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Abstract Continuous discharge of lignin containing col-
ored wastewater from pulp paper mill into the environment
has resulted in building up their high level in various
aquatic systems. In this study, the chemical texture of kraft
lignin in terms of pollution parameters (COD, TOC, BOD,
etc.) was quite different and approximately twofold higher
as compared to model lignin at same optical density (OD
3.7 at 465 nm) and lignin content (2000 mg/L). For com-
parative bacterial degradation and detoxification of model
and kraft lignin two bacteria Citrobacter freundii and
Serratia marcescens were isolated, screened and applied in
axenic and mixed condition. Bacterial mixed culture was
found to decolorize 87 and 70 % model and kraft lignin
(2000 mg/L), respectively; whereas, axenic culture
Citrobacter freundii and Serratia marcescens decolorized
64, 60 % model and 50, 55 % kraft lignin, respectively, at
optimized condition (34 °C, pH 8.2, 140 rpm). In addition,
the mixed bacterial culture also showed the removal of 76,
61 % TOC; 80, 67 % COD and 87, 65 % lignin from
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model and kraft lignin, respectively. High pollution pa-
rameters (like TOC, COD, BOD, sulphate) and toxic che-
micals slow down the degradation of kraft lignin as
compared to model lignin. The comparative GC-MS ana-
lysis has suggested that the interspecies collaboration, i.e.,
each bacterial strain in culture medium has cumulative
enhancing effect on growth, and degradation of lignin
rather than inhibition. Furthermore, toxicity evaluation on
human keratinocyte cell line after bacterial treatment has
supported the degradation and detoxification of model and
kraft lignin.

Keywords Bacteria - Kraft lignin - GC-MS - Toxicity -
Cell line
Introduction

The increasing scarcity of water in the world caused by the
steady growth of the population and the industrial devel-
opment raises serious concerns about the need for appro-
priate water management practices. The pulp paper mills
are water-intensive industries generating several types of
wastewater with different characteristics, depending on the
production process and its raw material. Most significant
sources of pollutants in pulp paper mills are wood prepa-
ration, pulping, bleaching and coating processes. The color
of pulp paper wastewater is mainly due to lignin and its
derivatives, which causes various problems along with
aesthetically unacceptable intense coloring of water bodies,
which block the passage of light to the lower depths of the
aquatic system resulting in cessation of photosynthesis,
leading to anaerobic conditions, which in turn result in the
death of aquatic life causing foul smelling and toxicity of
waters bodies (Ali and Sreekrishnan 2001). Thus, it is
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obligatory to treat the wastewater adequately before final
disposal into the environment. Despite the fact that, several
physical and chemical methods are available for the
treatment of wastewater, they are less desirable than bio-
logical process because of cost-ineffectiveness and residual
effect (Singhal and Thakur 2009).

Microorganisms are nature’s innovative recyclers, con-
verting toxic organic compounds to innocuous species.
Among biological treatment methods tried so far, most of the
literature confined to a few genera of white rot fungi because
of their powerful enzymatic system. But, the stability of
fungi is not good in practical treatment under extreme en-
vironmental and substrate conditions, such as higher pH,
oxygen limitation, and high lignin concentrations. On the
other hand, the bacterial ability to use low molecular weight
fraction of lignin indicated that bacteria have many unique
and specific enzymes with the ability to catalyze the pro-
duction of various useful compounds (Masai et al. 1999; Raj
etal. 2007). In lignin bioremediation, synthetic/model lignin
has been widely used as an experimental lignin (Forney and
Reddy 1979; Perestelo et al. 1989; Morii et al. 1995; Raj
et al. 2007). But, kraft lignin (KL) which is present in pulp
paper wastewater differs from model lignin (ML) as it un-
dergoes a variety of reactions including aryl-alkyl cleav-
ages, strong modification of side chains, and various ill-
defined condensation reactions causing the polymer to
fragment into smaller water/alkali-soluble fragments (Cha-
kar and Ragauskas 2004). However, the above studies pro-
vide indirect evidence for the degradation of lignin or its
model compounds that cannot be directly explain the
degradation of KL. Therefore, there is a need for the com-
parative study of bacterial removal of ML and KL simulta-
neously, to explore the inhibitory factors responsible for
poor/less degradation of lignin. For this reason, there is still a
need for continued search for more efficient ligninolytic
bacterial strains for the lignin bioremediation.

