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Abstract

Microbes are ubiquitously distributed in nature and are a critical part of the holobiont fitness. They are perceived as the most
potential biochemical reservoir of inordinately diverse and multi-functional enzymes. The robust nature of the microbial
enzymes with thermostability, pH stability and multi-functionality make them potential candidates for the efficient biotech-
nological processes under diverse physio-chemical conditions. The need for sustainable solutions to various environmental
challenges has further surged the demand for industrial enzymes. Fueled by the recent advent of recombinant DNA tech-
nology, genetic engineering, and high-throughput sequencing and omics techniques, numerous microbial enzymes have
been developed and further exploited for various industrial and therapeutic applications. Most of the hydrolytic enzymes
(protease being the dominant hydrolytic enzyme) have broad range of industrial uses such as food and feed processing,
polymer synthesis, production of pharmaceuticals, manufactures of detergents, paper and textiles, and bio-fuel refinery. In
this review article, after a short overview of microbial enzymes, an approach has been made to highlight and discuss their
potential relevance in biotechnological applications and industrial bio-processes, significant biochemical characteristics of
the microbial enzymes, and various tools that are revitalizing the novel enzymes discovery.
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Introduction symbiont microbial species to carry out some of the meta-
bolic activities particularly in terms of nutrient provision.

Microbes constitute about 60% of the total earth biomass.  Archetypes include but not limited to cellulose degrada-

It is estimated that the amount of carbon assimilation
fixed through microbial activity is even higher than those
by green plants [1]. Animals and plants depend on the
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tion in ruminants, cattle, and termites [2, 3]; nitrogen fixa-
tion in legumes [4]; photosynthesis in micro-algae in cor-
als and sponges [5]; and oxidation of inorganic compounds
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in deep-sea invertebrates [6]. The gut microbiota in human
are involved in various metabolic functions, breaking
down toxic compounds, and defense against pathogenic
organisms via enhancement of the immune system. Thus,
the gut microbes in human body are considered as a poten-
tial source of novel therapeutics [7, 8]. Microbes associ-
ated with plant roots also provide significant contribution
to nitrogen metabolism, phosphate uptake, and enhancing
access to organic matter and water [9].

The function of microorganisms in various sectors can
be classified into three major phases. Traditional industrial
microbiology, being the first phase covers the fields that
include but not limited to the applications of microorgan-
isms to preserve milk and vegetables, and to produce various
food products such as cheese, bread, pickles, beer, wine,
and vinegar. An epitome of this field is the production of
alcoholic beverages from barley through the application of
yeast during the early 6000 BC [1, 7]. Modern industrial
fermentation, also referred to as the second major phase,
focuses on large-scale fermentation facilities to process vari-
ous enzymes, vitamins, organic solvents, antibiotics, and
other value-added products. Microbiological engineering
came into existence through the development of penicillin
and streptomycin production. The microbial recombinant
DNA technology is the third phase and is also known as
modern biotechnology. Modern microbial biotechnology
has a wide spectrum of industrial applications ranging from
agriculture, food processing, detergents, dairy, beverages,
paper/pulp industry, leather, petroleum, mining, textiles,
polymer, cosmetics, waste treatment to health care, diag-
nostics, pharmaceuticals, and human/animal medicine [7].
The advent of protein engineering, directed evolution, and
‘omics’ approaches has further revolutionized the discovery
of new microbes and their enzymes in industrial applications
[10, 11].

Enzymes, also known as bio-catalysts, are the biological
macromolecules offering a crucial role to accelerate both
the rate and specificity of various chemical reactions and
metabolic processes [12]. Most of the enzymes are proteina-
ceous in nature except ribozymes. In recent years, the use
of enzymes in the development of eco-benign and efficient
chemical syntheses has increased tremendously. Biologi-
cal enzymes are of tremendous interest due to their special
physio-chemical attributes such as low cost, low-energy
input/intake, environmentally safe or non-toxic, and high-
efficiency rate. These attributes have led to a competitive
production phenomenon and subsequently enzymes have
been employed extremely in the development of numerous
industrial bio-processes [13, 14].

The Nomenclature Committee of the International Union
of Biochemistry and Molecular Biology (NC-IUBMB) has
classified the enzymes into six major classes on the basis
of the reactions they catalyze. The class of enzymes, types
of reactions, and selection of the enzymes in industrial pro-
cesses are enumerated in Table 1.

The term “enzyme” comes from a Greek word “e]{ouo”
meaning in leaven [17]. It was first coined by Wilhelm Frie-
drich Kuhne in 1877 albeit the term enzyme and its use
were already been seen to be widely involved since ancient
times [13]. Diastase is the first enzyme discovered by French
chemist, Anselme Payen. In 1947, James B. Sumner iso-
lated and crystallized the enzyme urease from jack bean,
the first enzyme in pure form, which earned him the Nobel
Prize for the year 1947 (https://www.nobelprize.org/prize
s/chemistry/1946/summary/) [13]. NOVO used Bacillus
licheniformis for the commercial production of protease
in 1960. Stimulated by the recent advancement in genetic
engineering, protein engineering, use of additives, and
immobilization, these techniques should favor the enhance-
ment in enzyme production with better yield [18]. The

Table 1 A selection of class of enzymes used in industrial bio-processes, and types of reactions

S.N.* Class of enzyme Reactions

Industrial enzymes

1. Oxidoreductase  Involves in oxidation and reduction in between molecules

2. Transferases Involves in the transfer of functional groups from one
molecule to another (e.g., amino or phosphate groups)

3. Hydrolases Catalyze the hydrolysis of a substrate in the reaction

4. Lyases Catalyze the addition or elimination of water, ammonia,
or carbon-dioxide to and from double bonds

5. Isomerases Catalyze geometric/structural rearrangement of atoms
within one molecule

6. Ligases Join two molecules with the hydrolysis of a diphosphate

in ATP or similar triphosphates

Alcohol dehydrogenases, catalases, laccases, oxygenases,
peroxidases

Transketolases, acyltransferases, fructosyltransferases,
glycosyltransferases, transaminases

Proteases, amylases, cellulases, xylanases, pectinases,
lipases, phytases, phosphatases, cutinases

Decarboxylases, aldolases, dehydratases, pectate lyases,
fumarases

Racemases, glucose isomerases, epimerases, mutases,
tautomerases, cycloisomerases, topoisomerases

Synthetases, argininosuccinate synthase, glutathione
synthase, carboxylases

Note: Information about the types of reactions and the enzymes used in various industrial processes taken from Refs. [15, 16]

Serial number
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global industrial enzymes market in 2015 was estimated
to be approximately $4.6 billion, which is expected to wit-
ness rigorous growth of $6.3 by 2021 at a compound annual
growth rate of 4.7% for 2016-2021 (https://www.bccresearc
h.com/market-research/biotechnology/enzymes-industrial
-applications-report-bio030j.html). Currently, enzymes have
been used for the synthesis of over 500 industrial products
across an extensive range of biotechnological applications
[19]. Most of the hydrolytic enzymes (about 65%) have
diverse industrial applications such as laundry detergents,
agro-chemical intermediates, textiles, starch, pulp and
paper, leather, and personal care products. About 25% of
the enzymes are used in food processing and the remaining
10% are prepared as animal feed supplements [20-22]. The
versatility of hydrolases promotes its predominant appli-
cations in the biodegradation of natural polymers such as
starch, cellulose, proteins, and other chemicals [13, 23].
Protease is the most dominant hydrolytic enzymes in terms
of their physiological and biotechnological exploitation and
accounts for approximately 57% of the industrial enzymes
market [24]. The other enzymes include but not limited to
amylase, lipase, xylanase, ligninase, cellulose, isomerase,
pullulanase, laccase, and catalase [1].

Nature bestows a bulk of microbial enzyme resources
(Table 2). Microorganisms are considered as the principal
source of enzymes due to their broad availability, rapid
growth rate, and cultivability through genetic manipula-
tion in order to enhance the desirable qualities and yield of
targeted enzymes [25]. Yeasts and molds contribute more
than 50% of the industrial enzymes. Similarly, 30% of the

Table 2 List of some enzymes from microbial sources

Source  Enzyme Microorganism References
Bacterial Cellulase Bacillus sphaericus [28-34]
Amylase Bacillus subtilis
Protease Bacillus intermedius
Xylanase Bacillus sp.
Lipase Bacillus megaterium
Esterase Bacillus lichenoformis
Pullulanase Bacillus sp.
Penicillinase Bacillus subtilis
Pyrophosphatase Bacillus subtilis
Fungal = Amylase Aspergillus oryzae [35-39]
Glucosidase Aspergillus flavus
Catalase Aspergillus terreus
Pectinase Aspergillus niger
Cellulase Trichoderma reesei
Lipase Rhizopus oryzae
Beta-xylosidase  Aspergillus niger
Laccases Coriolopsis sp.
Yeast Lipase Candida rugosa [4042]
Lactase Kluyveromyces lactis
Invertase Saccharomyces cerevisiae
Uricase Aspergillus flavus
Ribonuclease Saccharomyces cerevisiae

industrial enzymes are made from bacteria, 8% from ani-
mals, and around 4% from plant sources (http://www1.1sbu.
ac.uk/water/enztech/sources.html). Some of the archetypes
of the microbial enzymes used for industrial applications
incorporate (i) the use of Escherichia coli amidase for the
production of 6- amino-penicillanic acid (6-APA) at 40,000
tons/year; (ii) the use of Pseudomonas chlorapis nitrile
hydratase to manufacture acrylamide from acrylonitrile at
30,000 tons/year; and (iii) the use of Streptomyces xylose
isomerase to isomerize D-glucose to D-fructose at 100,000
tons/year [26]. In comparison to the enzymes obtained from
plants and animals, the microbial enzymes are contemplated
to be more stable and active and thus provide superior per-
formance under diverse physio-chemical conditions [14, 27].

Applications of Enzymes in Industrial
Processes

Enzymes play a critical role to accelerate both the rate and
specificity of various biotechnological reactions and met-
abolic processes [1, 12]. This ranges from food digestion
to DNA synthesis. Moreover, bulk of enzymes are used in
various industrial processes which include animal feed, food
processing, polymer synthesis, paper and pulp industries,
detergents, pharmaceutical industries, textiles, and bio-fuel
industries. Proteases, cellulases, xylanases, amylases, and
lipases are some of the commercially exploited enzymes in
broad range of industrial processes. Most of the industrial
enzymes are hydrolytic in nature (used for the degradation of
natural substances). Among them, a-amylase is considered
as the most versatile enzymes with industrial applications
ranging from the starch conversion processes to the produc-
tion of cyclodextrins in pharmaceutical industry. Likewise,
proteases constitute about 60% of the global enzyme mar-
ket [14]. Microbial proteases possess broad range of appli-
cations in bio-based industries such as detergent industry,
leather processing, food industry, and pharmaceutical indus-
try. In addition, microbial proteases are also used for vari-
ous research and studies in molecular biology, genetics, and
peptide synthesis [43]. Herein, we have discussed a range of
enzymes application in various industrial processes.

Animal Feed Industry

The use of enzymes in animal nutrition is well established.
Due to the presence of anti-nutritional factors such as phytic
acid, and non-starch polysaccharides (NSP), animals cannot
digest 15-25% of the consumed feed [44]. In general, feed
enzymes enhance the nutrient digestibility which leads to
increase in efficiency of feed utilization by animals [45]. For
instance, carbohydrases improve the digestibility of carbo-
hydrates, thereby increasing efficiency of animal feeds. In
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addition, they are used in animal diet formulation to degrade
harmful components in the feed [45]. The use of feed pro-
teases reduces the content of non-protein nitrogen supple-
ment in animal diets and thus decreases the urea secretion
into the nature [46]. The global market for feed enzymes in
2014 was estimated around $899 million and is expected to
reach approximately $1.3 billion by 2020 [1].

Approximately, 85-90% of natural plant phosphorous
is bound in phytic acid in cereal-based feed for monogas-
tric animals. The addition of enzyme phytase (the largest
enzyme segment in the feed industry) in animal feed con-
tributes to a reduction of phosphorous from monogastric
animals; thereby reducing phosphorous pollution and other
environmental concerns derived from it such as eutrophica-
tion [47, 48]. Proteases break down complex proteins into
peptides and amino acids. These are used as feed enzymes
to enhance dietary protein hydrolysis and hence enable bet-
ter nitrogen utilization. This leads to a significant reduction
in nitrogen emissions from livestock production [49]. To
date, commercially available feed enzymes include phytases,
proteases, subtilisin, a-galactosidase, xylanase, glucanase,
a-amylase, and polygalacturonase. These feed enzymes are
particularly applied in swine and poultry industries [50]. The
search for the development and production of thermostable
enzymes with high-specific activity, some novel non-starch
polysaccharide degrading enzymes, along with the reliable
and cost-effective assays for measuring enzyme activity have
always been the focus among researchers working in the
field [45].

Food Processing Industry

The search for the development of enzymes useful in food
processing industries has been intensified rapidly due to
the consumer’s demand for the quality of foods in terms
of flavor and taste. The enzymes for food bio-molecules
are efficiently used in yielding better food production and
enhancing the various food components such as flavor, taste,
texture, digestibility, aroma, functionality, and nutritive val-
ues [51]. In addition, the profound use of food enzymes in
food and ingredients processing industries has offered better
markets along with safer and higher quality of food products.
The food and beverage enzymes dominated the industrial
enzymes market with the total value of approximately $1.3
billion in 2015 and are projected to grow around $23 bil-
lion by 2020 [52]. Some of the common food enzymes used
in food processing are cellulase, protease, lipase, amylase,
and pectinase. These food enzymes are mainly used in dairy
industry (cheese manufacturing), baking industry, wine mak-
ing and brewing, juice production, and starch processing.
Most of the enzymes used in food industry are catego-
rized as enzymes used for food processing aids except for
few of them which are divided into food additives, namely
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lysozyme and invertase. Those enzymes used in food pro-
cessing aids lack technological functions in the final food
product; nevertheless, have significant role during the food
manufacturing process [14, 46]. All these materials are regu-
lated and considered to be safe under the guidance of good
manufacturing practice (cGMP). As of today, based on FDA
regulations, there are about nine recombinant microorgan-
isms that are regarded as ‘Generally Recognized as Safe’
(GRADS). It comprises small number of bacterial and fungal
species such as A. oryzae, A. niger, Mucor miehei, Mucor
pusillus Lindt, B. subtilis, and B. licheniformis [53].

Oil and fat modification and sweetener technologies
are the prime avenues in food industry that have gained
increased attention for the use of food processing enzymes.
As microbial lipases are regiospecific and fatty acid specific,
they are of immense significance to be exploited for retai-
loring vegetable oils [54]. Earlier, lipases were used during
bio-lipolysis. Lipases were also used in refining rice flavor,
modifying soybean milk, yielding better aroma, and stimu-
lating the fermentation of apple wine [55, 56].

The microbial enzymes are mostly used in beverage
industry, followed by the dairy industry. The food enzymes
such as proteases, pentosanases, a-amylases, -glucanases,
pullanases, amyloglucosidases, and «-acetolactate-
decarboxylases (ALDC) are the most significant enzymes
used in brewing industry. The brewing enzymes help to con-
trol the overall process and thus yield better quality beer and
other beverages. For instance, f-glucanases hydrolyze glu-
cans into soluble oligomers and thereby offer lower viscosity
and improved filterability; proteases boost malt improvement
and enhance yeast growth; ALDC avoids the formation of
diacetyl and hence reduces the time of fermentation while
providing right taste to the beer [46].

Some of the common dairy enzymes used in dairy indus-
try include p-galactosidases, lactases, esterases, lipases,
lysozymes, catalases, chymosin, and lactoperoxidases. Basi-
cally, these enzymes are used to improving the shelf life
and quality of dairy products. The dairy enzymes namely
B-galactosidases and lactases are applied to catalyze the
hydrolysis of lactose to glucose and galactose in milk pro-
cessing. This is of great significance for lactose-intolerant
people and thus controls tissue dehydration and other fatal
diseases [57, 58]. Chymosin, lipases, and lysozymes are
generally applied for the production of cheese, yogurt, and
other various milk products. Proteases are used to reduce the
allergenic properties of milk products [57].

