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Abstract

Purpose Current research focuses on the biological delig-
nification of biomass by microbial laccase which is an
environmentally friendly process.

Methods Various statistical approaches were designed for
optimization of laccase production like Plackett—-Burman
design as well as response surface methodology (RSM). A
laccase mediator system was designed for the delignifica-
tion of saw dust which was molecularly characterized by
high-performance liquid chromatography (HPLC), Fourier
transformation infrared spectroscopy (FTIR) and scanning
electron microscopy (SEM).

Results The present study reveals wheat bran is a potential
substrate for the production of laccase (63 U/g and 9.6 mg/
g protein) under solid-state fermentation by Trichoderma
harzianum strain HZN10. Statistical optimization by RSM
using central composite design (CCD) revealed that wheat
bran contributed maximally to the overall laccase produc-
tion followed by yeast extract. Laccase production under
optimized conditions yielded 510 U/g with 8.09-fold
increase. HPLC peaks representing 4-hydroxy-3-methoxy-
benzoic (vanillic) acid and 4-hydroxy-3,5-dimethoxyben-
zoic (syringic) acid showed drastic reduction in laccase-
treated saw dust sample indicating the elimination of toxic
inhibitors, thereby signifying the detoxification of sample.
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The laccase-treated saw dust showed 1.6-fold increase in
reducing sugars after enzymatic (cellulase) hydrolysis. The
FTIR analysis revealed the structural alterations occurring
during the delignification process. SEM of biologically
treated saw dust revealed the morphological alterations
during the delignification process targeting the fiber cell
walls rich in lignin.

Conclusion The delignification of saw dust was effective
by laccase mediator system and was evidenced by HPLC,
FTIR and SEM analysis. Hence, laccase can be a powerful
tool in biomass to biofuel conversions.

Keywords Laccase - Trichoderma sp. - Plackett—-Burman -
Response surface methodology - Delignification

Introduction

The rising concerns on the scarcity and exhaustion of
fossils fuels and their related environmental impacts have
forced the research toward the development of sustainable
alternatives such as conversion of lignocellulosic biomass
to biofuels (Sun and Cheng 2002). Currently, production
of biofuels such as cellulosic bioethanol is a challenging
task due to the bottle necks related to the saccharification
process (Taha et al. 2015). The complex recalcitrant
structure of lignocellulose comprises of cellulose, hemi-
celluloses and lignin. Lignin is a highly complex irregular
branched three-dimensional polyphenolic polymer con-
sisting of different functional entities like phenyl propa-
noid units of coniferyl, sinapyl and p-coumaryl alcohols.
Functional groups such as phenolic hydroxyl, benzylic
hydroxyl and carbonyl moieties were linked to lignin
backbone and phenyl propanoid, thereby making them
more complex (Vivekanand et al. 2008). Lignin
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contributes to the structural integrity and stability of plant
cell walls and resists the enzymatic hydrolysis of hemi-
cellulose. Hence, a pretreatment process is essential to
alter or eliminate the lignin so as to progress the rate of
enzymatic hydrolysis of cellulose or hemicellulose to
fermentable sugars (Wyman et al. 2005). Various pre-
treatment processes are used in industries such as steam
explosion and chemical pretreatments employing alkali
and acids which significantly alters the structure of lignin
(Alvira et al. 2010). During the pretreatment process,
several inhibitory compounds like phenolics (syringalde-
hyde, p-hydroxybenzaldehyde and vanillin) are formed
during lignin degradation which inhibits the enzymes
involved in hydrolysis and also interferes in the fermen-
tation process (Parawira and Tekere 2011). These chem-
icals are also known to damage the strength of the living
cell membranes, thereby influencing their property to act
as discriminating barriers. They also affect by inhibiting
the cell growth and sugar metabolism. However, the
nature of such toxic chemicals also depends on compo-
sition of the biomass and harsh pretreatment processes
(Kalyani et al. 2012). Physical methods like evaporation
and chemical methods like solvent extraction, ion
exchange and activated charcoal adsorption are available
for the removal of the inhibitory toxic compounds but
increase the overall production cost (Carter et al. 2011). A
biological alternative for the detoxification process would
be the employment of microbial systems and their
enzymes such as laccases. The delignifications of biomass
by microbial systems harboring laccase are gaining pop-
ularity due to its environmentally friendly nature (Pandi-
yan et al. 2014). Laccases (oxygen oxidoreductase, EC
1.10.3.2) are multicopper oxidase that bring about the
oxidative process of a group of chemical with the aid of
four copper atoms present in the catalytic core and sub-
sequently reduce oxygen to water molecules (Frasconi
et al. 2010). The action of laccase on lignin is limited to
the phenolic units and hence could be extended by the use
of synthetic electron carriers like 1-hydroxybenzotriazole
(HBT). These electron carriers act as redox mediators
between the enzyme and substrate. The usage of these
mediators explores wide biotechnological applications of
laccase (Rico et al. 2014). Laccases play a significant role
in morphogenesis and pathogenesis. Laccases have been
identified to have wide industrial applications such as in
lignin degradation, pulp bleaching, decolourization of
different azo recalcitrant textile dyes, wastewater treat-
ment, fossil fuel desulfurization, biosolubilization of coal,
degradation of herbicides, bioremediation, detoxification
of pollutants, synthesis of natural products like pigments
and antioxidants, biosensors and immunochemical appli-
cations (Arora and Sharma 2010; Kalyani et al. 2012; Lee
et al. 2012; Rico et al. 2014). Laccase enzymes are
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extensively dispersed in environment among the plants,
insects, fungus and bacteria (Giardina et al. 2010). White
rot fungi is commonly recommended for effective
degradation of lignin and laccase production. Various
microbial systems such as Schizophyllum commune,
Marasmiellus palmivorus, Peniophora sp. have been
employed for delignification of different biomasses
(Shankar and Shikha 2012; Pandiyan et al. 2014; Kumar
et al. 2015). For huge volume of synthesis of enzymes,
the agricultural waste residues utilization by solid-state
fermentation (SSF) has been an attractive and cost-ef-
fective approach. Some of the agricultural waste residues
commonly used includes banana peel, apple pomace,
brewery waste, wheat straw, wheat bran, rice straw, rice
bran, sugarcane bagasse, etc. (Gassara et al. 2011; Vive-
kanand et al. 2011; Karp et al. 2015; Patel and Gupte
2016). SSF can be applied for the synthesis of several
valuable chemical intermediates with many advantages
which includes enhanced fungal growth on the contact
substrate in moist environment, higher biomass yields,
higher product concentration, low energy requirements,
less capital investment, less waste generation, simple
equipment design and high product recovery (Bagewadi
et al. 2016a; Viniegra-Gonzdlez et al. 2003). To enhance
enzyme production, several statistical optimization
designs are commonly employed. Among them response
surface methodology (RSM) has been a versatile and
popular technique. RSM is a compilation of statistical and
mathematical methods developed for improving the opti-
mization processes. RSM has been employed to study the
effect of the variables and their interactions that influence
the overall production processes such as microbial
enzyme production (Myers and Montgomery 2002). The
statistical optimization approach usually involves various
steps like designing the experiments with defined levels
and factors, executing the statistically intended experi-
mental trials, assessing the factors of the ideal terms,
expecting the responses, analysis of variance (ANOVA),
checking model adequacy and validation of the obtained
model (Diwaniyan et al. 2012). RSM has been success-
fully used in many biochemical and biotechnological
processes for optimization and modeling studies (Bas and
Boyaci 2007). Few reports are available on the laccase
optimization in Trichoderma harzianum strain by RSM
(Gao et al. 2013). However, it is necessary to explore and
design strategies for enhanced laccase production by
optimization of media and process parameters using sta-
tistical approaches.

