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Abstract

Investment in green chemistry to convert agro-industrial residues into value-added products could be economically feasible.
The present study proved the utility of sugarcane bagasse as an inexpensive and easily available raw material for large-scale
production of extracellular laccase from a newfound bacterial strain Lysinibacillus macroides LSO isolated from Alexan-
dria paper and pulp industry effluents. To maximize the efficiency of laccases, a sequential optimization strategy focused
on computational experimental designs accompanied by a bench-scale bioreactor batch cultivation strategy was adopted.
Among the twelve variables analysed, sugarcane bagasse, NH,Cl, CuSO,-5H,0, and MnSO,-H,O were chosen based on their
high positive significant impact on laccase productivity via the 2-level Plackett—Burman design (PBD). Rotatable Central
Composite Design (RCCD) was exploited to create a polynomial quadratic model correlating the relationship between the
four variables and the productivity of laccase. The highest extracellular laccase productivity and specific growth rate (u) were
achieved at the early period of the incubation time through cultivation Lysinibacillus macroides LSO in a 10-L stirred tank
bioreactor under batch operation conditions. Laccase yield 7653.2 U L™! min~! and u=0.024 h™!, respectively, were obtained
after 28 h that increased more than 70.861-, 4.181-, and 1.934-fold compared to basal media, PBD, and RCCD, respectively.
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Introduction

Sugarcane industry is among the oldest industries in the
Egyptian economy, and it is regarded as the most impor-
tant and vital industry in Egypt. The sugarcane industry
is considered as an open industrial system, in which the
material and energy are utilized to produce the product,
by-product, and waste streams. Agro-industries’ waste is
generated as a result of disposal concerns that lead to envi-
ronmental and economic concerns. The sugarcane industry
has to close its production process throughout its lifecycle,
in order to be a sustainable industry or a green industry;
consequently, its wastes, residues, and by-products should
be exploited as raw materials for other industries rather
than burned or disposed of. A considerable amount of
waste and by-products are generated through the sugarcane
industry. Sugarcane bagasse is one of the most valuable
bio-wastes; it was reported that the three million tons of
bagasse are produced annually during the sugar manufac-
turing cycle in the mill. The bagasse is the fibrous material
leftover after chopping and crushing cane stalks for the
juice extraction (Nakhla and Haggar 2014).

In recent decades, there has been a growing search
for the use of agro-industrial waste due to incessant
demand for agricultural activities. The deposition of
these residues causes environmental degradation and
financial damage (Pandey et al. 2000). The green chem-
istry strategies are developed to utilize these materials,
transforming them into chemical compounds and micro-
bial products with high added value such as protein-
rich animal feed, enzymes, organic acids, amino acids,
and vitamins. The use of sugarcane bagasse residue in
bioprocesses is a rational alternative substrate produc-
tion and an aid in solving the problem of environmental
pollution. Sugarcane bagasse is a renewable, reliable,
and low-cost source of carbon because it has a high car-
bohydrate content and relatively low lignin content. It
consists of approximately 50% cellulose, 25% hemicel-
lulose, and 25% lignin (Ferreira et al. 2018). Thus, the
use of sugarcane bagasse for enzymatic production is an
alternative for biotechnology industries to obtain hydro-
lytic and oxidative enzymes at a lower cost than com-
pared to the enzymes on the market. The major obstacle
for the utilization of agro-industrial waste in fermen-
tation technology through bioprocess strategies is the
transformation of the complex polysaccharides into
ready-to-use saccharides, which can be assimilated by
micro-organisms, and this challenge could be handled
via the application of microbial enzyme technology.
In various agro-industries, lignocellulolytic enzymes
have a major prospective application. Over the past cen-
tury, laccases have acknowledged its potential for the
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bio-depolymerization of lignin and oxidization of vari-
ous phenols, polyphenols, methoxy-substituted phenols,
aromatic amines, and highly recalcitrant environmental
pollutants combined with the reduction of molecular
oxygen to water. Laccases (benzenediol: oxygen oxi-
doreductases, p-diphenol oxidase; EC 1.10.3.2) are the
members of the most significant subgroup of the protein
subfamily of blue multi-copper oxidases and contain
binding domains of histidine-rich copper. Furthermore,
in contrast to other members of oxidoreductases, lac-
cases do not require co-factoring such as NADP (H)
and do not generate toxic intermediate peroxides unlike
peroxidases; these unique features of laccases put them
as potential industrial oxidizing enzymes (Rajeswari
and Bhuvaneswari 2016).

Most microbial laccases have been defined to date by fun-
gal origin, particularly white-rot fungi, very little reporting
on bacterial laccases, are available. Nevertheless, manufac-
turing and commercialization of fungal laccases are still
not being achieved for bio-ligninolysis because of the slow
growth rate of fungal cells, which extended the fermenta-
tion period, massive spore formation, and low laccase titre,
and the acidic culture conditions are necessary for fungal
growth (Chauhan et al. 2017). Bacterial laccases have been
increasing quickly in the latest years, owing to their numer-
ous notable characteristics compared with fungal laccases
in view of industrial points such as its activation and sta-
bilization under alkaline conditions and high temperatures
with great stability against different inhibitors. Furthermore,
due to their economical use in industrial applications, bac-
terial laccases have some extra advantages, including their
short-term production of enzymes and ease of cloning and
expressing in the host with appropriate manipulation appro-
priate (Zhu et al. 2020). Nevertheless, the industrial exploi-
tation of bacterial laccases is hindered because most bacte-
rial laccases reported are intracellular or spore-bound, which
makes it extremely difficult to produce and purify them in
large scale (Sondhi et al. 2015), because their environmental
eco-friendliness and sustainability have made the pursuit of
innovative high influential bacterial strains producing lac-
cases a legitimate objective (Unuofin et al. 2019).

The main goal of the current study is the exploitation
of green chemistry sustainable strategies for the ultimate
benefit of bio-waste sugarcane bagasse for scaling-up
production of extracellular bacterial laccase from Lysini-
bacillus macroides LSO on bench top-scale production,
where the scale-up of bacterial laccase production on
large-scale production has received a few attention to
date. According to those mentioned above, the present
study was focused on finding an innovative step towards
scaling up of newfound laccase production. Moreover,
the present study was a highlight on the exploitation of
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mathematical models for optimizing the conditions of
growth, which give the highest laccase productivity from
a newfound Lysinibacillus macroides LSO. To the best
of our knowledge, the lag phase bacterial laccase pro-
duction has not yet been reported in the literature; the
finding of the current study represents the first report
for lag phase, and bench-scale laccase production uses
sugarcane bagasse as agro-industrial waste residual.

Materials and methods
Sample collection and isolate sources

The bacterial strain was isolated from sludge samples,
which collected aseptically from different discharged sites
of Alexandria paper and pulp manufactories. The samples
were transported to the Bioprocess Development laboratory
and stored in the refrigerator at 4 °C until further processing.

Enrichment and isolation of laccase-producing
bacteria

The laccase-producing bacteria were enriched by liquid
Luria—Bertani (LB) (yeast extract [Biobasic], 5; peptone
[Merck], 10; NaCl [Adwic], 10 g/1) medium-supplemented
with 0.2 mM CuSO,. 5H,0. One gram of sludge sample
was suspended in 250-ml Erlenmeyer flasks contained
50-ml sterile LB medium supplemented with 0.2 mM
CuSO,-5H,0, pH 7.0 and followed by incubation in a recip-
rocal shaker at 30 °C, 200 rpm for overnight (Rajeswari
and Bhuvaneswari 2016). Then, a standard serial dilution
(107'-107%) was prepared using sterile water saline solu-
tion (0.85% NaCl, 0.1% peptone). 0.1 ml aliquots of seri-
ally diluted samples were pipette out into LB medium agar
plate and incubated at 30 °C, for overnight. Pure isolates
were subcultured, kept on LB slants, stored at 4.0 °C, and
subcultured regularly.

