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ABSTRACT

In this study, potential of 30 fungal strains isolated from pulp and paper mill sludge were assessed as
biolignolytic microorganisms and their ability to produce ligninolytic enzymes viz., laccase (Lcc), lignin
peroxidase (LiP), manganese peroxidase (MnP), xylanase and cellulase using different chromogenic
substrates. A total of eight fungi exhibited conspicuous halos with their respective substrate. The
fungal isolates were found to be significantly different in qualitative enzyme production. Maximum
enzyme activity for Lcc, MnP and LiP were 26.24, 8.5 and 12.99 U/mL exhibited by fungal isolates
Trametes sp. (LDFD5), Nigrospora sp. (LDF00204) and Alternaria sp (LDFD4) on 10" and 13" day,
respectively, by solid state fermentation (SSF). Conspicuous reduction in colour unit upto 75.29 % and
76.37 % were observed by fungal strain LDF00204 at 30°C temperature and pH 5 respectively.
Results depicted that fungal isolate Nigrospora sp. LDF00204 (Accession No. KP732542) exhibited a
relatively noble characteristic of having ligninolytic enzymes, is able to degrade lignin and its co-
compounds efficiently, and thus it could be utilized for decolorization of pulp and paper mill effluent and

also for bioremediation of alike pollutants.

INTRODUCTION

The pulp and paper industries present an energy demand-
ing and highly polluting sectors in the world which gener-
ate huge amount of wastewaters. It has a total production
capacity of more than 3 million tons per annum (CPCB
2001). Chemical pulping and bleaching (kraft process) pro-
duce enormous amounts of inorganic chemicals, toxic com-
ponents and wood residues known as black liquor which
has a major impact on the environment. Black liquor gener-
ated by the industry has high biochemical oxygen demand
(BOD), chemical oxygen demand (COD), pH and odour
(Raghukumar & Rivonkar 2001). Moreover, the use of
chemical compounds lead to the formation of xenobiotics
e.g. dioxin, biphenyls, polybrominated diphenyl ether and
chloro-4-(dichloromethyl)-5-hydroxy-2(5H)-furanone (MX)
(WHO 2007), influencing aquatic flora, fauna nutrient bal-
ance of soil and aquatic food chain as well (Makris &
Banerjee 2002, Akhan 2008, Owens et al. 1994).

Treatment of the generated effluent is of great concern
from environmental point of view. Biological methods are
preferred over physico-chemical methods owing to its sim-
plicity, low cost and no adverse impact on environment.
Screening of fungi is a common practice to find out the po-
tential fungal strains with the ligninolytic enzyme activity
of industrial application. White rot fungi has been recog-
nized as a model organism for biodegradation of lignocel-

lulosic compounds. These fungi have strong oxidative en-
zymes viz., LiP, MnP and Lcc which have great potential to
degrade lignin and its co-compounds (Linger et al. 2014).
LiP and MnP helps in oxidation of aromatic compounds
and terminal phenolic, nonphenolic substrates respectively,
while Lcc are involved in breaking of phenolics and
nonphenolics part and both have been reported in number
of fungi (Dhouib et al. 2005). SSF technique using different
lignocellulosic wastes, rich in nutrients and contain induc-
ers of ligninolytic enzymes has been studied by many work-
ers (Couto & Sanroman 2005, Singhania et al. 2009).

Decolorization of pulp and paper mill effluent using dif-
ferent microorganisms, where the effect of various factors like
temperature, pH, carbon and nitrogen sources were investi-
gated by several workers (Wu et al. 2005, DaRe et al. 2011).
Nigrospora sp. has been reported as an endophytic fungus
(Pawle et al. 2014) of plants and few species are characterized
as pathogenic. Previous studies have emphasized its role for
antimicrobial properties, secondary metabolites production
and dye decolorization (Ilyas et al. 2013). Despite all these,
Nigrospora sp. as source of ligninolytic enzyme and decolori-
zation of pulp and paper mill effluent has not yet been stud-
ied thoroughly. Hence, the present study was undertaken to
isolate ligninolytic enzymes producing fungi from pulp and
paper mill sludge and also to assess their potential for de-
colorization of paper mill effluent.
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MATERIALS AND METHODS

