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Introduction
Industrial and household catalysis becomes more and more depen-

dent on enzymes. This is not surprising since enzymes are able to cata-
lyze all kinds of chemical reactions. They can perform conversions in 
minutes or even seconds, which would take hundreds of years without 
their interference [1,2]. Furthermore, they catalyze reactions, which are 
difficult to perform by chemical methods, like the enantio-or regiose-
lective hydrolysis or addition of chiral groups. Since all of these features 
are generally displayed at room temperature under mostly aqueous 
conditions the research towards the use of biocatalysts is mainly driven 
by the necessity of using sustainable technologies for the production of 
chemicals (green routes) and complex active ingredients in a pharma-
ceutical and agrobiological context [2,3]. 

This ‘‘white biotechnology’’ remains a challenge since new biocata-
lytic processes have to compete economically with the well-established 
chemical processes that have been optimized for years [2]. Although 
many complicated chemical reactions can be efficiently performed by 
biocatalysts, industrial conditions are usually different from those in 
nature with respect to substrate concentrations, sheering forces, tem-
perature and organic solvents. Therefore, most enzymes found in soil 
and water may display the desired activity, but are generally not suited 
for industrial use [2,4]. Furthermore, for numerous industrial chemi-
cal processes an adequate enzyme cannot be readily found in nature, 
implying that there is a need for novel biocatalysts. Enzymes with the 
desired activity under industrial conditions can be obtained by opti-
mizing process conditions and by protein engineering using directed 
evolution [1,2,5]. 

Directed evolution is a term used to describe the entire range of 
molecular biology techniques that allow natural evolutionary processes 
to be mimicked in the laboratory. For enzymes, this generally involves 
the random mutagenesis of one or more starting genes, followed by a 
screening or selection step to isolate or enrich for enzyme variants with 
improvements in one or more desirable properties [1].

Marrs et al. [4] considered that industrial biocatalysis is widely 
viewed as the ‘third wave’ of biotechnology following the pharmaceuti-
cal and agricultural waves. Biological catalysts are attractive for indus-

trial purposes, not only because they are highly selective and efficient in 
substrate-to-product bioconversion, but also because they tend to cata-
lyze the production of relatively pure products, thus minimizing waste 
generation. These catalysts are able to carry out regiospecific, chemo-
specific and estereospecific reactions that are challenging for conven-
tional chemistries. These reactions occur under mild conditions with 
comparatively nontoxic reagents. Not every biological catalyst however, 
is useful as industrial enzyme. 

Significant technological sophistication is usually required to pro-
duce industrial scale quantities of biological catalyst at reasonable cost. 
These three considerations, which are sometimes summarized as volu-
metric productivity, stability and availability, are the hurdles that must 
be overcome before a biological catalyst can be considered an industrial 
enzyme [4].

Industrial Enzymes: Classification and Selection Crite-
ria

The role of enzymes in many processes has been known for a long 
time. Their existence was associated with the history of ancient Greece 
where they were using enzymes from microorganisms in baking, brew-
ing, alcohol production, cheese making etc. With better knowledge 
and purification of enzymes the number of applications has increased 
manyfold, and with the availability of thermostable enzymes a number 
of new possibilities for industrial processes have emerged [6].

The International Union of Biochemistry and Molecular Biology 
(IUBMB) classified enzymes into six major groups (classes), according 
to the type of reaction they catalyze [7]. 
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1. Oxidoreductases: All enzymes catalyzing oxidoreduction reac-
tions belong to this class. The substrate that is oxidized is regard-
ed as hydrogen donor. 

2. Transferases: Transferases are enzymes which transfer a group, 
e.g. a methyl group or a glycosyl group, from one compound 
(generally regarded as donor) to another compound (generally 
regarded as acceptor). 

3. Hydrolases: These enzymes catalyse the hydrolytic cleavage of 
C-O, C-N, C-C and some other bonds, including phosphoric an-
hydride bonds.

4. Lyases: Lyases are enzymes cleaving C-C, C-O, C-N, and other 
bonds by elimination, leaving double bonds or rings, or con-
versely adding groups to double bonds.

5. Isomerases: These enzymes catalyse geometric or structural 
changes within one molecule. 

6. Ligases: Enzymes that catalyze the joining together of two mol-
ecules coupled with the hydrolysis of a diphosphate bond in ATP 
or a similar triphosphate.