Qualitative screening for laccase-producing bacteria

The qualitative screening was carried out by streaking
of diluted LB agar supplemented with 5.0 mM guaiacol
[Sigma-Aldrich, Germany] as an indicator substrate (Mong-
kolthanaruk et al. 2012) with single colonies from each iso-
late and incubated overnight at 30 °C. The appearance of
reddish-brown colonies indicated a positive laccase produc-
tion, which confirmed by the quantitative procedure.

Quantitative screening

The extracellular cell-free supernatant is used as crude
enzyme for the quantitative determination of laccase

activity. It was obtained through the submerged culture of
selected isolate via inoculating 50 ml of laccase produc-
tion media (W/v%): yeast extract; 0.896; (NH,),SO,, 0.035;
CuSO,-5H,0, 0.02; FeSO,-7H,0, 0.000133; glucose,
0.0943, pH 7.0, as described by Abdelgalil et al. (2018),
dispensed in 250-ml Erlenmeyer flask with one ml of 20-h,
old suspension of the tested isolate. The inoculated flasks
were incubated at 30 °C for 24 h using a reciprocal shaker
(200 rpm). The cell-free supernatant was obtained via cen-
trifugation at 6000 rpm for 30 min. at 4.0 °C. Laccase activ-
ity has been monitored calorimetrically using 2,6-dimeth-
oxyphenol (DMP) as a substrate with an extinction
coefficient (¢) 470=35,645 M ™" cm™" at 470 nm (Chen et al.
2013). The reaction mixture contained appropriately diluted
enzyme solution in 0.25 ml of 0.1 M sodium phosphate
buffer pH 8.0; 0.6 ml of 0.1 M sodium phosphate buffer
pH 8.0; and 0.25 ml of DMP reagent (4.0 mM) dissolved
in 10% ethanol; the reaction mixture was incubated after
thorough mixing at 60 °C for 10 min. The blank contained
all the constitutes except the active enzyme. As a result of
the oxidation of DMP, the increase of the absorbance was
monitored at 470 nm (¢ =35,645 M~! cm™!) in a UV-visible
spectrophotometer. One unit of enzyme activity has been
expressed as an international unit (IU); it represents as the
amount of enzyme that catalyses the oxidization 1.0 pmol
of DMP per minute under standard assay conditions; and
the activity was expressed in U L™! min~".

Amplification of the 16S rDNA gene, sequencing,
and similarity

The bacterial isolate that shows the highest laccase activ-
ity was selected for further molecular identification. The
salting-out method (Marahatta et al. 2006) was followed
to extract the genomic DNA from the isolate under inves-
tigation. Thereafter, amplification of the 16S rRNA gene
from the genome of the interested isolate was carried out
via the polymerase chain reaction technique, using univer-
sal forward primer 5'-AGAGTTTGATCMTGGCTCAG-3'
(corresponded to position 8 of Escherichia coli 16S rRNA)
and reverse primer 3'-TACGGYACCTTGTTACGACTT-
5' (corresponded to position 1514 of Escherichia coli 16S
rRNA). The PCR mixture consisted of (0.0015 ml) 10 pM
for each primer, 0.1 pg of chromosomal DNA, (0.005 ml)
2 mM dNTPs, (0.0004 ml) 2U of Taq polymerase,
(0.005 ml) 10 X polymerase buffer (Fermentas, Germany)
and 0.0368 ml of nuclease-free water for a 0.05 ml reaction.
PCR amplification was performed using a thermal cycler
(MultiGene OptiMax, Labnet International, Inc.) under the
following conditions: 4.0 min at 95 °C, then 30 cycles at
94 °C for 1.0 min, 55 °C for 1.0 min and 72 °C for 2.0 min,
followed by an additional 10 min at 72 °C as a final exten-
sion step. The amplification product was analysed via a 1.0%
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agarose gel electrophoresis and then purified for further use.
The purified PCR fragments were subject to automated DNA
sequencing according to the protocol recommended by the
manufacturer. The obtained sequence was submitted to the
BLAST network (www.ncbi.nlm.gov/blast) to assess the
DNA homologous. Subsequently, the sequence has been
deposited in the GenBank to get an accession number. Mul-
tiple sequence alignment was carried out via ClustalW2, and
a phylogenetic tree was constructed using the MEGA soft-
ware (version 7.0) by the neighbour-joining method (Kumar
et al. 2016).

Effects of different lignocellulosic residues
on laccase production

To obtain the ultimate benefit from lignocellulosic wastes,
1% (w/v) from sugarcane bagasse, corn stove, molasses,
black liquor and 1 mM from kraft lignin and humic acids
(Arora and Gill 2000) has been exploited to enhance the
Lysinibacillus macroides LSO (MN216323) laccase pro-
ductivity. The sugarcane bagasse and corn stove were col-
lected from the fruit opened market and Agriculture Insti-
tute Research-Alexandria, respectively, and then chopped
into small chips with scissors. The chips were sun-dried,
oven-dried (50 °C) to constant weight, ground to 40-mm
mesh size electric blender, and stored in the airtight plastic
jars to keep the material moisture-free, while black liquor
was obtained from pulp and paper factory, Alexandria,
Egypt. The laccase production medium (w/v%): yeast
extract; 0.896; (NH,),SO,, 0.035; CuSO,-5H,0, 0.02;
FeSO,-7H,0, 0.000133; glucose, 0.0943, pH 7.0 (Abdel-
galil et al. 2018) supplemented with the above lignocellu-
losic wastes separately has been inoculated with an aliquot
(20%) of activated culture suspension and incubated in
a reciprocal shaker incubator at 30 °C and 200 rpm for
20 h. Aliquots (2.0 ml) were withdrawn for laccase activ-
ity determination.

Statistical optimization for laccase production
Plackett-Burman design

A fractional factorial PBD was employed in the current
study to select the variables that control laccase produc-
tion notably from an array of factors, and insignificant ones
were uninvolved to obtain the smaller, more controllable set
of factors with lesser experimentations (Chhaya and Modi
2013). The experimental design for Plackett—-Burman was
built to screen for twelve parameters; each was evaluated at
two levels: (+) at a high level and (—) at a low level as coded

a
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to describe each independent variable’s linear influence on
the performance objectives (laccase activity) irrespective
of the interactions (Plackett and Burman 1946). The num-
bers of positive and negative signs per trial are (n,,)/2 and
(n_;)/2, respectively. Table 1 shows both the independently
examined variables, the levels of each variable in the experi-
mental design and the design matrix of the 12 selected vari-
ables screened with a central point in 22 combination trials
with the corresponding laccases yield response.

For the data interpretation, determination of the coef-
ficients and the polynomial model reduction, the Plack-
ett—Burman experiment was subject to multiple regression
analysis with the aid of Excel software program. The mean
effect chart was used in the statistical study to elucidate the
importance of variables that depend on their nature and posi-
tive or negative results in the production process as Al Fattah
explained (2011). Through measuring the p value by the
standard regression analysis, the significance of variables
was calculated. When their p value is less than 0.05, these
variables are considered meaningful (Abdel-Fattah et al.
2009). Plackett—-Burman factorial design followed the first-
order polynomial model:

Y=ﬂo+2ﬂixi

where Y is the response (laccase activity U L™! min™), g,
is the model intercepts, f; is the linear coefficient, and X; is
the level of the independent variable. From the Pareto chart,
the factors showing the highest positive effects were selected
for further optimization using RCCD (El-Sersy et al. 2010).
A confirmation test was carried out in which the predicted
optimum levels of the independent variables were examined
and compared to the basal conditions, and then, the average
of enzyme activity was calculated.

