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Abstract

Aim of this study was to optimize the production of Ligninolytic enzyme for the degradation of complex pollutants present
in pulp paper industrial effluent (PPIE). Two ligninolytic enzyme-producing bacterial strains were isolated from PPIE and
identified as Bacillus paramycoides strain BL2 (MZ676667) and Micrococcus luteus strains BL3 (MZ676668). The identi-
fied bacterial strain Bacillus paramycoides strain BL2 showed optimum production of LiP (4.30 U/ml), MnP (3.38 U/ml)
at 72 h of incubation, while laccase (4.43 U/ml) at 96 h of incubation. While, Micrococcus luteus strains BL3 produced
maximum LiP (3.98) and MnP (3.85 U/ml) at 96 h of incubation and maximum laccase (3.85 U/ml) at 72 h of incuba-
tion, pH 7-8, and temperatures of 30-35 °C. Furthermore, in the presence of glucose (1.0%) and peptone (0.5%) as nutri-
ent sources, the enzyme activity of consortium leads to reduction of lignin (70%), colour (63%) along with COD (71%)
and BOD (58%). The pollutants detected in control i.e. 3.6-Dioxa-2,7-disilaoctane, 2-Heptnoic acid,trimethylsilyl ester,
7-Methyldinaphtho [2,1-b,1°,2°-d] silole, Hexadeconoic acid, trimethylysilyl ester, Methyl1(Z)-3,3-dipheny.1-4-hexenoale,
2,6,10,14,18,22-Tetracosahexane,2,2-dimethylpropyl(2Z,6E)-10,11epoxy5,6 Dihyrostigmasterol, acetate were completely
diminished. The toxicity of PPIE was reduced up to 75%. Hence, knowledge of this study will be very useful for industrial
sector for treatment of complex wastewater.

Keywords Bacterial degradation - Ligninolytic enzymes - Manganese peroxidase - Lignin peroxidase - Laccase pulp paper
industrial effluent

Introduction

The pulp paper industry's discharged wastewater comprises
around 700 organic and inorganic contaminants that are
directly responsible for global warming. following biological
pollution, soil and water pollution as well as chemical treat-
ment (Sharma et al. 2017). The pulp paper Industrial effluent
is one of the largest freshwater consumers and generates
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huge amounts of wastewater worldwide (CPCB 2015). Aero-
bic bacteria were transformations of the lignin-derived aro-
matic compounds. To depolymerize and mineralize lignin,
several bacteria and white-rot fungi have developed an oxi-
dative and unspecific mechanism including extracellular
enzymes, low molecular weight metabolites, and activated
oxygen species (Janusz et al. 2017). In recent years, micro-
bial techniques for wastewater degrading process optimiza-
tion under laboratory circumstances have piqued the interest
of many academics around the world, prompting them to
investigate practical, cost-effective, and long-term waste-
water treatment technologies (Kaushik et al. 2010). Lignin
degradation: microorganisms, enzymes involved genomes
analysis and evolution. Microorganisms and their enzymes
are being studied for their possible use in the breakdown
of aromatic pollutants that cause environmental problems
owing to the system's lack of selectivity in lignin depolm-
erization (Janusz et al. 2017). Extracellular enzymatic sys-
tems that produce extracellular hydrogen peroxide (H,0O,)
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include Lignin peroxidases, laccases, and other oxidases
(Dashtban et al. 2010). Dependent on the species, strains,
and culture situations, these enzyme systems have varied
properties (Perez-Garcia et al. 2011). Pulp paper Industrial
effluent, pH values are generally alkaline (pH 7.0-9.0) and
the requirement to reduce the pH before fungal inoculation
maintains the conditions there is an additional cost. Unlike
fungi, bacteria can play an important role in the bioreme-
diation of PPIE without requiring pH adjustment because
they survive in both acidic and alkaline condition. Bacte-
rial laccases can use a wide variety of substrates and are
active at high pH and temperatures (Kumar and Chandra
2020). Lignin peroxidase (LiP) may oxidise non-phenolic
components directly, whereas manganese peroxidase (MnP)
and laccase oxidise phenolic units preferentially but moreo-
ver act on non-phenolic units in the existence of mediators
(Hammel et al. 1989; Long et al. 2018). Recently, lignino-
lytic enzyme activity has been discovered in several bacteria
that have catalytic properties and can oxidize lignocellulosic
substrates, mineralize 14C-milled wood lignin and other
organic pollutants. Pulp paper Industrial effluent is substan-
tial contributors to the environment's Persistent Organic Pol-
lutants (POPs). More than 200 organic and 700 inorganic
chemicals have been discovered now pulp paper effluents by
several studies (Yadav and Chandra 2018; Singh and Chan-
dra 2019). POPs are compounds that have a high resistance
to chemical/biological breakdown, are mobile in the envi-
ronment, bioaccumulate in human and animal tissues, and
create an adverse effect on human health and the environ-
ment even at extremely low concentrations. The POPs have
also been proven genotoxic or DNA damaging, carcinogenic,
endocrine disrupting chemicals (Marlatt et al. 2022). The
discharge of untreated effluents from pulp and paper mills
into water bodies degrades the water quality. POPs present in
industrial waste could cause chronic toxic effects and endo-
crine disruptions. As a result, USEPA considers POPs to
be priority pollutants, and their discharge is strictly banned
(Boguniewicz and Ktosok 2020). Several physical, biologi-
cal and enzymatic techniques have been developed for the
degradation of POPs. Biological degradation of these types
of recalcitrant pollutants was found most effective which is
might be due to the presence of ligninolytic enzyme activity.
Degradation of POPs was also easier for biofilm-forming
bacteria which gives extra protection to ligninolytic enzymes
responsible for the breakdown of recalcitrant pollutants
(Tripathi et al. 2021a, b). Several studies showed that the
involvement of ligninolytic enzyme activity, but the effect of
different environmental conditions on enzyme activity is not
reported so far. Hence, in this study we isolate the bacterial
strains from the soil contaminated with PPIE and examined
ligninolytic enzyme activity. Further, the effect of sources
and concentration of carbon and nitrogen on ligninolytic
enzyme activity was evaluated. Furthermore, the effect of
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pH, temperature and metal concentration were also evalu-
ated on ligninolytic enzyme activity. Individual and consor-
tium of potential bacterial strains were also evaluated for
PPIE degradation. Toxicity of PPIE before and after bacte-
rial treatment was also evaluated. Various persistent organic
pollutants and metals are a major component of industrial
effluent, hence finding of this study is very useful to know
the mechanism of degradation of complex wastewater. The
new knowledge regarding the effect of environmental factor
on ligninolytic enzyme activity will be helpful for the devel-
opment of a better management and treatment regime for
the industries in India. Finding of this study fulfill the gap
between ligninolytic enzyme-producing bacteria and opti-
mized environmental and nutritional conditions for the deg-
radation and detoxification of PPIE. The presence of harmful
pollutants in wastewater, known as ROPs, is significant for
a variety of reasons. In this study, we have tried to address
this gap by enzyme-producing bacteria isolated from pulp
paper industrial effluent as well as optimized environmental
and nutritional conditions for degradation and detoxification
of PPIE. The untreated and bacterial treated PPIE was ana-
lyzed by FTIR and GC-MS analysis has been performed to
identify the degraded and transformed residual organic pol-
lutants (ROPs). The toxicity reduction of bacterial-treated
PPIE was also assessed using the seed germination of Pha-
seolus mungo L.

