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The oceans are the last frontier on Earth that has yet to be fully explored. Marine life
holds great promise for the isolation of novel and useful compounds and metabolites.
Marine sponges have been touted as the single most important source of novel marine
metabolites. Obligately marine and marine-derived fungi too hold great potential as a
source of such compounds or at least similar metabolites but with novel properties that
give them a commercial edge, their enzymes which are salt tolerant especially hold great

sis

promise.

The object of the present study was to isolate and identify obligate marine or
marine-derived fungi that were hyper-laccase producers. The laccase from the selected

he

marine-derived fungus was to be characterized and its application in bioremediation and
biobleaching, studied. These objectives were fulfilled in the thesis.

Seventy-five fungi were isolated from decaying lignocellulosics from the

.T

mangrove swamps of Choraõ Island in Goa, using techniques such as particle-plating,
hyphal and single spore isolation methods. Among these, fifteen isolates were found to be
laccase producers. Out of these, three anamorphic fungi proved to be the most efficient
dye decolourizers and laccase producers and were designated NIOCC #2a, NIOCC #7a
and NIOCC #Xa. Among these, NIOCC #2a was the laccase hyper-producing strain

.D

selected for this study, since it was superior in terms of both laccase production and dye
decolourization. It was deposited at the Microbial Type Culture Collection (MTCC)
under accession no. 5159 and identified using rDNA homology to be a Cerrena unicolor

Ph

strain. The fungus NIOCC #2a is therefore referred to as Cerrena unicolor MTCC 5159.
Its marine origin was confirmed by achieving maximum growth in full strength (34 ppt)
seawater and maximum laccase production in 25 ppt seawater.
Crude laccase, contained a consortium of laccase isozymes with differing

surface charges and molecular masses. It collectively showed optimum activity at pH 3
and 60°C. Out of these isozymes, an isozyme, ‘Lac IId’ was purified to homogeneity with
a final yield of 17 %. Its UV-visible spectrum showed a shoulder at 330 nm and peak at
610 nm which is characteristic of blue laccases. The N-terminal and an internal peptide
sequence, both deposited under the accession no. P85430 in the ‘Uniprot’ database
confirms Lac IId to be a blue laccase. Lac IId has a molecular mass of 59 kDa and a pI of
5.3 with 17 % -linked glycosylation. This glycosylation besides playing a structural role
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also confers upon Lac IId, resistance to proteases, which are also produced by Cerrena
unicolor MTCC 5159 in copious amounts (data not shown).
Lac IId showed optimum activity at pH 3 and 70°C and a half life of 90 min
at 70°C. It retained more than 60 % activity up to 180 min at 60°C and pH 9. Even after 1
year of storage at -20°C, no loss in activity was observed. This coupled with its extremely
low energy of activation (2.5 kJ mol-1) at pH 3 recorded between 60° to 70°C, attests to
its long shelf life and thermostability. Lac IId could catalyze the oxidation of a wide
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range of substrates and its substrate range increased in the presence of certain mediators.
Of all the inhibitors tested, only azide was able to effectively inhibit it up to 95 % of its
original activity. Pure sodium chloride up to 0.3 M, did not inhibit it above which, the

he

laccase was reversibly inhibited. From the wide range of metal ions tested, Lac IId was
maximally inhibited by 56 % with chromium whereas the other metals showed lesser
inhibition.
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After having confirmed the commercial potential of laccases from this
fungus, Cerrena unicolor MTCC 5159 was subjected to medium optimization to
maximize laccase production. It was found that carbon and nitrogen act antagonistically
with each other with respect to laccase production, when nitrogen is used in an inorganic
form. A combination of low inorganic nitrogen and high carbon concentrations favour

.D

good biomass and laccase production. When nitrogen was supplied in the inorganic form
but in low concentrations, laccase titer was maximal. However, organic nitrogen at much
higher concentrations also supported good laccase production. Buffering action of citrate-
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phosphate buffer was required to decrease the temporal variation in laccase titer.
Inducible laccases are produced in the idiophase only after addition of an appropriate
inducer. Known inducers like CuSO4 induced maximum laccase activity (~84,000 U L-1
by 21 days of growth). However comparable activity had been obtained with raw textile
effluent B when used at 1 % (~86,000 U L-1 by 12 days of growth). This is economically

lucrative. Only a single addition of inducer effectively aided in inducing laccase, it is
especially effective if added after sufficient growth had occurred. It was observed that
pure sodium chloride cannot replace seawater for growth of the fungus and that
oxygenation enhances laccase production. Addition of a surfactant such as Tween 80 at
0.25 % after sufficient growth had already occurred positively impacted both biomass
and laccase production. At higher concentrations however, the specific activity of laccase
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decreased. The medium is designed to almost exclusively promote and maximize laccase
production with a high specific activity. The surface to volume ratio of culturing flasks is
also a critical factor for biomass and laccase production and requires to be taken into
consideration.
The medium had been optimized to almost exclusively support laccase
production, cellulase was not induced under the present medium conditions, which makes
this especially suitable for use in the biopulping processes. When applied in biobleaching
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of sugarcane bagasse, it was found that these laccases are quite self sufficient even at low
concentrations and do not require the presence of mediators. However, the timely
addition of the right kind of mediators, as soon as repolymerization begins not only

he

reverses this process but also reduces the time required to attain the same level of
biobleaching.