Rotatable Central Composite Design

Response surface methodology (RSM) is the empirical
simulation methodology used to maximize the concentra-
tion of critical screened variables to boost the laccase pro-
ductivity. Using RCCD was adopted to find the optimum
levels of the significant variables (sugarcane bagasse,
NH,CI, CuSO,-5H,0, and MnSO,-H,0) and the effects of
their mutual interactions on enzyme production with rev-
erence to enzyme activity (U L™! min~!) as a response.
Each independent variable was studied at five different lev-
els denominated as (—2, — 1, 0, + 1 and + 2, respectively)
(Box and Behnken 1960) along with 27 trials. For the error
calculation, the middle point of the pattern was repeated
three times. Table 3 shows the coded and real levels of every
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Table 1 Randomized Plackett-Burman experimental design for evaluating factors influencing laccase production by Lysinibacillus macroides

strain LSO
Trials  Variables Laccase productivity
(UL !'min™

X, X, X, X, X; X¢ X; Xg X X0 X;; X, Actual value  Predicted value  Residual
1 -1 1 -1 -1 1 1 1 | 1 -1 1 122.0507 103.107 18.9437
2 -1 -1 -1 -1 1 1 -1 -1 1 -1 -1 1 105.3864 81.3353 24.0510
3 -1 -1 1 1 -1 -1 1 -1 -1 1 1 1 420.9286 332.195 88.7333
4 -1 1 -1 -1 -1 -1 1 1 -1 -1 1 -1 4382101 466.713 —28.5033
5 1 -1 -1 1 1 1 1 -1 1 -1 1 -1 467.8356 471.234 —3.39879
6 0 0 0 0 0 0 0 0 0 0 0 0 199.0461 264.967 —65.9209
7 -1 1 -1 1 -1 -1 -1 -1 1 1 -1 -1 53.38757 79.6381 —26.2505
8 1 -1 -1 -1 -1 1 1 -1 -1 1 -1 -1 96.43708 83.7733 12.6637
9 1 -1 -1 I -1 -1 1 1 1 1 -1 1 74.06368 105.668 —31.6047
10 1 1 1 1 1 1 1 1 1 1 1 1 440.6789 461.467 —20.7883
11 1 1 -1 -1 1 -1 -1 1 1 1 1 -1 7344648 642.846 91.6187
12 1 -1 1 -1 -1 -1 -1 1 1 -1 -1 1 116.0331 91.1025 24.9305
13 -1 1 1 1 1 -1 1 -1 1 -1 -1 -1 35.18024 7.88890 27.2913
14 -1 -1 1 -1 -1 1 1 1 1 -1 1 -1 3832795 373.053 10.2258
15 1 -1 1 -1 1 -1 -1 -1 -1 1 1 -1 4795623 525.300 —45.7385
16 1 1 1 1 -1 1 -1 1 -1 -1 -1 -1 52.61607 37.5761 15.0399
17 -1 1 1 -1 -1 1 -1 -1 1 1 1 1 361.6776 396.306 —34.629
18 -1 -1 -1 1 1 -1 -1 1 -1 -1 1 1 456.7260 483.640 -26914
19 1 1 -1 1 -1 1 -1 -1 -1 -1 1 1 471.5387 440.698 30.8402
20 0 0 0 0 0 0 0 0 0 0 0 0 207.9955 264.967 -56.9715
21 -1 -1 1 1 1 1 -1 1 -1 1 -1 -1 50.14728 41.6496 8.49768
22 1 1 1 -1 1 -1 1 -1 -1 -1 -1 1 62.02833 74.1450 —12.116
Variables Code Coded and actual levels

-1 0 +1

Sugarcane bagasse X, 2 5 10
Sucrose X, 0.1 0.25 0.5
Yeast extract X; 1.0 25 5.0
Peptone X4 1.0 2.5 5
NH,Cl X; 0.1 0.25 0.5
KNO; X 0.02 0.05 0.1
Vanillic acid X, 0.0337 0.084 0.16858
CuSO,-5H,0 Xg 0.0249 0.062 0.1248
MgSO,-7H,0 Xy 0.1 0.25 0.5
NaCl X0 0.1 0.25 0.5
MnSO,-H,0 X, 0.025 0.0625 0.125
ZnSO,-7H,0 X 0.001 0.0025 0.005

variable and the layout of the experimental design matrix
used in this study.

Experimental design, data processing, and quadratic
model construction were included in the free download of
available programmes. The observed performance (laccase
yield) was taken as the experimental values of the variable

or response (Y), while quadratic model-fitting techniques
were used to obtain the intended response values. With
the resolution of the obtained polynomial equation, opti-
mum values of the four parameters were achieved. Fur-
thermore, three-dimensional plots were constructed using
a STATISTICA 7.0 software with a vertical axis that

=
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reflects enzyme yield and two horizontal axis representing
five levels of two explanatory nutrients, while maintaining
other two variables at zero level for visual observation of
the maximal response pattern and the interactive influence
of the significant variables on the response. A second-order
model was used to correlate the response with the different
parameters. In the following quadratic predictive polyno-
mial equation, the correlation between the four parameters
and the response (laccase activity) is defined.

Y =By + B X, + BXo + B3 Xy + B Xy + B1o (X1 X5) + B13(X,X;5)
+ ﬁ14(X1X4) + ﬁ23(X2X3) + ﬂ24(X2X4) + ﬁ34(X3X4)
+ B+ PrX5 + B X5 + BuX]

where Y is the predicted response (laccase activity
U L~! min™!); 8, is the model intercept; X, X,, X; and X,
are the independent variables, 5, f,, f5, and S, are linear
coefficients; 35, B3, P14> Pa3> Poar and B, are cross-product
coefficients; and 3, By, f33, and f,, are the quadratic coef-
ficients. In order to identify the relationship of the variables
and the responses, the data were analysed through multiple
linear regressions like a variance analysis (ANOVA) using
the free available download software. The fitness of the
studied model was shown by a determination coefficient,
R?. The validity of the quadratic model picked was veri-
fied by further experimental validation of the mathematical
model obtained by means of RSM. Every experiment was
performed three times, and the actual data obtained experi-
mentally were correlated with the anticipated data.

Scale-up production of bacterial laccase

A process of scale-up for laccase provides more realistic
information on the energy, and material demands to enable
a comprehensive financial assessment of these products (Pic-
cinno et al. 2016). In the current study, the final optimized
conditions, which obtained from statistical optimization
steps, were utilized for the scaling-up of laccase productiv-
ity from shake flask scale to bench-top scale. The primary
goal of this study was to establish a large-scale fermenta-
tion system to evaluate the kinetics of microbial growth in a
submerged cultivation system.

Shake-flask cultivation system

A 250-ml Erlenmeyer flask containing 50 ml of the opti-
mized medium [(w/v%): sugarcane bagasse; 0.3; NH,Cl,
0.035; CuSO,-5H,0, 0.02; MnSO,-H,0, 0.1; pH, 7.0] was
inoculated with 20% aliquot of activated culture suspension
that pre-cultured in LB media for 17 h and then incubated
at 30 °C in a shaker incubator (200 rpm) for 216 h. The
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samples were periodically withdrawn, and culture filtrate
was obtained via centrifugation at 6000 rpm for 15 min,
4.0 °C. Thereafter, biomass dry weight, laccase activity,
total carbohydrate concentration, and concentration of total
soluble protein were monitored.

Stirred-bioreactor batch cultivation system

Batch fermentation was carried out in a working volume
of 4 L in a 10-L bench-top bioreactor (Cleaver, Saratoga,
USA), supplemented with three 6-bladed disc-turbine impel-
ler and four baffles, and joined to a digital control unit. The
bioreactor vessel that contained the statistically optimized
medium was sterilized by autoclaving at 121 °C for 20 min,
while CuSO,-5H,0 and MnSO,-H,O solutions were steri-
lized separately by autoclaving at 121 °C for 20 min and
then added under the aseptic condition to the bioreactor, in
case of sucrose and vanillin acid solution, they were steri-
lized separately by syringe filter. Thereafter, the bioreactor
was inoculated with prepared inoculum (20%). Temperature,
agitation speed, aeration rate, and initial pH were adjusted
at 30 °C, 200 rpm, 1.0 VVM and 7.0, respectively. The for-
mation foam was suppressed by adding antifoam (Silicone
oil, Sigma-Aldrich, 0.5:10 v/v) at a concentration of 1:100
(v/v) in distilled water at the beginning of the process. The
fermentation process is performed under uncontrolled con-
ditions. The samples (20 ml) were withdrawn periodically
for estimation biomass, protein content, total carbohydrate
consumption, and laccase productivity.