In a research report published by Freedonia Group, it was
stated that the baking enzyme industry is expected to grow
around $9 billion by 2020 [59]. Most baking enzymes pos-
sess a broad range of applications. f-xylanases are used to
improve dough stability; oxido-reductases increase gluten
strength; lipases enhance the stability of the gas cells in
dough and improve the flavor content through the synthesis
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of short-chain fatty acids through esterification [60]. Other
enzymes such as proteases reduce the concentration of
protein in flour, decrease mixing time, reduce dough con-
sistency, and control gluten strength in bread. Similarly,
a-amylases degrade starch into smaller dextrins when added
to the dough of bread [61]. The addition of a-amylases to
the dough decreases the viscosity of dough and increases
the rate of fermentation. This yields an enhanced texture,
improved taste and volume of the loaf, and better crust color
of the dough. It also improves the shelf life of the products
and acts as anti-staling agent. A thermostable maltogenic
amylase derived from Bacillus stearothermophilus is cur-
rently used in the bakery industry [61]. Likewise, baking
enzymes also aid in yielding better texture, color, and uni-
formity in addition to prolonging freshness and softness of
bread [1].

Several food enzymes are used in juice production indus-
try. Amylases are applied to hydrolyze starch into glucose
and to clarify cloudy juice (such as in apple juice produc-
tion); pectinases to improve the overall juice production;
laccases to better enhancing the susceptibility of browning
during storage; naringinases and limoninases to act on com-
pounds that cause bitterness in citrus juices [62]. The use of
enzymes in juice production can increase the efficiency of
operation such as peeling, extraction, maceration, juicing,
and clarification and in improving sensory characteristics
[63]. This ultimately results in better and cost-effective juice
yield.

Polymer and Textile Industry

Polymeric materials are an indispensable part of the mod-
ern society and are broadly exploited in several fields that
include food packaging industry, agricultural industry, auto-
motive, electronics, pharmaceuticals, medical, and therapeu-
tic industries. Enzymatic polymer modifications and enzy-
matic monomer synthesis/polymerizations are eco-friendly
and benign alternatives to chemical and physical modifica-
tions of polymers for the synthesis of novel macromolecules
as well as commodity plastics [64]. This is because of the
high reaction specificity of enzymes, high enantio-, regio-,
chemo-selectivity, non-toxic transformation on the surface
of polymer. In addition, the enzymatic reactions occur under
mild conditions without the involvement of toxic reagents
and hence offer greater global sustainability. Enzymatic pol-
ymer synthesis offers tremendous opportunity to advance
green polymer chemistry [65].

The production of genetically engineered eco-friendly
polyester (3G+) [66] and the development of polylactide
(PLA) through lactic acid fermentation [67] are the epito-
mes of the bio-polymers with industrial applications. Poly-
meric biomaterials developed through enzymatic polymer

modification are biodegradable in nature and thus are able
to be broken down and removed easily after the completion
of their functions [68]. For instance, the degradable poly-
mers are clinically used as surgical sutures and implants.
Similarly, the bio-polymers namely polycarbonates, poly-
acetals, polycaprolactones, polyurethanes, polyphosphates,
polyphosphazenes, and polyesters have tremendous appli-
cations in biomedical fields such as orthopedic devices,
tissue engineering, drug delivery, vaccine adjuvant, and
therapeutic approaches [68].

Lipase, laccase, peroxidase, and transglutaminase are
the prime enzymes used in polymer industry. Lipase is
a renewable biocatalyst and is benign in nature. Poly-
ester synthesis through the polymerization of lactones,
cyclic diesters, and cyclic carbonates (using enzyme,
mainly lipase) normally occur at lower temperature, nor-
mal pH, optimum pressure, and are highly selective in all
respects (i.e., enantio-, regio- and chemio-selectivities).
Thus, developed polyesters using lipases are often rated
as highly value-added products for biomedical and phar-
maceutical applications [64, 69]. The direct esterification
of butanol and oleic acid using lipase produces 1-butyl
oleate. This reduces the viscosity of biodiesel in winter
use [55]. Gurung et al. stated that laccase, peroxidase, and
transglutaminase play a significant role to forming cross-
links in bio-polymers to provide materials in situ through
polymerization [13]. Laccases (EC 1.10.3.2) are group of
oxidative enzymes, belonging to the multicopper oxidase
family [70]. They are versatile bio-catalysts in organic
synthesis, used to produce polymers in air without the
use of H,0, [71]. Lacasses induce radical polymerization
of acrylamide with and without mediator and also play a
crucial role to polymerize different amino and phenolic
compounds [72, 73].

Textile industry is one of the largest contributor to
environmental pollution [74]. The application of various
enzymes in the textile industry has promoted the devel-
opment of eco-friendly fiber processing technologies and
strategies to enhance the quality product [75]. Hydro-
lase and oxidoreductase are the two different classes of
enzymes mostly used in textile industries. The hydrolase
enzymes (amylase, cellulase, pectinase, cutinase, protease,
and lipase/esterase) are applied to removing starch size,
bio-polishing and bio-scouring of fabric, cotton soften-
ing, fabric finishing in denim, enhancement of color and
surface vividness, resistance to wrinkles, and treatment
of wool [76-79]. Similarly, the use of oxidoreductase
enzymes (catalase, laccase, peroxidase, and ligninase)
includes bio-bleaching, dye decolorization, wool finishing,
dye cotton, and wool fabrics, improvement of the white-
ness during cotton bleaching, and bleach termination [80,
81].
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Paper and Pulp Industry

The use of various enzymes has grown rapidly in paper and
pulp industries to decrease the adverse effect on natural
ecosystem. Besides, the use of enzymes aids in reducing
the processing time, energy consumption, and the use of
toxic chemicals in processing. Srivastava and Singh in 2015
stated that the various enzymes are employed in paper and
pulp industry to enhancing de-inking, bleaching, and waste
treatment by increasing biological oxygen demand (BOD)
and chemical oxygen demand (COD) [82]. The separation
and degradation of lignin during industrial paper production
was done conventionally using chlorine- or oxygen-based
chemical reagents [83]. The pre-treatment of wood pulp
using laccase offers milder and cleaner strategies of delig-
nification and brightening. Other potential applications of
bacterial and fungal laccases include pitch removal, pulp
grafting to enhance its physio-chemical properties, and de-
inking (a significant step in fiber recycling) of old newsprint
(ONP). Old newsprint is one of the prime materials reused
for papermaking [83, 84]. Lipases are used in pulp and paper
industry to de-inking and improving the pitch control in
pulping processes [85]. Xylanases are employed to enhanc-
ing the pulp bleaching, water retention capacity, and freeness
in recycled fibers, while cellulases and hemi-cellulases are
used to improving fiber softness and flexibility and enhanc-
ing water drainage [86]. Moreover, mannases are exploited
for degrading the residual glucomannan and thus boosting
brightness of products in paper industry [87, 88].

Detergent Industry

Detergent industry represents one of the largest industrial
application of enzymes with around 25-30% of the total
sales of enzymes [89]. The most crucial field of applica-
tion for enzymes (such as amylase, lipase, protease, cel-
lulase, cutinase) is their addition to detergents, which are
used mainly in dishwashing, laundering, and industrial and
institutional cleaning. The enzymes in laundry detergents
basically help to improve fabric whiteness, its color, sof-
ten cotton, and increase the efficiency on stain cleaning and
classical soilings such as grass, animal and vegetable fat,
and blood. The enzymes used in detergent industry should
have alkaline pH, high catalytic activity, and stability at
low temperature [24]. Enzymes used in detergent industry
mainly belong to hydrolase group. Cold-active serine pro-
tease (CP70) produced from Flavobacterium balustinum
and cold-active alkaline protease isolated from Stenotropho-
monas maltophilia are the epitomes of such enzymes. Pro-
teases exhibit exceptional stability and compatibility with
laundry detergents. Hence, they are used in detergent indus-
try to enhance washing efficiency and remove proteinaceous
materials from stains [90]. An alkaline protease obtained
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from a marine shipworm bacterium is used to clean contact
lens at lower temperatures [91, 92]. Amylases are used to
remove insoluble starch residues during dish washing [93];
cutinase (EC 3.1.1.74) is mainly employed for dish wash-
ing and laundry detergents [94]; lipase isolated from Pseu-
domonas putida ATCC 53552 facilitates the removal of oil
and fatty materials (lipid stain) from the surfaces of fabric
[55]. Cellulases contribute to modifying the structure of cel-
lulose fiber to enhance the color brightness and overall fab-
ric care [78, 95]. The use of enzymes in detergent industry
offers beneficial impacts on natural environment and public
health as they contain less bleaching agents, and phosphates
in comparison to current surfactants.

Pharmaceutical Industry and Medicine

Microbes are considered as the obvious forefront leader in
yielding useful natural products such as antibiotics, immune-
suppressants, anti-cancer agents, enzyme inhibitors, vac-
cines, and anthelmintic [96]. Enzymes are exploited as
therapeutic drugs in the treatment of enzymatic deficiency
and digestive disorders, and removal of dead skin. In addi-
tion, the enzymes have crucial role in clinical diagnostic
procedures such as ELISA (enzyme-linked immunosorbent
assay), and diabetic testing kits [97]. Microbial enzymes
have a prominent place among bio-catalysts and have a
broad-spectrum application in biotechnological industries
and pharmaceuticals [98]. The enhanced stability, biochemi-
cal diversity, and potential susceptibility nature of enzymes
derived from microbial sources have enabled them to be
among the top groups of candidates in designing novel bio-
active compounds, oleochemicals, and drugs [98].

The commercial production of microbial enzymes espe-
cially from bacteria and fungi is a major area of interest for
process engineers, bio-chemists, and medical microbiolo-
gists. These chemicals and drugs are used in the treatment
of various human diseases. These include (but not limited
to) acne, malaria, prion diseases, diabetes, obesity, ulcers,
and even alumina in kidney dialysis patients [96].

Microbial lipases are useful in the preparation of chi-
ral synthons and are potent biocatalyst for the synthesis of
active analogues of bio-active molecules such as antagonists
or inhibitors in biological system [98]. Moreover, lipases are
employed in the regioselective modification of castanosper-
mine, a potent drug for AIDS treatment (http://www.au-kbc.
org/beta/bioproj2/uses.html). The detection of severe health
conditions such as acute pancreatitis and pancreatic injury
is possible using the level of lipase in the blood serum as a
diagnostic tool [99]. A research study done by Y. Sokurenko
et al. [100] stated that extracellular ribonuclease from B.
licheniformis has anti-tumor effects. Streptomyces are the
predominant gram-negative soil bacteria. In addition to
the soil ecology potential, Streptomyces are of prominent
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source of novel bio-active secondary metabolites with phar-
maceutical prospective [101]. A Streptomyces strain named
as S. collinus Tu 365 is a producer of kirromycin, which
possesses activity against bacterial pathogens and malaria
parasite Plasmodium falciparum [102]. Proteolytic enzymes
are used to cure burn, whereas fibrinolytic enzymes (strep-
tokinase, urokinase, serrapeptase, bacillokinase II) are used
in clot busting and in the treatment of cardiovascular dis-
eases such as atherosclerosis, stroke, angina, and periph-
eral vascular diseases [103]. For instance, Nattokinase (EC
3.4.2.62) is a favorable agent for thrombosis therapy [104].
Rhodanase (EC 2.8.1.1), dextranase (EC 2.4.1.2), and acid
protease are explored in the treatment of cyanide poisoning,
tooth decay, and alimentary dyspepsia [105]. Cholesterol
oxidase (EC 1.1.36) has a potential application in testing
and control of cholesterol level. Likewise, putrescine oxidase
helps to determine biogenic amines, such as putrescine, a
well-known marker for food spoilage [106]. Tyrosinase (EC
1.14.18.1) is used in the production of L-dihydroxy phenyl
alanine (L-DOPA), a precursor for the production of dopa-
mine. Dopamine is an effective drug to control myocardium
neurogenic injury and also for the treatment of Parkinson’s
disease [107]. Uricase obtained from Aspergillus flavus is
used for the treatment of gout; penicillin oxidase, rifamycin
B oxidase produced from Penicillum sp. are used in antibiot-
ics synthesis.

Like terrestrial organisms, the marine inhabitants pro-
duce many species of natural products that would be useful
in pharmaceutical and health care industries. 40% of the
marine sponge biomass is occupied by bacteria. Sponge is a
reservoir of biologically active compounds due to the pres-
ence of symbiotic bacteria. The marine sponge, Theonella
swinhoei produces metabolites such as onnamides and theo-
pederins with anti-tumor activity [108].

Marine cyanobacteria contribute to the production of
various chemical compounds and drugs with anti-viral, anti-
bacterial, and anti-cancer activities. Cytarabine, trabectedin,
vidarabine, and ziconotide are some of the prominent exam-
ples of approved marine products explored in the treatment
of various human diseases [96]. Yet, there is still a need for
the development of new approaches pertaining to the use of
microbial enzymes in pharmaceuticals and human medicine.

Bio-fuel Industry

Cellulosic biomass is the most ubiquitously available natu-
ral resources on earth. Lignocellulosic biomass is a type
of carbon-rich biodegradable materials generated by plants,
and also present in industrial and municipal wastes, forest
residues, and wastewater treatment plants [109]. Cellulosic
biomass have received significant attention as sustainable
feedstock for bio-fuel industry [110]. However, the rudi-
mentary understanding of the mechanistic and biochemical

attributes of commercial enzymes, its costly nature, and the
slow specific enzymatic hydrolysis are the major impedi-
ments for large-scale bio-fuel production [111].

The different cellulolytic enzymes, endoglucanase, exo-
glucanase, and xylanases derived from various cellulolytic
and xylanolytic bacteria, fungi can be exploited for the
biomass conversion to feedstock chemicals. The bacterial
species present in soil, marine, and herbivore guts possess
multi-functional novel enzymes that can efficiently hydro-
lyze plant cell wall constituents [112]. A study done by Ben-
edict C. Okeke stated the strain of P. janthinellum FS22A
and T. virens FS5A proved to be promising for the co-pro-
duction of cellulolytic and xylanolytic enzymes in a research
lab scale; yet further investigations are required to enhance
their enzyme productivity [113]. The holistic approach in
engineering the microbial enzymes, their proper isolation,
identification, expression, characterization, and final assay
can aid further to achieve tailor-made cellulases and xyla-
nases for various bio-fuel industrial applications.

The removal of lignin through pre-treatment is an impor-
tant step for the efficient hydrolysis of polysaccharides. Lac-
cases in combination with other oxidative enzymes play a
crucial role in lignin biodegradation [114]. A research study
conducted by Fang et al. found that a novel laccase obtained
from white rot fungus (Ganoderma lucidum) was used in
the detoxification of lignocellulosic hydrolysates and further
enhanced the bioethanol production by removing phenolic
compounds [115].

The enzymatic hydrolysis of plant cell wall takes place
through the combined action of three different glycol-
hydrolyze (GH) enzymes namely endoglucanase (EC
3.2.1.4), exoglucanase also known as cellobiohydrolases
(EC 3.2.1.91), and B-glucosidases (EC 3.2.1.21). All these
enzymes hydrolyze the B-1, 4 covalent bonds where the
glucose units are connected in the cellulose fiber. Endoglu-
canases belong to families GHS, GH6, GH7, GH9, GH12,
GH45, and GH74. p-glucosidases belong to families GH1
and GH3. The synergistic action from endoglucanases and
cellobiohydrolases, and the exo—exo between two cellobio-
hydrolases are of phenomenal importance during the hydrol-
ysis of cellulose. Hemi-cellulose hydrolysis also requires
the intervention of several functional enzymes along with
the complementary activities at various levels. GH and car-
bohydrate esterase (CH) are involved in the hemi-cellulose
hydrolysis by cleaving ester bonds between the acetyl groups
and hemi-cellulose chains [116]. In other words, the hydrol-
ysis of xylan requires the combination of hydrolytic enzymes
namely endoxylanases, beta-xylosidases, and arabinofura-
nosidases. The production of better competitive enzymes
cocktails through the exploration of fungal biodiversity with
their secretomes is one of the new approach in isolating
these multi-functional enzymes to increase the saccharifi-
cation efficiently in biomass conversion [117].
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Important Biochemical Attributes
of Microbial Enzymes

The utilization of microbes such as bacteria, yeasts, fungi,
molds, and their enzymes as biological catalysts at the
industrial scale is a major component in a bio-based econ-
omy (http://www.bio-economy.net/). Enzymes with higher
catalytic strength and effective stereo-selectivity and
specificity are touted as a suitable alternative to chemical
catalysts [118]. Owing to the harsh environmental condi-
tions such as low/high pH, high temperature, high pres-
sure, oxidative conditions, high shears, or short delays, the
development of resistant enzymes is of pivotal significance
for better industrial performance [119, 120]. Thus, tailored
biotechnological enzyme catalysts should possess unique
characteristics such as thermostability (thermo-tolerant),
pH stability, high chemo- and stereo-selectivity, and
multi-functionality. The enzymes with such attributes are
required for efficient and cost-effective bio-conversion of
cellulosic biomass into ethanol in bio-fuel industry [121].
In addition, such enzymes can also be used in the synthe-
sis of industrial chemical conversion, reducing the energy
consumption and the generation of less toxic by-products.