Results

Isolation and screening of ligninolytic
enzyme-producing bacterial strains

To isolate ligninolytic enzyme-producing bacteria, kraft
lignin (KL) was introduced as the only carbon source for
MSM agar. Additional carbon and nitrogen sources, glucose
(1%) and peptone (05) were introduced as co-substrates to
enhance lignin-degrading bacterial growth and ligninolytic
enzyme activity. In this experiment, 48 bacterial strains des-
ignated as BL.1 to BL48 were isolated on MSM agar plates
and purified using the streaking technique. All bacterial
strains were collected, and screening was done using MSM
agar media containing guiacol, methylene blue, and phenol
red on separate plates using the plate assay technique for
ligninolytic enzyme activity. All 48 bacterial strains were
tested for ligninolytic enzyme production. Only 12 bacterial
strains produced positive findings for various ligninolytic
enzymes, among these only two strains (BL2 and BL3) pro-
duced the highest activity of LiP, MnP and laccase.
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Fig. 1 Phylogentic tree showed
related genera of indenti-
fied bacterial strain Bacillus
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16S RNA identification of potential ligninolytic
bacterial strains

Using 16S rRNA sequencing, the selected prospective bac-
terial strains BL2 and BL3 with the highest ligninolytic
enzyme production were found Bacillus paramycoides strain
BL2 and Micrococcus luteus strain BL3 are related genera
with 97% to 100% similarity. Phylogenetic tree showing
relation with potential bacterial with other bacterial strains
is shown in Fig. 1. The degree to which various species are
related was determined by comparing their sequences. The
strains' respective nucleotide sequences were deposited in
the gene bank under accession numbers MZ676667 and
MZ676668.

Effect of different environmental conditions
on ligninolytic enzymes activity

Optimization of different substrate and incubation period

Result of the effect of a different substrate during lignino-
lytic activity analysis showed that Methyl blue (40 mM) for
LiP, Phenol red 80 mM) for MnP and guaiacol (20 mM) for
laccase in both isolates of this study (Fig. 2a—f). Because
the isolated bacterial strains in this study are capable of pro-
ducing all main ligninolytic enzymes (LiP, MnP, and Lac),
the results are encouraging. Bacillus paramycoides strain
BL2 produces LiP (2.174 and 1.815U/ml), MnP (1.275 and
0.823 U/ml), and laccase (1.528 and 2.483 U/ml), whereas
Micrococcus luteus strain BL3 produces LiP (1.075 and
2.121 U/ml), MnP(1.621and 0.268 U/ml), and laccase (1.47
and 2.942 U/ml) after 72 and 96 h, respectively. Bacillus
paramycoidesstrain BL2 showed maximum LiP (2.174 U/
ml) and MnP (1.275 U/ml) activity at 72 h of incubation,
while, laccase activity was found maximum (2.483 U/ml) at
96 h incubation (Fig. 3a b). In opposite, Micrococcus luteus
strain BL3 showed LiP and MnP activity at 96 h and laccase

activity at 72 h of incubation. Several researchers found a
peak in ligninolytic enzyme synthesis in 96 to 120 h, which
then vanished quickly when MnP and LiP activity increased
(Yadav et al. 2011).

Effects of different pH

pH has been demonstrated to have a significant impact
on Bacillus paramycoides strain BL2 and Micrococ-
cus luteus extracellular ligninolytic activities. B. para-
mycoides produces LiP (2.215U), MnP (1.822U), and lac
(2.783U) at pH 8 at the optimal incubation period, whereas
M. luteus strain BL3 produces LiP (2.246 U), MnP (2.147
U), and lac (1.245 U) in pH 7 at the optimum incubation
period (Fig. 3c—d). The pH of the culture media affects
growth, ligninolytic enzyme production, and break-
down. According to various bacteria in acidic to alkaline
circumstances, laccase production is greatest when the
pH is between 7.0 and 9.0. In this work, pH 8.0 and 7.0
were shown to be favourable for B. paramycoides and
M. luteus growth, respectively. In this study, the optimal pH
for both enzymes was 7-8, beyond which both enzymes lost
their activity (Fig. 3c—d). This might be due to a shift in the
concentration of hydrogen ions in the medium.

Effects of different temperature

The extracellular ligninolytic enzyme activity of Bacillus
paramycoides strain BL2 and Micrococcus luteus strain BL3
was clearly affected by temperature. The temperature of the
culture medium is crucial for the production of ligninolytic
enzymes. The optimal temperature for the synthesis of ligni-
nolytic enzymes, as found in several bacteria, is greater than
that of fungus (Debnath and Saha 2020). Very interesting
finding of this study showed that the greatest LiP, MnP and
laccase production was noted at 30-35 °C (Fig. 3e—f). At
temperatures over 35 °C, very little ligninolytic activity was

@ Springer



642 Page4of18

Archives of Microbiology (2022) 204:642

2
1.8 1
1.6 1
14+
1.2

1-
0.8 1
0.6 1
04
02

0-

B Azue B
H Methyl blue
O Ranezol brilliant blue

LiP activity by BL2

e

e
e

MnP activity by BL2

LiP activity by BL3

Laccase by BL2

Laccase by BL3

27 B Azue B
1.8 1 & Methyl blue
0 Ramrazol brilliant blue
1.6 4
1.4
1.2
14
0.8
0.6
T

E Phenol red
B Methyl red

1.8 1 X

B Guaiacol
L61 = Tamic
144 @ Gallic
1.2

10mM 20m0M = 40oM 80nM

160nmM

Fig.2 Effects of different concentration substrates for ligninolytic enzyme production (a) LiP, (b) MnP and (c¢) Laccase by Bacillus paramy-
coides strain BL2, and (d) LiP, () MnP and (f) Laccase by Micrococcus luteus strain BL3

found. Optimal temperature for LiP and MnP was found
30 °C to 35 °C by several researchers (Zeng et al. 2015).

Effect of different carbon source

Laccase synthesis in B. paramycoides strain BL2 and M.
yunnanensis strain BL3 was evaluated at 1% using five dif-
ferent carbon sources: sucrose, glucose, fructose, lactose,
and starch. In the presence of glucose (1%), B. paramy-
coides strain BL2 generated LiP (3.915U), MnP (3.742U),
and lac (3.545U), whereas M. luteus strain BL3 produces
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LiP (3.845U), MnP (3.478U), and lac (2.845U). Pattern
of carbon sources on enzyme secreted by B. paramycoides
strain BL2 was found glucose > sucrose > fructose > lac-
tose > starch (Fig. 4a). While Pattern of carbon sources on
enzyme secreted by B. paramycoides strain BL3 were found
glucose > fructose > lactose > starch > sucrose (Fig. 4b).

Effect of different nitrogen source

In microorganisms, nitrogen is mostly processed to
make amino acids, proteins, nucleic acids, and cell wall
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Trace elements

components. Extracellular laccase synthesis in B. paramy-

coides strain BL2 and M. luteus strain BL3 was evaluated

Microbes produce extracellular enzymes in large quantities

using five different nitrogen sources: yeast extract, peptone,

that are influenced not only by carbon and nitrogen sources

ammonium chloride, and sodium nitrate. In the presence of

but also by trace elements (Myszograj et al. 2018). Hence,

peptone, B. paramycoides strain BL2 generated maximum
LiP (4.3 U/ml), MnP (3.8 U/ml), and lac (3.9 U/ml), whereas

this study also focused on the effect of trace element on
ligninolytic enzyme activity. In comparison to the control,

M. luteus strain BL3 produces maximum LiP (4.6 U/ml),
MnP (4.2 U/ml), and lac (3.5 U/ml), respectively (Fig. 4c,d).
Furthermore, 1% concentration of glucose and 0.5% was

the inclusion of BaCl,, KCl, ZnSO,, MgSO,, CaCl,, and
FeSO, in the medium appeared to boost bacterial growth.