Each enzyme described receives a classification number, known as 
“EC” (Enzyme Commission of the IUBMB), which is composed of four 
digits [7]: 

1. Class 
2. Subclass within the class 
3. Specific chemical groups that participate in the reaction. 
4. The enzyme itself

Examples of the classification numbers of each enzyme can be con-
sulted in Figure 1 [8].

Figure 2 illustrates the ideal biocatalyst concept, where each en-
zyme candidate from the metagenome is ranked, from low (rating of 1) 
to high (rating of 6) using a specific set of criteria, to produce a multi-

parameter fingerprint (shown in yellow) [9]. Criteria include in vitro 
enzyme activity, efficiency, specificity and stability. This decision matrix 
reveals the strengths and weaknesses of every candidate enzyme, so that 
the most promising candidate enzymes from diverse enzyme libraries 
can be selected for further process development by re-screening, pro-
tein engineering or directed evolution methods [9].

Because enzymes are so unique in function and activity, they are 
easily deactivated when no longer needed. It is this ability to perform 
highly distinct, biocatalytic, complex chemical reactions without harsh 
chemistries or excessive energy that makes enzymes so attractive for 
industrial use.

Genetically Engineered Enzymes
The significant progress in genetics and in process technology en-

ables the enzyme industry to offer products with improved properties 
and often at reduced costs. Falch [10] claimed that genetic engineering 
enables us to select host organisms and cultivation conditions that are 
safe to the manufacturing personnel, to the user of the product, and 
to the environment at large. Often an enzyme with interesting proper-
ties is found in an organism which is insufficiently characterized or is 
related to a toxin-producing or to an opportunistic pathogenic organ-
ism. Such uncertainty can now be avoided by transfer of the enzyme 
gene to a safe host using protein engineering tools (Table 1). Genetic 
engineering opens new avenues to enzymes with improved stability, 
activity or specificity and productivity [10]. Due to this fact, enzymes 
naturally occurring in other organisms may now be produced in large-
scale fermentation processes. Enzymes of animal or plant origin may 
be produced independently of the supply of animal and plant tissue. 
Chymosin, the active protease in calf rennin, is already being produced 
by enzymes found in minute concentrations in exotic microorganisms 
often difficult to grow may be produced by selecting host microorgan-
isms which are easy to cultivate on cheap raw materials and producing 
a broth from which the enzyme is easy to purify [10]. 
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Figure 1: General Classification of enzymes based on their catalytic functions.
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around the world that produce enzymes of a promising industrial na-
ture [6,8,14]. These searches range from the rain forests to remote arid 
regions to the bottom of the ocean. In some cases, these bacteria or fun-
gi can be modified to produce additional interesting enzyme varieties.

In practice, the great majority of microbial enzymes come from a 
very limited number of genera, of which Aspergillus species, Tricho-
derma species, Bacillus species and Kluyveromyces species predominate 
[8,15]. Most of the strains used, have either been employed by the food 
industry for many years or have been derived from such strains by mu-
tation and selection [15]. 

In choosing the production strain several aspects have to be con-
sidered. Ideally the enzyme is secreted from the cell. This makes the re-
covery and purification process much simpler compared to production 
of intracellular enzymes, which must be purified from thousands of 
different cell proteins and other components. Secondly, the production 
host should have a GRAS-status (Generally Regarded As Safe). This is 
especially important when the enzyme produced by the organism is 
used in food processes. Thirdly, the organism should be able to produce 
high amount of the desired enzyme in a reasonable time frame. Most 
of the industrially used microorganisms have been genetically modified 
to overproduce the desired activity and not to produce undesired side 
activities [8]. 

According to Leisola et al. [11] several enzymes have already been 
engineered to function better in industrial processes. These include 
proteinases, lipases, cellulases, α-amylases and glucoamylases. 

Otten and Quax [2] in their paper outlined that, xylanases have 
received great attention in the development of environment-friendly 
technologies in the paper and pulp industry, where large-scale produc-
tion of xylanases is facilitated with the progress of genetic engineering. 
The same authors emphasized that, recent breakthroughs in genomics 
have helped to overcome the problems such as limited enzyme avail-
ability, substrate scope, and operational stability. Genes encoding xy-
lanases have been cloned in homologous and heterologous hosts with 
the objectives of overproducing the enzyme and altering its properties 
to suit commercial. 