Chemicals and material: 2,2-azino-di-(3-ethylbenzo
thialozin-6-sulfonic acid) (ABTS), birchwood xylan, guai-
acol and azure B were purchased from Sigma (St. Louis, MO,
USA) and 3,5-Dinitrosalicylic acid (DNS), was purchased
from Hi Media, India. All other reagents were of analytical
grade, made by known manufacturers. Wheat straw was pur-
chased from local farm in Pantnagar, Uttarakhand.

Sample collection, isolation of microorganisms and cul-
ture conditions: Black liquor sample was collected from
wood based pulp and paper mill and stored at 4°C for further
experimental purpose. Soil sludge was collected from con-
taminated site of pulp and paper mill and was serially diluted
for isolation of fungal strains. 1 g of soil was serially diluted
upto 10 with sterilized distilled water. Different diluted
suspensions, 102, 10 and 10 were spread over potato dex-
trose agar (PDA) medium supplemented with black liquor
(1%). Plates were incubated for 7 days at 28°C. The isolated
cultures were grown and maintained on PDA plates or slants
and sub-cultured every month. 10 mm agar plugs were taken
from a 7 day old fungal colony and inoculated into 500 mL
Erlenmeyer flasks with 100 mL of potato dextrose broth
(PDB) medium (pH 5) for ligninolytic enzyme production.
The flasks were incubated at 30°C on the shaker for 1-20
days under still conditions. Wheat straw was taken as ligno-
cellulosic substrate for SSF to enhance enzyme production
following the method of Pant & Adholeya (2006). All ex-
periments were performed in triplicates.

Morphological characterization, DNA isolation and iden-
tification of fungal isolate: PDA plates were inoculated with
seven days old cultures (8 mm) of fungal isolates. The plates
were incubated at 28°C. The observation of mycelia and
spore formation were noticed in full grown culture. Genomic
DNA of fungal strain LDF4 was isolated by genome DNA kit
(Qiagen Inc, USA). 18s rRNA gene amplification was done
using universal primer ITS1 (5°- TCC GTA GGT GAA CCT
GCG G-3’) and ITS4 (5’- TCC TCC GCT TAT TGA TAT
GC-3’) (White et al. 1990). Polymerase chain reactions
(PCRs) were performed in an Eppendorf master thermocycler
and PCR amplified product was sent to Chromous Biotech
Pvt. Ltd. Bangalore, India for sequence analysis. The nucle-
otide sequence data were subjected to BLAST analysis us-
ing public databases GenBank (http://www.ncbi.nem.
nih.gov/BLAST) to compare with already present sequenced
data. Sequences were aligned using the CLUSTAL W pro-
gram and phylogenetic tree was constructed using the neigh-
bour-joining (NJ) algorithm, with bootstrap values calcu-
lated from 1000 replicate runs, using the software routines
included in the MEGA 5 software. The sequence was sub-
mitted to NCBI GenBank for accession number.
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Screening of fungal strains for ligninolytic enzyme pro-
duction: The isolated fungal strains were screened for
ligninolytic enzyme production by plate assay. Lignin modi-
fying enzyme (LME) basal media (g/L- KH,PO, 1.0, Yeast
Extract 0.01, C,H N,O, 0.5, CuSO,.5H,0 0.001,
MgSO,.7H,0 0.5, Fe(SO,), 0.001, CaCl,.2H,0 0.01,
MnSO,.H,0 0.001) was supplemented with 0.005% w/v a-
naphthol for Lce and 0.01% w/v Azure-B dye for peroxi-
dase. The media containing (g/L)- ammonium tartrate (5g),
KH,PO, (1g), MgSO, .7H,O (0.5g), yeast extract (0.1g),
CaCl,.2H,0O (0.001g) was supplemented with 4% w/v
birchwood xylan for xylanase and 2% w/v carboximethyl
cellulose (CMC) for cellulase (Pointing 1999). All tests were
performed in triplicate.