Nature serves as an exceptional origin of thermosta-
ble and biotechnologically relevant bio-catalysts. Sta-
bility is an important factor that determines not only
the functions and biological fitness of macromolecules,
but also enhances their evolvability. Microbial enzymes
tend to offer higher thermostability, tend to possess neu-
tral or alkaline pH optima, and are more stable than the
enzymes produced from plants and animal sources [122].
In order to explore the enzymes with special features, one
should consider digging into environmental microbes
that require those enzymes for their adaptation. Unlike
plants and animals, thermophilic microorganisms such as
bacteria, fungi, and archaea are able to withstand high
temperature due to their increased disulfide, electrostatic,
and hydrophobic interactions in their proteins [123]. In
other words, molecular modifications at cellular and sub-
cellular levels aid them to adapt in harsh environmental
niches. Bioprospecting for the microorganisms living in
hot springs and salt marshes (marine source) led to the dis-
covery of enzymes (i.e., thermozymes and extremozymes,
respectively) with thermostability and tolerance to salt
conditions [124]. Enzymes with thermostability and pH
stability can retain their catalytic activity, specificity in
the chemical reaction, and thus have enormous biotechno-
logical applications. One of the quintessential example of
thermozymes is the use of Taq polymerase (isolated from
Thermus aquaticus) in polymerase chain reaction [125].
Other thermozymes that can withstand not only high tem-
perature but also acidic and alkaline conditions include
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cellulases, chitinases, pectinases, amylases, pullulanases,
lipases, glucose isomerase, and proteases [126]. Alkaline
protease isolated from B. mojavensis in sea water exhibited
better stability towards non-ionic surfactants, and was bio-
compatible to a wide range of liquid and solid detergents
[127]. The purified protease from B.licheniformis showed
an optimum activity at 50-60 °C and higher pH values
(9-11) with 98% retention activity at pH 10 and 82% at pH
11 [128]. Such properties of proteases to withstand high
temperature could enhance the substrate solubility, reduce
the liquid viscosity, and hence has potential application
in detergent industry, dehairing, and bating of skin dur-
ing leather processing [129]. Similarly, in 2009, Mo et al.
[130] reported the optimum enzymatic activity (at pH 8.0)
of phospholipase purified from a marine streptomycete.

A study done by Saxena et al. isolated a highly ther-
mostable and alkaline amylase enzyme from Bacillus sp.
PNS5. The enzyme demonstrated 65% activity at 105 °C and
had 100% stability at temperature 80—100 °C for 1 h [131].
Such enzymes could further facilitate starch saccharifica-
tion, detergent formulation, amino acid synthesis, and food
processing industry. Xylanases from Actinomadura sp. FC7,
Nonomuraea flexuosa have shown better thermal and pH
stability and thus are extensively exploited in lignocellulose
degradation, paper and pulp industries [132]. Laccases are
metalloenzymes offering broad range of applications such
as removing polyphenol in wine industry, removal of lignin,
and pulp bleaching. Laccase like multicopper oxidase iso-
lated from Aquifex aeolicus, a thermo-tolerant bacterium
was found to be heat stable even at 80 °C and 90 °C [133].

The enhancement for the thermostability, pH stability,
and multi-functionality can be achieved through various
techniques such as directed evolution, protein engineering,
and immobilization [134].

Directed evolution is a prominent tool to produce efficient
bio-catalysts [135—-137]. In directed evolution, mutagenesis
and screening helps to characterize novel proteins starting
from a parental protein (Fig. 1) under particular evolutionary
pressure [138]. Enzymes having broad range of substrate and
catalytic activity could be reshaped with enhanced catalytic
activity and stability (thermal and pH) for improved protein
functions in industrial applications through directed evolu-
tion approach [139, 140]. Stephens et al. [141] reported the
improved activity and thermostability of endo-f-1,4 xyla-
nase isolated from Thermomyces lanuginosus by directed
evolution technique. The directed evolution led to the gen-
eration of a large mutant library and thus making it pos-
sible to identify and isolate mutants with specific desirable
functions [142].

Protein engineering is another approach used to enhanc-
ing activity and stability of enzymes at high temperatures
and extreme pH. Using this approach, one can reprogram
the enzymatic characteristics using 3-dimensional enzyme
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Fig. 1 Schematic representation of directed evolution approach.
Gene coding followed by an iterative mutagenesis and screening pro-
cess is performed for the enzyme of interest. The functional attrib-
utes of mutants are screened from the generated mutant library and

structure and rational design and hence can tailor the
enzymes for specification [143]. This approach involves the
introduction of disulfide bridges, replacing N terminus and
increasing the number of hydrogen bonds [144]. For exam-
ple, the development of a protease mutant with increased
melting temperature (Tm) of 25 °C and increased half-time
at 60 °C (1,200 fold) through DNA shuffling [145]. Unlike
directed evolution route, protein engineering incorporates
the targeted mutagenesis guided by structural or sequence
information [146]. Here, there is no requirement of high-
throughput screening approach. As the protein fold is not
disturbed by targeted mutagenesis, the chance of obtaining
active variants is high.

Thermostability

Thermo-tolerant/thermostable enzymes demonstrate a
unique ability to resist irreversible inactivation at high tem-
peratures and are optimally active and perform well at ele-
vated temperature ranging from 60 to 125 °C [120]. Thermo-
dynamic stability and kinetic stability are the two important
features of the thermostable enzymes [147]. Thermostable
enzymes complement other chemical enzymes in biotechno-
logical applications due to their distinctive properties such
as endurance to extreme pH conditions (high alkalinity or
extreme acidity), increased substrate concentration, and
resistance to chemical denaturants without any loss in their
catalytic functionality [126]. Thermostable enzymes limit

the mutant with the best functional performance can be used as the
parental gene for the next iterative rounds of mutagenesis [121]
(adapted with permission)

the microbial contamination and accelerates the chemical
reaction; thereby lessening the industrial processing time
[148].

The enzymes that are stable at high temperatures (such
as glucanase, pectinase, cellulase, amylase, proteases, and
esterase) can be derived from various thermophilic bacteria
and fungi. The thermophilic bacteria species include but not
limited to Fibrobacter [149], Streptomyces [150], Bacillus
[151], and Alicyclobacillus [151]. Similarly, Paecilomyces
spp [152]., Thermoascus aurantiacus CBMAI-756 [153],
and Talaromyces levcettanus [154] are some of the ther-
mophilic fungi that can produce/secrete different kinds
of hydrolytic enzymes such as glucannase, mannase, and
a-galactosidase which possess thermostability and multi-
functionality attributes and hence offer potential industrial
uses in bio-fuel industry, food, feed, and pulp industry [153,
154].

pH Stability

All biological phenomenon in nature are pH dependent.
In other word, pH scale and its stability have tremendous
significant effect on almost all the biological functions
in nature. pH value of an enzyme provides a clue about
the initiation and end of enzyme synthesis. The enzyme
functions are influenced by the change in pH. At optimum
pH, the enzymes are most active. To the contrary, there is
aloss in enzymatic activity at extreme pH conditions like
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high alkalinity or high acidity. However, the optimum pH
value varies depending on the types of enzymes used.
Moreover, the importance of hydrogen ion concentra-
tion on enzyme or protein stability is of prime crucial. This
is further displayed by acid/base unfolding [155-157], and
enzyme pH-dependent stability [158—160]. The interac-
tions among protein—protein [161, 162], protein-membrane
[163-165], protein—ligand [162, 166] seem to be highly
affected due to the pH activity. The enzymes used for the
various biotechnological applications should possess pH
stability and optimum pH activity to execute their func-
tions efficiently and with optimum efficacy. The study done
by Talley and Alexov [167] benchmarked the idea on the
pH optimum of enzymes. The enzyme—enzyme interac-
tion is possible if both the enzymes maintain the same pH
stability and hence can bind effectively to one another. The
pH stability and pH optimum of activity are co-related.

Multi-functionality

In general, enzymes with multi-functionality properties
can dispense multitude physiological and structural func-
tions. Enzymes with multi-functionality characteristic
are classified as moonlighting or promiscuous enzymes
[168—170]. The interpretation of sequencing and annota-
tion of the protein database from the microbial genome is
challenging. This is due to the presence of moonlighting
proteins or enzymes. Moonlighting enzymes are believed
to possess a single catalytic domain and an additional
non-catalytic domain [171]. Each of these domains per-
forms functions independently and the mutation of one
domain does not affect the functions of another domain.
Such a multi-functionality attribute is of great signifi-
cance to accelerate the hydrolysis process during the bio-
conversion of biomass into ethanol. Unlike moonlight-
ing enzymes, the promiscuous enzymes conduct various
functions with their catalytic domain. They can utilize the
same active site to perform different biotransformations
[172]. The promiscuous or prolific nature of the enzymes
make them multi-functional, meaning they can recognize
more than one substrate or can offer multiple out-products
from a given substrate [173]. The multi-functionality of
enzymes facilitates the communication and co-operation
among various pathways and functions during the efficient
substrate conversion mechanism in bio-fuel production.
Moreover, the multi-functionality is a notable enzyme
characteristic that correlates multiple activities and also
maintain the regulation of its own expression during the
reaction [169]. In a nut shell, the physio-chemical prop-
erties namely charge, hydrophobicity, polarizability, and
accessibility to solvents are the key characterization of
enzymes with multi-functionality in nature [171].
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Approaches in Novel Microbial Enzyme
Discovery

Natural ecosystem is a prominent reservoir for obtaining
potential novel enzymes with various industrial applica-
tions. The traditional method that includes selection, sub-
sequent screening, and sensitive assay of microbial strain
is considered as a standard approach [3]. The ability to
tap such immense enzyme candidates largely depends on
the efficient screening tools and strategy to the possible
input of diverse genes. Such strategies include but not lim-
ited to (i) metagenomics screening of novel enzymes, (ii)
microbial genome mining, and (iii) extremophiles diver-
sity tapping/exploitation.

Metagenomics Screening

Microbes dominate the global biodiversity. The microbial
communities such as bacteria, fungi, archaea, and pro-
tists represent the largest terrestrial and oceanic biomass.
This is further epitomized by the presence of immense
microbial diversity of approximately 166,244/24,299
(bacteria/fungi) and 49,102 bacteria operational taxo-
nomic units (OUT) in the Dryland and Scotland data sets
[174], respectively, and around 25,000 different microbial
genotypes in merely one milliliter of seawater sample in
a marine ecosystem [175]. Microbes are regarded as the
fore front leader in yielding diverse and novel functional
bio-catalysts crucial for wide range of industrial processes.
Given the fact that around 1% of the microorganisms in
the natural environment can be cultivated through standard
laboratory techniques, understanding of the vast micro-
bial genetic insights remains elusive [176]. Molecular
metagenomics (independent of cultivability) has emerged
as a strategic approach to deliver a significant access in
the detection and identification of microbial enzymes and
proteins of industrial interest from various environmental
habitats including extreme niches. It further provides a
plethora of information on the biochemical composition,
structure, and functionality of the unclassified enzymes
from microbial sources [177].

A metagenomic approach can be classified into two
different routes namely function-based metagenomic
screening and sequence-based metagenomic screen-
ing. Sequence-based metagenomic uses next-generation
sequencing (NGS) technology for the exploration and
analysis of microbial enzymes and bio-active compounds
from the environmental niches [178]. In addition, this
approach can be used for genome assembly, gene identifi-
cation, understanding complete metabolic pathways of var-
ious organisms in different communities. Sequence-based
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metagenomic approach facilitates the discovery of various
bio-catalysts, establishing the degree of their natural diver-
sity and thus enhancing the characterization and optimi-
zation of bio-catalysts [178]. In general, sequence-based
metagenomic involves the construction of metagenomic
library and its screening through the amplification of gene
of interest through PCR. The clones that contain the gene
of interest are then sequenced for further analysis to reveal
the ecological diversity and the genetic information.

Unlike sequence-based screening, function-based
metagenomic analysis does not require sequence information
to the identification of novel class of genes encoding vari-
ous genomic information [179]. This approach contributes
to adding functional information to nucleic acid and protein
databases [180]. The induced gene expression [181], phe-
notypical detection of the desired activity [182], and heter-
ologous complementation of host strains [183] are the three
different function-based screening.

Metagenomic studies have facilitated the access to novel
enzymes and metabolites from various environmental habi-
tats such as Sargasso Sea [184], Sorcerer II Global Ocean
Sampling expedition [185], soil [186, 187, 188, 189], gut of
ruminants [190], cow rumen [191], buffalo rumen [192], ele-
phant rumen [193], termite guts [194], hot springs [195, 196,
197, 198, 199], glacier ice [200], and Antarctic desert soil
[201]. The microbial enzymes with potential characteris-
tics for industrial application, yielded through metagenomic
approach include but not limited to amylase [202], beta-
glucosidase [203], [204], lipase [176, 205], oxidoreductase
[206], decarboxylase [207], amidase [208], nitrilase [209],
epoxide hydrolase [210], and esterase [211]. Biochemical
and structural characterizations of a significant number
of these proteins, mostly esterases from the a/f hydrolase
super-family have revealed the biochemical diversity of
adaptation to extreme environmental conditions such as
low/high temperature, low/high pH, high pressure, and high
salinity [212-214]. The search of novel enzymes through
metagenomic strategy in environmental bacteria advances
our basic understanding of protein structure, their biochemi-
cal functionality, and further enhances the quality of gene
annotation in public databases [211]. In addition, it diversi-
fies the bio-catalytic toolbox for synthetic biology, protein
engineering, and various other biotransformation reactions.

Metagenomic approaches offer tremendous potentiality
in deriving an arsenal of industrial bio-catalysts. Never-
theless, the scarcity of suitable enzymes and a proper host
for an efficient gene expression and enzymatic activity are
some of the hindrances for biotransformation processes.
Similarly, the other limitations while dealing with natural
heterogeneity and cross-strain assemblies include low sen-
sitivity and low throughput of the activity-based metagen-
omics screening [215]. The advancement of fluorescence
activated cell sorting (FACS), phenotypic micro-array

(PM) [216], community isotype array (CIArray) [217],
fluorescence in situ hybridization (FISH), and fluorescence
microscopy facilitate the better understanding in biological
identification within a single cell [218]. In addition, high-
throughput screening strategies such as SIGEX (substrate-
induced gene expression) [219], PIGEX (product-induced
gene expression) [181], and METREX (metabolite-regulated
expression) [220] have proven to be very effective in clos-
ing the above-mentioned limitations. To date, there is no
defined gold standard for the metagenomic data analysis.
Next-Generation Sequencing Simulator for Metagenomics
(NeSSM) developed by Jia et al. comes close and is believed
to consider both the sequencing errors and sequencing cov-
erage biasness [221]. The betterment of various simulation
systems and algorithms further enhances the extraction and
analysis of metagenomic sequence data [222, 223].

Microbial Genome Mining

Microbes provide abundant sources of natural products. The
natural products obtained from bacterial, fungal, plants,
and marine animals make excellent bio-synthetic enzymes,
chemical drugs, secondary metabolites, and its derivatives.
The recent advancement of the genomics era has enhanced
the discovery of secondary metabolites, novel enzymes, and
bio-active molecules from various microbial sources. The
discovery of novel bio-active molecules and compounds
from various microbial sources has an enormous contribu-
tion to human medicine, plant protection (such as bio-pesti-
cides, bio-insecticides, herbicides, and plant growth regula-
tors), and animal health. The discovery of novel enzymes
and chemical drugs with microbial origin undoubtedly will
continue to serve as scaffolds for further human therapeutic
discovery (such as anti-infective agents, cholesterol lower-
ing agents, anti-cancer agents, and immunosuppressant) and
biotechnological development. Hence, the microbial genome
mining is a significant approach to explore novel second-
ary metabolites for drug discovery for human medicine and
animal health [224].

Microbial genome mining is a propitious technology
to revitalize new and natural products discovery [225].
Genome mining can be defined as a process that incor-
porates the translation of secondary metabolites encod-
ing gene sequence data into purified bio-molecules [224].
About two decades ago, owing to the re-isolation of known
compounds through low-throughput methodologies such
as compound-guided or bio-activity guided approaches,
the natural product discovery phenomenon was at a point
of diminishing. Nonetheless, the recent development on
microbial genome sequencing, genome mining, com-
binatorial chemistry of natural products, and synthetic
and system biology has provided paradigm shift in bet-
ter understanding the discovery process. Actinomycetes,
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particularly Streptomyces, has been rigorously exploited as
the most productive sources for novel enzymes and chem-
ical drugs [226-228]. The classical concept of genome
mining stems from the scientific observation that the
full genome of Streptomyces coelicolor and Streptomy-
ces avermitilis encode the unexplored potential second-
ary metabolites (SMs). A Streptomyces genome encodes
approximately tenfold more secondary metabolite gene
clusters than were known at the time (only two or three
secondary metabolites were known at that time) [229,
230]. Later on, the genome mining was further exploited
to study the genome sequences of other microbes that
includes but not limited to anaerobes, cynobacteria, and
myxobacteria [230]. The “Atlas of Biosynthetic Gene
Clusters” (ABC), a component of the “Integrated Micro-
bial Genomes” (Platform of the Joint Genome Institute) is
the largest collection of automatically mined gene clusters.
ABC consists of approximately 960000 putative gene clus-
ters that have been identified in the metagenome datasets
and public datasets. Yet, the analysis and characterization
of only a fraction of those bacterial gene clusters has been
further described [230, 231].

