis [65]. The important function
of CHIT1 in innate immune system is probably due to defense mechanism against
organisms such as fungi and insects whose outermost wall (layer) is made up of chitin.
Lower level of CHIT1 was also found in patients who had deficiency in CHIT1 gene
[29].

4.5. Pulmonary Mycoses

The pathogenic fungi which generally infect the respiratory system cause diseases
such as histoplasmosis, blastomycosis, aspergillosis, and invasive candidiasis.Such fungal
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infection occurring in lungs is root cause of death in immunocompromised patients.
Fungal spores are present in ubiquitous amount in our surrounding environment and
hence, humans come in direct contact with pathogenic as well as opportunistic fungi in
day to day life. Therefore, disease occurring in host (human) is dependent on various
factors such as innoculum size, virulence factor and ultimately immunity of the host. For
protection against persistent disease, immune system require CD4+ helper Th (T-helper)
type 2 cells which acts as significant mediators against fungal spores. As chitin is present
below layers of mannans and glucans in cellwall of fungi, hence chitinase secreted by
host is significant component [19] and needs to penetrate inside the wall and degrade it
into smaller fragments [66].Chitin as such is not present in human but instead, keratin is
present for structural functions in human. Hence, when chitin containing pathogens come
in contact with human immune system, Th - 2 cell activation occurs. Similar, studies has
been suggested on mouse models [30] for pulmonary allergy which occurs due to
macrophage activation, excessive Th-2 cell accumulation leading to enhancement in
disease severity. Therefore, confirmation of pulmonary mycosis could be attained with
the help of CHIT1 activity describing its importance in fungal infection in humans [30].
They suggested thatC. neoformanschitin and the host-derived chitinase, chitotriosidase,
enhance Th- 2 cell accumulation and thus cause disease.

5. AciDIC MAMMALIAN CHITINASE(AMCASE) AND ITS POTENTIAL
RELEVANCE IN DISEASED CONDITIONS

Acidic mammalian chitinase (AMCase) is second true chitinase enzyme and is
expressed in gastrointestinal tract, in lungs epithelial cells, and conjunctiva. AMCase is a
50 kDa protein, a member of the glycosyl hydrolase 18 family (EC 3.2.1.14) and consists
of a 30-kDa N-terminal catalytic domain that can hydrolyse chitin. The genefor AMCase
is located on mouse chromosome3 and human chromosome 1 at pl3.1-p21.3. The
enzyme is known as acid stable, with a pH optimum of 2.0, and this resistance towards
acidic pH differentiates AMCase from CHIT1, which has its optimum activity at pH 6.
AMCase was found to be four times more active [67] at pH 2.0 compared to that of
higher pH 5.2 and 7.5 respectively. Adaptation towards the extreme environment of the
stomach may play an important role in defense and/or digestion of chitin-containing
pathogens. In general, AMCase is expressed in different tissues (stomach, lung, and
salivary glands) and hence is characterized to be associated with various inflammatory
diseases [68].This enzyme is also for non-chitin-related mechanism and has various roles
in fibroblast growth-promoting activity [69], Defensive action against pathogens and in
food processing [70]. AMCase induction occurs when there is an inflammation at site of
infection and remodeling process involved which leads to attraction of eosinophils and
Th- 2 cells at site of infection. Recent studies reported that upregulation of AMCase was
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observed in response to Th- 2 inflammationin the lungs [5, 7, 71]. Genetic study reported
implies that certain polymorphismsand haplotypes of AMCase are linked with
bronchialasthma in humans [5]. Contradictory results were obtained by scientists [7] who
studied on several United States ethnic populations revealed that a haplotype encoding an
AMCase isoform displayed enhanced enzymatic activity was associated with protection
from asthma. All these findings indicated that enhanced AMCase activity could be
protective against asthma [7]. Thus, AMCase are thus known to modulate inflammation
in tissues, remodeling process and immunity [72].