Due to the diversity of pollutants in pulp paper mill
wastewater, their control is very difficult and presence in
water resources poses a high risk to the environment as
well as human health. Several studies reported that the
pollutants present in pulp paper mill wastewater are re-
sponsible for the oxidative stress, DNA damage and lipid
peroxidation which leads to apoptosis. Moreover, ter-
penoids, phytosterols, 2-methoxyphenol and related com-
pounds have been identified as a potential source of
cytotoxicity caused by paper mill wastewaters (Chamorro
et al. 2013). Therefore, the in present investigates a po-
tential bacterial strain was isolated and screened from pulp
and paper mill sludge and examined its ability to decol-
orize/degrade lignin, which is a major challenge for the
pulping industry and characterization of its metabolic
products. Furthermore, the study has been extended to
assess the cytotoxicity and intracellular reactive oxygen
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species (ROS) generation using human cell line for eval-
uation whether toxicity increases or reduces.

Methods
Sampling site, sample collection and analysis

The wastewater and sludge samples were collected from
M/s Yash paper mill Ltd., Darsannagar, Faizabad (UP),
India, having co-ordinates 26°44'20"N latitude
and 82°13’42"E longitude. This industry came into op-
eration in 1982 and uses eucalyptus, wheat straw and
sugarcane bagasse as a raw material and adopts kraft pro-
cess for pulping followed by multistage chlorine bleaching
for making white paper. The wastewater was collected
from pulping stage in sterile plastic containers, brought to
laboratory and stored at 4 °C for further study. The
physico-chemical parameters were accomplished as de-
scribed in standard methods for the examination of water
and wastewaters (APHA 2005). The pH of the sample was
analyzed with the selective ion electrode (9172 BN) of
Thermo Orion (Model 960). Model lignin (ML) was pur-
chased from Sigma Aldrich (USA), whereas the kraft lignin
(KL) was extracted from pulp paper mill wastewater by
precipitation method (Raj et al. 2007).

Media composition and source of microorganism

The medium used throughout this study was lignin-a-
mended mineral salt medium (MSM), which contained
(mg/L): [lignin, 2000; K,HPO,, 85; KH,POy,, 17; MgSOy,
30, FCSO4'7H20, 30, CaSO4, 30, MHSO4'H20, 30, (NH4)2
SO, (Chandra et al. 2011)]. For comparative study both
lignins (2000 mg/L, w/v) were added separately to the
liquid medium in such a way to give an optical density 3.7
at 465 nm with the reference of distilled water as a blank
and pH was adjusted to 8.2.

For degradation study, potential bacteria were isolated
from the sludge of main drainage of pulp paper industry
with regular discharge of their wastewater. A stable bac-
terial community was obtained after enrichment of mi-
crobial cell. Ten purified isolated bacterial strains
designated as SU1-SU10 were screened on the basis of
their COD, color and lignin-removal potential (Chandra
and Abhishek 2011). Two potential bacterial strains (SU1
and SUS) showing rapid growth and reduction of pollution
parameters were selected for further study. For the con-
struction of effective bacterial co-culture, the screened
strains were tested in mixed condition. Further, the iden-
tification of strains was established on the basis of mor-
phological and biochemical characteristics (Barrow and
Feltham 1993).
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Removal of model and kraft lignin by axenic
and mixed bacterial culture