In the presence of FeSO,-containing media, the highest LiP
and MnP generated were 5.121 and 4.724 U/ml, respec-

favorable for growth and Ligninolytic enzyme activity of

beyond this concentration inhibits the enzyme

>

both strains

for B. paramycoides strain BL2 and 4.621 and 4.824

U/ml for M. luteus strain BL3 (Fig. 5a,b). On addition, in a

glucose, 0.5% peptone, tively,

30-35 °C temperature, 7 to 8 pH favourable for the growth

activity. This study showed the 1%

-containing medium, the highest laccase production

was observed 4.368 and 3.668 U/ml for B. paramycoides

CuSO,

, laccase

of bacterial strains and the highest LiP (43.12 U/ml)

(44.54 U/ml) and MnP (122.152 U/ml).
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strain BL2 and M. luteus strain BL3, respectively. While
CuSO, not much affected the activity of other tested enzyme.

The physico-chemical analysis

The physicochemical characterization of PPIE was shown
in Table 1. The pulp paper industrial effluent was dark
brown and alkaline in nature, which turned into light
brown colour after bacterial treatment with a nearly neu-
tral pH (7-8). The analysis of the industrial effluent sample
showed several physico-chemical parameters beyond the
permissible limits along with heavy metals. Several param-
eters of untreated industrial effluent in (mg/l) i.e. total
solid (612 + 115), total dissolved solid (555+11.12), COD
(14,959 £101.5), BOD (5800 + 124), lignin (832 +20.20),
sulphate (1589 +10.98), phosphorus(178 +5.40), total
phenol (411 +17.25), C1~ (1.98 +0.92), Chlorophe-
nol (198 + 18.24), total suspended solid (53 +1.12) and
heavy metals such as Fe (65.02+0.03), Ni (3.10+0.75)
and Zn (11.08 +£0.15), Cu (2.01 £0.95), Cr (2.11 £0.82),
Cd (0.215+0.75), Mn (10.01 +0.11). However, a sharp
reduction in pH (7.1 £0.10), total solid (122 + 1.24), total
dissolved solid (102 + 1.42), COD (4235 + 15.64), BOD
(2431 +13.05), lignin (246 + 1.57), sulphate (1211 +3.24),
phosphorus(164 + 1.35), total phenol (317 +16.45),
Cl™ (1.132 +0.10), chlorophenol (185 +0.15), total sus-
pended solid (18 +1.06) and heavy metals such as Fe
(13.01 +0.65), Ni (0.96 +0.45) and Zn (2.7 +0.67), Cr
(1.01 £0.34),Cd (0.11 +0.75), Mn (6.06 +0.31) was
noted as shown in Table 1. After bacterial treatment lignin
70%, colour 63%, COD 71%, BOD 58% reduction were
observed.

6 BLP OMP Bla

MnP activity by BL2
w

-,
St

FeSO4ZnSO4CuSO4 COClz

CaC 12 Ml‘lClz

MnP activity by BL3
W

Detection of functional groups analyzed
through FT-IR analysis present in treated
and untreated pulp paper industrial effluent

FT-IR spectroscopy is used to identify the functional
groups and chemical bonds exhibiting chemical com-
pounds present in untreated and bacterial pulp paper
mill industrial effluent showed Table 2. FTIR spectrum
of Pulp Paper industrial effluent (a) untreated (Control)
(b) bacterial treated showed in Fig. 6a,b. The complex
bond structure of wastewater in both spectra revealed that
constitutes complicated organic and inorganic compounds.
Wide absorption peaks between 3600 and 3200 cm™! give
O-H stretching appeared due to the phenolic group in
alcohol phenols and acids (Chandra and Kumar 2017).
Before and after Bacterial treatment wide absorption
at 3414.8 cm™' to 3396.7 cm™!, respectively, and Weak
absorption at 2128.1 cm™' to 2118.1 cm™!, respectively,
were present in wastewater. Similar findings were previ-
ously reported by Chandra and Kumar (2017) and Chandra
et al. (2018). After bacterial treatment, the sharpness of
peak at 3414.8 cm™! (Stretching O—H asymmetric grp) and
2128.4 1 cm™! (A combination of hindered rotation and
O-H bonding grp) observed in control slightly reduced
up to 3396.7 1 cm™! (Stretching O—H asymmetric grp)
and 2118.1 1 cm™' (A combination of hindered rota-
tion and O—H bonding grp (Fig. b). The peak at 2938.6
1 em™! (C—H stretching bands grp) observed in Bacterial
treated was slightly reduced and shifted to 2128.4 cm ~!
(O-H bending grp) in Control to Bacterial treated Fur-
ther, absorption at 1653.4 and 1636.9 cm™' observed in
Control to treated. represent the presence of C=0 grp
and P-sheet structure of amide I grp, respectively, were

FeS04ZnSO4CuSO4

CaCl,

CoCl, MnCl,

Fig.5 Effects of different trace elements for ligninolytic enzyme production Bacillus paramycoides strain BL2 (a) and Micrococcus

luteus strain BL3 (b)
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Table 1 Physico-chemical

R S. no Parameters Effluent values (Control) Bacterial treated PPIE Permissible
Charac.terlstlcs of untreated and limit CPCB
pacterlgl treatment pulp paper 2015)
industrial effluent

1 pH 8.1+0.10 7.1+0.10 5-9
2 TS 612+115 122 +1.24 300
3 TDS 555+11.12 102+1.42 500
4 TSS 53+1.12 18+1.06 -

5 COD 14,959 +101.5 4235+14.94 120
6 BOD 5800+ 124 2431+13.05 40

7 Total Phenols 411+£17.25 317+16.45 NS
8 Total nitrogen 138+5.10 98+5.75 143
9 Lignin 832+20.20 246+1.57 NS
10 Colour (Co-Pt) 1011£19.2 365+0.75 NS
11 Sulfate 1589 +10.98 1211+3.24 250
12 Phosphorus 178 £5.40 164 +1.35 -
13 CI™ 1.98+0.92 1.132+0.10 11.82+0.01
17 Chlorophenol 198 +18.24 185+0.15 3.0
Heavy metals

18 Fe 65.02+0.03 13.01+0.65 2.00
19 Zn 11.08 +£0.15 2.7+0.67 2.00
20 Cu 2.01+£0.95 0.9+0.14 0.50
21 Cr 2.11+0.82 1.01+0.34 0.05
22 Cd 0.215+0.75 0.11+0.75 0.01
23 Mn 10.01+0.11 6.06+0.31 -
24 Ni 3.10+£0.75 0.96+0.45 0.50

All the values are mean (n=3)+SD in mg/l except color (Co-Pt) and pH. The statistical significance
between the values of two samples was evaluated by ANOVA. ns, no significance(p > 0.05); *less signifi-

cant (p <0.05), NS not specified

maximally reduced and slightly shifted into 1636.1 cm ~!
(B-sheet structure of amide I grp) after bacterial treatment
due to the overall decrease in organic compounds. Absorp-
tion at 13,320.1 cm ~! present in control was completely
disappeared and 1295.1 cm™" shifted to 1137.5 cm ~! due
to the complete degradation of the compound showing the
presence of Stretching PO2 2 symmetric (phosphate IT)
group. After treatment, 611.9 cm™" shifted to 599.3 cm™!
might be due to the formation of compounds as interme-
diated compounds. Shifting, vanishing and the advent of
new peaks indicated the conversion of complex toxic com-
pounds into simple compounds (Kadam et al. 2016).