Aravindan et al. [12] highlighted that protein engineering of lipases 
was studied based on the sequence information since the mid of 1980s. 
Many lipases have been engineered for thermostability, protease sta-
bility and for oxidative stability. A. niger was developed as an impor-
tant transformation host to overexpress food enzymes since it has been 
considered GRAS (Generally Recognized As Safe) by the US Food and 
Drug Administration [12].

Another example is the successful application of laccases in food 
processing. Several production strategies can be adopted along with 
media and process optimization to achieve production of high amounts 
at reduced costs. Concomitantly, overexpression of laccase in suitable 
host organisms would provide means to achieve high titers. Use of in-
ducers could also enhance production capabilities [13].

Table 2 shows some examples of enzymes produced by genetically 
modified microorganisms and their application in food industry. 

Industrial Enzymes: Production and Application
Industrial enzymes are produced by fermentation using micro-

organisms such as bacteria or fungi under carefully controlled condi-
tions. Currently, researchers are locating extremophile organisms from 
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Figure 2: Construction of a multi-parameter decision matrix for an efficient candidate enzyme selection. Catalytic reaction rate (kcat), catalytic constant (Km), Mi-
chaelis constant (U).

Target Method
Protein structure Crystallization

X-ray crystallography
NMR

Modelling and simulation Computational methods, Bioinformatics
Gene Plasmids 

Expression systems
Targeted mutagenesis
PCR
DNA shuffling
Random mutagenesis

Table 1: Tools in protein engineering [11].
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Leisola et al. [11] divided the enzyme production process into fol-
lowing phases:

1. Selection of an enzyme.
2. Selection of a production strain.
3. Construction of an overproducing strain by genetic engineering.
4. Optimization of culture medium and production conditions.
5. Optimization of recovery process.
6. Formulation of a stable enzyme product.

According to the same authors, criteria used in the selection of an 
industrial enzyme include specificity, reaction rate, pH and tempera-
ture and stability, effect of inhibitors and affinity to substrates [11]. 

Enzyme production techniques can be used to tailor the chemical 
reactions of the enzymes for specific types of industrial activity and op-
erating conditions such as temperature, pH, and reaction kinetics [8]. 

Industrial production of enzymes requires a clear understanding 
of the associated scientific and technological issues. These issues range 
from identification of the biological sources for enzyme production to 
their genetic manipulation for overproduction, strategies for cell culti-
vation, isolation, purification and stabilization.

A good example of a layout for large scale enzyme production of 
frutosyltransferase (FTase) from Aureobasidium pullulans was present-
ed in the work of Vaňková et al. [16], as shown in Figure 3. Since FTase 

of A. pullulans occurs in the periplasmic space of cells and so the part of 
the enzyme is easily released to the cultivation medium. Therefore, the 
recovery of the enzyme was considered from both the harvested cells 
and cultivation medium.

On the basis of application, industrial enzymes could be divided 
into four major categories, i.e. detergent enzymes, technical enzymes, 
food enzymes and feed enzymes. The technical enzymes segment could 
further be divided into textile enzymes, leather enzymes, pulp and pa-
per enzymes, fine chemicals enzymes, fuel ethanol enzymes and others 
[17,18].

Enzymes can often replace chemicals or processes that present safe-
ty or environmental issues [19]. For example, enzymes can:

•	 Replace acids in the starch processing industry and alkalis or oxi-
dizing agents in fabric desizing;

•	 Reduce the use of sulfide in tanneries;
•	 Replace pumice stones for “stonewashing” jeans;
•	 Allow for more complete digestion of animal feed leading to less 

animal waste;
•	 Remove stains from fabrics.
•	 Clothes can be washed at lower temperatures, thus saving energy

A report presented by the Enzyme Technical Association [20], out-
lined that enzymes can be used instead of chlorine bleach for removing 

Principle Enzymatic Activity Host Organism (production organism) Donor Organism Application Examples Price* $/Kg
a-Acetolactate decarboxylase Bacillus amyloliquefaciens or subtilis Bacillus sp. Beverages 50-60
a-Amylase (Thermal) Bacillus amyloliquefaciens  

Bacillus licheniformis 
Bacillus sp.  
Bacillus sp. 