The present study was aimed to statistically optimize
laccase production and its utilization for biomass delig-
nification process. Hence, the present research outlines
the production of laccase from a previously isolated
fungal strain (Trichoderma harzianum strain HZN10)
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using various agricultural waste residues under SSF and
statistical optimization of fermentation process parame-
ters using CCD-RSM design to enhance the laccase
yield. The effect of laccase mediator system in deligni-
fication and detoxification of biomass (saw dust) was
assessed by Fourier transform infrared spectroscopy
(FTIR), high-performance liquid chromatography (HPLC)
and scanning electron microscopy (SEM), which provides
the molecular insights of the structural changes occurring
in the lignin. The saccharification of laccase-pretreated
biomass (saw dust) was also evaluated that gives indus-
trial relevance.

Materials and methods
Substrates and materials

Substances and constituents of medium were of analytical
grade and procured from Sigma-Aldrich Pvt Ltd. (USA),
HiMedia (India) and Merck (USA). The different agricul-
tural residues used in the present study were wheat bran
(WB), rice straw (RS), sugarcane bagasse (SB), corn cobs
(CC), saw dust (SD) and groundnut shells (GS) which were
obtained from local market, wood cutting mills and various
agricultural fields. Leaf litter (LL) waste was collected
from local vegetable markets.

Production of fungal laccase under SSF

A laccase-producing fungal strain was used in the present
study, which was previously isolated from vermicompost
samples. The fungi was identified as Trichoderma har-
zianum strain HZN10 on the basis of 18S rDNA gene
sequencing and deposited to National Center for
Biotechnology Information (NCBI) with GenBank acces-
sion number KP050785. SSF process for laccase pro-
duction by Trichoderma harzianum strain HZN10 was
performed in 250-ml glass (Erlenmeyer) flasks consisting
10 g of each material (WB, RS, SB, CC, SD, GS and LL)
individually moistened (70%) with the liquid media
containing (g/L) (NH4),SO,4 1, CaCl, 0.125, NaH,PO,.
H,0 1 and MgS0O,4-7H,0 0.5 without glucose (Bagewadi
et al. 2017). The inoculum was prepared in the form of
mycelial pellets by growing Trichoderma harzianum
strain HZN10 in the liquid media on a shaking incubator
(150 rpm) at 30 £ 2 °C for 4 days. SSF was carried out
under static conditions for 8-10 days. The enzyme was
harvested using sodium phosphate buffer (pH 6.0)
(Bagewadi et al. 2016b). The supernatant obtained was
used as enzyme for determination of laccase activity and
for the estimation of proteins. The enzyme was preserved
at 4 °C until further use.

Enzyme assay and analysis of proteins

The activity of laccase was estimated by the oxidation of
2,2'-azino-bis(3-ethylbenzothiazoline-6-sulfonic acid)
(ABTS) (0.5 mM) in accordance with the method reported
by Bagewadi et al. (2017). The changes in absorbance
(Zmax = 420 nm) were recorded at 1-min intervals. One
unit of laccase enzyme activity (U) was defined as the
amount of laccase that catalysis the oxidation of 1 pM of
ABTS per minute under defined standard assay conditions.
The proteins were assessed by bicinchoninic acid assay
(BCA) protein assay kit (Mulla et al. 2016). All the mea-
surements were taken in triplicate, and the results were
recorded as mean =+ standard deviation of means.

Screening of factors by Plackett-Burman design
(PBD)

PBD is commonly employed to select significant factors
from an array of factors with lesser experimentations (Ra-
jendran et al. 2007). For laccase optimization by Tricho-
derma harzianum strain HZN10, the independent factors
considered for screening by PBD were wheat bran (X)),
glucose (Xj), yeast extract (X3), ammonium sulfate (X,),
Cu*" jons (Xs) and 2,5-xylidine (X¢). Other media con-
stituents were kept constant. The six selected factors were
experimentally screened with 12 trials in replicates at 2
stages, high (+ 1) and low (— 1). Table 1 represents the
actual and coded form of high and low values of factors
with whole randomized experimental design. The measured
data are the mean of laccase activity (U/g). PBD is based on
the first-order polynomial model shown in Eq. (1):

Y =B, + 2BX; (1)

where Y is the response (laccase production U/g), f3, is the
model intercept, f3; is the linear coefficient, and X; is the
level of the independent factor (i = 1, 2, 3, 4, 5 and 6).