Analytical procedures

Morphological characterization of Lysinibacillus macroides
strain LSO

The strain under investigation was undergone to the morpho-
logical investigation during its growth pattern via scanning
electron microscopy (JSM 5300 JOEL, USA) and transmis-
sion electron microscope (100-CX JEOL, USA) at labora-
tory centre-A City of Scientific Research and Technological
Applications.

Protein concentration assay
Protein content was carried out by the method described by

Lowry et al. (1951). Bovine serum albumin (BSA, Sigma)
was used for the standard curve.
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Determination of total carbohydrates concentration

Anthrone-sulphuric acid method was applied to estimate
total carbohydrate according to the method described by
Morris (1948). Five millilitres of ice-cold 0.2% anthrone
[Biobasic, Canada] reagent (0.2 g anthrone reagent in
100 ml of 96% H,SO, fresh prepared) was added to a one
mL of diluted cell-free supernatant sample. After that, the
samples were boiled at 100 °C for 10 min and then kept it
immediately on the ice bath for 5 min. The developed colour
was measured at 620 nm against blank, which contained
the same constitute except the sample replaced by distilled
water. 0.1 mg/ml of sucrose solution stock was used for the
standard curve.

Fig. 1 a Qualitative screening
for alkaline phosphatase activity
b Phylogenetic tree based on 16
S rDNA gene sequence analysis,
showing the relationship of
Lysinibacillus macroides strain
LSO with reference strains (a)
(NCBI GenBank) which con-
structed by using the neighbour-
joining method with the aid of
MEGA 7.0 program. Sequence
divergence is indicated by

the scale bar. ¢ Transmission
Electron Microscope (TEM)
micrograph of Lysinibacillus

Determination of lignin residual

Residual of lignin (Klason lignin) from biodegradation of
sugarcane bagasse was estimated according to the method
described by Templeton and Ehrman (1995). 1.0 oven-dried
gram of sample was mixed with 20 ml of sulphuric acids
(72%), and the mixture swirled at room temperature overnight.
540 ml distilled water was added and the sample was heated
by condenser at 100 °C for 4.0 h. After cooling to room tem-
perature, samples were filtrated through Whatman #1 filter
paper, after that the filter paper that contained lignin residues
was washed with hot water many times and dried at 105 °C
for overnight and weighted thereafter, muffled at 450 °C for
30 min, and at 800 °C for 45 min for determining the ash
content.

951 AJ628749 Lysinibacillus macroides strain LMG 18474

macroides strain LSO showing
the morphology of the cell

94! @ MN216323 Lysinibacillus macroides strain LSO

AB199591 Lysinibacillus boronitolerans strain 10a

FJ477040 Lysinibacillus xylanilyticus strain XDB9

AF169495 Lysinibacillus sphaericus b)

AF169537 Lysinibacillus fusiformis

AB300598 Lysinibacillus parviboronicapiens

78] AF169520 Viridibacillus neidei BD-87

AJ627212 Viridibacillus arenosi strain LMG 22166

AF169531 Rummeliibacillus pycnus NRS-1691

AJ605774 Kurthia sibirica strain DSM 4747T

X70320 Kurthia gibsonii NCIMB 9758)

9 X70321 Kurthia zopfii (NCIMB 9878)

AF526913 Bacillus odysseyi strain 34hs1 :

AY 677116 Bacillus massiliensis

AJ006086 Solibacillus silvestris

X70314 Caryophanon latum (NCIMB 9533)

X70315 Caryophanon tenue (NCDO 2324)

ABO042061 Bacillus subtilis

AB101594 Ureibacillus thermosphaericus

100 DQ348071 Ureibacillus composti strain HC145
497[‘? AY850379 Ureibacillus suwonensis strain 6T19

98— DQ348072 Ureibacillus thermophilus strain HC148

0.01
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Lignin % = weight of lignin — the weight of its ash/weight of the dry raw material.

Results and discussion

Isolation, screening, and identification
of laccase-producing bacteria

Laccase screening was carried out in two stages: primary
qualitative screening program and secondary quantitative
screening program. The qualitative screening of isolates
which developed by enrichment isolation (20 isolates)
for laccase production capabilities reaveled that approxi-
mately ten different isolates exhibit laccase activity by the
formation of reddish-brown colonies as shown in Fig. la.
Among the isolates subjected to the secondary quantitative
screening program, only one of the potential isolate-coded
LSO having a high level of laccase activity was picked out
for further studies, which showed a preference growth at
30 °C and pH 7.0.

The molecular identification of LSO isolate was car-
ried out, and the Sanger’s dideoxynucleotide sequenc-
ing of the amplified 16S rRNA gene resulted in 1393bps
nucleotide sequence. The primary sequence alignment car-
ried out by NCBI nucleotide blast search revealed that the
LSO isolate belongs to the Lysinibacillus. A neighbour-
joining tree analysis illustrated the phylogenetic position
of LSO isolate closest to Lysinibacillus macroides, with
an identity 99.89% and query cover 100% (Fig. 1b). The
nucleotide sequence was submitted to GenBank, NCBI,
and was assigned the accession number MN216323, so
it could be identified as Lysinibacillus macroides strain
LSO (MN216323). Lysinibacillus macroides strain LSO is
gram-positive and endospore-forming bacilli, endospores
are spherical and lie terminally as shown in Fig. 1c. The
cell size ranged from 1.05 pm in width and 2.78 pm in
length.

Effects of different lignocellulosic residues
on laccase production

The obtained results showed that among the various
agricultural wastes screened for laccase production,
sugarcane bagasse was found to be the most suitable
substrate as it supported the maximum laccase produc-
tion (108 U L™! min~") in comparison with control trial
(35.36 U L™! min~!). Similarly, corn stove and molasses
exerted a stimulatory effect on Lysinibacillus macroides
strain LSO (MN216323) laccase production, compared to
the control media. However, the media supplement with
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humic acid, black liquor, and kraft lignin characterized
by tiny induction effect, whereas laccase productivity was
slightly climbed up by 6.5, 5, and 4.3%, respectively, more
than control trial (data not shown). Due to the difference in
the chemical and nutritional composition of the designated
substrates, a substantial variation in laccase production
could be noted. Reports have been made in which the dif-
ferent agro-waste residues such as sugarcane bagasse, rice
husk, and kraft lignin were exploited as a potential inducer
of extracellular bacterial laccase production in the sub-
merged cultivation system (Rajeswari and Bhuvaneswari
2017; Neelkant et al. 2019). Moreover, Reksohadiwinoto
et al. (2019) pointed out that the maximum laccase activi-
ties (64, 54, and 202 U/L) were obtained from Lactoba-
cillus plantarum 1, Lactobacillus plantarum 2, and Lac-
tobacillus brevis, respectively, whilst Chen et al. (2013)
recorded that 4.96 U/ml of laccase activity was achieved
by the cultivation of Thermobifida fusca on sugarcane
bagasse medium after 36 h of the incubation period.