Quantitative enzyme assay: For quantitative enzyme pro-
duction, potato dextrose broth (200 mL) was taken in 500
mL Erlenmeyer flasks and inoculated with fungi, individu-
ally. Additionally, wheat bran (5 g) was added as solid
substrate for enhancing the enzyme production. Flasks were
incubated at 30°C and SSF samples were extracted using
1:2.5 (w/v) of water at different time intervals. Samples
were then filtered using a glass filter. Finally the filtrate
was centrifuged at 10,000 rpm for 20 min to remove
substrate particles (Makkar et al. 2001). Lcc activity was
determined using 2, 2-azino-di-(3-ethylbenzothialozin-6-
sulfonic acid) (ABTS) as the substrate. The reaction mix-
ture contained 1 mM ABTS, 25 mM sodium acetate buffer
(pH 3.8) and the crude enzyme. The rate of ABTS oxidation
was determined spectrophotometrically at 420 nm (£420 =
36,000M-1 cm-1) at room temperature (Bourbonnais &
Paice 1990). LiP activity was determined by oxidation of
veratryl alcohol to veratraldehyde and absorbance was
measured at 310 nm (310 = 9300M-1 cm-1) according to
Tien & Kirk (1984). The reaction mixture contained 2 mM
veratryl alcohol, 50 mM sodium tartrate buffer (pH 3.0),
and 50 pL culture filtrate. The reaction was initiated by
addition of 0.2 mM of H,O,. MnP activity was assayed by
measuring the oxidation of 2, 6-dimethoxyphenol (468 =
49,600M-1 cm-1). The reaction mixture consists of 100mM
malonate buffer (pH 4.5), 2mM MnSO,, 0.5 mM H,0,, 0.5
mM 2, 6-dimethoxyphenol and crude enzyme. MnP activ-
ity was measured at 270 nm by the formation of Mn**-
malonate complexes (Wariishi et al. 1992). One unit (U) of
enzyme activity was defined as activity of an enzyme that
catalyzes the conversion of 1 u mole of substrate per minute.
Enzyme activity was expressed in international units. All
experiments were run in triplicates along with controls.

Decolorization of black liquor: The potential of screened
fungal strain designated as LDF00204 was assessed based
on decolorization of black liquor. An experiment for de-
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colorization of black liquor was performed in 500-mL Er-
lenmeyer flask containing 250 mL sterilized black liquor,
minimal salt media and pre grown fungal culture
(LDF00204) in triplicates along with control. Flask was in-
cubated at different temperatures (25°C, 30°C, 35°C) and
pH (5, 7, 9) for 7 days at 140 rpm. A control set was run in
parallel without addition of fungal strain. Samples were
collected at every alternate day (1, 3,5, 7 days), centrifuged
at 10,000 rev/min for 30 min, the pH was adjusted to 7.6 and
the sample absorbance was taken at 465 nm for calculating
the colour units (Bajpai et al. 1993).

Statistical analysis: Data were statistically analysed using
two-way ANOVA and the significant difference at P<0.05
among various treatments were given following SPSS soft-
ware.

RESULTS

Isolation and identification of fungi: Thirty fungal isolates
were obtained from pulp and paper mill sludge, rich in lignin
and other toxic compounds at the point of effluent discharge
by serial dilutions. Fungal isolates were characterized based
on morphological features and spores formation. Fungal iso-
late LDF00204 (Nigrospora sp.) was characterized by fast
growing colony and black spores. Mycelia were dull white
which later on turned black. Other isolate LDFD4 (Alter-
naria sp.) was characterized by blackish-grey, septate, ir-
regularly branched mycelia and pale brown septate
conidiophores while the third isolate LDFDS5 (Trametes sp.)
was characterized by white mycelia which later on turned
hard puffy body. Optimum temperature for growth was 28°C
for these isolates.