For degradation study, 2 % (v/v) overnight-grown sus-
pension of SUI and SU5 having inoculum size 22 x 10*
and 30 x 10 respectively, was transferred aseptically to
250-mL flask containing 98 mL MSM medium containing
2000 mg/L lignin, amended with 1 % glucose and 0.3 %
peptone (w/v) at pH 8.2. Similarly, in mixed condition,
1 % (v/v) from each culture was added to obtain final
inoculum size 2 % (v/v) in same condition. The inoculated
flasks were incubated at 34 £ 2 °C under shaking flask
condition (140 rpm) for 6 days. The bacterial growth was
measured at 620 nm using uninoculated medium as blank.
For the measurement of color and residual lignin, bacterial
degraded and undegraded samples were centrifuged at
8000g for 30 min. Supernatant (1 mL) was diluted by
adding 3 mL phosphate buffer (pH 7.6) and absorbance
measured at 465 nm for color reduction and at 280 nm for
lignin degradation on a UV-visible spectrophotometer. To
confirm whether the decolorization/degradation process
was biological or adsorption phenomenon, NaOH extrac-
tion method was adopted (Jiranuntipon et al. 2008). The
residual pellets of bacteria were resuspended in equal
volume of NaOH (0.1 M) to extract color substances ad-
sorbed to the cell surface. The extracts were centrifuged
and absorbance was measured at 465 nm.

Metabolite characterization

Bacterial undegraded and degraded samples (50 mL) were
centrifuged at 3000g for 20 min. The supernatant obtained
was acidified to pH 2.0 using 1 N HCI and extracted thrice
with the equal volume (50 mL) of ethyl acetate in a
separating funnel (500 mL) by intermittent shaking. The
organic layer was separated and evaporated to dryness
under vacuum at 40 °C. Further, the residues were dried
under a stream of nitrogen gas and dissolved in acetonitrile
for GC-MS analysis and de-ionized water for toxicity
evaluation.

An aliquot of 1 pl of silylated compounds was injected
into the GC-MS equipped with a PE auto system XL gas
chromatograph interfaced with a turbomass mass spectro-
metric mass selective detector. The analytical column
connected to the system was a PE-5MS capillary column
(20 m x 0.18 mm i.d., 0.18 pm film thickness). Helium
gas with flow rate of 1 mL/min was used as carrier gas. The
column temperature was programmed as 50 °C (5 min);
50-300 °C (10 °C/min, hold time: 5 min) (Chandra and
Abhishek 2011). The metabolic products were identified by
comparing their mass spectra with that of NIST library
available with instrument and by comparing the retention
time with those of available authentic organic compounds.

Toxicity evaluation

Acute toxicity test was performed to evaluate the reactive
oxygen species (ROS) generation and cytotoxicity by using
human keratinocyte (HaCaT) cell line. The cell line was
grown in DMEM F-12 HAM media supplemented with
10 % FBS, antibiotics and antimycotic solution (1.5 %) at
5 % CO, and 95 % relative humidity at 37 °C (Agrawal
et al. 2007).

Determination of intracellular ROS production

Cells were grown in 96-multiwell black plates (2 x 10
cells/well) and treated with four types of samples (50 pl)
extracted from undegraded and degraded samples of ML
and KL, respectively. Cells were then incubated for 30 min
at 37 °C with 10 pM carboxy H2-DCFDA (dichlo-
rofluorescin diacetate) in HBSS (Hank’s balanced salt so-
lution) and exposed. Culture medium was used as a control
(O). After treatment the cells were incubate for 24 h. The
fluorescence of DCF was measured by using 485 nm ex-
citation and 520 nm emission wavelengths. The generation
of intracellular ROS was further substantiated by the ad-
ministration of NAC (N-acetyl cysteine) (10 and 100 pM)
as a specific quencher (Valencia and Kochevar 2006).

Cell viability assay by MTT

In brief, cells (2 x 104) were seeded per well in 96-well
plates and kept in CO, incubator for 48 h. The treatments
were performed with four different sample extracts (50 pL)
by complete medium (200 pL) and incubated for 24 h.
Further, the media were replaced by 3-(4,5-dimethylthio-
zolyl-2)-2,5-diphenyl tetrazolium bromide (MTT) (5 mg/
mL). The absorbance was recorded at 530 nm by using
multiwell micro plate reader (Agrawal et al. 2007).