Statistical optimization of laccase production
by Lysinibacillus macroides LSO

Plackett-Burman design

The optimization of all cultivation conditions and ingredients of
the processing media is extremely vital for an efficient laccases
production, thereby rendering the economical construction of
the large-scale fermentation method more facilitated. In the cur-
rent study, there were two approaches to optimizing physico-
chemical variables for laccase production efficiency. In the first
approach, a Plackett—Burman design was exploited to evalu-
ate the relative significance of cultivation variables affecting
Lysinibacillus macroides LSO (MN216323) laccase produc-
tion. Table 1 displays the theoretical Plackett—-Burman design
matrices for the screening of relevant variables together with
the related laccase efficiency and residuals. The obtained results
in Table 1 indicate that there was a markedly vast variation
in laccase productivity throughout the different trials ranging
from 50 to 734 U L™ min~'. The variations in the results show
how important it is to use experimental design to optimize the
media. Table 2 demonstrates the results evaluated by multiple
regression statistical analysis and variance analysis (ANOVA),
to determine the relation between laccase efficiency and the
independent process variables. The estimated main effect of
the variables under investigation was calculated using the for-
mula Y (+1)/nqy— X (=1)/n_, and is summarized graphi-
cally in Fig. 2a and Table 2. A Pareto diagram that indicates
the significance of each variable estimate is shown in Fig. 2b.
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Table 2 Statistical analysis of Plackett-Burman design showing coefficient values, t- and p values for each variable affecting on laccase produc-

tion
Variables Coefficient Main effect SE t-Stat p value Confidence
level (%)
Intercept 264.967 13.25422 19.99115 9.12E-09 100.000
X, 28.41422 56.828446 13.90114 2.044021 0.0713 92.870
X, 6.071679 12.143357 13.90114 0.436776 0.672566 32.743
X; —30.8984 —61.79689 13.90114 —2.22273 0.053326 94.667
X, —18.8014 —37.60275 13.90114 —1.35251 0.209214 79.079
X; 24.29443 48.588861 13.90114 1.747657 0.114465 88.554
X —15.9468 —31.89367 13.90114 —1.14716 0.280896 71.910
X; —17.0424 —34.08472 13.90114 —1.22597 0.25132 74.868
Xq 15.71539 31.430775 13.90114 1.130511 0.287487 71.251
X, 6.087109 12.174217 13.90114 0.437886 0.67179 32.821
X0 12.22822 24.456445 13.90114 0.879656 0.401922 59.808
X 194.3786 388.75719 13.90114 13.98292 2.07E-07 100.000
X5 —8.00042 —16.00084 13.90114 —0.57552 0.579041 42.096
ANOVA df SS MS F Significance F'
Regression 12 831,360 69,280 17.92574 7.96067E—05
Residual 9 34,783.51 3864.834
Total 21 866,143.5
R square 0.959841
Adjusted R square 0.906296

The twelve variables were evaluated through a linear multiple
regression model, and from the formula (1 —p value) * 100 the
confidence level was calculated. The lowest probability value
(p value <0.05) implies a significant influence of the process
variable on the laccase efficiency. The findings illustrated that
MnSO,-H,0 (X;,) with an extremely low probability value
(0.000000207) was the most significant factor affecting laccase
yield that produced by Lysinibacillus macroides strain LSO
accompanied by sugarcane bagasse (X;) and then NH,CI (Xs)
with p values of 0.0713 and 0.11, respectively. Studies also
have shown that yeast extract (X;) is an insignificant factor with
low effect (—61.79689) on the production process.
Regression coefficient evaluation (Table 2) of the twelve
process variables, namely sugarcane bagasse, sucrose, NH,ClI,
CuS0O,-5H,0, MgSO,-7H,0, NaCl, and MnSO,-H,0O had shown
a positive influence on the laccase activity. However, yeast
extract, tryptone, KNO;, vanillic acid, and ZnSO,-7H,0 were
found to contribute negatively. It would be necessary to provide
the polynomial model explaining the association between the
twelve process variables and laccase productivity as follows:
Y’d

ctivity

Variance analysis was conducted with the ANOVA
method, which gives Fisher’s F test of 17.92574,
p=0.000079606. It reveals that the relationship between the
variables is statistically significant at 99.9992% confidence
level. The determination coefficient values (R?) are normally
utilized to evaluate the model quality and to calculate the
variation in measurable response values, which can be clari-
fied by experimental variables. In the present study, the sta-
tistical R-square shows that the fitted model explains 96%
of the laccase activity variation. Additionally, the highest
value of the adjusted R? statistic (90%) (Table 2) indicates
a strong level of model relevance and greater accuracy with
respect to the relationship between the experimental vari-
ables and laccase efficiency. From the statistical analysis,
the great attention was paid to the selected four variables:
MnSO,-H,0, sugarcane bagasse, NH,Cl, and CuSO,-5H,0
significantly affect the laccase production where they have
confidence levels between 71 and 100%.

The verification experiment was performed to evaluate
the Plackett—-Burman design accuracy. The predicted ideal

=264.967 + 28.41422X, + 6.071679X, — 30.8984X; — 18.8014X,

+ 24.29443X, — 15.9468X, — 17.0424X, + 15.71539X, + 6.087109X,

+ 12.22822X,, + 194.3786X,, — 8.00042X ,.
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Fig.2 Plackett-Burman design obtained results. a Column chart
showed the main of culture variables according to the results of
Plackett—Burman design. b Pareto chart illustrates the order and sig-
nificance of the variables affecting laccase production by Lysinibacil-
lus macroides strain LSO using Plackett-Burman design; Ranks (%)
values ranging from 1.607 to 51.439). ¢ The normal probability plot
of the residuals for laccase production determined by the first-order
polynomial equation

conditions to attain the maximum laccase productivity by
Lysinibacillus macroides LSO (MN216323) were an ini-
tial medium composition as the following (g/L): sugar-
cane bagasse, 10; sucrose, 0.25; tryptone, 1; NH,CI, 0.5;
KNO;, 0.02; vanillic acid, 0.033; CuSO,-5H,0, 0.124;

]
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MgS0,-7H,0, 0.25; NaCl, 0.25; MnSO,-H,0, 0.125 and
ZnS0O,-7H,0, 0.001. The cultivation condition performed
with agitation condition 200 rpm, at 30 °C and pH, 7 for
48 h. The maximum laccase productivity obtained under
these optimum conditions was 1829.99 U L~! min~',
which is higher than the laccase productivity that
obtained prior to application of the Plackett—Burman
design (108 U L™' min~") by approximately 16.944 times.
Plackett—-Burman Design enhanced the laccase activ-
ity (4.69+0.39 U L) of Pichia pastoris after 168 h by
36.08-fold more than those obtained from the un-optimized
medium (Morales-Alvarez et al. 2017), although Rajeswari
and Bhuvaneswari (2017) reported that the application of
Plackett—-Burman design for optimization of laccase produc-
tion from Bacillus sp. PK4 led to the improvement of laccase
activity by 11.48 U ml~!.

It was found that the Plackett-Burman design was
extremely helpful in determining the variables to opti-
mize further, enabling consideration to be paid for many
variables and avoid information loss. The present results
obtained from Plackett—-Burman are consistent with Sondhi
et al. (2015) who found that MnSO, had the highest influ-
ence on laccase productivity from Bacillus tequilensis SN4
among other variables and tryptone, and CuSO, showed
a significant effect on the productivity. On the contrary,
MnSO, had negatively affected on laccase productivity
from Bacillus sp.MSK-01 (Sondhi and Saini 2019). On the
other hand, Rajeswari and Bhuvaneswari (2017) reported
that yeast extract suppressed the laccase productivity by
Bacillus sp. PK4, and magnesium sulphate and copper
sulphate had a positive significant effect on the productiv-
ity of laccase, while sodium chloride and zinc sulphate
revealed negative and positive effects, respectively, on lac-
case productivity, which is not matching with the present
study.

Response surface methodology (Rotatable Central
Composite Design)

RSM is an efficient tool to determine the effects of inter-
action between variables in order to maximize the chosen
variables for the optimal output. It additionally changes
over bioprocessing partnerships into models of mathemat-
ics, predicting where the optimum might be found. These
experimental designs are recommended to the microbial
industry sponsors for maintaining high efficiency and profit-
able bioprocesses (Abdel-Fattah et al. 2005). In the current
study, the findings of the study from the Plackett—-Burman
design shown that the most noteworthy components influ-
encing laccase efficiency positively are sugarcane bagasse
(X)), NH,CI (X,), CuSO,-5H,0 (X3), and MnSO,-H,0 (X,)
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Table 3 Matrix designed for Lysinibacillus macroides strain LSO RCCD
Trials Studied variables Laccase productivity (UL™! min~!)