Pollutants detected through GC-MS analysis

GC-MS is a unique method used to detect trace levels of
organic compounds found in pulp paper mill industrial
effluent. Figure 7a,b depicted GC-MS chromatogram of
compounds extracted from untreated and bacterial treated
PPIE. Major peaks in untreated pulp paper industrial efflu-
ent showed the presence of persistent organic compounds
present in PPIE. After bacterial treatment, the peak inten-
sity reduction compared to the control and the appearance

@ Springer

of new peaks can be observed in the treated sample. The
major pollutants identified in untreated sample at differ-
ent RT were 3.6-Dioxa-2,7-disilaoctane(RT: 6.07), Hexa-
noic acid,trimethylsilyl ester(RT:7.78), 2-iodo-3- (p-tolyl)
prop-2-ene / 7,8- Dimethyl1-4(RT:8.74), Talaromycin
B(RT:9.23), 2-Heptnoic acid, trimethylsilyl ester(RT:
10.78), Trimethylsilyl ether of glycerol(RT:12.40), Ben-
zenepropanoic acid,trimethylsilyl ester(RT:15.58),
Tetradecane,1-iodo/Docosane (CAS)(RT: 17.07), Silane,
(dodecyloxy( trimethyl- (CAS)(RT: 18.68), 7-Methyldi-
naphtho [2,1-b,1°,2°-d] silole(RT: 20.01), 2,2’- Methly
lenebis (4-t- butyl phenol)(RT:21.68), 1-Monolinoleoylg-
lycerol trimethylsilyl ester(RT:20.60), 1-Monolinoleoylg-
lycerol trimethylsilyl ester(RT:27.07), Octadecanoic acid,
trimethylysilyl ester(RT: 29.94), 3,5-Dihydroxybenzoic
acid 3 TMS(RT:31.08), Methyl1(Z)-3,3-dipheny.1—4-hex-
enoale (RT:33.16), 2,6,10,14,18,22-Tetracosahexan
e(RT: 35.54), Docasane(CAS) (RT: 36.27), 1,3, Bis
(t-Bytylthio) benzene-4,6-bis (methyleneox)(RT: 38.71),
5,6-Dihyrostigmasterol,acetate (RT:39.36), a-D-Galacto-
pyranoside (RT:41.45),2,2-dimethylpropyl (2Z,6E)—
10,11-epoxy(RT:45.09), Pentamethyl 1 pentaphenyl
Icyclopentasiloxane(RT: 45.37), respectively (Table 3). In
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Table 2 Fourier transform
infrared spectrophotometric
(FT-IR) analysis of before and
after Degradation pulp paper
Industrial Effluent

RT Functional group Before degra-  After
dation degrada-
tion
6.11.9 Cal4 Ca0 torsion and ring torsion of phenyl (1) + -
6.11.9 Ring deformation of phenyl (1) (76) - +
874.4 C30 endo/anti (A-form helix) conformation + -
1081.6 Symmetric phosphate stretching modes orn(PO22) sym + -
1101.4 Stretching PO22 symmetric (phosphate 1I) - +
1157.2 nC-O of proteins and carbohydrates - +
1147.4 Phosphate & oligosaccharides + -
1285.5 Amide III band components of proteins (41)Collagen + -
1295.1 Deformation N-H cytosine - +
1320.1 Amide III band components of proteins (35,45)Collagen + -
1404.1 CH3 asymmetric deformation + -
1404.5 CH3 asymmetric deformation - +
1445.3 d(CH) (polysaccharides, pectin) + -
1549.4 Amide II of proteins + -
1636.1 fB-sheet structure of amide I - +
1653.4 C=0, stretching C=C uracyl, NH2 guanine (50)Amide I + -
2118.1 A combination of hindered rotation and O-Hbonding (water) + -
2128.4 A combination of hindered rotation and O-Hbonding (water) - +
2938.6 C-H stretching bands + -
3396.7 Stretching O—H asymmetric + -
3414.6 Stretching O—H asymmetric - +

(+) Present; (—) Absent

TContol

Absorbance

Wasaumbess ()

Wareurbers (em)

Fig.6 FTIR spectrum of Pulp Paper industrial effluent (a) untreated (Control) (b) bacterial treated
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Fig.7 GC-MS chromatogram
of organic compounds extracted
with ethyl acetate of PPIE (a)
untreated (b) bacterial treated
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the untreated (control) sample, these pollutants were com-
pletely absent due to the complete degradation of PPIE by
potential isolated strains and some new metabolites were
formed. However, the analysis of bacteria treated pulp paper
mill industrial effluent sample has showed the existence of
various ROPs such as Ethyl 2-fluro-1-trifluro methyl Iphyr-
rolo [2,1-a] isoquinlin-3 carboxylate(RT:6.48), Ethyl1[4’-
acetylphenycarbomate](RT: 10.12), Trimethylsily ether of
glycerol(RT: 12.42), 3-Choloro-5-(dichloromehtyl)-5-meth-
oxy-2-fluranone(RT: 13.68), 3-Nanonone, 2-methyl(RT:
17.33), Silane,(dodecyloxy) trimethyl-(CAS)(RT:18.69),
Tricholoroacetic acid, hexadecyl ester(RT:21.12),
3-[4’-(t-butyl) phenyl] furan-2,5-dione(RT: 24.00),
Docasane (CAS) (RT: 24.82), (2R,4S,5R,6S,8S,10E,12R)-
12-(tert-Butyldimethylsily)-4,6-dimethoxy-2,8,10-trimethyl-
10,14-pentadecadiene-1,5diol(RT:28.77),0ctadecanoicacid,

@ Springer

trimethylsilyl estermethyl (RT: 29.96), 5- Diphenylphos-
phinoyl-5 (1-hyroxycyloxyl)pentan-3-one ethylene acetal
(RT:35.25), Mauritamide A(RT:37.76), Octasiloxane (RT:
39.39), 1,8-Diphenyl 1-3,4,10,11-tertahydro[1,4] dioxino
[2,3-9:5,6-9’] diisoquinoline(RT:43.21), 2-(2,4-Dicholoro-
6-Nitrophenoxy) ethanol (RT:45.49), Dimethyl exo-6-
(dibromomethyl)-6-methyl 1-5 oxobicyclo[2,2.2]octa-
2,7-diene-2,3-dicarboxylate dimethyl(RT:47.62), at different
RT. While, some compounds Docasane (CAS), Hexadeco-
noic acid, trimethylysilyl ester, Silane,(dodecyloxy) trime-
thyl-(CAS), Trimethylsilyl ether of glycerol, Octadecanoic
acid, trimethylysilyl ester, Octadecanoic acid, trimethylysilyl
ester were pulp paper mill industrial effluent still persistent
in the pulp paper industrial effluent even after bacterial treat-
ment. GC-MS data showed that various organic pollutants
are degraded and biologically transformed into simpler
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Table 3 Identification of residual organic pollutants in pulp paper industry wastewater before and after biodegradation process by GC-MS