Cereal, Beverages 
 Sugar, Bakery 

1500-10.000

Catalase Aspergillus niger Aspergillus sp. Milk, Egg 1000-10.000 
Chymosin Aspergillus niger var. awamori/  

Kluyveromyces lactis 
Calf stomach Cheese 460-500

Cyclodextrin glucano  trans-ferase Bacillus licheniformis Thermoanaero-bacter sp. Cereal N/A*
ß-Glucanase Bacillus amyloliquefaciens/ subtilis/  

Trichoderma reesei or longibrachiatum 
Bacillus sp.  

Trichoderma sp. 

Cereal, Beverages  

Cereal, Dietary food 
N/A

Glucose  
isomerase 

Streptomyces lividans/  
Streptomyces rubiginosus 

Actinoplanes sp.
Streptomyces sp. Cereal N/A

Glucose  
oxidase 

Aspergillus niger Aspergillus sp. Egg, Beverages, Bakery, Salads 182-186

Hemicellulase Bacillus amyloliquefaciens or subtilis Bacillus sp. Bakery N/A
Lipase yt Aspergillus oryzae Candida sp./  

Rhizomucor sp./  
Thermomyces sp. 

Fats 

Fats, Bakery 
202-206

Maltogenic  amylase Bacillus amyloliquefaciens or subtilis Bacillus sp. Cereal, Beverages, Bakery 50-1500
Protease (Neutral) Aspergillus oryzae/  

Bacillus amyloliquefaciens or subtilis.
Bacillus licheniformis 

Rhizomucor sp.

Bacillus sp.  

Bacillus sp. 

Cheese, Meat, Fish, Cereal 
Beverages, Bakery Salads  
Meat, Fish 3-30

Pullulanase Bacillus licheniformis/  
Klebsiella planticola 

Bacillus sp.  
Klebsiella sp. 

Cereal 
Cereal, Beverages, Bakery 15-30 

Xylanase Aspergillus oryzae 
Aspergillus niger var. awamori/  
Bacillus amyloliquefaciens or subtilis/  
Bacillus licheniformis/ 
Trichoderma reesei or longibrachiatum 

Aspergillus sp. Thermomyces sp./  
Bacillus sp./  

Bacillus sp./ 
Trichoderma sp. 

Cereal  
Cereal, Bakery 

Bakery, Cereal, Beverage  
Cereal  
Cereal, Beverages 

10-80

*Range of prices is based on values given by the manufacturer/seller in the site: http://www.alibaba.com/
N/A: not available. 

Table 2: List of commercial enzymes from genetically modified microorganisms used in food industry, adapted from [14]. Table 2: List of commercial enzymes from geneti-
cally modified microorganisms used in food industry, adapted from [14].
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ethanol enzymes segment. The global fuel ethanol enzymes industry 
constituted about 11% of the global industrial enzymes market in 2009 
and the market has increased at an annual growth rate of 15%-20% in 
the past few years.

The development of commercial enzymes is a specialized business 
which is usually undertaken by a handful of companies which have 
high skills in [25]: 

•	 Screening for new and improved enzymes. 
•	 Fermentation for enzyme production.
•	 Large scale enzyme purifications. 
•	 Formulation of enzymes for sale. 
The enzyme industry is in an excellent position to contribute to a 

stains on cloth. The use of enzymes also allows the level of surfactants to 
be reduced and permits the cleaning of clothes in the absence of phos-
phates. Enzymes also contribute to safer working conditions through 
elimination of chemical treatments during production processes. For 
example, in starch, paper and textile processing, less hazardous chemi-
cals are required when enzymes are used.

The major enzymes used in industrial enzymes market are amylase, 
lipase, protease, ligase, phytase, cellulase, xylanase, between others [21-
24]. Food enzymes constitute the major market share of the all four 
categories of industrial enzymes [19]. 