For identification of fungal strain LDF00204 (Nigrospora
sp.), genomic DNA was subjected to PCR amplification and
18srRNA gene sequence was compared with the available
gene sequences of other organisms in GenBank at NCBI
database at www.ncbi.nlm.nih.gov/BLAST. Constructed
phylogenetic tree showed the nearest homology of

Nigrospora sp. (LDF00204) with Nigrospora sp. KH00291.
The ITS sequence was deposited in the GenBank database
with the accession number KP732542.1.

Screening of fungi for ligninolytic activity: Isolated fungi
were subjected to plate assay for laccase, peroxidase, xylanase
and cellulase enzymes production. Amongst 30 fungal strains,
8 produced the hydrolysis zone after reaction with different
substrate (Fig. 1). Disappearance of blue colour of LME basal
media confirmed the peroxidase activity while appearance of
dark violet colour indicated the presence of laccase. Cellu-
lase activity was confirmed by appearance of hydrolysis zone
in CMC agar media and appearance of yellow zone indicated
the presence of xylanase. Most of the strains showed laccase
activity upto 75% followed by peroxidase (65%). Xylanase
and cellulase activity were found in 24% and 35% of strains
respectively (Table 1). Trametes sp. and Nigrospora sp.
LDF00204 showed initial laccase activity on 1* and 2" day
(zone diameter 5.3 cm and 3.16 cm) while Alternaria sp. (zone
dia 7.63 cm) and Nigrospora sp. LDF00204 (zone dia 6.66
cm) strain indicated maximum peroxidase activity on 5" and
7" day respectively. Cellulase and xylanase activity were
observed in fungal strain LDFD?2 (unidentified) (zone dia 5.7
cm) and Alternaria sp. (zone dia 7.6 cm) while absent in
Nigrospora sp. LDF00204. Ligninolytic enzymes activity in
all fungi were significantly (P<0.05) different, whereas, re-
spective controls (without substrate) did not show any activ-
ity. On the basis of screening, fungal strains (Nigrospora sp.
LDF00204, Alternaria sp. and Trametes sp.) were selected
for quantitative enzyme production.

Estimation of enzyme production: Initially ligninolytic
enzyme activities were observed in culture filtrate without
adding any substrate. The selected fungal isolates were
screened for quantitative production of Lcc, LiP and MnP.
A noticeable difference in enzyme production was observed
when lignocellulosic substrate (wheat straw) was added in
culture media. Maximum production of laccase was ob-
served by Trametes sp. (26.24 U/mL) followed by Nigrospora

Table 1: Ligninolytic enzyme production by fungal isolates with their respective substrates.

Fungal Strain Laccase (o-naphthol) Peroxidase (Azure B) Cellulase Xylanase
LDF4 (Nigrospora sp. LDF00204)  3.16+0.12 (1) 6.66x0.12 (7) 0+0 0+0

LDF21 (Alternaria sp.) 2.33£0.08 (2) 7.63£0.08 (5) 4.33+0.14 (3) 7.6+0.15 (5)
LDFC1 3.10+0.10 (3) 5.3+0.05 (7) 5.2+0.11 (3) 0+0

LDFD1 2.46=0.08 (2) 0+0 0+0 0+0

LDFD2 2.36x0.14 (4) 0+0 5.7+0.05 (3) 0+0

LDFD3 0+0 7.2+0.11 (8) 5.46+0.08 (3) 2.7+0.11 (5)
LDFD4 0+0 6.26+0.14 (9) 4.43£0.12 (3) 0+0

LDFD5 (Trametes sp.) 5.3+0.17 (1) 0+0 5.06x0.06 (3) 6.2+60.14 (5)

Values represent hydrolysis zone produced by fungal strains; Values in parenthesis denote day of initial or maximum enzyme activity; Fungal

enzyme production is significant at P<0.05.
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(a) Laccase (b) Peroxidase (c) Cellulase (d) Xylanase