The whole culture of Cerrena unicolor MTCC 5159 and its lignin-degrading
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enzymes especially laccases along with the exopolymeric substance (EPS) work together
in the decolourization processes. The fungal mycelia and the EPS decolourize using
processes such as active and passive adsorption and absorption whereas the lignindegrading enzymes actively degrade the colourants.
Triarylmethane and triphenylmethane dyes are not only good substrates of
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these laccases but also good inducers of them. Diazo dyes are preferentially degraded
over monoazo dyes and also act as laccase inducers. However, the decolourization of
some of the diazo dyes may not be proportional to the laccase activity. The simple diazo
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dyes such as trypan blue are good laccase inducers and their decolourization is
proportional to laccase activity. Whereas although congo red, a secondary diazo dye gets
decolourized to a similar extent as trypan blue, its decolourization is not proportional to
the laccase activity it induces. An anthroquinone dye such as remazol brilliant blue R gets
decolourized by 50 % within 6 days, no laccase activity is detected in its presence. Its
decolourization is possibly due to the presence of enzymes other than laccase.
Cerrena unicolor MTCC 5159 has a great potential in biobleaching
processes as well as decolourizing dyes and industrial effluents and possesses at least one
laccase which is of commercial importance.
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Future Prospects

Production of metabolites and enzymes in fungi can be increased by several methods. The
most common and easiest way is to vary the nutritional and physicochemical parameters
which influence product synthesis (Mundra et al., 2007; Soni et al., 2007). Directed
evolution is a technique wherein a gene that codes for a particular product is expressed in
another host which has a high doubling rate and capacity for successfully translating the
inserted gene as seen in the expression of a fully functional laccase from Myceliophthora
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thermophila in Saccharomyces cerevisiae (Bulter et al., 2003).

Genetic transformation to increase the output of the original producer
organism and make it a hyper producer has also been achieved. In Aspergillus terreus, the
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production of itaconic acid was elevated by the introduction of a gene from Vitreoscilla
stereocoraria that codes for Vitreoscilla hemoglobin (Vhb). The Vhb aided in scavenging
oxygen in periods of lowered oxygen tension thus maintaining the production level of
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itaconic acid, even under oxygen limitation (Lin et al., 2004).

The present study emphasizes the industrial applications of Cerrena unicolor
MTCC 5159 and its enzymes such as a high quality laccase. This fungus has maximum
homology with marine sponge-derived basidiomycetes, suggesting that it has probably
been associated with the marine environment long enough for secondary adaptations to

.D

occur which are reflected in the ITS rDNA region, making these adaptations stable and
capable of being vertically transferred. Fungi which have undergone such adaptations in
the marine environment are lucrative for identifying novel marine metabolites and

Ph

marine-sponge-derived fungi are one of the most important sources for discovering novel
marine metabolites (Jensen & Fenical, 2002). This fungus also produces large amounts of
exopolymeric substance which is capable of extensive dye decolourization (D'Souza et
al., 2006) which merits further investigation. There is an immense scope for further study

with regards to this fungus and marine fungi in general.
To determine the type of laccases produced by Cerrena unicolor MTCC

5159, the following work was carried out. Degenerate primers which amplify a 200 bps
region between the conserved copper binding regions I and II of the laccase gene from
white rot and brown rot terrestrial fungi (D'Souza et al., 1996) were used on MTCC 5159.
The sequenced region was found to be different from terrestrial laccases (data not
included in the thesis). Since this region corresponds, to roughly only 50 AAs, less than
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1/10th the actual size of laccase. Finding the laccase from the plethora of isozymes
produced by this fungus to which this region corresponds, is a daunting task, especially
keeping in mind the low expression level of several of the isozymes.
To first identify a laccase which has desirable properties such as
thermotolerance, salt and metal tolerance and then sequence it is a more practical
approach. One such a laccase isozyme ‘Lac IId’ from Cerrena unicolor MTCC 5159 has
been successfully identified and characterized. Two peptide sequences namely the N-
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terminal peptide and an internal peptide which is situated near the C-terminal end, have
been identified. Using the sequences of these two peptides, primers can be designed
which scan the entire length of the gene by various modifications of the PCR technique.
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Another alternative is by using the two sets of DNA primers I have designed
(data not included in the thesis) which target laccases from terrestrial and marine
basidiomyceteous fungi. One set of primers contain a forward and reverse primer which
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target the conserved copper binding region I and IV and the other set targets the
conserved copper binding region II and IV. Since the conserved copper binding region,
IV is at the distal end of laccase, more than 4/5th the laccase gene can be sequenced using
the traditional PCR technique. This region will also include introns, which can be spliced
in-silico. Properties such as thermostability and substrate range can be tested for in-silico
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and the most favourable sequence can then be isolated from the laccase gene pool of
Cerrena unicolor MTCC 5159 by designing specific primers.
Once the sequence is obtained, the entire laccase gene can be transformed
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into a suitable host which has a short replication time and suitable post translational
machinery required for glycosylation of laccase. Fully functional laccase can then be

produced on a large scale for industrial and bioremediation purposes.
Transformation of the laccase gene to another host does not utilize the

potential of Cerrena unicolor MTCC 5159. This fungus also produces lignin-degrading
enzymes other than laccase such as MnP and LiP. Their titer was low in the medium used
since the entire machinery of the fungus was routed to produce laccase via medium
modification. The titer of these enzymes (MnP and LiP) may be enhanced by simply
including manganese and veratryl alcohol in the medium and reducing the level of copper
to a bare minimum. Medium modification with the intention to increase the MnP or LiP
titer requires further investigation. Besides laccase, MnP and LiP, it is worth while to
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screen for the production of other commercially important enzymes and metabolites from
this fungus.
The decolourization and delignification capability of MTCC 5159 has been
well documented in this thesis (Chapter 5). However, the toxicity and other effects of the
resulting degradation products requires further investigation before the fungus can be
used for bioremediation purposes.
Oxygenation has been known to enhance production of many secondary
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metabolites (Zhu et al., 2006) in fungi. It has been observed that oxygenation greatly
increases laccase production, an enzyme generally produced in the idiophase.
Oxygenation of the culture is an expensive and laborious process. If the culture itself had
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the innate capability to scavenge available oxygen, external oxygenation could be avoided
or reduced. This can be accomplished by transforming Cerrena unicolor MTCC 5159
with an oxygen scavenging gene such as Vitreoscilla hemoglobin gene (Vgb) to make it
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self sufficient. The effects of Vitreoscilla hemoglobin (Vhb) have been well documented.
In the wild, Vitreoscilla stereocoraria produces Vhb under oxygen limiting conditions
(Boerman & Webster, 1982) which captures oxygen and feeds it to the terminal oxidase
(Wakabayashi et al., 1986).