In reference to data provided by a published report on global indus-
trial enzyme market [19], the growth registered by technical enzymes 
segment was highest in past 4-5 years due to dramatic growth of the fuel 
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Figure 3: Process flowsheet of industrial production of frutosyltransferase (FTase). Streams are denoted by alphanumeric codes where F denotes the cultivation part, 
E the part of the cell FTase separation, and I the part of the medium FTase separation.
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four categories, namely entrapment, covalent binding, cross-linking 
and adsorption and the combination of one or more of these physical 
techniques together with chemical conjugation techniques [27-29,32-
39]. It must be emphasized that in terms of economy of a process, both 
the activity and the operational stability of the biocatalysts are impor-
tant. They determine its productivity, which is the activity integrated 
over the operational time [26]. 

 Immobilization often stabilizes the structure of enzymes, thereby, 
allowing their applications even under harsh environmental conditions 
of pH, temperature and organic solvents, and thus enable their uses at 
high temperatures in nonaqueous enzymology, and in the fabrication 
of biosensor probes. In the future, development of techniques for the 
immobilization of multi-enzymes along with cofactor regeneration and 
retention system can be gainfully exploited in developing biochemical 
processes involving complex chemical conversions [26].

According to Ribeiro et al. [40] the use of free lipase for biodiesel 
production results in technical limitations, and it is practically unreli-
able, due to impossibility of their recovery and reuse, which in turn 
increases the production costs of the process, besides promoting the 
product contamination with residual enzyme. These difficulties can be 
overcome by the use of these enzymes in its immobilized form, allow-
ing the reuse of biocatalyst several times, reducing costs, and further 
improving the quality of the product [40,41].

Alzohairy and Khan [27] claimed that, recent advances in the de-
sign of immobilization supporting materials with tailorable pore size 
and surface functionality has enabled more precise control of immo-
bilization of enzymes. New simulations of the surface characteristics 
of the target enzymes can be used to aid in the design of appropriate 
support materials. As the structure and mechanism of action of en-
zymes becomes available more controlled immobilization methods 
will be generated. The same authors concluded that, the development 
of cheaper and disposable array biosensors, bioreactors and biochips 
for the simultaneous detection of clinically important metabolites and 
rapid screening of diseases has attracted much attention during the re-
cent past. The use of more and more immobilized enzymes in clinical, 
biotechnological, pharmacological and other industrial fields has great 
promise among future technologies.

Enzymes for Second Generation Bioethanol
The demand for ethanol has the most significant market where eth-

anol is either used as a chemical feedstock or as an octane enhancer or 
petrol additive. Brazil produces ethanol from the fermentation of cane 
juice whereas in the USA corn is used. The production of ethanol from 
sugars or starch impacts negatively on the economics of the process, 
thus making ethanol more expensive compared with fossil fuels. Hence 
the technology development focus for the production of ethanol has 
shifted towards the utilisation of residual lignocellulosic materials to 
lower production costs [38].

Enzymatic conversion of structural polysaccharides in plant bio-
mass is a key issue in the development of second generation (lignocel-
lulosic) bioethanol. The efficiency of this process depends in part on the 
ability of enzymes to disrupt crystalline polysaccharides, thus gaining 
access to single polymer chains [39]. The enzymatic alternative, using 
cellulase and hemicellulase, avoids the use of strong acids and results in 
a cleaner stream of sugars for fermentation and fewer by-products [35].

Lignocellulolytic enzymes-producing fungi are widespread, and 
include species from the ascomycetes (e.g. T. reesei), basidiomycetes 
including white-rot fungi (e.g. P. chrysosporium), brown-rot fungi (e.g. 

cleaner environment. First of all, enzyme technology offers industries 
and consumers an opportunity to replace processes using aggressive 
chemicals with mild, non-toxic enzyme processes. Secondly, the bio-
technological processes used to produce enzymes have a minimal im-
pact on the environment.

Enzyme Immobilization
The use of enzymes in industrial applications has been limited by 

several factors, mainly the high cost of the enzymes, their instability, 
and availability in small amounts. Also the enzymes are soluble in aque-
ous media and it is difficult and expensive to recover them from reac-
tor effluents at the end of the catalytic process. This restricts the use of 
soluble enzymes to batch operations, followed by disposal of the spent 
enzyme-containing solvent [26]. 

Over the last few decades, intense research in the area of enzyme 
technology has provided many approaches that facilitate their practical 
applications. Among them, the newer technological developments in 
the field of immobilized biocatalysts can offer the possibility of a wider 
and more economical exploitation of biocatalysts in industry, waste 
treatment, medicine, and in the development of bioprocess monitoring 
devices like the biosensor [26-28].

