














































































































































































































































































































































































































































































endo β 1,4 xylanase (EC 3.2.1.8) which interacts with the xylan back
bone and breaks down β 1,4 linkages between the adjacent xylose
units. Based on their catalytic mechanism and amino acid sequence in
formation, xylanases are grouped into different glycoside hydrolase
(GH) families. Among them, GH10 and GH11 are the most widely
used xylanases [10]. In addition, GH30 xylanases also drew attention
due to its distinct substrate specificity [11].

XOS are reported to have applications in many sectors including
food, feed, pharmaceutical or chemical industries. [12,13]. They are
available naturally in fruits, shoots, vegetables, honey and milk but
XOS content in these foods is very low [14,15]. This offers an opportu
nity to explore biomass rich in xylan for XOS production. Furthermore,
lignocellulosic biomass could be a good source for the production of
XOS rich food and nutraceuticals, which provide health benefits such
as increased immunity and prevention of diseases [16].

Till date, there are no reports on the chemical properties of hemicel
lulose or XOS derived from bambara and cowpea. Hence, this study has
primarily focused on elucidating the potential of bambara and cowpea
as a source of xylan. Biochemical characterization of xylan and its con
version to XOS was also performed. Lastly, an in silico analysis was con
ducted to validate the productive binding of xylanase to xylan.

2. Experimental section

2.1. Sources of plant materials and polysaccharide extraction

Bambara and cowpea biomass were collected from the Agricultural
Research Council Vegetable and Ornamental Plant Institute, Pretoria.
The sun dried biomass was ground with a ball mill (United Scientific,
South Africa), sieved into a fine powder (500 μm particle size) and
stored in airtight containers. Xylan from these biomass was extracted
by acidic delignification and sodium hydroxide dissolution [17]. To re
duce the presence of starch in the extractedmaterials, a commercial Ba
cillus subtilis α amylase was used (Sigma, St. Louis, MO, USA).

2.2. Characterization of extracted xylan

Total carbohydrate content was estimated by phenol sulphuric acid
method [18] using D xylose as a standard. Neutral sugars were quanti
fied as alditol acetates after hydrolysis with 2 M trifluoroacetic acid
(TFA) for 1 h at 120 °C [19]. Total uronic acid content was determined
by the 3 hydroxydiphenyl assay [20] using D glucuronic acid as a stan
dard. NMR analysis was carried out by AVANCE III HD 400 MHz
equipped with a broad band BB (H F) D 05 Z liquid N2 Prodigy probe
(all from Bruker BioSpin, Rheinstetten, Germany) in D2O at 25 °C
using automatic chemical shift calibration. The following parameters
were used for recording 1 D 1H spectra: pre saturation zgpr sequence,
pre saturation delay 2.5 s, a r.f. 90° pulse and acquisition time 2.5 s.

2.3. Enzymatic hydrolysis of xylan and product analysis

Purified GH11 xylanase from the thermophilic fungus Thermomyces
lanuginosus SSBP (TlGH11) was prepared as described earlier [21].
Cellvibrio mixtus GH10 xylanase (CmGH10) was purchased from
Megazyme Int. (Bray, Ireland). GH30 xylanase from Erwinia
chrysanthemi (EcGH30) was kindly provided by Prof. James F. Preston,
University of Florida (Gainesville, FL, USA).

Xylan (2%; w/v) extracted from bambara and cowpea was dissolved
in 50 mM sodium citrate buffer (pH 6.5) and incubated with 10 U/g
TlGH11 xylanase at 50 °C for 24 h in a water bath. For CmGH10 and
EcGH30 xylanases, the incubation was carried out in sodium acetate
buffer (50 mM; pH 5.5) at 35 °C. Hydrolysis products were analyzed
by TLC on silica gel coated aluminium plates (Merck, Darmstadt,
Germany) developed in 1 butanol/ethanol/water (10:8:5, v/v) and de
tected with orcinol reagent [22]. MS spectra of XOS were obtained
using an Ultraflex MALDI ToF/ToF instrument (Bruker Daltonics

GmbH, Bremen, Germany) equipped with a nitrogen laser emitting at
337 nm which was operated in a reflectron positive acquisition mode
[17].

2.4. Structure analysis and docking studies

The amino acid sequences of xylanases from T. lanuginosus SSBP,
C. mixtus and E. chrysanthemi were retrieved from NCBI (http://www.
ncbi.nlm.nih.gov) database with the GenBank IDs AAB94633.1,
AAD09439.3 and AAB53151.1, respectively. Primary sequence analysis
of the xylanases was performed using ScanProsite [23,24] and
InterProScan server. In order to gain information on the active sites,
CASTp (http://sts.bioe.uic.edu/castp/index.html?2was) analysis was
performed. The docking studies were further executed using AutoDock
Vina (http://autodock.scripps.edu/) package. The PDB file of
aldopentaouronic acid was transformed as AutoDock suitable coordi
nate file (PDBQT) using AutoDock Tools (ADT) [25]. Gasteiger charges
were added, and the nonpolar hydrogen atoms were merged to carbon
atoms in the ligand structure. A grid boxwas createdwith dimension 30
× 35× 40 Å along the XYZ directionwith a grid spacing of 1 Å, using the
AutoGrid module for T. lanuginosus SSBP xylanase structure. Similar
steps were implemented for the other two xylanase modelled struc
tures, with slightly modified grid box sizes, 28 × 38 × 36 Å and 32
× 44× 40Å for C.mixtus and E. chrysanthemi respectively. Six conforma
tionswere generated for each complex, and the best pose with the low
est docked binding energywas selected for further analysis. The docking
results (pose and their energy values) were saved in CSV format.

3. Results and discussion

3.1. Xylan isolation from bambara and cowpea

The sodium chlorite delignification method wasmore effective than
sodiumhypochlorite in removingmost of the lignin from both bambara
and cowpea biomass. The addition of 1% acetic acid and incubation at 70
°C, apparently induced the relaxation of lignocellulosic structure. The
xylan yield (w/w) from bambara and cowpea biomass was 12.3 and
13.6%, respectively.

3.2. Carbohydrate composition of extracted xylan

Total carbohydrate analysis of sodium chlorite delignified xylan
showed that bambara and cowpea xylan contained 65.8% and 66.6%
(w/w) of total carbohydrates, respectively. Xylosewas themajormono
saccharide observed in both bambara and cowpea xylan, however, they
contained a notable amount of glucose which was an unexpected find
ing after xylan extraction (Table 1). The high content of glucose could be
partially due to the presence of starch co extracted with xylan or may
be a result of the biomass being contaminated by starch containingma
terials [26]. To reduce the glucose contamination of starch origin, the ex
tracted xylan was treated with a commercial α amylase which led to
the liberation of significant amounts of glucose and short
maltooligosaccharides (Fig. 1). It is noteworthy that starch removal by
the amylase treatment resulted in a markedly reduced abundance of
glucose in amylase treated xylans (Table 1). The NMR spectroscopy
also confirmed the removal of starch by the reduction in signals at
5.38 ppm (Fig. 2).

Arabinose and galactosewere also detected in xylan from both bam
bara and cowpea (Table 1). This might be due to the presence of
arabinogalactan coextracted with the main polysaccharide. Both xylans
contained 4 O methylglucuronic acid in the concentration of 164 mg/g
(bambara) and 197 mg/g (cowpea). These results are comparable with
a previous study where the presence of glucuronic acid in xylan from
the leaves of Algerian Argania spinosa was reported [2].
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3.3. NMR analysis of the isolated polysaccharides

The 1H NMR spectra of both bambara and cowpea xylan did not
show a significant H 1α signal of the reducing end xylopyranosyl

residue (at 5.17 ppm) which corresponds to the polymeric nature of
the isolated materials. The signals for acetyl and feruloyl groups were
absent in both the xylans due to the fact that alkali extraction process
destroyed their ester linkages [11].

The NMR spectra of bambara and cowpea xylan were interesting as
they contained peaks of MeGlcA both at 5.27 ppm (H 1) and 3.46 ppm
(4 O methyl ether group) (Fig. 2). In 1H 13C HSQC spectra of the amy
lase treated xylans (Figs. S1 and S2) these signals gave cross peaks at
5.27/97.7 ppm and 3.46/60.1 ppm which are unambiguously assigned
to glucuronoxylan, providing the evidence for chemical nature of the
isolated polysaccharides. The intensity of the side chain signals showed
that cowpea and bambara xylan have a similar content of MeGlcA (this
finding is in line with the determination of uronic acids). However, in
comparison to hardwood, the extracted xylans contained significantly
smaller amounts of 2 O α linked MeGlcA side residues.

3.4. Enzymatic breakdown of bambara and cowpea xylan

Enzymatic hydrolysis on the extracted xylans was performed with
xylanases from three different GH families and the hydrolysis products
were analyzed by TLC (Fig. 3) and MALDI ToF MS (Fig. 4). Xylanases
from distinct GH families exhibit different modes of action [11],
resulting in a heterogenicity of their hydrolysis products, which might
be helpful in the identification of the type of xylan present in the bio
mass. TLC analysis showed that TlGH11 xylanase released mainly Xyl2
and Xyl3 as neutral oligosaccharides from bambara and cowpea xylan,
in addition to some aldouronic acids such as MeGlcA3Xyl4, MeGlcAXyl5
and MeGlcAXyl6. All these fragments are typical hydrolysis products of
hardwood glucuronoxylan generated by GH11 xylanases [27,28].

The mode of action of CmGH10 xylanase on both xylans was similar
and resulted in similar hydrolysis pattern. Themain hydrolysis products

Table 1
Molar ratio of monosaccharides in bambara and cowpea xylan.

Sample Xylose Rhamnose Fucose Arabinose Mannose Galactose Glucose Glucose (after amylase treatment)

Bambara xylan 1.00 0.048 0.013 0.310 0.047 0.223 0.39 0.14
Cowpea xylan 1.00 0.040 0.009 0.232 0.031 0.190 0.91 0.35

Glc

Glc3

Glc4

Glc2

S           1          2            3          4            5          S

Xyl

Fig. 1. TLC analysis of products after α-amylase treatment of xylans from bambara and
cowpea; S, standards (Glucose; maltooligosaccharides - maltose to maltotetraose; Xyl,
xylose); 1, control bambara xylan; 2, products released by α-amylase from bambara
xylan; 3, control cowpea xylan; 4, products released by α-amylase from cowpea xylan;
5, products released by α-amylase from commercial starch.
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Fig. 2. 1HNMR spectra of the bambara and cowpea xylan before and after starch removal. Description of signals: OCH3, 4-O-methyl ether group ofMeGlcA;MeGlcAH 1 andMeGlcAH 5, H-1
and H-5 signals of MeGlcA, respectively; Xylint, H-1 signal of internal xylose; α-GlcH 1, H-1 of α-1,4-linked glucopyranosyl residues originating from starch.
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and docking of xylan to them. Primary sequence analysis revealed some
characteristics of all the xylanase proteins. InterProScan results showed
that all the three xylanases possessed a hydrolase domain. The results
also confirmed that the sequences of C. mixtus, T. lanuginosus, and
E. chrysanthemi belong to the GH10, GH11 and GH30 family, respec
tively. The InterProScan results revealed the domain positions and
their sequence length, indicating that more than half of the sequence
lengths comprise hydrolase domain. For TlGH11, two amino acids near
150 and 255 residue position were predicted within the hydrolase do
main. It is reported that normally catalytic residues can form a charged
network that activates nucleophile, which helps in releasing product
with the help of substrate [30]. The location of the active site within
the hydrolase domain was also predicted for the other two xylanases
studied (Fig. 5).

Further, molecular docking studies using AutoDock Vina suite was
performed to explore the best docked pose of the complex structures.
The results obtained from the CASTp server suggested that the pockets
stretching from amino acid residues 147 157 and 239 250, form an ac
tive site of T. lanuginosus SSBP xylanase. Similar results were also ob
served for C. mixtus amino acid residues 165 200 and 309 319, and
E. chrysanthemi regions 145 168 and 330 350. Docking the ligand
was successfully performed for these predicted active sites with all the
three xylanase structures. Each structure generated six poses of interac
tion mode with different scoring values (Table 2). Multiple binding
poses and the scoring values of their complexes aim to identify the
key residues and predict the best binding mode inside the cleft of
given xylanase. The lowest score (binding affinity) was identified as
−10.24 kcal/mol for complex structure (Pose 2) of T. lanuginosus SSBP.
Further, interaction studywas focused on pose 2 to identify the interac
tions of TlGH11with the ligand. They were also visualized using PyMOL
plugin (Fig. 6).