5.1. Asthma

Asthma is one of the most widespread chronic lung diseases which affect people of
all genders, races and ages over the world [73]. Current estimation of people suffering
from asthma over the world is about 300 million which increases by 50% globally every
decade [74, 49]. There are different environmental factors [75] and genetic heredity in
family responsible for asthma but show different susceptibility to asthma in same
environment [71, 76].To exploit chitin containing parasites, worms or fungi (pathogen),
host immune system needs chitinase which can control its growth and molting
process.Basic mechanism involved in asthma infection was suggested[18] under mouse
model in which they challenged 4 mice and administered them with chitin having knock-
in IL-4 reporter cells which could help in easy detection of IL-4 by competetnt cells [77].
This challenge led to increase production of eosinophils as well as basophils in epithelial
cells of lungs. Epithelial cell lining (either conjuctival or nasal) has a vital role as first
line of defence in the immune system [45]. Production of chitinase takes place when
an allergic response occurs due to non-existent parasites [45]. The COPD is linked
with allergic asthma which produce various types of key cytokines such as Interleukin
(IL)-4, IL-5 and IL-13 regulating allergen specific IgE and thus controlling eosinophilic
airway inflammation.

5.2. Conjuctivitis

Allergic conjunctivitis is very common inflammation affecting mostly children that is
caused due to seasonal variation. There are two types of allergic conjunctivitis: vernal
conjunctivitis (VKC) and seasonal allergic conjunctivitis (SAC) and most often doctors
consider both as a same entity. VKC is bilateral as well as frequently occurring
inflammation and considered more severe allergic conjuctivitis (occurring generally at
onset of spring and summer and decrease during winter) as they are resistant to anti-
allergic as well as immunosuppressive treatment. AMCase plays an important part in
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diagnosis of human conjunctival allergic conditions. Significantly high AMCase activity
was obtained in tears of allergic ocular conditions which was confirmed by checking its
stability in acidic conditions (pH - 2) whereas source of AMCase was confirmed by
extraction of RNA by RT-PCR technique. A Co-relation was obtained between
expression of mRNA and AMCase activity. Various chemokines as well as Th- 2
dependent cytokines were found in tears of patients with VKC and SAC [78, 79].

Dry eye is another ocular disease which is characterized by a reduced stability of tear
film stability which occurs due to decreased production of agueous component or by an
increased evaporation. Several symptoms such as burning of eye, foreign body sensation,
impaired vision may be accompanied during dry eyes infection. Non-allergic ocular
inflammation may sometimes be associated with secretion of AMCAse in tears as well as
expression of conjunctival cells. A study in rabbit, where an experimental uveitis was
induced injecting LPS in anterior chamber of eye, confirmed that the chitinolitic activity
in tears collected at different time 0, 6, 24 h after injection, was due to AMCase [80].

5.3. Rhinosinusitis

Rhinosinusitis is an acute disease usually affecting more than 14% of adults and
children [81, 82, 83, 84] and has high tendency to become chronic with time. The acute
form of rhinosinusitis was initially thought to be unimicrobial, and chronic form was
characterized by multiple microorganisms [85, 86, 87]. The chronic form of rhinosinusitis
demonstrates antimicrobial resistance and hence is most challenging for the doctors[88].
Such chronically infected sinuses are often infected with fungi adding complications to
the situation [89, 90] and itbecomes extremely difficult to eradicate [91]. Hence it needs
to be detected and treatment for the same should be given at early diagnosed time period
[92, 93]. Chronic rhinosinusitis is characterized with nasal polyps (CRSwNPs) that cause
severe inflammation with eosinophilic infiltration, which is similar to that found in
asthmatic inflammation. The role of AMCase in CRSwWNPs has been studied [94]
revealing that eotaxin-3 is a most effective eosinophil attractant and can provoke
eosinophil recruitment and activation in the airways of asthmatics.They concluded that
AMCase as well as eotaxin-3 may be chief mediators in the pathogenesis of nasal polyps.

CONCLUSION

True enzymes play vital role in pathogenesis of allergic or chronic conditions.
Synthesis of chitinase enzyme takes place only during bacterial, fungal or non-viral
pathogens is entering our body still its mechanism of production in response to pathogen
is not fully understood. Under various pathological conditions, mammalian chtinase such
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as CHIT1 and AMCase are secreted as a result of inflammation and this could be bio-
marker for several diseases in which false diagnosis method is used for confirmation. In
this review, basic theory of involvement of mammalian chitinase in diseased conditions is
discussed and this may help in improving research design and link consequences of
elevated levels of chitinases with immune system. Overall, it can be concluded that
Secretion of CHIT1 and AMCase depends on various other factors such as inflammation
stage, organs involved and types of cell involved.
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ABSTRACT