The availability of the wealth of DNA datasets, ava-
lanche of genomic information, high-throughput sequenc-
ing technologies, and wide range of genome mining tools
and strategies have further enhanced the understanding in
the discovery and characterization of the novel enzymes
and secondary metabolites such as polyketides (PK),
non-ribosomally synthesized polyketides (NRP), amino-
glycosides, and many more [230]. Nowadays, the advent
of metagenomics and single cell genomics is employed
to generating massive microbial genome information to
be further analyzed. Furthermore, owing to the reduction
in processing time and cost-effective genome sequenc-
ing, next-generation sequencing (NGS) provides a poten-
tial promise in the search and characterization of novel
enzymes and their bio-synthetic pathways. Currently,
the two main approaches namely genome hunting, and
data mining facilitate the discovery of new bio-synthetic
enzymes. Genome hunting incorporates the search for
open reading frames within the microbial genome. In
this technique, the annotated sequences are subjected to
molecular cloning followed by the over-expression and
sensitive screening assay. Contrast to this approach, data
mining involves the comprehensive bioinformatics tools
(BLAST or HMMER) to search the conserved regions
among the sequences deposited in the databases [232].
Nadine et al. stated that DECIPHER was the first tool for
automated cluster mining. BAGEL, CLUSEAN, and anti-
SMASH were some of the additional tools developed for
data mining in the field of natural products and microbial
ecology [230].
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Extremophiles Diversity Exploitation/Tapping

Microbial life subsists even in an environment of extreme
temperature conditions such as hot springs (60-110 °C),
cold polar regions (—2 to 15 °C), ionic strength (2-5 M
NaCl), or pH (<4,>9), arid deserts, ocean vents, arctic
waters and soil, and increased salt concentration (5% -
30%) [233]. Such extremophiles (belonging to the domains
of Archaea and Bacteria) [234] have adapted to thrive in
various environmental niches and come under a number of
classes such as thermophiles, psychrophiles, acidophiles,
alkalophiles, halophiles, barophiles, radiophiles, metalo-
philes, and microaerophiles (grow in <21% oxygen). Extre-
mophiles are considered as the reservoir of enzymes (called
as “extremozymes”’) with novel activities and industrial bio-
processes. The extremozymes have potential industrial appli-
cations due to their stable nature, altered specificity, and
active functions under conditions in which the enzymes from
their mesophilic counterparts were found to be incompatible
[235]. Some of the extremozymes exhibit polyextremophil-
icity [236, 237]. Thus, bioprospecting of microbial enzymes
in extreme ecological niches is a promising technique for
finding robust extremozymes with greater tolerance under
natural conditions [238, 239]. Recent studies demonstrate
that the microbial diversity in the extreme environments
exceeds what was expected initially [235, 240]. Neverthe-
less, as the isolation and identification of such extremophiles
in pure culture has not been done yet, the determination of
the extremozymes stability, substrate specificity, and enan-
tioselectivity still remains elusive [235].

Thermophiles are mainly the microorganisms that can
thrive at extreme high temperatures of 65-85 °C, moderate
thermophiles live around 45-65 °C, and hyperthermophiles
live at above 84 °C. Chemolithoautotrophic archaea Pyrolo-
bus fumarii [241, 242] and methanogenic hyperthermophile
Methanopyrus kandleri [243] are known to sustain at the
highest temperature of 113 °C and 122 °C, respectively.
Thermophilic amylases, xylanases, cellulases, lipases, pro-
teases, and DNA polymerases have broad range of industrial
applications such as paper bleaching, brewing, detergents,
baking, textiles, and genetic engineering [244]. In addition,
the thermophilic enzymes possess resistivity to denaturing
agents and organic solvents, accelerate the reaction rate, and
are convenient for separation during the purification pro-
cesses [245].

Psychrophilic microorganisms are adjusted to grow and
maintain their metabolic activities under extremely low tem-
peratures or in cold environments. Psychrophiles (belonging
to the domains of Archaea, Bacteria, and Eukarya) undergo
photosynthetic, chemoautotrophic, and heterotrophic meta-
bolic pathways [245]. Mykytczuk et al. stated that Planococ-
cus halocryophilus Orl, a bacterial strain isolated from high
Arctic permafrost, can grow at — 15 °C. Piezo-psychrophiles
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thrive in biotopes with low temperature and high pressure,
whereas halo-psychrophiles live in sea ice with increased
salt concentration and low temperature [246]. A research
study done by Geolette et al., and Cavicchioli et al. reported
the isolation of a broad range of psychrophiles including
Gram-negative and Gram-positive bacteria, fungi, and yeast
from the cold ecological niches [247, 248]. Currently, owing
to the efforts to reduce the energy consumption, psychro-
philic enzymes have gained further interest to apply in vari-
ous industrial bio-processes and biotechnological applica-
tions due to their enhanced catalytic efficiency at low or
moderate temperatures [249-252]. Notable examples of this
include the use of psychrophilic enzymes (amylases) in poly-
mer degradation in laundry detergents at lower temperatures
which leads to the reduction in energy consumption and pre-
vention of wearing and tearing of textile fibers, the use of
enzymes namely L-glutaminase and L-asparaginase in vari-
ous food processing industry, and the use of psychrophilic
proteases for meat tenderization [253].

Halophiles possess the ability to maintain the osmotic
balance and therefore can survive in hypersaline habitats.
In other words, they cope with high salt concentrations such
as sodium or potassium chloride. Enzymes from such halo-
philes need to sustain high salt concentrations (e.g., KCIl
concentration of 4 M and NaCl concentration of >5 M)
[254]. The isolation and production of halophilic amylases,
xylanases, lipases, and proteases have been done from halo-
philes that belongs to the genera Halobacterium, Halother-
mothrix, Haloferax, and Halobacillus and their potential
biotechnological applications have been further discussed
[254, 255].

Microbes that can thrive under extreme pH values (low
pH/high pH) could be a potential source of thermo-aci-
dophilic and thermo-alkaliphilic enzymes. Such enzymes
inherit potential characteristics for applications at acidic or
alkaline reaction conditions such as in dishwashing deter-
gents and laundry additives [254]. Thermo-alkaliphilic
enzymes include proteases, lipases, amylases, and several
other enzymes which are active and resistant to high pH;
whereas thermo-acidophilic enzymes consist of pullala-
nases, glucoamylases, and glucosidases which are active at
low pH.

Nanotechnology Strategy in Enzyme Development

Enzymes deliver a huge potential in catalytic processes due
to their special attributes such as high reaction activity/effi-
ciency, greater stability, unique reaction conditions, etc. The
use of enzymes in industrial applications, however, holds
some drawbacks. These include high cost for synthesis, iso-
lation and purification, enzyme stability, and recovery from
substrates and inhibitory feedback reactions from end prod-
ucts [256, 257]. Nanotechnology introduces the prospect for

avant-garde changes across a wide range of applications.
The domain of enzyme biotechnology is no exception [258].

Nanotechnology deals with materials of few nanometers
to less than 100 nm in size (or more appropriately 0.2 and
100 nm). The National Nanotechnology Initiative (Arling-
ton, VA, USA) defines nanotechnology as the understanding
and control of matter at dimensions of roughly 1-100 nm,
where unique phenomena enable novel applications [259].
It uses nanoparticles (NPs)/nanomaterials for the benefit of
humankind. The engineering of nanoparticles and deline-
ation of their physio-chemical characteristics holds great
prospect to substantially impact the bio-catalysis realm.
Unlike their macroscale counterparts, nanoparticles have
unique properties such as small size (nano-scale) and big-
ger surface area-to-volume ratio which would increase their
reactivity, efficacy, and selectivity [260].

Recent advancements in nanotechnology pave a wealth of
myriad nanoscaffolds that could potentially be very attrac-
tive carriers for enzyme immobilization. Immobilization of
enzyme is defined as a technique where enzyme is confined
to a solid matrix or support different from the one for sub-
strates and products enabling their safe and secure recovery
and reusability while maintaining their catalytic activities.
The prime components that determine an enzyme immobi-
lization include the matrix, enzyme, and the mode of attach-
ment. The solid matrix used as a carrier matrices for enzyme
immobilization include inert polymers and inorganic mate-
rials (such as glass, silica, clay, polymers, and gels with)
with physio-chemical attributes like stability, physical
strength, reproducibility, inertness, biocompatible, capabil-
ity to enhance enzymatic activity, decrease product inhibi-
tion, non-specific adsorption, and microbial contamination
[261]. Enzyme immobilization generates several advantages
in biotechnological and industrial commercialization. These
include (i) economic operation owing to the enzyme pH and
thermal stability, enzyme robustness, and recyclability; (ii)
ease for the enzyme recovery with enhanced purity level;
and (iii) convenience in handling the enzymatic reaction
[262] (Table 3).

The several strategies currently employed in enzyme
immobilization encompass adsorption, covalent bonding,
entrapment and encapsulation, and cross-linking enzyme
aggregates (CLEA) (Fig. 2) [279].

Adsorption mechanism for enzyme immobilization uti-
lizes water-insoluble carriers like polysaccharide deriva-
tives, synthetic polymers, and glass [280]. This method is
cataloged as physical adsorption (based on the weak forces
such as hydrogen bonding, and electrostatic and hydrophobic
interactions), electrostatic binding (based on the isoelectric
point of enzyme and pH value of the solution), and hydro-
phobic adsorption (based on the hydrophobic interaction
between the enzyme molecules and the solid matrix). Layer
by layer deposition and electrochemical doping are the two
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Table 3 Some of the enzymes immobilized on nanoparticles and their biotechnological applications

Enzyme Name Nanoparticles Applications References
Glucose oxidase Thiolate gold nanoparticles Glucose level estimation [263]
Laccase Chitosan magnetic nanoparticles Removal of pollutants [264]
B-galactosidase Con A layered ZnO particles Hydrolysis of lactose [265]
Keratinase Fe;0,4 nanoparticles Keratin synthesis [258]
Lipase Fe;0, nanoparticles, polystyrene nanoparticles Hydrolysis of para-nitrophenylphosphate (pNPP), [266, 267]
aminolysis, esterification/transesterification
A-amylase Cellulose-coated magnetic nanoparticles Starch degradation [268]
Diastase Silica coated nickel nanoparticles Starch hydrolysis [269]
Peroxidase Gold chitosan nanoparticles Water treatment, pharmaceutical application [270]
Urease Silver nanoparticles Urea content analysis in urine, blood, beverages  [271]
Cellulase TiO, nanoparticles Carboxymethyl cellulose hydrolysis [272]
Cholesterol oxidase Fe;0,4 nanoparticles Analysis of cholesterol in serum [273]
Trypsin TiO, nanoparticles Refolding, proteomics, cell culture [274, 275]
Uricase ZnO nanoparticles Analysis of serum uric acid [274]
Lysozyme Chitosan nanofibers Anti-bacterial [276]
Bitter Gourd Peroxidase (BGP) TiO, nanoparticles Removal of dye and phenol [277]
Protease Super paramagnetic nanoparticles Hydrolysis of proteins in detergent, leather indus- [278]

try, and food supplements.

Immobilization

Fig.2 Pictorial representation of various techniques of enzyme
immobilization

common strategies in electrostatic binding strategy that have
been extensively exploited to improve enzymatic biosensors
[279]. Cunha et al. [281] successfully reported the improved
yield and better stability of Yarrowia lipolytica lipase immo-
bilized by physical adsorption in comparison to the free
lipase. Similarly, Candida rugosa lipase immobilized by
adsorption on biodegradable poly (3-hydroxybutyrate-co-
hydroxyvalerate) retained around 94% residual activity after
4-h incubation at 50 °C and recyclability till 12 cycles [282].
However, the restriction of this technique includes enzyme
leaching, non-specific adsorption leading to contamination,
and changes in optimal temperature and pH strength.

In covalent bonding immobilization of enzyme, multi-
functional reagents such as glutaraldehyde, bisdiazoben-
zidine, and hexamethylene diisocyanate are used to pro-
vide strong bindings between enzymes and solid matrix

@ Springer

and thereby impart greater stability to covalently bound
enzymes. This method covalently immobilizes enzyme
through activation of carboxylic groups and amino groups,
and chemisorption. Ispas et al. [283] discovered highly sta-
ble and hyperactive bio-catalysts through covalent binding of
enzymes. A recent study conducted by Terrasan et al. [284]
utilized glutaraldehyde and dextran to stabilize B-xylosidase
(BXYL I and BXYL II) purified from Penicillium janczews-
kii. The immobilized enzymes showed thermal stability by a
factor of 12 and 33 for BXYL I and BXYL II, respectively.
Covalent bonding also has some drawbacks. It is a complex
phenomenon requiring longer incubation time, and enzyme
immobilized by covalent bonding is poorly reproducible and
sometimes does not ensure enzyme purity level.
Entrapment is a strategy where an enzyme is entrapped
within a polymeric network using gel-matrices such as pol-
yacrylamide and calcium alginate. This technique reduces
the enzyme leaching and denaturation, enhances the enzyme
stability across wide pH range, and improves thermal and
storage stability along with better kinetic parameters. Cel-
lulase and B-glucosidase enzymes immobilized in calcium
alginate beads demonstrated a threefold increment in its
thermostability [285]. Enzymes immobilized by entrapment
through the use of electrospun nanofibers and virgin materi-
als manifest wide range of applications such as in biosen-
sors, bio-fuel industry, biomedicine, and chemistry [286,
287]. Burkholderia cepacia lipase immobilized by encap-
sulating within a K-carrageenan has been reported to main-
tain 82% transesterification activity after five cycles and is
highly thermostable [288]. Nevertheless, this immobilization
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technique is thwarted by several factors such as low enzyme
loading capacity, enzyme leaching, and polymerization lead-
ing to mass transfer resistance.

Cross-linking enzyme aggregate (CLEA) and cross-link-
ing enzyme crystal (CLEC) are the two different approaches
employed in cross-linking enzyme immobilization. A cross-
linking agent such as glutaraldehyde is used in both the
techniques in order to cross link enzyme molecules on the
reactive site. The immobilization through CLEC requires
the formation of crystals and the immobilized enzymes are
stable, whereas CLEA is an improved version of CLEC pro-
duction and has an ability to function in aqueous solution
[279]. The enzyme immobilized using this method maintains
enzymatic catalytic properties. The advantages of cross-link-
ing immobilization involve minimal enzyme leakage, and
safe and easy use of stabilizing agents for enzyme micro-
environment adjustment. It also has some pitfalls such as
severe enzyme modifications resulting in the loss of enzyme
activity.

Enzymes developed through nanotechnology demonstrate
better activity and stability. Such enzymes can be applied in
food processing industries to improve flavor, better nutri-
tional value, and enhance health benefits. An epitome is the
hydrolysis of olive oil using nano-silicon dioxide particles
deriving greater stability, efficient activity, and reusability
[289]. Polymer-assisted magnetic nanoparticles (MNP)
immobilized keratinase derived from B. subtilis showed
concomitant enhancement in thermostability, storage, and
recyclability; thereby paving the way to diverse prospect of
biotechnological applications [258]. Mukhopadhyay et al.
[290] reported the enhancement in activity, half-life, and
stability of purified laccase from Escherichia coli AKL2 by
4-, 42-, and 36-fold, respectively, when supplemented with
cu,O nanoparticles. Laccases are used in many industries
such as wastewater treatment, bio-remediation, removal of
synthetic dyes, discoloration of wine, pectin gelation, food
processing, and paper and pulp processing [291].

Lithography is a technology used in various sectors to
create micro/nanostructure. Currently employed lithographic
techniques in industry include nanoimprint lithography, dip-
pen nanolithography, and ion-beam lithography [292, 293].
Enzyme lithography is an eco-friendly appropriate technique
to fabricate nanostructure biomaterials at suitable tempera-
ture and pH that could be beneficial for tissue engineering,
and bio-sensing [294]. The delivery of proteolytic enzyme
on a thin film of bovine serum albumin (BSA) using enzyme
lithography was first introduced in 2003 [295]. Lockhart
et al. [296] reported the immobilization of three different
enzymes namely galactosidase, glucose oxidase, and horse-
radish peroxidase using electron-beam lithography and
observed 39% more retention of enzyme bio-activity after
30 days in comparison to free enzyme devices. In addition,
the enzymes also exhibited fivefold chromogenic output. The

use of enzyme lithography technique is in its infancy and the
need to restrict enzyme mobility is one of the crucial restric-
tions in using this technique [297].