The modelled structure of TlGH11 holds a β barrel type of super
secondary structure that acts as a nice cleft for the aldopentaouronic
acid to be bound inside (Fig. 6a and b). Tyrosine, tryptophan, histidine,
lysine and arginine residues are known as strong binding factors as
they comprise aromatic and positive charged side chains [23,31]. In
the complex structure, these amino acids (Tyr137, Tyr152, Trp48,
Trp49) indeed form non polar stacking interactions between xylanase

(a) (b)

(c)

Fig. 5. Sequential insight to xylanase domains identified using InterProScan server. (a) TlGH11, (b) CmGH10, (c) EcGH30.

Table 2
Interaction data of xylanase-ligand complexes obtained by AutoDock Vina suite.

Enzyme Receptor Ligand Active
sitesa

Pose Scoring
valuesb

(kcal/mol)

TlGH11 Xylanase-model1.
pdbqt
(GH11)

Xylan.
pdbqt

147–157,
239–250

1 9.0
2 10.24
3 7.97
4 8.49
5 8.89
6 9.30

CmGH10 Xylanase-model2.
pdbqt
(GH10)

Xylan.
pdbqt

165–200,
309–319

1 9.40
2 9.53
3 9.38
4 9.09
5 8.80
6 8.44

EcGH30 Xylanase-model1.
pdbqt
(GH30)

Xylan.
pdbqt

145–168,
330–350

1 9.93
2 8.85
3 8.56
4 7.24
5 8.44
6 8.01

a Bold letter highlights the best final hit.
b Scoring values shows the binding energy of each pose of the predicted complexes.
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and the ligand. Proline residues at positions 162 and 190 (Fig. 6c)might
have also helped in non bonded interaction. Moreover, receptors (pro
tein) are amphoteric in nature, showing the properties of both hydro
gen acceptor and donor. Hydrogen bond is one of the main
contributors to the ligand affinity to the receptor. In the docked struc
ture, seven intermolecular H bonds were visible in the docked pose
with the following residues of TlGH11 xylanase: Ser47, Asn75, Tyr141
(two hydrogen bonds), Arg186, Gln200, and Tyr236 (Fig. 6d). The bind
ing energy (−10.24 kcal/mol) and the number of H bonds formed in
the complex clearly indicate that the enzyme is well suited for accom
modating the polymeric xylan.

4. Conclusion

A detailed structural characterization of xylans isolated from bam
bara and cowpea biomass which represent unexplored lignocellulose
feedstock, was provided. By biochemical and spectroscopic methods,
the extracted xylans were identified as glucuronoxylan. In addition,
the hydrolysis of these xylans by three different xylanases resulted in
the release of linear XOS (2 7 dp) and acidic oligosaccharides differing
in the degree of polymerization. To support the interaction between
xylanase and xylan, an in silico study was performed which suggested
that TlGH11 xylanase was more appropriate for binding to xylan. Fur
ther, XOS produced from these indigenous crops could be explored for
their value addition in the forthcoming research.
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2. Materials and methods

2.1. Biomass collection

Peanut shells were obtained from a peanut processing plant in
Durban, KwaZulu Natal, South Africa during the autumn season (April).
The shells were washed, dried to constant weight at a temperature of
60 °C, ground in a ball mill grinder and sieved. The fraction consisting
of particles smaller than 0.35mm was collected and used for xylan
isolation.

2.2. Extraction of xylan from peanut shells

Two different alkali extractions were employed for xylan isolation.
For the first procedure, i.e., one step NaClO/NaOH extraction, 50 g of
powdered shells were stirred with 125ml of 1% NaClO solution for 1 h
at room temperature. The wet material was washed several times with
distilled water and soaked in 15% NaOH for 24 h at room temperature,
as described by Chapla et al. [17]. The mixture was filtered through a
muslin cloth followed by neutralizing with glacial acetic acid, and the
filtrate was precipitated by 3 volumes of ice cold 95% ethanol. The
neutralized precipitate was centrifuged at a speed of 8800× g for
10min at 4 °C, washed with 75% ethanol and dried at 60 °C till constant
weight was reached.

Xylan II was extracted according to the procedure of Ebringerová
et al. [18]. Briefly, powdered peanut shells (50 g) were soaked in
500ml of distilled water and heated to a temperature of 50 °C. Acid
ification with glacial acetic acid (7ml) was followed by the gradual
addition of sodium chlorite (35 g). The mixture was heated at 70 °C for
1 h in a protected fume hood to liberate lignin and coloured materials.
This was followed by extensive washing with water. The neutral wet
cake was suspended in 350ml of 1% NH4OH at room temperature for
2 h. The extract was then filtered off and discarded. The remaining solid
material was extracted with 5% NaOH at room temperature for 2 h
under occasional stirring. The mixture was then filtered through a
muslin cloth; the solid material extraction was repeated, and the two
filtrates were combined and mixed with 3 volumes of 95% ethanol to
precipitate the polysaccharide. The precipitate thus formed was col
lected by filtration, followed by washing with 75 80% ethanol con
taining 2% acetic acid to neutralize the residual alkali and subsequently
washed several times with 80% ethanol. Finally, the precipitated
polysaccharide, assigned as xylan II, was suspended in water and
freeze dried.

2.3. Monosaccharide composition of isolated polysaccharides

Neutral sugars were quantified by GLC in the form of alditol acetates
after hydrolysis of the samples with 2M trifluoroacetic acid (TFA) for
1 h at 120 °C [19]. The uronic acid content of the extracted xylan was
determined using H2SO4/3 hydroxybiphenyl reagent [20].

2.4. Enzymes used in the study

GH11 family xylanase from the thermophilic fungus T. lanuginosus
SSBP was purified as already described [21]. Cellvibrio mixtus GH10
xylanase, Clostridium thermocellum GH16 endo 1,3(4) β glucanase and
Paenibacillus sp. GH5 endo xyloglucanase were obtained from Mega
zyme (Bray, Ireland). GH30 xylanase from Erwinia chrysanthemi was
supplied by Prof. James F. Preston (University of Florida, Gainesville,
FL, USA). Bacillus subtilis α amylase was procured from Sigma Aldrich
(St. Luis, MO, USA). Xylanase activity was determined on beechwood
glucuronoxylan (Sigma Aldrich, USA) following the formation of re
ducing groups quantified by Somogyi Nelson procedure [22]. One unit
of xylanase activity is defined as the amount of μmol equivalents of
xylose generated in 1min. Other enzymes were applied in units re
ported by the supplier.

2.5. Enzymatic degradation of peanut shell xylan and beechwood
glucuronoxylan

Isolated peanut shell xylan II and commercial beechwood glucur
onoxylan were dissolved (1%, w/v) in 50mM sodium citrate buffer (pH
6.5) and incubated in a water bath at 50 °C for 24 h with T. lanuginosus
GH11 xylanase (10 U/g). The citrate buffer was replaced with sodium
acetate buffer (pH 5.5) for reaction mixtures of GH10 and GH30 xyla
nases (10 U/g) and was incubated at 35 °C for 24 h. In the search for co
extracted polysaccharides, both xylan I and xylan II were treated with
other pure glycoside hydrolases under similar conditions. The hydro
lysis products of xylan II were analysed by thin layer chromatography
(TLC) and MALDI TOF MS as described below. The GH11 hydrolysate
of xylan II was also subjected to 1H NMR spectroscopy.

2.6. TLC analysis of enzymatically released carbohydrates

TLC analysis was carried out on silica gel coated aluminium sheets
(Merck, Darmstadt, Germany) and developed in a solvent system of n
butanol/ethanol/water (10:8:5, v/v). Appropriately diluted samples
and standards were spotted (3 μl) and detected using orcinol reagent
(1% in 10% H2SO4 in ethanol). Standards of linear XOS were procured
from Megazyme Int. (Bray, Ireland). Shorter aldouronic acids in the
peanut shell xylan hydrolysate were identified using hydrolysates of
beechwood glucuronoxylan by GH10 and GH11 xylanases containing
MeGlcA3Xyl3 and MeGlcA3Xyl4 as the predominant acidic products,
respectively [23]. Supporting information on the nature of acidic oli
gosaccharides was obtained by NMR spectroscopy and MALDI TOF
mass spectrometry.

2.7. NMR spectroscopy and MALDI TOF mass spectrometry

For NMR analysis, all samples were freeze dried twice from D2O. 1H
NMR spectra were measured at 25 °C using automatic chemical shift
calibration in D2O on either AVANCE III HD X 600MHz equipped with
a Triple inverse TCI H C/N D 05 Z cryo probe, or AVANCE III HD
400MHz with a broad band BB (H F) D 05 Z liquid N2 Prodigy probe
(all from Bruker BioSpin, Rheinstetten, Germany), using a pre satura
tion zgpr sequence, with a pre saturation delay of 2 s, a r.f. 90° pulse and
an acquisition time of 2.5 s.

Analysis of oligosaccharides was done by MALDI ToF MS as pre
viously described [24]. An Ultraflex MALDI TOF/TOF instrument
(Bruker Daltonics GmbH, Bremen, Germany) equipped with a nitrogen
337 nm laser beam was operated in reflectron positive acquisition mode
and controlled using the Flex Control 3.3 software package. Ions of
sodium adducts of xylan fragments were marked using monosaccharide
codes while ions of fragments of xyloglucan were marked using the one
letter nomenclature for xyloglucan derived oligosaccharides [25].

Table 1
Molar ratio of monosaccharides in peanut shell xylan.

Xylan preparation Xyl MeGlcA Glc Gal Man Ara Fuc Rha

Xylan I (NaClO/
NaOH one-step
extraction)

1.00 0.13 0.14 0.09 0.02 0.12 0.02 0.03

Xylan II (NaOH
extraction after
NaClO2

delignification
and NH4OH
treatment)

1.00 0.14 0.009 0.02 0.003 0.04 0.001 0.01
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3. Results and discussion

3.1. Extraction of xylan and its monosaccharide composition

Both extraction procedures produced a xylan yield range of
14 15.5% from peanut shells. Monosaccharide analysis (Table 1) has
revealed that the product isolated with one step procedure, xylan I
(yield, 14.8%), was contaminated with other hemicelluloses, particu
larly, Glc containing polysaccharide(s). Hydrolysis of this material with
pure α amylase, β 1,3 β 1,4 glucanase (lichenase) and xyloglucanase,
followed by TLC analysis (Fig. 1A), has shown that the major source of
Glc in xylan I is xyloglucan. Of the three endoglycanases, only xy
loglucanase generated significant amount of oligosaccharides and
MALDI ToF MS analysis (Fig. 2) confirmed their identity as typical
xylosylated glucooligosaccharides with the following three types of side
chains: 1) Xyl (X); 2) Gal Xyl (L) and Fuc Gal Xyl (F). The presence of
Fuc is evidence that some of the oligosaccharides also contain Galp
residues which cannot be differentiated from Glcp residues by MS. Fuc
occurs in the xyloglucan side chains as the non reducing sugar linked to

Gal attached to the side chain Xylp residues [26]. The presence of Xyl
free hexooligosaccharides in xyloglucanase hydrolysate suggests that
peanut shell xyloglucan may have unsubstituted or less substituted re
gions of the main β 1,4 glucan chain. The identification of xyloglucan
as an admixture also implies that a small portion of the overall Xyl is a
constituent of this minor polysaccharide. The molar ratios of sugars in
xylan I suggest that xyloglucan admixture could account for 5 10%.