Fig. 1: Positive plate assay test for ligninolytic enzymes production.
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Fig. 2: Laccase production by fungal strains in SSF by Nigrospora sp. LDF400204, Alternaria sp. and Trametes sp. Error bar shows+S.E.
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Fig. 3: MnP production by fungal strains in SSF by Nigrospora sp. LDF400204 and Alternaria sp. Error bar shows+S.E.
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Fig. 4: LiP production by fungal strains in SSF by Nigrospora sp. LDF400204 and Alternaria sp. Error bar shows +S.E.
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(b) Effect of temperature on decolorization of pulp and paper mill effluent by Nigrospora sp. LDF400204 during

different time interval. Error bar shows+S.E.
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sp. LDF00204 (9.12 U/mL) and Alternaria sp. (5.8 U/mL)
(Fig. 2) on 10™ and 13" day respectively and sharply de-
creased after respective days. Nigrospora sp. LDF00204 pro-
duced maximum quantity of MnP (8.5 U/mL) on 10" day
followed by Alternaria sp. (5.25 U/mL) (Fig. 3), while, maxi-
mum LiP activity was observed in Alternaria sp. (12.99 U/
mL), followed by Nigrospora sp. (7.34 U/mL) (Fig. 4) on
13" day but both (LiP and MnP) were absent in Trametes sp.
Enzyme production among these fungi were statistically
different (P<0.05). Respective controls showed no enzyme
activities.

Decolorization study of black liquor: An experiment was
conducted to assess the potential of Nigrospora sp.
LDF00204 for decolorization of black liquor. Since high
alkaline nature of black liquor hinders the growth of fungi,
so it was diluted half of its concentration prior to use. Tem-
perature and pH are two important factors which affect fun-
gal growth, enzyme production and so the decolorization
efficiency. To optimize these parameters, regimes of tem-
perature (25, 30, 35°C) and pH (5, 7, 9) were studied. Initial
colour units in control sample was recorded as 8550.66 Co-
Pt. Maximum decolorization upto 1525.33 Co-Pt (82.16 %)
at 30°C on and upto 1445.3 Co-Pt (83.09 %) at pH 5 was
observed on 7" day of incubation (Fig. 5a and 5b), sug-
gested optimum temperature and pH regime for growth of
fungi and decolorization of black liquor, whereas, no change
was observed in control set of experiments. Enzymes pro-
duced by Nigrospora sp. (LDF00204) were efficient to de-
grade lignocellulosic material in the effluent and can also
be used in degradation of aromatic pollutants and recalci-
trant compounds of alike nature.

DISCUSSION

In the present study, a total of eight fungal isolates exhibited
positive results for ligninolytic enzyme production. These
fungal strains LDF00204, LDFD4 and LDFD5 were charac-
terized as Nigrospora sp, Alternaria sp. and Trametes sp.
respectively. Based on the internal transcribed spacer (ITS)
regions, fungal strain LDF4 was identified as Nigrospora sp.
LDF00204 (accession no. KP732542.1).

Based on the screening of ligninolytic enzyme it was ob-
served that the strains which were capable of producing
laccase and/or peroxidase did not produce cellulase and/or
xylanase or vice-versa. The difference in enzyme production
depends on the fungal genetic variation and nature of
substrate. However, white rot fungi efficiently produce all
major ligninolytic enzymes, whereas, some produce only one
or two of it (Singh & Chen 2008). The association of laccase
with MnP or LiP as a combination of enzymes has been re-
ported in fungi (Nerud et al. 1996). In the present study, com-
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binations of laccase, cellulase and xylanase were observed in
Trametes sp. but peroxidases activity was absent, which is
well in line with findings of Pukahuta et al. (2004) and Tong
etal. (2007). The enzyme production efficiency of Nigrospora
sp. LDF00204, compared with that of Phanerochaete
chrysosporium- most extensively studied species, showed that
this fungus is equally competitive for ligninolytic enzyme
production and lignin oxidation. Further, investigation on
dye decolorization by Nigrospora sp. (Ilyas & Rehman 2013)
reveals the presence of above said enzymes in it. However,
few strains produced xylanase (Trametes sp, Alternaria sp,
and LDFD3) but not laccase (fungal isolates LDFD3) or per-
oxidase (Trametes sp, LDFD2 and LDFD1), suggesting that
phenoloxidases (peroxidase and laccase) participating in
ligninocellulose degradation are not characteristic of every
fungus. Moreover, culture conditions play an important role
in production of peroxidases (Tien & Kirk 1988). Decreased
hydrolysis zone, observed after few days of incubation, may
be due to consumption of nutrients and poor growth of fungi
with time. Such oscillatory nature of fungi with respect to
enzyme production was reported by other investigators as
well (Silva et al. 2009).