The fungal strains belonging to Trichoderma have been extensively isolated from the
diversified tropical and subtropical ecological habitats. These strains are accredited as a
biotechnologically important cell factory for generation of industrially important
enzymes. Particularly the cell wall degrading enzymes (CWDEs) such as chitinase,
glucanases, cellulase and proteases enhance the mycoparasitism against fungal
phytopathogens including Pithium, Sclerotium, Fusarium, Botrytis, and Rhizoctnia. This
review has summarized the reported cell wall degrading enzymes from Trichoderma
species, their molecular mechanisms, and CWDEs induced biocontrol activity byelicitor
or receptor.
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1. INTRODUCTION

The soil fungus Trichoderma is an important source of cell wall degrading enzymes
(CWDEs) [1, 2]. This fungus has the vital role in triggering systemic resistance (ISR)
against plant pathogens and promoting the plant growth. T. harzianum derived CWDEs
(ThPG1) are also involved in the induced systemic resistance (ISR) through plant root
cell wall degradation, and is called as the damage associated molecular pattern (DAMPS)
[3]. Trichoderma derived elicitor triggers ISR through the generation of ET pathways and
reactive oxygen species (ROS), and is called as the microbe associated molecular pattern
(MAMPs). Approximately 10,000 different plant diseases are caused by microbial plant
pathogens [4]. Ability of the phytopathogens in causing plant dieseases depends up on
mode of pathogenesis and host plants adaptation. There are two types of CWDEs such as
(i) plant CWDEs, and (ii) fungal CWDEs. Several phytopathogens can produce the plant
CWNDEs which are causing the plant disease through the degradation of plant cell wall
components (pectin, hemicellulose and cellulose). The fungal CWDEs from Trichoderma
are significantly involved in biological control of root-infecting and soft rot-inducing
plant pathogens such as Pithium, Sclerotium, Fusarium, Botrytis, and Rhizoctnia in the
agriculture farming [5]. However, Trichoderma spp. are known to synthesis the CWDESs
which degrade the pathogenic fungal cell wall [6]. Moreover, the molecular mechanism
of the lytic enzymes in the biological control has been reported by Haran et al. [7].

Biological control of plant pathogens using microbial derivatives is efficient over the
chemical pesticides and it is an ecologically affable to reduce the plant pathogens. The
biological control is accredited based on the antibiotics, nutrient competition, response of
CWDEs and metabolites of mycoparasitism [8]. Similarly the CWDEs are involved in
hydrolysis of pathogenic fungal cell wall through mycoparasitism in both in vivo and in
vitro and causing the apoptosis [9, 10]. Several Trichoderma derived CWDEs such as
Chitinase, p-1,3-glucanases, a-1,3-glucanases, p-1,6-glucanases, and protease are
reported [11]. Recent advances in the research of proteomic, genomic and transcriptomic
studies have begun to pinpoint knowledge about molecular mechanism of plant and
Trichoderma elicitor or receptor involved in CWDEs related biocontrol activity. In this
book chapter, we summarize the reports on CWDEs from beneficial fungi Trichdoerma,
highlight the importance of CWDEs on biological control activity and their mechanism,
and provide the information on transcriptional genes from Trichoderma, involved in
CWNDEs production.

1.1. Trichoderma and Its Enzymes

Trichoderma is an extensive source of industrial enzymes with enormous
applications [11]. Its antagonistic potential is a biobase for the significant biocontrol
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activity of various phytopathogens. The antagonistic or biocontrol of pathogens through
the mycoparasitic or competition process is highly based on the synthesis of a fungal
CWNDEs and their ability in hydrolysing the cell wall of host fungal pathogens [9]. A
complex of CWDEs from Trichoderma, dangerous to the phytopahtogenic fungi has been
reported [12].