Optimization of process by RSM

Minitab 17 statistical software was used as a tool for
optimization. Central composite design (CCD) under RSM
was selected for process optimization of laccase production
by Trichoderma harzianum strain HZN10. The significant
factors obtained from PBD were further selected for RSM.
Five independent factors selected were wheat bran (A),
glucose (B), yeast extract (C), Cu?" jons (D) and pH (E).
The factors were set at five coded levels (— o, — 1,0, + 1
and + o). Coding of the levels of the factor refers to
transforming the analyzed real value into coordinates
inside a scale without dimension and which is proportional
at its location in the experimental space (Bezerra et al.
2008). The studied real value of coded level —a is

’r @ Springer



354

Int J Recycl Org Waste Agricult (2017) 6:351-365

Table 1 PBD matrix for the screening of independent variables with actual and coded values affecting laccase production

Run X X5 X3 X4 X5 X Laccase production
No. Wheat bran (g/ Glucose Yeast extract Ammonium sulfate Cu”" ions 2,5-xylidine (Ulg)
50 ml) (%) (%) (%) (%) (%) Observed Predicted

1 100 (+ 1) 1.0(-1) 061 0.15(—=1) 0015(—=1) 0012(=1) 196 197

2 10.0 (+ 1) 20+1) 031 031 0015(—=1) 0012(—1) 215 215

3 50(-1) 2041  06(H1) 0.15(—1) 003 (+1) 0012(=1) 180 178

4 100 (+ 1) 1.0(-=1) 06(HH1) 031 0015(=1) 0.024 (+ 1) 204 199

5 100 (+ 1) 20+1) 031 03(+1 003 (+1) 0012(=1) 228 227

6 100 (+ 1) 204+1) 061 015 (= 1) 003+ 1) 0024+ 1 240 244

7 50(=1) 204+1) 061D 03(+1 0015(—1) 0.024(+ 1 163 168

8 50(=1) 10(-1) 061 03+ 1 003+ 1) 0012(—=1 150 144

9 50(=1) 1.0(-1) 03(=1 03+ 1 003+ 1) 0024+ 1) 120 124

10 10.0 (+ 1) 1.0(-1) 03(-1 0.15(—=1) 003 (+1) 0.024 1) 190 188

11 50(-1) 20+1) 031 0.15(—1 0015(—1) 0024+ 1) 154 145

12 50(=1) 1.0(-1) 03(-=1 015 (= 1) 0.015(=1) 0.012(=1) 105 110

— 2.37841 and + o is 4+ 2.37841. Table 2 represents the
range of values of factors in actual and coded form. Other
media components were kept unchanged. Table 3 presents
the investigational execution strategy of designated factors
with 52 trial runs carried out in replicates.

The relationship among the coded arrangements of the
input factors and the actual value of wheat bran, glucose,
yeast extract, Cu®" ions and pH are described in Eq. (2):

Xi="Az

where X; is a coded value, Z; is the actual value of the
factor, Z; is the actual value of the identical factor at the
midpoint, and AZ is the step change in the factor. The mean
response (laccase yield U/g) is the combinational effects of
5 independent factors studied in a defined range. The lac-
case yield U/g as measured response (Y) was fitted by
second-order polynomial Eq. (3).

Y =8,+BiA+ BB+ B5C+ D + BsE
+ B11A% + BB’ 4 f33C° + BuuD’ + PssE°
+ B12AB + B13AC + 14AD + BsAE + 3 BC
+ P24BD + frsBE + 34,CD + f35CE,

(3)

where Y is the measured response (laccase production U/g),
A, B, C, D and E are independent factors, f3;, fi2, B3, fs Ps
are linear coefficients, f3;;, 22, P33 Pas Pss are quadratic
coefficients, and B;2, B3, B14 Bi5 P23 Bos B2s B34 Pss are
cross product coefficients of the model. Statistical analysis
of data and response surface plots of the model was per-
formed using the same software. The statistical significance
of the model terms was studied using ANOVA. The sig-
nificance of the model was assessed using Fisher’s ‘F” test
and its corresponding probability ‘p’. Coefficient of
determination R* and adjusted R* predicted the model’s
accuracy statistically. The model adequacy was experi-
mentally validated in triplicate at optimized levels of fac-
tors (Bagewadi et al. 2016a). During the optimization, the
laccase activity was determined as mentioned previously.

Application of laccase in delignification of biomass

Delignification of mild alkali (NaOH)-pretreated saw dust
(Biomass) was carried out using optimized laccase pro-
duced from Trichoderma harzianum strain HZN10. Reac-
tion was performed in 100-ml glass (Erlenmeyer) flasks,
comprising 1 g (dry weight) of pretreated saw dust in
10 ml of 50 mM sodium phosphate buffer (pH 6.0) with

Table 2 Actual and coded
level of independent variables
tested with CCD-RSM design

Independent process variable

Symbol code

Actual values of coded variables

for laccase production

+ a + 1 0 -1 — o
Wheat bran (g/50 ml) A 31.85 25 20 15 8.15
Glucose (%) B 10.75 8.0 6.0 4.0 1.25
Yeast extract (%) C 1.475 1.2 1.0 0.8 0.53
Cu* ions (%) D 0.0625 0.0525 0.045 0.0375 0.0275
pH E 8.15 7.5 7.0 6.5 5.85
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Table 3 Experimental design matrix for CCD-RSM of significant variables affecting laccase production

Run no. A B C D E Laccase production (U/g)
Wheat bran (g/50 ml) Glucose (%) Yeast extract (%) Cu** ions (%) pH -
Observed Predicted
1 -1 -1 -1 -1 -1 152 113
2 +1 -1 -1 -1 -1 393 339
3 -1 +1 -1 -1 -1 79 67
4 +1 +1 -1 -1 -1 283 267
5 -1 -1 +1 -1 -1 130 171
6 + 1 -1 + 1 -1 -1 420 424
7 -1 + 1 + 1 -1 — 1 98 146
8 + 1 +1 + 1 — 1 — 1 422 373
9 -1 — 1 -1 + 1 — 1 92 70
10 +1 -1 -1 +1 -1 102 160
11 -1 +1 -1 +1 -1 73 76
12 +1 +1 -1 +1 -1 104 140
13 -1 -1 +1 +1 -1 200 182
14 + 1 -1 + 1 + 1 -1 352 299
15 -1 +1 + 1 + 1 — 1 220 209
16 +1 +1 +1 +1 -1 296 300
17 -1 -1 -1 1 +1 70 119
18 +1 -1 -1 -1 +1 381 377
19 -1 +1 -1 -1 +1 170 166
20 +1 +1 -1 -1 +1 370 397
21 -1 -1 + 1 -1 + 1 262 174
22 + 1 — 1 + 1 -1 + 1 460 460
23 -1 +1 + 1 -1 + 1 255 242
24 + 1 + 1 + 1 1 + 1 485 500
25 -1 -1 -1 +1 +1 84 49
26 +1 -1 -1 +1 +1 183 171
27 -1 +1 -1 +1 +1 72 148
28 +1 +1 -1 +1 +1 325 244
29 -1 -1 + 1 + 1 + 1 70 159
30 + 1 -1 + 1 + 1 + 1 330 308
31 -1 +1 +1 +1 +1 301 278
32 +1 +1 +1 +1 +1 332 401
33 — 2.37841 0 0 0 0 80 56
34 + 2.37841 0 0 0 0 445 471
35 0 — 2.37841 0 0 0 115 153
36 0 + 2.37841 0 0 0 245 209
37 0 0 — 2.37841 0 0 136 142
38 0 0 + 2.37841 0 0 402 398
39 0 0 0 — 2.37841 0 174 207
40 0 0 0 + 2.37841 0 68 37
41 0 0 0 0 — 2.37841 91 118
42 0 0 0 0 + 2.37841 270 245
43 0 0 0 0 0 478 476
44 0 0 0 0 0 476 476
45 0 0 0 0 0 474 476
46 0 0 0 0 0 476 476
47 0 0 0 0 0 475 476
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Table 3 continued