Nanotechnology has led to the development of nanoma-
terials that could imitate the natural enzyme characteristics
such as size, enzyme activity, and efficiency. Such nanoma-
terials are referred as “nanozymes” [298]. Natural enzymes
have certain physiological limitations while delivering cata-
lytic functions. Unlike this, nanozymes promote persistent
functional activity with biological substrates and products
even in harsh environmental conditions. The production
of nanozymes is economical and are more robust for wide
range of applications like environmental remediation, bio-
sensor development, stem cell growth, immunoassays, dis-
ease diagnosis and therapy, and oxidative stress prevention
[299-301]. Cyclodextrins, porphyrins, polymers, supramol-
ecules, and metal complexes have been extensively explored
as an alternative to natural enzymes. Based on their func-
tion during the catalytic reaction, nanozymes are classified
as anti-oxidants and pro-oxidants. Gao et al. [302] reported
iron oxide (Fe;O,4) nanoparticles expressing peroxidase like
activity. Similarly, Korsvik et al. [303] stated that cerium
oxide nanoparticles (CeNPs) offered improved superoxide
dismutase (SOD) mimetic activity in comparison to the
native CuZn. SOD mimics are used as anti-oxidation and
anti-inflammatory agents, neuroprotection, and stem cell
growth enhancement. Nanoceria has an ability to remove
reactive oxygen species and thus is extensively used in
biology and biomedical science. Iron oxide nanoparticles
are used instead of horseradish peroxidase (HRP) in bio-
analytical assay like enzyme-linked immunosorbance assays
(ELISA) [302].

There has been tremendous growth in the development
and application of nanozymes for the last 10 years. However,
the field has certain limitations. Natural enzymes have well-
defined tertiary structures, whereas owing to the variation in
shape and size, nanozymes lack uniformity (except fuller-
ene-based nanozymes) [304]. Gold nano-particles and per-
oxidase mimicking enzymes can be used to mimic glucose
oxidase and HRP. Nevertheless, there is a room to maxi-
mize their efficiency. Unlike biological enzymes, nanozymes
show less selectivity towards their substrates. Compared to
natural enzymes and organic catalysts, the catalytic activity
of nanozymes is still poorer. Protein enzymes undergo bio-
conjugation using their cysteine and lysine side chain, none-
theless densely capped nanozymes lack such activity [305].
Natural enzymes perform together as enzyme clusters and
are multi-functional. To the contrary, a functional nanozyme
lacks the synergic effect of combined multiple enzyme-like
properties [306]. Similarly, the toxic nature of nanozymes
is another concern that is receiving considerable attention.
This needs to be addressed by “safe by design™ approach
before translating nanozymes for fundamental applications
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in enzymology, material science, animal biotechnology, vac-
cine and adjuvants development, drug discovery, and nano-
medicine [307, 308].

Conclusion and Future Perspectives

Enzyme industry accounts as one of the prime industries
of the world. There is always a need for the discovery of
enzymes with new and improved activities in the global mar-
ket. The enormous pool of the microbial diversity delivers
splendid amount of potential enzymes that have unequaled
advantages in a broad spectrum of industries such as food
processing, feed industry, polymer and textile industry, paper
and pulp industry, detergent industry, fine chemicals and
pharmaceutical industry, therapeutic sectors, and bio-fuel
industry. From biotechnological approach, the biochemical
attributes of enzymes such as thermostability, pH stability,
multi-functionality, high specificity, and biodegradability are
considered as significant aspects applicable in various bio-
processes. Such characteristics facilitate enzyme-assisted
processes in industry at accelerated rate with enhanced
yield, better quality, and economical and innocuous envi-
ronmental effects. As naturally available enzymes lack the
above-mentioned enzymatic characteristics necessary for
bio-catalytic phenomenon, such enzymes should undergo
further tailoring or redesign process to complement the
catalytic properties. The recent advances in metagenomics
screening, microbial genome mining, extremophiles diver-
sity tapping techniques, protein engineering, extensive and
efficient expression systems, and high-throughput sequenc-
ing technology have enabled the discovery and exploitation
of diverse new enzymes from microbial and other extreme
environmental sources, thereby advancing the catalytic
traits, and broadening the enzymatic capacities. Yet, more
rigorous application-oriented research study is of utmost
concern for the effective manipulation of their full biotech-
nological potential. The possibilities of prospecting diver-
sity and distribution of microbial enzymes in their natural
sources could offer intense lens for exploring the impact
of these enzymes in their natural habitat. The advancement
in techniques such as molecular characterization, crystal-
lography, enzyme modulation using bioinformatics tools,
and algorithms (for the analysis of sequence—function rela-
tionship to generate diverse and systematic libraries) cou-
pled with omics approaches and improvement in synthetic
biology and chemical screening could further underpin and
augment our basic understanding of the microbial ecology,
enzymes, their evolution, and inherent relevance in various
industrial sectors and human therapeutics. One should have
strong mechanistic knowledge on the structure—function
analysis and dynamics—function relationship to acceler-
ate the use of bioinformatics and algorithm techniques for
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computational enzyme modulation. This could possibly
aid in addressing questions associated with optimization of
synthetic enzymes catalytic performance. Last but not the
least, in light of the advanced research studies and enhanced
understanding related to microbial diversity, their origin, and
role in the environment, it is rational to anticipate the dis-
covery of much exciting and intriguing microbial enzymes
with crucial insights in regulation, disposition, and func-
tional principles while facilitating their use in industries and
human medicines.

References

1. Singh, R., et al. (2016). Microbial enzymes: industrial progress
in 21st century. 3Biotech, 6(2), 174.

2. Russell, J. B., Muck, R. E., & Weimer, P. J. (2009). Quantita-
tive analysis of cellulose degradation and growth of cellulolytic
bacteria in the rumen. FEMS Microbiology Ecology, 67(2),
183-197.

3. Watanabe, H., & Tokuda, G. (2010). Cellulolytic systems in
insects. Annual Review of Entomology, 55, 609-632.

4. Oldroyd, G. E., et al. (2011). The rules of engagement in the
legume-rhizobial symbiosis. Annual Review of Genetics, 45,
119-144.

5. Rumpho, M. E,, et al. (2011). The making of a photosynthetic
animal. Journal of Experimental Biology, 214(2), 303-311.

6. Dubilier, N., Bergin, C., & Lott, C. (2008). Symbiotic diversity
in marine animals: the art of harnessing chemosynthesis. Nature
Reviews Microbiology, 6(10), 725.

7. Demain, A. L., & Adrio, J. L. (2008). Contributions of microor-
ganisms to industrial biology. Molecular Biotechnology, 38(1),
41.

8. Bull, M. J., & Plummer, N. T. (2014). Part 1: The human gut
microbiome in health and disease. Integrative Medicine, 13(6),
17-22.

9. Rosenberg, E., & Zilber-Rosenberg, 1. (2016). Microbes drive
evolution of animals and plants: The hologenome concept. MBio,
7(2), e01395-15.

10. Chapman, J., Ismail, A., & Dinu, C. (2018). Industrial applica-
tions of enzymes: Recent advances, techniques, and outlooks.
Catalysts, 8(6), 238.

11. Currin, A., et al. (2015). Synthetic biology for the directed evo-
lution of protein biocatalysts: Navigating sequence space intel-
ligently. Chemical Society Reviews, 44(5), 1172-1239.

12. Anbu, P., et al. (2017). Microbial enzymes and their applications
in industries and medicine 2016. BioMed Research International.
https://doi.org/10.1155/2017/2195808.

13. Gurung, N, et al. (2013). A broader view: microbial enzymes
and their relevance in industries, medicine, and beyond. BioMed
Research International. https://doi.org/10.1155/2013/329121.

14. Adrio, J. L., & Demain, A. L. (2014). Microbial enzymes: Tools
for biotechnological processes. Biomolecules, 4(1), 117-139.

15. Liese, A., Seelbach, K., & Wandrey, C. (2006). Industrial bio-
transformations. New York: Wiley.

16. Webb, E. C. (1992). Enzyme nomenclature 1992. Recommenda-
tions of the Nomenclature Committee of the International Union
of Biochemistry and Molecular Biology on the Nomenclature
and Classification of Enzymes. San Diego, California: Academic
Press. xiii + 863 pp.

17. Kiihne, W. (1976). Uber das Verhalten verschiedener organisirter
und sog. ungeformter Fermente. FEBS Letters, 62(S1), E4-E7.


https://doi.org/10.1155/2017/2195808
https://doi.org/10.1155/2013/329121

Molecular Biotechnology (2019) 61:579-601

595

18.

20.

21.

22.

23.

24.

25.

26.

217.

28.

29.

30.

31

32.

33.

34.

35.

36.

37.

38.

Turanli-Yildiz, B., Alkim, C., & Cakar, Z. P. (2012). Protein engi-
neering methods and applications. Protein Engineering, 40, €71.
Kumar, A., & Singh, S. (2013). Directed evolution: tailoring
biocatalysts for industrial applications. Critical Reviews in Bio-
technology, 33(4), 365-378.

Cherry, J. R., & Fidantsef, A. L. (2003). Directed evolution of
industrial enzymes: An update. Current Opinion in Biotechnol-
ogy, 14(4), 438-443.

Underkofler, L., Barton, R., & Rennert, S. (1958). Production of
microbial enzymes and their applications. Applied Microbiology,
6(3),212.

Rubin-Pitel, S. B., & Zhao, H. (2006). Recent advances in bioca-
talysis by directed enzyme evolution. Combinatorial Chemistry
& High Throughput Screening, 9(4), 247-257.

Banerjee, A. (1994). Enzymic preparation of (3R-cis)-
3-(acetyloxy)-4-phenyl-2-azetidinone: a taxol side-chain syn-
thon. Biotechnology and Applied Biochemistry, 20(1), 23-33.
Kuddus, M., & Ramteke, P. W. (2012). Recent developments
in production and biotechnological applications of cold-active
microbial proteases. Critical Reviews in Microbiology, 38(4),
330-338.

Anbu, P., et al. (2013). Microbial enzymes and their applications
in industries and medicine. BioMed Research International. https
://doi.org/10.1155/2017/2195808.

Jaeger, K.-E., & Eggert, T. (2002). Lipases for biotechnology.
Current Opinion in Biotechnology, 13(4), 390-397.

Anbu, P, et al. (2015). Microbial enzymes and their applications
in industries and medicine 2014. BioMed Research International.
https://doi.org/10.1155/2015/816419.

Singh, J., Batra, N., & Sobti, R. C. (2004). Purification and char-
acterisation of alkaline cellulase produced by a novel isolate,
Bacillus sphaericus JS1. Journal of Industrial Microbiology and
Biotechnology, 31(2), 51-56.

Najafi, M. F., Deobagkar, D., & Deobagkar, D. (2005). Purifi-
cation and characterization of an extracellular a-amylase from
Bacillus subtilis AX20. Protein Expression and Purification,
41(2), 349-354.

Sharipova, M. R., et al. (2003). Membrane-bound forms of serine
proteases in Bacillus intermedius. Microbiology, 72(5), 569-573.
Sekhon, A., et al. (2005). Properties of a thermostable extracel-
lular lipase from Bacillus megaterium AKG-1. Journal of Basic
Microbiology, 45(2), 147-154.

Alvarez-Macarie, E., Augier-Magro, V., & Baratti, J. (1999).
Characterization of a thermostable esterase activity from the
moderate thermophile Bacillus licheniformis. Bioscience, Bio-
technology, and Biochemistry, 63(11), 1865-1870.

Duan, X., Chen, J., & Wu, J. (2013). Improving the thermostabil-
ity and catalytic efficiency of Bacillus deramificans pullulanase
by site-directed mutagenesis. Applied and Environmental Micro-
biology, 79(13), 4072.

Ahn, S., et al. (2001). The “open” and “closed” structures of the
type-C inorganic pyrophosphatases from Bacillus subtilis and
Streptococcus gordoniil 1 edited by D. Rees. Journal of Molecu-
lar Biology, 313(4), 797-811.

Vanhanen, M., et al. (1997). Sensitization to industrial enzymes
in enzyme research and production. Scandinavian Journal of
Work, Environment & Health, 23, 385-391.

Vanhanen, M., et al. (2001). Sensitisation to enzymes in the ani-
mal feed industry. Occupational and Environmental Medicine,
58(2), 119.

Kumar, C. V. M. N,, et al. (2016). Thermostable p-D-glucosidase
from Aspergillus flavus: Production, purification and characteri-
zation. International Journal of Clinical and Biological Sciences,
1,1-15.

Vaseghi, Z., et al. (2013). Production of active lipase by Rhizo-
pus oryzae from sugarcane bagasse: Solid state fermentation

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

in a tray bioreactor. International Journal of Food Science &
Technology, 48(2), 283-289.

Vatsyayan, P., & Goswami, P. (2016). Highly active and stable
large catalase isolated from a hydrocarbon degrading Aspergil-
lus terreus MTCC 6324. Enzyme Research, 2016, 4379403.
Sri Kaja, B, et al. (2018). Investigating enzyme activity of
immobilized candida rugosa lipase. Journal of Food Quality,
2018, 9.

Wellenbeck, W., et al. (2017). Fast-track development of a lactase
production process with Kluyveromyces lactis by a progres-
sive parameter-control workflow. Engineering in Life Sciences,
17(11), 1185-1194.

Chand Bhalla, T., et al. (2017). Invertase of Saccharomyces cer-
evisiae SAA-612: production, characterization and application
in synthesis of fructo-oligosaccharides. LWT, 77, 178-185.
Nigam, P. S. (2013). Microbial enzymes with special charac-
teristics for biotechnological applications. Biomolecules, 3(3),
597-611.

Sharma, M., & Chadha, B. S. (2011). Production of hemicellulo-
lytic enzymes for hydrolysis of lignocellulosic biomass. In: A.
Pandey, C. Larroche, S. C. Ricke, C. Dussap, & E. Gnanasonou
(Eds.), Biofuels, alternative feed stocks and conversion processes
(1st edn., pp. 214-217). USA: Academic.

Choct, M. (2006). Enzymes for the feed industry: Past, present
and future. World’s Poultry Science Journal, 62(1), 5-16.

Li, S., et al. (2012). Technology prospecting on enzymes: Appli-
cation, marketing and engineering. Computational and Structural
Biotechnology Journal, 2(3), €201209017.

Lei, X., & Stahl, C. (2000). Nutritional benefits of phytase and
dietary determinants of its efficacy. Journal of Applied Animal
Research, 17(1),97-112.

Kies, A., Van Hemert, K., & Sauer, W. (2001). Effect of phytase
on protein and amino acid digestibility and energy utilisation.
World’s Poultry Science Journal, 57(2), 109-126.

Oxenboll, K., Pontoppidan, K., & Fru-Nji, F. (2011). Use of a
protease in poultry feed offers promising environmental benefits.
International Journal of Poultry Science, 10(11), 842—848.
Selle, P. H., & Ravindran, V. (2007). Microbial phytase in poultry
nutrition. Animal Feed Science and Technology, 135(1-2), 1-41.
Andualema, B., & Gessesse, A. (2012). Microbial lipases
and their industrial applications: Review. Biotechnology, 11,
100-118.

GROUP, F. (2011). World Enzymes. Cleveland, Ohio, United
States of America, pp. 12-26.

Olempska-Beer, Z. S., et al. (2006). Food-processing enzymes
from recombinant microorganisms—a review. Regulatory Toxi-
cology and Pharmacology, 45(2), 144—158.

Gupta, R., Rathi, P., & Bradoo, S. (2003). Lipase mediated
upgradation of dietary fats and oils. Critical Reviews in Food
Science and Nutrition, 43(6), 635-644.

Hasan, F., Shah, A. A., & Hameed, A. (2006). Industrial appli-
cations of microbial lipases. Enzyme and Microbial technology,
39(2), 235-251.

Seitz, E. W. (1974). Industrial application of microbial lipases:
A review. Journal of the American Oil Chemists’ Society, 51(2),
12-16.

Qureshi, M., et al. (2015). Enzymes used in dairy industries.
International Journal of Applied Research, 1(10), 523-527.
Soares, L., et al. (2012). Microorganism-produced enzymes in
the food industry. In Scientific, Health and Social Aspects of the
Food Industry. InTech.

Kumar, V., et al. (2014). Global scenario of industrial enzyme
market. New York: Nova Science Publisher.