1.2. Fungal Cell Wall Degrading Enzymes from Trichoderma

Several CWDEs, Chitinase [13-15], a-1,3-glucanase [16], B-1,3-glucanase [17],
Cellulase, N-acetylglucosaminidases [18], Chitotriosidase[19], Endochitinases [20],
Glucanases [21, 22], B-1, 4-glucanases[23], 1,3-d-glucanase [24], Endo-beta-1,3-
glucanases [25], Exo-beta-1,3-glucanases [16], Glucan 1,3, B-glucosidase [19, 26],
Proteases [12, 27], B-1,6-glucanases [22, 28] have been described as important
components for the multi-enzymatic system of Trichoderma species. However, the
biocontrol is highly related to the synthesis of chitinase, glucanase and protease in
Trichoderma and it enhances the reduction of the phytopathogenic fungi [29].

Fungal CWDEs are involved in the mycoparasitism process in both saprophytic and
antagonistic processes, which could provide the diversity of microbial isolates with the
higher potential of antagonist capacity and degrading potential in fungal colonization in
different ecological systems [30]. CWDEs are reported from several Trichoderma
isolates such as T. atroviride [31], T. harzianum [32], T. viride [33], T. asperellum [34],
T. aureo viride. The microbial production of the chitinase has captured the world wide
attention.

1.3. Role of Cell Wall Degrading Enzymes in Induced Systemic Resistance

In an environment, both beneficial and harmful microbes are present, in which
several microbes could positively interact with the plants and induce the systemic
resistance towards the dangerous microbes and enhance the defence responses by
activation of multiple signal transduction pathways for the survival of plants. The plants
are resistant to most of dangerous microbes through the innate immunity [35]. Two type
of plants defence system is activated based on the injury such as systemic acquired
resistance (SAR), and induced systemic resistance (ISR). SAR is employed by plants to
restrict pathogen expansion in tissue through necrosis at the local site upon primary
infection [36]. This is typically characterized by studying the level of salicylic acid (SA)
and activated SA responsible genes. ISR is employed to induce by root colonization of
systemic mutualistic microbes [2, 37]. This is typically identified through ethylene (ET)
and jasmonate (JA) dependent signalling pathways [2, 38].
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Table 1. Mycoparasitism related genes from Trichoderma sp.

Species Strain Genes References
Trichoderma spp. - MAPK [51]
T. asperellum Orthologs - TmkA [52]
Trichoderma spp. Heterotrimeric G-protein [53]
signaling
T. atroviride and G-alpha subunits TGA3 and GNA3 [54]
T. reesei
T. reesei GNA3 [55]
Trichoderma spp. VELVET [56]
T. atroviride Class | (adenylate cyclase inhibiting) | [53]
G-alpha subunits TGA1
TMK1 [57]
P1 Th-En42 [58]
IM1206040 ech42 [59]
P1 nagl [60]
T. harzianum CECT 2413 chit43 [61]
™ chit36 [62]
CECT2413 chit33 [63]
T. virens Gv29-8 cht42 [64]
TgaA [65]
Gv29-8 Tvbgn3 [66]
Tv29-8 echl, ech2, ech3, chtl, cht2 [67]
MAP-kinase TVK1 [68]; [69];
[70]
Lack of TVK1 considerably [68]
increases biocontrol effectivity
T. hamatum Tam-61 th-cb [71]
T.cf. harzianum T24-1 ENC1 [72]
T25-1 excl
T25-1 exc2

Innate immunity is employing the pattern-recognition receptors (PRRs) for sensitive
and rapid detection of the potential dangers caused by pathogenic microbes [39]. PRR
line encoded according to the pathogen-microbes associated molecular patterns
(PAMPs/MAMPs) or damage associated molecular pattern (DAMPs) [40]. In general,
when the plant is interacted with dangerous pathogens, the PAMPs trigger the plant
immunity (PTI), and synthesis of protein or metabolites that control the pathogen [40].
Some virulent successful pathogens suppress the PTI through the production effectors
and toxins. However, the existed knowledge of plants-microbes interactions is
emphasized to study the plants receptor protein or microbial elicitors. In this context,
previous work has identified the elicitor from Trichoderma responsible for the interaction
with maize and induced systemic resistance [23, 41]. Plant cells are exposed to molecule
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or cell wall degrading enzymes of microbes as purified proteins or microbial metabolites.
These influence on the plant innate defence responses have been characterized [42-44].
CWDEs of Trichoderma can interact with the plant roots and disturb the roots system
through damaging of root cellobiose or chitin followed by the CWDEs attack. This can
pass signal through plant internal system and activate the plant defence through the
JAJET/SA signal pathways [3, 45]. Xylanase Xyn/Eix derived from T. viride is identified
as strong elicitor to activate the plant defence in tobacco and tomato [46]. Cellulose of T.
longibrachiatum is known to induce the plant defence response in melon through
activation of SA and ET signalling pathways [47]. Endopolygalacturonase ThPG1 of T.
harzianum is proved to involve in the plant defence responses like ISR in tomato root [3].