The second extraction procedure that involved acid delignification
with NaClO2 and pre extraction with ammonium hydroxide [18] af
forded much purer peanut shell xylan, assigned as xylan II (yield,
15.5%) and composed mainly of two sugars, neutral Xyl and uronic acid
(Table 1). Obviously, the polysaccharides contaminating the one step
extracted xylan I were eliminated during the two step treatment pre
ceding the NaOH extraction. This is apparent from the comparison of
chromatograms (Fig. 1A and B) showing products released with α
amylase and certain hemicellulases. In contrast to xylan I, xylan II was
essentially free of other polysaccharide admixtures. It should be noted
here that the method used for uronic acid analysis [20] does not dis
criminate between D glucuronic acid and 4 O methyl D glucuronic acid,

Fig. 1. TLC analysis of products released by α-
amylase (1), xyloglucanase (2), β-1,4-β-1,3-
glucanase (lichenase) (3) and GH11 xylanase
(GH11) from one-step-extracted peanut shell
xylan I (A) and from xylan II, extracted from
NaClO2-delignified and NH4OH pretreated
peanut shells (B). C, control, enzyme untreated
samples; S, standards (Glc2-Glc4, mal-
tooligosaccharides; Xyl, xylose; Xyl2, xylo-
biose; Xyl3, xylotriose); MeGlcA3Xyl4,
Aldopentaouronic acid; MeGlcAXyl5,
Aldohexaouronic acid.

Fig. 2. MALDI ToF MS spectrum of hydrolysate
of one-step-extracted xylan I by endo-xyloglu-
canase. The numbers correspond to m/z values
of xyloglucan fragments. The one-letter ab-
breviations of oligosaccharides follow the no-
menclature introduced by Fry et al. [25]:
X=Glc-Xyl (backbone Glc substituted with
Xyl), L=Glc-Xyl-Gal, F=Glc-Xyl-Gal-Fuc,
A,B,D=backbone Glc disubstituted by two
pentoses or by side chain Xyl substituted with
another pentose. Abbreviations: Gn, n=2–4,
ions of non-substituted β-1,4-glucosaccharides
(cellooligosaccharides).
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however, it has displayed a higher degree of branching with uronic acid
than in hardwood xylan [27,28]. The identification of the uronic acid as
a 4 O methyl etherified derivative and as the sole uronic acid present in
peanut shell xylan was confirmed by spectral methods (see below). The
molar ratio of Xyl:MeGlcA in peanut shell glucuronoxylan thus appear
to be around 7 (Table 1). Purity of xylan II is evident from 1H NMR
spectroscopy results. The spectrum (Fig. 3, spectrum B) of xylan II ap
pears to be sharper than that of xylan I (Fig. 3, spectrum A) and does
not contain a signal at 5.38 ppm which could correspond to H 1 of α
1,4 linked Glcp or α 1,3 L Araf. Consequently, the xylan II extracted

from NaClO2 delignified material was used in all further experiments.

3.2. Characterization of peanut shell xylan by NMR spectroscopy

1H NMR spectrum of peanut shell xylans extracted by both proce
dures (Fig. 3, spectra A and B) showed unusually high signals of H 1 for
the MeGlcA at 5.28 ppm and for the 4 O methyl ether group of MeGlcA
at 3.45 ppm, which corresponds to a higher uronic acid content than
that observed in hardwood xylans [29]. Both xylan preparations did not
show any significant H 1α signal for the reducing end Xyl (at 5.17 ppm)
which confirms polymeric nature of the isolated material. The sharper
NMR spectrum of xylan II extracted from NaClO2 delignified peanut
shells (spectrum B) also confirms its higher purity.

3.3. Enzymatic evidence for the nature of isolated peanut shell xylan

A striking similarity exists between the products generated by the
three types of xylanases from peanut shell xylan II and beechwood
glucuronoxylan (Fig. 4). From both polysaccharides, GH10 xylanase
generated some Xyl, but mainly Xyl2, Xyl3 and MeGlcA3Xyl3. The T.
lanuginosus GH11 xylanase generated mainly Xyl2, Xyl3, MeGlcA3Xyl4
and MeGlcAXyl5. A slightly higher proportion of aldouronic acids in the
peanut shell xylan hydrolysate than in the beechwood xylan hydro
lysate is in accordance with previous information on higher MeGlcA
content.

GH30 xylanase hydrolysed peanut shell xylan II to a series of al
douronic acids with different number of Xylp residues, as reported
earlier for hardwood xylan [30,31]. The action of this enzyme depends
on the presence of MeGlcA side residues, and the primary products of its
action on glucuronoxylan are aldouronic acids of the structure MeGl
cA2Xyln [27,32].

Final evidence for the glucuronoxylan nature of the peanut shell
xylan was provided by MALDI TOF MS analysis of the XOS generated
from xylan II using the three xylanases (Fig. 5). Principal ions in the
hydrolysate of GH10 xylanase correspond to Xyl3 and aldouronic acids
MeGlcAXyl3 and MeGlcAXyl4 (the ion of the main neutral product, Xyl2,
is not shown). The GH11 xylanase hydrolysate showed mainly ions of
Xyl3, Xyl4 and aldouronic acids MeGlcAXyl4, MeGlcAXyl5 and

Fig. 3. 1H NMR spectrum of peanut
shell xylan I isolated by one-step
NaClO/NaOH extraction procedure (A)
and xylan II isolated by NaOH extrac-
tion of NaClO2-delignified and NH4OH
pretreated peanut shells (B), and 1H
NMR spectrum of peanut shell xylan II
hydrolysate by T. lanuginosus GH11
xylanase (C). In contrast to spectra B
and C, spectrum A is less sharp and
contains a signal at 5.38 ppm that may
correspond to H-1 of α-1,4-linked Glcp
or α-1,3-L-Araf residues. The spectrum
of GH11-generated XOS (C) contains
signals of reducing-end (Xylredα, and
Xylredβ) and non-reducing-end Xyl re-
sidues (Xylnred).

Fig. 4. TLC analysis of XOS produced from peanut shell xylan II and beechwood
xylan by GH10, GH11 and GH30 xylanases; C, control (xylan incubated without
enzyme); S, standards. Xyl, Xylose; Xyl2, Xylobiose; Xyl3, Xylotriose; Xyl4,
Xylotetraose; MeGlcA2Xyl2, aldotriouronic acid; MeGlcA3Xyl3, aldotetraouronic
acid; MeGlcA3Xyl4, aldopentaouronic acid; MeGlcAXyl5 - aldohexaouronic acid;
MeGlcAXyl6 - aldoheptaouronic acid.
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ABSTRACT
Thermophilic organisms provide a reservoir for a plethora of enzymes that 
are generally thermostable and many of them can also withstand dena-
turants of extremely acidic or alkaline nature, which is ideal for many 
industrial applications. Furthermore, thermostable enzymes have bet-
ter substrate solubility, high mass transfer rate, and lowered risk of con-
tamination. Enzyme production from thermophilic microorganisms can 
be achieved either by using optimized fermentation conditions or clon-
ing and expressing the functional genes in fast-growing bacteria or yeast 
by recombinant DNA technology. Latest developments in the field of 
genetic and protein engineering provide a platform for the advancement 
of enzymes with superior properties. In this chapter, the commonly used 
industrial enzymes, their source microorganisms, properties, and applica-
tions are discussed.

INTRODUCTION
Environmental and economic concerns over the application of conven-
tional chemical processes in industries have led scientists to explore 
alternative technologies that are safer and that do not negatively impact 
the environment. Biocatalysis that exploits the catalytic potential of 
enzymes through enantioselectivity and regioselectivity under appro-
priate conditions has emerged as a promising approach to the chemi-
cal synthesis of novel and industrially significant compounds (Schmid 
et al. 2001; Shoemaker et al. 2003). Enzymes have been used in several 
manufacturing processes since ancient times, in the production of 
food products, such as cheese, sourdough, beer, wine and vinegar, and 
in the manufacture of commodities such as leather, indigo, and linen. 
The development of fermentation processes during the latter part of the 
last century has resulted in the production of enzymes on a large scale. 
The continuously expanding applications of enzymes for the chemical, 
pharmaceutical, and food industries are creating a growing demand for 
biocatalysts that exhibit improved or new properties. Advancements in 
biotechnology, especially in the area of genetics and protein engineer-
ing have made it possible to provide tailor-made enzymes displaying 
new activities and adapted to new process conditions, enabling a further 
expansion of their industrial use. Based on such favorable properties, 
enzymes are widely used as catalysts and processing aids in many indus-
trial processes.
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Despite the fact that more than 3000 diverse enzymes have been iden-
tified and many of these have found their way into biotechnological and 
industrial applications, the current enzyme pool is still insufficient to meet 
all demands. A major reason for this is the fact that many available enzymes 
are incapable of withstanding harsh industrial reaction conditions. This 
has resulted in the screening and characterization of thermophilic micro-
organisms that are able to thrive in extreme environments as a potential 
enzyme source. Such enzymes generally exhibit good temperature, pH and 
enzymatic stability, and faster reaction rates, which are important param-
eters for the industrial application of any enzyme. Some commonly used 
industrial enzymes and their application are described in this chapter.

XYLANASES
Among the various hydrolases, hemicellulases are a diverse group of 
enzymes that are widely used in industry. Xylanases are glycosidases 
(O-glycoside hydrolases) that catalyzes the endohydrolysis of 1, 4-β-d-
xylosidic linkages in the xylan backbone resulting in its conversion 
into xylooligosaccharides and xylose (Verma and Satyanarayana 2012; 
Rakotoarivonina et  al. 2015). However, the extend of xylanase action 
depends on the type, solubility, degree of polymerism, and degree of sub-
stitution of the polysaccharide. Endoxylanases have also been reported to 
catalyze intermolecular transglycosylation in the presence of high con-
centrations of xylooligomers (Masui et al. 2012). Furthermore, there are 
also reports regarding the existence of multiple forms of xylanases pro-
duced by microorganisms (Turner et al. 2007). Elegir et al. (1994) reported 
that Streptomyces sp. B-12-2 produced five endoxylanases when grown on 
oat spelt xylan. Around 15 xylanases have been reported from the cul-
ture filtrates of Aspergillus niger and 13 xylanases from Trichoderma viride 
(Biely 1985). From Phanerochaete chrysosporium, more than 30 different 
xylanases have been reported when grown on Avicel (Dobozi et al. 1992). 
Heteroxylans having a complex structure require the action of multiple 
xylanases with overlapping but different specificities as all of the xylosidic 
linkages in the substrates are not equally accessible to xylan-degrading 
enzymes (Elleuche et al. 2015).

Enzyme Sources

Xylanases are produced by a plethora of organisms including bacteria, 
algae, fungi, protozoa, gastropods, and arthropods (Knob and Carmona 
2010) and some members of higher animals, including freshwater mollusks 
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(Yamura et al. 1997). Most of the microbial xylanases have been reported 
from bacteria and fungi (Kulkarni et al. 1999; Chavez et al. 2006); how-
ever, many of them are mesophilic in nature. A number of thermophilic 
(optimal growth at 50–80°C) and hyperthermophilic (optimal growth at 
>80°C) xylanase-producing microorganisms have been isolated from a 
variety of sources, including terrestrial and marine solfataric fields, ther-
mal springs, hot pools, volcanic islands, composts, and self-heating decay-
ing organic debris (Haki and Rakshit 2003; Singh et al. 2003; Cannio et al. 
2004; Bouacem et al. 2014; Elleuche et al. 2015; Palavesam 2015).

Xylanases with high thermostability are better candidates for indus-
trial applications, particularly for enzymatic hydrolysis at elevated tem-
peratures (e.g., biopulping), where mesophilic xylanases fail to meet the 
desired results. Several thermophilic strains have been screened for the 
production of thermostable enzymes and they are found more appropriate 
for industrial applications, as compared with their mesophilic counter-
parts (Uday et al. 2016). Among the reported fungal xylanase producers, 
strains of Thermomyces have been found to produce high titers of thermo-
stable xylanolytic enzymes (Kumar et al. 2009) with Thermomyces lanugi-
nosus SSBP being the highest (Singh et al. 2000a,b).