R.T  Compound name Control (0 h) Degrade(120 h) Toxicity
6.07 3.6-Dioxa-2,7-disilaoctane + - Developmental toxicity, neurotoxicity
6.48  Ethyl 2-fluro-1-trifluro methyl Iphyrrolo [2,1-a] - + Diarrhea Fever, Vomiting
isoquinlin-3 carboxylate
7.78  Hexanoic acid,trimethylsilyl ester + - Endocrine disruption
8.74  2-iodo-3- (p-tolyl) prop-2-ene / 7,8- Dimethyl1-4  + - Hypertension, stress, osteoporosis, urinary stones,
9.23  Talaromycin B + - Acute renal failure
10.12 Ethyl1[4’-acetylphenycarbomate] - + Carcinogenic, allergy reaction
10.78 2-Heptnoic acid,trimethylsilyl ester + - Endocrine disruption
12.40 Trimethylsilyl ether of glycerol + - Inflammation and irritation
12.42 Trimethylsily ether of glycerol - + Inflammation and irritation
13.68 3-Choloro-5-(dichloromehtyl)-5-methoxy-2-flu- - + Gastrointestinal, hematological, respiratory (nose
ranone to lungs)
15.58 Benzenepropanoic acid,trimethylsilyl ester + - Strong eye irritant, vomiting
17.07 Tetradecane,1-iodo/Docosane (CAS) + - Inflammation and irritation
17.33 3-Nanonone, 2-methyl - + Hypertension, stress, osteoporosis, urinary stones,
18.68 Silane, (dodecyloxy( trimethyl- (CAS) + - Inflammation and irritation
18.69 Silane,(dodecyloxy) trimethyl-(CAS) - + Inflammation and irritation
20.01 7-Methyldinaphtho [2,1-b,1°,2°-d] silole + - Fatty Liver Disease (NAFLD), effect of Pancreas
21.12 Tricholoroacetic acid, hexadecyl ester - + Difficulty Breathing Stomach Upset
21.68 2,2’- Methly lenebis (4-t- butyl phenol) + - Toxicity to humans, including carcinogenicity
24.00 3-[4’-(t-butyl) phenyl] furan-2,5-dione - + Hypertension, stress, osteoporosis, urinary stones,
24.82 Docasane (CAS) - + Inflammation and irritation
26.60 1-Monolinoleoylglycerol trimethylsilyl ester + - Strong eye irritant, vomiting
27.01 Hexadeconoic acid, trimethylysilyl ester + - Inflammation, fibrosis, necrosis
28.77 (2R,4S,5R,6S,8S,10E,12R)-12-(tert- - + Endocrine disruption, central nervous system dam-
Butyldimethylsily)-4,6-dimethoxy-2,8,10-trime- age
thyl-10,14-pentadecadiene-1,5-diol
29.94  Octadecanoic acid, trimethylysilyl ester + - Hypertension, Stress, Premenstrual syndrome,
Osteoporosis,
29.96 Octadecanoicacid,trimethylsilyl ester - + Degenerative bone disease, lung cancer,
31.08 3,5-DIHYDROXYBENZOIC ACID 3 TMS + - Parageusia, pink disease. Diarrhea fever, vomiting
33.16 Methyll(Z)-3,3-dipheny.1-4-hexenoale + - Worsen asthma attacks, and aggravate existing heart
disease
35.25 5- Diphenylphosphinoyl-5 (1-hyroxycyloxyl) - + Chest or Abdominal Pain Shock, Difficulty Breath-
pentan-3-one ethylene acetal ing
35.54 2,6,10,14,18,22- Tetracosahexane + - Toxicity to humans, including carcinogenicity
36.27 Docasane(CAS) + - Inflammation and irritation
37.76 Mauritamide A - + Developmental toxicity, neurotoxicity
38.71 1,3, Bis (t-Bytylthio) benzene-4,6-bis (methyl- + - Cough. Sore throat. Skin & Eye Redness
encox)
39.36 5,6-Dihyrostigmasterol,acetate + - Central nervous system damage,
39.39 Octasiloxane - + Epigastria pain
41.45 a-D-Galactopyranoside + Developmental toxicity, neurotoxicity
43.12 1,8-Diphenyl 1-3,4,10,11-tertahydro[1,4] dioxino — + Vision loss, Movement disorders, Prognosis
[2,3-9:5,6-9’] diisoquinoline
45.09 2,2-dimethylpropyl(2Z,6E)—10,11-epoxy + - Chest or Abdominal Pain Shock, Difficulty Breath-
ing
45.37 Pentamethyl 1 pentaphenyl 1cyclopentasiloxane + - Vision loss, Movement disorders, Prognosis
45.49 2-(2,4-DICHOLORO-6-NITROPHENOXY) - +

ETHA NOL

Chest or Abdominal Pain Shock, Difficulty Breath-
ing
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Table 3 (continued)

R.T  Compound name

Control (0 h)

Degrade(120 h) Toxicity

47.62 Dimethyl exo-6-(dibromomethyl)-6-methyl 1-5 -
oxobicyclo[2,2.2]octa-2,7-diene-2,3-dicarboxy-
late dimethyl

+ Hypertension, stress, osteoporosis, urinary stones,

(+) Present; (—) Absent

compounds after bacterial treatment. These POPs might be
used as a primary energy source for bacteria which leads
to the degradation and decolorization of PPIE. The result
indicates that BL2 and BL3 strains transformed or degraded
chlorinated, phenolic, non-phenolic as well as lignin deriva-
tives compounds from the PPIE.

Toxicity assessment of PPIE for environmental
safety

Toxicity assay of untreated and bacterial treated PPIE on
seeds germination of P. mungo L. in 3 days observations..
The various parameters of seed germination were observed
with untreated and bacterial-treated PPIE (Table 4). The test
indicated the removal of toxicity based on germination or
suppression of seed and early growth of seeds. The toxicity
test of P. mungo L. seeds with different concentrations of
untreated PPIE (concentration 0, 25, 50, 75, 100%) was more
toxic showing only 84, 60, 40, and 20% germination, respec-
tively. While in bacterial treated PPIE toxicity was signifi-
cantly 75% reduced. The presence of more toxic pollutants
and dissolved solids that are absorbed by the seeds before
germination and the effect of the different physicochemi-
cal and biochemical parameters of seeds due to germination
suppression at high concentrations of pulp paper industrial
effluent (Sonkar et al. 2019a, b). Increased germination per-
cent in treated PPIE may be due to decreased and detoxified
ROPs that have formed suitable environmental conditions
for seed germinations and utilization as nutrients present

in industrial effluent. Recently, reported toxicity analysis of
untreated pulp paper industrial effluent through seed germi-
nation tests and results were correlated with several previous
studies (Kumar et al. 2020; Sharma and Singh 2021; Singh
et al. 2021)

Discussions

All 48 bacterial strains were collected on MSM agar because
it provides a minimal requirement for bacterial growth.
Among these two bacterial strains oxidized guaiacol and
produced a reddish-brown hue, whereas they decolorized
other substrates such as methylene blue and phenol red dye
i.e. these two strains showed Ligninolytic enzyme activity.
Similar results were collaborated with the findings of Ben-
dary et al. (2021). Bacillus paramycoides strain BL2 showed
MnP and LiP activity higher in the initial stage followed by
laccase activity. Finding of this study corroborates with the
findings of several other researchers (Bandounas et al.
2011; Chandra et al. 2012; Yadav and Chandra 2015; Lai
et al. 2016; Noman et al. 2020). Most of the lignin-degrading
bacteria only generated one or two enzymes among lignino-
lytic enzymes (Chen et al. 2012; Shi et al. 2013; Buraimoh
et al. 2015). The presence of three main ligninolytic enzymes
in this study is critical because these enzymes worked
together to degrade lignin which is the main component of
pulp-paper mills. Only a few bacteria have been shown to be
capable of generating all three enzymes, including B.