Results
Characterization of the isolated bacterial strain

The chemical texture of ML and KL at same optical den-
sity and lignin concentration was quite different in nature,
which was noted as pH: 8.2, 8.2; sulphate: 4.7, 211; color:
6700, 6700 Co.pt; COD: 8068, 16,700 mg/L; BOD: 3018,
6080 mg/L; TOC: 3130, 6250; lignin: 2000, 2000 mg/L,
respectively. This was indicated that KL found in paper
mill effluent was very different in nature. In this study, two
bacterial strains SU1 and SUS5 were found to be very ef-
ficient and could reduce 45, 41 and 33, 31 %, COD and 52,
57 and 48, 52 % color in ML and KL, respectively, during
6 days of incubation period. Further, on the basis of
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Table 1 Bio-chemical characterization of screened bacterial strains

Characteristics SU1 SUS
Gram reaction —ve —ve
Shape Rod Rod
Culture Translucent, moist, Opaque, round, and
characteristic on medium, round produces red pigment
agar plate
Growth of - -
MacConkey agar
Urea - -
MR/VP +/— —/+
Gelatin - +
Oxidase - -
Catalase + +

Starch hydrolysis

Citrate utilization + +
Motility + +
Indole - -
H,S - -

Carbohydrate fermentation
Glucose A/IG A
Sucrose A A
Lactose A -

— negative, + positive, A acid, G gas

biochemical tests both the strains were found, gram-nega-
tive rods and belong to Enterobacteriaceae family. In ad-
dition, strain SU1 was motile, gram-negative rod-shaped
bacteria and gave positive test for oxidase and catalase;
whereas, strain SU5 was differentiated from SUI produces
a reddish-orange pigment. Finally, these two bacteria (SU1
and SUS) were identified as Citrobacter freundii and Ser-
ratia marcescens, respectively, (Table 1).

Comparative removal of model and kraft lignin

Bacterial growth, measured by absorbance at 620 nm
showed the optimum growth at 4th day of incubation pe-
riod during lignin degradation (Fig. 1a, b). The pH decline
tendency of the medium during degradation was recorded
at 2nd day; which subsequent increases to a level of neutral
at the end of experiment (Fig. la, b). Results revealed that
mixed bacterial culture was found to be more effective than
axenic culture for lignin degradation as well as remove 76,
61 % TOC; 80, 67 % COD and 87, 65 % lignin from ML
and KL, respectively (Fig. 2a, b). In addition, to confirm
that lignin degradation is a biological phenomenon not
adsorption, suspended bacterial pellet was dissolved in
NaOH solution. It showed that the fraction of NaOH-ex-
tractable color substances were negligible (Fig. 2¢). Hence,
the results clearly indicated that lignin degradation process
was a completely biological phenomenon.
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Fig. 1 Bacterial growth and pH pattern of model lignin (ML) (a) and
kraft lignin (KL) (b). Error bar represents standard deviation. COD
chemical oxygen demand, TOC total organic carbon

GC-MS analysis

Results obtained for comparative degradation of ML and
KL through GC-MS analysis of the ethyl extracted prod-
ucts showed the massive consumption of compounds as
compared to their respective controls (Fig. 3). Many or-
ganic compounds were detected in control sample of ML
such as guaiacol (RT-12.9); benzoic acid (RT-13.8); ph-
thalic anhydride (RT-15.5); butylated hydroxytoluene (RT-
17.1); 1,2,3-trihydroxy propane (RT-19.2); vanillin acid
(20.5); dibutyl phthalate (21.5); octadecanoic acid (26.4)
and benzyl butyl phthalate (RT-28.1) were diminished after
bacterial treatment (Table 2); whereas, in KL control
sample some different but lignin-related fragments were
identified such as acetic acid (RT-9.55); phthalate (RT-
18.2); butanoic acid (RT-25.4); propyl benzene (RT-30.4)
were identified. In addition to lignin fragments, some
chlorophenols such as 3,4,5-trichlorophenol (RT-16.0);
2,3,4,6-tetrachlorophenol (RT-18.8) and pentachlorophenol
(RT-21.8) were found in kraft lignin undegraded (control)
and degraded samples by axenic culture, whereas in mixed
condition these chlorophenols were not identified using
NIST database. These data indicated that, the developed
mixed bacterial culture showed better overall removal ef-
ficiencies than axenic culture. While on the other hand,
some compounds such as hexadecanoic acid and phthalate
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in case of model lignin and kraft lignin, respectively, re-  undegraded sample of KL (control) revealed the maximum
main unchanged (Table 3). generation of ROS than other samples. The generation of
ROS is following order, medium control < degraded
Intracellular ROS generation sample of ML < degraded sample of KL < undegraded