Enzyme Production Level

Enzyme production level varies with different microorganisms depend-
ing on the class, genus and species as well as the type of media/substrate 
used for enzyme production. Thermobacillus xylanilyticus has been 
reported to produce xylanase with a specific activity of 480.66 U/mg 
(Rakotoarivonina et  al. 2015) and Stenotrophomonas maltophilia strain 
X6 with 313.38 U/mg (Raj et al. 2013). Xylanase produced by Halomonas 
meridiana APCMST-KS4 has 26.13 U/mg specific activity (Palavesam 
2015). Clostridium thermocellum has been reported to produce a family 
10 xylanase with a specific activity of 93 U/mg and Streptomyces lividans 
produced family 11 xylanase with 119.5 U/mg specific activity (Gonçalves 
et al. 2015). Xylanase produced by Streptomyces sp. CS428 has 926,103 U/
mg of specific activity (Pradeep et al. 2013). Scytalidium thermophilum has 
been observed to produce xylanase with a specific activity of 841.1 U/mg 
(Kocabaş et al. 2015). Among the different thermophilic fungal strains, T. 
lanuginosus SSBP has recorded the highest endoxylanase (family 11) activ-
ity of 3575.28 U/mg (Singh et al. 2000a,b) when grown on corn cob media. 
Penicillium janczewskii also produced xylanase with a specific activity of 
179.1 U/mg (Terrasan et al. 2013).
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There are several reports on the cloning and expression of xylanase on 
prokaryotic and eukaryotic hosts. A xylanase gene from the extremely 
thermophilic bacterium Geobacillus thermoleovorans was cloned and 
expressed in Escherichia coli BL21 (DE3) with a specific activity of 270 U/
mg (Verma and Satyanarayana 2012). Similarly family 10 endoxylanase 
gene from Geobacillus sp. WSUCF1 was cloned and expressed in E. coli 
with a specific activity of 461 U/mg (Bhalla et al. 2014). The genes encoding 
for endoxylanase of B. subtilis M015 was also expressed in E. coli JE5505 
(Banka et  al. 2014). A highly thermostable xylanase from Thermotoga 
thermarum was cloned and expressed in E. coli BL21 (DE3) with a specific 
activity of 145.8 U/mg (Shi et al. 2013). Recombinant xylanases have also 
been expressed in E. coli and Pichia pastoris from Neocallimastix patri-
ciarum with a specific activity of 5778.3 U/mg and 7995.3 U/mg, respec-
tively (Cheng et al. 2014). An overexpression of xylanase from Penicillium 
occitanis Pol6 in P. pastoris was also observed with a specific activity of 
8549.85 U/mg (Uday et al. 2016).

Applications

Among the different hemicellulase enzymes, xylanases represent the 
major commercial proportion; however, they only constitute a small per-
centage of the total enzyme market. Microbial xylanases have attracted 
a great deal of attention owing to their biotechnological potential in 
various industrial processes such as food, feed, and pulp and paper 
industries (Chavez et al. 2006; Patel and Savanth 2015). Other potential 
applications include the conversion of xylan in biomass from food and 
agricultural industry into xylose and xylooligosaccharides (Bhalla et al. 
2013), and in the bioconversion of lignocellulosic materials to fuels and 
chemical feedstocks (Banka et al. 2014; Thomas et al. 2014; Palavesam 
2015). Other less well documented putative applications include: brew-
ing, to increase wort filterability and reduce haze in the final product 
(Tikhomirov et al. 2003; Raj et al. 2013; Elleuche et al. 2015); in coffee 
extraction and in the preparation of soluble coffee (Wong et al. 1988); 
in detergents (Kamal Kumar et al. 2004); in the protoplastation of plant 
cells (Kulkarni et  al. 1999); in the production of pharmacologically 
active polysaccharides for use as antimicrobial agents (Christakopoulos 
et al. 2003) or antioxidants (Katapodis et al. 2003); in the production 
of alkyl glycosides for use as surfactants (Matsumura et al. 1999); and 
in the washing of precision devices and semiconductors (Imanaka and 
Sakurai 1992).
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Xylanases are of significant importance to the pulp and paper indus-
tries because hydrolysis of xylan by xylanase facilitates the release of lignin 
from pulp and aid in reducing the level of chlorine usage as a bleaching 
agent (Moraïs et al. 2011; Ellis and Magnuson 2012). In the food industry, 
xylanases are used in a number of applications including baking, juice 
preparation, and starch processing (MacCabe et al. 2002). Xylanases can 
also be used in bread-making, together with α-amylase, malting amylase, 
glucose oxidase, and proteases. Synergistic action of xylanase and cellu-
lase mixtures could result in the efficient release of sugars from lignocel-
luloses (Harris et al. 2014; Gonçalves et al. 2015). Xylanases break down 
the hemicellulose in wheat-flour thereby helping in the redistribution of 
water and leaving the dough softer and easier to knead (Polizeli et al. 2005; 
Javier et al. 2007; Butt et al. 2008).

In juice making processes, xylanases, in conjunction with cellulases, 
amylases, and pectinases, help to improve the yield of juice by means of 
liquefaction of fruit; stabilization of the fruit pulp; increased recovery of 
aromas, essential oils, vitamins, mineral salts, edible dyes, pigments, etc. 
It also helps in the reduction of viscosity, hydrolysis of substances that hin-
der the physical or chemical clearing of the juice, or that may cause cloudi-
ness in the concentrate. Xylanases are also used in animal feed along with 
glucanases, pectinases, cellulases, proteases, amylases, phytases, galac-
tosidases, and lipases. These enzymes break down arabinoxylans in the 
ingredients of the feed, reducing the viscosity of the raw material (Polizeli 
et al. 2005; Knob et al. 2014).

CELLULASES
Cellulases, a general term used for cellulolytic enzymes, are composed of 
three classes of enzymes and are recognized on the basis of their mode 
of action and substrate specificities: endoglucanases (EC 3.2.1.4), exoglu-
canases (EC 3.2.1.74 and EC 3.2.1.91), and β-glucosidases (EC 3.2.1.21) 
(Várnai et al. 2014; Haq et al. 2015). Endo-β-glucanase acts randomly on 
the cellulose polysaccharide and produces cello-oligosaccharides, while 
exo-β-glucanase acts on the exposed chain ends by splitting off cello-
biose (Raghuwanshi et  al. 2014). The release of glucose is as a result of 
the synergetic action of these enzymes. Action of cellulases results in 
either exo- or endo-cleavage of the substrate and mostly all the cellulases 
target specifically on the β 1,4-glycosidic bonds (Juturu and Wu 2014), 
whereas β-glucosidases or cellobiases cleave the products of exocellulase 
into monosaccharides (Jabbour et al. 2012; Lee et al. 2015). Most of the 
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reported cellulases are from mesophilic organisms that cannot fulfill the 
requirements for industrial application, where the physical factors, such 
as pH, temperature, ionic strength, acidity, and alkalinity are at their 
extremes (Gunny et al. 2014; Khelila and Cheba 2014; Bhalla et al. 2015). 
The performance of cellulase mixtures in biomass conversion processes 
relies on several of their properties including stability, product inhibition, 
specificity, synergism between the different enzymes, productive binding 
to the cellulose, physical characteristics as well as the composition of cel-
lulosic biomass (Heinzelman et al. 2009).

Enzyme Sources

Many microorganisms have been reported to produce cellulases, which 
include bacteria, and fungi, aerobes and anaerobes, mesophiles and ther-
mophiles. Organisms generally adopt two strategies for utilizing their 
cellulases: (i) distinct noncomplexed cellulases that are typically secreted 
by aerobic bacteria and fungi and (ii) complexed cellulases (cellulosome) 
that are typically expressed on the surface of anaerobic bacteria and fungi. 
Cellulose degradation mechanism by aerobic bacteria and fungi are simi-
lar; however, it differs with anaerobic fungi and bacteria (Kuhad et al. 2016).

A plethora of bacteria and archea belonging to diverse genera such as 
Bacillus, Clostridia, Fervidobacterium, Rhodothermus, Thermoplasma, 
Thermotoga, Pyrococcus, Sulfolobus, Thermococcus, and Desulfurococcus 
have been reported to produce thermostable cellulases with different 
properties (Kuhad et al. 2016). Most of the fungal cellulases are produced 
by the genus Trichoderma, however, of mesophilic nature. On the other 
hand, a thermo-alkalistable cellulase has been produced by extremophilic 
fungus Penicillium citrinum with multiple pH optima (Dutta et al. 2008).

Enzyme Production Level

Clostridium thermocellum has been reported to produce cellulase with a 
specific activity of 2.4 U/mg (Thomas et al. 2014). A recombinant cellulase 
from Thermococcus sp. AM4 was expressed in E. coli BL21 (DE3) which 
has a specific activity of 700.4 U/mg (Leis et al. 2015). A marine Bacillus 
VITRKHB has been reported to produce cellulase with a specific activity 
of 1.92 U/mg (Singh et al. 2013) and cellulase from Bacillus sp. BCCS A3 
has been reported with a high level of enzyme production of 50.3 U/mL 
(Kazemi et al. 2014).

Xanthomonas sp. EC102 has shown to produce endoglucanase with 
a specific activity of 1.97 U/mg (Woo et  al. 2014) and a recombinant 
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endoglucanase from C. thermocellum ATCC 27405 has been reported with 
a specific activity of 30 U/mg (Haq et al. 2015).

Endocellulase gene from Ciboria shiraiana has been cloned into pPIC9K 
and expressed in P. pastoris has an activity of 17.44 U/mL (Lu et al. 2015). 
A gene encoding for cellobiohydrolase from Chaetomium thermophilum 
was cloned into pMD 18 T and expressed in P. pastoris (Li et al. 2009). 
Similarly, cellobiohydrolase gene from Penicillium funiculosum NCL1 was 
cloned into pPICZαA4 and expressed in P. pastoris with a specific activity 
of 0.8 U/mg (Chinnathambi et al. 2015).

Carboxy methyl cellulase (CMCase) gene from C. thermocellum was 
cloned into pET21a which was expressed in E. coli with a specific activ-
ity of 3.5 U/mg (Mutreja et  al. 2011). Similarly, CMCase gene from 
Neocallimastix sp was cloned into pCT and expressed in E. coli EC100 
with a specific activity of 2.06 U/mg (Comlekcioglu et al. 2010). Bacillus 
sp. BSS3 has produced CMCase which showed a maximum specific activ-
ity of 104.06 U/mL (Sreedevi et  al. 2013). The mutant strain T. asperel-
lum SR1-7 has produced CMCase (13.2 U/g) and β-glucosidase (9.2 U/g) 
simultaneously under controlled conditions (Raghuwanshi et al. 2014).

Applications

Cellulases have been commercially available for more than 3 decades and 
have also demonstrated their potential in industries such as food, animal 
feed, brewing and wine, agriculture, pulp and paper, textile, and laundry 
(Kuhad et  al. 2011; Ferreira et  al. 2014). However, the type of cellulases 
required is completely different with respect to different industries. The 
predominant application of cellulolytic enzymes is in biomass processing 
specifically for biofuel and bioenergy generation. The biofuel industry pre-
fers thermostable cellulases that are resistant to acidic conditions, while 
the detergent industry prefers enzymes operating at higher pH with good 
thermostability (Kumar et al. 2011). Cellulolytic enzymes are also used in 
detergent industries for softening and color brightening, stoning of jeans, 
and in the pre-treatment of industrial wastes (Salahuddin et al. 2012).

AMYLASE
Amylases are mostly a group of extracellular enzymes that break down 
the complex polysaccharide starch to yield assorted products such as 
dextrins, maltose, glucose, and maltooligosaccharides (Jyoti et  al. 2011; 
Janeček et al. 2014). The complete hydrolysis of starch requires a combina-
tion of enzymes which include α-amylases (EC 3.2.1.1), glucoamylases or 

D
ow

nl
oa

de
d 

by
 [

N
an

th
ak

um
ar

 A
ru

m
ug

am
] 

at
 1

3:
26

 0
7 

M
ar

ch
 2

01
7 



124    ◾    Microbial Biotechnology

β-amylases (EC 3.2.1.3), and pullulanases (Oziengbe and Onilude 2012). 
α-Amylase (endo-1,4-alpha-d-glucan glucohydrolase) randomly cleaves 
the 1,4-α-d-glucosidic linkages between the adjacent glucose units in the 
linear amylose chain. These endoacting enzymes cleave the substrate in 
the interior of the molecules and are categorized based on their proper-
ties and mode of action. Amylases that liberate free sugars are termed as 
“saccharogenic” and those that liquefy starch without generating free sug-
ars are known as “starch-liquefying.” Amylolytic enzymes are categorized 
by the similarities in their amino acid sequences and three-dimensional 
structures, reaction mechanisms, and catalytic machineries which reflect 
their evolutionary relatedness than specificity (Janeček et al. 2014).