Table 4 Toxicity analysis of PPIE by Phaseolus mungo L. seed germination

Sample  Treatment (%) Germination (%) Radical length Phytotocity (%) Stress tolerance Relative toxicity Seedling vigor index
(cm) (%)

Control 0 100.0+00.00 2.15+0.07 00 00 00 213+0.01

untreated 25 84.50+0.056 1.80+0.10 10.89+0.05 90.02+0.04 13.40+0.01 1683.2+0.04
50 60.0+01.00 1.94+0.15 56.73+0.02 44.25+0.03 42.00+0.01 55.00+0.04
75 40+1.00 0.40+0.12 86.95+0.05 14.09+0.02 62.00+0.03 12.01+0.01
100 20.34+0.56 0.15+0.007 93.99+0.03 5.10+0.03 80.65+0.02 2.84+0.02

Treated 25 100+0.00 2.14+0.10 1.60+0.71 98.52+0.10 00 220+0.01
50 82.22+0.58 1.96+0.07 9.42+0.02 85.20+0.04 17.67+0.02 160.82+0.03
75 80.01+01.00 1.83+0.05 19.82+0.04 82.22+0.01 30+0.04 140.20+0.02
100 75.0+01.00 1.48+0.07 32.45+0.01 65.54+0.01 40+.0.031 105.30+0.05

Control; Tap water, NG; No germination, all the values are means of triplicate + SD
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subtilis, Klebsiella pneumonia and Bacillus sp (Yadav and
Chandra 2015). Further, pH has been demonstrated to have
a significant impact on Bacillus paramycoides strain BL2
and Micrococcus luteus BL3 extracellular ligninolytic activi-
ties. This might be due to the pH significantly influence the
ligninolytic activity. Every organism has its optimum condi-
tion in which they perform a best metabolic activity. The pH
of the culture has a significant impact on several enzymatic
activities might be due to the increase in the transport of
many components through the cell membrane (Guan et al.
2020). Veloz Villavicencio et al. (2020) showed that most of
the fungal cultures favoured growth and enzyme activity at
a slightly acidic pH of medium. Lowe et al. (2020) found
that enzyme production increased steadily as the starting pH
increased, peaking at pH 7 (0.472 U/ml) and subsequently
declining at higher pH values such as pH 9 (0.005 U/ml).
Temperature also effects the enzyme production and high
temperature reduced the enzyme activity most likely because
increasing the temperature hindered the growth of microor-
ganisms, hence lowered enzyme activity (Edae and Alemu,
2017). Temperature affects the enzyme activity because at
higher temperature denaturation of protein takes place and
accordingly effect the enzyme activity (Feller et al. 2010).
Hence, every activity has an optimal condition on which
activity of enzymes was found best. Glucose was one of the
carbon sources that promoted excellent growth and laccase
synthesis. Ligninolytic enzyme activity was maximal in
glucose-containing medium because enzymes are substrate
selective (Elisashvili et al. 2017.) According to Kumar et al.
(2020), a 1% carbon supply is required for maximal laccase
synthesis, while Lip and MnP were shown to have the high-
est enzyme activity at low-nutrient media. MnP production
was suppressed in the presence of a high-carbon substrate.
Lactose, fructose and starch on the other hand, greatly inhib-
ited laccase development in P. ostreatus, which was consist-
ent with efficient enzyme synthesis (AdoB et al. 2021). MnP
synthesis is a secondary metabolic process induced by N and
C deficiency, as previous research has shown (Starnes et al.
2016; Rahman et al. 2018). Nutrient concentration also
affects the Ligninolytic enzyme activity and it has been
found that lower concentrations and higher concentrations
of nutrients inhibit bacterial growth and enzyme activity.
This might be due to a higher concentration increase the
osmotic stress resulting in the water efflux from the cell, loss
of the turgor pressure and inhibiting the bacterial growth.
LiP and MnP activity was found maximum in presence of
FeSO,. This might be due to Fe work as a co-substrate for
MnP. The function of CuSO,and FeSO, might be maintain-
ing the protein structure lead to stabilize the enzyme activity.
Extracellular Ligninolytic enzymes are generated in tiny
amounts by nature; nevertheless, the presence of inducers,
primarily aromatic or phenolics chemicals linked to lignin
or lignin derivatives, can significantly increase their

synthesis (Olajuyigbe et al. 2018). Copper sulphate
enhanced growth to a higher amount than the other inducers
when compared to the control. This is might be due to the
filling of type-2 copper binding sites with copper ions may
be responsible for the activation of laccase by Cu ions (Este-
vinho et al. 2021). Laccase activation was induced by copper
ions, while laccase inhibition was caused by Fe and Mn ions,
according to Yang et al. (2020). In most situations, adding
Cu and Mn ions increases the activity of manganese peroxi-
dase enzymes (Chauhan and Choudhury 2020).The findings
revealed that the effect of metal ions on laccase activity was
highly reliant on the source and kind of metals utilized, both
of which had a significant impact on the enzyme's catalytic
activity. The present study concludes that the ligninolytic
enzyme is thought to be an optimal green catalyst. They are
used in a variety of sectors, including food, textiles, pulp and
paper mills, distilleries, tanneries, medicine, cosmetics, etc.
hence, they can also be utilized as a biocatalyst for the treat-
ment of their wastewater. Several reports showed the use of
ligninolytic enzyme for the treatment of recalcitrant pollut-
ants (Kumar and Chandra 2018). But, due to the lack of
optimum conditions for maximum enzyme production, there
is a need for the enhanced protein production of these
enzymes for the betterment of the ecosystem. Hence, the
purpose of this study is to evaluate the effect of several fac-
tors on the ligninolytic enzyme activity of bacterial isolates
isolated from pulp paper industrial effluent. Two bacterial
strains B. paramycoides strain BL2 and M. luteus strain BL3
were isolated from pulp-paper mills. Result showed that glu-
cose (1%) and nitrogen (0.5%) was found optimum for bacte-
rial growth and Ligninolytic enzyme activity. Moreover, pH
(7-8), temperature (30-35 °C), 96 h of incubation, CuSOy,,
FeSO,were enhances the ligninolytic enzyme activity. Most
of the studies reported the effect of environmental conditions
on individual enzyme activity, but this study showed effects
on LiP, MnP and laccase together. Physico-chemical analysis
of effluent showed its complexity. Phenols and lignin com-
ponents of PPIE are recalcitrant in nature and major plant
constituents of PPIE. Dark colour of pulp paper mill indus-
trial effluent might be due to lignin which is a major compo-
nent of raw material used during paper production. Presence
of high value of COD and phenols are toxic for the aquatic
and terrestrial environment, even at relatively low levels in
discharged pulp paper mill industrial effluent lead to toxic
nature of effluent (Yadav and Chandra 2018; Gupta et al.
2017). Phenol at a higher concentration blocked the photo-
synthesis of blue algae, diatom, and even higher concentra-
tion range of 100—400 g/mL also induced full inhibition of
photosynthesis (Duan et al. 2017). Moreover, sodium sulfite,
which is used during the pulping process, may be the source
of sulfate ions in wastewater, and the nitrate found in the
industrial effluent might be generated from lignin (Yadav
and Chandra 2015). The metal content in industrial effluent
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samples can be attributed to the bioaccumulated metals by
plants, and these plants are used as raw materials. Further-
more, the source of heavy metals in the effluent might be
dueto the chemicals and pipe lines used during the process-
ing of paper production. The isolated bacterial strains had
ability to destroy and decolorize PPIE with a good additional
nutritional source, (glucose: 1.0 percent, peptone: 0.5 per-
cent) as well as ambient factors (pH: 7.0-8.0) temperature:
30-35 °C, agitation: 120 rpm) during the optimal incubation
period 96 h. The breakdown and decolorization of contami-
nants existing in the environment takes 120 h. FTIR and
GC-MS analysis showed that the majority of pollutants are
derived from the fatty acids, organic acids generated during
the pulping process (Kumari et al. 2016; Chandra and Kumar
2017). This finding is corroborated by earlier data from
Chandra and Kumar 2017; Lowe and Groger 2020; Kumar
et al. 2021. Presence of various ROPs, phenolics, chlorin-
ated, and aliphatic compounds in wastewater was previously
reported by several researchers for the degradation through
bacterium (Sonkar et al. 2019a, b). Table 2 showed the com-
pounds detected in untreated and treated effluent. Various
POPs of PPIE transformed or degraded phenolic, non-phe-
nol halide derivatives as well as lignin derivatives from
wastewater have been identified in by (Raj et al. 2014). Deg-
radation of complex compounds was possible only due to
the enzyme activity (MnP, Laccase, Lip) shown by potential
bacterial strains.