D´Souza [26] stated that, immobilization means associating the 
biocatalysts with an insoluble matrix so that it can be retained in ad-
equate reactor geometry for its economic reuse under stabilized con-
ditions. Immobilization helps in the development of continuous pro-
cesses allowing more economic organization of the operations, auto-
mation, decrease of labour, and investment/capacity ratio. Immobilized 
biocatalysts offer several other advantages; notable among them is the 
availability of the product in greater purity. The same author high-
lighted that the purity of the product is very crucial in food processing 
and pharmaceutical industry since contamination could cause serious 
toxicological, sensory, or immunological problems. The other major 
advantages include greater control over enzymatic reaction as well as 
high volumetric productivity with lower residence time, which are of 
great significance in the food industry, especially in the treatment of 
perishable commodities as well as in other applications involving labile 
substrates, intermediates or products [26,29].

A large number of techniques and supports are now available for 
the immobilization of enzymes or cells on a variety of natural and 
synthetic supports. The choice of the support as well as the technique 
depends on the nature of the enzyme, nature of the substrate and its 
ultimate application. Commercial success has been achieved when 
support materials have been chosen for their flow properties, low cost, 
nontoxicity, maximum biocatalysts loading while retaining desirable 
flow characteristics, operational durability, ease of availability, and ease 
of immobilization [30]. 

Biocatalysts can be immobilized either using the isolated enzymes 
or the whole cells [31]. Immobilization of whole cells, due to operation-
al facility, has been shown to be an easier alternative to immobilization 
of isolated enzyme. On the other hand, immobilized cells showed lower 
catalytic activity compared with immobilized enzymes.

Enzymes are good catalysts in terms of high catalytic and specific 
activity with ability to function under mild conditions. However, they 
are not always ideal catalysts for practical applications because they are 
generally unstable and they inactivate rapidly through several mecha-
nisms [32]. 

Techniques for immobilization have been broadly classified into 
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Fomitopsis palustris) and finally a few anaerobic species (e.g. Orpinomy-
ces sp.) which degrade cellulose in gastrointestinal tracts of ruminant 
animals [42–44] Biomass degradation by these fungi is performed by 
complex mixtures of cellulases [44, 45], hemicellulases [43] and ligni-
nases [45, 46], reflecting the complexity of the materials. 

Nagendran et al. [47] cited that, a multitude of enzymatic activities 
are required for the conversion of lignocellulosic biomass into useful 
(fermentable) products. Known essential activities to degrade crystal-
line cellulose include cellobiohydrolase (CBH), endo-β1,4-glucanase 
(EG), and β-glucosidase (BG). A larger suite of enzymes is necessary 
to depolymerize hemicelluloses, including endo-β1,4-xylanase (EX), 
β-xylosidase (BX), α-arabinosidase, α-glucuronidase, and esterase. 
Currently available commercial enzyme preparations for the depoly-
merization of lignocellulosic materials are partially defined complex 
mixtures of the secreted proteins from filamentous fungi such as Trich-
oderma Aureobasidium pullulans was presented that have been grown 
in the presence of inducers such as sophorose or lactose. Commercial 
enzyme “cellulase” mixtures contain between 80 and 200 protein. Ex-
cept for a few of the better-characterized cellulases and hemicellulases, 
the roles of most of these proteins in lignocellulose deconstruction are 
poorly understood [48]. Table 3 presents an overview of the groups of 
fungal cellulolytic enzymes and their main features [59].

Banerjee et al. [48,50] noted that, the way forward for the develop-
ment of more efficient lignocellulose-degrading enzyme cocktails will 
require deeper and more precise knowledge about the specific enzymes 
that are involved in the degradation of lignocellulose. However, it is not 
possible to gain this knowledge working only with partially defined 
complex mixtures. The same authors affirmed that, the precise contri-
bution of an individual enzyme can be established only by working with 
it in a purified state in a realistic enzyme cocktail.