Run no. A B C D E Laccase production (U/g)
Wheat bran (g/50 ml) Glucose (%) Yeast extract (%) Cu** ions (%) pH -

Observed Predicted

48 0 0 0 0 0 478 476

49 0 0 0 0 0 476 476

50 0 0 0 0 0 474 476

51 0 0 0 0 0 476 476

52 0 0 0 0 0 475 476

162 U/mg of laccase and 1 mM HBT mediator. Samples
were periodically collected and filtered through 0.45-pm
filter and diluted appropriately with the eluent. The delig-
nification process was assessed on the basis of the pro-
duction and release of phenolic compounds before and
after the laccase treatment. The phenolic compounds pre-
sent in the samples were identified by HPLC (Dionex DX-
600 series).

Enzymatic hydrolysis of laccase-treated biomass

Enzymatic hydrolysis of laccase (delignified)-treated saw
dust was studied using cellulase mixture (Bagewadi et al.
2016b). Concisely, the reaction mixture consists of 2% saw
dust in 50 mM sodium phosphate buffer pH 6.0, 0.1%
Tween-40 and filter-sterilized enzyme in a volume of
30.0 ml. The hydrolysis was carried out at 40 °C in rotary
shaker (150 rpm). Samples were withdrawn periodically
for analysis of reducing sugars (Miller 1959).

Analytical methods

The phenolic compounds after delignification of saw dust
by laccase treatment were analyzed using HPLC. HPLC
(Dionex DX-600 series) with 150 x 4.6 mm S-3 column
was employed. Gradient elution was carried out using 0.1%
phosphoric acid (v/v) and acetonitrile (10:90) as mobile
phase, and the flow rate was set at 0.5 ml/min. The column
temperature was maintained at 35 °C. A sample volume of
25 pL was injected into the system, and the detection was
carried out at a wavelength of 255 nm (Bagewadi et al.
2016a; Lee et al. 2012). The phenolic compounds in the
sample were recognized by matching their retention times
with those of authentic standard phenolic compounds like
4-hydroxy-3-methoxybenzoic (vanillic) acid and 4-hy-
droxy-3,5-dimethoxybenzoic (syringic) acid.

FTIR (PerkinElmer, FTIR 1760) was used to explore the
functional group variations during the delignification pro-
cess in untreated and laccase (from Trichoderma harzia-
num strain HZN10) biologically pretreated saw dust in the
presence of HBT mediator in accordance with Bagewadi
et al. (2016a). Spectroscopic grade KBr (potassium
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bromide) was used for pellet preparation of sample at
10 MPa. The sample spectrum was obtained in a scanning
range of 5004000 cm™' with background scanning and
correction.

The alterations in the morphological and physical
properties of untreated and Trichoderma harzianum strain
HZN10 (producing laccase) delignified saw dust samples
were analyzed by SEM (VEGA\TESCAN, USA) (Bage-
wadi et al. 2016b). The samples were mounted on alu-
minum stubs and sputter-coated with a gold layer. The
images were examined at different magnification.

Results and discussion
Production of laccase under SSF

The choice of lignocellulosic material within SSF is a key
factor for the efficient and economical yield of the lig-
nolytic enzymes. Various lignocellulosic agricultural waste
residues (WB, RS, SB, CC, SD, GS and LL) were checked
for synthesis (yield) of laccase under SSF. All the ligno-
cellulosic materials showed fungal growth and its utiliza-
tion for the production of laccase. The results indicate
wheat bran as the potential substrate for production of
laccase (63 U/g and 9.6 mg/g protein) by Trichoderma
harzianum strain HZN10 in comparison with other sub-
strates with luxurious growth over the substrate on the 10th
day of fermentation as shown in Fig. 1.

Wheat bran is recommended as a balanced substrate for
microbial growth as it contains higher cellulosic, hemi-
cellulosic, protein as well as lignin content. It is rich in
growth factors and vitamins. It is an abundant by-product
formed during wheat flour preparation. Rice straw (55 U/g)
and sugarcane bagasse (53 U/g) also showed reasonable
laccase activities. However, lowest activity was recorded
with leaf litter (33 U/g). The inducers and compounds that
affect the laccase synthesis vary with different substrates.
Hence, wheat bran was selected as a solid substrate for
further studies. The greater yields with wheat bran are
consistent in previous reports on SSF using wheat bran as a
substrate. Laccase production using wheat bran is evident
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Fig. 1 Production of laccase by Trichoderma harzianum strain
HZN10 under SSF using various agricultural waste residues

from previous studies of Cotylidia pannosa (Sharma et al.
2015) and from wheat straw by Trichoderma harzianum
ZF-2 (Gao et al. 2013). In agreement with our results,
wheat bran also showed the highest laccase activity using
Pleurotus ostreatus (El-Batal et al. 2015) and Ganoderma
sp. (Revankar et al. 2007). The different types of substrates
have a notable effect on the production of laccase. The
wheat straw substrate was also observed as most suit-
able for laccase production by T. giganteum AGHP with
full colonization of substrate on the 16th day of incubation
(Patel and Gupte 2016).