sample of ML < undegraded sample of KL (Fig. 4a).
Intracellular ROS levels generated by different sample  Further, quenching of intracellular ROS generation of un-
extract were measured by using DCF assay (Fig. 4). The  degraded sample of KL by different concentrations of NAC
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Fig. 3 Total ion chromatogram (TIC) of ethyl acetate extracts from undegraded (a) and degraded samples of model (ML) and kraft lignin (KL)
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Table 2 Compounds identified as TMS derivatives in ethyl acetate extract from control and bacterial degraded samples of model lignin

S. no. Compounds Model lignin
R.T a b c d

1 Propanoic acid 10.3 - + - -
2 Guaiacol 129 + - + -
3 Phenyl acetic acid 13.3 - + - -
4 Benzoic acid 13.8 + - - -
5 Benzyl benzoate 144 — + + +
6 Phthalic anhydride 15.5 + - - -
7 Homovanillic acid 16.7 - + - -
8 Butylated hydroxytoluene 17.1 + - - -
9 Gloxylic acid 17.9 - - + -
10 1,2,3-Trihydroxy propane 19.2 + - - -
11 Vanillin acid 20.5 + - + -
12 Dibutyl phthalate 21.5 + - - -
13 Tetradecanoic acid 23.1 - - + -
14 Hexadecanoic acid 24.8 + + + +
15 Octadecanoic acid 26.4 + - - -
16 Unidentified compound 27.7 + - - -
17 Benzyl butyl phthalate 28.1 + - - -
18 1-Phenanthrene carboxylic acid 29.4 - - + +
19 Bis (2-ethylhexyl) phthalate 30.4 - + + +
a control (untreated), b SUI1, ¢ SUS, d mixed culture, RT retention time in minutes, + present, — absent
Table 3 Compounds identified as TMS derivatives in ethyl acetate extract from control and bacterial degraded samples of kraft lignin
S. no. Compounds Kraft lignin

R.T a b c d
1 Ethanedioic acid 7.83 + - — —
2 Acetic acid 9.55 + + +
3 Propanoic acid 10.4 + + - +
4 3,4,6-Trichloro phenol 11.5 + — — -
5 Unidentified compound 14.9 + + -
6 Phthalic anhydride 15.6 + + + -
7 3,4,5 Trichloro phenol 16.0 + + + —
8 Phthalate 18.2 + + + +
9 2,3,4,6-Tetrachloro phenol 19.7 + — +
10 Vanillin acid 20.2 + + + —
11 Pentachlorophenol 21.8 + — + —
12 Tetradecanoic acid 22.5 + + + -
13 Unidentified compound 23.1 + - — -
14 Hexadecanoic acid 24.2 + - + —
15 Unidentified compound 24.8 + — — -
16 Butanoic acid 25.4 — + — +
17 Octadecanoic acid 27.0 + + + -
18 Propyl benzene 30.4 + — - -

a control (untreated), b SUI, ¢ SUS, d mixed culture, RT Retention Time in minutes, + present, — absent
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Fig. 4 Intracellular reactive 900
oxygen species generation on
HaCaT cell line after 24 h
incubation by extracts of
undegraded and degraded
sample of kraft lignin (KL) and
model lignin (ML) (a).
Quenching of intracellular ROS
by different concentrations of
N-acetyl-L-cysteine

(10-100 M) (c). Qualitative
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(10 and 100 uM) showed that DCF fluorescence was de-
creased as the concentration of NAC increased (Fig. 4c).
Figure 4b, d exhibited fluorescent photographs of different
conditions, which also support the above results.