The Phaseolus mungo L. seeds were used to test toxic-
ity. The toxicity decrease of wastewater after bacterial treat-
ment also confirmed. Therapy for bacteria, as a result, it may
be argued that the strains have the potential to be a useful
tool in the fight against cancer for the safe disposal of ROPs
found in PPIE. Hence, knowledge of this study regarding
Ligninolytic enzyme activity is helpful to understand the
mechanisms of enzyme and treatment of wastewater dis-
charged from the industries.

Materials and methods
Sample collection

Sludge samples for laboratory analysis were col-
lected from the discharge site of the M/s K. R. Pulp
Papers Limited, located in Shahjahanpur, India
(27°50031.800N79°51015.700E), Uttar Pradesh, India.
The Sludge was composed from the surface to a depth of
about 0 to 10 cm with sterile spatulas, then transferred to the
research laboratory and maintained the original properties at
4 °C for microbiological investigation (Sharma et al., 2020).
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Isolation and purification of bacterial strains

1 g of soil sample was mixed with 100 ml of sterile 0.9%
NaCl for proper solubilization. The solution was briskly
agitated before being allowed to settle. 1 ml of the solution
was diluted in steps of one milliliter until it reached a dilu-
tion of 10%). Potential bacterial strains were isolated using a
nutrient enrichment approach. A wastewater sample (20 ml)
was added to a 250 ml Erlenmeyer flask containing 80 ml
of sterile mineral salt medium (MSM) with the composi-
tion described by Feng et al. (2018). The pH of the medium
was set at 7.50. As a carbon source, lignin (100 mg/l) was
added to the medium (L-MSM), and flasks were incubated
at 30 °C under shaking conditions (120 rpm). Bacteria were
isolated as the method described by Hooda et al. (2015) In
a subsequent investigation, 2 ml aliquots of these cultures
were frozen as stock cultures in 80% glycerol stock and kept
at —80 °C.

Identification of bacterial strains

A PowerSoil® DNA Extraction Kit was used to extract
the entire genomic DNA of each strain from pure cultures
(MO-BIO, USA). The DNA extraction was carried out as
directed by the manufacturer. The partial 16S rRNA gene
sequences were amplified using universal eubacteria prim-
ers 27F (5'- AGA GTT TGA TCC TGG CTC AG-3") and
1492R (5'- GGT TAC CTT GTT ACG ACT T-3') in a poly-
merase chain reaction (PCR). A total of 30 PCR cycles were
completed. Each cycle consists of 5 min of denaturation at
96 °C, 5 min of primer annealing at 50 °C and 1.5 min of
primer extension at 72 °C. According to the manufacturer's
instructions, 1.5 bp of amplified PCR products were purified
using an Agencourt AMPure XP (Beckam Coulter, USA).
A sample of this amount was submitted to be sequenced.
An Applied Biosystems 3730x] DNA Analyzer was used to
sequence the purified PCR products of the 16S rRNA genes.
The produced sequences were examined using the biological
sequence alignment editor (Bioedit) (Choi et al. 2010). The
partial sequences were submitted to BLAST (http://blast.
ncbi.nlm.nih.gov/Blast.cgi) analysis using the online option
database at the National Center for Biotechnology Informa-
tion (NCBI) to identity the bacterial isolates. The sequences
were aligned with the Clustral W tool, and a phylogenetic
tree was constructed using the MEGA 6 programme and the
neighbor-joining approach (Hennell et al. 2012).

Assay of ligninolytic enzymes

The LiP assay was done by monitoring the oxidation of dye
Azure B in presence of H,0,. The reaction mixture con-
tained sodium tartrate buffer (50 mM, pH 3.0), Azure B
(32 M), 500 1 of culture filtrate, 500 1 of H,O, (2 M). OD
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was taken at 651 nm after 10 min (Chandra and Singh 2012;
Wittner et al. 2021). The selected isolates were screened for
LiP using Azure-B agar dye as an indicator. All two bacte-
rial isolates were streaked on Azure B-agar plates containing
MSM, agar and 0.1% Kraft lignin as substrate.

The activity of MnP was evaluated using a UV-Vis spec-
trophotometer set to 465 nm and the oxidation of phenol
red to a coloured product (Kumar et al. 2018). The quantity
of enzyme required to produce 1.0 micromole of coloured
product per minute at 30 °C under the test conditions with a
molar extinction coefficient of A5 =12,100 M~ cm™' was
defined as one unit of enzyme activity.

Laccase activity was measured using Wolfenden and
Willson's technique of oxidation of 2,2'-azinobis-(3-eth-
ylbenzethiazoline-6-sulphonate) (ABTS) 0.15 ml ABTS
(0.03%), 0.5 m1 0.1 M sodium acetate buffer at pH 5.0, and
0.35 ml extracellular enzyme samples made up an enzymatic
combination. A UV-Vis spectrophotometer was used to
quantify the production of oxidised ABTS in a 1.0 ml quartz
cuvette (1 cm light path) at 30 °C and 450 nm wavelength.
With a molar extinction value of A,,=36 000 M~! cm™,
ABTS oxidation was followed by an increase in absorbance
at 420 nm (Lai et al. 2016). Different dye azure B, methylene
blue Ramazol brilliant blue for LiP, Phenol red, methyl red,
Vanilly acetone for MnP and Guaiacol, Tannic, Gallic for
laccase substrates were also evaluated at different concentra-
tions (5—-160 mM) to know the best enzyme activity.