Statistical optimization of laccase production
from Trichoderma harzianum strain HZN10

Screening of significant factors affecting laccase
production by PBD

PBD was used to screen the factors for their significant
effect on laccase production. Highest laccase production
(240 U/g) was observed in 6th run with a combination of

all factors such as wheat bran, glucose, yeast extract, Ccu*t
ions and 2,5-xylidine present at high level except for
ammonium sulfate which was at low level. Variation in
laccase production among the different combinations
occurred due to the influence of the factors at high and low
levels as shown in Table 1. Wheat bran, glucose, yeast
extract and Cu®" ions had a substantial influence on laccase
yield as seen in Table 4. The key effects of the fermenta-
tion variables at the consigned levels on laccase yield were
described. By the term ‘key effects,” the average of
achieved results (U/g), in which respective variable is at
given level, is meant. Yield levels were found to be very
much reliant on the working conditions. Wheat bran, glu-
cose and yeast extract showed a large effect at high con-
centrations. Regression study and ANOVA with a p < 0.05
indicate the significance of the model terms, and p val-
ues > 0.1 indicates the insignificant model terms. A sig-
nificant positive effect of wheat bran, glucose, yeast extract
and Cu”" ions was verified on laccase yield. The pro-
nounced effect of wheat bran was evidenced to exhibit the
highest effect. The coefficient of determination R, adjus-
ted R’ and predicted R’ were 98.85, 97.47 and 93.36%,
respectively, representing high correlation among the
observed and predicted values. The regression model
describes the correlation existing among the independent
variables and the response.

The first-order model was fitted to the experimental
results with the following Eq. (4):

Y = 178.75 + 33.42X, + 17.92X, + 10.08X3 4 1.25X,
+5.92X5 — 0.25X¢

(4)

where Y is predicted response and X;, X5, X3, X, X5 and X4
are the coded values of wheat bran, glucose, yeast extract,
ammonium sulfate, Cu?’" ions and 2,5-xylidine,
respectively.

Table 4 Regression coefficient and analysis of variance for the quadratic model for laccase production

Term Effect Coefficient Degree of freedom Adjusted sum of squares Adjusted mean squares F value p value

Model 6 18,911.8 3152.0 71.50 0.001*
Constant 178.75 <0.001*
X;—wheat bran 66.83 3342 1 13,400.1 13,400.1 303.97 <0.001%*
X,—glucose 35.83 17.92 1 3852.1 3852.1 87.38  <0.001*
X3—yeast extract 20.17  10.08 1 1220.1 1220.1 27.68 0.003*
X —ammonium sulfate 2.50 1.25 1 18.7 18.7 0.43 0.543

Xs—Cu®" ions 11.83 5.92 1 420.1 420.1 9.53 0.027*
Xe—2,5-xylidine — 050 —0.25 1 0.8 0.8 0.02 0.901

Residual error 5 220.4 44.1

Total 11 19,132.3

F is Fisher’s function; probability *(p < 0.05) corresponds to significance
R? = 98.85%; adjusted R? = 97.47%; R’pred = 93.36%; coefficient of variation (CV) = 6.6
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Optimization of laccase production by CCD-RSM design

Optimization of culture conditions by preliminary screen-
ing through PBD showed that wheat bran, glucose, yeast
extract and Cu®" ions are key fermentation variables for
laccase yield by Trichoderma harzianum strain HZN10
under SSF. However, the preliminary methods of opti-
mization do not provide any evidence about interactive
effects of the variables responsible for higher yield, which
are also known to positively regulate the fungal metabo-
lism. Thus, statistical optimization of significant variables
for maximizing laccase yield by Trichoderma harzianum
strain HZN10 was executed by CCD-RSM design with five
factors in 52 experimental trials. These variables and their
levels were chosen based on the preliminary experiments.
The 52 experimental trials reflected the different combi-
nations of the factors. The tentative (experimental) replies
for the 52 trials are presented in Table 3 which shows

substantial deviation in laccase yield. The variations were
based on 5 independent factors present in the medium. The
lowest and highest laccase yield achieved was 68 and 478
Ul/g, respectively. The results revealed that the run number
43 gave the highest enzyme activity (478 U/g) with all of
the variables present in their middle (‘0’) levels which were
wheat bran 20 g/50 ml, glucose 6%, yeast extract 1%,
Cu”" ions 0.045% and pH 7.0. Identifying the influence of
individual variable is a vital step for an effective fermen-
tation method. ANOVA was used to examine the results of
the experiments and to find out how much variations each
variable has contributed. As shown in Table 5, from the ‘F’
value of all chosen variables, it was observed that all
variables and interactions considered in the investigational
design were statistically significant at 95% confidence
level, demonstrating that almost all the variability of
investigational data can be described in terms of significant
effects. Statistical investigation of the laccase yield from

Table 5 Analysis of variance for response surface quadratic model for laccase production

Source Coefficient Degree of freedom Sum of squares Mean squares F value p value

Model 20 115,414 57,707 27.24 < 0.001*

Linear 5 547,501 109,500 51.68 < 0.001%*
A—wheat bran 87.23 1 329,554 329,554 155.55 < 0.001%*
B—glucose 11.85 1 6080 6080 2.87 0.100
C—yeast extract 53.85 1 125,625 125,625 59.29 < 0.001%*
D—Cu*" ions —35.70 1 55,190 55,190 26.05 < 0.001%*
E—pH 26.78 1 31,052 31,052 14.66 0.001*

Square 5 534,431 106,886 50.45 < 0.001*
A’—wheat bran * wheat bran — 3745 1 82,071 82,071 38.74 < 0.001*
B%—glucose * glucose — 52.03 1 158,446 158,446 74.78 < 0.001%*
C?—yeast extract * yeast extract — 36.30 1 77,112 77,112 36.40 < 0.001*
D’—Cu*" ions * Cu®* ions — 62.46 1 228,335 228,335 107.77 < 0.001%*
E’>—pH * pH —51.94 1 157,908 157,908 74.53 < 0.001*

2-way interaction 10 72,208 7221 3.41 0.004%*
AB—wheat bran * glucose — 6.62 1 1404 1404 0.66 0.422
AC—wheat bran * yeast extract 6.62 1 1405 1405 0.66 0.422
AD—wheat bran * Cu®" ions — 3394 1 36,856 36,856 17.40 < 0.001%*
AE—wheat bran * pH 7.94 1 2016 2016 0.95 0.337
BC—glucose * yeast extract 5.19 1 861 861 0.41 0.528
BD—glucose * Cu®" ions 13.00 1 5408 5408 2.55 0.120
BE—¢glucose * pH 23.00 1 16,928 16,928 7.99 0.008%*
CD—yeast extract * Cu®" ions 13.50 1 5832 5832 2.75 0.107
CE—yeast extract * pH —0.63 1 13 13 0.01 0.939
DE—Cu*" ions * pH — 6.81 1 1485 1485 0.70 0.409