Enzyme Sources

Amylases can be obtained from several sources such as plants, animals, 
and microorganisms. However, the enzymes from microbial sources par-
ticularly obtained from extreme environments, proved to be useful for 
industrial processes (Joshi 2011; Jyoti et al. 2011; Ibrahim et al. 2013; Zafar 
et  al. 2015). Furthermore, microorganisms offer easy manipulation for 
obtaining α-amylases of desired characteristics with good expression levels 
(Abdel-fattah et al. 2013). Some of the bacteria that produce amylases are 
Bacillus licheniformis (Oziengbe and Onilude 2012), B. licheniformis BT5.9 
(Ibrahim et al. 2013), B. circulans (Joshi 2011), B. subtilis JS-2004, B. mega-
terium, Bacillus sp. Strain PM1, Pyrococcus furiosus (Cuong et  al. 2015), 
Amphibacillus sp. NM-Ra2 (Mesbah and Wiegel 2014), and Halobacillus sp. 
LY9 (Sharma et al. 2014). Some of the fungal species that produce amylases 
are Rhizomucor pusillus (He et al. 2014), Penicillium fellutanum, (Sharma 
et al. 2014), Penicillium camemberti, Pestalotiopsis microspore, Aspergillus 
oryzae, and Acremonium sporosulcatum (Rana et al. 2013).

Enzyme Production Level

Bacillus licheniformis JAR-26 was reported to produce α-amylase with 
a specific activity of 317.9 U/mg (Jyoti et  al. 2011) and B. licheniformis 
AI20 produced amylase with a specific activity of 748.98 U/mg (Abdel-
fattah et al. 2013). α-Amylase gene from B. licheniformis was cloned into a 
Gateway shuttle vector pMMC and expressed in E. coli and B. megaterium 
(Atanassov et al. 2013). Specific activity of amylase produced from Bacillus 
sp. strain EF_TYK1-5 was 132.44 U/mg (Pathak and Rekadwad 2013). B. 
circulans PN5 produced amylase which had 2625 U/mg of specific activity 
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(Joshi 2011). α-Amylase from Amphibacillus sp. NM-Ra2 has 250 U/mg 
of specific activity (Mesbah and Wiegel 2014). An α-amylase gene from 
the thermophilic bacterium B. subtilis was cloned and expressed in E. coli 
DH5α which has 15950 U/mg specific activity (Park et al. 2013). B. subtilis 
A28 α-amylase gene was also cloned and expressed in E. coli with a specific 
activity of 2814 U/mg (Ozturk et al. 2013). A gene encoded for α-amylase 
from acidophilic bacterium B. acidicola was cloned into pET28a(+) vector 
and expressed in E. coli BL21 (DE3) with a specific activity of 1166 U/mg 
(Sharma and Satyanarayana 2012). Similarly Thermotoga petrophila was 
cloned into pET-21a(+) and expressed in E. coli BL21 (DE3) and has a spe-
cific activity of 126.31 U/mg (Zafar et al. 2015). Amylase produced from 
Thermoactinomyces thalpophilus KSV 17 has a specific activity of 145.8 U/
mg (Rao et al. 2012). α-Amylase gene of a fungal glucoamylase and the 
α-amylase genes from Rhizomucor pusillus were cloned, and expressed in 
P. pastoris which have a specific activity of 1953 U/mg and 20732 U/mg, 
respectively (He et al. 2014).

Applications

Amylases are the important digestive enzymes of starch which have various 
applications in several industries such as food, clinical, medical, and agri-
culture (Pathak and Rekadwad 2013; Sharma et al. 2014). In food industry, 
amylases aid in starch processing which includes starch liquefaction and 
saccharification and also in brewing and sugar production (Nigam 2013). 
Amylases are also used for baking (to delay the staling of bread), in textile 
industries for sizing of textile fibers and in detergent manufacturing pro-
cesses (Joshi 2011; Jyoti et al. 2011; Mesbah and Wiegel 2014). Amylases 
are also used for the production of fructose and glucose by the enzymatic 
conversion of starch (Van Der Maarel et al. 2002). Amylases also play an 
important role in removing stains from fabrics when added to detergents 
(Sundarram and Murthy 2014).

PULLULANASE
Pullulanase (3.2.1.41) belongs to the α-amylase family and hydrolyses 
the glycosidic linkages in pullulan, amylopectin, starch, and glycogen (Li 
et al. 2015). Pullulanase is generally used as a debranching enzyme during 
starch saccharification. Pullulanases are grouped into four categories: pul-
lulan hydrolase type I (neopullulanase), pullulan hydrolase type II (isopul-
lulanase), pullulanase type I, and pullulanase type II (amylopullulanase) 
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(Ramanathan 2011). Microbial pullulanases are gaining more interest due 
to their specific action on α-1,6 linkages in pullulan, a linear α-glucan 
made of maltotriosyl units (Hii et al. 2012).

Enzyme Sources

Pullulanases are mainly produced by bacteria compared with fungi or 
other organisms. Pullulanase has been reported from Anaerobranca gott-
schalkii, Fervidobacterium pennavorans, Thermotoga neapolitana, Bacillus 
acidopullulyticus, and Bacillus sp. CICIM 263 (Kang et al. 2011; Li et al. 2012, 
2015). Pullulanase has also been produced by Bacillus flavocaldarius, B. 
acidopullulyticus, B. deramifican (Duan and Wu 2015), B. thermoleovorans 
US 105, Aspergillus niger (Hii et al. 2012), Pyrococcus furiosus, Pyrococcus 
woesei, Thermococcus aggregans, T. hydrothermalis, T. celer, T. hydrother-
malis, Sulfolobus solfataricus, Thermus caldophilus, Thermoanaerobacter 
ethanolicus, Clostridium thermosulfurogenes, and Desulfurococcus muco-
sus (Bertoldo and Antranikian 2002; Kang et al. 2004; Chiang et al. 2005; 
Mrudula et al. 2011; Ramanathan 2011). Pullulanase is also reported from 
Staphylothermus marinus (Li et  al. 2013b), Streptomyces sp. No. 27, and 
Geobacillus sp. LM14-3 (Sun et al. 2011).

Enzyme Production Level

Bacillus halodurans has been reported to produce pullulanase with a spe-
cific activity of 87.64 U/mg (Asha et al. 2013). A high level of amylopullu-
lanase was noticed with Geobacillus thermoleovorans NP33 with a specific 
activity of 1260 U/mg (Nisha and Satyanarayana 2013). Staphylothermus 
marinus produced amylopullulanase with a specific activity of 42.1 U/mg 
(Li et al. 2013b) and S. erumpens had a specific activity of 98.84 U/mg (Kar 
et al. 2012). Thermus thermophilus HB27 has been reported with 280 U/
mg specific activity (Wu et  al. 2014). A recombinant pullulanase from 
Thermococcus kodakarensis KOD1 was reported with a specific activity 
of 118 U/mg (Han et al. 2013) and pullulanase from Geobacillus sp. was 
expressed in E. coli BL21 (DE3) with a specific activity of 134.3 U/mg 
(Jasilionis et al. 2014). There are reports on the cloning of pullulanase from 
Anaerobranca gottaschalkii and expression in E. coli BL21 (DE3) with a 
specific activity of 56 U/mg.

Applications

Pullulanase is used as a principal enzyme for the industrial production 
of high-glucose and high-maltose syrups and has major applications in 
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starch processing (Malakar et al. 2010; Li et al. 2015). Pullulanases also 
have applications in other industries. This includes production of cyclo-
dextrins, liquefaction and saccharification of starch, making of low-calo-
rie beer, and as an antistaling agent to improve texture, volume, and flavor 
of bakery products and also as a dental plaque control agent (Sun et al. 
2011; Hii et al. 2012; Asha et al. 2013; Wu et al. 2014).

XYLOSIDASE
β-xylosidases (EC 3.2.1.37) are exo-type glycosidases that catalyze the 
hydrolysis of 1,4-β-d-xylooligosaccharides by removing successive xylose 
residues from the nonreducing termini. It also releases xylose from 
branched or substituted xylo-oligosaccharides produced by the action 
of endo-1,4-β-xylanases (Subramaniyan and Prema 2002; Biely 2003; 
Terrasan et al. 2013). The systematic name is 1,4-β-d-xylan xylohydrolase; 
however, the commonly used name is β-xylosidase and is found in fami-
lies 3, 39, 43, 52, and 54 (Shallom and Shoham 2003). For many industrial 
applications such as improving bread dough, production of xylitol, and 
deinking of recycled paper, β-xylosidases are used in combination with 
xylanases (Jordan and Wagschal 2010).

Enzyme Sources

Various microorganisms including bacteria and fungi are reported to pro-
duce β-xylosidase; however, very few yeast strains are known to produce 
the enzyme (Basaran and Ozcan 2008). Bacillus subtilis M015 was reported 
to produce intracellular β-xylosidase (Banka et al. 2014). β-Xylosidase pro-
duction has been documented from fungal species such as Thermomyces 
lanuginosus (Singh et al. 2000a), Aspergillus awamori (Paredes et al. 2015), 
A. terricola and A. ochraceus (Michelin et  al. 2012a,b), Neocallimastix 
frontalis (Hebraud and Fevre 1990), Neocallimastix sp. M2 (Comlekcioglu 
et al. 2011), Aspergillus japonicas (Wakiyama et al. 2008), Penicillium jan-
thinellum (Kundu and Ray 2013), Fusarium verticillioides (Saha 2001), F. 
proliferatum (Saha 2003), Trichoderma reesei RUT C-30 (Herrmann et al. 
1997), and Penicillium janczewskii (Terrasan et al. 2013).

Enzyme Production Level

Bacillus thermantarcticus has been reported to produce β-xylosidase with 
a specific activity of 160 U/mg (Lama et al. 2004). β-Xylosidase with a spe-
cific activity of 261.1 U/mg was produced by Alicyclobacillus sp. A4 (Zhang 
et al. 2014) and 41.43 U/mg by A. ochraceus (Michelin, Peixoto-Nogueira, 
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et  al. 2012). Paecilomyces thermophila has been reported to produce 
β-xylosidase with 45.4 U/mg specific activity (Teng et al. 2011). A thermo-
tolerant β-xylosidase of Aspergillus sp. BCC125 was cloned and expressed 
as a secreted protein using the P. pastoris KM71 expression system with a 
specific activity of 156 U/mg (Wongwisansri et al. 2013).

The genes (Xyn A, GH Family 11 and Xyn B, GH Family 43) encoding 
for β-xylosidase from B. subtilis M015 was isolated and expressed in E. coli 
JE5505 which has an activity of 2.75 ± 0.30 U/mL and 0.41 ± 0.02 U/mL, 
respectively (Banka et  al. 2014). A β-xylosidase gene (Tlxyn1) from the 
thermophilic fungus T. lanuginosus SSBP was cloned and expressed in P. 
pastoris GS115 with a specific activity of 2.29 U/mg (Gramany et al. 2015). 
A gene (designated TlXyl43) encoding β-xylosidase was cloned from T. 
lanuginosus CAU44 and expressed in E. coli with a specific activity of 
45.4 U/mg (Chen et al. 2012). Kirikyali et al. (2014) implemented the het-
erologous expression of Aspergillus oryzae β-xylosidase (XylA) in P. pas-
toris under the control of the glyceraldehyde-3-phosphate dehydrogenase 
promoter which has a specific activity of 150 U/mg.