It has been successfully transformed into filamentous fungi (Lin et al., 2004)
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as well as in basidiomyceteous yeast to increase cell density and to enhance metabolite
and enzyme production by enhancing oxygen uptake (Zhu et al., 2006). However,
Vitreoscilla stereocoraria the source of the gene is a prokaryote if this prokaryotic gene is
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introduced into eukaryotic Cerrena unicolor MTCC 5159, it may experience a codon
bias. Codon bias is the unequal use of synonymous codons for encoding amino acids and
has been found across kingdoms, this bias varies among organisms and even within the
genes of the same organism. It is thought that optimal codons help to achieve faster
translation rates and high accuracy. As a result of these factors, translational selection is
often stronger in highly expressed genes. Whereas in organisms that do not show high
growing rates or genes that are minimially expressed, codon usage optimization is
normally absent. Codon usage differs greatly between prokaryotes and eukaryotes, this
difference is more pronounced between a basidiomycete, which use GC rich codons
instead of the AT rich codons used by prokaryotes (Codon Usage Database;
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http://www.kazusa.or.jp/codon). This could result in low Vgb translation which may not
meet the critical concentration required for effective oxygen scavenging.
To overcome this, Vitreoscilla stereocoraria strain C1 was used as the
source of Vhb with superior oxygen scavenging capabilities. The Vgb sequence of this
organism was corrected for codon bias such that this gene should be optimally expressed
in basidiomycetes, more specifically with Phanerochaete chrysosporium (most well
documented basidiomycete). Once transformed, growth and secondary metabolite
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production of the basidiomycete should be enhanced. This gene has already been
synthesized by recursive PCR and deposited at National Center for Biotechnology
Information (NCBI) under accession number DQ787436. It has been transformed into
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p416 vector containing a fungal glyceraldehyde-3-phosphate dehydrogenase, (GPD)
expression promoter. This promoter-gene cassette requires to be tagged with a reporter
gene for easy identification of clones with the fully functional Vhb. After which it can be
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transformed into Cerrena unicolor MTCC 5159. This should result in enhanced growth or
normal growth under lowered oxygen tensions as well as up-regulation of several
secondary metabolite / enzyme-coding genes.

It would be worth while to complete these studies to obtained high quality
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and greater yields of metabolites and enzymes from this fungus.
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8.1 MEDIA
8.1.1 Low nitrogen (L) (Tien & Kirk, 1988) modified medium: Glucose and glycine
at 3.75 % and 0.5 % concentration respectively were added to a mineral salts base
which contained the following components; 0.0001 %, 7 %

& 10 % final

concentration of thiamine, trace elements solution and basal salts solution
respectively. The pH was adjusted to 4.5 using citrate phosphate buffer. The
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volume was brought up to 100 mL using either DW or SW, as per the
requirement.

8.1.1.1 Basal salts solution: KH2PO4, MgSO4 and CaCl2 at 2 %, 5 % & 0.1%

he

respectively, the final volume was made with DW.

8.1.1.2 Trace elements solution: 1.5 g nitrilic triacetate was dissolved in 800 mL
distilled water and the pH was adjusted to 6.5 using 1 N KOH to which,
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the following components were added:

MgSO4
MnSO4
NaCl
FeSO4. 7H2O
CaCl2. 6 H2O
ZnSO4. 7 H2O
CdCl2
AlK(SO4)2.12 H2O
H3BO3
Na2MoO4. 2 H2O

3g
0.5 g
1g
0.1 g
0.1 g
0.1 g
0.08 g
0.01 g
0.01 g
0.01 g

The solution was made up to 1 L with DW and stored in the dark.

8.1.2 Boyd and Kohlmeyer (B&K) medium (Kohlmeyer & Kohlmeyer, 1979):
contained 1 % glucose, 0.2 % peptone and 0.1 %yeast extract. The volume was
made up with either DW or SW or half strength (50 %) SW, as per the
requirement. In case of solid medium, 1.8 % agar was used.
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8.1.3 Malt extract broth (MEB): 2 % (w/v) of ready made malt extract broth powder
(HiMedia, Mumbai) dissolved in either DW or SW or half strength (50 %) SW, as
per the requirement. In case of solid medium, malt extract agar (MEA), 1.8 % agar
was used.

8.1.4 Carrot juice modified agar (Hasan et al., 1995): 10 % (v/v) filtered carrot juice
and 0.5 % (w/v) yeast extract was added to LN medium base to which 1.8 % agar
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was added.
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# Ready-made media were from Hi-media (Mumbai, India) and other chemicals were
from either Sigma or Merck and were of molecular biology or analytical grade as per

.T

the requirement.

8.2.1 ESTIMATIO METHODS

.D

8.2.1.1 Dissolved Oxygen Estimation (Wrinklers Method) (Eaton et al., 2005)
A 300-mL glass Biological Oxygen Demand (BOD) stoppered bottle was placed

below the water surface and filled up to the brim. Immediately without the

Ph

introduction of air bubbles, 2 mL of MnSO4 followed by 2 mL of KI-azide
reagent was added. The bottle was then stoppered with care to ensure no air was
introduced. The sample was mixed by inversion several times. A brownishorange cloud of precipitate indicated the presence of dissolved oxygen. It was
allowed to precipitate after mixing several times by inversion. Just above the
surface, 2 mL of concentrated H2SO4 was added and the bottle was then
stoppered and inverted several times to allow the precipitate to get dissolved by
the acid. An aliquot of this treated sample (201 mL) was titrated with Na2S2O3
using starch as indicator. The concentration of dissolved oxygen (1 mg L-1

dissolved oxygen) in the sample is equivalent to the amount of titerant (mL)
used.
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8.2.1.2 Chloride Content Estimation (Argentometric Method) (Eaton et al., 2005)
The chloride content of the water sample was estimated via titration with
AgNO3. The AgNO3 precipitates out the chlorides in the water sample due to the
reaction of Ag+ with the Cl- present in the water sample to form a white
precipitate of AgCl. Once all the Cl- ions are used up, the Ag+ then reacts with

sis

the CrO4-2 of the indicator to form Ag2CrO4 which is a reddish brown
precipitate. The end-point of the reaction is reached when a stable reddish brown
precipitate is obtained.

he

To 5 mL of water sample, 5 mL of (0.35 %) K2CrO4 indicator
solution was added. This was titrated against 0.2184 M AgNO3 with constant
stirring until a presence of a persistent orange colour occurred. The volume of

.T

AgNO3 required for the colour change to occur was recorded.