Dashtban et al. [44] highlighted that lignocellulolytic microorgan-
isms, especially fungi, have attracted a great deal of interest as biomass 
degraders for large-scale applications due to their ability to produce 
large amounts of extracellular lignocellulolytic enzymes. Many success-
ful attempts have been made to improve fungal lignocellulolytic activ-
ity including recombinant and non-recombinant techniques. Process 
integration has also been considered for the purpose of decreasing the 
production cost, which was partly achieved by performing hydrolysis 
and fermentation in a single reactor (SSF).

On the other hand, scaling up the production of lignocellulosic eth-
anol, however, requires further reduction of the production cost. Over-
all, in order to improve the technology and reduce the production cost, 
two major issues have to be addressed: i) improving technologies to 
overcome the recalcitrance of cellulosic biomass conversion (pretreat-
ment, hydrolysis and fermentation) and ii) sustainable production of 
biomass in very large amounts [42].

Enzymes Global Market
A recent report on industrial enzymes [51] revealed that, the global 

market for industrial enzymes was fairly immune to the recent turmoil 
in the global economy and grew moderately during 2008-2009. De-
mand for industrial enzymes in matured economies such as the US, 
Western Europe, Japan and Canada was relatively stable during the 
recent times, while developing economies of Asia-Pacific, Eastern Eu-
rope and Africa and Middle East regions emerged as the fastest growing 
markets for industrial enzymes. Increased demand for various specialty 
enzymes, polymerases and nucleases coupled with the robust growth 
in animal feed markets are likely to steer growth in industrial enzymes 
market. United States and Europe collectively command a major share 
of the world industrial enzymes market. On the other hand, Asia Pacific 

Lignocellulosic Fraction Enzymes Location of action Mode of action E.C number
Cellulose Endo-1,4- β-glucanases

(EG)
Cellulose (amorphous regions) Attack the amorphous regions of the cellulose 

and produce glucose.
3.2.1.4

Cellobiohydrolases 
(CBH)
(Exo-l,4-p-glucanase)

Cellulose (crystalline regions) Hydrolyze
β-1,4-glycosidic bonds from chain ends, produc-
ing cellobiose as the main product.

3.2.1.91

β-glucosidases (BGL) Cellobiose, cellodextrins Hydrolyze soluble
cellobiose and cellodextrins to glucose.

3.2.1.21

Hemicellulose Endo-xylanase Xylan main chain Hydrolyzes mainly interior β-1,4-xylose
linkages of the xylan backbone.

3.2.1.8

Exo-xylanase Xylan main chain Hydrolyzes the terminal β-1,4-xylose linkages 
releasing xylobiose.

3.2.1.37

β-Xylosidase Xylooligosaccharides Releases xylose from xylobiose and short chain 
xylooligo-saccharides.

3.2.1.32

α-Arabinofuranosidase* α- L-arabinofuranosyl  compounds attached 
to the xylan main chain

Hydrolyzes terminal nonreducing
α-arabinofuranose from arabinoxylans.

3.2.1.55

α-Glucuronidase* α- 1,2-linked glucuronic or 4-O-
methylglucuronic acid substituents attached 
to xylan main chain

Releases glucuronic acid from glucuronoxylans. 3.2.1.31

Acetylxylan esterase* O-Acetil groups attached to the side ends of 
xylan main chain

Hydrolyzes acetylester bonds in acetyl xylans, 
liberating acetic acid.

3.1.1.6

Ferulic acid esterase* feruloyl group on the arabinofuranosyl side 
chain attached to the terminal non-reducing 
xylose

Hydrolyze the ester linkages between arabinose 
side chain residues and phenolic acids (ferulic 
acid).

3.1.1.1

Lignin Laccase (phenol oxidase) Phenolic compounds found in the lignin 
structure

Oxidizes phenolic subunits of lignin. 1.10.3.2

Lignin peroxidase

Manganese peroxidase

Aromatic compounds found in the lignin 
structure
Phenolic compounds found in the lignin 
structure

Oxidation of benzilic alcohols, cleavage of
C-C bonds, cleavage of C-O bonds.
Oxidation of Mn2+ to Mn3+, which then binds to 
an appropriate ligand, diffuses from the enzyme, 
and, in turn oxidizes phenolic substrates.

1.11.1.7

1.11.1.13

*Known as accessory enzymes.

Table 3: Enzymes involved in lignocellulose degradation and their mode of action [50].
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is poised to register the fastest compounded annual growth rate of more 
than 8.0% over the analysis period.