Applications

β-xylosidase has immense biotechnological potential especially in food, 
pharmaceutical animal feed, paper, and pulp industries. It is also used in 
the bioconversion of lignocellulosic wastes into value-added chemicals 
(Beg et  al. 2001; Chapla et  al. 2010). β-Xylosidase in combination with 
xylanase cocktails is also used in the bleaching of pulp liquor (Marques 
et al. 2003; Kumar et al. 2009) and processing of wood pulp (Tsujibo et al. 
2001). In food industry, it is used in the extraction of juice by hydrolyzing 
the bitter xylosylated compounds and liberates aroma from grapes during 
wine making (Jordan and Wagschal 2010). β-Xylosidase also plays a role 
in improving bread dough baking and nutritional quality (Dornez et al. 
2007) and in the release of d-xylose residues from xylan for subsequent 
reduction to xylitol, a sweetener used in food industry (Polizeli et al. 2005; 
Jordan and Wagschal 2010).

LIPASE
Lipases (triacylglycerol acylhydrolases, EC 3.1.1.3) are lipolytic enzymes 
that catalyze the hydrolysis of long-chain triglycerides by forming diac-
ylglycerides, monoglycerides, glycerol, and free fatty acids at the inter-
face between the insoluble substrate and water (Masomian et  al. 2013). 
Thermostable microbial lipases can be used for a variety of applications 
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including many bioconversion processes. Hydrolysis, interesterification, 
alcoholysis, aminolysis, esterification, and acidolysis are some of the 
bioconversion processes that have been performed effectively by micro-
bial lipases (Deive et al. 2012; Borrelli and Trono 2015). Their industrial 
significance is due to their distinctive characteristics such as substrate 
specificity, stereospecificity, regioselectivity, and the ability to catalyze 
heterogeneous reactions at the interface of water soluble and water insol-
uble systems (Haki and Rakshit 2003; Saxena et al. 2003; Li and Zhang 
2005; Ebrahimpour et al. 2011; Puchart et al. 2015).

Enzyme Sources

Lipases are available in most of the flora and fauna and also in microbial 
sources such as bacteria, fungi, and yeasts. One of the major sources for 
lipases are Bacillus sp. such as B. acidocaldarius, B. thermocatenletus, B. 
thermoleovorans, and Bacillus sp. RSJ-1 (Nawani and Kaur 2000; Haki and 
Rakshit 2003; Dror et al. 2014; Espinosa-Luna et al. 2015). Bacillus stearo-
thermophilus MC 7 has expressed lipase activity even at an elevated temper-
ature of 75°C to 80°C (Kambourova et al. 2003). Lipase QL, an extracellular 
enzyme produced by Alcaligenes sp., has optimum activity at pH and tem-
perature of 7.0 and 50°C, respectively (Wilson et  al. 2006). An organic 
solvent-tolerant lipase was reported from Aneurinibacillus thermoaerophi-
lus HZ with an optimal temperature and pH of 65°C and 7.0, respectively 
(Masomian et al. 2013). Lipase from Aspergillus carneus is reported to be 
active at alkaline pH and has extreme temperature tolerance (Saxena et al. 
2003). Similarly, a lipase produced by Thermomyces lanuginosus is optimally 
active at 80°C and at a pH of 10 (Ávila-Cisneros et al. 2014). Some other fungi 
that are reported to produce lipases are Rhizopus homothallicus, Candida 
rugosa, Penicillium simplicissimum, Humicola lanuginosa, A. niger, etc.

Enzyme Production Level

Bacillus coagulans BTS-3 produced lipase with a specific activity of 4.8 U/
mg (Kumar et al. 2005). Bacillus thermoamylovorans CH6B produced sig-
nificant levels (0.45 U/mL) of extracellular lipase (Deive et al. 2012). Lipase 
gene from Geobacillus strain T1 has been cloned and expressed in E. coli 
with a specific activity of 30.19 U/mg (Leow et al. 2004). Alcaligenes sp. has 
produced a thermostable lipase with 0.049 U/mg specific activity (Wilson 
et al. 2006). Gutarra et al. (2009) have reported a lipase from Penicillium 
simplicissimum with a specific activity of 4.5 U/mg. A high level produc-
tion of lipase was reported from Aspergillus carneus with a specific activity 
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of 502 U/mg (Saxena et  al. 2003). Thermomyces lanuginosus produced 
lipase with a specific activity of 0.12 U/mg (Ávila-Cisneros et al. 2014).

Applications

Thermostable lipases have a wide range of applications in various sectors 
including bakery food dressing, beverages, oleochemical, agrochemical, 
polymer synthesis, pulp and paper, leather, synthesis of surfactants, and 
pharmaceutical industries (Haki and Rakshit 2003; Sharma et  al. 2011; 
Espinosa-Luna et  al. 2015). In detergents, lipase is used to remove oil 
stains from fabric and in cleaning products, it aids in fat removal. Lipases 
are also used to treat oily wastewaters and for biodiesel production from 
vegetable oil (Cammarota and Freire 2006; Gutarra et al. 2009). Lipases 
are also used to enhance the flavor and aroma in dairy products (milk, 
cheese, and butter) and beverages. Lipases help the interesterification of 
fats and oils and they catalyze the hydrolysis of lipids in butter, fats, and 
cream. Lipases also serve as an emulsifier in food, cosmetics, and pharma-
ceuticals and they prolong the shelf life of bakery foods and improve their 
flavor (Sharma et al. 2011).

PHOSPHOLIPASE
Phospholipases, are a group of lipolytic enzymes that cleave the ester 
bonds of phospholipids, are classified into A, B, C, and D classes, based 
on the type of reaction they catalyze. Phospholipases A1 (PLA1, 3.1.1.32) 
and A2 (PLA2, 3.1.1.4) catalyze the hydrolysis of the ester bond at sn-1 
and sn-2 positions, respectively, of the phospholipids, thus producing a 
free fatty acid and 2-acyl lysophospholipid or 1-acyl lysophospholipid, 
respectively (Borrelli and Trono 2015). Phospholipases A1, in general, 
constitute a large group of 1-acyl hydrolases, some of which also degrade 
neutral lipids (Istivan and Coloe 2006). Phospholipases B (PLB, 3.1.1.5) 
can hydrolyze fatty acids esterified at both the sn-1 or sn-2 position of 
the phospholipid. Phospholipase C (PLC, 3.1.4.3) breaks down the glyc-
erophosphate bond, thus releasing diacylglycerol and the phosphorylated 
head group, while phospholipase D (PLD, 3.1.4.4) cleaves the terminal 
phosphodiesteric bond, thus releasing phosphatidic acid (PA) along with 
the head group (Borrelli and Trono 2015). Phospholipase D is abundant in 
nature and is secreted by a plethora of organisms ranging from viruses to 
bacteria, yeast, plants, and animals (Simkhada et al. 2009). Phospholipases 
have various functions, ranging from nutrient digestion to bioactive mol-
ecule formation, making them a vital enzyme in life (Istivan and Coloe 
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2006). Substrate specificity, stability to organic solvents, tolerance to high 
and low temperatures, and tolerance to acidic and alkaline pHs, tolerance 
to proteases are some of the outstanding properties of phospholipases 
(Wei et al. 2015). The amphipathic character of phospholipids restricts the 
enzymes by forming bilayers or micelles making them very rare to have as 
a single soluble substrate. Since all phospholipases target phospholipid as 
the substrate, variations are observed with their specific active site, mode 
of action and regulation (Istivan and Coloe 2006).

Enzyme Sources

Commercial phospholipases are mostly produced by yeasts and fungi, fol-
lowed by bacteria. The most important genera of yeasts and fungi that 
are exploited for the production of phospholipases include Saccharomyces 
cerevisiae, Schizosaccharomyces pombe, Candida albicans, Thermomyces 
lanuginosus, Tuber borchii, Gibberella zeae, Magnaporthe grisea, 
Aspergillus oryzae, A. fumigatus, A. nidulans, and Neurospora crassa 
(Istivan and Coloe 2006; Borrelli and Trono 2015). The most important 
bacteria that have been investigated for the production of phospholipases 
are Serratia liquefaciens, Yersinia enterocolitica, E. coli, Streptomyces albo-
flavus, S. coelicolor, S. olivochromogenes, S. violaceoruber, Ochrobactrum 
sp., Bacillus subtilis, B. cereus, Clostridium perfringens, Listeria mono-
cytogenes, L. monocytogenes, Pseudomonas fluorescens, P. aeruginosa, P. 
cepacia, Thermotoga lettingae, Burkholderia pseudomallei, and Legionella 
pneumophila (Hu et al. 2013; Borrelli and Trono 2015).

Enzyme Production Level

PLA1 has been produced from A. oryzae with a specific activity of 2000 U/
mg which was the higher level reported from filamentous fungi (Shiba et al. 
2001). PLA2 gene from a hyperthermophilic archaeon Aeropyrum pernix K1, 
which comprised 474 bases was cloned and expressed in E. coli BL21 (DE3) 
which has a specific activity of 120 U/mg (Wang et al. 2004). Phospholipase 
B from Thermotoga lettingae TMO has been cloned, and functionally over-
expressed in E. coli with a specific activity of 158 U/mg (Wei et al. 2015). 
A lysophospholipase/PLB gene from the hyperthermophilic archaeon 
Thermococcus kodakarensis KOD1 (LysoPL-tk) was cloned and expressed 
in E. coli which has a specific activity of 95.5 U/mg (Cui et  al. 2012). 
Phospholipase D was produced from Streptomyces sp. CS684 with a spe-
cific activity of 37.5 U/mg (Simkhada et al. 2009) and from Ochrobactrum 
sp. ASAG-PL1 with 83.5 U/mg specific activity (Hu et al. 2013).
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Applications

Phospholipases have various functions, ranging from the breakdown of 
nutrients to the formation of bioactive molecules (Borrelli and Trono 2015). 
Among the fungal phospholipases, PLA1s and PLA2s from Fusarium oxy-
sporum, T. lanuginosus, A. niger, and Trichoderma reesei have been com-
mercialized and are used for the degumming of vegetable oils, while PLA1s, 
PLA2s, and PLBs from A. oryzae and A. niger have been used primar-
ily in food industry (Maria et al. 2007; Casado et al. 2012). Furthermore, 
PLA2 proteins are of great interest to the pharmaceutical industry. They 
are responsible for the release of arachidonic acid from membranes, and 
the successive conversion of fatty acids to leukotrienes and prostaglan-
dins (Istivan and Coloe 2006). PLDs from Actinomycetes strains are also 
commercially available and are used in many industrial processes, owing 
to their high transphosphatidylation and hydrolytic activities (Casado 
et al. 2012; Borrelli and Trono 2015). Phospholipases play essential roles 
in a number of different physiological processes, including phospholipid 
metabolism, signal transduction, cell cycle progression, cytoskeletal orga-
nization, and inflammatory responses (Cockcroft 2001; Cherif et al. 2010; 
Wei et al. 2015).

CHITINASE
Chitinases (EC 3.2.1.14) are essential enzymes that hydrolyze the β (1, 4) 
linkages of chitin and convert the polysaccharide to its monomeric or 
oligomeric components (low-molecular-weight products). The breakdown 
of chitin happens in two steps. First chitinase cleaves the chitin polymer 
into chitin oligosaccharides and further release N-acetylglucosamine, and 
monosaccharides catalyzed by chitobiases (Suginta et al. 2000; Hamid et al. 
2013). Chitinases have been found in a wide range of organisms, including 
bacteria, plants, viruses, fungi, animals, insects, and crustaceans (Dahiya 
et al. 2006). The chitin-binding domain of bacterial chitinases can either 
be located in the amino terminal or in the carboxyl terminal domains 
of the enzyme. Fungal chitinases play an important role in the nutrition, 
morphogenesis, and fungal development processes (Hamid et al. 2013).