CALCULATIOS:

0.2184 M AgNO3 * vol of AgNO3 (L) = ‘x’ mol AgNO3 = ‘x’ mol Ag+ = ‘x’ mol Cl-

.D

(‘x’)*(35.45g Cl- ÷ 1 mol Cl-) = mass Cl- = ‘y’ g of Cl†

(‘y’ ÷ mass of sample )*(1000) = z chlorinity (ppt)
mass of sample = volume of sample (mL) * density of sample#

Ph

†
#

when the sample is sea water, the density of sea water is 1.05 g mL-1

OTE: 1.80655 Cl (ppt) = Salinity (ppt)
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8.2.1.3 Lignin Estimation (Kappa Number Method) (Anonymous, 1988)
STANDARDIZATION OF POTASSIUM PERMANGANATE (KMnO4) SOLUTION

The burette was filled with KMnO4 whose normality had to be determined. 20
mL of 0.1 N ferrous ammonium sulphate containing 0.2 % H2SO4 was taken in a
conical flask to which, 10 - 15 mL of 1 M H2SO4 was added. This
solution of ferrous ammonium sulphate was titrated by slowly adding small
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amounts of KMnO4 from the burette with continuous mixing. The pink colour
obtained upon addition of KMnO4 solution disappears on mixing. The titration is
continued until a permanent pale pink colour appears.

he

STANDARDIZATION OF SODIUM THIOSULPHATE (Na2S2O3) SOLUTION

10 mL of 0.1N K2Cr2O7 solution was taken in a conical flask to which, 20 mL of
1N HCl was added. To this mixture, 2 g of KI was added and mixed well. The
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mixture was kept in the dark for 10 min after which, it was titrated against
Na2S2O3 solution present in the burette. After adding about 3 - 4 mL of Na2S2O3
or till the solution in the conical flask turned pale yellow, 1 mL of starch was
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added. The titration was continued till the end-point, which was bluish green.

PROCEDURE

To 0.1g of moisture-free sugarcane bagasse, 79.5 mL distilled water was added

Ph

and mixed until the bagasse was completely wet. To this, a mixture of 10 mL

(0.1N) KMnO4 & 10 mL (4N) H2SO4 was added and mixed well. The solution
was gently mixed for 10 min and the temperature of the solution was recorded
mid way of the reaction. The reaction was stopped with 2 mL of (1 N) KI. This
too was well mixed and then the free I2 released as a result was titrated against
(0.2 N) Na2S2O3 using starch (0.2 %) as an indicator. The volume of Na2S2O3
was recorded. The blank determination was carried out using exactly the same
method but omitting the pulp.
CALCULATIOS:

p = [(b - a) *N] ÷ 0.1
Where; p = amount of KMnO4 (0.1N) actually consumed by the test (mL).
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b = amount of Na2S2O3 consumed by the blank (mL).
a = amount of Na2S2O3 solution consumed by the test (mL).
N = normality of Na2S2O3.
Using the value of ‘p’, the value of ‘f’ is determined from the table below:
Factor ‘f’ correction for different percentages of permanganate used

0

1

2

3

4

5

6

7

8

sis

f

9

0.958 0.960 0.962 0.964 0.966 0.968 0.970 0.973 0.975 0.977

40

0.979 0.984 0.983 0.985 0.987 0.989 0.991 0.994 0.996 0.998

50

1.000 1.002 1.004 1.006 1.009 1.011 1.013 1.015 1.017 1.019

60

1.002 1.024 1.026 1.028 1.030 1.033 1.035 1.037 1.039 1.042

70

1.044
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30

When a constant temperature bath was not available, the temperature was
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determined after 5 min of reaction period. This was assumed the average reaction
temperature throughout the test. If the temperature was not higher than 30°C or

Ph

lower than 20°C, the correction for the kappa number is as follows:

K = [p * f * (1+0.013 (25-t))] ÷ w

Where;

K = kappa number
f = correction factor to a 50 % KMnO4 consumption, dependent on the value of ‘p’
w = weight of the moisture free bagasse (g)
p = amount of 0.1N KMnO4 actually consumed by the test (mL).
t = temperature in °C of the reaction mixture midway during incubation period.

Relationship with lignin:
The kappa number gives essentially a straight line relationship with both Klason
lignin and chlorine number for pulp below 70 % total pulp yield.
Klason lignin (%) ≈ K x 0.1
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8.2.1.4 Protein Estimation (Bradfords Method) (Bradford, 1976; Stoscheck, 1990)
Bovine serum albumin (BSA); 2 g was dissolved in 1 mL distilled water and used
as stock for the preparation of protein standards for protein estimation by
Bradfords method. The various dilutions were prepared in distilled water.
To 30 µL of each protein dilution, 900 µL of Bradfords reagent
was added and incubated at RT for 30 min. The absorbance was recorded
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sis

spectrophotometrically at 595 nm and a standard graph for the same was plotted.
1.0

0.6

y = 0.6536x
R2 = 0.999

0.4

.T

Abs (595 nm)

0.8

0.2

0.0

0.25

.D

0

0.5

0.75

1

1.25

1.5

-1

BSA (mg mL )

CALCULATIONS:

Ph

Protein (mg mL-1) = [A595/ 0.6536]

Where;

A595 = Absorbance at 595 nm

Protein was expressed as mg mL-1 or g L-1.

8.2.1.5 Biomass Estimation
The fungal biomass was estimated as its dry weight. The culture broth was filtered
though pre-weighed Whatman No.1 filter paper. The paper was dried at 60°C,
until a constant weight was achieved. This was then conditioned at room
temperature and then reweighed. The difference in weight was considered as the
dry weight and expressed as g L-1 of culture medium.
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8.2.2 EZYME ESTIMATIO METHODS

8.2.2.1 Laccase Assay
8.2.2.1.1 Using ABTS (Childs & Bardsley, 1975; Niku-Paavola et al., 1988)
Laccase activity in the sample was spectrophotometrically determined by

enzymatic oxidation of ABTS.

sis

monitoring the rate of product (dark green colour) formation due to the
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In a 1 mL of cuvette, the following components were added;

.T

0.5 mL of 2 mM ABTS prepared in buffer of desired pH range + 0.05
to 0.5 mL of enzyme (to be tested) was added, the same buffer in
which the ABTS was prepared in, was used to make up the total
volume to 1 mL
The kinetic reaction was spectrophotometrically measured at 405 nm for 1
min at the desired temperature, as an increase in absorbance. The blank
contained all the assay constituents except the active enzyme, buffer or heat

.D

inactivated enzyme was used in its place.