Enzymes are a very well established product in biotechnology 
[51,52], where sales from US have been from $1.3 billion in 2002 to 
US $5.1 billion in 2009 and is anticipated to reach $7 billion by 2013 
[52-55]. A recent survey on world sales of enzymes ascribes 31% for 
food enzymes, 6% for feed enzymes and the remaining for technical 
enzymes [53,56].

Regarding the global market for the industrial enzymes, a recent 
report published by BBC Research [57] states that the global market 
for industrial enzymes was estimated to reach a value of $3.3 billion in 
2010. This market is expected to reach $4.4 billion by 2015, a compound 
annual growth rate (CAGR) of 6% over the 5-year forecast period.

Technical enzymes are valued at just over $1 billion in 2010. This 
sector will increase at a 6.6% compound annual growth rate (CAGR) 
to reach $1.5 billion in 2015. The highest sales of technical enzymes 
occurred in the leather market, followed by the bioethanol market (Fig-
ure 4). On the other hand, the food and beverage enzymes segment is 
expected to reach about $1.3 billion by 2015, from a value of $975 mil-
lion in 2010, rising at a compound annual growth rate (CAGR) of 5.1%. 
Within the food and beverage enzymes segment, the milk and dairy 
market had the highest sales, with $401.8 million in 2009.

Major enzyme producers are located in Europe, USA and Japan. 
Denmark is dominating, with major players like Novozymes (45%), 
Danisco (17%), Genencor (USA), DSM (The Netherlands) and BASF 
(Germany) [53,58,59]. The pace of development in emerging markets 
suggested that companies from India and China can join this restricted 
party in a very near future [53,60-64].

Another recently published research report on enzymes market 
[51] highlighted the fact that Proteases constitutes the largest product 
segment in the global industrial enzymes market, and Carbohydrases 
market is projected to be the fastest growing product segment, with a 
CAGR of more than 7.0% over the analysis period. Lipases represent 
the other major product segment in the global industrial enzymes mar-
ket with high growth potential. 

The same report emphasized that, in terms of end-use, food and 
feed represents the largest segment for industrial enzymes. Develop-
ing regions are expected to emerge as the fastest growing consumers 
of industrial enzymes for food and feed applications, as increase in per 
capita income in these regions would continue to drive the demand for 
meat. Detergents constitute the other major end-use segment for indus-

trial enzymes. Demand for detergent enzymes, however, is likely to be 
affected by the fluctuating prices of raw materials and the continuous 
innovations by the manufacturers to cut down on the costs. Neverthe-
less, a large percentage of mid-tier and low tier-detergent manufactur-
ers are increasing the usage of enzymes in their products for offering 
enhanced performance. 

Sectors such as pharmaceuticals and bioethanol have succeeded 
in drawing significant attention of the investors and are self-sufficient 
in undertaking new product development activities and in launching 
novel and unique products in the market, thus offering new opportuni-
ties to the industrial enzyme manufacturers. However, segments such 
as wastewater treatment chemicals and paper and pulp lack sufficient 
funding for carrying out new product developments [51].

According to Pitman [65], a recent report on the use of enzymes 
in cosmetic industry appointed that this segment is estimated to grow 
by 5% CAGR every year up to 2015. Market researchers highlights the 
fact that industrial demands for enzymes is being driven by new en-
zyme technologies and increase use of organic compounds in place of 
petrochemical-based ingredients.

Final Remarks
Development of novel and superior performing products and rapid 

advances in the technology would enable industrial enzyme manufac-
turers to cash on the vast untapped potential in the market. Sectors such 
as pharmaceuticals and bioethanol have succeeded in drawing signifi-
cant attention of the investors and are self-sufficient in undertaking 
new product development activities and in launching novel and unique 
products in the market, thus offering new opportunities to the indus-
trial enzyme manufacturers. However, segments such as wastewater 
treatment chemicals and paper and pulp lack sufficient funding for car-
rying out new product developments. This is hampering the prospects 
of industrial enzymes companies to a large extent. In order to enhance 
their prospects in other segments also, industrial enzyme manufactur-
ers are increasingly using the pharmaceutical and bio ethanol enzyme 
developing technologies for developing other application-specific en-
zymes [51].
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