Enzyme Sources

The thermophilic organisms such as Bacillus licheniformis X-7u 
(Takayanagi et al. 1991), Bacillus sp. BG-11 (Bharat and Hoondal 1998), 
and Streptomyces thermoviolaceus OPC-520 (Tsujibo et  al. 1995) were 

D
ow

nl
oa

de
d 

by
 [

N
an

th
ak

um
ar

 A
ru

m
ug

am
] 

at
 1

3:
26

 0
7 

M
ar

ch
 2

01
7 



Thermostable Enzymes and Their Industrial Applications    ◾    133

reported to be the chief sources of chitinases. Thermostable exochitinases 
were also isolated from B. stearothermophilus CH-4, isolated from a com-
post of organic solid wastes (Haki and Rakshit 2003). Bacillus thuringiensis 
subsp. kurstaki strain HBK-51 (Kuzu et al. 2012) and B. cereus (Liang et al. 
2014) also produced thermostable and alkaline chitinase. Brevibacillus lat-
erosporus also can produce chitinase which is stable at 70°C and 6–8 pH 
(Prasanna et al. 2013). Chitinase is also produced from the extreme ther-
mophilic anaerobic arachaeon Thermococcus chitinophagus (Huber et al. 
1995).

Enzyme Production Level

Chitinase has been reported from B. cereus with a specific activity of 
16598 U/mg (Liang et  al. 2014). Bacillus sp. Hu1 that was isolated from 
hot springs produced a chitinase with a specific activity of 11.1 U/mg (Dai 
et al. 2011). Another chitinase enzyme with a specific activity of 494.5 U/
mg has been reported from B. licheniformis strain LHH100 and was cloned 
and expressed in E. coli (Laribi-Habchi et al. 2015). Chitinase gene from 
Aeromonas veronii was cloned into P. pastoris GS115 using pPIC9 vector 
with a specific activity of 553.8 U/mg (Y. Zhang et al. 2014). Aeromonas 
hydrophila SBK1 has been known to produce chitinase with 71.6 U/mg of 
specific activity (Halder et al. 2012). Paenibacillus barengoltzii has secreted 
chitinase (30.1 U/mg) after recombination into E. coli (Yang et al. 2016). 
Chitinase II was produced from T. lanuginosus with 150 ± 3.48 U/mg spe-
cific activity (Zhang et al. 2015).

Applications

Chitinolytic enzymes have a wide range of applications in diverse fields. 
This includes preparation of pharmaceutically important chitooligosac-
charides with antimicrobial, anticholesterol, and antitumor activities. 
Chitinases are also used for the production of N-acetyl d-glucosamine, 
preparation of single-cell protein, isolation of protoplasts from fungi and 
yeast, treatment of chitin wastes, etc. (Haki and Rakshit 2003; Dahiya 
et al. 2006; Hamid et al. 2013). Chitinases have also been implicated in 
plant resistance against fungal pathogens and has shown considerable 
antifungal activities in vitro (Cho et al. 2011). Chitinases are also used as 
mosquitocides (Halder et al. 2012) and as biocontrol agents in agricultural 
applications against worms and insects that cause crop damage (Hamid 
et al. 2013; Liang et al. 2014).
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LACCASES
Laccases (1.10.3.2) are copper-containing enzymes that belong to the group 
of blue oxidase which is produced by many bacteria, fungi, and yeasts (Lu 
et al. 2013). These enzymes are characterized by their unusual substrate 
specificity and a wide range of oxidizable substrates that depend on the 
source organism (Madhavi and Lele 2009). Laccases mostly have the struc-
ture as monomeric, dimeric, and tetrameric glycoprotein. The presence of 
glycosylation is important for copper retention, thermal stability, and sus-
ceptibility to proteolytic degradation. After purification, laccase enzymes 
show considerable heterogeneity. Variation in laccase glycosylation and 
composition of glycoprotein is a result of various growth medium com-
position (Shraddha et  al. 2011). Substrates that are oxidized by laccases 
include mono-, di-, and polyphenols, methoxyphenols, aminophenols, 
aromatic amines, and ascorbate, with the associated four-electron reduc-
tion of oxygen to water (Madhavi and Lele 2009; Giardina et al. 2010).

Enzyme Sources

Majority of the laccases are reported from fungi, whereas few reports are 
from bacteria. Fungi belonging to the class Ascomycetes, Basidiomycetes, 
and Deuteromycetes have been implicated for the production of most 
laccases (Kiiskinen et al. 2004; Gochev and Krastanov 2007). Fugal spe-
cies that are known to produce laccases are Stereum ostrea, S. hirsutam, 
Fomitella fraxinea, Lentinus tigrinus, Trametes versicolor, T. hirsuta, T. 
ochracea, T. villosa, T. gallica, Ganoderma sp. MK05, Cerrena unicolor, 
C. byrsiana, C. maxima, H. cylindrosporum, Pycnoporus sanguineus, 
Trichoderma harzianum, Coriolopsis polyzona, Pleurotus eryngii, and P. 
ostreatus. Bacterial species such as B. subtilis, Azospirillum lipoferum, 
Streptomyces lavendulae, S. coelicolor, and Stenotrophomonas maltophilia 
AAP56 are also reported for the production of laccases (Morozova et al. 
2007; Madhavi and Lele 2009; Desai and Nityanand 2011).

Enzyme Production Level

A thermostable laccase from Pleurotus sp. MAK-II has been reported with 
a specific activity of 1613 U/mg (Manavalan et al. 2015). Laccase produced 
from Neurospora crassa has a specific activity of 333 U/mg (Grotewold 
et  al. 1998). A laccase produced by the basidiomycete Marasmius quer-
cophilus C30 has a specific activity of 934 U/mg (Klonowska et al. 2002). 
The white-rot fungus Trametes pubescens MB 89 has been reported to 
produce laccase with an activity of 743 U/mL (Galhaup et al. 2002). The 
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laccase gene lac48424-1 from Trametes sp. 48424 was cloned and expressed 
in P. pastoris and the enzyme has a specific activity of 49.32 U/mg (Fan 
et  al. 2011). Similarly a thermo-alkali-stable laccase gene from Bacillus 
licheniformis was cloned and expressed in P. pastoris with a maximum 
activity of 227.9 U/L (Lu et al. 2013). Pleurotus ostreatus strain 32 has been 
induced with ABTS and produced laccase with 410 U/mL activity (Hou 
et al. 2004). Phenol has been used as an inducer for laccase production by 
T. versicolor with an activity level of 2.575 U/mL (Pazarlioǧlu et al. 2005).

Applications

Laccases are used for a variety of applications including textile, food, 
wood processing, chemical, and pharmaceutical industries (Kunamneni 
et al. 2007). Laccases are also used for coupling reactions during organic 
synthesis (Kudanga and Le Roes-Hill 2014). Laccases also catalyze some of 
the processes such as dye decolorization, degradation of xenobiotics, and 
effluent treatment. They also play a vital role in the oxidation of toxins and 
contaminants from industries. Laccases also have potential for biological 
delignification of pulp. In food industry they are used to eliminate the 
phenolics, haze formation, and turbidity development in fruit juice, wine, 
and beer. Laccases are also used in hair dyes, which are less irritant and 
are easier to handle (Kunamneni et al. 2007; Roriz et al. 2009; Desai and 
Nityanand 2011).

PROTEASE
Proteases are lytic enzymes that cleave other proteins by hydrolyzing the 
peptide linkages (Li et al. 2013a). Cleavage of peptide bonds result in the 
degradation of protein substrates into their principal amino acids, or it 
can be specific, leading to selective protein chopping for post-translational 
modification and processing. Proteases are classified as peptide hydrolases 
or peptidases (EC 3.4) and are commonly grouped into two categories 
(exopeptidases—that slice off amino acids from the ends of the protein 
chain and endopeptidases—which cleave peptide bonds within the pro-
tein) (de Souza et al. 2015). Proteases have wide applications in the food, 
pharmaceutical, leather, and textile industries (Fan et al. 2001; Mozersky 
et al. 2002).

Proteases play a critical role in many physiological and pathologi-
cal functions such as protein catabolism, blood coagulation, cell growth 
and migration, tissue arrangement, morphogenesis in cell line develop-
ment, tumor growth and metastasis, activation of zymogens, release of 
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hormones and pharmacologically active peptides from precursor proteins, 
and transport of secretory proteins across membranes (Li et al. 2013a; de 
Souza et al. 2015). Extracellular proteases convert the proteins into smaller 
peptides and amino acids for subsequent absorption into cells, thereby 
playing a vital role in nitrogen metabolism (Sabotic and Kos 2012).

Enzyme Sources

The dominant producers of proteases are microorganisms of the gen-
era Pyrococcus, Thermococcus, and Staphylothermus. Few examples 
are Pyrococcus sp. KODI, S. marinus, T. aggreganes, T. celer, T. litoralis, 
Thermoacidophiles (archeal and bacterial origin), and Thermotoga mari-
tima. Few thermophilic protease-producing Bacillus spp. have been 
identified, such as B. brevis, B. licheniformis, B. stearothermophilus, B. 
stearothermophilus TP26, Bacillus sp. JB-99, and B. thermoruber (Haki 
and Rakshit 2003). A huge number of fungal strains have also been 
known to produce proteases such as Aspergillus, Penicillium, Rhizopus, 
Mucor, Humicola, Thermoascus, Thermomyces sp. (de Souza et al. 2015), 
Trichoderma asperellum (Yang et al. 2013), and Aureobasidium pullulans 
(Banani et al. 2014).

Enzyme Production Level

Bacillus megaterium has been reported to produce protease with 41.09 U/
mg specific activity (Asker et  al. 2013) and Anoxybacillus sp. KP1 with 
16.39 U/mg (Bekler et al. 2015) activity. Bacillus subtilis has shown a good 
protease production level of 205.87 U/mg (Pant et al. 2015). Protease with 
1052 U/mg of specific activity was produced by B. pumilus (Jayakumar 
et al. 2012). A nattokinase/subtilisin (serine proteases family) from B. sub-
tilis VTCC-DVN-12-01 was expressed in B. subtilis WB800 with a specific 
activity of 12.7 U/mg (Nguyen et al. 2013). Haloalkaliphilic bacteria iso-
lated from saline habitats have been reported to produce protease with 
6765.76 U/mg specific activity (Purohit and Singh 2013). A protease gene 
APL5 of Aureobasidium pullulans strain PL5 was cloned and expressed in 
E. coli BL21 with a specific activity of 129 U/mg (Zhang et al. 2012).

Applications

A vast array of commercial proteases is available which has potential 
applications in various industrial processes such as textile, food, dairy, 
and pharmaceutical preparations (Nguyen et  al. 2013; de Souza et  al. 
2015). Proteases such as alkaline protease, pancreatic protease, rennin, 
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and papain have major applications in detergent formulations (to enhance 
the ability to remove tough stains and making the detergent environmen-
tally safe), baking (altering the viscoelastic properties of dough), meat 
tenderization, and leather industries (dehairing of animal hides and skin) 
(Zambare et al. 2011; Kumari et al. 2012; de Souza et al. 2015).

PEROXIDASES
Peroxidases (1.11.1.x) are pervasive enzymes that oxidize a wide range of 
reducing substrates with the help of H2O2 or other peroxides (Fodil et al. 
2012). This extensively utilized group of heme-containing peroxidases is 
produced from fungal or plant source and has advantages due to its wide 
range of substrates (Loncar and Fraaije 2015). Catalase has been transformed 
into either peroxidase or oxidase and is resistant to inactivation by hydrogen 
peroxide, this being the drawback of many peroxidases. Bacterial enzymes 
are preferred for industrial application because of their thermostability as 
fungal/plant is normally quite labile at higher temperatures. Thermostable 
peroxidases may be used in situ for the treatment of process water enabling 
fast recycling and with low energy usage (Loncar and Fraaije 2015).

Enzyme Sources

A catalase which has peroxidase activity has been reported from 
Thermobifida fusca (Loncar and Fraaije 2015). An extracellular thermosta-
ble humic acid peroxidase (HaP3) was isolated from a Streptomyces sp. strain 
AH4 (Fodil et al. 2012). Dye-decolorizing peroxidases were isolated from B. 
subtilis, P. putida MET94 (Santos et al. 2014), and Kocuria rosea MTCC 1532 
(Parshetti et al. 2012). Microorganisms belonging to the genera Agaricales, 
Corticiales, Polyporales, and Hymenochaetales are reported for manganese 
peroxidase production (Tello et al. 2000; Hilden et al. 2008; Morgenstern 
et al. 2010; Janusz et al. 2013). Fungal species such as Phlebia sp. MG60, P. 
radiata 79, Dichomitus squalens , Lentinula edodes, Phanerochaete chryso-
sporium, P. sordida, Ganoderma lucidum, Ceriporiopsis subvermispora, and 
Trametes versicolor 9522-1 have genes encoded for Mn peroxidase (Janusz 
et al. 2013). A novel peroxidase (SviDyP) was isolated, purified, and charac-
terized from Saccharomonospora viridis DSM 43017, a pentachlorophenol-
degrading thermophilic actinomycete (Webb et al. 2001).