The quantitative production of major ligninolytic en-
zymes by SSF using lignocellulosic waste were studied in
Nigrospora sp. LDF00204, Trametes sp. and Alternaria sp.
Lignocellulosic wastes are good source of carbohydrates and
inducers, promoting the growth of fungi and enzyme produc-
tion. Out of the three fungal species, maximum production of
Lcc was observed in Trametes sp., which confirms the find-
ings of Lorenzo et al. (2002) who observed enhanced Lcc
production in Trametes versicolor after addition of lignocel-
lulosic residue in culture media. While other two fungal spe-
cies produced less amount of Lcc which favours that Lec not
only depends on the fungal strains but also on many fermen-
tation factors such as medium compositions, pH, aeration
rate etc. (Alves da Cunha et al. 2003). MnP production was
not observed in Trametes sp., suggests that phenoloxidases
are not characteristic of every fungus while Nigrospora sp.
LDF00204 and Alternaria sp. were capable of producing MnP
and also laccase. It goes with the findings of Nerud et al.
(1996) who reported that association of MnP and laccase is
most common in white rot fungi. Maximum production of
MnP was observed on the 10" day of incubation, which is
well in line with the study of Vaithanomsat et al. (2010) who
reported the MnP production in WRF after 8" day of incuba-
tion. Pahkala et al. (1996) reported 50 ppm of Mn in wheat
straw, which acts as an inducer and enhance the production
of MnP. Maximum production of LiP in Alternaria sp. dur-
ing SSF fermentation was observed after 4" day of incuba-
tion. Similar findings of enzyme production were observed
by Wu et al. (2002). Moreover, it was observed that fungal
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growth and enzyme production in SSF depends on the tem-
perature, pH, moisture, incubation time and inoculums size
(Barlev & Kirk 1981).

A positive correlation between ligninolytic enzyme pro-
duction and decolorizing efficiency of white rot fungi have
been reported by many workers (Revankar & Lele 2006,
Zhang et al. 2006). Present study on Nigrospora sp.
LDF00204 depicts that temperature and pH play an impor-
tant role in fungal biomass and enzyme production, leading
to decolorization. Maximum reduction in colour of the ef-
fluent (82.16 %) was observed at 30°C, suggests maximum
fungal biomass at this temperature which led to maximum
enzyme activity. Similar condition for effluent treatment
was observed by P. chrysosporium at 30°C (Sharari et al.
2011). pH 5 was found best suitable for fungal growth, en-
zyme activity and decolorization of black liquor (83.09 %),
which supports the contention of Haddadin et al. (2002).
The pH range of 4-6 for treatment of pulp and paper mill
effluent has been reported by Lara et al. (2003) which fur-
ther supports the study. Highest decolorization was achieved
at 7" day, indicates that LiP and MnP were most active at
this point. Immobilization of fungus on lignocellulosic
substrate favours the enzyme activity in the treatment and it
was maintained during the incubation time.

CONCLUSION

Present study manifests that the fungal strains possess
ligninolytic enzyme potential and has ability to alleviate
the toxic components of black liquor. SSF by wheat straw
enhanced the production of enzymes. In the present study,
the fungal strain Nigrospora sp. LDF00204 was harnessed
for the production of ligninolytic enzymes and their appli-
cation in treatment of black liquor which seems to be novel.
Results also highlighted that growth conditions (pH, tem-
perature and incubation period) also regulate bioreme-
diation of recalcitrant compounds. This study can be fur-
ther done for continuous removal of pollutants at reactor
scale. In addition, the study suggests the potential of these
fungal strains in many other biotechnological applications.
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