CALCULATIOS:

Ph

Laccase (U L-1) = [∆A405*total vol*dilution factor*106] ÷ [ЄABTS*sample vol]
Where;

∆A405 = rate of reaction i.e. final abs - initial abs ÷ time (min)
ЄABTS = molar extinction coefficient of the radical-cation ABTS (35000)
Total vol = total volume of reaction mixture (mL)
Sample vol = volume of enzyme used (mL)

Laccase was expressed as enzyme units per liter i.e. U L-1 or (µmol min-1) L-1,
where one enzyme unit is expressed as µmol of the product formed per
minute.
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8.2.2.1.2 Using Syringaldazine (Harkin & Obst, 1973)
Laccase activity in the sample was spectrophotometrically determined by
monitoring the rate of product (dark pink colour) formation.

In a 1 mL of cuvette, the following components were added;

sis

0.1 mL of 10 mM syringaldazine prepared in ethanol + 0.4 mL of
buffer of desired pH range + 0.05 to 0.5 mL of enzyme (to be tested)
was added, buffer, was used to make up the total volume to 1 mL
The kinetic reaction was spectrophotometrically measured at 525 nm for 1
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min at 30°C, as an increase in absorbance. The blank contained all the assay
constituents except the active enzyme, buffer or heat inactivated enzyme was
used in its place.

.T

CALCULATIOS:

Laccase (U L-1) = [∆A525*total vol*dilution factor*106]÷[Є Syringaldazine*sample vol]

Ph
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Where;
∆A525 = rate of reaction i.e. final abs - initial abs ÷ time (min)
ЄSyringaldazine = molar extinction coefficient of the product (65000)
Total vol = total volume of reaction mixture in (mL)
Sample vol = volume of enzyme used in (mL)

Laccase was expressed as enzyme units per liter i.e. U L-1 or (µmol min-1) L-1,
where one enzyme unit is expressed as µmol of the product formed per
minute.

# OTE: Both ABTS and syringaldazine also act as substrates for peroxidases in the
presence of hydrogen peroxide. To exclude the inclusion of peroxidase in
laccase estimation, endogenous peroxide is required to be removed by preincubating the enzyme sample with catalase (10 µg mL-1) with stirring prior to
assay for laccase activity.
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8.2.2.1.3 Using Guaiacol (modified) (Setti et al., 1998; Xiao et al., 2001)

Laccase activity in the sample was spectrophotometrically determined by
monitoring the rate of product (dark brown colour) formation.

In a 1 mL of cuvette, the following components are added;

sis

0.1 mL of 10 mM guaiacol prepared in ethanol + 0.4 mL of buffer of
desired pH range + 0.05 to 0.5 mL of enzyme (to be tested) was added,
buffer, is used to make up the total volume to 1 mL.
The kinetic reaction was spectrophotometrically recorded at 460 nm for 3
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min after 1 min delay at 30°C, as an increase in absorbance. The blank
contained all the assay constituents except the active enzyme, buffer or heat

.T

inactivated enzyme was used in its place.

CALCULATIOS:

Laccase (U L-1) = [∆A460*total vol*dilution factor*106] ÷ [ЄGuaiacol*sample vol]

.D

Where;
∆A460 = rate of reaction i.e. final abs - initial abs ÷ time (min)
ЄGuaiacol = molar extinction coefficient of the product (27.75)
Total vol = total volume of reaction mixture in (mL)
Sample vol = volume of enzyme used in (mL)

Ph

Laccase was expressed as enzyme units per liter i.e. U L-1 or (µmol min-1) L-1,
where one enzyme unit is expressed as µmol of the product formed per
minute.
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8.2.2.2 Lignin Peroxidase (LiP) Assay (Paszczynski et al., 1988)

LiP catalyses the oxidation of veratryl alcohol to veratraldehyde by H2O2. Only
the aldehyde shows absorbance at 310 nm.

Reaction mixture (25 mL) = 20 mL of 125 mM d-tartaric acid buffer (pH 2.5)
+ 2.5 mL of 40 mM veratryl alcohol + 2.5 mL of 8 mM H2O2.

he

#

sis

In a 1 mL cuvette, the following components are added;
0.5 mL of reaction mixture #
+ 0.5 mL of enzyme solution to be tested

The kinetic reaction was spectrophotometrically measured at 310 nm for 1 min at
the desired temperature. The blank contained all the assay constituents except the

.T

active enzyme, buffer or heat inactivated enzyme.

CALCULATIOS:

LiP (U L-1) = [∆A310*total vol*dilution factor*106] ÷ [ЄVeratrylaldehyde*sample vol]

Ph

.D

Where;
∆A310 = rate of reaction i.e. final abs - initial abs ÷ time (min)
ЄVeratrylaldehyde = molar extinction coefficient of veratrylaldehyde (9300)
Total vol = total volume of reaction mixture (mL)
Sample vol = volume of enzyme used (mL)

Lignin peroxidase was expressed as enzyme units per liter i.e. U L-1 or (µmol
min-1) L-1, where one enzyme unit is expressed as µmol of the product formed

per minute.
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8.2.2.3 Manganese-dependant Peroxidase (MnP) Assay (Paszczynski et al., 1988)
MnP catalyses the oxidation of Mn+2 to Mn+3 by H2O2 the product Mn+3, forms a
transient stable complex with tartaric acid, showing a characteristic absorbance at
238 nm.