Cytotoxicity

The cytotoxicity of degraded and undegraded lignin sample
extracts on HaCaT cell line was performed through MTT
assay. The result of MTT showed highest reduction in cell
viability (60 %) by undegraded sample of KL extract than
control. However, undegraded sample of ML, degraded
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sample of KL and degraded sample of ML showed re-
duction in cell viability in 40, 30 and 10 % than control,
respectively (Fig. 5).

Discussion

Pulp paper industry has been considered as one of the
biggest consumers of natural resources (wood, water) and
energy (fossil fuels and electricity). These industries also
considered as a significant taxpayer of discharge of pollu-
tants to the environment. The high pH and sulphate value
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Fig. 5 Cytotoxicity of control and degraded sample of kraft lignin
(KL) and model lignin (ML) extracts was performed on HaCaT cell
line by MTT assay after incubation of 24 h

of kraft lignin was due to the presence of sodium hydroxide
and sodium sulphide which is used in pulping process.
Besides this, the compounds with high molecular weight,
such as lignin, chlorophenols and its derivatives do not
affect BOD, but would contribute high COD that why these
values were higher in KL compared to ML (Ugurlu et al.
2008; Chandra et al. 2011). In addition, the presence of
other pollution parameters like high TOC and sulphate
values in kraft lignin has made more complex than model
lignin. Many authors have reported that the Citrobacter sp.
and Serratia marcescens showing good potential for the
degradation of various azo, anthraquinone and other toxic
pollutants (Wang et al. 2009; Khalid et al. 2009). Despite
the good degrading potential, these organisms have not
been used for the treatment of pulp paper wastewater.
During the bacterial degradation of ML and KL, the
axenic and mixed bacterial culture attained maximum
growth at 4th day of incubation period in terms of optical
density at 620 nm. Results revealed that the mixed bac-
terial culture was found to be more effective for the re-
moval of lignin. Low decolorization at initial phase in
spite of fast bacterial growth might be possible due to the
utilization of simpler form of carbon (glucose) and ni-
trogen source (peptone) available in growth media, but
depletion of these sources from media compelled bacteria
to utilize lignin as a co-substrate (Das et al. 2012). Similar
to this study, a co-metabolism mechanism in bacteria and
fungi during lignin degradation of kraft pine lignin and
model lignin (DHP) has been reported (Perestelo et al.
1989; Kirk et al. 1978; Raj et al. 2007). During bacterial
degradation the shift in pH towards acidic condition was
noted within initial 2 days of bacterial growth which
indicated the formation of acidic compounds through tri-
carboxylic acid (TCA) cycle, utilizing the simpler form of
carbon sources present in medium by bacteria (Yang et al.
2008). As the supplementary nutritional source depleted,
the pH of medium shifted towards higher value facilitating
the lignin degradation, as lignins are uniformly soluble at