Kieliszek, M., & Misiewicz, A. (2014). Microbial transglutami-
nase and its application in the food industry. A review. Folia
Microbiologica, 59(3), 241-250.

@ Springer


https://doi.org/10.1155/2017/2195808
https://doi.org/10.1155/2017/2195808
https://doi.org/10.1155/2015/816419

596

Molecular Biotechnology (2019) 61:579-601

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

71.

78.

79.

80.

81.

82.

Van Der Maarel, M. J., et al. (2002). Properties and applications
of starch-converting enzymes of the a-amylase family. Journal
of Biotechnology, 94(2), 137-155.

Lee, C. C., et al. (2012). Isolation and characterization of a novel
GHG67 a-glucuronidase from a mixed culture. Journal of Indus-
trial Microbiology and Biotechnology, 39(8), 1245-1251.

Law, B. A. (2002). The nature of enzymes and their action in
foods. Boca Raton: CRC Press.

Banerjee, A., Chatterjee, K., & Madras, G. (2014). Enzymatic
degradation of polymers: a brief review. Materials Science and
Technology, 30(5), 567-573.

Kobayashi, S., Uyama, H., & Ohmae, M. (2001). Enzymatic
polymerization for precision polymer synthesis. Bulletin of the
Chemical Society of Japan, 74(4), 613-635.

Laffend, L. A., Nagarajan, V., & Nakamura C. E. (1997). Bio-
conversion of a fermentable carbon source to 1, 3-propanediol
by a single microorganism. Google Patents.

Vink, E. T., et al. (2007). The eco-profiles for current and near-
future NatureWorks® polylactide (PLA) production. Industrial
Biotechnology, 3(1), 58-81.

Ulery, B. D., Nair, L. S., & Laurencin, C. T. (2011). Biomedical
applications of biodegradable polymers. Journal of Polymer Sci-
ence Part B: Polymer Physics, 49(12), 832-864.

Kobayashi, S. (2010). Lipase-catalyzed polyester synthesis—a
green polymer chemistry. Proceedings of the Japan Academy,
Series B, 86(4), 338-365.

Solomon, E. I., Sundaram, U. M., & Machonkin, T. E. (1996).
Multicopper oxidases and oxygenases. Chemical Reviews, 96(7),
2563-2606.

Kobayashi, S., & Higashimura, H. (2003). Oxidative polymeri-
zation of phenols revisited. Progress in Polymer Science, 28(6),
1015-1048.

Ikeda, R., et al. (1998). Laccase-catalyzed polymerization of
acrylamide. Macromolecular Rapid Communications, 19(8),
423-425.

Aktas, N., & Tanyolag, A. (2003). Kinetics of laccase-catalyzed
oxidative polymerization of catechol. Journal of Molecular
Catalysis. B, Enzymatic, 22(1-2), 61-69.

Ahuja, S. K., Ferreira, G. M., & Moreira, A. R. (2004). Utiliza-
tion of enzymes for environmental applications. Critical Reviews
in Biotechnology, 24(2-3), 125-154.

Choi, J.-M., Han, S.-S., & Kim, H.-S. (2015). Industrial applica-
tions of enzyme biocatalysis: Current status and future aspects.
Biotechnology Advances, 33(7), 1443-1454.

Dinger, A., & Telefoncu, A. (2007). Improving the stability of
cellulase by immobilization on modified polyvinyl alcohol coated
chitosan beads. Journal of Molecular Catalysis. B, Enzymatic,
45(1-2), 10-14.

Silva, C. J., et al. (2005). Treatment of wool fibres with subtilisin
and subtilisin-PEG. Enzyme and Microbial Technology, 36(7),
917-922.

Araujo, R., Casal, M., & Cavaco-Paulo, A. (2008). Application
of enzymes for textile fibres processing. Biocatalysis and Bio-
transformation, 26(5), 332-349.

Chen, S., et al. (2013). Cutinase: characteristics, preparation, and
application. Biotechnology Advances, 31(8), 1754-1767.
Mojsov, K. (2012). Microbial alpha-amylases and their industrial
applications: a review. International Journal of Management, IT
and Engineering (IJMIE), 2(10), 583-609.

Yavuz, M., Kaya, G., & Aytekin, C. (2014). Using Ceriporiopsis
subvermispora CZ-3 laccase for indigo carmine decolourization
and denim bleaching. International Biodeterioration and Bio-
degradation, 88, 199-205.

Srivastava, N., & Singh, P. (2015). Degradation of toxic pol-
lutants from pulp & paper mill effluent. Discovery, 40(183),
221-2217.

@ Springer

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

Virk, A. P., Sharma, P., & Capalash, N. (2012). Use of laccase
in pulp and paper industry. Biotechnology Progress, 28(1),
21-32.

Lee, C., Darah, I., & Ibrahim, C. (2007). Enzymatic deinking
of laser printed office waste papers: Some governing param-
eters on deinking efficiency. Bioresource Technology, 98(8),
1684-1689.

Kirk, T. K., & Jeffries, T. W. (1996). Roles for microbial enzymes
in pulp and paper processing. Washington, DC: American
Chemical Society.

Beg, Q., et al. (2001). Microbial xylanases and their industrial
applications: A review. Applied Microbiology and Biotechnology,
56(3-4), 326-338.

Clarke, J., et al. (2000). A comparison of enzyme-aided bleaching
of softwood paper pulp using combinations of xylanase, man-
nanase and a-galactosidase. Applied Microbiology and Biotech-
nology, 53(6), 661-667.

Clouthier, C. M., & Pelletier, J. N. (2012). Expanding the organic
toolbox: a guide to integrating biocatalysis in synthesis. Chemi-
cal Society Reviews, 41(4), 1585-1605.

Kirk, O., Borchert, T. V., & Fuglsang, C. C. (2002). Industrial
enzyme applications. Current Opinion in Biotechnology, 13(4),
345-351.

Kuddus, M., & Ramteke, P. W. (2009). Cold-active extracellular
alkaline protease from an alkaliphilic Stenotrophomonas malt-
ophilia: Production of enzyme and its industrial applications.
Canadian Journal of Microbiology, 55(11), 1294-1301.
Greene, R. V., Cotta, M. A., & Griffin, H. L. (1989). A novel,
symbiotic bacterium isolated from marine shipworm secretes
proteolytic activity. Current Microbiology, 19(6), 353-356.
Greene, R. V., Griffin, H. L., & Cotta, M. A. (1996). Utility of
alkaline protease from marine shipworm bacterium in industrial
cleansing applications. Biotechnology Letters, 18(7), 7159-764.
Masse, L., Kennedy, K., & Chou, S. (2001). Testing of alka-
line and enzymatic hydrolysis pretreatments for fat particles
in slaughterhouse wastewater. Bioresource Technology, 77(2),
145-155.

Pio, T. F., & Macedo, G. A. (2009). Cutinases: properties and
industrial applications. Advances in Applied Microbiology, 66,
77-95.

Sanchez, S., & Demain, A. L. (2010). Enzymes and bioconver-
sions of industrial, pharmaceutical, and biotechnological sig-
nificance. Organic Process Research & Development, 15(1),
224-230.

Demain, A. L. (2014). Importance of microbial natural products
and the need to revitalize their discovery. Journal of Industrial
Microbiology and Biotechnology, 41(2), 185-201.

Mane, P., & Tale, V. (2015). Overview of microbial therapeutic
enzymes. Int J Curr Microbiol App Sci, 4(4), 17-26.

Ghosh, P, et al. (1992). Microbial lipases: production and appli-
cations. Science Progress, 79, 119-157.

Lott, J., & Lu, C. (1991). Lipase isoforms and amylase isoen-
zymes: Assays and application in the diagnosis of acute pancrea-
titis. Clinical Chemistry, 37(3), 361-368.

Sokurenko, Y. V., et al. (2015). Identification of 2’, 3'-cGMP as
an intermediate of RNA catalytic cleavage by binase and evalu-
ation of its biological action. Russian Journal of Bioorganic
Chemistry, 41(1), 31-36.

Iftime, D., et al. (2016). Identification and activation of novel
biosynthetic gene clusters by genome mining in the kirromycin
producer Streptomyces collinus Tu 365. Journal of Industrial
Microbiology and Biotechnology, 43(2-3), 277-291.

Wolf, H., & Zihner, H. (1972). Stoffwechselprodukte von Mik-
roorganismen. Archives of Microbiology, 83(2), 147-154.
Palta, S., Saroa, R., & Palta, A. (2014). Overview of the coagula-
tion system. Indian Journal of Anaesthesia, 58(5), 515.



Molecular Biotechnology (2019) 61:579-601

597

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

Cho, Y.-H., et al. (2010). Production of nattokinase by batch and
fed-batch culture of Bacillus subtilis. New Biotechnology, 27(4),
341-346.

Okafor, N., & Okeke, B. C. (2017). Modern industrial microbiol-
ogy and biotechnology. Boca raton: CRC Press.

Le Roes-Hill, M., & Prins, A. (2016) Biotechnological potential
of oxidative enzymes from Actinobacteria, in Actinobacteria-
Basics and Biotechnological Applications. InTech.

Alj, S., & Qadeer, M. (2002). Biosynthesis of L-DOPA by Asper-
gillus oryzae. Bioresource Technology, 85(1), 25-29.

Piel, J., et al. (2004). Antitumor polyketide biosynthesis by an
uncultivated bacterial symbiont of the marine sponge Theonella
swinhoei. Proceedings of the National Academic Science United
States of America, 101(46), 16222-16227.

Deublein, D., & Steinhauser, A. (2011). Biogas from waste and
renewable resources: an introduction. New York: Wiley.
Sakimoto, K. K., Wong, A. B., & Yang, P. (2016). Self-photo-
sensitization of nonphotosynthetic bacteria for solar-to-chemical
production. Science, 351(6268), 74-77.

Ramos, H. A., de Producéo, B. P. E. D., & de Deficiéncias, E. P.
Faculdade de Tecnologia e Ciéncias Diretoria de Pesquisa e Pos-
Graduagdo Stricto Sensu Mestrado Profissional em Tecnologias
Aplicaveis a Bioenergia.

Medie, F. M., et al. (2012). Genome analyses highlight the differ-
ent biological roles of cellulases. Nature Reviews Microbiology,
10(3), 227-234.

Okeke, B. C., et al. (2015). Selection and molecular characteriza-
tion of cellulolytic-xylanolytic fungi from surface soil-biomass
mixtures from Black Belt sites. Microbiological Research, 175,
24-33.

Kudanga, T., & Le Roes-Hill, M. (2014). Laccase applications in
biofuels production: current status and future prospects. Applied
Microbiology and Biotechnology, 98(15), 6525-6542.

Fang, Z., et al. (2015). Identification of a laccase Glac15 from
Ganoderma lucidum 77002 and its application in bioethanol pro-
duction. Biotechnology for Biofuels, 8(1), 54.

Shallom, D., & Shoham, Y. (2003). Microbial hemicellulases.
Current Opinion in Microbiology, 6(3), 219-228.

Valadares, F., et al. (2016). Exploring glycoside hydrolases and
accessory proteins from wood decay fungi to enhance sugarcane
bagasse saccharification. Biotechnology for Biofuels, 9(1), 110.
Zhang, X.-F., et al. (2016). A general and efficient strategy for
generating the stable enzymes. Scientific reports, 6, 33797.
Alcalde, M., et al. (2006). Environmental biocatalysis: from
remediation with enzymes to novel green processes. Trends in
Biotechnology, 24(6), 281-287.

Hildén, K., Hakala, T. K., & Lundell, T. (2009). Thermotolerant
and thermostable laccases. Biotechnology Letters, 31(8), 1117.
Rigoldi, F., et al. (2018). Engineering of thermostable enzymes
for industrial applications. APL Bioengineering, 2(1), 011501.
Lam, K. S. (2006). Discovery of novel metabolites from marine
actinomycetes. Current Opinion in Microbiology, 9(3), 245-251.
Ladenstein, R., & Ren, B. (2006). Protein disulfides and protein
disulfide oxidoreductases in hyperthermophiles. The FEBS Jour-
nal, 273(18), 4170-4185.

Liszka, M. J., et al. (2012). Nature versus nurture: Developing
enzymes that function under extreme conditions. Annual Review
of Chemical and Biomolecular Engineering, 3(1), 77-102.
Brock, T. D., & Freeze, H. (1969). Thermus aquaticus gen n. and
sp n., a nonsporulating extreme thermophile. Journal of Bacteri-
ology, 98(1), 289-297.

Haki, G. D., & Rakshit, S. K. (2003). Developments in indus-
trially important thermostable enzymes: A review. Bioresource
Technology, 89(1), 17-34.

Haddar, A., et al. (2009). Two detergent stable alkaline ser-
ine-proteases from Bacillus mojavensis A21: Purification,

128.

129.

130.

131.

132.

133.

134.

135.

136.

137.

138.

139.

140.

141.

142.

143.

144.

145.

146.

147.

148.

149.

characterization and potential application as a laundry detergent
additive. Bioresource Technology, 100(13), 3366-3373.
Ramkumar, A., et al. (2018). Production of thermotolerant, deter-
gent stable alkaline protease using the gut waste of Sardinella
longiceps as a substrate: Optimization and characterization. Sci-
entific Reports, 8(1), 12442.

Neklyudov, A. D., Ivankin, A. N., & Berdutina, A. V. (2000).
Properties and uses of protein hydrolysates (Review). Applied
Biochemistry and Microbiology, 36(5), 452-459.

Mo, S., Kim, J.-H., & Cho, K. W. (2009). Enzymatic proper-
ties of an extracellular phospholipase C purified from a marine
streptomycete. Bioscience, Biotechnology, and Biochemistry, 20,
9. https://doi.org/10.1271/bbb.90323.

Saxena, R. K., et al. (2007). A highly thermostable and alkaline
amylase from a Bacillus sp. PN5. Bioresource Technology, 98(2),
260-265.

Zhang, J., et al. (2011). Thermostable recombinant xylanases
from Nonomuraea flexuosa and Thermoascus aurantiacus show
distinct properties in the hydrolysis of xylans and pretreated
wheat straw. Biotechnology for Biofuels, 4(1), 12.

Fernandes, A. T., et al. (2007). A robust metallo-oxidase from
the hyperthermophilic bacterium Agquifex aeolicus. The FEBS
Journal, 274(11), 2683-2694.

Bommarius, A. S., & Paye, M. F. (2013). Stabilizing biocatalysts.
Chemical Society Reviews, 42(15), 6534-6565.

Arnold, F. (2010). How proteins adapt: lessons from directed
evolution. Cold Spring Harbor symposia on quantitative biology.
Cold Spring Harbor: Cold Spring Harbor Laboratory Press.
Packer, M. S., & Liu, D. R. (2015). Methods for the directed
evolution of proteins. Nature Reviews Genetics, 16(7), 379.
Tiwari, V. (2016). In vitro engineering of novel bioactivity in the
natural enzymes. Frontiers in chemistry, 4, 39.

Yang, J., et al. (2017). Casting epPCR (cepPCR): A simple ran-
dom mutagenesis method to generate high quality mutant librar-
ies. Biotechnology and Bioengineering, 114(9), 1921-1927.
Socha, R. D., & Tokuriki, N. (2013). Modulating protein stabil-
ity—directed evolution strategies for improved protein function.
The FEBS journal, 280(22), 5582-5595.

Soo, V. W,, et al. (2016). Mechanistic and evolutionary insights
from the reciprocal promiscuity of two pyridoxal phosphate-
dependent enzymes. Journal of Biological Chemistry, 291(38),
19873-19887.

Stephens, D. E., et al. (2007). Directed evolution of the ther-
mostable xylanase from Thermomyces lanuginosus. Journal of
Biotechnology, 127(3), 348-354.

Wang, H. H., et al. (2009). Programming cells by multi-
plex genome engineering and accelerated evolution. Nature,
460(7257), 894.

Kaul, P., & Asano, Y. (2012). Strategies for discovery and
improvement of enzyme function: State of the art and opportu-
nities. Microbial Biotechnology, 5(1), 18-33.

Wang, K., et al. (2014). Thermostability improvement of a
Streptomyces xylanase by introducing proline and glutamic
acid residues. Applied and Environmental Microbiology, 80(7),
2158-2165.

Wintrode, P. L., Miyazaki, K., & Arnold, F. H. (2001). Patterns
of adaptation in a laboratory evolved thermophilic enzyme. Bio-
chimica et Biophysica Acta, 1549(1), 1-8.