Optimization of ligninolytic enzyme activity

One loopful of each of the selected potential bacterial strains
BL2 and BL3 was inoculated into 10 ml of LB medium at
an initial concentration of 107 cells/ml for the optimization
of ligninolytic enzymes producing bacterial strains. To pro-
duce a final ODg, of 1.0, samples were incubated at 30 °C
for 10 h with shaking at 120 rpm (Trinh et al. 2016; Chan-
dra et al. 2017). The inoculums were then transferred to a
250 ml Erlenmeyer flask with 90 ml LB medium with 0.9 g/
OPEFB fibres. For 7 days, the cultures were incubated at
120 rpm and 30 °C. The pH was initially fixed at 7.6. Every
24 h, samples were taken to track daily bacterial develop-
ment and enzyme activity.

Effect of different pH and temperature
on ligninolytic enzyme activity

Submerged fermentation of the chosen isolates in LB broth
medium at 5 different beginning pHs was used to assess
the influence of initial pH. By incubating duplicate samples
of the chosen isolates at pH 5.0, 6.0, 7.0, 8.0, and 9.0 with
1 M HCl or 1 M NaOH to alter the pH, the optimal starting
pH for enzyme synthesis was established. For 7 days, the
tests were carried out in an incubator shaker set at 120 rpm

and 30 °C. Every 24 h, samples were taken. After 7 days of
development, the pH of the medium varied from 8.1 to 8.2.

To evaluate the effect of temperature on Ligninolytic
enzyme activity samples were incubated at 20, 25, 30, 35,
and 40 °C temperature at 120 rpm on a rotary shaker, and
samples were taken every 24 h.

Effects of different nutritional conditions

Effect of various carbon sources such as sucrose, fructose,
glucose, xylose, lactose, and starch, on ligninolytic activity
was tested at 1.0 percent (w/v). Moreover, different organic
and inorganic nitrogen sources, including peptone, beef
extract, yeast extract, sodium sulphate, ammonium chlo-
ride, and urea, were introduced to the MSM medium at a
concentration of 0.5% (w/v)to evaluate the effect of nitrog-
enous sources on enzyme activity. Furthermore, the effects
of variable concentration (0.5-2 w/v) of carbon and nitrogen
sources were also evaluated.

Biodegradation of pulp and paper effluent by an
isolated bacterium

The degradation studies were carried out in 250 mL Erlen-
meyer flasks containing 99 mL autoclaved PPIE supple-
mented with 1% (w/v) glucose and 0.5 percent (w/v) pep-
tone as carbon and nitrogen sources, respectively. Inoculated
overnight developed culture (1%) of BL2, BL3 and consor-
tium with optical density (OD) 2.0, then incubated for 96 h
at 35 °C and 120 rpm. As a control, flasks containing just
autoclaved PPIE were employed. According to Raj et al.
(2014.) an appropriate sample volume was extracted at every
24 h and examined for bacterial growth, colour decrease,
and lignin content. Result showed that maximum colour and
other pollution parameters reduction in PPIE treated with a
consortium. Hence, the further study only analyzed effluent
treated with consortium.

Physico-chemical analysis of PPIE

The usual procedures for physico-chemical examination in
bacterial treated and untreated pulp paper industrial efflu-
ent were used in triplicates (Permissible limit CPCB 2015).
pH, temperature, COD (open reflux method), BOD (5 days
method), total dissolved solids (TDS), total suspended solids
(TSS) and total solids (TS) (drying method), total nitrogen
(Kjeldhal method), sulphate and phosphate (BaCl, precipita-
tion method and Vanadomolybdo phosphoric acid method),
total nitrogen (Kjeldhal method), sulphate and phosphate
(CPCB 2015). A digital pH metre (Metrohm, USA) was
used to determine the pH of the industrial effluent sample
after acid digestion. Moreover, heavy metals like copper,
zinc, chromium, cadmium, magnesium, nickel and iron were
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digested and measured using the standard method described
in Permissible limit CPCB (2015) Moreover, the colour was
measured by UV-Vis spectrophotometer (Thermo science
evolution-201) following the standard method at 465 nm
(CPCB 2015), and pH was measured using a pH meter.
Lignin was estimated according to Pearl and Benson (1940),
and ions were also analyzed by ion meter (Orion Model 960)
using the selective ion electrodes. Simultaneously, treated
and untreated pulp paper industrial effluent was analyzed by
atomic absorption spectrophotometry (AAS) (ZEEnit 700,
Analytic Jena, Germany).

Fourier transforms infrared spectrophotometric
(FT-IR) analysis

The FT-IR Spectrophotometer (NicoletTM 6700, Thermo
Scientific, USA) was used to determine the functional
groups present in untreated and bacteria-treated pulp paper
industrial effluent. The wastewater samples from pulp and
paper industrial effluent were centrifuged at 8000 rpm for
10 min at 4 °C and dried at 50 °C (Kurade et al. 2012). In a
5: 95 ratio, 1 mg of dried sample was combined with 400 mg
of potassium bromide. The liquid was poured onto a trans-
lucent disc and subjected to a manual hydraulic pressure
of 100 kg cm? for 10 min before being placed in an FT-IR
Spectrophotometer (NicoletTM 6700, Thermo Scientific,
USA) to be analysed.

GC-MS analysis of bacterial treated and untreated
industrial effluent

Dissolved organic pollutants present before and after bacte-
rial-treated pulp paper industrial effluent were detected by
gas chromatography-mass spectrometry (GC-MS) analysis.
For extraction of organic pollutants, a fixed volume (10 ml)
of pulp paper industrial effluent was acidified with 35% HCl
up to pH <2.0 according to Chandra and Kumar (2017). Fur-
ther, an equal volume of ethyl acetate was mixed with pulp
paper industrial effluent in a 100 mL separating funnel and
shaken continuously for 3—-5 h with intermittent rests for
liquid-liquid extraction. After proper shaking, the solutions
were kept constant on a separating funnel stand to separate
the organic layer of solvent. The extracted organic solvent-
containing organic pollutants were dried at <40 °C at low
pressure. Thereafter, the dried residue was dissolved in 1 mL
of ethyl acetate and filtered using a 0.22 pm syringe filter
(Millipore Ltd., Carrigtwohill, Co. Cork, Ireland). Further,
an aliquot (2.0 pl) of the sample was derivatives with TMS
were filtered through 0.22 pm syringe filters and injected
in GC-MS (PerkinElmer, UK) Thereafter, organic pollut-
ants were identified by matching their mass spectra with
those provided in the National Institute of Standards and
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Technology (NIST) library which was available with the
instrument.

Seed germination experiment

Toxicity of effluent was evaluated by seed germination
experiment, the concentration of bacteria treated and
untreated PPIE used was 0, 25, 50, 75 and 100% (v/v). Sub-
sequently, 10 seeds of Phaseolus mungo L. were placed in
sterilized glass petri dishes of uniform size lined with two
Whatman No. 1 filter paper discs. Treatments of seed for
toxicity assessment were done as per the method followed
Kumar and Chandra (2021). The germination index (GI)
was calculated according to the method (Salleh et al. 2020).
Further, seed germination (%), Radical length (cm), germi-
nation reduction (%), stress tolerance index (%), relative tox-
icity (%), phytotoxicity (%), and seedling vigor index were
evaluated by the method described by David Noel and Rajan
(2015) and Oleszczuk et al. (2012).

Statistical analyses for data significance

Using a Microsoft Excel Spreadsheet, the results of the rep-
licates were aggregated and represented as mean standard
deviation. The data was then submitted to a one-way analysis
of variance (ANOVA) using GraphPad Prism 7.0, with the
least significant difference being calculated. P 0.05 was used
to determine significance (Sheikholeslami et al., 2019).
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