Bagasse X NH,Cl X, CuSO, X3 MnSO, X4 Actual value Predicted value Residual
1 1 1- 1 1 2119.346 2113.674 5.672771
2 1 -1 -1 -1 1624.681 1664.391 —39.7094
3 0 -2 0 0 2060.350 2031.608 28.74203
4 0 0 0 0 1806.209 1818.312 —12.1019
5 -2 0 0 0 1937.818 1819.068 118.75
6 0 0 0 2 2332.642 2195.74 136.9028
7 1 -1 -1 1 1951.432 1986.604 —35.1712
8 0 0 0 0 1819.824 1818.312 1.51274
9 1 1 1 -1 1597.452 1633.38 —35.9275
10 -1 -1 1 1 2042.197 2127.289 —85.0915
11 -1 1 -1 -1 1384.155 1476.811 —92.6552
12 0 0 2 0 1851.592 1812.261 39.3312
13 -1 1 1 -1 1384.155 1445.044 —60.8877
14 -1 1 1 1 2069.426 2116.7 —47.2731
15 1 -1 1 -1 1642.834 1666.66 —23.8256
16 1 1 1 1 1892.436 1941.978 —49.5422
17 0 0 0 0 1828.901 1818.312 10.58917
18 2 0 0 0 1747.213 1682.922 64.29139
19 0 2 0 0 1865.206 1710.907 154.2993
20 -1 -1 1 -1 1352.388 1317.217 35.17117
21 -1 1 -1 1 1951.432 2023.666 —72.2333
22 1 1 -1 1 1415.923 1538.077 —122.154
23 1 1 -1 -1 1343.311 1354.2779 —10.9674
24 0 0 -2 0 1860.668 1716.958 143.7102
25 -1 -1 -1 -1 1579.299 1625.816 —-46.5167
26 -1 -1 -1 1 2260.031 2311.086 —51.0549
27 0 0 0 -2 1248.009 1201.871 46.13853
Variable Code Coded and actual levels

-2 -1 0 +1 +2

Sugarcane X, 3 9 12 15
NH,Cl X, 0.2 04 0.6 0.8 1
CuSO,-5H,0 X; 0.037 0.074 0.112 0.149 0.187
MnSO,-H,0 X, 0.2 04 0.6 0.8 1

and therefore were chosen to further enhancement utilizing
the RCCD. The four factors and their five levels (coded and
actual) utilized in a design matrix are illustrated in Table 3.
Insignificant variables, which have negatively impacted on
laccase efficiency and other positively insignificant variables,
were kept up in all trials at their low levels and zero levels of
Placket-Burman design, respectively, for additional investi-
gated via RCCD improvement. Table 3 displays the experi-
mental results and the hypothetically results that anticipated
laccase profitability alongside the residuals. It was noticed
that the highest laccase productivity was obtained in the trial

no. 6 (2332.64 UL~! min~!) at a concentration of sugarcane
bagasse, NH,Cl, CuSO,-5H,0, and MnSO,-H,0 (0.9, 0.6,
0.112, and 1 g/L, respectively). While the minimum laccase
activity was recorded in the trial no. 27 (1248 UL ™! min~!) at
a concentration of sugarcane bagasse, NH,Cl, CuSO,-5H,0,
and MnSO,-H,0 (0.9, 0.6, 0.112, and 0.2 g/L, respectively).
The predicted laccase productivity fit well with those of the
experimentally obtained laccase productivity.

Multiple regression analysis has been used for an evalu-
ation of the experimental RCCD results, and Table 4 shows
the results of ANOVA. The existing regression model has an
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Table 4 Statistical analysis of RCCD showing coefficient values, r and p values for each variable on laccase activity

Term Estimate SE t ratio Prob>11l Confidence level (%)
Intercept 1818.312 62.67072467 29.01374 1.74946E—12 100
X, —34.0366 22.1574472 —1.53613 0.150444917 84.95550832
X, —80.1751 22.1574472 —3.61843 0.003524707 99.6475293
X5 23.82563 22.1574472 1.075288 0.303390882 69.66091183
X, 248.4673 22.1574472 11.21372 1.02511E-07 99.99998975
X *X, —40.2767 27.13721982 —1.48419 0.163545758 83.64542422
X *X5 77.71695 27.13721982 2.863851 0.014251587 98.57484131
X, *X, —90.7643 27.13721982 —3.34464 0.005837721 99.41622791
X,*X5 69.20779 27.13721982 2.55029 0.02545211 97.45478905
X,*X, —34.6039 27.13721982 —1.27515 0.226392748 77.36072524
X3*X, 31.20023 27.13721982 1.149721 0.272657324 72.73426763
X, *X, —16.8292 23.50152175 —0.71609 0.487637306 51.23626943
X,*X, 13.23646 23.50152175 0.563217 0.583657701 41.63422991
X3*X; —13.4256 23.50152175 —0.57126 0.578363698 42.16363018
X, *X, —29.8766 23.50152175 —1.27126 0.227724494 77.22755058
df SS MS F Significance F
Regression 14 2,080,411.898 148,600.8498 12.61161 4.39E-05
Residual 12 141,394.3103 11,782.85919
Total 26 2,221,806.208
R square 0.94
Adjusted R? 0.862115

R? value of 0.94, which implies the variance in laccase activ-
ity to be explained by the model with 94%, and about 6% of
the total variations created by variables are not explaining
laccase activity. Additionally, the adjusted R? value (0.8621)
was too high to validate the model’s great significance
(Table 4). The statistics of the quadratic model were deter-
mined by ANOVA results. This means that, as demonstrated
in its high F-value (12.61161) and very small probability
estimation (p) value of 0.0000439, the model is profoundly
significant (Table 4). Seeing that the p value demonstrated in
the ANOVA table is under 0.05, it is presumed that there is
a statistically significant relationship between the variables
tested at a level of confidence of 95% (p=0.05).

A second-order polynomial function for predicting the
optimal point within experimental constraints was adapted
to evaluate laccase productivity results:

values to explain the interactions between the variables
under investigation. Concerning the response, the interaction
between the two variables can be either positive or negative.
The negative sign has an adverse effect; however, the posi-
tive sign exhibits the response synergistically influence. In
the current study, the interactions between X; and X; (sug-
arcane bagasse and CuSO,-5H,0), the interaction between
X, and X, (sugarcane bagasse and MnSO,-H,0), and the
interaction between X, and X; (NH,CI and CuSO,-5H,0)
had a significant effect with p values of 0.0142, 0.0058, and
0.025, respectively. Furthermore, the linear coefficients of
X, (NH,C]) and X, MnSO,-H,0) had a very significant
effect on laccase productivity with p values 0.0035 and
0.000000102, respectively.

The 3D response surface plots and 2D contour plots were
drawn for the combinations of the four variables (X, X,, X, X;,

Y = 1818.312 — 34.036X, — 80.175X, + 23.825X,, + 248.467X, — 40.276X,X,
+ 77.716X,X; — 90.764X, X, + 69.207X,X, — 34.603X,X, + 31.2X,X,

— 16.829X; + 13.236X; — 13.425X7 — 29.876X..

where X, X,, X3, X,, and X; are sugarcane bagasse, NH,Cl,
CuS0,-5H,0, and MnSO,-H,0.

The interpretation of the experimental results in Table 4
relied on the signs of the variable coefficients and the p
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X, X4, X,X5, X,X,, and X;3X,) for the optimum levels of the
variables under investigation and for their interaction effects
with the predicted productivity of the laccase. On the Z-axis,
the laccase titre was plotted against two process variables,
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while the other variables were held at zero levels, as illus-
trated in Fig. 3. It was observed from Fig. 3a that a relatively
the highest yield of laccase was achieved at low and high
levels of sugarcane bagasse (X;). While the laccase produc-
tivity was decreased at middle and high levels of NH,C1
(X,), via software program, the point prediction option was
estimated to optimize the process parameters. At the opti-
mum predicted levels (g/1) of sugarcane bagasse (13.14) and
NH,CI (0.2) at CuSO,-5H,0 (0.112) and MnSO,-H,0 (0.6),
the maximum predicted laccase yield (2063.75 U L™ min™)
has been achieved.