Yu, H,, et al. (2017). Two strategies to engineer flexible loops for
improved enzyme thermostability. Scientific reports, 7, 41212.
Li, W. E,, Zhou, X. X., & Lu, P. (2005). Structural features of
thermozymes. Biotechnology Advances, 23(4), 271-281.
Margulies, M., et al. (2005). Genome sequencing in microfabri-
cated high-density picolitre reactors. Nature, 437(7057), 376.
Teather, R. M., & Erfle, J. D. (1990). DNA sequence of a Fibro-
bacter succinogenes mixed-linkage beta-glucanase (1, 3-1,

@ Springer


https://doi.org/10.1271/bbb.90323

598

Molecular Biotechnology (2019) 61:579-601

150.

151.

152.

153.

154.

155.

156.

157.

158.

159.

160.

161.

162.

163.

164.

165.

166.

4-beta-p-glucan 4-glucanohydrolase) gene. Journal of Bacteri-
ology, 172(7), 3837-3841.

Shi, P., et al. (2010). Cloning, characterization, and antifun-
gal activity of an endo-1, 3-p-p-glucanase from Streptomy-
ces sp. S27. Applied Microbiology and Biotechnology, 85(5),
1483-1490.

Qiao, J., et al. (2009). Cloning of a f-1, 3-1, 4-glucanase gene
from Bacillus subtilis MA139 and its functional expression in
Escherichia coli. Applied Biochemistry and Biotechnology,
152(2), 334-342.

Hua, C., et al. (2010). High-level expression of a specific -1,
3-1, 4-glucanase from the thermophilic fungus Paecilomyces
thermophila in Pichia pastoris. Applied Microbiology and Bio-
technology, 88(2), 509-518.

Niture, S. (2008). Comparative biochemical and structural char-
acterizations of fungal polygalacturonases. Biologia, 63(1), 1-19.
Wang, C,, et al. (2015). Biochemical characterization of a ther-
mophilic f-mannanase from Talaromyces leycettanus JCM 12802
with high specific activity. Applied Microbiology and Biotechnol-
ogy, 99(3), 1217-1228.

Grey, M. J., et al. (2006). Characterizing a partially folded inter-
mediate of the villin headpiece domain under non-denaturing
conditions: contribution of His41 to the pH-dependent stabil-
ity of the N-terminal subdomain. Journal of Molecular Biology,
355(5), 1078-1094.

Luisi, D. L., et al. (2003). Surface salt bridges, double-mutant
cycles, and protein stability: An experimental and computational
analysis of the interaction of the Asp 23 side chain with the
N-terminus of the N-terminal domain of the ribosomal protein
19. Biochemistry, 42(23), 7050-7060.

Mazzini, A., et al. (2007). Dissociation and unfolding of bovine
odorant binding protein at acidic pH. Journal of Structural Biol-
ogy, 159(1), 82-91.

Garcia-Mayoral, M. F., et al. (2006). pH-dependent confor-
mational stability of the ribotoxin a-sarcin and four active site
charge substitution variants. Biochemistry, 45(46), 13705-13718.
Lindman, S., et al. (2007). pKa values for side-chain carboxyl
groups of a PGB1 variant explain salt and pH-dependent stabil-
ity. Biophysical Journal, 92(1), 257-266.

Horng, J.-C., Cho, J.-H., & Raleigh, D. P. (2005). Analysis of
the pH-dependent folding and stability of histidine point mutants
allows characterization of the denatured state and transition
state for protein folding. Journal of Molecular Biology, 345(1),
163-173.

Schreiber, G., & Fersht, A. R. (1993). Interaction of barnase with
its polypeptide inhibitor barstar studied by protein engineering.
Biochemistry, 32(19), 5145-5150.

Hom, R. A., et al. (2007). pH-dependent binding of the Epsin
ENTH domain and the AP180 ANTH domain to PI (4, 5)
P2-containing bilayers. Journal of Molecular Biology, 373(2),
412-423.

Re, F., et al. (2008). Prion protein structure is affected by pH-
dependent interaction with membranes: A study in a model sys-
tem. FEBS Letters, 582(2), 215-220.

Kawai, C., et al. (2005). pH-dependent interaction of cytochrome
¢ with mitochondrial mimetic membranes The role of an array of
positively charged amino acids. Journal of Biological Chemistry,
280(41), 34709-34717.

Yoo, S. H. (1994). pH-dependent interaction of chromogranin
A with integral membrane proteins of secretory vesicle includ-
ing 260-kDa protein reactive to inositol 1, 4, 5-triphosphate
receptor antibody. Journal of Biological Chemistry, 269(16),
12001-12006.

Schreiber, G., & Fersht, A. R. (1995). Energetics of protein-
protein interactions: Analysis ofthe Barnase-Barstar interface by

@ Springer

167.

168.

169.

170.

171.

172.

173.

174.

175.

176.

177.

178.

179.

180.

181.

182.

183.

184.

185.

186.

187.

188.

189.

single mutations and double mutant cycles. Journal of Molecular
Biology, 248(2), 478—-486.

Talley, K., & Alexov, E. (2010). On the pH-optimum of activity
and stability of proteins. Proteins, 78(12), 2699-2706.
Carbonell, P., Lecointre, G., & Faulon, J.-L. (2011). Origins of
specificity and promiscuity in metabolic networks. Journal of
Biological Chemistry, 286(51), 43994-44004.

Jeffery, C. J. (2003). Multifunctional proteins: Examples of gene
sharing. Annals of Medicine, 35(1), 28-35.

Huberts, D. H., & van der Klei, I. J. (2010). Moonlighting pro-
teins: An intriguing mode of multitasking. Biochimica et Bio-
physica Acta (BBA)-Molecular Cell Research, 1803(4), 520-525.
Cheng, X.-Y., et al. (2012). A global characterization and iden-
tification of multifunctional enzymes. PLoS ONE, 7(6), e38979.
Hult, K., & Berglund, P. (2007). Enzyme promiscuity: Mecha-
nism and applications. Trends in Biotechnology, 25(5), 231-238.
Copley, S. D. (2003). Enzymes with extra talents: moonlighting
functions and catalytic promiscuity. Current Opinion in Chemi-
cal Biology, 7(2), 265-272.

Delgado-Baquerizo, M., et al. (2016). Microbial diversity drives
multifunctionality in terrestrial ecosystems. Nature Communica-
tions, 7, 10541.

Sogin, M. L., et al. (2006). Microbial diversity in the deep sea
and the underexplored “rare biosphere”. Proceedings of the
National Academy of Sciences USA, 103(32), 12115-12120.
Jeon, J. H., et al. (2009). Cloning and characterization of a
new cold-active lipase from a deep-sea sediment metagenome.
Applied Microbiology and Biotechnology, 81(5), 865-874.
Thapa, S., et al. (2017). Metagenomics prospective in bio-mining
the microbial enzymes. Journal of Genes and Proteins, 1, 1-5.
Steele, H. L., & Streit, W. R. (2005). Metagenomics: Advances in
ecology and biotechnology. FEMS Microbiology Letters, 247(2),
105-111.

Daniel, R. (2005). The metagenomics of soil. Nature Reviews
Microbiology, 3(6), 470.

Alma’abadi, A. D., Gojobori, T., & Mineta, K. (2015). Marine
metagenome as a resource for novel enzymes. Genomics, Prot-
eomics & Bioinformatics, 13(5), 290-295.

Uchiyama, T., & Miyazaki, K. (2010). Product-induced gene
expression, a product-responsive reporter assay used to screen
metagenomic libraries for enzyme-encoding genes. Applied and
Environmental Microbiology, 76(21), 7029-7035.

Beloqui, A., et al. (2010). Diversity of glycosyl hydrolases from
cellulose-depleting communities enriched from casts of two
earthworm species. Applied and Environmental Microbiology,
76(17), 5934-5946.

Riesenfeld, C. S., Goodman, R. M., & Handelsman, J. (2004).
Uncultured soil bacteria are a reservoir of new antibiotic resist-
ance genes. Environmental Microbiology, 6(9), 981-989.
Venter, J. C., et al. (2004). Environmental genome shotgun
sequencing of the Sargasso Sea. Science, 304(5667), 66-74.
Rusch, D. B., et al. (2007). The Sorcerer II global ocean sampling
expedition: Northwest Atlantic through eastern tropical Pacific.
PLoS Biology, 5(3), e717.

Coolon, J. D., et al. (2013). Long-term nitrogen amendment alters
the diversity and assemblage of soil bacterial communities in
tallgrass prairie. PLoS ONE, 8(6), ¢67884.

Pathak, G., et al. (2009). Novel blue light-sensitive proteins from
a metagenomic approach. Environmental Microbiology, 11(9),
2388-2399.

Voget, S., Steele, H. L., & Streit, W. R. (2006). Characteriza-
tion of a metagenome-derived halotolerant cellulase. Journal of
Biotechnology, 126(1), 26-36.

Waschkowitz, T., Rockstroh, S., & Daniel, R. (2009). Isolation
and characterization of metalloproteases with a novel domain



Molecular Biotechnology (2019) 61:579-601

599

190.

191.

192.

193.

194.

195.

196.

197.

198.

199.

200.

201.

202.

203.

204.

205.

206.

structure by construction and screening of metagenomic libraries.
Applied and Environmental Microbiology, 75(8), 2506-2516.
Gong, X., et al. (2012). Cloning and identification of novel
hydrolase genes from a dairy cow rumen metagenomic library
and characterization of a cellulase gene. BMC research notes,
5(1), 566.

Hess, M., et al. (2011). Metagenomic discovery of biomass-
degrading genes and genomes from cow rumen. Science,
331(6016), 463-467.

Duan, C.J., et al. (2009). Isolation and partial characterization of
novel genes encoding acidic cellulases from metagenomes of buf-
falo rumens. Journal of Applied Microbiology, 107(1), 245-256.
IImberger, N., et al. (2014). A comparative metagenome survey
of the fecal microbiota of a breast-and a plant-fed Asian elephant
reveals an unexpectedly high diversity of glycoside hydrolase
family enzymes. PLoS ONE, 9(9), e106707.

Warnecke, F., et al. (2007). Metagenomic and functional analysis
of hindgut microbiota of a wood-feeding higher termite. Nature,
450(7169), 560.

Hedlund, B. P, et al. (2013). An integrated study reveals diverse
methanogens, Thaumarchaeota, and yet-uncultivated archaeal
lineages in Armenian hot springs. Antonie van Leeuwenhoek,
104(1), 71-82.

Huang, Q., et al. (2013). Archaeal and bacterial diversity in
acidic to circumneutral hot springs in the Philippines. FEMS
Microbiology Ecology, 85(3), 452-464.

Hou, W., et al. (2013). A comprehensive census of microbial
diversity in hot springs of Tengchong, Yunnan Province China
using 16S rRNA gene pyrosequencing. PLoS ONE, 8(1), €53350.
Sylvan, J. B., Toner, B. M., & Edwards, K. J. (2012). Life
and death of deep-sea vents: bacterial diversity and ecosys-
tem succession on inactive hydrothermal sulfides. MBio, 3(1),
e00279-11.

Rhee, J.-K., et al. (2005). New thermophilic and thermostable
esterase with sequence similarity to the hormone-sensitive lipase
family, cloned from a metagenomic library. Applied and Envi-
ronmental Microbiology, 71(2), 817-825.

Simon, C., et al. (2009). Rapid identification of genes encoding
DNA polymerases by function-based screening of metagenomic
libraries derived from glacial ice. Applied and Environmental
Microbiology, 75(9), 2964-2968.

Heath, C., et al. (2009). Identification of a novel alkaliphilic
esterase active at low temperatures by screening a metagenomic
library from antarctic desert soil. Applied and Environmental
Microbiology, 75(13), 4657-4659.

Rondon, M. R., et al. (2000). Cloning the soil metagenome: A
strategy for accessing the genetic and functional diversity of
uncultured microorganisms. Applied and Environmental Micro-
biology, 66(6), 2541-2547.

Wang, K., et al. (2010). A novel metagenome-derived
B-galactosidase: Gene cloning, overexpression, purification
and characterization. Applied Microbiology and Biotechnology,
88(1), 155-165.

Jiang, C., et al. (2011). Biochemical characterization of two novel
B-glucosidase genes by metagenome expression cloning. Biore-
source Technology, 102(3), 3272-3278.

Fernéndez-Alvaro, E., et al. (2010). Enantioselective Kinetic reso-
lution of phenylalkyl carboxylic acids using metagenome-derived
esterases. Microbial Biotechnology, 3(1), 59-64.

Knietsch, A., et al. (2003). Construction and screening of
metagenomic libraries derived from enrichment cultures: Gen-
eration of a gene bank for genes conferring alcohol oxidoreduc-
tase activity on Escherichia coli. Applied and Environmental
Microbiology, 69(3), 1408-1416.

207.

208.

209.

210.

211.

212.

213.

214.

215.

216.

217.

218.

219.

220.

221.

222.

223.

224.

225.

226.

Jiang, C., et al. (2009). Biochemical characterization of a metage-
nome-derived decarboxylase. Enzyme and Microbial Technology,
45(1), 58-63.

Gabor, E. M., De Vries, E. J., & Janssen, D. B. (2004). Construc-
tion, characterization, and use of small-insert gene banks of DNA
isolated from soil and enrichment cultures for the recovery of
novel amidases. Environmental Microbiology, 6(9), 948-958.
Bayer, S., Birkemeyer, C., & Ballschmiter, M. (2011). A nitrilase
from a metagenomic library acts regioselectively on aliphatic
dinitriles. Applied Microbiology and Biotechnology, 89(1),
91-98.

Kotik, M., et al. (2010). Access to enantiopure aromatic epoxides
and diols using epoxide hydrolases derived from total biofilter
DNA. Journal of Molecular Catalysis. B, Enzymatic, 65(1-4),
41-48.

Popovic, A., et al. (2017). Activity screening of environmental
metagenomic libraries reveals novel carboxylesterase families.
Scientific reports, 7, 44103.

Lenfant, N., et al. (2012). ESTHER, the database of the o/p-
hydrolase fold superfamily of proteins: Tools to explore diversity
of functions. Nucleic Acids Research, 41(D1), D423-D429.
Wei, Y., et al. (1999). Crystal structure of brefeldin A esterase, a
bacterial homolog of the mammalian hormone-sensitive lipase.
Nature Structural & Molecular Biology, 6(4), 340.

Turner, J. M., et al. (2002). Biochemical characterization and
structural analysis of a highly proficient cocaine esterase. Bio-
chemistry, 41(41), 12297-12307.

Ravin, N., Mardanov, A., & Skryabin, K. (2015). Metagenom-
ics as a tool for the investigation of uncultured microorganisms.
Russian Journal of Genetics, 51(5), 431-439.

Culligan, E. P, et al. (2014). Combined metagenomic and phe-
nomic approaches identify a novel salt tolerance gene from the
human gut microbiome. Frontiers in Microbiology, 5, 189.
Tourlousse, D. M., et al. (2013). Sensitive and substrate-specific
detection of metabolically active microorganisms in natural
microbial consortia using community isotope arrays. FEMS
Microbiology Letters, 342(1), 70-75.

Podar, M., et al. (2007). Targeted access to the genomes of
low-abundance organisms in complex microbial communities.
Applied and Environmental Microbiology, 73(10), 3205-3214.
Uchiyama, T, et al. (2005). Substrate-induced gene-expression
screening of environmental metagenome libraries for isolation
of catabolic genes. Nature Biotechnology, 23(1), 88.
Williamson, L. L., et al. (2005). Intracellular screen to identify
metagenomic clones that induce or inhibit a quorum-sensing
biosensor. Applied and Environmental Microbiology, 71(10),
6335-6344.

Jia, B., et al. (2013). NeSSM: A next-generation sequencing
simulator for metagenomics. PLoS ONE, 8(10), e75448.
Richter, D. C., et al. (2008). MetaSim—a sequencing simulator
for genomics and metagenomics. PLoS ONE, 3(10), e3373.
Angly, F. E., et al. (2012). Grinder: A versatile amplicon and
shotgun sequence simulator. Nucleic Acids Research, 40(12),
e94.

Bachmann, B. O., Van Lanen, S. G., & Baltz, R. H. (2014).
Microbial genome mining for accelerated natural products dis-
covery: Is a renaissance in the making? Journal of Industrial
Microbiology and Biotechnology, 41(2), 175-184.

Baltz, R. H. (2017). Gifted microbes for genome mining and
natural product discovery. Journal of Industrial Microbiology
and Biotechnology, 44(4-5), 573-588.

Katz, L., & Baltz, R. H. (2016). Natural product discovery: Past,
present, and future. Journal of Industrial Microbiology and Bio-
technology, 43(2-3), 155-176.

@ Springer



600 Molecular Biotechnology (2019) 61:579-601

227. Oliynyk, M., et al. (2007). Complete genome sequence of the 249. Demirjian, D. C., Moris-Varas, F., & Cassidy, C. S. (2001).
erythromycin-producing bacterium Saccharopolyspora eryth- Enzymes from extremophiles. Current opinion in chemical Biol-
raea NRRL23338. Nature Biotechnology, 25(4), 447. ogy, 5(2), 144-151.