Residual error 31 65,680 2119 1526.2 < 0.001*

Lack of fit 22 65,662 2985

Pure error 9 18 2

Total 51 121,982

R* = 94.62%; adjusted R* = 91.14%; coefficient of variation (CV) = 3.8; F is Fisher’s function; probability p *(p < 0.05) corresponds to

significance; p* corresponds to insignificance
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the investigational designs showed that between all chosen
variables wheat bran contributed enormously to the overall
enzyme yield followed by yeast extract. The computed
F value (27.24) shows that the model was significant at a
maximum confidence level. The low probability p value
(p < 0.05) of the model reveals the significance of the
model terms. The maximum significance of the model was
showed by the correlation coefficient R® = 94.62%.
Moreover, R? is in reasonable agreement with the adjusted
coefficient R* = 91.14% representing a maximum corre-
lation among the practically noted and predicted values.
However, 94.62% of the consistency could be clarified by
the model and 5.38% of the total variations were not
explained by the model. A minor value of the coefficient of
difference of 3.8 reveals a maximum level of accuracy in
the obtained data. An insignificant value for the lack of fit
showed that the quadratic model was valid for the present
study. The p < 0.05 for A, C, D, E, A% B% C% D? E% AD
and BE revealed the significance of these model terms as
shown in Table 5.

The negative quadratic coefficient value of the factors
suggests the existence of a peak point for laccase produc-
tion with respect to the factors and an inhibitory effect at
other than the peak point. A positive linear coefficient
value for A, C, E indicates increased laccase production
with increased concentrations of wheat bran and yeast
extract at greater pH. The collective effects of the process
factors on the laccase yield could be expressed in the form
of Eq. (5): where insignificant process parameters have
been excluded from the quadratic polynomial equation of
the model.

Y =476 +87.23A 4 53.85C — 35.70 D 4+ 26.78 E
—37.45A% — 52.03 B — 36.30 C?
—62.46 D*—51.94 E*—33.94AD + 23.00 BE,

(5)

where Y is the response (laccase production U/g) and A, B,
C, D and E are the coded values of the independent
variables.

Studying the interaction among two variables provides a
deeper insight into the whole process analysis. A factor can
interrelate with any or all of the other variables making the
possibility of existence of a vast number of interactions.
Three-dimensional response surface plots were made in
order to examine the interaction between the factors and to
identify the optimum concentration of individual factor for
highest laccase yield by Trichoderma harzianum strain
HZN10. Interactions between two variables were analyzed
while keeping the other variable at midpoint. Significant
interactions (p < 0.05) were identified among wheat bran—
Cu?" ions and glucose—pH. Value of p > 0.05 for AB, AC,
AE, BC, BD, CD, CE and DE showed insignificant

interactions. The negative value of coefficients for D, A2,
B*, C?, D*, E°, AB, AD, CE and DE specifies that the
laccase yield was affected at points other than optimal
point. Highest laccase yield occurred with wheat bran
(25-31.85 g/50 ml) and Cu** jons (0.045%) concentra-
tions as shown in Fig. 2a. Medium concentration of glu-
cose (4-6 g) and high pH 7.0-7.5 showed higher laccase
titers Fig. 2b. Higher concentration of wheat bran sup-
ported higher laccase titers as wheat bran provides the
required nutrients and also serves as a better source of
carbon and nitrogen required for laccase synthesis. Cu®"
ions at a concentration of 0.045% induced the laccase
synthesis. Higher concentration of copper has a negative
effect on growth of fungal culture and thus on laccase
activity. Neutral pH was sufficient for high laccase titers.
Additional investigations were carried out in triplicate to
confirm the optimal predictions of the model. Laccase yield
under optimized conditions (wheat bran 31.85 g/50 ml,
Cu”" ions 0.045%; glucose 6.0% and pH 7.5) yielded 510
U/g as compared to predicted yield of 514 U/g. An 8.09-
fold increase in laccase yield was achieved after statistical

optimization. The investigation results showed high
(A)
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Fig. 2 3D response surface plots showing interactions between
independent variables. a Wheat bran vs Cu®* ions and b glucose vs
pH affecting the laccase production (U/g)
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accuracy of model signifying the model validation under
the tested conditions.

Among statistical methods, PBD and RSM designs are
preferred for optimizing biotechnological processes. The
secretion of enzyme depends on the physiological, nutri-
tional and biochemical nature of the organism. Similar to
our results, utilization of Taguchi L,g orthogonal array for
laccase yield by Coriolopsis caperata RCK2011 revealed
that wheat bran had stronger influence on laccase produc-
tion (Nandal et al. 2013). Generally, wheat bran is used as a
lignocellulosic source, which provides both carbon and
nitrogen source to the organisms. Supplementation of yeast
extract as nitrogen source further improves the fungal
growth during early phases of colonization. Copper has
been reported to be a strong laccase inducer by many
researchers. In Ganoderma sp. rckk-02, laccase yield from
was optimized by CCD-RSM with wheat bran substrate
and the presence of Cu®" ions under SSF (Sharma et al.
2015). In agreement with our results, Lorenzo et al. (2005)
also found that higher copper concentration (20 mM)
inhibited the laccase yield from Trametes versicolor by
40%. Laccase by Ganoderma sp. KU-Alk4 was optimized
by a 7-level Box—Behnken factorial design (Teerapatsakul
et al. 2007).