In Fig. 3b, the maximum laccase productivity is
plainly supported at low and middle levels of sugar-
cane bagasse (X;) and CuSO,-5H,0 (X;); an increase
in their concentration tends to decrease in the produc-
tivity. The most extreme anticipated laccase activity
of 2028.58 U L™! min~! has been achieved at the opti-
mum predicted levels (g/l) of sugarcane bagasse (3),
CuSO,-5H,0 (0.037), NH,CI (0.6), and MnSO,-H,0 (0.6).
Similar results are observed in Fig. 3d, at the highest lev-
els of NH,Cl (X,) and CuSO,-5H,0 (X3), the laccase pro-
ductivity could be relatively low, the increase in laccase
yield was noticed at middle and low levels of NH,C1 and
CuS0O,-5H,0. The maximum predicted productivity was
2207 U L™! min~! at the optimum predicted concentration
(g/1) of NH,CI (0.2), CuSO,-5H,0 (0.037), MnSO,-H,0
(0.6), and sugarcane bagasse (9). However, Fig. 3c illus-
trates that the laccase productivity was elevated sharply
at high concentration of MnSO,-H,O (X,) and it went
down cross high and low concentration of sugarcane
bagasse (X;). The maximum predicted laccase yield
(2559.5 U L™! min~!) has been accomplished at an opti-
mum predicted concentration (g/1) of sugarcane bagasse
(3), MnSO,-H,0 (1), NH,C1 (0.6), and CuSO,-5H,0
(0.112). Similarly, in Fig. 3e, f, the high concentration of
MnSO,-H,O (X,) causes the elevation of laccase produc-
tivity, while the high and low NH,ClI (X,), CuSO,-5H,0
(X3) concentrations cause a decline in the productivity
of laccase, respectively. In case of Fig. 3e, the maximum
predicted laccase activity (2547.4 U L™! min~') has been
achieved at an optimum predicted concentration (g/l) of
NH,CI (0.2), MnSO,-H,0 (1), sugarcane bagasse (9), and
CuS0O,-5H,0 (0.112), while the maximum predicted lac-
case titre (2314.4 U L™! min~!) in case of Fig. 3f was
obtained at an optimum predicted concentration (g/l) of
CuS0O,-5H,0 (0.037), MnSO,-H,0 (1), sugarcane bagasse
(9), and NH,C1 (0.6). The highest interaction was found
between sugarcane bagasse/CuSO,-5H,0 > sugarcane
bagasse/ NH,Cl> CuSO,-5H,0 / NH,CI at low lev-
els (Fig. 3). On the other hand, higher levels of sugar-
cane bagasse/MnSO,-H,0, NH,C1/MnSO,-H,0, and
CuS0O,-5H,0/-MnS0O,-H,0 increase the level of laccase
activity (Fig. 3).
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The ideal levels of the four variables under investiga-
tion were evaluated via polynomial model and found to
be (g/1); sugarcane bagasse, 3; NH,ClI, 0.2; CuSO,-5H,0,
0.035; and MnSO,-H,0, 1.0, sucrose, 0.25; tryptone, 1;
KNOj, 0.02; vanillic acid, 0.033; MgSO,-7H,0, 0.25;
NaCl, 0.25; ZnSO,-7H,0, 0.001 with prediction calcu-
lated laccase productivity equal to 3111.7 U L™! min~".
The cultivation condition was performed with agitation
condition 200 rpm, at 30 °C and pH, 7.0 for 48 h. A
verification experiment was conducted in the optimized
medium under predicted optimal conditions to determine
the accuracy of the quadratic polynomial. The bench-scale
experiments show that experimental laccase activity was
3957 U L™! min~!. The calculated model accuracy was
127.17%, which revealed the validity of the model. In this
study, the mathematical approach, a combination of Plack-
ett—-Burman design and the RCCD, has been shown to be
effective and reliable in identifying and finding optimum
concentrations of the statistically significant variables.
Many investigators (Sondhi and Saini 2019; Unuofin et al.,
2019a, 2019b) exploited the CCD for the enhancement of
the bacterial laccase productivity via using agro-indus-
trial waste. Unuofin et al. (2019b) documented that the
numerical optimization of significant factors for laccase
production from Bordetella bronchiseptica HSO16 pre-
sented an overall maximum laccase output encountered
throughout the study (45.22 U/ml). While Unuofin et al.
(2019a) stated that about 20.93-fold increase in extracellu-
larly secreted laccase titre from gammaproteobacteria was
recorded after application of CCD that confirms RSM as
a pivotal experimental tool in valorising maize as an ideal
feedstock for laccase production. Moreover, Rajeswari and
Bhuvaneswari (2017) recorded that the sequential statisti-
cal optimization strategy leads to enhancement of Bacillus
sp. PK4 laccase production from 2.13 U/ml to 40.79 U/
ml. Maximum laccase yield of 1645 IU g~! was obtained
from Bacillus sp. MSK-01 which is about a 470-fold more
increase than those obtained under the unoptimized condi-
tion (Sondhi and Saini 2019).

Scaling-up fermentation strategies for Lysinibacillus
macroides LSO laccase

Kinetics of cell growth and laccase production in shake
flask under batch conditions

To better understand the kinetics of cell growth and lac-
case production, cell growth and production parameters
have been monitored during cultivation periods. It has
been clearly observed from Fig. 4a that the laccase produc-
tion was inversely proportional with the bacterial growth.
The laccase production occurred during adaptation (lag)
phase as primary metabolites, which is essential for
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Fig.4 a Monitoring of Lysinibacillus macroides strain LSO growth
and laccase productivity at shake flask scale, b; and b, scanning
Electron Microscope (SEM) micrograph of Lysinibacillus macroides
strain LSO during lag phase and log phase showing the morphology

growth on sugarcane bagasse to build the bacterial cells.
This finding is analogous to the result reported by Boul-
ton and Large (1977) who found that the N-methylalanine
dehydrogenase is secreted by Pseudomonas aminovorans
at lag phase.

From the obtained results (Fig. 4a), it was noticed that the
maximal laccase volumetric production of 4548.7 U L min~!
was achieved at 34 h with the production rate of 23 U L™' h~!
and with yield coefficient (¥,) of 5326 U g‘1 (Table 5),
accompanied by increases in protein content to reach its
maximum value of 1.66 g L™!. The cells are metabolically
active during the lag phase and only increase in cell sizes
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of the cell during the growth while b; transmission Electron Micro-
scope (TEM) micrograph of Lysinibacillus macroides strain LSO dur-
ing stationary phase

and slowly grow rather than that of no growth; as shown in
SEM micrographs (Fig. 4b1), the cell has undergone binary
fission in which the cells were elongated and multiplied
into several endospore-forming cells without complete cell
division. Meanwhile, the total carbohydrate concentration
was consumed slowly; however, the sharp elevation in the
concentration of total carbohydrate has been observed at
48 h (1.044 ¢ L1 as a result of the action of laccase on
lignin, which opened the route to other enzymes for acting
on cellulose and hemicellulose and lead to an increase in
total carbohydrate concentration. On the other hand, laccase
volumetric production climbed down slowly till the time of
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Table 5 Kinetic parameters of cell growth and laccase production by
Lysinibacillus macroides strain LSO as affected by different cultiva-
tion strategies

Parameters Shake flask Batch cultiva-
cultivation tion (bioreac-
tor)
Growth parameters
X axcone. € LD 2.1562 2.131
u ™ 0.00808 0.024685
uMax (h™1) 0.00914 0.118803
dx/de (g L' h7h 0.01249 0.033428
Production parameters
P AULTH 4548.74 7653.246
Pax specific TU g™ 3855.195 5176.008
Pranime (0) 34 28
Q,AUL"h™ 23.0420 175.1297
Q. (gL7'h™h - -0.01901
Yield coefficient parameters
Y, (U g™ 5326.39 8524.445
Y, (U g™ 2120.33 3591.387
Yy (gg™ 1.2142 1.33268
Overall cultivation time (h) 216 160
X max-conc.» Maximal cell dry weight. dx/dt, cell growth rate. p, specific

growth rate. P, maximal laccase production. Py, secife> Specific
productivity. Q,, laccase production rate. Q,, substrate consumption

rate. Yy, IU ¢! of laccase produced per g biomass. Y, IU g7l of

laccase produced per g substrate consumed. Y, g g~', of biomass
produced per g substrate consumed