2. CELL WALL DEGRADING ENZYMES

Enzymes are proteins that are involved in various biological and chemical reactions
in internal and external systems of plants and animals. Several artificial and microbial
enzymes are significantly used in industrial applications. However, their role in
biocontrol of non beneficial plant pathogens is known as mycoparasitism. Trichdoerma
mycoparasitism is a combined synergistic process of nutrient competition [19], CWDEs
[48], secondary metabolites [49, 50] and formation of coiling around the host and
development of appressorium like structure [29]. Trichoderma species can colonize or
penetrate in host fungus cell wall through the utilization of cellular contents. CWDES
(chitinase, glucanases, cellulase and proteases) which encode genes from Trichoderma
(Table 1) play a major role in mycoparasitism and biocontrol [9, 48].

2.1. Cellulase

Cellulase is one of the economically important enzymes and it is used in many
industrial applications especially in bio-fuel production. Trichoderma species secretes the
cellulase enzymes that cause lysis in cell wall of the plant pathogens and induce the plant
defence responses [50, 73]. A study of the cellulase gene expression in T. reesei, T.
atroviride and T. virens during mycoparasitism against Rhizoctonia solani indicates that
the cellulase gene is up regulated during the interaction with pathogen [74]. This
emphasizes the components of the pathogens and Trichoderma spp., are able to enhance
the process and induce the role in cellulase regulator gene of xyrl [75].
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Table 2. Antifungal chitinases reported from of Trichoderma strains

Species Strain Chitinases types References
Trichoderma CECT 2413 42 kDa (CHIT42), 37 kDa | [79]; [80]
harzianum (CHIT37) & CHIT33
T. cf hurziunum Nottingham 40 kDa, Chitinases; 73 [81]; [82] [63]
39.1 kDaN-acetyl-b-D-
glucosaminidase; 46
endochitinase
T. atroviride P1 CHIT42 endochitinase) & e | [83]; [84]; [85]
(T. harzianum P1) CHIT73 N-acetyl-b-D-
glucosaminidase 73kDa;
Ech30
T. harzianum Rifai | - chitinase [86]
T. harzianum TUBF 781 chitinase [871; [88]
T. viride - 28KDA chitinase [89]
T.cf. harzianum Nottingham exochitinase [90]
T198
Trichoderma N9 46 kDa chitinase [91]
viride

2.2. Chitinases

Chitin is the second most abundant polymer in nature, after cellulose. Chitinases can
degrade the chitin, and possess several biological control and plant defense mechanisms
[76]. Chitinases from Trichoderma spp. are extensively involved in fungal cell wall
degradation in mycoparasitism [9, 77]. Chitinolytic enzymes can be classified in to three
major types viz., (a) 1,4-P-ILT-acetylglucosaminidases that splits the chitin in an exo-
type fashion into GIcNAc monomers; (b) endochitinases that breakdowns the internal
sites over the entire length of the chitin microfibril in an random manner; and (c)
exochitinases that are involved in release of diacetylchitobiose in an sequential fashion.
Quite a lot of chitinase proteins and genes has been isolated from Trichoderma spp.
grown in media containing chitin as sole carbon source (Table 2). Gruber et al. [50] have
analysed the gene expression of chitinases (subgroup C) in a mycoparasite Trichoderma
virens and have revealed the nutritional stimulus that exhibits difficult expression
patterns on various parts of fungal colony, while the cultivation manner results in the
transcription levels of subgroup C chitinase. De Las Mercedes Dana [78] has worked on
the up regulation of chit33 expression from Trichoderma harzianum CECT 2413 that
encodes the genes, responsible for Chit33 endochitinase, and chief component of
Trichoderma harzianum CECT 2413 chitinolytic enzyme system.