Reaction mixture (17.75 mL) = 4 mL of 500 mM sodium tartarate buffer
(pH 5) + 0.2 mL of 10 mM MnSO4 + 13.55 mL DW.

he

#

sis

In a 1 mL cuvette, the following components are added;
0.8875 mL reaction mixture # + 0.0125 mL of 8 mM H2O2
+ 0.1 mL enzyme solution to be tested

The kinetic reaction was spectrophotometrically measured at 238 nm for 1 min at
the desired temperature, as an increase in absorbance. The blank contained all the

.T

assay constituents except the active enzyme, buffer or heat inactivated enzyme
was used in its place.

.D

CALCULATIOS:

MnP (U L-1) = [∆A238 * total vol * dilution factor * 106] ÷ [ЄMn+3 * sample vol]

Ph

Where;
∆A238 = rate of reaction i.e. final abs - initial abs ÷ time (min)
ЄMn+3 = molar extinction coefficient of Mn+3–tartarate complex (6500)
Total vol = total volume of reaction mixture (mL)
Sample vol = volume of enzyme used (mL)

Manganese dependant peroxidase was expressed as enzyme units per liter i.e.
U L-1 or (µmol min-1) L-1, where one enzyme unit is expressed as µmol of the
product formed per minute.
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8.2.2.4 Estimation of Cellulase (modified) (Miller, 1959; Trigiano et al., 2003)
Paper is the source of cellulose, the reducing sugars released as a result of
cellulase action on cellulose is estimated by the dinitro salicyclic acid (DNSA)
method using D-glucose as the sugar standard.
Finely cut-pieces of Whatman No. 1 paper, 0.01 g was incubated
with the enzyme sample dissolved in 0.2 M Na-acetate buffer, pH 4.5 at 30°C for

sis

1 h. One mL of this sample (without the paper) + 1 mL of DNSA reagent# were
incubated in a boiling water bath for 10 min. It was then cooled to RT, the total
volume was brought to 10 mL with DW and the absorbance was

#

he

spectrophotometrically recorded at 546 nm. The blank was enzyme free.

DSA Reagent (to be prepared without heating):

Solution A – Sodium potassium tartarate (Rochelle salt), 150 g dissolved in 100 mL of

.T

distilled water was added to DNSA, 5 g dissolved in 20 mL of 10 %
NaOH. The total volume was made to 250 mL using distilled water.
Solution B – Sodium bisulphate, 0.25 g was dissolved in a solution containing 1 g of
phenol prepared in 30 mL of 10 % NaOH. The total volume was made to

.D

250 mL using distilled water.

Ph

Solution A & B are mixed and stored in the dark at 4°C.
1.2

Abs (546 nm)

1

y = 0.0011x - 0.0211
R2 = 0.9967
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CALCULATIONS:
AMOUNT OF REDUCING SUGAR

The concentration of reducing sugar was determined as mg mL-1, from the
following equation obtained from the above Std. graph;
Y = 0.0011X - 0.0211

Total Reducing sugar:

he
sis

Where X = ‘A’ mg reducing sugar mL-1
Y = Absorbance of sample at 546 nm

A* total vol of reaction mixture (mL) = ‘B’ mg total reducing sugars
Amount of mg moles of D-glucose:

.T

Molecular weight of D-glucose = 180.2 g i.e. 180.2 g mole-1
Converting g to mg,
180.2 * 103 = 180200 mg D-glucose mole-1----------------------- (1)
AMOUNT OF PROTEIN

Using the Bradfords method protein concentration was determined, ‘C’ mg mL-1.

.D

Total Protein:

Total protein = C * vol of sample used in assay (mL) = ‘E’ mg total protein

Since the sample was incubated for 1 h,

Ph

= (B mg total reducing sugars) ÷ (E mg total protein) ÷ 60
= ‘F’ (mg reducing sugar mg-1 total protein) min-1 -------------------- (2)

AMOUNT OF CELLULASE

Dividing equation (2) by (1),
F ÷ 180200 = ‘G’ (moles of reducing sugar mg-1 total protein) min -1
= G* 106 = ‘H’ (μmoles of reducing sugar mg-1 total protein) min -1
Cellulase activity = ‘H’ (μmoles of reducing sugar mg-1 total protein) min -1
One unit of cellulase was defined as the amount of enzyme which produced 1
μmole glucose equivalent per minute under the assay conditions and expressed as
(μmoles mg-1 total protein) min -1.

203

Appendix

8.2.3 LACCASE CHARACTERIZATIO
8.2.3.1 Molecular mass of laccase using size exclusion chromatography
(Superdex 75 column)
Kav = (Elution vol – Void vol) ÷ (Total vol – Void vol)
Where Total vol = 120.637 mL ;

sis

Void vol = 39.810001 mL
This value is substituted in the following equation which was
previously determined in the laboratory using the std proteins (BSA,
chicken egg albumin, carbonic anhydrase, α-lacto albumin) for

he

Superdex 75 column at the same flow rate (1 mL min-1) which was
used to separate the protein. Kav = -0.2287 * ln (Mol wt) + 2.6367.

.T

By solving the equation, the molecular mass is obtained in Daltons (Da).

8.2.3.2 LACCASE KIETIC PARAMETERS (Nelson & Cox, 2004)

.D

8.2.3.2.1 Vmax (maximum velocity): A reciprocal plot of velocity of reaction (yaxis) and substrate concentration (x-axis) [Line Weaver burke Plot] is

plotted. Upon extrapolating the line, the reciprocal of the intercept on

Ph

the positive Y-axis is the Vmax (µmol min-1).

8.2.3.2.2 Km (Michaelis constant): From the above plot, the reciprocal of the
intercept on the negative X-axis is the Km (µM) [the –ve sign of the
value is ignored].

8.2.3.2.3 Kcat (Catalytic constant): Kcat = Vmax ÷ Et (µmol). Where Et = Total
amount of enzyme (in terms of total protein in µg) ÷ Mol mass of
laccase (kDa). The unit for Kcat is either min-1 or sec-1.
8.2.3.2.4 Specificity Constant = Kcat ÷ Km.
The unit for specificity constant is µM min-1.
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8.2.3.2.5 Q10 (temperature coefficient) http://www.csupomona.edu/~seskandari
/physiology/physiological_calculators/Q10.html: This represents the
factor by which the rate (R) of a reaction increases for every 10 degree
rise in the temperature (T) in degrees Celsius or Kelvin (K).
Q10 = [R2 ÷ R1] [10 ÷ (T2 – T1)].

sis

Q10 is a unitless quantity.
8.2.3.2.6 Eact (Energy of activation) (http://www.rod.beavon.clara.net/Q10.html) :
This has been determined in terms of Q10 value.

he

Eact = [R*ln (k2 ÷ k1)] ÷ [(1 ÷ T1) - (1÷ T2)]

Where ; k1 and k2 are the rate constants of the reaction at temperatures
T1 and T2 in Kelvin (K).