Delignification of biomass (Saw dust)

HPLC analysis of phenolic compounds and enzymatic
hydrolysis

The concentration as well as types of enzyme inhibitors
produced in the pretreatment of lignocellulose depends on
composition of biomass, pretreatment method and reaction
condition (Ximenes et al. 2010). During harsh pretreatment
conditions, high phenolic constituent is transformed to the
aqueous section. Generally, when biomasses are pretreated,
the phenolic substances are derived and released from
lignin. The phenolic compounds acted as strong inhibitors
of microbial enzymes. Hence, the pretreatment of biomass
by laccase aids in the reduction of the phenolic compounds.
Filtration and washing of pretreated biomass is known to
remove inhibitory compounds, but inhibitors are also
released into the media during enzymatic saccharification.
Biological pretreatment also improves the digestibility of
biomass. Polymeric and monomeric phenolic compounds
have been reported to inhibit and deactivate several cel-
lulases from organisms. In the present study, the phenolic
compounds present in the laccase-pretreated saw dust
hydrolyzate were analyzed after 48 h using HPLC with
authentic standards such as 4-hydroxy-3-methoxybenzoic
(vanillic) acid and 4-hydroxy-3,5-dimethoxybenzoic (sy-
ringic) acid as shown in Fig. 3a. Peaks at 2.7, 3.2, 3.6 and
4.088 RT are prominently found at higher concentration in
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Fig. 3 HPLC chromatogram for a authenticated phenolic com-
pounds. 1: 4-hydroxy-3-methoxybenzoic (vanillic) acid and 2:
4-hydroxy-3,5-dimethoxybenzoic (syringic) acid, b chromatogram
of different inhibitors in alkali-pretreated saw dust and ¢ chro-
matogram of inhibitors during the delignification of biologically
pretreated saw dust with laccase from Trichoderma harzianum strain
HZN10

untreated saw dust indicating the presence of several
inhibitors including vanillic acid and syringic acid Fig. 3b.
Laccase treatment decreased the toxic effects of lignin-
derived phenolic chemicals like 4-hydroxy-3-methoxy-
benzoic (vanillic) acid and 4-hydroxy-3,5-dimethoxyben-
zoic (syringic) acid, which are inhibitory to enzymatic
hydrolysis process. Peak at 2.7 RT for 4-hydroxy-3-
methoxybenzoic (vanillic) acid showed drastic reduction in
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the laccase-pretreated saw dust sample. Peak at 4.1 RT
representing 4-hydroxy-3,5-dimethoxybenzoic (syringic)
acid also reduced in the laccase-pretreated saw dust sample
Fig. 3c.

This resulted in the removal of toxic inhibitors during
laccase pretreatment indicating detoxification of the saw
dust sample. The untreated saw dust samples were rich in
phenolic compounds which drastically reduced upon lac-
case pretreatment.

The solid fractions of laccase-pretreated and untreated
saw dust were subjected for enzymatic saccharification
with cellulolytic enzyme mixture. After 72 h of enzymatic
hydrolysis, the hydrolyzates obtained were studied for
reducing sugars. The results revealed that the laccase
treatment executed prior to the enzymatic hydrolysis of
saw dust showed an increase in reducing sugar (4.3 g/g)
concentration in comparison to untreated sample (2.7 g/g).
A 1.6-fold increase in reducing sugars was observed after
laccase treatment. Hence, laccase pretreatment process
seems to be an ecofriendly and advantageous process to
achieve enhanced reducing sugars which can be fermented
to bioethanol. Previous studies reported that laccase as well
as the laccase mediator system can efficiently avoid inhi-
bition by eliminating phenolic compounds and demon-
strated the use of laccases for detoxification of biomass.
Laccase from Yarrowia lipolytica was used for enzymatic
hydrolysis to breakdown phenolic chemicals in pretreated
rice straw, which removed 30-52% of the phenolic com-
pounds with high saccharification yield (Lee et al. 2012).
Earlier study demonstrated the use of laccase to strongly
reduce the phenolic constituent in the medium, without
disturbing weak acids and furan derivatives during the
fermentation of steam-exploded wheat straw substrate by
Saccharomyces cerevisiae. Whole fermentation lacking
accumulation of glucose was found inside 72 h of simul-
taneous saccharification and fermentation (Alvira et al.
2013). Use of ligninolytic fungi like Pleurotus eryngii and
Irpex lacteus for biological pretreatment of wheat straw
biomass was demonstrated indicating maximization of
sugar yield and ethanol production and no furfural, 5-hy-
droxymethylfurfural or acetic or formic acids, the main
inhibitors were detected in filtered supernatants after bio-
logical treatment (Lopez-Abelairas et al. 2013). Pretreat-
ment of Lantana camara with laccase from Pleurotus sp
followed by simultaneous saccharification and fermenta-
tion by Saccharomyces cerevisiae yielded 5.14% (v/v)
ethanol (Kuila and Banerjee 2014). A 76% removal of
phenolic compound was observed by laccase (produced
from C. perennis) treatment of rice straw, and enzymatic
hydrolysis of laccase-treated rice straw increased the sac-
charification yield by 48% (Kalyani et al. 2012). A
reduction in the toxic effect of phenolic compounds by
laccase treatment and improved fermentability of

hydrolyzates in terms of increased reducing sugar pro-
duction was demonstrated. Addition of inducers during
laccase pretreatment was reported, where 50% lignin
elimination from eucalyptus wood was achieved by pre-
treatment with recombinant Myceliophthora thermophila
laccase and methyl syringate as facilitator (Rico et al.
2014).

FTIR analysis

The structural alterations in untreated and laccase (from
Trichoderma harzianum strain HZN10) biologically pre-
treated saw dust in the presence of HBT mediator were
examined by FTIR. The spectrum of untreated and bio-
logically pretreated saw dust is shown in Fig. 4a, b,
respectively.

Broadening of hydroxyl group increased after laccase
pretreatment of saw dust. The degradation of lignin was
detected after laccase treatment. A peak of amines N-H
stretch is recognized nearby 3419 cm™' in both untreated
and laccase-pretreated saw dust. Methylene anti-symmetric
C-H stretch was found around 2928 cm™'. Peak around
2915 cm™' region in both the cases appears from C-H
stretching, further suggesting that the treatment process
may destroy aliphatic structures in the biomass. A new
peak around 1780-1700 cm™' was detected after laccase
treatment indicating the presence of functional groups like
aldehyde, ketone, ester and carboxylic acid probably
resulting from the laccase action on aromatic ring structure
of lignin. In untreated samples, these carbonyl groups stay
linked through aromatic rings, thus resulting in no
absorption at this wavelength. Strong aromatic ring (aro-
matic lignin) stretch was experiential in 1600-1500 cm ™"
range with aromatic C=C bending in untreated saw dust.
Lower band intensity at 1605.21 cm™' in laccase-pre-
treated sample was observed due to aromatic skeletal
vibration. Strong aromatic lignin structure is obvious in
untreated sample which was disappearing in laccase pre-
treatment sample implying delignification effect. Peak
around 1550-1500 cm™' indicated semicircle ring
stretching (aromatic lignin) in untreated sample which was
lost in laccase-pretreated sample. Peaks near
15001450 cm ™" accounted for —-C—H deformation (methyl
and methylene) in untreated sample which disappeared
during laccase treatment. A weak C-O stretching was
found around 1450-1400 cm™' in untreated sample and
lost in treated sample. Peak in the vicinity of 1375 cm™'
corresponded to O-H bending of phenols, which is com-
monly evidenced in raw biomasses. Phenolic clusters are
typically considered to be associated with the lignin com-
ponent of biomass. The more number of phenolic groups
indicates the higher lignin content in biomass. Low inten-
sity of this band indicates the destruction of phenolic
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Fig. 4 FTIR analysis of a untreated saw dust and b laccase (from Trichoderma harzianum strain HZN10)-treated saw dust