72 h it downfalls rapidly (2567 U L™!) concomitant to the
accretion of bacterial growth exponentially over the time
with the growth rate 0.0124 (g L™! h™!), constant specific
growth rate, u of 0.00808 h!, reaching the maximal cell
growth (2.1453 g L™!) at 168 h. The protein content was
diminished gradually throughout the time until the end of
the incubation period. SEM micrographs (Fig. 4b2) demon-
strated that through log phase the number of bacterial cells
was increased via division of multiplied cells into a small
size endospore-forming cell, resulting in a sharp falloff in
the concentration of total carbohydrate, which reached to
0.045 g L™!. At the stationary phase, the proliferation of
bacterial biomass was maintained constant, which is accom-
panied by depletion in yield of laccase, protein content, and
total carbohydrate concentration. It was noticed that bacte-
rial cells were converted to spore cells as shown in TEM
micrographs (Fig. 4b3), which clarify the morphology of
spore cells.

]
* @ Springer

Kinetics of cell growth and laccase production
in the bioreactor under batch conditions

Based on the above results, the kinetics of Lysinibacillus
macroides strain LSO cell growth and laccase production
were monitored in 10-L stirred tank bench-top bioreactor
(Cleaver, Saratoga, USA) to further develop and investigate
the effect of scaling up the cultivation process under batch
cultivation conditions. From the obtained results (Fig. 5b),
it can be observed that cell growth and enzyme production
profiles run similarly to those obtained in shake flask cul-
tivation. Similarly, to shake flask cultivation, the volumet-
ric productivity of laccase was climbed up to its maximum
value of 7653.2 U L~! at 28 h with the production rate of
175.12UL™" h™" and yield coefficient (Y,,) of 8524.4 U g™,
accompanied by a notable decline in the concentration of
total carbohydrate (0.897 g/l1) with a consumption rate of
—0.01901 g L' h™!. Thereafter, the laccase yield, as well
as protein content, became steady until 39 h.

In this period, the consumption of total carbohydrate
is maintained constant with some fluctuation; these fluc-
tuations result from the acting of laccase on lignin portion,
which enables other enzymes like cellulase and amylase to
work on the hemicellulose and cellulose portions to produce
reducing and non-reducing sugar, which is consumed by the
organism for cell proliferation. Thus, it can be concluded
that bioreactor cultivation resulted in a significant increase
in volumetric productivity of laccase in comparison with
shake flask cultivation. It is worth mentioning that the con-
centration of total carbohydrate was gone down pointedly
reached to 0.17 g L™!; at the beginning of exponential (log)
phase (48 h), concomitant with ascending of bacterial cell
growth, it has been seen that cell clearly grew exponentially
with a growth rate of 0.0334 (g L™' h™!) and constant spe-
cific growth rate, u of 0.024 h~!. Under bioreactor cultiva-
tion conditions, the maximal cell growth of 2.13 g L™! was
recorded at 88 h of cultivation, which was similar to obtain
the shake flask cultivation (2.15 g L™ at 168 h).

From the data of dissolved oxygen, it can be shown
that the percentage of DO was decreased owing to high
oxygen consumption during the growth phase as well as
cellular activities, reaching a minimal DO% of 0% at 48 h.
Afterwards, the percentage of dissolved oxygen began
in increment gradually rate from 52 h to reach 100% at
87.5 h. Figure 5a shows the profile of pH throughout the
fermentation process. It has been clearly observed that the
pH value of the medium at zero time was 7.0; pH value
was raised gradually to reach 8.35 after 24 h of cultiva-
tion time, which accompanied with a gradual elevation of
the laccase production. Subsequently, the pH went down
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bioreactor, b Real-time monitoring of Lysinibacillus macroides strain LSO growth and laccase productivity in 10 L stirred tank bioreactor

slowly to pH 6 at 48 h, which associated with the descent
of the concentration total carbohydrate, the altitude of
bacterial cell weight, and fall off laccase productivity.
Afterwards, through log and stationary phase the pH pro-
file increased gradually until the end of the fermentation
process. The maximal volumetric productivity increased

by 168.24% from that obtained in shake flask cultivation
(4548.745 U L' at 34 h).

Such productivity improvements are attributable to better
cultivation of oxygenation and mixing conditions as well
as the vessel’s bioreactor capacity. Comparing the obtained
results with those cited by the other investigators, through an
early study carried out by Hussein et al. (2017), the biomass
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of Pseudomonas aeruginosa was conjugated with a volu-
metric productivity of laccase, whereas the maximum value
(6214 U/mg protein) of Pseudomonas aeruginosa laccase
productivity was achieved when the biomass was reached to
its optimal value 4.5 g L™! after 24 h on the laboratory-scale
bioreactor, that finds contrary to the present study. Chau-
han et al. (2018) have recently shown that the dependency
of pilot-scale production of laccase from Staphylococcus
arlettae uses tea waste on bacterial growth pattern, which is
contradictory to the results obtained from the current study,
while the pH profile during the fermentation showed consist-
ent with that obtained results. Chen et al. (2013) reported
that after 36 h of fermentation in a 5-L fermentor, the culture
broth of Thermobifida fusca accumulated 4.96 U/ml laccase
activity.

Lysinibacillus macroides strain LSO laccase productiv-
ity has been systematically improved through Plackett—Bur-
man (1829.99 U L™! min™"), Rotatable Central Composite
Designs (3957 U L™' min™"), and batch cultivation strategy
designs (7653.2 U L™! min~!) compared with basal medium
(108 U L' min™").

Lignin residual content

According to the method described by Templeton and Ehr-
man (1995) for the determination of residual of lignin (Kla-
son lignin) from biodegradation of sugarcane bagasse, the
obtained result referred that the laccase enzyme from Lysini-
bacillus macroides strain LSO had the capacity to degrade
the sugarcane bagasse to about 7% under batch fermentation
conditions. The lignin content for raw sugarcane bagasse
was approximately 25.5%, whilst the estimation lignin con-
tent after bio-ligninolysis process via Lysinibacillus mac-
roides strain LSO was 18.5%. This study is the first report
to show that the production of extracellular Lysinibacillus
macroides laccase in lag phase was up-scaled using bio-
waste raw material.

Conclusion

It is of primary importance to explore bacterial species with
novel ligninolytic abilities. Therefore, the current study was
aimed to isolate the most potent extracellular laccase-pro-
ducing bacteria from different discharged sites of Alexandria
paper and pulp industries, increase efficiency laccase pro-
ductivity by a local isolate Lysinibacillus macroides strain
LSO using low-cost carbon sources, such as the sugarcane
bagasse on large-scale cultivation through a sequential
optimization strategy. The data obtained revealed that the

* @ Springer

selected isolate is designated as Lysinibacillus macroides
LSO (MN216323) used as a laccase producer model. The
sugarcane bagasse, NH,Cl, CuSO,-5H,0, and MnSO,-H,0
were chosen among the examined variables dependent on
their high positive impact on the laccase efficiency through
2-level Plackett—-Burman design. A near-optimum medium
formulation was obtained that the laccase yield increased
by more than 16.94 times comparing with the initial basal
medium. RCCD was used to develop a quadratic polynomial
model that correlates the relationship between all four vari-
ables and laccase productivity. The predicted optimum lac-
case activity was 3957 U L~ min~!, which was 36.6 times
the activity with the unoptimized medium. Subsequently,
the monitoring of experimental bacterium growth and lac-
case productivity was carried out under shake flask and sub-
merged batch fermentation using 10-L bench-top bioreactor.
The independency of enzyme production on bacterial growth
was observed, where the laccase productivity reached maxi-
mum titre (7653 U L™! min~!) at lag phase, which is 70.8
times more than that obtained by the unoptimized basal
medium.
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