R (gas constant) = 8.314472 J K-1 mol-1 or 1.987 C K-1 mol-1.

.T

The units of Eact is either J mol-1 or Cal mol-1 depending of the units of

‘R’. It is converted in k J mol-1 or Cal mol-1 by multiplying the result

with 10-3.

.D

8.2.3.3 PURIFICATIO TABLE (Nelson & Cox, 2004)

8.2.3.3.1 Total Specific Activity:

Ph

= Total laccase (U) in step x ÷ Total protein (mg) in step x.
The unit for total specific activity is U mg-1.

8.2.3.3.2 Yield:
= Total laccase (U) in step x ÷ Total original laccase (U).
The unit for yield is % relative considering original as 100%.
8.2.3.3.3 Purification Fold:
= Specific activity in step x ÷ Original specific activity

8.2.3.4 Specific Activity (U mg-1): = Laccase (U mL-1) ÷ protein (mg mL-1).
The unit for specific activity is U mg-1.
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8.3 PROCEDURES & PROTOCOLS
8.3.1 Fungal DA Extraction (van Burik et al., 1998)
The fresh fungal biomass was rinsed in sterile DW twice, lyophilized and then
ground with a mortar and pestle. This was re-suspended in extraction buffer and
1 % β-mercaptoethanol preheated to 65°C. The mixture was then subjected to a
deproteination step which consisted of extraction in a mixture of Tris-saturated

sis

phenol (pH 8), chloroform and isoamyl alcohol in the ratio of 25:24:1, after
vigorous mixing, the solution was subjected to centrifugation (13,000 g / 15 min
/ 4°C). The supernatant was subjected to RNase (10 % of 2 mg mL-1 stock)

he

treatment at 37°C and immediately followed by an extraction in a mixture of
chloroform and isoamyl alcohol in the ratio of 24:1. The mixture was subjected
to centrifugation (13,000 g / 15 min / 4°C), 2.5 vols of isopropanol was added to
the supernatant and stored at -20°C for at least 1 h. This caused the DNA to

.T

precipitate which was then rinsed in 70 % ethanol, air-dried and then
resuspended in high salt Tris EDTA (TE) buffer.
The quality of the DNA was estimated via agarose gel

.D

electrophoresis at ~ 60 V using 1X Tris-Borate-EDTA (TBE) running buffer.
The gel contained 0.8 % (w/v) agarose in 1X TBE buffer, to which ethidium

bromide was added. After electrophoresis, the gel was visualized under UV
light, DNA appears as fluorescent orange bands due to the intercalation of

Ph

ethidium bromide with the DNA double helix. The image was then documented
using a gel documentation system (Alpha Imager, Alpha Innotech, C.A, USA).

Extraction buffer: 100 mM Tris-HCl, 20 mM Na-EDTA, 2 % CTAB, 1.4 M
NaCl &1 % poly vinyl pyrolidine in DW
High Salt TE Buffer: 10 mM Tris-HCl, 1 mM Na-EDTA &
1 M NaCl in DW
10X TBE Buffer: 900 mM Tris-base, 0.5 M Na-EDTA & 900 mM boric acid in
DW

DA Loading Dye: 0.25 % bromophenol blue, 0.25 % xylene cyanol & 0.25 %
ficoll in DW.
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8.3.2.1 SDS PAGE Composition & Reagents (Sambrook & Russell, 2001)

12 % Resolving gel
(mL)

5 % Stacking gel
(mL)

DW autoclaved
Monomer solution
Gel buffer
SDS (10 %)
APS (10 %) freshly prepared
TEMED

3.4
4.0
2.5†
0.1
0.05
0.02

5.7
1.7
2.5#
0.1
0.05
0.01

sis

COMPOETS

†

Stacking buffer: 0.5 M Tris-HCl, pH 6.8 adjusted with 6 N HCl.

.T

#

he

Resolving buffer: 1.5 M Tris-HCl, pH 8.8 adjusted with 6 N HCl.

Monomer solution (acrylamide-bisacrylamide solution, 30 %): 29.2 g of
acrylamide and 0.8 g of N’N’-bis-methylene-acrylamide was made to a final
volume of 100 mL using DW. The stock solution was filter sterilized though
0.22 µm filter and stored at 4°C in dark.

.D

SDS-PAGE sample solubilizing buffer (6×
×): contained 300 mM Tris-HCl (pH
6.8), 7.5 % β-mercaptoethanol, 10 % SDS, 60 % Glycerol, 0.6 %
bromophenol blue prepared in autoclaved DW.

Ph

SDS-PAGE running buffer (pH 8.3, 10×
×): 30.2 g Tris base, 144 g glycine &
100 mL of 10 % SDS, the final volume is made to 1 L using DW.

8.3.2.2 Electro-Blotting (http://www.oardc.ohio-state.edu/stockingerlab/Protocols/
ProteinElectroblotting.pdf)
After SDS PAGE was over, the gel was washed in milli Q water to remove the
SDS and then soaked in 1X CAPS buffer for 5 min. The packing (Whatman
sheets) were also similarly soaked. The PVDF membrane was soaked in 100%
methanol for 5 min. The gel was then placed onto the membrane and the air
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bubbles, if any were removed. On either side, CAPS buffer-soaked Whatman
sheets were placed. Together they were placed in the electro blotting chamber
with the gel facing the negative electrode and the PVDF membrane, the
positive electrode. Electrophoresis was carried out overnight in the cold.
The PVDF membrane was stained in Coomassie stain for 2 - 3
min and then destained using 50 % methanol with 2 - 3 intermittent changes.
After the background was removed the membrane was dried between clean

sis

dry Whatman sheets.

he

10X CAPS Buffer: 5.535 g CAPS was dissolved in 200 mL milli Q water.
The pH was adjusted to 11 with 2 N NaOH. The total volume
was made up to 250 mL with milli Q water.