The production of chitinase by Trichoderma species is of increasing interest as it acts
as a promising source of mycolytic enzymes [92, 93]. The nagl gene from T. atroviride
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encodes N-acetyl-beta-d-glucosaminidase with 73-kDa, that is secreted and partially
bound to the cell wall, and the nagl gene products are responsible for N-acetyl-beta-d-
glucosaminidase activity [8]. T. harzianum isolate 1051 has produced most of the
hydrolytic enzymes especially N-acetylglucosaminidase, chitinase, cellulase, B-1,3-
glucanase, endoglucanase, protease and amylase [18]. Cht2 an endochitinase is expressed
from T. virens UKML1 in Pichia pastoris (methylotrophic yeast), and and it is also cloned
and sequenced the cht2 gene, its cDNA and the endochitinase gene [94]. Naturally, T.
harzianum produces only moderate amounts of endochitinase, and over-expression of the
endochitinase that can generate more-effective biocontrol strains. An efficient expression
system has been developed for the related species like T. reesei, which utilizes the
promoter of highly expressed cellulase gene cbhl.

2.3. Glucanases

Glucanases are enzymes that are polysaccharides, made up of several glucose sub-
units and breaks down a glucan, and it performs the hydrolysis of glucosidic bond.
Glucanases from Trichoderma can degrade most of the fungal cell walls and play an
important role in mycoparasitic action [23]. De La Cruz et al. [28] have characterized the
enzyme and indicated that the enzyme releases soluble sugars and produces hydrolytic
halli on yeast cell walls. The combined cell wall-degrading enzymes such as B-1,3-
glucanases and chitinases are significantly hydrolyzing filamentous fungal cell walls.
These enzyme act supportively with the later enzymes, preventing the growth of the
fungi. Antibodies against the purified protein have also indicated that the two identified
B-1,6-glucanases are not immunologically related and are probably encoded by two
different genes. The enzyme is specific for -1,6 linkages and it shows an endolytic mode
of action on pustulan. T. asperellum produces two extracellular 1,3-p-d-glucanase upon
induction with cell walls from Rhizoctonia solani [95]. Some of these proteins display
strong antifungal activities when are applied in vitro, alone and/or combined, against
plant pathogens [10]. Most of the CWDEs are involved in biodegrading, antagonistic and
saprophytic processes. However, fungal proteases may also be significantly involved in
cell wall degradation, since fungal cell walls contain chitin and glucan polymers,
embedded in and covalently linked to a protein matrix [96].

2.4. Protease

Protease from fungi plays the crucial role in the morphogenesis and nutrient
metabolism. The proteases are involved in the extracellular digestion of proteins and free
amino acids and also promote the secretion of extracellular hydrolytic enzymes [97, 98].
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Some researchers have reported the correlation between extracellular protease and
CWDEs from Trichoderma such as chitinase [99], B-1,6- glucanase [100], B-glucosidase
[101] and, cellulase [102, 103]. Protease encoding genes are reported from T. ressei [104]
and T. harzianum [100]. Similarly, the gene prbl from T. harzianum is reportedly
involved in the mycoparasitism against fungal plant pathogen Rhizoctonia solani [105,
106]. Although, the molecular mechanism of protease encoding genes from Trichoderma
spp. involved in mycoparasitism is not yet described in detail.

CONCLUSION

Trichoderma species are globally well-known fungi, significantly used in biological
control of plant pathogens in both in vitro and in vivo agriculture farming systems and are
commercially available as bio-control agents. Several scientists have reported the
molecular mechanism of bio-control activity associated with combined production of
CWDEs, secondary metabolites, peptaibols from Trichoderma. However, most
importantly the expressions of CWDEs encoding genes from Trichoderma significantly
trigger the mycoparasitism and interactions between Trichoderma and plant pathogens or
host. The summarized information emphasizes that the CWDEs especially, chitinase
followed by the glucanases from Trichoderma spp. are significantly involved in
mycoparasitism and they can further increase the synergistic secretion of other enzymes
and metabolites. Although the Trichoderma species are widely used as bio-control agent
against plant pathogens, there is still a need to study the detailed mechanism and function
in order to understand signalling pathways, involved during the interaction of plant-
Trichoderma-pathogens. Therefore, further such studies can improve our better
understating of molecular mechanism of biological control activity of Trichoderma from
genetics to field.
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