Enzyme Production Level

Kocuria rosea MTCC 1532 produced lignin peroxidase which was hav-
ing 168.33 U/mg specific activity (Parshetti et  al. 2012). Humic acid 
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peroxidase (HaP3) was produced from a Streptomyces sp. strain AH4 
which has a specific activity of 9.45 U/mg (Fodil et al. 2012). Peroxidase 
from Saccharomonospora viridis DSM 43017 was reported with 17.8 U/
mg specific activity (Yu et  al. 2014). Thermobifida fusca also produced 
peroxidase with a specific activity of 67 U/mg (Loncar and Fraaije 2015). 
Peroxidase genes from B. subtilis and P. putida MET94 were cloned into 
plasmid pET-21a(+) to yield plasmids pRC-1 and pRC-2, respectively. 
These were introduced into the host expression strains E. coli BL21 and E. 
coli BL21 star, respectively, in which the target genes were expressed under 
the control of the T7lac promoter with a production level of 40 U/mg and 
15 U/mg, respectively (Santos et al. 2014).

Applications

Peroxidases have applications in the selective delignification of lignocellu-
losic materials for the production of cellulose or conversion into feed and 
biofuels. They also have applications in the treatment of toxic industrial 
effluents, such as those containing synthetic dyes, generated in numerous 
industrial practices as they have also potential to be used as biological 
decolorizing agents (Santos et al. 2014). Peroxidase has potential applica-
tions in biopulping, biobleaching (Yu et al. 2014), biodegradation, and bio-
remediation (Fujii et al. 2013; Janusz et al. 2013). Peroxidase is also used 
in analytical chemistry, immune chemistry, biosensor construction, food 
processing, and food storage (Mall et al. 2013).

LIGASES
Ligases are enzymes that join the DNA fragments together by catalyzing 
bond formation between neighboring nucleotides. DNA and RNA ligases 
are ubiquitous enzymes that catalyze the formation of phosphodiester 
bonds between opposing 5′-phosphate and 3′-hydroxyl termini in nucleic 
acids (Wang et al. 2013). They belong to the nucleotidyl transferase super-
family together with the RNA capping enzymes and tRNA ligases. All of 
the enzymes in this superfamily catalyze phosphodiester bond formation 
in a conserved, three-step mechanism that utilizes ATP, GTP, or NAD+ as 
a high-energy cofactor (Wang and Shuman 2005; Shuman 2009; Chambers 
and Patrick 2015). Ligases are the most important catalysts in the central 
biological processes, including DNA replication, recombination, and rear-
rangement of immunoglobulin genes. Their activities in vitro have also 
been exploited in numerous molecular biology protocols, making them 
crucial tools for modern biotechnology (Chambers and Patrick 2015). For 
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decades, DNA ligases have been used to create recombinant DNA mol-
ecules (i.e., cloning) and for genetic disease detection using the ligation 
chain reactions (Gibson et al. 2009).

In vivo, DNA ligases catalyze the formation of phosphodiester bonds 
at single-stranded nicks in double-stranded DNA. This activity is critical 
for maintaining genomic integrity during DNA replication, DNA recom-
bination, and DNA excision repair (Wang et  al. 2013). They are essen-
tial in all organisms and they are conventionally categorized into two 
families according to their cofactor specificity (Doherty and Suh 2000; 
Wang et al. 2013). ATP-dependent ligases (EC 6.5.1.1) are typically found 
in Eukarya, Archaea, and viruses (including bacteriophages), while the 
NAD+-dependent DNA ligases (EC 6.5.1.2) are typically found in bacteria 
and some eukaryotic viruses. Most notably, the archaeal species Haloferax 
volcanii holds two active DNA ligases: one ATP-dependent (LigA) and 
the other NAD+-dependent (LigN) (Zhao et al. 2006). However, there is 
some protein sequence uniformity between bacterial and eukaryotic DNA 
ligases. Further, bacterial DNA ligase requires NAD+ as a cofactor, while 
eukaryotic and most viral DNA ligases utilize ATP (Stokes et al. 2011).

Enzyme Sources

Several bacteria are capable of producing the ligase enzymes. This 
include Thermus aquaticus, Aeropyrum pernix, Desulfurolobus ambiv-
alens, Staphylothermus marinus, Sulfolobus acidocaldarius, S. shiba-
tae, S. solfataricus, Sulfophobococcus zilligii, Archaeoglobus fulgidus, 
Methanothermobacter thermautotrophicus, Pyrococcus horikoshii, 
Thermococcus sp. 1519, T. fumicolans, T. kodakaraensis, T. onnurineus, 
T. sibiricus, Methanocaldococcus jannaschii, Thermotoga maritima, and 
Schizosaccharomyces pombe (Lai et al. 2002; Lohman et al. 2011; Stewart 
et al. 2011; Le et al. 2013; Wang et al. 2013; Chambers and Patrick 2015).

Applications

DNA ligases are most importantly having a role in DNA repair and most 
archeal DNA ligases have the ability to seal single-stranded nicks in 
double-stranded DNA (Kotani et al. 2012; Le et al. 2013). Their ability to 
ligate the double-stranded, cohesive-, or blunt-end fragments made these 
enzymes receive great attention in biotechnological applications. Ligations 
of cohesive-ended fragments have been performed by the enzymes from 
Aeropyrum pernix, Staphylothermus marinus, Thermococcus sp. 1519, and 
T. fumicolans. In addition, the S. marinus (Seo et al. 2007) and T. fumicolans 
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DNA ligases could also ligate blunt-ended fragments (Rolland et al. 2004; 
Chambers and Patrick 2015). A number of next-generation sequencing 
methods also depend on DNA ligases (Quail et al. 2008; Lohman et al. 
2011) either for adapter ligation during sample preparation (e.g., Illumina 
and 454 sequencing) or for the sequencing reaction itself (SOLiD sequenc-
ing) (Chambers and Patrick 2015).

DNA POLYMERASE
The polymerase chain reaction (PCR) process has directed a huge 
advancement in genetic engineering due to its capacity to amplify DNA. 
The three sequential steps in this process include denaturation or melt-
ing of the DNA strand (separation) carried out at 90–95°C, renaturation, 
or primer annealing at 55°C followed by synthesis or primer extension 
at around 75°C. Development in this process has been to a large extent 
facilitated by the availability of thermostable DNA polymerases, which 
catalyze the elongation of primer DNA strand (Haki and Rakshit 2003). 
Many microbial sources have been used for the production of DNA 
polymerases.

Enzyme Sources

DNA polymerase has been reported from E. coli, however, did not retain 
the activity at higher temperatures. Taq polymerase from the bacterium 
Thermus aquaticus was the first thermostable DNA polymerase identified 
and characterized biochemically (Chien et al. 1976; Kaledin et al. 1980). 
Some commercially used DNA polymerases are produced from bacte-
ria which includes Thermus caldophilus, T. filiformis, T. flavis, T. ther-
mophiles, Pyrococcus species GB-D, P. abyssi, P. furiosus, Thermococcus 
kodakaraensis, T. brokianus, T. fumiculans, T. gorgonarius, T. litoralis, T. 
peptonophilus, T. zilligii, Thermotoga maritima, and T. neopolitana (Terpe 
2013). The DNA polymerase I (Taq Pol I) gene from T. aquaticus was cloned 
into a plasmid expression vector that utilizes the strong bacteriophage PL 
promoter. It was transferred to E. coli for expression with a specific activ-
ity of 292,000 U/mg (Lawyer et al. 1993). Escherichia coli BL21 was trans-
formed with pTaq gene and expressed the DNA polymerase which has a 
specific activity of 5263.16 U/mg (Engelke et al. 1990).

Applications

DNA polymerases have applications in forensic science, nucleic acid 
sequencing industries, molecular characterization of plants, animals, and 

D
ow

nl
oa

de
d 

by
 [

N
an

th
ak

um
ar

 A
ru

m
ug

am
] 

at
 1

3:
26

 0
7 

M
ar

ch
 2

01
7 



Thermostable Enzymes and Their Industrial Applications    ◾    141

microorganisms. The enzyme is involved in molecular processes such as 
the construction of gene cloning (Ikehara et al. 2004; Herrin et al. 2005), 
genomic DNA cloning (Nisole et  al. 2004), synthesis of second-strand 
cDNA (Sasaki et al. 2004), knockout targeting vector (Kim et al. 2005), 
and synthetic gene manufacture (Wu et al. 2006).

REVERSE TRANSCRIPTASE
Reverse transcriptase (RTase) is the enzyme that catalyzes DNA polym-
erization using RNA as a template (RNA-dependent DNA polymerase) 
(Baranauskas et al. 2012). The enzyme is used in various genetic experi-
ments, such as in microarray analysis by synthesizing cDNA or the start-
site mapping of transcript mRNA. RTases play central roles in these genetic 
experiments, and the enzymes used are derived from retroviruses, such as 
the Moloney murine leukemia virus (MMLV) or the avian myeloblastosis 
virus which are not thermostable (AMV) (Arezi and Hogrefe 2007; Sano 
et al. 2012). To develop thermostable RTase, several strategies have been 
attempted (Yasukawa et al. 2008; Arezi and Hogrefe 2009; Kranaster et al. 
2010; Mizuno et  al. 2010; Jozwiakowski and Connolly 2011), and some 
genetically engineered enzymes are commercially available. RTase pos-
sesses three enzymatic activities: the RNA-dependent DNA polymerase, 
the DNA-dependent DNA polymerase, and RNase H, which degrade RNA 
strand in the RNA–DNA hybrid (Sambrook and Russell 2001). The syn-
thesis of cDNA is probably the second most important technique in pres-
ent molecular biology after the PCR and its modifications (Baranauskas 
et al. 2012).

Enzyme Sources

Thermus thermophiles has been reported for RTase activity in the pres-
ence of Mn2+ (Mohr et al. 2013). A DNA polymerase from T. aquaticus 
has been mutated to have RTase activity (Kranaster et al. 2010). RTase can 
also be produced from Moloney murine leukemia virus RTase (M-MuLV 
RTase) variants (Baranauskas et al. 2012). A mutant RTase has been pro-
duced from Thermotoga petrophila K4 (Sano et  al. 2012). Some other 
organisms that produce RTase are avian myeloblastosis virus (Arezi and 
Hogrefe 2009), human immunodeficiency virus type 1 (HIV-1) (Sarafianos 
et al. 2009), and Carboxydothermus hydrogenoformans (Vieille and Zeikus 
2001). Thermostable DNA-dependent DNA polymerase of Bacillus 
stearothermophilus has been reported which have RTase activity (Jestin 
et al. 2015).
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Applications

RTases are extensively used to generate cDNA libraries for cloning, end-
point and quantitative RT-polymerase chain reaction (RT-PCR), RACE 
technique, microarray analysis, RNA amplification (Sambrook and Russell 
2001; Baranauskas et al. 2012), transcriptome and miRNA profiling, next-
generation RNA sequencing (RNA-seq), RNA structure mapping, and the 
analysis of protein- or ribosome-bound RNA fragments (Wang et al. 2009; 
Mayer et al. 2011; Ozsolak and Milos 2011).

CONCLUSIONS
The application of thermostable enzymes as effective catalysts in industry 
would result in substantial savings of resources, mainly energy and water. 
With the fast increasing global population and shrinking natural resources, 
enzyme technology offers a great perspective for many industries to help 
meet the future challenges. Furthermore, with a paradigm shift in indus-
try moving from natural to renewable resource utilization, the need for 
thermostable microbial catalysts is predicted to increase in the future. This 
warrants for further research in identifying novel thermostable enzymes 
with superior properties that address specific industrial needs.
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