structures of lignin during laccase action. C-O stretching of
aryl ethers, and phenolics of lignin-derived chemicals and
C-O stretching of pyranone rings and guaiacyl monomers
around 1250 cm™' were observed in both samples with
varying intensities. Glycosidic linkage was predicted in
both samples around 1200-1150 cm™'. Bands around
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1100-950 cm™" regions revealed the presence of phos-
phines and phosphine oxides, silican oxide and C-O-C
stretching and C-O, C=C and C-C-O vibrational stretch-
ing in the region of 1050-1000 cm ™' which was visualized
in both samples. Peaks in the region of 800-856 cm™' were
lost after laccase pretreatment. In untreated saw dust, the
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appearance of peaks near 836 and 1166 cm™' typically
represents the syringyl—guaiacyl-p-hydroxyphenyl (SGH)
lignin. Syringyl (S) and guaiacyl (G) units were identified by
vibrations of aromatic skeleton around regions of 1609,
1126 and 1330 cm™' (S), 1513, 1034 and 1265 cm™ (-
G) (Zeng et al. 2011). The decrease in the transmission of
these regions revealed the destruction of lignin structures in
treated saw dust compared to the untreated. Peak near
780 cm ™' corresponded to aromatic C-H bending in both. A
peak near 670 cm ™ is usually evidenced in raw biomass for
alkyne C—H bend which was lost in laccase-treated sample.
Peak at 511.91 cm ™! was lost, and new peak at 472.73 cm”!
was evidenced. Earlier reports on FTIR analysis of ligno-
cellulosic biomass also conclude similar observations
(Adapa et al. 2011; Qian et al. 2013). FTIR spectra illus-
trated the delignification process initiated by biological
pretreatment of biomass by laccase produced from Tricho-
derma harzianum strain HZN10. Lignin being a highly
branched polymer with an array of functional groups pro-
vides many sites for chemical and biological interactions.
The significant functional groups in lignin are hydroxyl,
methoxy, carbonyl and carboxylic groups. By knowing the
mechanism of lignin degradation could help to develop an
ecofriendly process of pretreatment to protect the microbial
enzymes from the effect of inhibitors during saccharification
of biomass. Earlier reports on biological pretreatment of
biomass employing laccase also concluded similar obser-
vations. Aspergillus fumigatus laccase treatment was done in
the presence of a mediator N-hydroxybenzotriazole which
results in a notable high level of delignification of the pulp.
The author reported the appearance of new strong peak at
1720 cm™!' in enzyme-treated pulp (Vivekanand et al.
2008). The delignification efficiency by laccase from Pe-
niophora sp. in the presence of redox mediators (ABTS and
HBT) showed structural variations in lignin and occurrence
of several active centers for both chemical and biological
degradation of lignin following enzymatic treatment. Other
authors also showed similar disappearance of peaks after
laccase treatment found in untreated pulp at 615 cm™'
(Shankar and Shikha 2012). In agreement with our findings,
the spectrum for lignin showed peak at 836 cm ™' for SGH
lignin (Pandiyan et al. 2014).

SEM analysis

SEM studies depict the morphological and structural vari-
ations of biomass arising throughout delignification pro-
cess. Untreated saw dust revealed a unique structure of the
fibers, and the entire structure was closed indicating the
recalcitrant nature. It showed intact cell wall with vascular
bundles and a highly fibrillar structure as shown in Fig. 5a.
SEM image of biologically treated saw dust sample
through laccase production by Trichoderma harzianum

curr | tilt
mm 18 pA |0

Fig. 5 SEM analysis of a untreated saw dust and b saw dust
hydrolyzed by Trichoderma harzianum strain HZN10 producing
laccase

strain HZN10 provides important information on the extent
and pattern of delignification process targeting the fiber cell
walls that are highly rich in lignin. The results validate the
interaction between the laccase producer and lignin com-
ponents of treated sample. The SEM image of the treated
sample depicts the colonization of fungi over the wood
tissues. The fungal hyphae penetrate into the cells and
attack the parenchyma tissue as it supports the fungal
growth with available nutrients. Further, the presence of
phenolic constituents would have triggered the expression
of ligninolytic enzymes by the fungi. This initiates the
delignification of biomass which is evidenced at the fiber
cells and middle lamella regions (Fig. 5b). The fibers of the
laccase-treated sample were shown to possess rough sur-
face. The treated sample reveals the formation of pores on
the biomass surface and distraction of the biomass
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matrices. The enhanced porosity further exposes the cel-
lulosic portion for efficient hydrolysis. Similar observa-
tions have been reported by other researchers. SEM images
of A. mangium wood chip samples biologically treated with
T. versicolor, P. coccineus, Daedalea sp. as well as
Phellinus sp. revealed the mechanism of lignin degradation
and its association among ligninolytic enzymes activities
formed by fungal cultures (Liew et al. 2011). The enzy-
matic treatment of wood pulp with Aspergillus fumigates
laccase mediator system showed rougher surface indicating
the process of peeling with more exterior fibrillation
(Vivekanand et al. 2008). Similar structural and chemical
variations were observed in Parthenium sp. during chem-
ical and biological pretreatment (Pandiyan et al. 2014).

Conclusions

In the present research, wheat bran was found to be a
potential substrate among the various agricultural waste
residues screened for laccase production by Trichoderma
harzianum strain HZN10 under SSF. Statistical optimiza-
tion by PBD and CCD-RSM revealed high model adequacy
with 8.09-fold increase in laccase production. Significant
interactions were evidenced between wheat bran—Cu®"
ions and glucose—pH. Delignification of saw dust was
effective by laccase mediator system. Delignification pro-
cess was evidenced by HPLC, FTIR and SEM analysis.
This indicated the significance of laccase in biofuel
industries for biological pretreatment processes.
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