high pH which is why more reduction in pollution pa-
rameters were noted during late stage of degradation.
Similar observation during the microbial degradation of
alkali lignin and pulp paper mill wastewater has also been
reported (Yang et al. 2008; Singhal and Thakur 2009;
Chandra et al. 2011). The treatment with mixed bacterial
culture has revealed that presence of each bacterial strain
in culture medium has cumulative enhancing effect on
growth, and degradation of lignin rather than inhibition.
Pulp paper wastewater is a complex aqueous system; it
is difficult to comprehensively investigate the changes
during the degradation process. Many studies only focused
on optimizing the processes itself while only few reports
emphasized on the compositional changes during the bio-
treatment process. In the present work, phenolic units
derived from lignin and some natural compounds were
detected by GC/MS. The low molecular weight compounds
like vanillin acid, 1-phenanthrene carboxylic acid, bis (2-
ethylhexyl) phthalate, etc., were derivatives of phenolic
unit of lignin and could be consumed by mixed bacterial
culture to a large extent (Raj et al. 2007; Ko et al. 2009).
The massive consumption of these compounds were found
in degraded sample of model lignin and kraft lignin as
compared with its control indicated that the mixed bacterial
culture have strong ability to utilize its constituents as sole
source of carbon, nitrogen and energy. Coincident with
earlier reports (Gupta et al. 2001), apart from these aro-
matic compounds, more acid-type compounds like propa-
noic acid, benzoic acid, gloxylic acid, hexadecanoic acid,
etc., were detected than aldehyde and ketone-type due to
degradation of lignin in both ML and KL. The phthalate
derivative [bis (2-ethylhexyl) phthalate] had been detected
from fungal peroxidase degradation of lignosulfonate (Shin
and Lee 1999) and also from photodegradation of black
liquor lignin (Ksibi et al. 2003). On the other hand, com-
pounds such as hexadecanoic acid in case of model lignin
remain undegraded. Unfortunately, there were also many
compounds like RT-27.7 in model lignin and RT-14.9, 19.7
and 23.3 in kraft lignin that could not be identified by mass
spectrometry. Along with lignin fragments some
chlorophenols such as 3,4,5-trichlorophenol (RT-16.0);
2,3,4,6-tetrachlorophenol (RT-18.8) and pentachlorophenol
(RT-21.8) found in kraft lignin control and degraded
samples by axenic culture. However, these chlorophenols
are not found in mixed bacterial culture because these
might be utilized as carbon and energy source.
Chlorophenols are not the fragment of lignin; it is a priority
pollutant that has been used widely as a general biocide in
commercial wood treatment (Lee and Wang 2006) and it
probably comes during the extraction of lignin from pulp
paper wastewater because at low pH, lignin and
chlorophenol both are precipitated. These findings revealed
that the slow degradation of KL compared to ML due to the
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high pollution load in terms of COD, TOC, sulphate, etc.,
and toxic chemicals (organochlorines).

The discharge of this pulp paper mill wastewater may
promote skin diseases in human beings who are directly or
indirectly contact with this aquatic system (Das et al.
2012). Therefore, it is important to assess the toxic re-
sponse of these pollutants by using human skin cell line as
a model. The cytotoxicity assay of different lignin sample
extracts on HaCaT cell line showed highest reduction in
cell viability of undegraded sample of KL extract than
control, which indicates the maximum pollution load in
kraft lignin which was extracted from effluent released by
pulp paper mill and is more hazardous for the people.

However, degraded samples of ML and KL showed a
significant reduction in cell viability than control illus-
trating that the toxicity was decreased. Further, to evaluate
the mechanism of pollutants inside the cell, intracellular
ROS were performed to observe the generation of ROS.
Generally, high pollution load increase the reactive oxygen
species level inside the cell, which damage different cell
organelles which further promote apoptosis (Lee et al.
2002). The DCFDA fluorescence is a very sensitive method
to detect the ROS level inside the cell. Here our results of
DCFDA on HaCaT cell line showed that as the concen-
tration of pollutants increases, the intracellular ROS is also
increases thereby increasing the fluorescence. The extract
of undegraded sample of KL showed maximum fluores-
cence due to high pollution and degraded samples showed
lesser. Further, pretreatment with NAC significantly at-
tenuates the fluorescence intensity of DCF, which con-
firmed the involvement of ROS in cytotoxicity.

Conclusion

The bacterial cultures were able to co-metabolically re-
move lignin, using glucose and peptone as primary source
of nutrients. The developed mixed bacterial culture showed
better removal efficiency compared to axenic culture.
Further, the GC-MS analysis of bacterial degraded samples
of ML and KL has shown that presence of each bacterial
strain in culture medium has cumulative enhancing effect
on growth, lignin degradation and detoxification rather than
inhibition. It is our view, the above information would be
useful for modeling and designing the unit for the treatment
of lignin containing wastewater.
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