228. Barka, E. A,, et al. (2016). Taxonomy, physiology, and natural 250. van den Burg, B., & Eijsink, V. G. (2002). Selection of mutations
products of Actinobacteria. Microbiology and Molecular Biol- for increased protein stability. Current Opinion in Biotechnology,
ogy Reviews, 80(1), 1-43. 13(4), 333-337.

229. Baltz, R. H. (2017). Molecular beacons to identify gifted 251. Margesin, R., et al. (2003). Cold-adapted microorganisms: adap-
microbes for genome mining. The Journal of antibiotics, 70(5), tation strategies and biotechnological potential. Encyclopedia
639. of Environmental Microbiology. https://doi.org/10.1002/04712

230. Ziemert, N., Alanjary, M., & Weber, T. (2016). The evolu- 63397.env150.
tion of genome mining in microbes: A review. Natural product 252. Feller, G., & Gerday, C. (2003). Psychrophilic enzymes: Hot
reports, 33(8), 988—1005. topics in cold adaptation. Nature Reviews Microbiology, 1(3),

231. Medema, M. H., et al. (2015). Minimum information about 200.

a biosynthetic gene cluster. Nature Chemical Biology, 11(9), 253. Chen, Z.-W., et al. (2007). Novel bacterial sulfur oxygenase
625. reductases from bioreactors treating gold-bearing concentrates.

232. Luo, X., Yu, H., & Xu, J. (2012). Genomic data mining: An Applied Microbiology and Biotechnology, 74(3), 688—698.
efficient way to find new and better enzymes. Enzyme Eng, 1, 254. Van Den Burg, B. (2003). Extremophiles as a source for novel
104-108. enzymes. Current Opinion in Microbiology, 6(3), 213-218.

233. Karan, R., Capes, M. D., & DasSarma, S. (2012). Function and 255. Gomes, 1., Gomes, J., & Steiner, W. (2003). Highly thermostable
biotechnology of extremophilic enzymes in low water activity. amylase and pullulanase of the extreme thermophilic eubacte-
Agquatic Biosystems, 8(1), 4. rium Rhodothermus marinus: Production and partial characteri-

234. Klenk, H.-P., et al. (2004). Phylogenomics of hyperthermophilic zation. Bioresource Technology, 90(2), 207-214.

Archaea and Bacteria. London: Portland Press Limited. 256. Mukhopadhyay, A., Dasgupta, A. K., & Chakrabarti, K. (2015).

235. Kumar, L., Awasthi, G., & Singh, B. (2011). Extremophiles: A Enhanced functionality and stabilization of a cold active laccase
novel source of industrially important enzymes. Biotechnology, using nanotechnology based activation-immobilization. Biore-
10(2), 121-135. source Technology, 179, 573-584.

236. Gomes, J., & Steiner, W. (2004). The biocatalytic potential of 257. Sanchez, S., & Demain, A. L. (2017). Useful microbial enzymes:
extremophiles and extremozymes. Food technology and Biotech- An introduction. In G. Brahmachari (Ed.), Biotechnology of
nology, 42(4), 223-235. microbial enzymes (pp. 1-11). San Deigo: Academic Press.

237. Bowers, K. J., Mesbah, N. M., & Wiegel, J. (2009). Biodiversity 258. Konwarh, R., et al. (2009). Polymer-assisted iron oxide magnetic
of poly-extremophilic Bacteria: Does combining the extremes nanoparticle immobilized keratinase. Nanotechnology, 20(22),
of high salt, alkaline pH and elevated temperature approach a 225107.
physico-chemical boundary for life? Saline systems, 5(1), 9. 259. Neethirajan, S., & Jayas, D. S. (2011). Nanotechnology for the

238. Liszka, M. J., et al. (2012). Nature versus nurture: developing food and bioprocessing industries. Food and Bioprocess Technol-
enzymes that function under extreme conditions. Annual Review 0gy, 4(1), 39-47.
of Chemical and Biomolecular Engineering, 3, 77-102. 260. van Dijk, L., et al. (2018). Molecular machines for catalysis.

239. Joshua, A., et al. (2017). Draft genome sequence of Bacillus Nature Reviews Chemistry, 2, 0117.
licheniformis strain YNP1-TSU isolated from whiterock springs 261. Singh, B., & Singh, B. (2007). Biotechnology expanding hori-
in Yellowstone National Park. Genome announcements, 5(9), zons. Ludhiana: Kalyani Publishers.
e01496-16. 262. Homaei, A. (2015). Enzyme immobilization and its application in

240. Pikuta, E. V., Hoover, R. B., & Tang, J. (2007). Microbial extre- the food industry. Advances in Food Biotechnology, 9, 145-164.
mophiles at the limits of life. Critical Reviews in Microbiology, 263. Pandey, P, et al. (2007). Application of thiolated gold nanoparti-
33(3), 183-209. cles for the enhancement of glucose oxidase activity. Langmuir,

241. Blochl, E., et al. (1997). Pyrolobus fumarii, gen. and sp. nov., 23(6), 3333-3337.
represents a novel group of archaea, extending the upper tem- 264. Kalkan, N. A., et al. (2012). Preparation of chitosan-coated mag-
perature limit for life to 113 C. Extremophiles, 1(1), 14-21. netite nanoparticles and application for immobilization of lac-

242. Cowan, D. A. (2004). The upper temperature for life—where do case. Journal of Applied Polymer Science, 123(2), 707-716.
we draw the line? Trends in Microbiology, 12(2), 58-60. 265. Ansari, S. A., et al. (2011). Designing and surface modification

243. Takai, K., et al. (2008). Cell proliferation at 122 C and isotopi- of zinc oxide nanoparticles for biomedical applications. Food
cally heavy CH4 production by a hyperthermophilic methano- and Chemical Toxicology, 49(9), 2107-2115.
gen under high-pressure cultivation. Proceedings of the National 266. Huang, S.-H., Liao, M.-H., & Chen, D.-H. (2003). Direct bind-
Academy of Sciences USA, 105(31), 10949-10954. ing and characterization of lipase onto magnetic nanoparticles.

244. Atomi, H., Sato, T., & Kanai, T. (2011). Application of hyper- Biotechnology Progress, 19(3), 1095-1100.
thermophiles and their enzymes. Current Opinion in Biotechnol- 267. Mileti¢, N., et al. (2010). Immobilization of Candida antarctica
0gy, 22(5), 618-626. lipase B on polystyrene nanoparticles. Macromolecular Rapid

245. Sarmiento, F., Peralta, R., & Blamey, J. M. (2015). Cold and hot Communications, 31(1), 71-74.
extremozymes: Industrial relevance and current trends. Frontiers 268. Namdeo, M., & Bajpai, S. K. (2009). Immobilization of
in bioengineering and biotechnology, 3, 148. a-amylase onto cellulose-coated magnetite (CCM) nanoparticles

246. Mykytczuk, N. C., et al. (2013). Bacterial growth at — 15 °C; and preliminary starch degradation study. Journal of Molecular
molecular insights from the permafrost bacterium Planococcus Catalysis. B, Enzymatic, 59(1), 134-139.
halocryophilus Orl. The ISME Journal, 7(6), 1211. 269. Prakasham, R. S., et al. (2007). Novel synthesis of ferric impreg-

247. Georlette, D., et al. (2004). Some like it cold: biocatalysis at low nated silica nanoparticles and their evaluation as a matrix for
temperatures. FEMS Microbiology Reviews, 28(1), 25-42. enzyme immobilization. The Journal of Physical Chemistry C,

248. Cavicchioli, R., et al. (2002). Low-temperature extremophiles 111(10), 3842-3847.
and their applications. Current Opinion in Biotechnology, 13(3), 270. Lin, J., Qu, W., & Zhang, S. (2007). Disposable biosensor based

253-261.

@ Springer

on enzyme immobilized on Au-chitosan-modified indium tin


https://doi.org/10.1002/0471263397.env150
https://doi.org/10.1002/0471263397.env150

Molecular Biotechnology (2019) 61:579-601

601

271.

272.

273.

274.

275.

276.

2717.

278.

279.

280.

281.

282.

283.

284.

285.

286.

287.

288.

289.

oxide electrode with flow injection amperometric analysis. Ana-
Iytical Biochemistry, 360(2), 288-293.

Sahoo, B., Sahu, S. K., & Pramanik, P. (2011). A novel method
for the immobilization of urease on phosphonate grafted iron
oxide nanoparticle. Journal of Molecular Catalysis. B, Enzy-
matic, 69(3), 95-102.

Ahmad, R., & Sardar, M. (2014). Immobilization of cellulase on
TiO, nanoparticles by physical and covalent methods: a compara-
tive study. Indian Journal of Biochemistry & Biophysics, 51(4),
314-320.

Kouassi, G. K., Irudayaraj, J., & McCarty, G. (2005). Examina-
tion of Cholesterol oxidase attachment to magnetic nanoparticles.
Journal of Nanobiotechnology, 3(1), 1.

Ahmad, R., Mishra, A., & Sardar, M. (2014). Simultaneous
immobilization and refolding of heat treated enzymes on TiO,
nanoparticles. Advanced Science, Engineering and Medicine, 6,
1264-1268.

Shih, Y.-H., et al. (2012). Trypsin-immobilized metal-organic
framework as a biocatalyst in proteomics analysis. ChemPlu-
sChem, 77(11), 982-986.

Park, J.-M., et al. (2013). Immobilization of lysozyme-CLEA
onto electrospun chitosan nanofiber for effective antibacterial
applications. International Journal of Biological Macromol-
ecules, 54, 37-43.

Ahmad, R., Mishra, A., & Sardar, M. (2013). Peroxidase-TiO,
nanobioconjugates for the removal of phenols and dyes from
aqueous solutions. Advanced Science, Engineering and Medi-
cine, 5, 1020-1025.

Husain, Q. (2018). Nanocarriers immobilized proteases and their
industrial applications: An overview. Journal of Nanoscience and
Nanotechnology, 18(1), 486—499.

Nguyen, H. H., & Kim, M. (2017). An overview of techniques
in enzyme immobilization. Applied Science and Convergence
Technology, 26(6), 157-163.

Cordeiro, A. L., Lenk, T., & Werner, C. (2011). Immobilization
of Bacillus licheniformis a-amylase onto reactive polymer films.
Journal of Biotechnology, 154(4), 216-221.

Cunha, A. G., et al. (2008). Immobilization of yarrowia lipol-
ytica lipase—a comparison of stability of physical adsorption
and covalent attachment techniques. Applied Biochemistry and
Biotechnology, 146(1), 49-56.

Cabrera-Padilla, R. Y., et al. (2012). Immobilization of Candida
rugosa lipase on poly(3-hydroxybutyrate-co-hydroxyvalerate):
a new eco-friendly support. Journal of Industrial Microbiology
and Biotechnology, 39(2), 289-298.

Szymariska, K., Bryjak, J., & Jarzebski, A. B. (2009). Immobili-
zation of invertase on mesoporous silicas to obtain hyper active
biocatalysts. Topics in Catalysis, 52(8), 1030-1036.

Terrasan, C. R. F., et al. (2017). Immobilization and stabiliza-
tion of beta-xylosidases from Penicillium janczewskii. Applied
Biochemistry and Biotechnology, 182(1), 349-366.

Tsai, C.-T., & Meyer, A. (2014). Enzymatic cellulose hydrolysis:
Enzyme reusability and visualization of B-glucosidase immobi-
lized in calcium alginate. Molecules, 19(12), 19390-19406.
Wen, H., et al. (2011). Carbon fiber microelectrodes modified
with carbon nanotubes as a new support for immobilization of
glucose oxidase. Microchimica Acta, 175(3-4), 283-289.
Wang, Z.-G., et al. (2009). Enzyme immobilization on electro-
spun polymer nanofibers: An overview. Journal of Molecular
Catalysis. B, Enzymatic, 56(4), 189-195.

Jegannathan, K. R., et al. (2010). Production of biodiesel from
palm oil using liquid core lipase encapsulated in k-carrageenan.
Fuel, 89(9), 2272-22717.

Bai, Y.-X., et al. (2006). Covalent immobilization of triacylglyc-
erol lipase onto functionalized nanoscale SiO2 spheres. Process
Biochemistry, 41(4), 770-7717.

290.

291.

292.

293.

294.

29s.

296.

297.

298.

299.

300.

301.

302.

303.

304.

305.

306.

307.

308.

Mukhopadhyay, A., Dasgupta, A. K., & Chakrabarti, K. (2013).
Thermostability, pH stability and dye degrading activity of a
bacterial laccase are enhanced in the presence of Cu,O nanopar-
ticles. Bioresource Technology, 127, 25-36.

Desai, S., & Nityanand, C. (2011). Microbial laccases and their
applications: A review. Asian J Biotechnol, 3(2), 98—124.
Ganesan, R., et al. (2011). Direct nanoimprinting of metal oxides
by in situ thermal co-polymerization of their methacrylates.
Journal of Materials Chemistry, 21(12), 4484—4492.

Jang, J.-W., Park, B., & Nettikadan, S. (2014). Generation of
plasmonic Au nanostructures in the visible wavelength using
two-dimensional parallel dip-pen nanolithography. Nanoscale,
6(14), 7912-7916.

Yun, J. M, et al. (2013). Local pH-responsive diazoketo-func-
tionalized photoresist for multicomponent protein patterning.
ACS Applied Materials & Interfaces, 5(20), 10253-10259.
Tonescu, R. E., Marks, R. S., & Gheber, L. A. (2003). Nano-
lithography using protease etching of protein surfaces. Nano
Letters, 3(12), 1639-1642.

Lockhart, J. N., Hmelo, A. B., & Harth, E. (2018). Electron beam
lithography of poly(glycidol) nanogels for immobilization of a
three-enzyme cascade. Polymer Chemistry, 9(5), 637-645.
Mao, Z., et al. (2014). A high throughput, high resolution enzy-
matic lithography process: effect of crystallite size, moisture and
enzyme concentration. Biomacromolecules, 15, 4627-4636.
Wei, H., & Wang, E. (2013). Nanomaterials with enzyme-like
characteristics (nanozymes): Next-generation artificial enzymes.
Chemical Society Reviews, 42(14), 6060-6093.

Xie, X., Xu, W., & Liu, X. (2012). Improving colorimetric assays
through protein enzyme-assisted gold nanoparticle amplification.
Accounts of Chemical Research, 45(9), 1511-1520.

Lin, Y., Ren, J., & Qu, X. (2014). Catalytically active nanoma-
terials: A promising candidate for artificial enzymes. Accounts
of Chemical Research, 47(4), 1097-1105.

Zhou, Y., et al. (2017). Filling in the gaps between nanozymes
and enzymes: Challenges and opportunities. Bioconjugate Chem-
istry, 28(12), 2903-2909.

Gao, L., et al. (2007). Intrinsic peroxidase-like activity of fer-
romagnetic nanoparticles. Nature Nanotechnology, 2, 577.
Korsvik, C., et al. (2007). Superoxide dismutase mimetic proper-
ties exhibited by vacancy engineered ceria nanoparticles. Chemi-
cal Communications, 10, 1056—-1058.

Kohler, V., et al. (2012). Synthetic cascades are enabled by com-
bining biocatalysts with artificial metalloenzymes. Nature Chem-
istry, 5, 93.

Dhall, A., & Self, W. (2018). Cerium oxide nanoparticles: A brief
review of their synthesis methods and biomedical applications.
Antioxidants, 7(8), 97.

Wilner, O. I, et al. (2009). Enzyme cascades activated on topo-
logically programmed DNA scaffolds. Nature Nanotechnology,
4, 249.

Mahmoudi, M., et al. (2011). Effect of nanoparticles on the cell
life cycle. Chemical Reviews, 111(5), 3407-3432.

Horie, M., et al. (2012). In vitro evaluation of cellular response
induced by manufactured nanoparticles. Chemical Research in
Toxicology, 25(3), 605-619.

Publisher’s Note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.

@ Springer



	Biochemical Characteristics of Microbial Enzymes and Their Significance from Industrial Perspectives
	Abstract
	Introduction
	Applications of Enzymes in Industrial Processes
	Animal Feed Industry
	Food Processing Industry
	Polymer and Textile Industry
	Paper and Pulp Industry
	Detergent Industry
	Pharmaceutical Industry and Medicine
	Bio-fuel Industry

	Important Biochemical Attributes of Microbial Enzymes
	Thermostability
	pH Stability
	Multi-functionality

	Approaches in Novel Microbial Enzyme Discovery
	Metagenomics Screening
	Microbial Genome Mining
	Extremophiles Diversity ExploitationTapping
	Nanotechnology Strategy in Enzyme Development

	Conclusion and Future Perspectives
	References