.T

1X CAPS Buffer: 100 mL of 10 X CAPS Buffer was added to 800 mL
milli Q water and then chilled. 100 mL methanol was added just
before use to the chilled mixture.

.D

8.3.2.3 Polyacrylamide gel / PVDF Membrane Staining Procedures

8.3.2.3.1 ACTIVITY STAIIG FOR LACCASE (Xiao et al., 2004)
After electrophoresis was over, the polyacrylamide gel was placed in a citrate

Ph

phosphate buffer (pH 6) solution containing 10 % guaiacol till staining occurs.
Protein bands corresponding to laccase oxidize guaiacol to a deep brown
colour and these bands retain the colour. The excess guaiacol was removed
with repeated rinses in distilled water. The gel was placed in fixative (same as
used in silver staining of proteins). This removes the background and

previously invisible laccase bands begin to appear. The gel was then placed in
water for complete rehydration and the image was then documented using the
gel documentation system.

OTE:

All incubation steps are carried out on a gel rocker.
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8.3.2.3.2 PROTEI STAIIG

8.3.2.3.2.1 Silver Staining (Heukeshoven & Dernick, 1985): After electrophoresis
was over, the gel was placed in fixative for at least 1 h. After which it
was transferred to methanol (for dehydration) and kept for at least 20
min. This was repeated at least 2 - 3 times using fresh methanol each
time. The gel was then rehydrated in distilled water till complete

sis

rehydration occurred. It was then placed in 0.02 % Na2S2O3 for 2-3 min
and then subjected to 30 min incubation in 0.2 % AgNO3 in the dark.
The AgNO3 was rinsed off with distilled water and then the gel was

he

placed in developer and shaken very gently till protein bands appeared.
The reaction was stopped by placing the gel in fixative for 5 - 10 min.
The gel was then placed in water for complete rehydration and the image

.T

was then documented using the gel documentation system.

Fixative: 250 mL methanol, 62.5 mL acetic acid & 500 µL formalin in
187 mL DW.

.D

Developer: 6 g Na2CO3, 40 µL of 10 % Na2S2O3 & 75 µL formalin in
100 mL DW.

Ph

8.3.2.3.2.2 Coomassie Blue Staining (http://www.ohsu.edu/proteomics/sampleprep/
coomassie.pdf): After electrophoresis was over, the gel was placed in

Coomassie Blue stain for 2 h and then destained overnight using
Coomassie Blue destain solution with several intermittent changes, until
the background was cleared and only the protein bands stained blue.

Coomassie Blue staining solution: 40 % methanol, 10 %
acetic acid, 0.25 % Coomassie brilliant blue R-250
prepared in milli Q water.
Coomassie Blue destaining solution: 40 % methanol,
10 % acetic acid, prepared in milli Q water.
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8.3.2.3.3 GLYCOPROTEI STAIIG (Schiffs Method) (Zacharius et al., 1969):
After electrophoresis was over, the polyacrylamide gel was placed in
fixative for at least 30 min. This step was repeated at least 4 times using
fresh fixative solution each time. The fixation overnight was continued in
fresh fixative and then the gel was subjected to another two washes for 30
min each in fresh fixative. The glycoprotein bands were oxidized by

sis

placing them in 1 % periodic acid – 3 % acetic acid mixture for 60 min.
The oxidized gel was washed with water at least 10 times, with 10 min
incubation each time, to remove traces of periodic acid. The gel was then

he

incubated in Schiffs reagent (Sigma, USA) for 60 min in the dark. Redpurple glycoprotein bands began to appear within the first 20 min itself.
To remove the background (for image capture), the gel was washed at
least thrice, with a 10 min incubation each time in 0.58 % potassium

.T

metabisulphite - 3 % acetic acid prepared in water. Washing with this
solution at 30 min intervals using fresh solution each time, was continued
till all the background was eliminated.

.D

OTE: For all staining procedures, the incubation steps were carried out on a gel

Ph

rocker.

8.3.3 Exopolymeric Substance (EPS) Staining (Long & Azam, 1996)
A 21 day-old fungal culture grown in liquid medium was placed on a slide and

teased to separate the fungal strands. A drop of 0.22 µm filtered Alcian blue stain
was placed onto the preparation, over which a cover slip was placed. The Alcian
blue stains the EPS blue whereas the fungal hyphae remain transparent.

Alcian blue stain: 0.02 % Alcian blue in 0.06 % acetic acid (pH 3.3)
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8.4 DETAILS OF THE IDUSTRIAL EFFLUETS

8.4.1 Textile Effluent A (TeA) was obtained from Atul Ltd., Gujarat, India and
contained mainly Azo dye - 20 with 0.34 % carbonate. The effluent was deep
purple and had a pH of 8.9.

sis

8.4.2 Textile Effluent B (TeB) was obtained from from Atul Ltd., Gujarat, India and
contained a mixture of dyes with 21700 colour units, total solids 4.2 %, Na+1 2440
ppm, Ca+2 31 ppm, SO4-2 0.6 %, Cl-1 3.2 % and PO4-3 0.5 %. The dyes in this

he

mixture were reactive blue 140 base, reactive blue 140, reactive blue 160 base,
reactive blue 163, reactive red 11, reactive yellow 145, reactive green 19 and

.T

reactive blue 4. The effluent was dark green in colour and had a pH of 2.5.

8.4.3 Molasses Spent Wash (MSW) in the raw untreated form was obtained from Rheaa
Distilleries Ltd., Goa, India. It had a BOD of 42,000 mg L-1 and COD of 80,000

.D

mg L-1. It was dark brown in colour and had a pH of 4.3.

8.4.4 Black Liquor (BL) was obtained from Seshasayee Paper Mills, a bagasse and wood

Ph

chip-based newsprint manufacturing unit in Tamil Nadu, India. The effluent was

black in colour and had a COD of 416 mg L-1 and BOD of 190 mg L-1.
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